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Abstract 
Induction of antigen specific cytotoxic CD8+ T lymphocyte (CTL) responses by 

dendritic cells (DCs) is essential for clearance of infected or malignantly transformed 

cells. Antigens derived from such cells are presented to naïve CD8+ T cells in the 

form of short antigenic peptides associated with major histocompatibility complex I 

(MHC I) on the DC surface. This process, called cross-presentation, often involves 

transfer of antigens from dying infected or malignantly transformed cells to DCs and 

is facilitated by innate receptors that sense dead cell-derived damage-associated 

molecular patterns (DAMPs). These receptors include the C-type lectin receptor 

DNGR-1, which allows DCs to detect the presence of dead or dying cells by binding 

to filamentous actin (F-actin) exposed by dead cell corpses. DNGR-1 promotes 

cross-presentation of dead cell-associated antigens but the mechanism involved is 

still poorly understood. 

The aim of my PhD project was to dissect the mechanism by which DNGR-1 

facilitates cross-presentation of dead cell-associated antigens. I found it involved 

proteasomal degradation and was enhanced by inhibition of lysosomal proteases. 

Further, the cytoplasmic tail of DNGR-1 and, therefore likely DNGR-1 signalling, was 

essential to promote cross-presentation post cargo uptake. Since DNGR-1 was 

recruited to antigen-bearing phagosomes, I studied the characteristics of those 

DNGR-1+ phagosomes. Combined analysis of antigen degradation and staining for 

DNGR-1 and LAMP-2 revealed two distinct phagosome populations with varying 

degradative potential and MHC I recruitment: a DNGR-1+LAMP-2-MHC I+ that 

showed strikingly lower degradative potential, in contrast to DNGR-1-LAMP-2+MHC I- 

phagosomes. However, DNGR-1+ phagosomes eventually acquired LAMP-2+ 

resulting in an increase in antigen degradation. To test whether DNGR-1 ligand 

engagement was shaping the phagosomal proteome in cDC1s, I analysed FACS-

purified DNGR-1+ and LAMP-2+ phagosome populations by mass spectrometry. A 

strong enrichment of the calcium pump SERCA1 and the autophagy initiator  

beclin-1 was observed in DNGR-1+ phagosomes containing DNGR-1 ligand. 

Preliminary experiments further revealed that the phagosomal lumen became 

accessible for cytosolic galectins in a DNGR-1-dependent manner suggesting that 

DNGR-1 might be involved in antigen to cytosol transfer. 

In summary, this thesis offers novel insights into the mechanisms by which dead cell 

antigens are cross-presented by cDC1 through the engagement of DNGR-1, which 
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potentially regulates the stability of antigen-containing phagosomes and thus, might 

mediate the transfer of antigen from the phagosome into the cytosol. 
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Impact Statement 
Dendritic cells are an essential component of our immune system. They act at the 

intersection of innate and adaptive immunity as sentinels, phagocytes and activators 

of T cells. The latter include cytotoxic T cells that can go on to kill tumour cells and 

virally-infected cells. Cytotoxic T cells must first be “primed” into action by dendritic 

cells that “show” them specific markers (called “antigens”) that the dendritic cells 

extracted from dead or dying cancer cells or virally-infected cells. This process is 

termed cross-presentation and results in the selection and activation of highly 

specific cytotoxic T cell clones, which can then proliferate to form effector T cell pools 

armed for effective killing of live cancer or virally-infected cells. Cross-presentation 

by dendritic cells can be mediated by the C-type lectin receptor DNGR-1, which can 

detect the presence of dead cells. However, the mechanism by which this works is 

obscure. In this thesis, I provide insights into that mechanism by using state-of-the-

art approaches such as phagosomal flow cytometry and mass spectrometry 

approaches. The understanding of how DNGR-1 promotes cross-presentation of 

dead cell-associated antigens might allow us to target dendritic cells specifically in 

order to generate cancer and viral vaccines. Especially in combination with already 

established antibody treatments, those novel strategies could help to improve cancer 

therapy outcome and help prevent infections. 
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Chapter 1. Introduction 

1.1 Cross-priming of cytotoxic T cells 

Major histocompatibility complexes (MHC) are used to display antigenic peptides to 

T lymphocytes, which results in adaptive immune responses against various 

pathogens, cancer cells or transplants. The type of MHC molecule dictates the 

outcome of the immune response, since two different MHC molecules can be 

recognised by two different T lymphocytes subsets. The expression of major 

histocompatibility complex class II (MHC II) is limited to professional antigen 

presenting cells (pAPCs) and is used for the presentation of exogenous antigenic 

peptides to CD4+ T cells (1). In contrast, all nucleated cells express major 

histocompatibility complex class I (MHC I) which enables the presentation of 

endogenous antigenic peptides to CD8+ T cells (1). Thus, the translational status of 

a cell can be monitored through MHC I. In homeostasis, the presented peptides are 

derived from self-proteins and will not induce an immune response as the CD8+ T 

cells are tolerant to self-antigens due to thymic negative selection during their 

development. However, when a cell is infected or malignantly transformed the MHC I 

peptide repertoire might change, resulting in recognition by CD8+ T cells. In this case, 

antigen specific CD8+ T cells are activated in a process called priming to form effector 

T cell pools which elicit cytotoxic activity. Upon antigen recognition, cytotoxic 

granules are released by the primed CD8+ cytotoxic T cell (CTL) resulting in the 

elimination of virally infected or malignantly transformed target cells. Hence, MHC I 

antigen presentation is the key mediator of immunity against intracellular pathogens 

or tumours. Of note, natural killer cells monitor MHC I surface expression levels and 

can also elicit cytotoxic activity through the release of cytotoxic granules in response 

to reduced MHC I levels (2). However, natural killer cells are not dependent on the 

recognition of a specific antigen and thus, their activation is not dependent on 

pAPCs. The selectivity of MHC I molecules for endogenous peptides ensures that 

healthy bystander cells, which might have acquired tumour-derived or viral material 

from the external milieu are not killed, since endocytosed material usually cannot be 

loaded onto MHC I. More than 40 years ago an exception to this rule was observed, 

when transplant-derived antigenic peptides induced a CTL response restricted by 

the recipient’s but not the transplant’s MHC I (3-5). The observation, referred to as 
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cross-priming, suggested that somehow exogenous antigens derived from the 

transplant had to be presented on recipient MHC I molecules, which appeared as a 

contradiction to the dogma of MHC I presenting endogenous antigens. The 

intracellular mechanism, by which exogenous proteins are loaded onto MHC I, is now 

called cross-presentation (6). Until the 1990s it remained elusive how cross-priming 

was induced and whether all cell types were able to cross-present, as initially, 

leukocytes were found to present peptides derived from extracellular proteins on 

MHC I (7). These leukocytes were later identified as pAPCs, such as dendritic cells 

(DCs) and macrophages (8-13). Importantly, cross-priming has since been shown to 

be important for fighting tumours and some viruses, highlighting its central role in 

immunity (14, 15). Furthermore, cross-priming helped to explain one main question 

in inducing cytotoxic T cell responses, which is how CTL responses against 

intracellular pathogens or tumours could be generated when the pAPC was not 

infected or transformed itself. Importantly, self-antigens can be cross-presented as 

well which can result in the removal of autoreactive CTL clones. This process is 

called cross-tolerance and is thought to be important for both peripheral and central 

tolerance (16-18). 

In the next paragraphs I would like to introduce the functions and subsets of DCs 

and their role in cross-priming. Additionally, I would like to discuss the cellular and 

molecular interactions mediating cross-priming as well as the role of cross-priming 

in immunity. 

1.1.1 The function of dendritic cells 

DCs have been initially identified due to their distinct morphology in murine spleens 

(19, 20). DCs are a key component of immunity, since they integrate innate stimuli 

in order to initiate and shape adaptive immune responses thereby connecting innate 

and adaptive immunity. Accordingly, DCs can be found in almost every organ in the 

body (21) and can also migrate to lymphatic tissues from the periphery, which is how 

they mediate the transport of peripheral antigens to naïve T cells within the lymphatic 

tissues. 

The innate function of DCs comprise their capability to sense infection and 

inflammation. Pathogens can be sensed through the recognition of characteristic 

pathogen-associated molecular patterns (PAMPs) (22, 23). PAMPs include 
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lipopolysaccharide (LPS) (24), peptidoglycan, beta-glucans, flagellin, double-

stranded DNA and RNA bearing 5’ triphosphates (25-29). DCs express various 

PAMP receptors, called pattern recognition receptors (PRRs), such as 

transmembrane Toll-like receptors (TLRs) and C-type lectin receptors (CLRs), 

cytosolic NOD-like receptors and RIG-I-like receptors as well as others (30). In 

response to PAMPs, DCs become activated, which is defined by the induction of the 

expression of co-stimulatory molecules such as CD40, CD80 and CD86, but also an 

increased expression of MHC I and II (31). Of note, DC activation also results in the 

production of cytokines and chemokines, which can activate and attract other 

immune cells such as natural killer cells or neutrophils (32).  

However, in the case of transplant-rejection, anti-tumour immunity or autoimmunity, 

adaptive immune responses are induced in the absence of PAMPs. This conundrum 

was addressed by the danger model, which proposed that endogenous signals 

released from damaged or dying cells were able to stimulate the immune system 

similarly to PAMPs (33-35). Such signals were termed damage-associated molecular 

patterns (DAMPs) and can be recognised by DCs through DAMP receptors (33, 35). 

Examples for some of those DAMPs released from dying cells are HMGB1 (36-39), 

uric acid (40, 41), calreticulin (42), ATP (41, 43, 44) and heat shock proteins 

(HSPs)(45, 46). However, DAMPs are less potent stimulators of DC activation in 

comparison to PAMPs (33-35, 47, 48).  

The adaptive function of DCs is to present short peptide sequences from 

endogenous or exogenous proteins, also termed antigens, from the periphery to T 

lymphocytes in the lymphatic tissues. Therefore, DCs do not only serve as sentinels 

for both infection and tissue damage, but they are also phagocytic cells and, 

consequently, internalise extracellular material, which can serve as an antigen 

source for presentation on MHC I and II (49). Activated DCs, stimulated by PAMPs 

or DAMPs, migrate into lymphatic tissues where they present antigens from the 

periphery to naïve T cell clones, which can be activated and primed only in the 

presence of co-stimulatory molecules (31). The recruitment of DCs to lymphatic 

tissues is mediated by chemokine gradients, but also by DC activation itself. The 

expression of the C-C chemokine-receptor CCR7 is induced upon DC activation and 

binds the C-C chemokines CCL19 and CCL21 produced by stromal cells in the lymph 

node paracortex and the endothelium of lymphatic vessels (50-52). Within the lymph 

node DCs can migrate into the T cell zone, where they can present the peripheral 
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antigen to the T cells (53). Importantly, the activation of DCs also increases the 

expression of proteins involved in antigen processing and loading onto MHC I and II, 

effectively resulting in an increase in antigen presentation (54-57). In addition to 

migratory DCs, DCs residing in the lymph node can also capture and present 

antigens that drain through the lymphatic vessels, as well as antigens that can be 

transferred from migratory to lymph node-resident DCs (58, 59). Furthermore, it has 

been shown that DCs can also acquire antigen-loaded MHC I in a process termed 

cross-dressing (60, 61). 

In sum, DCs are essential for bridging innate and adaptive immunity. Innate stimuli, 

such as PAMPs and DAMPs, can activate DCs which helps to promote their capacity 

to activate the immune system on multiple layers due to the (i) upregulation of 

expression of co-stimulatory molecules mediating interactions with T cells, (ii) 

upregulation of expression of chemokine receptors important for migration to the 

lymph nodes, (iii) the production of cytokines resulting in the recruitment in other 

immune cells and (iv) increase of antigen presentation through the increased 

expression of MHC I, MHC II and proteins involved in antigen processing. 

1.1.2 Dendritic cell subsets involved in cross-priming 

There are many different DC subtypes, which have been identified phenotypically 

based on their characteristic high expression of MHC II and the integrin CD11c as 

well as functionally by their capacity to prime T cells (62-64). However, this definition 

should be used with caution as other cell types can express those markers and T 

cell priming can also be performed by other pAPCs under certain conditions (65). 

Two main subtypes of DCs can be distinguished: plasmacytoid DCs (pDCs) and 

conventional DCs (cDCs) (66, 67). Both subtypes develop in the bone marrow (BM), 

but whereas pDCs leave the BM fully differentiated (68), cDCs arise from pre-DCs 

that leave the BM, migrate through the blood stream and, terminally differentiate into 

cDCs in the peripheral tissues (69, 70). pDCs are strong producers of type I 

interferons (IFNs) in response to toll-like receptor (TLR) triggering by nucleic acids 

and are mainly involved in antiviral defence (71). Recent work suggests that pDCs 

develop from a lymphoid progenitor and are more akin to innate lymphoid cells than 

to DCs (72-74). cDCs can be further subdivided into cDC1 and cDC2 subtypes based 

on the expression of DNGR-1 (Clec9a), XCR-1, CD8𝛼 and/or CD103 on cDC1 in 
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contrast to CD11b and CD172a on cDC2 (65, 75-79). Whereas the role of cDC2 is 

thought to be more closely related to priming of CD4+ T cells by MHC II presentation 

(80, 81), cDC1 play a pivotal role in priming CTL against viruses and cancer (21, 82). 

In humans, the equivalent cross-presenting cDC1 subset is defined by the 

expression of DNGR-1, BDCA3, XCR1 and CD141 (83-87). 

Even though cross-presentation can be performed under certain conditions by non-

APCs, such as keratinocytes, embryonic cell lines and fibroblasts (88) (83, 89, 90), 

the competence to cross-prime and induce robust CTL responses has been 

specifically linked to cDC1s (10, 91). The transcription factor Batf3 is crucial for cDC1 

development and mice lacking Batf3 do not have CD8+ and CD103+ DCs resulting in 

impaired cross-priming (92). Of note, Batf1 and 2 can - to a certain extent under 

some conditions - compensate for the loss of Batf3 (93). Loss of cDC1s in Batf3-

deficient mice has been linked in multiple studies to a failure in rejection of 

transplantable tumour models or immunotherapeutic approaches (94-97). However, 

there is also evidence that during certain conditions such as influenza or 

Saccharomyces cerevisiae infection, also other CD8- DC subsets can cross-prime 

and it is not understood how this is regulated (98, 99). In addition, macrophages and 

monocytes have also been reported to cross-prime (8, 100, 101). Collectively, cDC1s 

are the dominant cross-priming subset, however, in some conditions other cell 

subsets may contribute. 

1.1.3 The molecular and cellular interactions mediating cross-priming 

The activation of CTLs by DCs requires two signals: first, T cell receptor (TCR) 

signalling and second, signalling through co-stimulatory molecules. The two-signal 

model was first proposed in 1970 in the context of B cell activation and was later 

extended to T cells (102, 103). The first piece of evidence for the involvement of co-

signalling was provided by the discovery of CD28 expressed on the CTL, which can 

interact with B7-1 or B7-2, also termed CD80 and CD86, expressed specifically on 

activated DCs (104). Importantly, in the absence of this co-stimulatory signal through 

the CD28-CD80/86 interaction, TCR signalling was not sufficient to induce a robust 

T cell response (105). With the identification of additional co-stimulatory molecules, 

but also co-inhibitory molecules such as CTLA-4, it became clear that T cell 

activation is intricately regulated (106-108). Whereas, CD28 is constitutively 
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expressed on naïve CD4+ and CD8+ T cells and is essential for their proliferation and 

survival, CTLA-4 expression on T cells is induced upon T cell activation and 

effectively sets a break on T cell responses. In addition, CD28 is also downregulated 

through endocytosis of the receptor in direct response to CTLA-4 activation, which 

further interferes with T cell priming through the inhibition of co-stimulation (109).  

Although CD28 provides the dominant signal required for T cell priming, other co-

stimulatory molecules can compensate for CD28 (110). HVEM is broadly expressed 

on multiple cell types, whereas its ligand LIGHT is selectively expressed by pAPCs 

as well as T cells (111). However, the role of the HVEM and LIGHT interaction during 

cross-priming is not clear since LIGHT is often downregulated on APCs. 

Furthermore, CD27 is expressed on naïve T cells and can interact with CD70 on the 

pAPC, but the CD27-CD70 interaction fails to induce T cells proliferation in the 

absence of CD28-CD80/CD86 interaction (112-114). 

Priming of CTLs is controlled through multiple layers of differential expression of co-

signalling molecules, but also through the regulation of expression of their interaction 

partners on the pAPCs. CD28 for example, interacts with CD80 or CD86 on the DC, 

which are only expressed at low levels in homeostasis and only get upregulated upon 

DC activation mediated by PAMP and DAMP recognition (115, 116). Therefore, it is 

not surprising that TLR stimulation, e.g. through TLR3 and 9 expressed on cDC1, 

promotes effective cross-priming (117, 118).  

In addition to the orchestration of expression of co-stimulatory molecules on both 

naïve CTLs and DCs, DCs require another signal in form of T cell help for cross-

priming and specifically for memory formation. The importance of help provided by 

CD4+ helper T cells for the induction of CTL responses was already reported in 1982 

(119). This help was mediated through a direct interaction between the CD4+ T cell 

and the APC, which also interacted with the naïve CD8+ T cell (120, 121). The 

importance of T cell help was underscored when TLR stimulation, hence induction 

of co-stimulatory molecules on the DCs, was not enough to break cross-tolerance 

(122) or induce a CTL response in vaccination settings (123). In the absence of T 

cell help the activated CTLs have a short life-span and importantly, fail to exert 

effector functions as well as give rise to memory (124). However, the chances that 

three rather rare cell types - antigen-specific CD4+ helper T cell, antigen-bearing DC 

and antigen-specific naïve CD8+ T cell - can find and interact with each other at the 

same moment in a three-cell interaction was considered quite low. And indeed, it 
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was shown that a sequential two-cell encounter can be sufficient for the induction of 

potent CTL responses (125). This resulted in the concept of DC licensing, since the 

CD4+ helper T cell is somehow conditioning the DC to be competent in the activation 

of the CTL (126, 127). Nevertheless, the production of chemokines by activated 

CD4+ helper T cells resulted in enhanced immunity through the recruitment of naïve 

CD8+ T cells to sites of antigen-specific DC-CD4+ helper T cell interactions (128). 

And more recently, it has also been shown that the interactions between the CD4+ 

and CD8+ T cells and DCs are also regulated spatially depending on the stage of the 

viral infection (129). It is therefore conceivable that depending on the stage and type 

of the infection different CD4+ T cell-DC-CD8+ T cell interactions are required to 

induce potent CTL responses. 

For a long time, it was believed that T cell help was mediated through the secretion 

of cytokines such as IL-2 (119). Although IL-2 produced by the T helper cell promotes 

CD8+ T cell proliferation, in 1998, the nature of the T cell help was identified as the 

interaction between CD40 ligand (CD40L) on the T cell and CD40 on the DC (130, 

131). Of note, CD40 was also successfully stimulated through an anti-CD40 antibody 

making it a vital tool for modern DC immunizations (125, 132). Whereas CD40L is 

expressed mainly on activated CD4+ T cells, CD40 is expressed on pAPCs and is 

upregulated in response to infection or inflammation during DC activation (133-135). 

Interestingly, the CD40L-CD40 interaction also induces the expression of CD80 and 

CD86 on the DC (136, 137). The activation of CD4+ helper T cells is mediated not by 

the cross-priming CD8+ DCs, but by the CD8- DCs which present antigen on MHC II 

for the CD4+ T cell activation (12, 13, 138). Moreover, CD40L-CD40 enhances 

cytokine production of IL-12 by DCs which not only facilitates secretion of interferon-

g (IFN-g) and formation of type 1 helper T cells, but also promotes CTL effector 

functions (139-143). Recently, production of IL-12 and IL-15 by cDC1s was also 

linked with the effective induction of tissue resident memory T cells (144). 

The conditioned or licensed DC dictates whether cross-priming or cross-tolerance is 

induced through CTL programming (145-148). The duration of the TCR-MHC I 

encounter dictates if the activated CTL clone survives and the affinity of the TCR 

controls for the expansion ensuring that only high affinity clones proliferate (149). 

Furthermore, the interactions with co-stimulatory molecules come into action, such 

as CD28 and CD80/86 interaction, but also the interaction of CD27 and CD70 can 

increase CTL survival (98, 150). Furthermore, IL-2 can induce CTL survival and is 
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required for cross-priming as well as memory formation (151). There is evidence that 

IL-2 might be produced in an autocrine fashion by the CTLs themselves through 

prolonged TCR signalling and/or CD27-CD70 interaction (152-154). The cellular and 

molecular interactions mediating licensing of the cDC1 and cross-priming of the CTL 

are summarised in Figure 1.1. Of note, it has been shown that, in vivo, the cross-

presenting cDC1s can differ from those that present antigen on MHC II and the three 

cell types do not need to meet at the same time (12, 13, 125, 129, 138). Furthermore, 

depending on the phase of a viral infection, the antigen presenting DC subset can 

differ and CD4+ and CD8+ T cell activation in the lymph node is in the beginning 

separated spatially, suggesting a spatiotemporal regulation of cross-priming (129, 

155). Notably, cDC1s play a central role in the cross-priming of naïve CD8+ T cells, 

since they serve as crucial interaction platforms within the lymph nodes. 

Collectively, activated DCs require T cell help provided by activated CD4+ T cells in 

order to be competent to cross-prime naïve CD8+ T cells. Both licensing and priming 

are regulated on a molecular level, through the expression of co-stimulatory 

molecules upon activation or licensing, but also on a cellular level in space and time.  

 
Figure 1.1: Cellular and molecular interactions mediating licensing of cDC1s and 
cross-priming of naïve CD8+ T cells. 
cDC1s internalise antigens which can be presented on both MHC I and MHC II to 
present it to either naïve CD8+ cytotoxic T cells or CD4+ helper cells, respectively. 
Activated CD4+ T cells can license the cDC1 for cross-priming through the interaction 
of CD40L and CD40 as well as the recognition of antigen presented on MHC II. 
Licensed cDC1s upregulate CD40, CD80 as well as CD86 and the latter two can 
then interact with CD28 on the CD8+ T cell. Together with the MHC I-TCR interaction 
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this will then induce the activation of the naïve CD8+ T cells and ultimately result in 
the generation of an antigen-specific effector CD8+ T cell pool. The figure was 
adapted from Kurts et al. (created with Biorender.com)(126). 

1.1.4 Cross-priming in immunity to pathogens 

The relevance of CD8+ T cells and DCs in clearing infections has been well 

established. However, the relevance of cross-priming in the activation of a CTL 

response remained controversial (156, 157). One reason for this is the experimental 

models used, as many viruses such as lymphocytic choriomeningitis virus (LCMV) 

infect DCs and therefore direct presentation contributes to CTL priming. However, 

cross-priming is essential for the generation of adaptive immune responses against 

pathogens that do not infect DCs directly, since in this case exogenous antigen has 

to be cross-presented on MHC I for CTL priming. For example, cross-priming 

induces immunity against Epstein-Barr virus (EBV), hepatitis virus (HBV) and 

poliovirus, none of which infect DCs directly (15, 158-160). Notably, in the case of 

poliovirus endogenous neosynthesis of viral proteins due to uptake of viral RNA by 

pAPCs was shown to be the main antigen source for priming of CD8+ T cells, which 

could potentially also affect the analysis of cross-priming in other viral infections 

(161). However, the induction of CD8+ T cells against herpes simplex virus 1 (HSV1) 

was shown not to require infected DCs, but cross-priming by non-infected DCs (162, 

163). HSV is complex as different antigens are expressed during early and late 

stages of the infection. Antigens are constantly transported to the lymph nodes by 

migratory DCs or through draining of viral antigens (59, 164). In HSV, different 

migratory DC subsets, like Langerhans cells, have been shown to transport antigen 

to the lymph node where the antigen was transferred to cDC1 (98, 165). Of note, DC 

licensing has specifically been shown to be required for the generation of CTL 

immunity to HSV1 (127). Immunity against vaccinia virus has also been shown to be 

cross-priming dependent, since cDC1 acquired vaccinia-specific antigens through 

dying infected cells resulting in robust CTL priming (166, 167).  

The importance of cross-priming in bacterial infection has mainly been studied for 

Listeria monocytogenes and Mycobacteria. Listeria proliferates within the cytoplasm 

of macrophages and hepatocytes, which upon cell death can then serve as antigen 

source for cDC1 (91, 168). Immunity against Listeria has been shown to be 

dependent on cross-priming of CTLs by DCs (169). Similarly, immunity to 
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Mycobacteria required uptake of material from infected dead cells by DCs which can 

then cross-present Mycobacterium-specific antigens and effectively cross-prime 

CTLs (170, 171). 

1.1.5 Cross-priming in immunity to cancer 

Adaptive immunity to cancer has to be initiated by cross-priming, since most tumours 

are not DC-derived and tumour antigens can therefore only originate from exogenous 

proteins. A role for pAPCs in presenting tumour antigens had already been 

suggested in 1994 (14) and was later on shown to occur in the tumour draining lymph 

node (172). However, without manipulation, antigen cross-presentation failed to 

induce potent CTL responses and instead often induced cross-tolerance to tumour 

antigens (173, 174). One explanation for this failure to mount CTL responses was 

attributed to the lack of strong stimulators of DCs, such as PAMPs, in the tumour 

microenvironment (TME) (175). Nevertheless, chemotherapy promoted cross-

priming of CD8+ T cells potentially due to the increase in cell death (176-179), since 

DCs can acquire tumour antigens directly from dying cells in the TME (180) and get 

activated by the recognition of DAMPs released by dying cells. Furthermore, cross-

priming of CTLs is enhanced when chemotherapy is used in combination with 

immunotherapies such as anti-CTLA-4 or anti-PD-1 (181), which block inhibitory 

signals to CTLs. Our understanding of anti-tumour immunity was dramatically 

improved when Batf3-dependent cDC1 were identified as the main cross-presenting 

DC subset in vivo (92). Since then multiple studies have revealed the crucial role that 

cDC1s have in facilitating CTL responses against cancer by either migrating from the 

TME to the lymph node or through priming within the TME (94, 182, 183). Batf3-

deficient mice often display a failure to reject transplanted tumours or to support T 

cell-based immunotherapeutic approaches (94, 95, 97, 184) and, importantly, the 

loss of cDC1 cannot be compensated by other Batf3-independent cDC subsets (93). 

Notably, cDC1 signature genes are also associated with a good prognosis in both 

mice and humans (94, 185).  

Nevertheless, the analysis of cross-priming of tumour-specific CTLs was and still is 

hindered by the diversity of tumour-associated antigens and by the lack of tools to 

identify antigens. The role of cross-presentation is still controversial due to the lack 

of a detailed mechanism by which antigens are cross-presented and the key 
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mediators are yet to be determined which is also why the read-outs remain largely 

indirect and good model systems are missing. In the next paragraphs I would like to 

introduce the molecular mechanisms involved in MHC I presentation and discuss the 

pathways potentially mediating cross-presentation. 

1.2 Molecular mechanisms of MHC I cross-presentation 

Our knowledge that T cell-dependent immunity is mediated by presentation of 

antigens on MHC molecules, more specifically, CD4+ T cells are stimulated through 

MHC II presentation whereas MHC I is recognised by CD8+ T cells, is based on an 

observation that was made almost a 100 years ago. The discovery that genes could 

determine the outcome of tumour transplantations and control blood group antigens 

in 1936 by Peter Gorer initiated the discovery of the first MHC histocompatibility 2 

(H-2) in 1958 (186-189). One year later, in 1959, it was then discovered that T cell 

responses were dependent on protein sequences rather than intact protein 

structures (190). In 1974, Rolf Zinkernagel and Peter Doherty discovered that virally 

infected cells are eliminated by a CTL response through the recognition of a viral 

antigens in complex with a MHC I molecule (191, 192). It furthermore became clear, 

that also uninfected cells could be lysed by CTLs in a process termed alloreactivity 

(193, 194). In 1983, Shimonkevitz et al., showed that the peptides recognized by 

CTLs were not 3-dimensional structures, but short peptides that were processed 

intracellularly (195). Foreign antigenic peptides were able to bind MHC II at a single 

site with dissociation constants in the µM range (196-198). The addition of peptides 

derived from viral proteins to uninfected cells could also induce CTL-mediated lysis, 

suggesting that MHC I could bind viral peptides (199, 200). In 1987, the x-ray 

structure of HLA-A2 revealed the peptide binding groove and the residues involved 

in antigenic peptide binding as well as the T cell recognition site (201, 202). Due to 

the extraordinary genetic polymorphism - almost 10,000 different alleles of MHC I - 

and the variety of peptides that can be bound because of anchor residue binding, 

MHC I peptide complexes can sufficiently cover the diversity needed to generate 

specific CTL responses (203-207).  
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1.2.1 Presentation of endogenous peptides on MHC I 

The peptides presented by MHC I are of endogenous origin and products of 

proteasomal degradation (208, 209) and originate from defective ribosomal products 

(DRIPs) or the ubiquitin-proteasome system (210-213). The MHC I loading pathway 

is depicted in Figure 1.2. DRIPs are generated under conditions of high translational 

activity such as viral infections, and their fast degradation prevents protein 

aggregation within the cytosol (214-216). The ubiquitin-proteasome pathway 

ensures the removal of misfolded proteins, but also regulates the half-life of proteins 

(217). The proteasome has three main proteolytic activities: chymotrypsin-like, 

trypsin-like and peptidyl-glutamyl hydrolytic activity mediating the cleavage after 

hydrophobic, basic and acidic residues, respectively (218). The peptides loaded onto 

MHC I are between 8-9 amino acids long (219), however, only one third of the 

proteasomal products are of such length (220). Proteasomal products range between 

3-30 amino acids and the abundance of the peptide decreases with the increase of 

the size. Therefore, the majority of peptides generated are too small to be loaded 

onto MHC I molecules (221). Importantly, the peptide pool generated by the 

proteasome can also be changed due to the expression of subunits of the 

immunoproteasome (222, 223). The immunoproteasome is constitutively expressed 

by DCs and lymphocytes, but can be induced by type II interferons in other cell types 

(224, 225). The proteasome defines the C-termini of the generated peptides, which 

is important for later loading onto MHC I (226). The peptide’s N-terminus can be 

trimmed by cytosolic proteases such as TPPII or TOP (227-230). Due the cytosolic 

proteases, the half-life of cytosolic peptides is only between 6-10 seconds depending 

on the length (213). Hence, only 0.02% of proteasomal peptides are later on loaded 

onto MHC I molecules, which translates to a minimum of 1,000 molecules required 

for a protein to be presented on MHC I (231-233). Interestingly, the selectivity for 

peptides of the proteasome, the transporter associated with antigen processing 

(TAP) and of MHC I are similar, which might help to save some of the peptides from 

cytosolic degradation by rapid translocation into the ER (234, 235). TAP is a 

heterodimeric ABC transporter located to the ER and cis-Golgi, which transports 

proteasomal products in an ATP-dependent manner from the cytosol into the ER 

(236-244). Peptides transported by TAP have a length of 8-16 amino acids (245-247). 

Three N-terminal positions and the C-terminus are critical for peptide binding and 
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transport by TAP, suggesting the binding of the anchor residues by the transporter 

similar to MHC I (248-250). Thus, a hydrophobic C-terminus results in a faster import 

into the ER by TAP (251, 252). Since TAP also transports longer peptides into the 

ER, peptide trimming is required within the ER to allow for MHC I loading. The ER-

aminopeptidases 1 and 2 are activated by peptides longer than 8-9 amino acids (253-

255). Whereas ERAP1 selectively trims aliphatic residues, ERAP2 prefers basic 

residues, again shaping the N-terminus of the peptide for optimal binding to MHC I 

(256-258).  

In addition, to its critical role in providing MHC I ligand, TAP is also the centerpiece 

of the macromolecular peptide-loading complex (PLC) (259-261). The PLC consists 

of seven subunits including TAP, tapasin, as a disulfide-linked conjugate with the 

thiol oxidoreductase ERp57, the lectin-like chaperon calreticulin, and the MHC I 

heavy chain (hc)/β2-microglobulin heterodimer. The PLC ensures stabilization of 

‘empty’ MHC I, loading of MHC I, but also performs proofreading for high affinity 

peptides. Importantly, MHC I is only stable when it is loaded with a high affinity 

peptide or bound by a chaperone (262) and, hence, the peptide proofreading has to 

occur while MHC I is still bound to the PLC. If peptides cannot fit the proofreading 

criteria and bind stably to MHC I, they are retro-translocated back into the cytosol 

(250, 263). There are different layers of quality control mechanisms acting within the 

PLC once the peptide loaded MHC I has been released from the PLC. The 

chaperones calreticulin, ERp57 and the peptide-binding chaperone protein disulfide 

isomerase PDI are important to stabilize the ‘empty’ MHC I (264-268). This complex 

is then bridged to TAP via tapasin, which has a crucial peptide proofreading activity 

(269-271). Tapasin shapes binding of high affinity antigenic peptides to MHC I and 

enhances presentation of immunodominant epitopes (272). The loading of MHC I 

induces the release from the PLC and subsequent trafficking to the plasma 

membrane (241, 273, 274). 

However, there are more quality checkpoints once peptide loaded MHC I dissociates 

from the PLC and is deglucosylated by glucosidase II. Deglucosylated MHC I is 

bound by the tapasin-related protein (TAPBPR) which plays an essential role in the 

post-PLC quality control of MHC I within the ER lumen (275-277). Suboptimal loaded 

MHC I is recognized and consequently, UDP-glucose glycoprotein transferase-1 is 

recruited by TAPBPR resulting in MHC I re-glucosylation (278-280). This marks 

MHC I for binding by calreticulin resulting in a new round of peptide loading and 
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selection within the PLC (281). Optimally-loaded MHC I molecules that pass those 

quality checkpoints can enter the Golgi network to reach the cell surface (282). 

However, even within the Golgi, MHC I can undergo quality control, as both 

calreticulin and tapasin can be found in the Golgi and deletion of their ER-retention 

signal (KDEL) resulted in support of suboptimal MHC I:peptide complexes (283, 284). 

The half-life of MHC I is regulated through its stability, which is altered when b2-

microglobulin or peptide dissociates for example at low pH (285). Of note, MHC I can 

reassemble on the plasma membrane when exogenous peptide is provided (286). 

Properly folded MHC I molecules that reach the end of their lifetime are ubiquitinated 

by MARCH4 and 9 which targets MHC I for degradation (287). 

The importance of MHC I peptide presentation is underscored by the fact that various 

viruses target components of the PLC, such as TAP or MHC I directly (288-290). 

Furthermore, tumours can reduce their MHC I expression as a potential evasion 

strategy, especially for those bearing a high burden of neoantigens such as lung 

cancer (291-293).  
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Figure 1.2: MHC I antigen presentation pathway. 
A fraction of the cellular proteome is degraded by the proteasome. Peptides are 
transported by TAP into the ER lumen. Empty MHC I is recruited by calreticulin (CRT) 
and through the interaction with tapasin the peptide loading complex (PLC) is 
assembled, consisting of TAP, tapasin, ERp57, CRT and TAP. Peptides, which 
accumulate in the ER lumen, are trimmed N-terminally by the ER-associated amino 
peptidase 1 and/or 2 (ERAP1/2). Trimmed peptides are loaded onto MHC I, resulting 
in the disassembly of the PLC. The MHC I:peptide complex is trafficking through the 
secretory pathway via the Golgi to the plasma membrane. Cytotoxic T lymphocytes 
(CTLs) can bind to the presenting cell via the interaction of the TCR and MHC:peptide 
complexes as well as the binding of the CD8 dimer to the MHC I heavy chain. The 
figure was adapted from Hulpke et al. (created with Biorender.com) (294). 

1.2.2 Acquisition of antigens for cross-presentation 

In order to be cross-presented, exogenous antigen needs to be internalised by 

endocytosis. The internalisation route has been shown to directly affect the efficacy 

of cross-presentation. For example, soluble antigens taken up by fluid-phase 

pinocytosis are presented much less efficiently in vitro than particulate antigens 

taken up by phagocytosis (9). Furthermore, high doses of soluble antigens fail to 

cross-prime CD8+ T cells in vivo, although in vitro they are cross-presented efficiently 
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(7, 295). However, when antigens are delivered associated with phagocytic cargo in 

vivo, cross-presentation is much more efficient (296, 297). Of note, if soluble 

antigens are bound by specific endocytic receptors, such as antibody-antigen 

complexes being bound by Fc receptors, cross-presentation efficacy is similar to that 

for particulate antigens (298, 299). This suggests that either the receptor-dependent 

routing into specific endocytic compartments is key or the increase in number of 

molecules taken up is critical for efficient cross-presentation (300). However, there 

is evidence that murine cDC1 and cDC2 are superior in cross-presentation compared 

to GM-CSF induced monocyte-derived DCs (moDCs) regardless of the uptake route, 

suggesting that cDCs possess a specialized cross-presentation machinery that acts 

post-internalisation (301, 302).  

Dying cells are one physiologically relevant source of particulate antigens and dead 

cell-derived antigens have been shown to be cross-presented in vivo in a Rac1-

dependent fashion (303). The major murine DC subset involved in uptake and cross-

presentation of dead cells are cDC1s (12). Interestingly, the receptors mediating 

dead cell uptake in DCs differ from those involved in dead cell uptake by 

macrophages and seem to be less dependent on recognition of phosphatidylserine 

(304). There are also differences between murine cDC1 and human moDCs, as the 

scavenger receptor CD36 and the alphaVbeta5 integrin important in moDC dead cell 

uptake do not impact on dead cell ingestion by murine cDC1 (305-307). Murine cDC1 

express the two C-type lectin receptors, DEC-205 and DNGR-1 (DC, NK lectin group 

receptor 1), that are involved in the recognition of apoptotic and/or necrotic cells (308, 

309). However, the deletion of either DEC-205 or DNGR-1 does not impact on the 

ability of cDC1s to ingest dead cells, suggesting that additional dead cell receptors 

can compensate (310-312). The T cell immunoglobin and mucin domain-3 (TIM-3) is 

expressed on murine DCs (313) and treatment with anti-TIM-3 antibodies inhibits 

efferocytosis and partially blocks cross-presentation of dead cell-associated antigens 

(314). In addition, the scavenger receptor SCARF-1 impacts on efferocytosis by 

murine cDC1, but bot human cDC1 (314, 315). The AXL/LRP-1/RANBP9 complex 

has also been implicated in mediating ingestion and cross-presentation of antigens 

derived from apoptotic cells by cDC1 (314).  

Living cells can also serve as antigen sources for cross-presentation (316-318). This 

could potentially be mediated through the uptake of exosomes secreted from living 

cells as it has been shown for tumour-derived exosomes (319) or by DCs nibbling on 
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living cells (320). Additionally, transfer of either antigen or MHC I:peptide complexes 

between cells has also been observed. Antigen donor cells and DCs can form gap 

junctions through which antigens can be transferred for cross-presentation by the 

DC (321). Moreover, loaded MHC I:peptide complexes can be exchanged between 

cells in a process called cross-dressing and drive CTL-mediated immunity against 

viral infection (61, 322-324). Nevertheless, the relevance of both peptide or 

MHC I:peptide transfer for overall cross-presentation and priming remains 

debatable. Hence, the transfer of intact proteins or proteasomal substrates seems 

dominant even in settings where donor cells contain high amounts of MHC I:peptide 

complexes (325-328). 

1.2.3 Pathways of cross-presentation 

In the past 20 years, two main cross-presentation pathways have been described 

which mainly differ in the mechanisms generating antigenic peptides. The cytosolic 

pathway involves the degradation of antigenic peptides in the cytosol by the 

proteasome, suggesting that antigens have to be transported from the endocytic 

compartment or phagosome into the cytosol (329-331). Hence, the cytosolic pathway 

has also been termed the phagosome-to-cytosol pathway (P2C) (300). In contrast, 

the vacuolar pathway describes the degradation of antigens by lysosomal proteases 

followed by intra-phagosomal loading of MHC I. Thus, the vacuolar pathway does 

not require antigen export into the cytosol and is independent of the proteasome. 

However, the contribution of both pathways to cross-presentation as well as to cross-

priming in vivo is controversial, potentially due to the different experimental systems 

which have been used by different laboratories. Firstly, the antigen source matters 

and soluble antigens might engage a different route compared to particulate 

antigens. Furthermore, receptor engagement by different sources of antigen might 

affect the subsequent processing and routing. Secondly, the physiologically-relevant 

cross-presenting cDC1 subset has only rarely been used for studies of cross-

presentation, which often employ GM-CSF bone marrow-derived DC (BMDC) 

cultures. These constitute a mix of macrophages and DCs, which do not resemble 

cDC1s (332). Sometimes also human monocyte-derived DCs (3-5 day cultures of 

GM-CSF and IL-4 cultures of CD14+ monocytes) are used to study cross-

presentation in vitro, however, those exert much higher levels of lysosomal proteases 
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(333) and have been shown to resemble a phenotypically heterogenous mix similar 

to inflammatory DCs and macrophages in vivo (334). Thirdly, conclusions are often 

based on a single model antigen ovalbumin (OVA). Other antigens might be cross-

presented more inefficiently and might also engage other pathways. Fourthly, the 

read-outs for cross-presentation are indirect. There exists an antibody 25-D.1, that 

specifically recognises OVA SIINFEKL peptide bound to H-2Kb to directly analyse 

the generation of MHC I:peptide complexes (335), but it is not sufficient in most 

instances (336). Therefore, cross-presentation is generally measured by exposing 

the cross-presenting cell population to antigen-specific CD8+ T cells and reading out 

their activation, proliferation or cytokine production. This is very sensitive but does 

not provide a single cell readout of pAPC function. It is also dependent not only on 

antigen cross-presentation but sensitive to numerous other variables such as pAPC 

motility or co-stimulatory molecules expressed on the pAPC. In the next paragraphs 

I will give an overview over the different pathways and mechanisms that have been 

described for cross-presentation. Due to the variety of APC types and antigen 

sources used in different studies, I decided to summarize some of the publications 

in tables 1.1-1.3. 

1.2.4 The vacuolar cross-presentation pathway 

The vacuolar cross-presentation pathway considers the endocytic compartment 

involved in the antigen uptake as independent cross-presentation entity (Figure 1.3). 

Thus, antigen processing and loading onto MHC I are performed within the 

phagosome and the process is therefore independent of TAP or the proteasome 

(337-339). Of note, blocking of lysosomal proteases with either leupeptin and/or b-

lactone or interfering with endosomal acidification results in inhibition of vacuolar-

mediated cross-presentation (316, 340). The most convincing evidence for the 

vacuolar pathway is based on the fact that cathepsin S deficient mice have defects 

in cross-presentation and cross-priming of CD8+ T cells, whereas presentation on 

MHC II remains unaffected (316, 341). Other lysosomal proteases, such as 

cathepsin D in human moDCs, have been implicated in antigen degradation for 

MHC I presentation (342).  

The recruitment of MHC I to the vacuolar cross-presentation compartment is most 

likely mediated through recycling endosomes that bring in surface MHC I molecules 
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since in some reports inhibition of protein traffic from ER-to-Golgi or protein synthesis 

had no effect on cross-presentation (7, 296, 343, 344). However, for long peptides 

the inhibitor of endosomal recycling primaquine did interfere with vacuolar loading of 

MHC I (337). The nature of the vacuolar cross-presentation compartment remains 

elusive and it is unclear how MHC I, which is pH sensitive and unstable, can be 

stabilised in the acidic lysosomal environment required for protease activity (345). 

Interestingly, tapasin deficiency also resulted in a decrease in vacuolar cross-

presentation, suggesting that components of the PLC could be recruited to cross-

presentation vacuoles and support MHC I loading (346, 347).  

There is a conceptual issue with the vacuolar pathway as the different cleavage 

patterns of lysosomal proteases and the proteasome will presumably result in a quite 

different peptide repertoire. This presents a potential problem, as DCs must prime 

CD8+ T cells that, in turn, need to recognise a proteasomal degradation product 

bound to MHC on other cells. The different publications suggesting a vacuolar 

pathway for cross-presentation are summarized in Table 1.1, indicating for the APC 

type and antigen source that was used in the respective study. 
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Figure 1.3: The vacuolar cross-presentation pathway. 
Extracellular antigens are internalised and degraded within the endocytic 
compartment by lysosomal proteases such as cathepsin S. The generated peptides 
are loaded onto MHC I within the same compartment and subsequently presented 
on the cellular surface. The Figure was adapted from Joffre et al. (created with 
Biorender.com) (330). 
 
Table 1.1: Summary of publications suggesting a vacuolar cross-presentation 
pathway.  
murine GM-CSF BMDCs = bone marrow-derived dendritic cells (GM-CSF); human 
moDCs = human monocyte-derived dendritic cell (GM-CSF and IL-4); X-P = cross-
presentation 
Author, 
Year 

Cell type Antigen 
source/cargo 

Result 

Pfeifer et al., 
1993 (296) 

murine 
peritoneal 
macrophages 

SIINFEKL fusion 
protein 
expressing E 
coli. and 
Salmonella 
typhimurim 

X-P of antigens derived from 
bacteria with no mechanism 
for cytosolic entry are 
processed independently of 
protein synthesis and ER-to-
Golgi trafficking 

Harding et 
al., 1994 
(343) 

murine 
peritoneal 
macrophages 

OVA coated 
beads, OVA 
expressed in 

X-P of bead bound OVA is 
100-1000 times more efficient 
than soluble OVA and 
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Salmonella 
typhimurim 

independent of ER-to-Golgi 
trafficking 

Shen et al., 
2004 (316) 

murine GM-
CSF BMDC, 
DC2.4 cell 
line 

soluble OVA, 
OVA coated 
beads, OVA-
expressing 
allogeneic DAP 
cells 

cathepsin S is essential for 
TAP-independent vacuolar 
cross-presentation  

Bertholet et 
al., 2006 
(340) 

murine GM-
CSF BMDCs 

OVA-expressing 
Leishmania and 
Toxoplasma 
gondii  

X-P of Leishmania-derived 
antigens is independent of 
TAP and proteasome, but 
dependent on lysosomal 
acidification 

Tiwari et al., 
2007 (339) 

fibroblast and 
fibrosarcoma 
cell lines 

MHC I-
SIINFEKL fusion 
proteins  

X-P of membrane-associated 
proteins is independent of TAP 
and proteasome 

Belizaire et 
al., 2009 
(344) 

murine 
splenic 
CD11c+ DCs, 
murine 
peritoneal 
macrophages 

soluble or 
liposome 
encapsulated 
hen egg 
lysozyme 

X-P of liposome antigen was 
independent of TAP, 
proteasome, cathepsin S or 
ER-to-Golgi trafficking, but 
dependent on lysosomal 
acidification 

Mant et al., 
2012 (348) 

murine 
DC2.4 cell 
line 

0.8 or 3µm OVA 
coated latex 
beads 

X-P of small particles depends 
on ER-to-Golgi trafficking and 
proteasome, whereas bigger 
particles does not 

Hari et al., 
2015 (341) 

murine GM-
CSF BMDCs 

soluble OVA, 
OVA coated 
beads 

phagocytosis delays 
maturation and proteolysis 
which is regulated by NOX2 
and ROS and X-P is 
dependent on cathepsin S 

Ma et al., 
2016 (337) 

human 
moDCs 

long synthetic 
peptide antigens  

X-P is independent of TAP, 
proteasome and Sec22b 

1.2.5 The cytosolic cross-presentation pathway 

The cytosolic or P2C pathway is, in contrast to the vacuolar pathway, dependent on 

the proteasome (342, 349, 350). A schematic overview of the P2C pathway is shown 

in Figure 1.4. There are several reports demonstrating that in cross-presenting DCs, 

exogenous proteins can access the cytosol and preserve their activity in the process, 

including gelonin, HRP and cytochrome c (297, 349, 351-353). The mechanisms by 

which the antigen transfer might be mediated will be discussed in detail in the 

following section 1.2.6.  

The peptides produced by the proteasome can then enter the classical MHC I 

loading pathway through the transport into the ER mediated by TAP, which was 
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discussed in 1.2.1. The role of TAP in cross-presentation has been evaluated using 

macrophages from TAP deficient mice, which were impaired in cross-presentation of 

OVA coupled beads (349). In addition, TAP is required for mediating cross-priming 

in vivo (354). Of note, also proteasome-dependent but TAP-independent cross-

presentation pathways have also been described, but their contribution to cross-

priming in vivo has not yet been determined (344, 355). Importantly, TAP deficiency 

experiments cannot conclusively exclude a vacuolar pathway for cross-presentation 

as interference with TAP decreases the surface expression of MHC I molecules. In 

fact, human HLA class I deficiency is in most cases due to mutations in one of the 

TAP subunits which are also associated with the bare lymphocyte syndrome (356-

359). Similarly, interpretation of targeting of TAP with viral inhibitors, such as US6 or 

ICP47, is tricky as MHC I surface expression is reduced at least during prolonged 

inhibition (360). The viral inhibitor ICP47 was used in in vitro cross-presentation 

assay and inhibited cross-presentation in the human dendritic cell line KG1.Kb. 

However, the cells were incubated with ICP47 for 16 hours and showed a decrease 

of surface MHC I (361). Other evidence for an involvement of TAP in the P2C 

pathway was provided when ER-resident proteins such as MHC I, TAP and Sec61 

were detected in phagosomes containing antigenic cargo (346, 362, 363). In in vitro 

assays using isolated phagosomes, TAP was capable of transporting peptides into 

the phagosomal lumen (361, 364). The most convincing evidence for a role of TAP 

in transporting peptides into endocytic compartments was provided by a study using 

the viral inhibitor US6 fused to transferrin (353). Transferrin targets US6 specifically 

to early endosomes and consequently, direct MHC I presentation of endogenous 

antigens remained unaffected whereas cross-presentation was inhibited. The 

recruitment of ER-resident proteins TAP2, tapasin and calreticulin, which are all 

components of the PLC, was shown to be Sec22b-depedent (365). Deletion of 

Sec22b from DCs resulted in impaired cross-presentation in vitro, but more 

importantly, also in impaired anti-tumour immunity in vivo (366), although the role of 

Sec22b has recently been challenged (367) and needs to be addressed in further 

studies. 

Collectively, these data resulted in the concept that peptides generated after P2C 

can be transported not into the ER, but back into phagosomes for local MHC I loading 

(368). The most convincing evidence for intra-phagosomal loading of MHC I is 

provided by the successful staining of MHC I:OVA peptide complexes on 
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phagosomal membranes using the 25-D1.1 antibody, which specifically recognises 

MHC I in complex with OVA-derived SIINFEKL peptide (335, 364, 369).  

In addition, there are indirect results supporting the concept, such as the 

identification of the endosomal peptidase IRAP, which can trim peptides similarly to 

ERAP1/2 and affected cross-presentation (370-372). In contrast to vacuolar cross-

presentation, cytosolic cross-presentation is enhanced, not blocked, by interference 

with lysosomal acidification or lysosomal protease activity (373-375). Accordingly, it 

appears that DCs can prevent lowering of their phagosomal pH through the 

recruitment of the NADPH oxidase NOX2 (376, 377). Inhibition of NOX2 or 

interference with its assembly by depleting Rac2, resulted in partial inhibition of 

cross-presentation (378). NOX2 was shown to be recruited to the phagosomes in a 

Rab27a-dependent mechanism and depletion of Rab27a resulted in a decrease in 

phagosomal pH which was accompanied by an increase in antigen degradation and 

a defect in cross-presentation (379). The recruitment of MHC I to the phagosome is 

another indicator for intra-phagosomal peptide loading (364, 369, 380). When MHC I 

was unable to access endocytic compartments, cross-presentation was also 

decreased (369, 381). Nevertheless, there is contradicting evidence as to the 

intracellular source of recruited MHC I. It seems that the cytosolic pathway is 

sensitive to brefeldin A treatment in most cases, which blocks ER-to-Golgi protein 

transport, suggesting that MHC I is provided by the ER (342, 349). However, a role 

for MHC I recycling was suggested, since in some reports cytosolic cross-

presentation was inhibited by the blocking of protein trafficking from the endosomes 

to the plasma membrane by primaquine (337, 353). In addition, Rab22a impacts on 

the recycling of MHC I and has been implicated in cross-presentation of Toxoplasma 

gondii-associated antigens (382). There is also evidence for TLR signal-mediated 

MHC I recruitment to phagosomes containing antigen and TLR-ligand coated beads, 

resulting in enhanced cross-presentation (383). The effect of TLR triggering, 

especially TLR4, has been controversial though, since it can have a detrimental 

effect when antigen and TLR ligand are not delivered together (384, 385). Recently, 

two other proteins have been implicated in cross-presentation of dead cell-

associated antigens, but the mechanisms by which they operate remain unidentified: 

Rab43 and WDFY4 (336, 386). Since both proteins regulate vesicular trafficking 

pathways, it is possible that they help to shape the phagosomal cross-presentation 

compartment through recruitment of MHC I or impacting on endocytic maturation. 
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Table 1.2 shows a list of the publications suggesting a cytosolic cross-presentation 

pathway, indicating for the APC type and antigen source that was used in the 

respective study. 

 
Figure 1.4: The cytosolic cross-presentation pathway. 
Extracellular antigens are internalised and then exported into the cytosol where they 
are degraded by the proteasome. The TAP transporter can then transfer the peptides 
either into the ER or into the phagosome. Accordingly, loading of MHC I can occur 
in ER and/or phagosome and subsequently be presented on the cellular surface. The 
Figure was adapted from Joffre et al. (created with Biorender.com) (330). 
 
Table 1.2: Summary of publications suggesting a cytosolic cross-presentation 
pathway.  
murine GM-CSF BMDCs = bone marrow-derived dendritic cells (GM-CSF); human 
moDCs = human monocyte-derived dendritic cell (GM-CSF and IL-4); X-P = cross-
presentation; P2C = phagosome-to-cytosol 
Author, Year Cell type Antigen 

source/cargo 
Result 

Kovacsovics-
Bankowski and 
Rock, 1995 
(349) 

murine 
peritoneal 
macrophages 

OVA coated 
beads 

X-P of particulate antigen is 
dependent on TAP and 
proteasome  
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Norbury et al., 
1995 (297) 

murine BM-
derived 
macrophages 

soluble OVA X-P of macropinocytosed 
exogenous proteins is 
dependent on proteasome 
and ER-to-Golgi trafficking 

Reis e Sousa 
and Germain, 
1995 (88) 

murine 
peritoneal 
thioglycollate-
induced 
inflammatory 
macrophages, 
epidermal 
cells 

soluble OVA, 
OVA coated 
beads 

exogenous antigen can 
access the endogenous 
MHC I loading pathway in 
presence of phagocytic 
stimuli; non pAPCs can 
cross-present; indigestion 
model of antigens accessing 
the cytosol due to 
membrane rupture 

Huang et al., 
1996 (354) 

- splenocytes and 
CT26 cell 
expressing NP 
from influenza 
PR8 strain 

TAP is required for in vivo 
cross-priming 

Ackerman et 
al., 2003 (387) 

human KG1 
cell line, 
human 
moDCs 

soluble OVA phagosomes can serve as a 
X-P-competent organell; 
detection of PLC in 
phagosomes 

Chefalo et al., 
2003 (347) 

peritoneal 
macrophages, 
murine BM-
derived 
macrophages 

OVA expressing 
E.coli  

X-P is reduced in tapasin-
and TAP-deficient 
macrophages; MHC I 
stability is decreased at 
phago-lysosomal pH 

Fonteneau et 
al., 2003 (342) 

human 
moDCs 

Vaccinia-
infected UV-
irradiated or 
freeze-thawed 
monocytes 

X-P depends on cathepsin 
D, TAP, proteasome and 
ER-to-Golgi trafficking 

Guermonprez 
et al., 2003 
(364) 

murine GM-
CSF BMDCs 

OVA coated 
beads 

ER-to-phagosomes fusion; 
P2C transfer for 
proteasomal degradation 
and subsequent transport 
back into the phagosome by 
TAP 

Houde et al., 
2003 (362) 

J774 
macrophage 
cell line 

OVA coated 
beads 

ER-mediated phagocytosis 
shapes a X-P-competent 
organell 

Accapezzato 
et al., 2005 
(373) 

human 
moDCs 

soluble antigen 
derived from 
hepatitis B and 
C virus or 
human 
immunodefiency 
virus 

X-P of soluble viral antigens 
is enhanced by chloroquine 
both in vitro and in vivo 
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Ackerman et 
al., 2006 (361) 

human KG1 
cell line, 
human 
moDCs 

soluble and 
particulate 
cargo 

soluble and particulate 
antigens require 
components of ERAD for 
P2C transfer and X-P 

Bertholet et al., 
2006 (340) 

murine GM-
CSF BMDCs 

OVA-expressing 
Leishmania and 
Toxoplasma 
gondii  

X-P of Toxoplasma-derived 
antigens depends on TAP 
and proteasome 

Palmowski et 
al., 2006 (350) 

splenocytes male specific 
antigen Uty  

The generation of the Uty 
epitope is dependent on the 
immunoproteasome 

Savina et al., 
2006 (376) 

murine GM-
CSF BMDCs 

OVA coated 
beads 

NOX2 controls phagosomal 
pH for efficient cross-
presentation  

Jancic et al., 
2007 (379) 

murine GM-
CSF BMDCs 

soluble OVA, 
OVA coated 
beads 

Rab27a regulates the 
recruitment of NOX2 to the 
phagosome and X-P 

Savina et al., 
2009 (378) 

murine 
splenic DCs 
sorted for 
CD11c+CD8+ 
or 
CD11c+CD8- 

soluble OVA, 
OVA coated 
beads 

Rac2 determines the 
assembly of NOX2 on 
phagosomal membranes, 
phagosomal pH and X-P 

Cebrian et al., 
2011 (365) 

murine GM-
CSF BMDCs, 
Jaws cells 

OVA coated 
beads, OVA 
expressing E. 
coli and 
Toxoplasma 
gondii 

Sec22b mediates ER-to-
phagosome fusion, antigen 
transport to the cytosol and 
X-P of particulate antigens 

Imai et al., 
2011 (352) 

murine GM-
CSF BMDCs, 
DC2.4 cell 
line 

soluble OVA, 
OVA coated 
beads 

HSP90 plays a critical role in 
pulling antigens into the 
cytosol for subsequent X-P 

Merzougui et 
al., 2011 (355) 

murine GM-
CSF BMDCs 

OVA-expressing 
yeast 

X-P of phagocytosed 
antigen is TAP-independent 
but proteasome-dependent  

Mant et al., 
2012 (348) 

murine DC2.4 
cell line 

0.8 or 3µm OVA 
coated latex 
beads 

X-P of small particles 
depends on ER-to-Golgi 
trafficking and proteasome, 
whereas bigger particles 
does not 

Weimershaus 
et al., 2012 
(371) 

murine Flt3L 
BMDCs 
sorted for 
CD11c+CD8+ 
and 
CD11c+CD8- 

OVA-expressing 
yeast 

X-P is mediated in 
IRAP+Rab14+ endosomal 
compartments 

Nair-Gupta et 
al., 2014 (383) 

murine GM-
CSF BMDCs 

OVA-expressing 
E.coli, OVA 
coated beads 

MyD88-IKK2 axis regulates 
recruitment of MHC I from 
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Rab11a+ ERC and promotes 
X-P 

Alloatti et al., 
2015 (384) 

murine GM-
CSF BMDCs 

OVA coated 
beads 

TLR4 controls phago-
lysosome fusion and 
promotes X-P in a Rab34-
dependent mechanism 

Samie et al., 
2015 (374) 

murine GM-
CSF BMDCs 

soluble OVA, 
OVA coated 
beads, HSV-1-
infected necrotic 
HeLa cells 
(freeze-thaw) 

the transcription factor TFEB 
inhibits cross-presentation 
due to phagosomal 
acidification and antigen 
degradation 

Cebrian et al., 
2016 (382) 

JAWS-II cell 
line, murine 
GM-CSF 
BMDCs 

soluble OVA, 
OVA coated 
beads, OVA-
expressing 
Toxoplasma 
gondii 

Rab22a on phagosomes 
regulates intracellular MHC I 
trafficking and X-P 

Han et al., 
2019 (375) 

murine 
splenic 
CD11c+ DCs, 
murine GM-
CSF or Flt3L 
BMDCs 

soluble OVA, 
B16 melanoma 
cells expressing 
OVA 

inhibition of lysosomal 
cathepsins and enhances X-
P in vitro and in vivo 

1.2.6 Antigen export to the cytosol 

Multiple studies suggest that bioactive, folded proteins are entering the cytosol (297, 

349). The most convincing study demonstrated the selective depletion of splenic 

cDC1 after the injection of cytochrome c into mice, suggesting that intact cytochrome 

c entered the cytoplasm specifically of cDC1 resulting in the induction of Apaf1-

mediated apoptosis (351). Studies using different sizes of dextran particles suggest 

that cytosolic export is size-selective, since dextrans bigger than 500kDa could not 

be released (348, 388). Two hypotheses have been postulated explaining these 

observations: the transporter and the membrane disruption hypothesis (389). The 

transporter hypothesis emerged from the early suggestions of an involvement of the 

ER-associated degradation machinery (ERAD) in cross-presentation (263, 390), 

which is in line with the observed ER recruitment to the phagosomes. In ERAD, the 

cytosolic AAA-ATPase p97 provides the translocation energy to pull substrates 

through the translocation channel Sec61 (391). Consistent with a role for ERAD in 

cross-presentation, silencing of p97 reduced while overexpression enhanced cross-

presentation (361, 392, 393). The recruitment of p97 to the endocytic compartment 
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was ubiquitin dependent, which was crucial for antigen release into the cytosol. 

Sec61 has also been implicated in mediating P2C export of antigens, since exotoxin 

A inhibition, siRNA silencing or retention of Sec61 in the ER all impair cross-

presentation (263, 361, 394, 395). However, the role of sec61 was put in question 

when prolonged Sec61 inhibition using mycolactone did not affect antigen to cytosol 

export and the reduction in cross-presentation was proposed to be a result of a 

reduction in MHC I expression (396). Other ERAD components such as Hrd1 and 

Derlin-1 have been implicated in mediating cross-presentation (397, 398). Of note, 

silencing of Hrd1 also affected MHC II presentation and resulted in ER stress and 

silencing of Derlin-1 in murine BMDCs or human moDCs did not affect cross-

presentation (392, 395). It is unlikely that a folded protein can fit through a transporter 

pore and, indeed, there is evidence for protein unfolding in the phagosome. The g-

interferon-inducible lysosomal thiol reductase (GILT) can break protein disulphide 

bonds and promote protein unfolding. GILT has been shown to mediate cytosolic 

export and cross-presentation of disulphide-rich antigens (399). However, to exert 

enzymatic activity proteins have to be refolded in the cytosol, which could potentially 

be mediated by HSP90. HSP90 has been shown to impact both cytosolic export and 

cross-presentation of OVA in murine BMDCs (352, 400, 401). 

In contrast, the membrane disruption hypothesis has emerged from the ‘indigestion 

model’ (88). Large particles were cross-presented more efficiently than smaller ones, 

suggesting that endocytic compartments could rupture due to overloading. Recently, 

some evidence was provided that indeed membrane damage could be a regulated 

process in cDC1s (402). The production of reactive oxygen species (ROS) due to 

VAMP-8 and LPS dependent recruitment of NOX2, resulted in lipid peroxidation, 

antigen export to the cytosol and enhanced cross-presentation (403, 404).  

Collectively, the mechanism by which exogenous antigen can access the cytosol for 

proteasomal degradation remains yet to be determined. However, the recent 

advances in understanding endosomal membrane damage could provide a 

mechanism explaining the previous findings of protein activity after export. 

Nevertheless, mechanistic studies need to provide more insights into how 

phagosomal membrane damage could potentially regulate cross-presentation. Table 

1.3 shows a summary of all publications analysing the mechanisms of antigen 

transfer into the cytosol and indicates for the specific APC type and antigen or cargo 

that was used in the respective study. 
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Table 1.3: Summary of publications analysing the mechanisms of phagosome-to-
cytosol transfer of antigens. 
murine GM-CSF BMDCs = bone marrow-derived dendritic cells (GM-CSF); human 
moDCs = human monocyte-derived dendritic cell (GM-CSF and IL-4); X-P = cross-
presentation; P2C = phagosome-to-cytosol 
Author, Year Cell type Antigen 

source/carg
o 

Result 

Reis e Sousa 
and Germain, 
1995 (88) 

murine 
peritoneal 
thioglycollate-
induced 
inflammatory 
macrophages, 
epidermal cells 

soluble OVA, 
OVA coated 
beads 

exogenous antigen can access 
the endogenous MHC I loading 
pathway in presence of 
phagocytic stimuli; non pAPCs 
can cross-present; indigestion 
model of antigens accessing the 
cytosol due to membrane 
rupture 

Imai et al., 
2005 (390) 

murine DC2.4 
cell line, 
murine GM-
CSF BMDCs 
enriched for 
CD11c 

OVA coated 
beads 

antigen accumulation in the ER 
and transport into the cytosol 
through Sec61; CHIP E3 ligase 
targets to proteasome 

Ackerman et 
al., 2006 
(361) 

human KG1 
cell line, 
human moDCs 

soluble and 
particulate 
cargo 

Soluble and particulate antigens 
require components of ERAD 
for P2C transfer and X-P 

Lin et al., 
2008 
(351) 

murine sorted 
CD11c+CD4+C
D8- or 
CD11c+CD4-

CD8+ DCs 

cytochrome 
c 

cDC1 can be selectively 
eliminated by cytochrome c 
injection in vivo due to their 
capability to transfer 
endocytosed antigens into the 
cytosol 

Goldszmid et 
al., 2009 
(394) 

murine GM-
CSF BMDCs 

OVA 
expressing 
Toxoplasma 
gondii 

ER-to-parasite-containing 
vacuole fusion; blockade of ER 
retro-translocation inhibited X-P 

Singh et al., 
2010 (399) 

murine GM-
CSF BMDCs 

freeze-
thawed 
HSV-1 
infected 
HeLa cells 

interferon-g-inducible lysosomal 
thiolreductase (GILT) promotes 
X-P of antigens containing 
disulphide bonds and requires 
P2C transfer 

Imai et al., 
2011 (352) 

murine GM-
CSF BMDCs, 
DC2.4 cell line 

soluble OVA, 
OVA coated 
beads 

HSP90 plays a critical role in 
pulling antigens into the cytosol 
for subsequent X-P 

Zehner et al., 
2011 (393) 

murine GM-
CSF BMDCs 

soluble OVA mannose receptor poly-
ubiquitinylation regulates 
recruitment of p97 and P2C; 
TSG101 is a regulator of P2C 
transfer 
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Ménager et 
al., 2014 
(392) 

human moDCs synthetic 
long peptide  

cytosolic pathway of X-P; P2C 
of antigen is mediated by 
p97/VCP but not Sec61 or 
Derlin-1 

Zehner et al., 
2015 (395) 

murine GM-
CSF BMDCs 

soluble OVA Sec61 is recruited to antigen-
containing endosomes; Sec61 is 
required for P2C transfer of 
antigens 

Dingjan et al., 
2016 (402) 

human 
moDCs, 
murine GM-
CSF BMDCs 

soluble 
cargo and 
synthetic 
long peptide 

ROS-mediated lipid peroxidation 
induces antigen P2C transfer 
and enhances X-P 

Dingjan et al. 
2017 (404) 

human 
moDCs, 
murine GM-
CSF BMDCs 

soluble BSA, 
synthetic 
long peptide 

VAMP8 mediates NOX2 
recruitment to endosomes; loss 
of VAMP8 results in reduced 
ROS, lipid peroxidation, P2C 
antigen transfer and X-P 

Grotzke et 
al., 2017 
(396)  

MuTuDCs soluble OVA Sec61 blockade does not inhibit 
P2C transfer, but blocks the 
production of MHC I 

1.3 The C-type lectin receptor DNGR-1 

The C-type lectin receptor DNGR-1, CLEC9A or CD370 was identified in 2008 

independently by three laboratories (311, 312, 405). DNGR-1 was shown to be a 

type II transmembrane protein with an intracellular signalling domain and was 

expressed on DCs (311, 312). The human Clec9a gene consists of 6 exons with a 

single splice variant. In contrast, the murine Clec9a gene contains one additional 

exon and five different splice variants were identified (311, 312). Murine DNGR-1 

can be expressed in three different isoforms: the long isoform (exon 1-7), short 

isoform (missing exon 4) and the very short isoform (exons 1-3) (311, 312). 

Huysamen et al., also reports an isoform lacking exon 2 and another lacking exons 

4 and 6 as well as containing a stop codon in exon 7 (311).  

For both mouse and human DNGR-1, exon 1 encodes a short cytoplasmic domain, 

which contains a hemITAM signalling motif (see Figure 1.5). Exon 2 corresponds to 

the transmembrane domain and the remaining exons encode the extracellular 

domain (ECD), which contains the C-type lectin-like domain (CTLD) important for 

ligand binding. In addition, the ECD also contains a neck region containing a 

conserved cysteine residue (murine C94, human C96), which is involved in the 

dimerization of DNGR-1 (311, 312). Of note, human DNGR-1 is expressed as a 

homodimer as is the long murine isoform (311, 312).  
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The expression of DNGR-1 in fully differentiated murine DC subsets is restricted to 

lymphoid tissue-resident CD8+XCR-1+CD11b- and migratory CD103+XCR-1+CD11b- 

DCs, i.e., the cDC1 subset. Low DNGR-1 expression levels were also observed in 

pDCs (87, 312, 405). In humans, DNGR-1 also marks the cross-presenting 

BDCA3hiCD11b- cDC1 subset and it is therefore considered a universal marker for 

cDC1 (86, 87). Importantly, DNGR-1 can be used as a DC lineage tracer, since it is 

also expressed at low levels on cDC1/2 precursors in blood and spleen (406). 

1.3.1 DNGR-1 identification and ligand 

The identification of the DNGR-1 ligand started with the initial observation that the 

receptor selectively bound cells that had lost plasma membrane integrity (309). The 

ligand had to be a ubiquitously expressed cytoplasmic protein, since the binding 

remained unaffected by nucleases and glycosidases, but was susceptible to 

protease as well as acid treatment and was heat sensitive (Sancho 2009). In 2012, 

the DNGR-1 ligand was identified as filamentous actin (F-actin) by two groups 

independently (407, 408). Importantly, actin monomers (G-actin) are not bound by 

DNGR-1. The binding of DNGR-1 to F-actin was further analysed by electron 

cryomicroscopy. The structure revealed that DNGR-1 binds to the groove between 

two F-actin protofilaments, contacting three actin subunits (409).  

F-actin exposed by dying cells is covered by actin- binding proteins (ABPs) and 

therefore such decorated actin-filaments are likely the physiological ligand of  

DNGR-1. Zhang et al., suggested that binding of DNGR-1 to F-actin was dependent 

on calponin-homology domain-containing ABPs like spectrin (408), but this could not 

be confirmed in a later study (410). However, the function and binding of DNGR-1 

were potentiated by engagement of F-actin complexed with myosin II (410). Of note, 

calponin-homology domain-containing ABPs, like actinin and spectrin, did not 

potentiate DNGR-1 binding to F-actin. Myosin II can form dimers and organise F-

actin into bundles, which are thought to help cooperativity of DNGR-1 binding.  

1.3.2 DNGR-1 is involved in cross-presentation of dead cell-associated 
antigens 

A hemITAM was originally defined in the Dectin-1 PRR as a tyrosine-containing 

ITAM-like motif (YxxL) that allows for Syk recruitment and subsequent activation of 
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DCs resulting in cytokine production (411). Accordingly, due to its intracellular 

hemITAM signalling motif, DNGR-1 was expected to be an activatory receptor as 

observed for related C-type lectin receptors like Dectin-1 (311, 412). However, 

antibody or ligand-mediated cross-linking of DNGR-1 does not result in activation of 

DCs (312). Interestingly, the hemITAM of DNGR-1 differs from that of Dectin-1 or 

CLEC-2 in the amino acid sequence upstream of the tyrosine, which may contribute 

to the differences in the downstream signalling of the receptor (413, 414). An acidic 

motif in Dectin-1 and CLEC-2 is followed by a small glycine residue, which is replaced 

by a bulky hydrophobic isoleucine side chain in both murine and human DNGR-1 

(Figure 1.5). Mutation of the DNGR-1 isoleucine to glycine resulted in partial recovery 

of DC activation rendering DNGR-1 triggering more Dectin-1-like (413). 

 
Figure 1.5: Sequence alignment of DNGR-1, CLEC-2 and Dectin-1 intracellular 
domains. 
Sequences of the intracellular domains of human and murine DNGR-1, CLEC-2 and 
Dectin-1 were aligned using Clustal Omega software. The degree of conservation 
was annotated using the Jalview software. The acidic motifs are highlighted in red 
and the YxxL motifs are highlighted in cyan, which together form the hemITAM motif. 
 

Loss-of-function experiments using DNGR-1 knockout mice revealed that after 

immunisation with dead cells or in response to cytopathic virus infections, fewer 

antigen-specific CTLs could be generated, suggesting that DNGR-1 deficiency 

impairs cross-presentation of dead cell-associated antigens by DCs in vivo (166, 309, 

413). Importantly, this reduction in cross-presentation was not due to a defect in 

uptake of dead cell material as DNGR-1 is dispensable for uptake of dead cells (309). 

Furthermore, DNGR-1-dependent cross-presentation and cross-priming has also 

been implicated in the generation of tissue-resident memory T cells, resulting in 

protective immunity in vaccinia and influenza virus infection (144). Recently, DNGR-

1 has also been implicated in controlling tissue damage through the regulation of 

neutrophil infiltration (415). In absence of DNGR-1, there was exacerbated 

immunopathology in both caerulein-induced pancreatitis as well as systemic 
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Candida albicans infection models. This phenotype was B and T cell independent, 

suggesting a more innate function of DNGR-1 in sensing tissue damage during both 

infection and sterile inflammation. 

Irrespective of receptor function, selective expression of DNGR-1 on cDC1 makes it 

an interesting target for antigen delivery for cross-priming in vivo. Antibody targeting 

of tumour-derived peptides to DNGR-1 resulted in priming of a CTL response that 

could mediate the rejection of B16 melanoma lung pseudo-metastases (309). 

However, DNGR-1 targeting was also reported to activate CD4+ T cells through 

MHC II antigen presentation resulting in a cellular and humoral response (330, 405, 

416, 417).  

Mechanistically, DNGR-1 seems to regulate the intracellular handling of dead cell 

material by targeting it to Rab5+ and Rab11+ non-degradative endosomal-recycling 

compartments (413). In absence of DNGR-1, dead cell cargo taken up by cDC1 was 

located more to lysosomal compartments. In addition, DNGR-1-dependent cross-

presentation involves the Syk kinase, since Syk-deficient mice showed a similar 

defect as DNGR-1 deficient mice (309). Furthermore, the neck of DNGR-1 seems to 

be sensitive to pH and ionic strength, which can induce a conformational switch that 

potentiates cross-presentation (418). This suggests that DNGR-1 might sense the 

progression through the endocytic pathway to efficiently extract dead cell antigens in 

addition to its targeting role. However, the exact mechanisms by which DNGR-1 

promotes cross-presentation of dead cell-associated antigens remain elusive. 

1.4 Objective 

DNGR-1 is a DAMP receptor expressed by cDC1 and promotes cross-presentation 

of dead cell associated antigens. The mechanism by which DNGR-1 mediates this 

effect, as well as the mechanisms underlying cross-presentation remain elusive 

(Figure 1.6). However, the dedicated function of the receptor in potentiating cross-

presentation offers a handle on dissecting the latter. Hence, during my PhD project I 

attempted to shed light on how DNGR-1 allows for antigen extraction from cargo and 

processing for cross-presentation on MHC I to CD8+ T cells.  
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Figure 1.6: How does DNGR-1 mediate cross-presentation of dead cell-associated 
antigens? 
DNGR-1 binds to F-actin complexed with myosin exposed on dying cells. Dead cell 
material is internalised and antigens can be extracted for subsequent cross-
presentation to CD8+ T cells. The mechanism by which DNGR-1 promotes cross-
presentation has not been identified (created with Biorender.com). 
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Chapter 2. Materials & Methods 

2.1 Materials 

2.1.1 Buffers 

Blocking buffer for Western blots: 5% (w/v) milk in PBS pH 7.4 + 0.05% (v/v) 

Tween-20 

Buffer B: 75% acetonitrile + 20% water + 0.1% formic acid + 5% DMSO 

Cytosolic buffer (2x): 0.24M KCl + 0.3mM CaCl2 + 20mM K2HPO4/KH2PO4 + 0.05M 

HEPES + 0.01M MgCl2 pH 7.4 

DNA loading buffer (6x): 30% (v/v) glycerol + 0.25% (w/v) xylene cyanol FF + 0.25% 

(w/v) bromophenol blue 

EasySep buffer: 1mM EDTA + 2% (v/v) in PBS pH 7.4 

ELISA blocking buffer: 2.5% (v/v) FCS + 0.0125% (w/v) NaN3 in PBS pH 7.4 

EM buffer: 120mM NaCl + 7mM KCl + 1.8mM CaCl2 + 0.8mM MgCl2 + 5mM glucose 

+ 25mM HEPES pH 7.3 

FACS buffer: 5mM EDTA + 1%(v/v) FCS + 0.0125% (w/v) NaN3 in PBS pH 7.4 

F-actin buffer (10x): 100mM Tris-HCl, pH 7.5 + 500mM KCl + 20mM MgCl2 + 10mM 

ATP 

G-actin buffer: 5mM Tris-HCl, pH 8.0 + 0.2mM CaCl2 

Homogenisation buffer: 3mM imidazole (pH 7.4) + 250mM sucrose + 2mM DTT + 

2mM phenylmethylsulfonylfluoride, 2x protease inhibitor mixture (Roche) in PBS pH 

7.4 

Laemmli buffer (6x): 12% SDS + 50% glycerol + 60mM Tris-HCl pH 6.8 + 0.6mg/ml 

bromophenol blue, used with a final concentration of 150 mM DTT 

MACS buffer: 2mM EDTA + 0.5% (v/v) BSA in PBS pH 7.4 

Permeabilisation buffer: 0.1% saponin + 3% (v/v) FCS + 3% (v/v) BSA in PBS pH 

7.4 

Red blood cell lysis buffer: 8.3g/L ammonium chloride in 0.01M Tris-HCl buffer, 

pH 7.4 

RIPA buffer: 150mM NaCl + 50mM Tris pH 8.0 + 1% NP-40 + 0.5% (w/v) sodium 

deoxycholate, 0.1% (v/v) SDS 

SDS gel running buffer (10x): 25mM Tris + 192mM glycine + 0.1% (v/v) SDS pH 8.3  
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TAE buffer (50x): 2M Tris + 1M acetic acid + 50mM EDTA pH 8.0  

Western blotting buffer: 25mM Tris + 192mM glycine pH 8.3 + 20% (v/v) methanol 

pH 8.3 

2.1.2 Cytokines and stimulatory compounds 

Table 2.1: Cytokines and stimulatory molecules used in tissue culture and ELISA 

Name Stock concentration Company 
Flt3L 75µg/ml R&D 
IL-2 25,000 Units/ml Peprotech 
Interferon-g 10,000ng/ml Peprotech 
LPS 1mg/ml Sigma 
Poly(I:C) HMW 10mg/ml Invivogen 

2.1.3 Antibodies 

Table 2.2: Non-conjugated primary antibodies 
Abbreviations: FC (flow cytometry), IF (immunofluorescence), CI (cell isolation) 
Target Clone Stock Application Company 
b-Actin mouse AC-74 2mg/ml FC 1:200 Sigma  

A2228 
Calnexin polyclonal 

rabbit 
1mg/ml FC 1:100 Abcam 

ab22595 
DNGR-1 polyclonal 

sheep 
0.2mg/ml FC 1:200 

IF 1:500 
R&D 
AF6776 

EEA1 polyclonal 
rabbit 

0.2mg/ml FC 1:100 
IF 1:200 

Santa Cruz 
H-300 

Galectin-8 polyclonal 
goat 

0.2mg/ml FC 1:100 R&D 
AF1305-SP 

Interferon-g rat R4-6A2 1mg/ml ELISA 1:200 BD 
Biosciences 
551216 

LAMP-1 
(CD107a) 

Rat 1D4B 0.5mg/ml FC 1:200 
IF 1:200 

Biolegend 
121602 

LAMP-1 
(CD107a) 

polyclonal 
rabbit  

1mg/ml FC 1:200 
IF 1:200 

abcam 
ab24170 

LAMP-2 
(CD107b) 

rat M3/84 0.5mg/ml FC 1:200 
IF 1:200 

Biolegend 
108504 

OVA polyclonal 
rabbit 

2.3mg/ml FC 1:500 Sigma 
SAB4301164 

Rab7 polyclonal 
goat 

0.2mg/ml FC 1:100 Santa Cruz 
sc-11303 

Rab14 polyclonal 
rabbit 

1mg/ml FC 1:100 Sigma  
R0656 

TAP1 polyclonal  
goat 

0.2mg/ml FC 1:50 Santa Cruz 
sc-11465 
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Tapasin polyclonal 
rabbit 

1mg/ml FC 1:50 abcam 
ab196764 

 
Table 2.3: Conjugated primary antibodies 
Abbreviations: FC (flow cytometry), CI (cell isolation) 
Target Conjugat

e 
Clone Stock 

(mg/ml) 
Application Company 

CD4 PE RM4-5 0.2 CI 1:200 BD 
Biosciences 
553049 

CD11b PE M1/70 0.2 CI: 1:200 BD 
Biosciences 
553311 

CD11c PE HL3 0.2 CI: 1:200 BD 
Biosciences 
553802 

CD16/32 PE 2.4G2 0.2 CI: 1:200 BD 
Biosciences 
553145 

CD40 PE 3/23 0.2 FC: 1:200 BD 
Biosciences 
553791 

CD45R (B220) PE RA3-
6B2 

0.2 CI: 1:200 BD 
Biosciences 
553090 

CD80 PE 16-
10A1 

0.2 FC: 1:200 BD 
Biosciences 
553769 

CD86 APC GL1 0.2 FC: 1:200 eBioscience 
17-0862-82 

CD107a (LAMP-1) FITC 1D4B 0.5 FC 1:200 BD 
Biosciences 
553793 

CD107b (LAMP-2) FITC M3/84 0.5 FC 1:200 Biolegend 
108504 

CD107b (LAMP-2) AF647 M3/84 0.5 FC 1:200 BD 
Biosciences 
564843 

DNGR-1 PE 1F6 0.2 FC: 1:50 Biolegend 
custom 

DNGR-1 APC 1F6 0.2 FC 1:50 Biolegend 
custom 

H-2Kb (MHC I) APC AF6-
88.5 

0.2 FC 1:200 Biolegend 
116518 

H-2Kb (MHC I) PE AF6-
88.5 

0.2 CI or FC 
1:200 

Biolegend 
116508 

H-2Kb:SIINFEKL PE 25-
D1.16 

0.2 FC 1:50 eBioscience 
12-5743-81 
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I-A/I-E (MHC II) PE M5/114
.15.2 

0.2 CI 1:200 eBioscience 
12-5321-83 

I-A/I-E (MHC II) BV711 M5/114
.15.2 

0.2 FC 1:200 BD 
Biosciences 
563414 

Interferon-g biotin XMG1.
2 

0.5 ELISA 
1:1,000 

BD 
Biosciences 
554410 

Ly6c/Ly6g (Gr-1) PE RB-
8C5 

0.2 CI 1:200 Biolegend 
108408 

Phalloidin AF647  0.013 FC 1:500 
IF 1:500 

Thermo 
Scientific 
A22287 

TLR3 APC 11F8 0.2 FC 1:100 Biolegend 
141906 

XCR-1 PE ZET 0.2 CI 1:50 Biolegend 
148204 

 
Table 2.4: Conjugated secondary antibodies 
Abbreviations: FC (flow cytometry), IF (immunofluorescence) 
Target Conjugate Species Stock 

(mg/ml) 
Application Company 

biotin alkaline 
phosphatase 

Extravidin 
from egg 
white 
avidin 

1.5 ELISA 
1:5,000 

Sigma 
E2636 

goat AF647 donkey 2 FC 1:200 Thermo 
Fisher 
A21447 

mouse BV421 polyclonal 
goat 

0.05 FC 1:200 Biolegend 
405317 

mouse PE rat A85-1 0.2 FC 1:100 BD 
Biosciences 
550083 

sheep AF647 polyclonal 
donkey 

2 FC 1:200 
IF 1:200 

Thermo 
Fisher 
A21448 

rabbit AF555 polyclonal 
donkey 

2 IF 1:200 Thermo 
Fisher 
A31572 

rabbit AF647 polyclonal 
goat 

2 FC 1:200 
IF 1:200 

Thermo 
Fisher 
A21245 

rabbit BV421 polyclonal 
donkey 

0.4 FC 1:200 Biolegend 
406410 

rat Cy5 polyclonal 
goat 

2 IF 1:200 Thermo 
Fisher 
A10525 
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2.1.4 Plasmids 

Table 2.5: Plasmids used for expression of proteins by retroviral transduction 

Plasmid Description Resistance Origin 
pFB_Neo retroviral expression vector Ampicillin, 

Neomycin 
Stratagene 

pFB_Neo_mCherry-
DNGR-1 WT 

retroviral expression vector 
expressing N-terminally 
tagged mCherry-DNGR-1 
wildtype 

Ampicillin, 
Neomycin 

this thesis 

pFB_Neo_mCherry-
DNGR-1 E4A 

retroviral expression vector 
expressing N-terminally 
tagged mCherry-DNGR-1 
carrying the E4A mutation 

Ampicillin, 
Neomycin 

this thesis 

pFB_Neo_mCherry-
DNGR-1 E5A 

retroviral expression vector 
expressing N-terminally 
tagged mCherry-DNGR-1 
carrying the E5A mutation 

Ampicillin, 
Neomycin 

this thesis 

pFB_Neo_mCherry-
DNGR-1 E4/5A 

retroviral expression vector 
expressing N-terminally 
tagged mCherry-DNGR-1 
carrying the E4A and E5A 
mutations 

Ampicillin, 
Neomycin 

this thesis 

pFB_Neo_mCherry-
DNGR-1 Y7F 

retroviral expression vector 
expressing N-terminally 
tagged mCherry-DNGR-1 
carrying the Y7F mutation 

Ampicillin, 
Neomycin 

this thesis 

pFB_Neo_mCherry-
DNGR-1 L10F 

retroviral expression vector 
expressing N-terminally 
tagged mCherry-DNGR-1 
carrying the L10F mutation 

Ampicillin, 
Neomycin 

this thesis 

pFB_Neo_mCherry-
DNGR-1 
W155/250A 

retroviral expression vector 
expressing N-terminally 
tagged mCherry-DNGR-1 
carrying the W155A and 
W250A mutations 

Ampicillin, 
Neomycin 

this thesis 

pFB_Neo_mCherry-
DNGR-1 WT 14AA 

retroviral expression vector 
expressing N-terminally 
tagged mCherry-DNGR-1 
with a 14AA linker 

Ampicillin, 
Neomycin 

this thesis 

pFB_Neo_DNGR-1 
WT-mCherry 

retroviral expression vector 
expressing C-terminally 
tagged wildtype DNGR-1-
mCherry 

Ampicillin, 
Neomycin 

Immunobiology 
lab, Jatta 
Huotari 

pFB_Neo_DNGR-1 
WT 

retroviral expression vector 
expressing wildtype 
DNGR-1 

Ampicillin, 
Neomycin 

Immunobiology 
lab, Jatta 
Huotari 

pFB_Neo_DNGR-1 
E4A 

retroviral expression vector 
expressing wildtype 

Ampicillin, 
Neomycin 

this thesis 



Chapter 2 Materials and Methods 

 

60 

 

DNGR-1 carrying the E4A 
mutation 

pFB_Neo_DNGR-1 
E5A 

retroviral expression vector 
expressing wildtype 
DNGR-1 carrying the E5A 
mutation 

Ampicillin, 
Neomycin 

this thesis 

pFB_Neo_DNGR-1 
E4/5A 

retroviral expression vector 
expressing wildtype 
DNGR-1 carrying the E4A 
and E5A mutations 

Ampicillin, 
Neomycin 

this thesis 

pFB_Neo_DNGR-1 
Y7F 

retroviral expression vector 
expressing wildtype 
DNGR-1 carrying the Y7F 
mutation 

Ampicillin, 
Neomycin 

this thesis 

pFB_Neo_DNGR-1 
L10F 

retroviral expression vector 
expressing wildtype 
DNGR-1 carrying the L10F 
mutation 

Ampicillin, 
Neomycin 

this thesis 

pFB_Neo_DNGR-1 
W155/250A 

retroviral expression vector 
expressing wildtype 
DNGR-1 carrying the 
W155A and W250A 
mutations 

Ampicillin, 
Neomycin 

this thesis 

pFB_Neo_BirA-
DNGR-1 WT 

retroviral expression vector 
expressing N-terminally 
tagged BirA-DNGR-1 

Ampicillin, 
Neomycin 

this thesis 

pFB_Neo_myc-
TEV-DNGR-1 WT 

retroviral expression vector 
expressing N-terminally 
tagged myc-TEV-DNGR-1 

Ampicillin, 
Neomycin 

Immunobiology 
lab, 
Annemarthe 
van der Veen 

pMD2.G VSV-G envelope 
expressing plasmid 

Ampicillin Addgene 

pFB_Neo_mCherry-
galectin-3 

retroviral expression vector 
expressing N-terminally 
tagged mCherry-Galectin3 

Ampicillin, 
Neomycin 

this thesis, 
mCherry-
Galectin-3 
construct was 
a kind gift of 
Felix Randow 

 

2.1.5 Inhibitors 

Table 2.6: Inhibitors used in cross-presentation assays and pH measurements 

Inhibitor Target Company 
Bafilomycin A V-ATPase  Sigma B1793 
Chloroquine lysosomal acidification  Sigma C6628 
E64 cysteine proteases Sigma E3132 
Lactacystin proteasome Sigma L6785 
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Leupeptin serine and thiol proteases Sigma L2884 
Pepstatin aspartyl proteases Sigma P5318 

 

2.1.6 Kits 

CellVue Claret Far Red Fluorescent Cell Linker Mini Kit for General Membrane 

Labeling (Sigma) 

DSB-X Biotin Protein Labelling Kit (Thermo Fisher) 

EasySep Release Mouse PE Positive Selection Kit (Stemcell technologies) 

FIX&PERM Cell Fixation and Permeabilization Kit (Nordic MUbio) 

HiSpeed Plasmid Maxi Kit (Qiagen) 

LiveBLAzer FRET-B/G Loading Kit with CCF4-AM (Thermo Fisher) 

PKH26 Red Fluorescent Cell Linker Kit for general Cell Membrane Labeling (Sigma) 

PreOmics iST 8x (PreOmics GmbH) 

QIAprep Spin Miniprep Kit (Qiagen) 

QIAquick Gel Extraction Kit (Qiagen) 

QIAquick PCR Purification Kit (Qiagen) 

QuikChange Lightning and Quick Change II XL Side-Directed Mutagenesis Kits 

(Agilent Technologies) 

SilverQuest silver staining kit (Thermo Fisher) 

TMT-10 plex kit (Thermo Fisher) 

2.2 Cloning 

2.2.1 Generation of retroviral expression plasmids 

Site directed mutagenesis was performed using the QuikChange II XL kit with primer 

sequences shown in table 2.7. All mutagenesis polymerase chain reactions (PCR) 

were performed at either 55°C or 60°C and according to the manufacturer’s 

instructions. The mutations in DNGR-1 were added into pFB_Neo_mCherry-DNGR-

1 WT. The linker of pFB_Neo_mCherry-DNGR-1 WT was optimised in this thesis by 

exchanging the 7 amino acids linker SARAQAY (construct by Jatta Huotari) to a 7 or 

14 amino acids glycin-serine G4S linker. The linker for the BirA-DNGR-1 construct 

was also optimised to a 7 amino acids G4S linker.  
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Table 2.7: Primers used for mutagenesis of the different DNGR-1 constructs 

Primer Construct Sequence (5’-3’) 
mCherry-DNGR-1 
G4S linker 7AA fw 
(A3298) 

pFB_Neo_mCherry
-DNGR-1 WT 

ATGGACGAGCTGTACAAGGGCG
GTGGAGGTTCAGGTGGTATGCAT
GCGGAAGAAATA 

mCherry-DNGR-1 
G4S linker 7AA rev 
(A3299) 

pFB_Neo_mCherry
-DNGR-1 WT 

TATTTCTTCCGCATGCATACCAC
CTGAACCTCCACCGCCCTTGTAC
AGCTCGTCCAT 

mCherry-DNGR-1 
G4S linker 14AA fw 
(A3483) 

pFB_Neo_mCherry
-DNGR-1 WT 14AA 

GGAGGTTCAGGTGGTGGCGGTT
CGGGAGGGGGTGGCATGCATGC
GGAAGAAATATATA 

mCherry-DNGR-1 
G4S linker 14AA rev 
(A3484) 

pFB_Neo_mCherry
-DNGR-1 WT 14AA 

ACCACCTGAACCTCCACCGCCCT
TGTACAGCTCGT 

mCherry-DNGR-1 
Y7F fw (A2981) 

pFB_Neo_mCherry
-DNGR-1 Y7F 

TATATGCATGCGGAAGAAATATT
CACCTCTCTTCAGTGGGACATTC
CT 

mCherry-DNGR-1 
Y7F rev (A2982) 

pFB_Neo_mCherry
-DNGR-1 Y7F 

AGGAATGTCCCACTGAAGAGAG
GTGAATATTTCTTCCGCATGCATA
TA 

mCherry-DNGR-1 
L10F fw (A2951) 

pFB_Neo_mCherry
-DNGR-1 L10F 

GAAGAAATATATACCTCTTTTCAG
TGGGACATTCCTACC 

mCherry-DNGR-1 
L10F rev (A2950) 

pFB_Neo_mCherry
-DNGR-1 L10F 

GGTAGGAATGTCCCACTGAAAAG
AGGTATATATTTCTTC 

mCherry-DNGR-1 
E4A fw (A2955) 

pFB_Neo_mCherry
-DNGR-1 E4A 

CAAGCTTATATGCATGCGGCAGA
AATATATACCTCTCTT 

mCherry-DNGR-1 
E4A rev (A2954) 

pFB_Neo_mCherry
-DNGR-1 E4A 

AAGAGAGGTATATATTTCTGCCG
CATGCATATAAGCTTG 

mCherry-DNGR-1 
E5A fw (A2953) 

pFB_Neo_mCherry
-DNGR-1 E5A 

GCTTATATGCATGCGGAAGCAAT
ATATACCTCTCTTCAG 

mCherry-DNGR-1 
E5A rev (A2952) 

pFB_Neo_mCherry
-DNGR-1 E5A 

CTGAAGAGAGGTATATATTGCTT
CCGCATGCATATAAGC 

mCherry-DNGR-1 
E4/5A fw (A2933) 

pFB_Neo_mCherry
-DNGR-1 E4/5A 

CAAGCTTATATGCATGCGGCAGC
AATATATACCTCTCTTCAG 

mCherry-DNGR-1 
E4/5A rev (A2956) 

pFB_Neo_mCherry
-DNGR-1 E4/5A 

CTGAAGAGAGGTATATATTGCTG
CCGCATGCATATAAGCTTG 

mCherry-DNGR-1 
W155A fw (A2947) 

pFB_Neo_mCherry
-DNGR-1 
W155/250A 

TACTATGTCTTTGAACGCGCAGA
AATGTGGAACATCAGT 

mCherry-DNGR-1 
W155A rev (A2944) 

pFB_Neo_mCherry
-DNGR-1 
W155/250A) 

ACTGATGTTCCACATTTCTGCGC
GTTCAAAGACATAGTA 

mCherry-DNGR-1 
W250A fw (A2942) 

pFB_Neo_mCherry
-DNGR-1 
W155/250A 

TCAGATAAGTGCGATAGCGCAAA
ATATTTTATCTGTGAG 

mCherry-DNGR-1 
W250A fw (A2941) 

pFB_Neo_mCherry
-DNGR-1 
W155/250A 

CTCACAGATAAAATATTTTGCGCT
ATCGCACTTATCTGA 
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BirA-DNGR-1 G4S 
linker 7AA fw 
(A3401) 

pFB_Neo_BirA-
DNGR-1 WT 

CTGAGAAGCGCAGAGAAGGGCG
GTGGAGGTTCAGGTGGTATGCAT
GCGGAAGAAATA 

BirA-DNGR-1 G4S 
linker 7AA rev 
(A3402) 

pFB_Neo_BirA-
DNGR-1 WT 

TATTTCTTCCGCATGCATACCAC
CTGAACCTCCACCGCCCTTCTCT
GCGCTTCTCAG 

 

For the cloning of untagged DNGR-1 mutants the sequences were amplified by PCR 

from the mCherry-tagged versions using the primers listed in table 2.8, digested with 

respective enzymes and then ligated into the pFB_Neo vector. The generation of 

pFB_Neo_mCherry-galectin-3 was performed with a similar strategy by amplifying 

the mCherry-galectin-3 sequence from the original plasmid by PCR, digestion 

followed by ligation into the pFB_Neo expression vector. The BirA ligase was also 

amplified by PCR and cloned into the pFB_Neo_mCherry-DNGR-1 WT plasmid 

replacing mCherry with BirA. The linker was then optimised as described above. All 

PCRs were performed using the Phusion high-fidelity DNA Polymerase (Thermo 

Fisher) according to the manufacturer’s instructions. The primers were designed to 

a melting temperature of 60°C and the amplified sequences were purified using the 

QIAquick PCR purification kit. The restriction digestions were performed using EcoRI 

with either NotI or XhoI (NEB) in NEB buffer 3.1 for 2 hours at 37°C. The digested 

vectors were purified from a 1.5% agarose gel using the QIAquick Gel extraction kit. 

whereas the digested inserts were purified using the QIAquick PCR purification kit. 

The ligation reactions were performed using the T4 DNA ligase (Thermo Fisher) 

according to the manufacturer’s instructions. 5-10µl of the ligation reaction was then 

transformed into XL10-Gold ultracompetent cells (Agilent technologies) according to 

the manufacturer’s instructions. 

 
Table 2.8: Primers used for cloning of different constructs into the pFB_Neo vector 

Primer Construct Sequence (5’-3’) 
mCherry-galectin-3 

fw EcoRI (A4207) 

pFB_Neo_mCherry

-Galectin-3 

GGCCCGGGAATTCGCCACCATG

GTGAGCAAGG 

mCherry-galectin-3 

rev NotI (A4190) 

pFB_Neo_mCherry

-Galectin-3 

CGGCCAACCGGGCGGCCGCTTA

CTTATATCATGGTATATGAAGCAC

TG 
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BirA EcoRI fw 

(A3207) 

pFB_Neo_BirA-

DNGR-1 WT 

GGCCCGGGAATTCATGGATGAA

GGACAACACCGTGCCCCT 

BirA XhoI rev 

(A3208) 

pFB_Neo_BirA-

DNGR-1 WT 

CGGCCAACCGGCTCGAGACTTC

TCTGCGCTTCTCAGGGA 

DNGR-1 WT EcoRI 

fw (A3057) 

pFB_Neo_DNGR-1 

WT 

GGCCCGGGAATTCATGGATGCAT

GCGGAAGAAATATATACC 

DNGR-1 WT NotI 

rev (A3058) 

pFB_Neo_DNGR-1 

WT 

CGGCCAACCGGGCGGCCGCCTC

AGATGCAGGATCCAAATG 

DNGR-1 Y7F EcoRI 

fw (A3059) 

pFB_Neo_DNGR-1 

Y7F 

GGCCCGGGAATTCATGGATGCAT

GCGGAAGAAATATTTACC 

DNGR-1 E4A EcoRI 

fw (A3055) 

pFB_Neo_DNGR-1 

E4A 

GGCCCGGGAATTCATGGATGCAT

GCGGCAGAAATATATACC 

DNGR-1 E5A EcoRI 

fw (A3056) 

pFB_Neo_DNGR-1 

E5A 

GGCCCGGGAATTCATGGATGCAT

GCGGAAGCAATATATACC 

DNGR-1 E4/5A 

EcoRI fw (A3054) 

pFB_Neo_DNGR-1 

E4/5A 

GGCCCGGGAATTCATGGATGCAT

GCGGCAGCAATATATACC 

 

All generated constructs were verified by sequencing using the primers listed in table 

2.9. The sequencing was either performed in house by the equipment park within the 

Francis Crick Institute or outside by GATC. 

 
Table 2.9: Primers used for sequencing of the generated plasmids 

Primer Sequence (5’-3’) 
pFB_Neo fw (A1737) ACCGGTGGTACCTCACCCTTACC 

pFB_Neo rev (A1889) GAAAGACCCCTAGGAATGCTCG 

DNGR-1 middle fw (A3037) TTCCACAGACCCTGGACAG 

mCherry seq fw (A2965) GGCGCCTACAACGTCAACAT 

DNGR-1 seq rev (A2966) TTTCCTTGCTGTCCAGGGTC 

galectin-3 rev (A4201) ACATGTTCTTGTACAGCTCGTCCAT 
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2.3 Cell culture and manipulation 

OVA expressing mouse embryonic fibroblasts ((419), bm1 T OVA MEFs), Phoenix 

and GP2-293 cells were grown in RPMI1640 medium supplemented with glutamine, 

penicillin, streptomycin, 2-mercaptoethanol and 10% heat-inactivated foetal calf 

serum (FCS) at 37°C and 5% CO2. 

MuTuDC1940 (420) were grown in IMDM medium supplemented with 2-

mercaptoethanol and 10% heat-inactivated FCS at 37°C and 5% CO2. 

Jurkat cells expressing the beta-lactamase enzyme (GeneBLAzer CMV-bla Jurkat 

positive control cell line, Thermo Fisher) were grown in RPMI1640 medium 

supplemented with glutamine, 2-mercaptoethanol and 10% dialysed heat-inactivated 

FCS at 37°C and 5% CO2. 

Raw264.7 macrophages were grown in DMEM medium supplemented with 

glutamine, 2-mercaptoethanol and 10% heat-inactivated FCS at 37°C and 5% CO2. 

2.3.1 Retroviral transduction of MuTuDCs 

GP2-293 packaging cells were seeded in a 10cm dish. When they reached 70% 

confluence, they were transfected with a mixture of 18μl GeneJuice (Novagen), 6μg 

of pMDG.2 and 6μg of pFB-Neo plasmid coding for the protein of interest in 600μl of 

Opti-MEM medium. On days 1, 2 and 3 post-transfection, the pseudotyped 

virus-containing culture medium was replaced with fresh one, filtered through 

0.44μm filter, supplemented with 8μg/ml polybrene (Sigma) and immediately applied 

onto Phoenix cells grown in a 6-well plates. The plate was centrifuged for 

150 minutes at 2500xg at room temperature. The medium was exchanged for fresh 

complete RPMI1640 medium. On the third day, the Phoenix cells were re-plated into 

a 10cm dish and expanded. 

For transduction of MuTuDC1940, ecotropic virus-containing supernatant from 

Phoenix cells was used for spinfection in presence of polybrene. 

2.3.2 Generation of Flt3L BMDCs 

Bone marrow was flushed out of femurs and tibiae of female C57BL/6J mice (8-15 

weeks), washed and seeded in a 6-well plate at 2 x 106 cells per well. The cells were 
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cultured for 9 days in complete RPMI1640 medium additionally supplemented with 

150 ng/ml recombinant Flt3 ligand. 

2.3.3 Isolation of XCR-1 positive Flt3L DCs 

The EasySep Release Mouse PE positive selection kit was used according to 

manufacturer’s instructions. Briefly, Flt3L DC were harvested on day 9, blocked with 

rat serum and stained with XCR-1-PE antibody in 5ml FACS tubes.  

The PE selection cocktail and rapid spheres were added consecutively and cells 

were placed into the magnet. After 3 rounds of washing release buffer was added 

and cells were analysed by flow cytometry. 

2.3.4 Generation of in-vitro re-stimulated OT-I T cells 

Lymphnodes and spleen were isolated from transgenic OT-IxRag1-/- mice and 

pushed through a 70µm cell strainer. Red blood cell lysis was performed for 3 

minutes on ice. 0.1 x 106 splenocytes were plated per well into a 24-well plate and 

SIINFEKL peptide was added to final concentrations of 1nM and 0.1nM. Cells were 

cultured for 3 days before IL-2 was added to a final concentration of 250Units/ml. 

After 2 more days, cells were harvested and CD8+ T cells were isolated by negative 

selection. Briefly, splenocytes were stained with PE-conjugated antibodies specific 

for CD4, CD11b, CD11c, CD16/32, CD45R/B220, Ly-6C/Ly-6G and MHC II (I-A/I-E) 

followed by staining with anti-PE microbeads (Miltenyi). After washing the cells were 

then applied to a column attached to a strong magnet (Miltenyi) and the flow through 

was collected. CD8+ T cells were counted and used immediately. 

2.3.5 UV-irradiation of cells 

Bm1 T OVA MEFs or beta-lactamase expressing Jurkat cells were UV-irradiated a 

day before they were applied to an assay to allow for secondary necrosis. The cells 

were plated in 10 cm dishes a day before irradiation to ensure 70% confluence and 

even distribution. The medium was exchanged to PBS, the lids of the plates were 

removed and the cells were irradiated at 240 mJ/cm2. PBS was exchanged to media 

and the cells were incubated at 37°C and 5% CO2 overnight. 
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2.4 Microbead labelling 

2.4.1 Generation of F-actin/myosin  

Lyophilised non-biotinylated G-actin and myosin II (Cytoskeleton) were reconstituted 

in sterile water at the final concentration of 10mg/ml and stored at -80°C. Before use, 

the G-actin aliquots were diluted into G-actin buffer to final concentration 1 mg/ml 

and incubated for at least 30 minutes on ice.  

To generate biotinylated F-actin, non-biotinylated G-actin was mixed in a 1:1 molar 

ratio with biotinylated G-actin (Cytoskeleton) which was always freshly reconstituted. 

20µg of each G-actin preparation was mixed with F-actin buffer and incubated for 1 

hour at room temperature. To complex the biotinylated F-actin with myosin II, F-actin 

was mixed in a 1:1 molar ratio with myosin II and incubated for 1 hour at room 

temperature. 

2.4.2 Coating of microbeads 

For the coating of microbeads, OVA was biotinylated using the DSB-X biotinylation 

kit (Thermo Fisher). The concentration of biotinylated OVA was adjusted to 2mg/ml. 

Streptavidin coated microbeads with a diameter of 2.0µm (Polysciences) were used 

in non-fluorescent or yellow/green fluorescent form and were labelled with 

biotinylated OVA (if not stated differently 1:1000) for 1 hour on ice. The OVA bead 

preparations were washed with 1%BSA in PBS for 3 minutes at 10,000g. The OVA 

beads were then split in two fractions, one of which was stored in 1%BSA containing 

PBS and the other was subjected to labelling with F-actin/myosin II. In vitro 

polymerised biotinylated F-actin/myosin II was added to OVA beads and incubated 

for at least 1 hour on ice. The coating of OVA and actin was monitored by flow 

cytometry. 

2.5 Cellular assays 

2.5.1 Internalisation assays 

UV-irradiated BM1 T OVA MEFs were stained with the lipophilic dye PKH26 or 

CLARET according to the manufacturer’s instruction. Labelled dead cells were 

added to MuTuDCs in a 1:1 ratio in a 96-well plate and incubated for at least 1 hour. 
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Yellow/green microbeads were coated the day before analysis and applied to the 

cells in a 10:1 ratio. For analysis by flow cytometry, cells were resuspended in FACS 

buffer and data were acquired on a LSR Fortessa flow cytometer (BD Biosciences). 

To discriminate cells that had lost their membrane integrity, DAPI or live/dead far red 

dye (Thermo Fisher) were used. Flow cytometry data were analysed using the 

FlowJo 10.3 software.  

For internalisation analysis by microscopy MuTuDCs were seeded in 8-well LabTek 

chamber slides 24 hours before the assay. Dead cells were labelled as described 

above and added in a 3:1 ratio of dead cells to DCs. Of note, non-fluorescent 

microbeads were used for microscopy and added in a 5:1 ratio of beads to DCs. Data 

was acquired using a confocal LSM710 or 880 microscope (Zeiss). Images were 

analysed using the Imaris software. 

2.5.2 Sorting of single bead containing MuTuDCs 

MuTuDCs were pulsed with yellow/green FMO or OVA beads with a ratio of 10 

beads: 1 cell for 25 minutes at 16°C. To allow for internalisation cells were incubated 

for 5 minutes at 37°C. Free beads were removed by 3 washes with ice cold PBS, 

before the pellet was resuspended in 1ml PBS which was then applied onto a 5ml 

FCS cushion. The FCS cushion was centrifuged for 4 minutes at 150 g and the pellet 

was resuspended to 20x106 cells/ml and incubated for 4 hours at 37°C. Cells were 

washed and resuspended in MACS buffer and applied to a 70µm strainer before 

sorting. The sorting of single and double bead containing MuTuDCs was performed 

using an Aria Fusion Sorter (BD Biosciences) by gating on live and single cells. The 

sorting was performed together with the flow cytometry STP of the Francis Crick 

Institute. The sorter was set-up with 100µm nozzle size to allow good recovery of the 

cells and the sort mode was on 4-way purity precision. The flow rate was kept below 

2.0 and the efficacies were usually kept between 70-95%. 

To confirm that the gating for the sorts was correct ImageStream analysis was 

performed. A small sample of the input sample was analysed in the Amnis 

ImageStream X analyser (Merck Milipore). Data was analysed using the Ideas 

software (Merck Milipore). 
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2.5.3 In-vitro cross presentation assay 

Microbeads and dead cells were prepared the day before the assay. MuTuDCs were 

seeded at a density of 0.1x106 cells per well in a U-bottom 96 well plate. In case 

inhibitors were titrated and a fixed antigen dose was applied dead cells were 

administered in a 3:1 ratio and beads in a 20:1 ratio. All inhibitors were added 10-15 

minutes before the antigens were added. After addition of dead cells or microbeads 

the plates were centrifuged 3 minutes at 200g before they were incubated at 37°C 

for 4 hours. 0.05x106 OT-I CD8+ T cells were added per well and co-cultured 

overnight. Next morning, the plate was freeze-thawed once, and the total amount of 

IFN-g was determined by ELISA. 

In case MuTuDC were stimulated with TLR ligands prior to the cross-presentation 

assay, 10µg/ml LPS or poly(I:C) were added to the cell cultures and incubated for at 

least 12 hours. 

For the phagosome cross-presentation assays, isolated phagosomes were added to 

OT-I cells or MuTuDCs in a 10:1 phagosome to DC ratio. 

Of note, the sensitivity of the assay depends on the MuTu1940DCs and can vary 

between experiments, which is why experiments have to be analysed separately. 

2.5.4 Beta-lactamase assay 

Beta-lactamase assay was performed as described before (365, 421). MuTuDCs and 

beta-lactamase expressing Jurkat cells were loaded with 1µM of the CCF4 probe 

(LiveBLAzer FRET-B/G Loading Kit with CCF4-AM, Thermo Fisher) in EM buffer for 

1 hour at room temperature. The cells were washed once and MuTuDCs were then 

incubated with 1mg/ml of beta-lactamase (abcam, ab67672) in EM buffer and 1mM 

probenecid (Sigma) for 1 hour. Alternatively, UV-irradiated beta-lactamase 

expressing Jurkat cells were labelled with the PKH26 dye according to the 

manufacturer’s instructions and co-cultured with CCF4-loaded MuTuDCs for 3 hours 

at 37°C. To monitor the beta-lactamase activity upon UV-irradiation beta-lactamase 

expressing Jurkat cells were loaded with the CCF4 probe in EM buffer, subsequently 

irradiated and analysed at indicated time points. The fluorescence intensities of 

cleaved and uncleaved CCF4 substrate were detected on live and single cells by 

flow cytometry using the excitation of the 405nm laser and emission filters at 450nm 
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and 535nm. The data was analysed and mean fluorescence intensities were 

calculated using the FlowJo 10.3 software.  

2.5.5 Determining the pH of phagosomes 

0.1x106 WT MuTuDCs or DNGR-1 deficient MuTuDCs reconstituted with mCherry-

DNGR-1 were seeded per well in a in 8-well Nunc Lab-Tek II chambered coverglass 

slides (Sigma) and were incubated at 37°C for 2 hours to allow them to attach 

properly. Lysotracker deep red (Thermo Fisher) was added according to the 

manufacturer’s instruction 15 minutes before the microbeads were added. The pH 

analysis with the HPTS dye (8-hydroxypyrene-1,3,6-trisulfonic acid, Thermo Fisher) 

was performed according to a previous publication by Lucien et al. (422). Cells were 

labelled with 1mM HPTS dye for 16 hours before the beads were added to allow 

pinocytosis and compartmentalisation in endosomal and lysosomal vesicles. Cells 

were washed 3 times before fresh medium and beads were added. Live cell imaging 

was started immediately after the beads were added using a LSM710 confocal 

microscope (Zeiss). Images were analysed using the Imaris software. 

2.5.6 Phagosomal flow cytometry 

The protocol for phagosomal flow cytometry has been firstly described by the 

laboratory of Clifford V. Harding (380) and then further modified by the laboratory of 

Sebastian Amigorena to enable simultaneous detection of phagosomal antigen 

degradation and recruitment of lysosomal maturation markers (364, 423, 424). Both 

laboratories applied the protocols for phagosomal isolations based on differential 

centrifugation established by the Griffiths and Pieters laboratories (425, 426). 

In case MuTuDC were stimulated with TLR ligands prior to the cross-presentation 

assay, 10µg/ml LPS or poly(I:C) were added to the cell cultures and incubated for at 

least 12 hours. 

MuTuDCs were resuspended in CO2-independent medium (Thermo Fisher) 

containing 2x of glutamax (Thermo Fisher) and were adjusted to 20x106 cells/ml. 

Microbeads were added in a 10:1 ratio of beads:DCs and the mixture was incubated 

for 25 minutes at 16°C. After 5 minutes incubation at 37°C, cells were washed with 

ice-cold PBS at 1,400rpm for 4 minutes. The cells were washed two more times with 

ice-cold PBS and were then resuspended in 1ml PBS which was applied on top of a 
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5ml FCS cushion. Cells were centrifuged for 4 minutes at 150g and the supernatant 

was discarded. The cell pellet was resuspended in cell culture medium adjusting the 

cells to 20x106 cells/ml. The sample was then split into different time points using 

5x106 cells per time point. The chase was performed for up to 360 minutes and 

samples were collected after indicated time points by adding ice cold PBS and 

keeping them on ice. Cells were then resuspended in homogenisation buffer (0.5ml 

per time point) and pushed 30 times through a 22G needle. For inside bead labelling 

the cells were stained with anti-OVA for 30 minutes on ice followed by anti-

rabbit_BV421 for 30 minutes on ice prior resuspension into homogenisation buffer. 

The post-nuclear supernatant was collected after centrifugation for 4 minutes at 150g 

and washed with 1% BSA in PBS, which was also used for the antibody staining 

(4,000rpm for 4 minutes). If phagosomes were fixed and permeabilised, the washed 

post-nuclear supernatant was treated using the FIX&PERM Cell Fixation and 

Permeabilisation Kit (Nordic MUbio) according to the manufacturer’s instructions. If 

samples were not fixed, the crude phagosome isolations were washed stained in 1% 

BSA in PBS with different antibodies found in tables 2.2, 2.3 and 2.4 overnight in a 

polypropylene V-bottom 96-well plate. The next day all secondary antibody staining 

were performed for 2 hours before phagosomes were analysed by flow cytometry 

using a Fortessa flow cytometer (BD). The samples were analysed using the FlowJo 

10.3 software.  

For the test of cytosolic buffer conditions the homogenisation buffer was prepared in 

cytosolic buffer rather than PBS and the staining was performed in 1% BSA in 

cytosolic buffer. 

2.5.7 Sorting of phagosome populations by MACS 

Bead phagosomes were isolated as described in 2.5.6. A chase time of 4 hours was 

chosen to allow for sufficient recruitment of LAMP-2. The post-nuclear supernatant 

was washed 3 times with 1%BSA in PBS at 4,000rpm for 4 minutes. To isolate 

DNGR-1+MHC I+ phagosomes, the sample was stained using anti-DNGR-1-PE and 

anti-MHC I-PE antibodies on ice for 20 minutes. After one wash, anti-PE microbeads 

were added (Miltenyi 130-048-801) and incubated for 30 minutes on ice. The sample 

was washed and resuspended in 500µl MACS buffer before loading onto a MS 

column (Miltenyi 130-042-201) for positive selection. The flow through was collected, 
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washed and stained with the anti-LAMP-2-AF647 antibody for 20 minutes on ice to 

isolate LAMP-2+ phagosomes. After one wash, anti-Cy5/AF647 microbeads (Miltenyi 

130-091-395) were added and incubated for 30 minutes on ice. The sample was 

washed once and resuspended in 500µl MACS buffer before loading onto a MS 

column. A sample after the LAMP-2 staining and a sample of the second flow through 

were then analysed by flow cytometry to assess the purity of the isolation. 

2.5.8 Sorting of phagosome populations by FACS 

The phagosomes were isolated and stained as described above. The chase time 

was fixed to 4 hours for the entire sample to allow for LAMP-2 recruitment. For 

phagosomal membrane staining, the samples were stained according to the 

manufacturer’s instructions immediately before the sorting. The samples were 

filtered through a 0.45µm filter and pooled into 5ml polypropylene FACS tubes in 1% 

BSA in PBS. The phagosomes were sorted using Aria Fusion and Aria III Sorters 

(BD) using a 70µm noozle size and the precision was set to 4-way purity if not stated 

otherwise. The flow rate was kept below 2.0 and the efficacies were usually kept 

between 70-95%. The purities of the sorted phagosome populations were 

determined on the pooled sample at the end of the sort. All sorts have been 

performed together with the flow cytometry STP of the Francis Crick Institute. 

2.5.9 Immunofluorescence microscopy 

Autoclaved coverslips (18mm in diameter, Thermo Fisher) were placed into a 12-well 

plate and 0.5x106 MuTuDCs were plated per well. The next day the cells were pulsed 

with 4x106 microbeads per well for 15 minutes at 37°C. The free beads were washed 

away with ice cold PBS before growth medium was added and cells were incubated 

for 360 minutes at 37°C. The post-pulse samples were immediately fixed after the 

PBS wash using 4% paraformaldehyde in PBS. After 10 minutes, the fixative was 

quenched with 30mM glycine in PBS and replaced after 10 minutes by 

permeabilization buffer which was incubated for at least 1 hour. The antibodies used 

for the staining can be found in tables 2.2 and 2.4. The primary antibodies were 

incubated overnight at 4°C and before the secondary antibodies were added for at 

least 1 hour at room temperature samples were blocked with goat and donkey serum. 

The coverslips were then mounted on glass slides using ProLong Diamond Antifade 
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Mountant (Thermo Fisher). The samples were acquired using a LSM880 confocal 

microscope (Zeiss) with a 63x objective and the images were analysed using the 

Imaris software. 

2.5.10 Correlative light electron microscopy 

1x106 DNGR-1 deficient MuTuDCs reconstituted with mCherry-DNGR-1 were plated 

into a 35mm dish with a 14mm gridded glass coverslip embedded (MatTek 

corporation). The next day, 4x106 FMO microbeads were added and live cell imaging 

was performed using a LSM780 confocal microscope and a 63x objective (Zeiss). 

The grid was visualized by using the 633nm laser in reflection mode, so individual 

imaged cells could be identified. After targets were picked, the cells were 

immediately fixed adding 4% paraformaldehyde (EM-grade, electron microscopy 

sciences) to the cell culture medium. Z-stacks of 5 cells that contained between 2 

and 10 beads were collected (thickness: 10µm with a maximum distance between 

the slices of 0.4µm). After image acquisition, the cells were fixed in 2.5% 

glutaraldehyde and 4% formaldehyde in 0.1M phosphate buffer for 30 minutes at 

room temperature.  

The next steps have been performed by Lucy Collinson from the electron microscopy 

STP of the Francis Crick Institute. After fixation, samples were transferred to a Pelco 

BioWave Pro+ microwave (Ted Pella) for processing. The SteadyTemp plate was 

set to 21°C. Each step was performed in the microwave, except for the buffer 

and ddH2O wash steps, which consisted of two washes on the bench and then two 

washes in the microwave (250W for 40 seconds each). The cells were washed in 

0.1M PB, stained with 2% osmium tetroxide/ 1.5% potassium ferricyanide (v/v) for 

14 minutes under vacuum (with/without 100W power at 2 minute intervals), and then 

washed in ddH2O. Next, the cells were incubated in 1% tannic acid in 0.05M PB 

(w/v) for 14 minutes (vacuum, 100W on/off at 2 minute intervals). The cells were then 

incubated in 1% sodium sulphate in 0.05M PB for 1 min under vacuum (100 W), 

and then washed in ddH2O. The cells were then dehydrated in a graded ethanol 

series (70%, 90%, and 100%, twice each) at 250W for 40 seconds without vacuum. 

The exchange into Durcupan ACM® resin (Sigma-Aldrich) was performed in 50% 

resin in ethanol, at 250W for 3 minutes, with vacuum cycling (on/off at 30 sec 

intervals), and then pure Durcupan was infiltrated in four microwave steps with the 
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same settings, before embedding at 60°C for 24 hours in an oven. After 

polymerisation, a jewellers saw was used to remove the coverslip and resin from the 

dish, and the glass coverslip was removed from the resin by dipping into liquid 

nitrogen. The cells of interest were located, trimmed and serial sections collected 

using a PTPC PowerTome ultramicrotome (RMC Boeckler). The sections were 

imaged sequentially using a 120kV Tecnai Spirit BioTwin transmission electron 

microscope (FEI) and an Orius CCD (Gatan). 

2.5.11 Transmission electron microscopy (TEM) of isolated phagosomes 

5x106 sorted DNGR-1+ and LAMP-2+ phagosomes pooled from two individual 

experiments were fixed in 4% paraformaldehyde in 0.1M phosphate buffer. 

Phagosomes were centrifuged at 10,000xg for 5 minutes and the pellets were then 

processed by Lucy Collinson from the electron microscopy STP of the Francis Crick 

Institute. The phagosomal pellets were prepared as described above in 2.5.9 in the 

Pelco BioWave Pro+ microwave (Ted Pella), except that the pellet was spun at 

1000xg between each step. After polymerisation, the pellet was removed from the 

Eppendorf tube using a razor blade, and sectioned and imaged as above. 

2.6 Mass spectrometry 

For all mass spectrometry experiments described below the samples were generated 

by myself and the digestions, sample preparations and mass spectrometry runs were 

done by Peter Faull from the Proteomics STP of the Francis Crick Institute. The data 

analysis was performed together with Peter Faull. 

2.6.1 Detection of proteins in crude phagosomal preparations 

FMO bead phagosomes derived from WT MuTuDCs were isolated as described in 

2.5.6. After the homogenisation, the post-nuclear supernatant was washed 3 times 

with 1%BSA in PBS. The crude phagosomes and FMO beads were solubilised for 

30 minutes on ice in RIPA buffer. To separate the microbeads from the supernatant, 

the samples were spun at 13,000rpm for 10 minutes. Pellet and supernatant were 

then boiled in Laemmli buffer for 10 minutes. The samples and a protein ladder 

(Precision Plus Protein Dual Colour Standards, Biorad) were loaded onto a Mini 

Protean TGX precast gel (4-20% gradient, Biorad) and run at 140 Volt for 45 minutes. 
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The gel was stained using the SilverQuest silver staining kit (Thermo Fisher) 

according to the manufacturer’s instructions. After de-staining, the gel was excised 

into 13 horizontal bands. Each band was cut into approx. 0.5cm cubes and tryptically-

digested overnight using a Janus robot (PerkinElmer). Initial stages prior to digestion 

included reduction of disulfide bonds using dithiothreitol, then capping of free 

cysteines with iodoacetamide. Peptides were dried in a vacuum centrifuge and 

stored at -80ºC. 

Dried peptides were re-suspended in 15μl 0.1%TFA, sonicated for 10 minutes and 

finally centrifuged at 14,000rpm, for 3 minutes at 25°C. The supernatant was 

transferred to a glass auto-sampler vial. Technical triplicates of 4μl of sample were 

analysed using a Thermo Fisher Scientific Fusion Lumos mass spectrometer 

coupled to an UltiMate 3000 HPLC system for on-line liquid chromatographic 

separation. Single replicates were performed for samples from the silver stained gel. 

The sample was loaded onto a C18 trap column (ThermoFisher Scientific Acclaim 

PepMap 100; 75μM × 2cm) then transferred onto a C18 reversed-phase column 

(ThermoFisher Scientific PepMap RSLC; 50cm length, 75μm inner diameter). 

Peptides were eluted with a linear gradient of 2–30% buffer B (at a flow rate of 

275nl/min over 60 minutes), followed by a second linear gradient of 30% buffer B 

over 30 minutes. 

Mass spectrometry spectra were acquired in the Orbitrap at 120,000 resolution with 

scan range of 350–1500m/z. A maximum injection time of 50 milliseconds, an AGC 

target value of 4E5, a 40% RF lens setting and a 60 second dynamic exclusion were 

included. Precursor ions with charge states z = 2–5+ were selected for tandem mass 

(MS/MS) collision-induced dissociation fragmentation (35% energy) and data 

acquired in the ion trap. A maximum injection time of 300 milliseconds and an AGC 

target value of 2,000 were included. A “Universal Method” was adopted which aims 

to maximize detection of peptides irrespective of complexity and sample abundance 

(427). 

All data were analysed with MaxQuant software (version 1.6.0.13) using the intensity 

based absolute quantification (iBAQ) algorithm where a protein's total intensity is 

divided by the number of tryptic peptides between 6 and 30 amino acids in length 

(428). MS/MS spectra were searched against a UniProtKB Mus musculus protein 

database (downloaded November 2017) using the Andromeda search engine, 

including common protein contaminants. Trypsin enzyme was selected (C-terminal 
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cleavage of arginine and lysine residues) and a maximum of 2 missed cleavages 

was permitted. Carbamidomethylation of cysteine was set as a fixed modification; N-

terminal protein acetylation and methionine oxidation were set as variable 

modifications. For all other MaxQuant parameters, default settings were maintained 

including a protein and peptide false discovery rate of 1%. 

The MaxQuant output proteinGroups.txt file was opened in Perseus (version 1.4.0.2) 

(429). Proteins were filtered to remove common contaminants (such as keratin) and 

those proteins identified from the reverse decoy database. Intensity values were log2 

transformed to permit visualisation of data in profile plots. The data has been 

normalised by median subtraction for each row and column. 

2.6.2 Label free Mass spectrometry 

Samples were digested with trypsin using the PreOmics kit (PreOmics GmbH). The 

manufacturer’s protocol was followed. Eluted peptides were dried in a vacuum 

centrifuge and stored at -80ºC. 

Dried peptides were re-suspended in 0.1% TFA, sonicated for 10 minutes and finally 

centrifuged at 14,000rpm, for 3 minutes at 25°C. The supernatant was transferred to 

a glass auto-sampler vial. For the clarified lysate sample, triplicate injections of 

approx. 0.75µg per injection were analysed as the initial concentration was known. 

For the DNGR-1, LAMP-2 and double negative samples, triplicate injections of 

approx. 25% sample amount per injection were analysed. Technical triplicates of 4μl 

of sample were analysed using a Thermo Fisher Scientific Fusion Lumos mass 

spectrometer coupled to an UltiMate 3000 HPLC system for on-line liquid 

chromatographic separation. The sample was loaded onto a C18 trap column 

(ThermoFisher Scientific Acclaim PepMap 100; 75μM × 2cm) then transferred onto a 

C18 reversed-phase column (ThermoFisher Scientific PepMap RSLC; 50cm length, 

75μm inner diameter). Peptides were eluted with a linear gradient of 2–30% buffer B 

at a flow rate of 275nl/min over 60 minutes, followed by a second linear gradient of 

30% buffer B over 30 minutes. 

Mass spectrometry spectra were acquired as described above in 2.6.1. All data were 

analysed with MaxQuant software (version 1.6.0.13) using the label free 

quantification (LFQ) algorithm (430). MS/MS spectra were searched against a 

UniProtKB Mus musculus protein database (downloaded November 2017) using the 
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Andromeda search engine, including common protein contaminants as well as the 

added OVA protein (G. gallus). Trypsin enzyme was selected (C-terminal cleavage 

of arginine and lysine residues) and a maximum of 2 missed cleavages was 

permitted. Carbamidomethylation of cysteine was set as a fixed modification; N-

terminal protein acetylation and methionine oxidation were set as variable 

modifications. For all other MaxQuant parameters, default settings were maintained 

including a protein and peptide false discovery rate of 1%.  

The MaxQuant output proteinGroups.txt file was opened in Perseus (version 1.4.0.2). 

Proteins were filtered to remove common contaminants (such as keratin) and those 

proteins identified from the reverse decoy database. Intensity values were log2 

transformed. Data were filtered to discard proteins that were only detected in a single 

technical replicate; only proteins detected two or more times within a single sample 

were kept. Missing values were imputed with default settings to enable statistical 

analyses to be performed. The data has been normalised by median subtraction for 

each row and column. 

2.6.3 TMT labelling mass spectrometry 

Four samples were digested with trypsin in technical duplicates (producing eight 

samples) using the PreOmics kit (PreOmics GmbH). The manufacturer’s protocol 

was followed. Eluted peptides were quantified using a colorimetric peptide assay 

(Pierce) and a small aliquot was analysed on a QExactive mass spectrometer 

(Thermo Scientific) to check the quality of the tryptic digest. 

The eight samples were aliquoted to 25µg amounts in separate Eppendorf tubes and 

dried in a vacuum centrifuge. 

The dried peptides were solubilised in 50mM triethylammonium bicarbonate and 

labelled with one of eight tandem mass tagging (TMT, Thermo Scientific) reagents 

from a TMT 10-plex kit. 

Dried TMT labels (0.2mg kit) were removed from the freezer and thawed at room 

temperature for 20 minutes. The TMT labels were solubilised in 20μl of anhydrous 

acetonitrile then one sample was added to one label. The TMT labels are amine-

reactive and modify lysine residues and the peptide N-termini by incubating the 

sample and label for one hour at room temperature. The peptide labelling efficiency 

was assessed by analysing a 2µl aliquot on a QExactive mass spectrometer (Thermo 
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Scientific). All samples displayed > 98% labelling efficiency. The labelling reaction is 

quenched by addition of 1μl of 5% hydroxylamine. 

5µl aliquots are removed from each sample, combined in an Eppendorf tube and 

mixed thoroughly. A diluted aliquot was analysed on a QExactive mass spectrometer 

(Thermo Scientific). Data analysis of the mixed sample informed us how much of 

each sample had to be combined to produce a multiplexed sample containing equal 

amounts of each sample. A final multiplexed (8-plex) sample was produced and dried 

in a vacuum centrifuge. The 8-plex sample was desalted using a C18 centrifuge 

column (The Nest Group, Inc.) to remove any non-peptide material. Peptides were 

eluted in acetonitrile and dried in a vacuum centrifuge. 

To improve peptide coverage and quantification depth, the 8-plex sample was 

separated using a high pH reversed-phase fractionation column. The dried peptide 

sample was solubilised in 0.1% trifluoroacetic acid, loaded onto the column and then 

eluted into nine separate fractions using nine elution solutions of increasing 

acetonitrile percentage (initial fraction 5%; final fraction 50% acetonitrile). The elution 

solution also contained triethylamine to maintain a high pH value. The nine eluted 

fractions were dried in a vacuum centrifuge. 

Dried peptide fractions were re-suspended in 20µl 0.1% TFA, sonicated for 

10 minutes and finally centrifuged at 14,000rpm, for 3 minutes at 25°C. The 

supernatant was transferred to a glass auto-sampler vial. 

Single 9µl replicates were analysed using a Thermo Fisher Scientific Fusion Lumos 

mass spectrometer coupled to an UltiMate 3000 HPLC system for on-line liquid 

chromatographic separation. The sample was loaded onto a C18 trap column 

(ThermoFisher Scientific Acclaim PepMap 100; 75μM × 2cm) then transferred onto a 

C18 reversed-phase column (ThermoFisher Scientific PepMap RSLC; 50cm length, 

75μm inner diameter). Peptides were eluted with a linear gradient of 2–30% buffer B 

at a flow rate of 275nl/min over 120 minutes, followed by a second linear gradient of 

30% buffer B over 30 minutes. 

Data were generated using synchronous precursor selection (SPS) multi-notch MS3 

quantitative analysis. This method seeks to improve experimental throughput and 

provided improved depth and coverage compared to alternative methods. Issues 

encountered with TMT ratio distortions caused by interfering ions was eliminated 

without sacrificing sensitivity (431). 
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MS spectra were acquired in the orbitrap at 120,000 resolution with scan range of 

350–1500m/z. A maximum injection time of 50 milliseconds, an AGC target value of 

4E5, a 30% RF lens setting and a 45 second dynamic exclusion were included. 

Precursor ions with charge states z = 2–5+ were selected for MS/MS collision-

induced dissociation fragmentation (35% energy) and data acquired in the ion trap. 

A maximum injection time of 50 milliseconds and an AGC target value of 10,000 were 

included. Five SPS precursors were selected within an isolation width of 2m/z. MS3 

spectra were acquired in the orbitrap at 60,000 resolution with scan range of 100–

500m/z. A maximum injection time of 118 milliseconds, an AGC target value of 1E5 

and a 60% HCD collision energy setting were included. 

All data were analysed with MaxQuant software (version 1.6.0.13). TMT 8-plex 

specific settings were chosen within the software to ensure quantification and 

identification was performed. MS/MS spectra were searched against a UniProtKB 

mouse protein database (downloaded November 2017) using the Andromeda search 

engine, including common protein contaminants as well as the added OVA protein 

(G. gallus). Trypsin enzyme was selected (C-terminal cleavage of arginine and lysine 

residues) and a maximum of 2 missed cleavages was permitted. 

Carbamidomethylation of cysteine was set as a fixed modification; N-terminal protein 

acetylation and methionine oxidation were set as variable modifications. For all other 

MaxQuant parameters, default settings were maintained including a protein and 

peptide false discovery rate of 1%. 

The MaxQuant output proteinGroups.txt file was opened in Perseus (version 1.4.0.2). 

Proteins were filtered to remove common contaminants (such as keratin) and those 

proteins identified from the reverse decoy database. Intensity values were log2 

transformed. Data were filtered to include only those proteins that provided intensity 

values in all 8 TMT channels. The data has been normalised by median subtraction 

for each row and column. 

2.7 Statistical analysis 

The statistical analysis has been performed using Prism 7 for Mac OS X (Version 

7.0c, 2007). The individual performed tests are indicated in the respective figure 

legends.  
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For the mass spectrometry the statistical analysis has been performed within 

Perseus (version 1.4.0.2). 
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Chapter 3. DNGR-1 has a role in cross-presentation 
beyond ligand uptake 

3.1 Introduction 

DNGR-1 allows cDC1s to detect the presence of dead or dying cells through the 

binding to F-actin upon loss of membrane integrity. DNGR-1 promotes cross-

presentation of antigen derived from those dead cells, but the mechanisms involved 

remain elusive. To dissect the function of DNGR-1 in the context of dead cells is 

difficult, because they contain multiple DAMPs which can have opposing effects, the 

internalised material ends up in diffuse intracellular compartments and, importantly, 

there is no means of controlling for the amount of antigen that is delivered. Several 

studies have used polystyrene beads as a vehicle to deliver antigen in particulate 

form to DCs to study antigen uptake and processing. Our laboratory has recently 

shown that the agonistic effect of F-actin can be potentiated by complexing it with 

myosin II and that polystyrene beads coupled to F-actin/myosin II target a cDC1 cell 

line MuTu1940 (MuTuDCs) in a DNGR-1-dependent manner (410, 420).  

Unlike uptake of dead cells, internalisation of F-actin/myosin II-coated beads requires 

DNGR-1, which complicates the study of uptake-independent functions of DNGR-1 

during cross-presentation of bead bound antigen. To circumvent this problem and to 

study the specific role of DNGR-1 in cross-presentation independent of its impact on 

uptake, we sorted discrete peaks of bead containing MuTuDCs by FACS to 

normalise for the amount of bead-bound antigen either between different bead 

populations or different MuTuDC lines (302, 348). Thus, only cells that contained 

exactly either one bead or two beads with a defined amount of antigen were analysed 

for their capacity to cross-present in the presence or absence of DNGR-1 ligand 

engagement. 

3.2 Results 

3.2.1 Ligand coated beads are internalised in a DNGR-1-dependent manner 

DNGR-1-specific antibodies have shown that DNGR-1 has endocytic potential (413), 

which has been exploited to target antigens to cDC1s (312, 410, 417, 432). 

MuTuDCs are an immortalised GFP-expressing cDC1 cell line that serves as a 
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model for studying cDC1 biology (420, 433). DNGR-1-deficient MuTuDCs (KO) have 

been previously described and used to study DNGR-1-dependent cross-presentation 

(418). To study uptake of DNGR-1 ligands, those KO MuTuDCs were reconstituted 

with fluorescently tagged DNGR-1 (mTurquoise-DNGR-1) by retroviral transduction 

and co-cultured with dead cells (Figure 3.1 A). The dead cells were generated by 

UV-irradiation of OVA expressing H-2Kbm1 mouse embryonic fibroblasts (bm1 T OVA 

MEFs), which were subsequently labelled with a lipophilic dye called PKH26. Dead 

cell material was internalised into DNGR-1 containing intracellular compartments as 

shown by the overlap of mTurquoise-DNGR-1 (expressed in KO MuTuDCs) and 

PKH26-labelled dead cells (Figure 3.1 A, arrow). However, there were also dead cell-

containing compartments that did not contain DNGR-1 (Figure 3.1 A, asterisk). 

MuTuDCs did not take up whole dead cells, but rather internalised fragments of dead 

cells, a characteristic of cDC1s which was described previously (434) and underlines 

the difficulty in quantitating for antigen uptake when delivered in the form of dead 

cells.  

To analyse the contribution of DNGR-1 to dead cell uptake, different MuTuDC lines 

were compared in their capacity to internalise PKH26-labelled dead cells by flow 

cytometry. First, DNGR-1-deficient MuTuDCs were reconstituted with wildtype 

DNGR-1 (KO-WT) and sorted by FACS to express similar levels of surface DNGR-1 

to WT MuTuDCs prior to further experiments. This was confirmed by flow cytometry 

comparing KO-WT, KO and wildtype MuTuDCs (WT, Figure 3.1 B). Dead cells were 

labelled this time with a lipophilic dye called CLARET, which is similar to PKH26, but 

emits fluorescence at a longer wavelength. Importantly, DNGR-1 did not affect the 

uptake of dead cell material, since similar frequencies of CLARET+ WT, KO and KO-

WT MuTuDCs were detected by flow cytometry (Figure 3.1 C). Consistent with these 

data, the uptake of dead cells has been previously described to be independent of 

DNGR-1 (419), likely because dead cells have multiple ligands that can engage 

phagocytic receptors on myeloid cells.  
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Figure 3.1: Dead cell fragments are internalised by MuTuDCs independent of 
DNGR-1. 
A, UV-irradiated bm1 T OVA MEFs were labelled with the lipophilic membrane dye 
PKH26 (red) and co-cultured with DNGR-1 deficient MuTuDCs reconstituted with 
mTurquoise-DNGR-1 (green) for 2 hours (ratio of 3:1 of dead cells to DCs). Live-cell 
imaging was performed using a LSM710 confocal microscope. Image shows a single 
confocal slice and the bar scales to 5µm (asterisk: DNGR-1- dead cell material-
containing compartment, arrow: DNGR-1+ dead cell material-containing 
compartment). B, WT, KO and KO-WT MuTuDCs were stained with a monoclonal 
anti-DNGR-1 antibody and analysed by flow cytometry. C, UV-irradiated bm1 T OVA 
MEFs were labelled with the lipophilic membrane dye CLARET and co-cultured at 
different ratios with WT, KO and KO-WT MuTuDCs for 1 hour. Uptake of dead cell 
material was analysed by flow cytometry. Frequency of CLARET+ MuTuDCs are 
plotted as mean ± standard deviation of an experimental duplicate. One 
representative image of two (A), one of three (B) and one of two (C) experiments is 
shown. 
 
Although DNGR-1 is redundant in the context of dead cell uptake, I wanted to test its 

contribution to uptake of a “purer” DNGR-1 ligand. One way of doing this is to couple 

DNGR-1 ligand and antigen to latex beads, which also allows us to control the 

amount of antigen delivered to DCs. Streptavidin latex beads were coated with 

biotinylated OVA (Figure 3.2 A). OVA-coated beads were either used without further 

modification or coupled to F-actin/myosin II. To couple F-actin complexed by myosin 
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II on top of the OVA, biotinylated G-actin was polymerised with non-biotinylated G-

actin first. After complexing it with myosin II, biotinylated F-actin/myosin II was 

incubated with OVA beads. Flow cytometry was used to check for the efficient 

coating of both OVA and F-actin/myosin II/OVA (FMO) coated beads (Figure 3.2 B). 

Both OVA (green histograms, dashed line indicating secondary only control) and 

FMO (blue histograms, dashed line indicating secondary only control) beads 

specifically stained with anti-OVA antibody and similar fluorescence intensity 

indicated equal loading of both bead populations as expected. In contrast, the anti-

actin antibody stained FMO beads, but not the OVA beads indicating the efficient 

coating with actin. Staining beads with phalloidin, an F-actin-specific probe, 

conjugated with AlexaFluor647 revealed that a significant amount of actin present on 

FMO beads was in the filamentous form. For most of the experiments presented in 

this thesis, anti-OVA and anti-actin staining were routinely performed as a quality 

control for FMO beads. 
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Figure 3.2: Streptavidin latex beads can be coated with OVA and  
F-actin/myosin II. 

A, 2.0µm diameter streptavidin coated latex beads were coated with biotinylated 
OVA. OVA beads were then used to coat biotinylated F-actin/myosin II in addition 
(FMO beads). B, OVA (green) and FMO (blue) beads were stained with a polyclonal 
anti-OVA antibody followed by a polyclonal anti-rabbit_AlexaFluor647 antibody to 
analyse the OVA coating (upper left panel). The coating with F-actin/myosin II was 
analysed by staining with a monoclonal anti-actin antibody followed by a polyclonal 
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anti-mouse_BV421 antibody (upper right panel) or by staining for F-actin with 
phalloidin_AF647 (lower left panel). Secondary only (dashed lines) were used as a 
specificity control. Bead preparations were analysed by flow cytometry. One 
representative histogram of 10 experiments is shown. 
 

To test whether FMO beads were internalised by MuTuDCs, DNGR-1-deficient 

MuTuDCs were reconstituted with mCherry-labelled DNGR-1 and co-cultured with 

FMO beads (Figure 3.3 A). FMO beads were efficiently internalised into mCherry-

DNGR-1+ phagosomes. Of note, other bead-mCherry-DNGR-1+ endocytic vesicles 

were found in close proximity to those DNGR-1+ phagosomes. In contrast to dead 

cell material, beads were not found to be internalised into DNGR-1- compartments. 

In addition, DNGR-1 FMO beads were also internalised in a DNGR-1-dependent 

manner (Figure 3.3 B and C) as DNGR-1 deficient MuTuDCs (KO) showed a 4-fold 

decrease in the uptake of FMO beads. Reconstitution of KO MuTuDC with wildtype 

DNGR-1 did not fully restore FMO bead uptake, but uptake of OVA beads was also 

lower, indicating for some DNGR-1-independent baseline variation in phagocytic 

capacity. Importantly, reconstitution of KO MuTuDCs with wildtype DNGR-1 did not 

affect their capacity to take up OVA beads (Figure 3.3 C). These data suggest, that 

FMO beads enable the controlled and trackable delivery of DNGR-1 ligand-

associated antigen to MuTuDCs. While both dead cell fragments and DNGR-1 ligand 

coated beads are mainly internalised into DNGR-1-containing compartments, only 

uptake of FMO beads depends on DNGR-1.  
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Figure 3.3: F-actin/myosin II/OVA-coated beads are internalised in a DNGR-1-
dependent manner. 
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A, FMO beads were co-cultured with DNGR-1 deficient MuTuDCs reconstituted with 
mCherry-DNGR-1 (red) for 2 hours (ratio of 5:1 beads to DCs). Live cell imaging was 
performed using a LSM710 confocal microscope. The depicted image shows a single 
confocal slice and the bar scales to 5µm. B, Green fluorescent FMO and OVA beads 
were co-cultured with WT, KO and KO-WT MuTuDCs for 1 hour. Uptake of beads 
was analysed by flow cytometry using the green fluorescence of the latex beads. 
Frequency of bead+ MuTuDCs is indicated as numbers in contour plots. C, 
Frequency of bead+ MuTuDCs are plotted as mean ± standard deviation of two 
independent experiments. One representative image of five (A) and one of two (B) 
experiments is shown. 

3.2.2 Antigen on ligand-coated beads is cross-presented in a DNGR-1-
dependent manner 

To test if FMO beads could serve as an antigen source for cross-presentation an in 

vitro cross-presentation assay was performed. The processing of OVA results in the 

generation of the H-2Kb bound antigenic peptide SIINFEKL, the presence of which 

can be determined by analysing the activation of MHC I:SIINFEKL-specific CD8+ T 

cells (OT-I). The activation of those OT-I T cells can be analysed by cytokine 

production, proliferation or by upregulation of surface markers, such as CD69. In all 

of my cross-presentation assays presented in this thesis I used in vitro pre-activated 

OT-I T cells (chapter 2.3.4), which produce interferon-g (IFN-g) in response to TCR 

re-stimulation. After overnight co-culture of OT-I T cells with antigen presenting 

MuTuDCs the accumulation of IFN-g was analysed by ELISA. Deficiency of DNGR-

1 in MuTuDCs (KO) consistently resulted in a decrease in IFN-g accumulation, 

indicating for a reduced capacity to cross-present OVA derived from secondary 

necrotic dead cells (Figure 3.4 A). Reconstitution of KO MuTuDCs with wildtype 

DNGR-1 (KO-WT) fully rescued the defect in IFN-g production. Importantly, wildtype 

MuTuDCs (WT) incubated with FMO beads were able to activate OT-I T cells as 

shown by their IFN-g production, suggesting that OVA delivered by FMO beads can 

be extracted and cross-presented (Figure 3.4 B). DNGR-1 deficient MuTuDCs 

incubated with FMO beads failed to stimulate OT-I T cells and induce IFN-g 

production - a defect that could be rescued when wildtype DNGR-1 expression was 

reconstituted in KO MuTuDCs. Of note, WT, KO or KO-WT MuTuDCs incubated with 

latex bead bound (Figure 3.4 C) or soluble OVA (Figure 3.4 D) were similarly able to 

stimulate OT-I T cells, suggesting that the different MuTuDC lines had a similar 
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capacity to cross-present antigen. These results validate FMO beads as a tool for 

antigen delivery to MuTuDCs.  

 
Figure 3.4: FMO beads can be used as antigen source to study DNGR-1 mediated 
cross-presentation. 
WT, KO and KO-WT MuTuDCs were co-cultured with UV-irradiated bm1 T OVA 
MEFs (A,) or FMO beads (B). WT and KO MuTuDCs were co-cultured with OVA 
beads (C, 40:1 ratio beads to DCs) or hen egg white isolated from eggs (D, 
concentration OVA mg/ml). OT-I T cells were added and co-cultured overnight (A-
D). The amount of IFN-g accumulating in the culture was assessed by ELISA (A-D). 
One of three (A and B), one of two (C) and one of two (D) experiments is shown. 
Data are plotted as mean ± standard deviation of an experimental duplicate. 

3.2.3 Normalising for antigen uptake reveals a boost in cross-presentation in 
presence of DNGR-1 ligand 

Because DNGR-1 is required for FMO bead uptake (Figure 3.3), the defect in cross-

presentation of FMO beads in DNGR-1-deficient MuTuDCs could have been due to 

a defect in antigen acquisition. To assess if DNGR-1 has additional functions in 

cross-presentation beyond uptake, single bead containing MuTuDCs were sorted by 
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fluorescence activated cell sorting (FACS) after pulsing for 4 hours with either green 

FMO or OVA beads. Single, double and multiple bead-containing MuTuDCs could 

be identified (Figure 3.5 A). The overall uptake of OVA beads was lower (42%) 

compared to that of FMO beads (62%), whereas the frequency of single and double 

bead-containing MuTuDCs were similar (16 to 19% OVA and 11 to 9% FMO). The 

purity of the sorted bead-containing MuTuDCs was overall comparable between 

OVA and FMO samples and varied between 60-80% in different experiments (Figure 

3.5 B). To differentiate between internalisation and association of beads, MuTuDCs 

were analysed by ImageStream which revealed that the majority of MuTuDCs 

(>90%) had truly internalised beads and only a minor fraction of around 6-8% of 

MuTuDCs had failed to internalise at least one bead. Importantly, there was no 

difference between FMO and OVA beads in that respect. Of note, the frequency of 

multiple bead-containing MuTuDCs (more than 2 beads) was higher for FMO beads 

compared to OVA beads reflecting the overall increased uptake of FMO beads 

(Figure 3.5 A). However, multiple bead-containing MuTuDCs had a higher frequency 

of associated, uninternalized beads which was the reason why they were excluded 

from further analysis. 
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Figure 3.5: Sorting of single bead-containing MuTuDCs by FACS. 
Wildtype MuTuDCs were pulsed with FMO or OVA beads and chased for 4 hours. 
Single and double bead-containing MuTuDCs were isolated by FACS using the 
forward scatter and the green fluorescence of the beads (A, together with Flow 
cytometry STP). The purity of the isolated populations was analysed post-sort (B). 
The internalisation efficacy of FMO and OVA beads was validated by ImageStream 
analysis of FMO and OVA samples and is indicated in percentages (C, together with 
Hefin Rhys, Flow cytometry STP). One of three (A and B) and one of two (C) 
experiments are shown. 
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Single and double bead-containing MuTuDCs were co-cultured overnight with pre-

activated OT-I T cells and the efficacy of cross-presentation was analysed through 

IFN-g accumulation in the cultures. In both single (Figure 3.6 A) and double bead-

containing MuTuDCs (Figure 3.6 B) FMO beads were 4-fold superior to OVA beads. 

In the unsorted MuTuDC samples, the difference was 8-fold, which can be attributed 

to the enhanced uptake of FMO beads by MuTuDCs (Figure 3.5 A) and emphasises 

the importance of normalising for equal antigen uptake (Figure 3.6 C). In sum, a role 

for DNGR-1 in cross-presentation independent from uptake can be revealed by 

sorting for single or double bead-containing MuTuDCs. 

 

 
Figure 3.6: Antigen derived from FMO beads is cross-presented more efficiently 
compared to OVA beads. 
Wildtype MuTuDCs were pulsed with FMO or OVA beads and chased for 4 hours. 
Single and double bead containing MuTuDCs were isolated by FACS using the 
forward scatter and the green fluorescence of the beads. Single bead (A), double 
bead (B) and unsorted (C) MuTuDCs were co-cultured overnight with OT-I T cells. 
The amount of IFN-g accumulating in the culture was assessed by ELISA. One of 
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three (A-C) experiments is shown. Data are plotted as mean ± standard deviation of 
an experimental duplicate. 

3.2.4 Ligand binding by DNGR-1 is critical for promoting cross-presentation 
of ligand-associated antigen 

To further validate the role of DNGR-1 ligand engagement in promoting cross-

presentation and avoiding comparing two different bead preparations, a DNGR-1 

mutant deficient in F-actin binding (WA DNGR-1) was expressed in DNGR-1 

deficient MuTuDCs. The WA DNGR-1 mutant contains two phenylalanine to alanine 

mutations in the CTLD at positions 155 and 250. As previously described by Hanč et 

al. (409), the WA DNGR-1 is complete devoid of F-actin binding although other 

residues such as W141, E153 or K251 are also involved in F-actin binding. 

Importantly, the WA DNGR-1 was efficiently expressed on the surface of DNGR-1 

KO MuTuDCs (Figure 3.7 A). To normalise for potential differences in DNGR-1 

expression levels, DNGR-1 deficient MuTuDCs reconstituted with either WT (KO-

WT) or WA (KO-WA) DNGR-1 were sorted for equal expression levels by FACS 

before comparing the two lines in their capacity to stimulate OT-I T cells (Figure 3.7 

A). MuTuDCs reconstituted with WA DNGR-1 were less efficient in inducing IFN-g 

accumulation in the overnight culture, suggesting that cross-presentation of antigen 

derived from UV-irradiated secondary necrotic OVA-expressing dead cells was less 

efficient when WA DNGR-1 was expressed (Figure 3.7 B), as reported (409). 

However, KO-WT and KO-WA MuTuDCs showed a similar capacity to stimulate OT-

I T cells when they were fed with OVA derived from OVA beads (Figure 3.7 C) or 

hen egg white (Figure 3.7 D) re-iterating the point that DNGR-1 is not a general 

regulator of cross-presentation, but specifically mediating cross-presentation of dead 

cell-associated antigens. 
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Figure 3.7: Cross-presentation of cell-associated, but not soluble or bead bound 
OVA is impaired in MuTuDCs expressing a F-actin binding mutant of DNGR-1. 
KO MuTuDCs were reconstituted with either wildtype DNGR-1 (WT) or a DNGR-1 
mutant incapable of ligand binding (W155AW250A, WA) and sorted for equal 
receptor expression level by FACS (A). KO-WT or KO-WA MuTuDCs were co-
cultured with UV-irradiated bm1 T OVA MEFs (B), OVA beads (C) or hen egg white 
isolated from eggs (D). MuTuDCs were co-cultured overnight with OT-I T cells and 
the amount of IFN-g accumulating in the culture was assessed by ELISA (B-D). One 
representative histogram of three (A) and one of two (B-D) experiments is shown. 
Data are plotted as mean ± standard deviation of an experimental duplicate (B-D). 
 

To analyse the effect of F-actin binding deficiency of DNGR-1 would have on cross-

presentation independent of its impact on uptake, both KO-WT and KO-WA 

MuTuDCs were pulsed with FMO beads and incubated for 4 hours before the cells 

were sorted by FACS for single and double bead-containing MuTuDCs using a 

similar gating strategy as described in 3.2.3. When unsorted MuTuDCs were 

analysed for their cross-presentation capacity, almost no IFN-g was detected in KO-

WA MuTuDC:OT-I co-cultures (Figure 3.8 A). In contrast, when sorted single (Figure 

3.8 B) or double (Figure 3.8 C) bead-containing MuTuDCs were analysed, the 
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comparison between KO-WT and KO-WA MuTuDCs revealed a 4-fold increased 

capacity of KO-WT MuTuDCs to stimulate OT-I T cells. This data suggests that the 

engagement of wildtype DNGR-1 results in a 4-fold increase in cross-presentation of 

OVA derived from FMO beads, similar to what was observed when OVA beads were 

compared to FMO beads. 

 
Figure 3.8: Single bead MuTuDC sorting reveals that DNGR-1 ligand engagement 
is critical for the role of DNGR-1 in cross-presentation. 
KO-WT or KO-WA MuTuDCs were pulsed with FMO beads and incubated for 4 
hours. Single and double bead containing WT or WA MuTuDCs were isolated by 
FACS using the forward scatter and the green fluorescence of the beads. Unsorted 
(A), single bead (B) and double bead (C) MuTuDCs were co-cultured overnight with 
OT-I T cells and the amount of IFN-g accumulating in the culture was assessed by 
ELISA (A-C). One of three experiments is shown (A-C). Data are plotted as mean ± 
standard deviation of an experimental duplicate. 

3.2.5 DNGR-1 engagement is less critical when antigen is not limiting 

The enhanced cross-presentation efficacy due to DNGR-1 ligand engagement was 

very much dependent on antigen dose. When 5-fold more OVA was loaded onto the 
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beads (10µg/ml compared to the usual 2µg/ml) and those OVA and FMO beads were 

fed to WT MuTuDCs no difference in the accumulation of IFN-g was observed in the 

cultures with single (Figure 3.9 A) or double (Figure 3.9 B) bead-containing 

MuTuDCs. This underlines the dose dependency of DNGR-1 mediated cross-

presentation, which is in line with previous studies demonstrating that under 

conditions of high antigen abundance even non-APCs can cross-present antigen 

(88). 

 
Figure 3.9: Increase of antigen load on beads results in reduction of DNGR-1-
dependent boost in cross-presentation. 

OVA amount was increased 5-fold (10µg/ml) for coating of beads. Wildtype 
MuTuDCs were pulsed with FMO or OVA beads and incubated for 4 hours. Single 
and double bead containing MuTuDCs were isolated by FACS using the forward 
scatter and the green fluorescence of the beads. Single bead (A) and double bead 
(B) MuTuDCs were co-cultured overnight with OT-I T cells. The amount of IFN-g 
accumulating in the culture was assessed by ELISA. One of two (A-B) experiments 
is shown. Data are plotted as mean ± standard deviation of an experimental 
duplicate. 

3.3 Discussion 

A role for DNGR-1 in cross-presentation of dead cell-associated antigen was 

described 10 years ago (419), but the underlying mechanisms have so far not been 

elucidated. The main reason for this lies in the complexity of dead cell antigens as 

well as in the lack of control for uptake and the delivered antigen amount. 

Furthermore, dead cells not only target DNGR-1, but also other endocytic receptors 

which can also have opposing or inhibitory effects. The ability to use antigen and 

DNGR-1 ligand coated beads enabled us to specifically address how DNGR-1 

mediates cross-presentation of bead-bound antigens. To ensure, that FMO beads 

were internalised similarly to dead cell fragments I performed uptake analysis by 
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microscopy and flow cytometry. In contrast to dead cell uptake, which was 

independent of DNGR-1, DNGR-1 was required for uptake of FMO beads. This 

reflects the presence of other receptors mediating dead cell uptake, which can 

compensate for the lack of DNGR-1, such as LRP1/CD91 which recognises the 

DAMP calreticulin and can promote phagocytosis (42, 435). The increased 

dependency on DNGR-1 of FMO bead uptake underlined the necessity to uncouple 

uptake from specific effects on cross-presentation. By using green fluorescent 

beads, I could isolate MuTuDCs that contained exactly one or two beads and thereby 

normalise for antigen uptake and then assess to what extent cross-presentation of 

bead bound antigen was promoted by DNGR-1. The impact of DNGR-1 triggering 

was analysed by using either differently coated beads (FMO and OVA beads) or a 

ligand binding deficient mutant of DNGR-1 with FMO beads (KO_WT and KO_WA 

MuTuDCs). In both settings I detected a 4-fold increase in cross-presentation 

efficacy when DNGR-1 was engaged revealing the specific role of DNGR-1 in 

mediating cross-presentation. Importantly, the DNGR-1 dependent enhancement of 

cross-presentation might play a more pivotal role when the antigen is less abundant, 

as cDC1s compete for antigens with other phagocytes for efficient cross-priming in 

vivo. Of note, when the OVA amount used to coat the beads was increased, the 

amount of F-actin/myosin II that can be coupled to the beads might decrease, which 

was not formerly ruled out. This could be addressed by staining the different FMO 

bead preparations with phalloidin or anti-actin antibody. 

Due to the characteristic properties of latex beads a lot of applications such as 

phagosomal isolations, became possible to investigate the mechanistic details of 

how DNGR-1 promotes cross-presentation. Because both dead cell fragments and 

FMO beads end up, at least in part, in DNGR-1+ compartments, I decided to focus 

on DNGR-1+ phagosomes as a possible intracellular platform for cross-presentation. 

Those experiments will be discussed in chapters 6 and 7. Firstly, I want to focus on 

the pathway of cross-presentation engaged after DNGR-1 triggering (chapter 4), but 

also the role of the cytoplasmic tail and signalling in receptor function (chapter 5). 
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Chapter 4. DNGR-1-dependent cross-presentation is 
mediated by the phagosome-to-cytosol pathway 

4.1 Introduction 

In the past twenty years two potential antigen routes have been described in cross-

presentation: the phagosome-to-cytosol (P2C) and the vacuolar pathway (300). The 

central difference between the two pathways is how and where antigens are 

considered to be generated. Whereas the P2C pathway engages proteasomal 

degradation to generate antigenic peptides in the cytosol, in the vacuolar pathway 

antigens are generated by lysosomal proteases such as cathepsins. However, which 

pathway prevails in vivo remains controversial. Mice with DCs deficient in Sec22b 

(CD11c-Cre Sec22bfl/fl mice), which mediates recruitment of the peptide loading 

machinery to the phagosome (365, 366), display a decrease in cross-priming in 

vaccination experiments but so do mice deficient in cathepsin S (316).  

Which cross-presentation pathways is engaged might also depend on the DC type 

and the antigen source that has been used in the previous studies. Furthermore, 

there are also reports that both lysosomal proteases and the proteasome can work 

together in cross-presentation and that the P2C and the vacuolar pathway are not 

mutually exclusive (342).  

As for P2C, two hypothesis have been put forward to explain antigen transfer into 

the cytosolic compartment: the transporter and the membrane disruption hypothesis 

(389). In favour of the transporter hypothesis are data from the Burgdorf and the 

Udono laboratories suggesting an involvement of components of the ERAD pathway, 

such as sec61, HSP70 and HSP90 as well as AAA ATPase p97 (361, 395, 400). In 

contrast, the membrane rupture hypothesis considers ROS-induced lipid 

peroxidation followed by membrane rupture as a potential mechanism by which also 

large and folded proteins can be exported from the phagosome into the cytosol (402, 

404). The role of the phagosomal lipid composition as well as a failure to repair 

membrane damage by ESCRT machinery have also been suggested (389, 393, 

436). DNGR-1 could play a potential role in either process, serving as a platform to 

recruit mediators of either the transport pathway or the rupture pathway. Given this 

background, it was important to assess which pathway is involved in DNGR-1-
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dependent cross-presentation in cDC1. I performed in vitro cross-presentation 

assays, while interfering with critical steps in either the P2C or the vacuolar pathway 

by using proteasome or cathepsin inhibitors. I also used the beta-lactamase assay 

to address the potential impact of DNGR-1 on cytosolic export of antigens. 

4.2 Results 

4.2.1 Inhibition of lysosomal proteases does not decrease DNGR-1-
dependent cross-presentation  

To test whether lysosomal proteases play a role in DNGR-1-dependent cross-

presentation three different protease inhibitors were used in cross-presentation 

assays in vitro. Leupeptin targets mainly serine and thiol proteases (cathepsin A and 

G), pepstatin inhibits aspartyl proteases (cathepsin D and E) and E64 preferentially 

inhibits cysteine proteases (cathepsin B, C, F, H, K, L, O, S, W and Z (437)). All three 

inhibitors were titrated and present throughout the assay while the antigen dose 

remained fixed (342, 375). The ability of OT-I T cells to present SIINFEKL peptide to 

each other was used to monitor potential cytotoxic effects of the inhibitors (T cell 

control) and, importantly, remained unaffected as shown by the constant IFN-g 

accumulation in those cultures (Figure 4.1 A-C). Neither leupeptin (Figure 4.1 A), 

pepstatin (Figure 4.2 B) nor E64 (Figure 4.2 C) reduced IFN-g production by OT-I T 

cells, suggesting that cross-presentation of soluble OVA or OVA derived from either 

FMO beads or dead cells remained unaffected by the inhibitors. This data suggests 

that lysosomal proteases are not necessary for cross-presentation by cDC1s. 
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Figure 4.1: Leupeptin, pepstatin and E64 do not inhibit cross-presentation. 
Wildtype MuTuDCs were co-cultured with FMO beads (10:1 ratio beads to DC), UV-
irradiated bm1 T OVA MEFs (3:1 ratio dead cells to DCs) or hen egg white (1mg/ml) 
in the presence of different concentrations of leupeptin (A), pepstatin (B) or E64 (C). 
OT-I T cells were added after 4 hours and the amount of IFN-g accumulating in the 
culture was assessed by ELISA the next day. For the T cell control, OT-I T cells were 
incubated overnight with 1nM SIINFEKL peptide in the presence of the inhibitors. 
One of three (A and B) or one of two experiments is shown (C). Data are plotted as 
mean ± standard deviation of an experimental duplicate. 

4.2.2 Inhibition of the proteasome interferes with DNGR-1-mediated cross-
presentation 

The P2C cross-presentation pathway requires antigen degradation by the 

proteasome, therefore the in vitro cross-presentation assay was next performed in 

the presence of increasing amounts of lactacystin. Lactacystin is the first described 

non-peptidic proteasome inhibitor and acts by covalently modifying a threonine 

residue in the catalytic subunits of the proteasome (438). Interestingly, IFN-g 

production by OT-I T cells was inhibited efficiently by lactacystin at 10µM for both 

MuTuDCs fed with either OVA derived from either FMO beads or dead cells (Figure 

4.2). Notably, a 2-fold higher inhibitor dose was required to prevent OT-I re-

stimulation by MuTuDCs fed with OVA from soluble hen egg white. Importantly, the 

applied doses of lactacystin did not result in T cell cytotoxicity as OT-I T cells were 
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still able to present SIINFEKL to each other (T cell control). Collectively, these data 

suggest that cross-presentation of soluble OVA and OVA derived from either FMO 

beads or dead cells is dependent on the proteasome. 

 
Figure 4.2: Inhibition of the proteasome by lactacystin results in inhibition of 
cross-presentation. 
Wildtype MuTuDCs were co-cultured with FMO beads (10:1 ratio beads to DCs), UV-
irradiated bm1 T OVA MEFs (3:1 ratio dead cells to DCs) or hen egg white (1mg/ml) 
in the presence of lactacystin (0-20µM). OT-I T cells were added after 4 hours and 
the amount of IFN-g accumulating in the culture was assessed by ELISA the next 
day. For the T cell control, OT-I T cells were incubated overnight with 1nM SIINFEKL 
peptide in the presence of lactacystin. One of three experiments is shown. Data are 
plotted as mean ± standard deviation of an experimental duplicate. 

4.2.3 Enhanced cross-presentation through interference with lysosomal 
acidification 

To assess the role of endosomal acidification, I carried out cross-presentation assays 

in the presence of chloroquine in vitro. The unprotonated form of chloroquine 

selectively accumulates in endo-lysosomal compartments. Once protonated it gets 

trapped and acts as a proton sink, preventing acidification of the endo-lysosomal 

compartment (439, 440). Lysosomal cathepsins are mostly unstable and irreversibly 

inactivated at neutral pH (441) with the exception of cathepsin S, which is stable and 

active at neutral or even slightly alkaline pH (442). Therefore, inhibition of lysosomal 

acidification is able to prevent the activation of most lysosomal cathepsins. Several 

studies have reported that chloroquine can enhance cross-priming in vivo (373, 443). 

In order to detect a potential gain-of-function on cross-presentation, the antigen was 

titrated and the chloroquine dose was kept constant. Under suboptimal conditions 

with low antigen abundance, chloroquine did enhance the efficacy by which OVA 

derived from either FMO beads (Figure 4.3 A) or dead cells (Figure 4.3 B) was cross-

presented as indicated by the increased IFN-g accumulation in the cultures. Even in 
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the absence of DNGR-1 in KO MuTuDCs fed with OVA-expressing dead cells 

chloroquine could boost the re-stimulation of OT-I T cells (Figure 4.3 C), underlining 

the enhancing effect of inhibition of lysosomal acidification on cross-presentation. Of 

note, the uptake of both FMO beads (Figure 4.3 D) and dead cells (Figure 4.3 E) was 

not affected by chloroquine.  

 
Figure 4.3: Chloroquine treatment enhances cross-presentation. 
WT MuTuDCs were co-cultured with FMO beads (A) or UV-irradiated bm1 T OVA 
MEFs (B) in the presence of chloroquine (50µM). KO MuTuDCs (C) were co-cultured 
with UV-irradiated bm1 T OVA MEFs in the presence of chloroquine (50uM). OT-I T 
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cells were added after 4 hours and the amount of IFN-g accumulating in the culture 
was assessed by ELISA the next day. One of three independent experiments is 
shown. WT MuTuDCs were co-cultured with FMO beads (D, 1:1 ratio beads to DCs) 
or PKH26-labelled UV-irradiated bm1 T OVA MEFs (E, 1:1 ratio dead cells to DCs) 
for 4 hours in the presence of 50µM chloroquine. The frequencies of bead+ and 
PKH26+ MuTuDCs were analysed by flow cytometry. Data represent one experiment 
and are plotted as mean ± standard deviation of an experimental duplicate. 
 

Interference with lysosomal pH had enhancing effects on DNGR-1-mediated and 

DNGR-1-independent cross-presentation by MuTuDCs, which raised the question 

whether lysosomal protease inhibitors could have the same beneficial effect. E64 

was chosen as it inhibits most of the lysosomal cathepsins, with the exception of 

cathepsins A, G, D and E. In contrast to Figure 4.1, E64 was tested for gain-of-

function under suboptimal conditions with low antigen doses. In presence of E64, 

WT MuTuDC incubated with OVA-antigen derived from dead cells (Figure 4.4 A) or 

soluble OVA (Figure 4.4 B) stimulated OT-I T cells was enhanced by 8-to 9-fold as 

indicated by the increased IFN-g accumulation in the cultures. Importantly, 

presentation of SIINFEKL peptide by OT-I T cells remained unaffected (Figure 4.4 

C). Together with the enhancing effect of chloroquine, the increased cross-

presentation efficacy in presence of E64 underlines that the activity of lysosomal 

proteases is not only not required but potentially detrimental for cross-presentation. 
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Figure 4.4: Inhibition of lysosomal proteases with E64 enhances cross-
presentation. 
WT MuTuDCs were co-cultured with UV-irradiated bm1 T OVA MEFs (A) or soluble 
OVA (B) in the presence of E64 (500µM). OT-I T cells were added after 4 hours and 
the amount of IFN-g accumulating in the culture was assessed by ELISA the next 
day. OT-I T cells were incubated with SIINFEKL peptide (C) in the presence of E64 
(500uM) and the accumulation of IFN-g was analysed by ELISA. One of two 
independent experiments is shown (A-C). Data are plotted as mean ± standard 
deviation of an experimental duplicate. 

4.2.4 Soluble antigens access the cytosol of cDC1s independently of  
DNGR-1 

MuTuDCs seem to cross-present antigens in a proteasome-dependent manner, 

which raises the question of how those antigens enter the cytosol. In order to test 

whether DNGR-1 was involved in this process I used the beta-lactamase assay in 

WT MuTuDCs and KO MuTuDCs. The cells were loaded with the CCF4 probe, which 

accumulates in the cytosol and emits fluorescence at two different wavelengths 

depending on the cleavage by beta-lactamase. If beta-lactamase is released into the 

cytosol after endocytic uptake, a shift in CCF4 probe fluorescence can be observed 
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(Figure 4.5 A). The equal loading of the cells with CCF4 was monitored by measuring 

the MFI of the uncleaved substrate (Figure 4.5 B). Analysis of the MFI of the cleaved 

substrate revealed that both WT MuTuDCs and DNGR-1 KO MuTuDCs were able to 

release beta-lactamase into the cytosol (Figure 4.5 C), although the MFI was slightly 

lower in the KO MuTuDCs. Altogether, these data suggest that soluble exogenous 

proteins can access the cytosol of cDC1s independently of DNGR-1, as expected.  

 
Figure 4.5: DNGR-1-deficient MuTuDCs can export soluble antigen into the cytosol. 
WT and KO MuTuDCs were loaded with CCF4 substrate for 1 hour. After washing, 
1mg/ml beta-lactamase was added to the cells and incubated for 1 hour. Frequency 
of substrate loaded and cleaving cells (A), MFI of uncleaved (B) and cleaved (C) 
substrate was analysed by flow cytometry. One of two independent experiments is 
shown. Data are plotted as mean ± standard deviation of an experimental triplicate 
(B and C, two-way ANOVA, Tukey’s multiple comparison test, ns: non-significant, **: 
p=0.0023, ****: p<0.0001). 
 

To ask if the same is true in the context of DNGR-1-engagement, I asked if beta-

lactamase derived from dead cells was released into the cytosol of MuTuDCs. To 

deliver beta-lactamase via dead cells, beta-lactamase expressing Jurkat cells were 

UV-irradiated, labelled and co-cultured with CCF4 loaded MuTuDCs. The labelled 
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dead cells were internalised efficiently by the MuTuDCs (Figure 4.6). However, no 

CCF4 substrate cleavage was observed. Of note, live Jurkat cells loaded with the 

CCF4 substrate showed efficient cleavage, confirming that the cell line indeed 

expressed active beta-lactamase. This suggested that the enzyme activity was either 

not transferred to the MuTuDCs by Jurkat corpses or was abolished due to the UV-

irradiation. 

 
Figure 4.6: Beta-lactamase derived from UV-irradiated dead cells cannot cleave 
cytosolic substrate. 
Beta-lactamase expressing Jurkat cells were UV-irradiated and 24 hours later 
labelled with PKH26 (dead cells). WT MuTuDCs were loaded with CCF4 substrate 
for 1 hour and co-cultured with labelled dead cells for 3 hours. As a positive control 
beta-lactamase expressing Jurkat cells (Jurkat-beta) were left untreated and loaded 
with CCF4 substrate. Frequency of dead cell containing MuTuDCs and CCF4 
cleavage was analysed by flow cytometry. One of two independent experiments is 
shown. 
 

In order to test the latter possibility, beta-lactamase expressing Jurkat cells were 

labelled with the CCF4 substrate and immediately UV-irradiated. The capacity of 

beta-lactamase to cleave the CCF4 probe was traced for different time points post-

irradiation, revealing that the activity of the enzyme quickly decreased between 3-9 

hours post-irradiation (Figure 4.7 A). Importantly, the MFI of the uncleaved CCF4 

probe (Figure 4.7 B) increased simultaneously to the decrease in the MFI of the 

cleaved substrate (Figure 4.7 C), which indicated that the substrate could not be 

processed any longer. In summary, the delivery of dead cell-associated beta-

lactamase is beset by technical difficulties due to enzyme inactivation or degradation 
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upon induction of cell death by UV-irradiation. Whether other types of cytotoxic 

treatments (e.g. anti-Fas treatment) also result in loss of beta-lactamase activity in 

Jurkat cells was not explored. 

 
Figure 4.7: Beta-lactamase activity is decreased after UV-irradiation. 
Beta-lactamase expressing Jurkat cells were labelled with CCF4 substrate and UV-
irradiated. Cleavage of CCF4 substrate was analysed by flow cytometry at indicated 
time points. Representative contour plots of experimental triplicates are shown 
including frequencies of cells loaded with uncleaved and cleaved substrate (A). MFIs 
for uncleaved and cleaved substrate in live cells are plotted as mean ± standard 
deviation of an experimental triplicate (B and C, two-way ANOVA, Tukey’s multiple 
comparison test, ***: p=0.0001, ****: p<0.0001).). The experiment has been 
performed once. 

4.3 Discussion 

The role of the P2C and the vacuolar cross-presentation pathways in cross-

presentation is controversial. Interestingly, when I used MuTuDCs cross-

presentation of soluble OVA antigen as well as OVA derived from either FMO beads 

or dead cells was clearly dependent on the proteasome as it was fully blocked by 

lactacystin. Inhibition of lysosomal proteases by leupeptin, pepstatin or E64 did not 
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result in inhibition of cross-presentation. However, E64 as well as chloroquine 

treatment both potentiated cross-presentation of OVA derived from FMO beads or 

dead cells, suggesting a detrimental role of lysosomal proteases in limiting cross-

presentation. Taken together, our data suggests that MuTuDCs primarily utilise the 

P2C cross-presentation pathway.  

Since inhibition of lysosomal cathepsins, either directly by E64 or indirectly due to 

interference with the pH, did not have any inhibitory effect on cross-presentation, a 

synergy between the cytosolic and the vacuolar pathway is not very likely. More 

supporting data could have been generated by additionally testing leupeptin and 

pepstatin in gain-of-function settings. Of note, it was not tested if leupeptin, pepstatin, 

E64 or lactacystin treatment has any effect on the uptake of soluble OVA, FMO 

beads or dead cells. Even though this is not likely, as none of the inhibitors is 

supposed to have effects on the endocytic machinery, this needs to be formerly ruled 

out. Importantly, chloroquine did not affect uptake of either dead cells or FMO beads, 

although interference with the lysosomal pH might affect the dynamics of the 

endocytic pathway.  

The analysis of a potential role of DNGR-1 in the release of antigens into the cytosol 

proved to be challenging. The beta-lactamase assay analyses the efficacy by which 

soluble proteins taken up by endocytosis can access the cytosol. Since cross-

presentation of soluble antigens is independent of DNGR-1, it was not surprising that 

in DNGR-1 KO MuTuDCs soluble beta-lactamase was still released into the cytosol. 

There was a slight difference between WT MuTuDCs and KO MuTuDCs in that the 

signal was lower in the latter but this could be due to an intrinsic difference of the 

lines, as already observed for the uptake of FMO and OVA beads (Figure 3.3). 

Alternatively, the slight advantage of WT MuTuDCs could reflect tonic DNGR-1 

signalling due to continuous engagement by F-actin released from dead cells (which 

will be present at some level in any cell culture). This can only be addressed by using 

reconstituted DNGR-1-deficient KO MuTuDCs (e.g., comparing KO-WT to KO-WA 

MuTuDC lines). 

I next tried delivery of beta-lactamase via dead cells, which engage DNGR-1. This 

was unsuccessful, probably because upon UV-irradiation caspases are activated 

which then eventually cleave the beta-lactamase enzyme. This could be tested by 

UV-irradiation in the presence of caspase inhibitors. Alternatively, other death cell 

modalities such as freeze-thaw or caspase-independent cell death could be applied 
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to see if any prevent the rapid degradation of the beta-lactamase enzyme (444, 445). 

Alternative methods to study beta-lactamase P2C include non-enzymatic read-outs 

such as cytosolic extraction reported by Burgdorf et al. (353). Finally, another way of 

administering DNGR-1 targeting beta-lactamase would be either soaking dead cells 

with beta-lactamase or by coupling the enzyme to F-actin/myosin II coated beads. 

However, the latter would require biotinylation of the enzyme which might also 

interfere with its activity. 

In the next experiments (chapter 5), I utilised the here described cross-presentation 

assay to analyse the role of the cytoplasmic tail of DNGR-1 in mediating cross-

presentation of dead cell-associated antigens, which also included an attempt to 

reveal potential interaction partners of DNGR-1. 
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Chapter 5. The cytoplasmic tail of DNGR-1 is 
required for its function in cross-presentation 

5.1 Introduction 

DNGR-1 is a type II transmembrane protein and the N-terminal short cytoplasmic tail 

of DNGR-1 comprises 35 amino acids and contains two interesting motifs (Figure 

1.5): the core hemITAM motif YTSL (residues 7-10) and an acidic motif, consisting 

of two glutamic acid residues upstream of the tyrosine (residues 4 and 5) in mouse. 

In other species such as human, rat and horse this acidic motif consists of three 

glutamic acid residues, but can also have two glutamic acid and one aspartic acid 

residues, e.g. in bovine DNGR-1. In other myeloid CLRs such as Dectin-1 (hemITAM 

residues 15-18) or CLEC-1 (hemITAM residues 7-10) three acidic amino acids are 

also located upstream of the tyrosine and are involved in receptor signalling (412). 

The acidic DED motif of Dectin-1 (residues 11-13) is essential for efficient 

phagocytosis of zymosan particles by BM-derived macrophages (446). Interestingly, 

in DCs, phagocytosis of zymosan is partially dependent on Syk (411) whereas in 

macrophages it is independent of Syk (447). The hemITAM of DNGR-1 has 

previously been shown to be required for signalling through Syk and for mediating 

cross-presentation of dead cell-associated antigens (309, 311, 413). To test whether 

the tyrosine and/or the acidic motif are involved in uptake and cross-presentation of 

OVA antigen derived from either FMO beads or dead cells, different DNGR-1 

mutants were generated and expressed by retroviral transduction in DNGR-1 KO 

MuTuDCs.  

To further characterise the DNGR-1 signalling components downstream of Syk, a 

biotin identification (BioID) approach was attempted (448, 449). The classical 

immunoprecipitation approach sometimes only recovers strong interaction partners 

which can resist cell lysis and detergent washes. However, weaker interactions are 

often not recovered. The BioID approach is based on the fusion of a promiscuous 

biotin protein ligase (BirA) derived from E. coli to the protein of interest. The BirA 

ligase will biotinylate neighbouring proteins in close proximity to the target protein. 

Subsequently, biotinylated proteins can be isolated by affinity capture and analysed 

by mass spectrometry to identify new interaction partners. Since the DNGR-1 
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signalling events occur on the N-terminal intracellular part of DNGR-1, the BirA 

protein was fused to its N-terminus. Importantly, the activity of BirA-DNGR-1 was 

monitored in the cross-presentation assay.  

Finally, I attempted to generate a DNGR-1 construct that could be traced by live cell 

imaging to study receptor dynamics. Therefore, DNGR-1 was N-terminally and C-

terminally fused with the fluorescent protein mCherry and its function was assessed 

by in vitro cross-presentation assays. 

5.2 Results 

5.2.1 The cytoplasmic tail of DNGR-1 contains conserved amino acids 
important for cross-presentation 

In order to investigate the contribution of the cytoplasmic tail in the function of DNGR-

1, DNGR-1-deficient MuTuDCs were reconstituted with DNGR-1 containing 

mutations in the core hemITAM motif: tyrosine to phenylalanine (KO-Y7F) and leucin 

to phenylalanine (KO-L10F). The reconstitution of DNGR-1-deficient MuTuDCs was 

analysed by flow cytometry and showed that all three DNGR-1 constructs wildtype 

(KO-WT), Y7F (KO-Y7F) and L10F (KO-L10F) were expressed at similar levels on 

the surface (Figure 5.1 A). As expected, the capacity of all MuTuDC lines tested fed 

with soluble OVA to stimulate OT-I T cells was not affected by DNGR-1 expression 

(Figure 5.1 B). In contrast, DNGR-1 expression did affect the capacity to stimulate 

when the different MuTuDCs lines were fed with OVA derived from FMO beads 

(Figure 5.1 C) or UV-irradiated dead cells (Figure 5.9 D), since no IFN-g accumulation 

was detected when DNGR-1 KO MuTuDCs were reconstituted with DNGR-1 

containing either Y7F or L10F mutations. These results suggest a critical role for the 

YTSL motif of DNGR-1 in cross-presentation and are in line with previous 

observations suggesting a for Syk and the DNGR-1 hemITAM motif in cross-

presentation of dead cells by cDC1s (309).  
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Figure 5.1: The core hemITAM motif of DNGR-1 is critical for cross-presentation 
of OVA antigen derived from both FMO beads and dead cells. 
DNGR-1 deficient KO MuTuDCs were transduced with retroviral particles encoding 
for different non-tagged DNGR-1 mutants: wildtype (KO-WT), Y7F (KO-Y7F) and 
L10F (KO-L10F). After 7 days cells were analysed for surface DNGR-1 expression 
by flow cytometry (A). WT, KO, KO-WT and KO-Y7F MuTuDCs were co-cultured 
with either soluble OVA (B, 1mg/ml) or FMO beads (C). WT, KO, KO-WT, KO-Y7F 
and KO-L10F MuTuDCs were co-cultured with UV-irradiated bm1 T OVA MEFs (D). 
MuTuDCs were co-cultured overnight with OT-I T cells and the amount of IFN-g 
accumulating in the culture was assessed by ELISA (B-D). One of two (B-D) 
experiments is shown. Data are plotted as mean ± standard deviation of an 
experimental duplicate. 
 

To test whether the acidic motif could also impact on the role of DNGR-1 in cross-

presentation, DNGR-1 KO MuTuDCs were reconstituted with DNGR-1 constructs 

containing glutamic acid to alanine mutations: E4A, E5A and E4/5A. (Figure 5.2 A). 

The surface expression levels the mutant receptors were analysed by flow cytometry 

prior to the cross-presentation assay (Figure 5.2 A). Whereas the KO-WT MuTuDCs 

expressed similar levels of surface DNGR-1 as the WT MuTuDCs, the three acidic 
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mutant lines expressed comparably, but slightly lower amounts of DNGR-1 (Figure 

5.2 A). Consistent with previous results, all reconstituted lines showed similar 

capacity to stimulate OT-I T cells when fed soluble OVA (Figure 5.2 B). However, 

KO MuTuDCs expressing the E4/5A DNGR-1 variant, which lacks the entire acidic 

motif, failed to stimulate OT-I T cells when OVA antigen was derived from both FMO 

beads or dead cells (Figure 5.2 C and D, respectively). Interestingly, the single 

mutation of glutamate residue 4 (KO-E4A) or 5 (KO-E5A) did not affect the capacity 

to induce IFN-g accumulation in the cultures when FMO beads were used. Moreover, 

when dead cells were used as antigen source, mutation of glutamate residue 5 was 

sufficient to decrease IFN-g accumulation in the cultures, whereas the mutation of 

glutamate residue 4 had no effect (Figure 5.2 D). In summary, these data suggest 

that the cytoplasmic tail of DNGR-1 has a non-redundant role in promoting cross-

presentation of both bead-bound and dead cell-associated antigens. Specifically, 

both the core hemITAM and the acidic motif are essential to mediate the function of 

DNGR-1.  

 



Chapter 5. Results 

 

114 

 

 
Figure 5.2: The acidic motif of DNGR-1 is critical for cross-presentation of OVA 
derived from FMO beads and dead cells. 
DNGR-1 deficient KO MuTuDCs were transduced with retroviral particles encoding 
for different DNGR-1 mutants: wildtype (KO-WT), E4A (KO-E4A), E5A (KO-E5A) or 
E4/5A (KO-E4/5A). After 7 days cells were analysed for surface DNGR-1 expression 
by flow cytometry (A). WT, KO, KO-WT, KO-E4A, KO-E5A and KO-E4/5A MuTuDCs 
were co-cultured with either soluble OVA (B, 1mg/ml), FMO beads (C) or UV-
irradiated bm1 T OVA MEFs (D). MuTuDCs were co-cultured overnight with OT-I T 
cells and the amount of IFN-g accumulating in the culture was assessed by ELISA 
(B-D). One of two (B-D) experiments is shown. Data are plotted as mean ± standard 
deviation of an experimental duplicate. 

5.2.2 N-terminal tagging of DNGR-1 interferes with receptor function 

One strategy to analyse the interactome of DNGR-1 is to use a biotin proximity 

ligation assay. Therefore, DNGR-1 was tagged at the N-terminus with a 6 amino acid 

linker preceded by the biotin proximity ligase BirA and then expressed in DNGR-1-
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deficient MuTuDCs (KO-BirAWT). The idea was that the BirA protein can biotinylate 

proteins in close proximity to the cytoplasmic tail of DNGR-1 and enable the 

identification of interaction partners recruited upon DNGR-1-ligand recognition. 

DNGR-1 deficient MuTuDCs were retrovirally transduced with the BirAWT receptor 

and analysed for DNGR-1 surface expression. KO-BirAWT MuTuDCs expressed 

slightly lower levels of surface DNGR-1 compared to WT MuTuDCs (Figure 5.3 A). 

To test whether the BirA fusion impacted on the function of DNGR-1, KO-BirAWT 

MuTuDCs were compared to KO-WT MuTuDCs in their capacity to stimulate OT-I T 

cells. When soluble OVA was given, KO-BirAWT MuTuDCs induced IFN-g 

accumulation similarly to KO-WT, KO or WT MuTuDCs (Figure 5.3 B). However, 

when FMO beads or dead cells were used as the antigen source, KO-BirAWT 

MuTuDCs failed to stimulate OT-I T cells (Figure 5.3 C and D). This indicates that N-

terminal fusion of BirA to DNGR-1 interferes with the function of the receptor, since 

KO-BirAWT MuTuDCs fail to cross-present OVA derived from FMO beads or dead 

cells. 
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Figure 5.3: The N-terminal BirA tag interferes with the function of DNGR-1 in cross-
presentation. 
DNGR-1 deficient KO MuTuDCs were reconstituted with BirA-DNGR-1 (KO-
BirAWT). After 7 days cells were analysed for DNGR-1 surface expression by flow 
cytometry (A). KO, WT, KO-WT and KO-BirAWT MuTuDCs were co-cultured with 
either soluble OVA (B, 1mg/ml), FMO beads (C), UV-irradiated bm1 T OVA MEFs 
(D). MuTuDCs were co-cultured overnight with OT-I T cells and the amount of IFN-g 
accumulating in the culture was assessed by ELISA (B-D). One of two (B-D) 
experiments is shown. Data are plotted as mean ± standard deviation of an 
experimental duplicate. 
 

To test whether this reflected a general lack of receptor tolerance for N-terminal tags, 

the DNGR-1 N-terminus was fused to the fluorescent protein mCherry. DNGR-1 

deficient MuTuDCs were transduced with WT mCherry-DNGR-1 (KO-chWT) and 

analysed for their surface expression of DNGR-1 (Figure 5.4 A). The mCherry-

DNGR-1 construct contains a 7 amino acid linker, which provides a similar distance 

between the two fused proteins as in the BirA-DNGR-1 construct. In addition, I tested 

a 14 amino acid linker (chWT14AA) to reduce potential steric restrictions and 
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increase the accessibility of the cytoplasmic tail of DNGR-1. To ensure that different 

expression levels would not interfere with the analysis, the reconstituted KO 

MuTuDC lines were sorted for equal DNGR-1 surface expression levels after 

retroviral transduction. Of note, the sort was adjusted to the DNGR-1 expression 

levels of WT MuTuDCs. The DNGR-1 surface expression levels were analysed by 

flow cytometry, validating that WT, KO-WT, KO-chWT and KO-chWT14AA stably 

transduced MuTuDCs expressed similar amounts of the receptor at the cell surface 

(Figure 5.4 A). In addition, all tested MuTuDC lines did stimulate OT-I T cells when 

fed with OVA beads with similar efficacies (Figure 5.6 B). However, both mCherry-

tagged DNGR-1 variants (KO-chWT and KO-chWT14AA) failed to induce IFN-g 

accumulation when cells were fed FMO beads (Figure 5.4 A) or OVA-bearing dead 

cells (Figure 5.4 D). In contrast, untagged WT DNGR-1 (KO-WT) fully restored for 

the defect in OT-I T cell stimulation of KO MuTuDCs and even showed enhanced 

levels of IFN-g when compared to WT MuTuDCs.  
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Figure 5.4: The N-terminal fusion of DNGR-1 with mCherry affects the function of 
the receptor. 
DNGR-1 deficient KO MuTuDCs were reconstituted with different wildtype DNGR-1 
variants: untagged (KO-WT), mCherry tagged (KO-chWT) and mCherry tagged with 
a 14AA linker (KO-chWT14AA). After 7 days cells were sorted for equal surface 
DNGR-1 expression and analysed by flow cytometry a week post-sorting (A). KO, 
WT, KO-WT, KO-chWT and KO-chWT14AA MuTuDCs were co-cultured with either 
OVA beads (B, 1mg/ml), FMO beads (C) or UV-irradiated bm1 T OVA MEFs (D). 
MuTuDCs were co-cultured overnight with OT-I T cells and the amount of IFN-g 
accumulating in the culture was assessed by ELISA (B-D). One of two (B-D) 
experiments is shown. Data are plotted as mean ± standard deviation of an 
experimental duplicate. 
 

The N-terminal part of DNGR-1 therefore appears to be sensitive to tagging with 

proteins even when the linker length is increased. To test if the sensitivity was related 

to the size of the tag (large proteins such as mCherry and BirA), a DNGR-1 variant 

was expressed in DNGR-1 KO MuTuDCs which was tagged only with a short myc 
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epitope tag followed by a TEV cleavage site (total of 22 amino acids). Of note, this 

construct was generated not by me but by Annemarthe van der Veen, a former lab 

member. The surface expression of mycWT DNGR-1 was analysed by flow 

cytometry and was lower compared to WT MuTuDCs (Figure 5.5 A). Whereas IFN-g 

accumulation remained unaffected when soluble OVA was used (Figure 5.5 B), the 

capacity of KO-mycWT MuTuDCs to stimulate OT-I T cells when fed with FMO beads 

or OVA-bearing dead cells was much lower compared to KO-WT MuTuDCs or WT 

MuTuDCs (Figure 5.5 A and B). Overall these results suggest that the cytoplasmic 

tail of DNGR-1 cannot be fused to proteins or even a small epitope tags without 

interfering with the function of the receptor in cross-presentation.  

 
Figure 5.5: Short N-terminal extensions of DNGR-1 interfere with the function of 
the receptor. 
DNGR-1 deficient KO MuTuDCs were reconstituted with myc-DNGR-1 (KO-
mycWT). After 7 days cells were analysed for DNGR-1 surface expression by flow 
cytometry (A). KO, WT, KO-WT and KO-mycWT MuTuDCs were co-cultured with 
either soluble OVA (B, 1mg/ml), FMO beads (C) or UV-irradiated bm1 T OVA MEFs 



Chapter 5. Results 

 

120 

 

(D). MuTuDCs were co-cultured overnight with OT-I T cells and the amount of IFN-g 
accumulating in the culture was assessed by ELISA (B-D). One of two (B-D) 
experiments is shown. Data are plotted as mean ± standard deviation of an 
experimental duplicate. 

5.2.3 C-terminal fusion of DNGR-1 with a fluorescent protein does not 
interfere with receptor function 

Fusion constructs between DNGR-1 and fluorescent proteins would be a useful tool 

to study receptor dynamics by live cell imaging. Since the N-terminal fusion 

constructs were non-functional, I tried tagging the extracellular domain. A C-terminal 

fusion of DNGR-1 and mCherry (WTch) was generated by Jatta Huotari, a former 

lab member. I used this plasmid to express WTch DNGR-1 in DNGR-1-deficient 

MuTuDCs (KO-WTch). DNGR-1-mCherry seemed to be properly folded and directed 

to the plasma membrane as the DNGR-1 surface staining showed similar expression 

levels of KO-WTch, KO-chWT, KO-WT and WT MuTuDCs (Figure 5.6 A). All clones 

of MuTuDCs were competent in stimulating OT-I T cells when OVA beads were used 

as antigen source (Figure 5.6 B), as expected. As before, N-terminal tagging with 

mCherry abrogated IFN-g accumulation when MuTuDCs were fed FMO beads or 

OVA-bearing dead cells. However, in contrast, KO-chWT MuTuDCs, which did not 

show the same capacity to cross-present, KO-WTch MuTuDCs induced IFN-g 

accumulation when fed FMO beads or OVA-bearing dead cells like KO-WT or WT 

MuTuDCs (Figure 5.6 C and D). These results suggest that whereas the cytoplasmic 

N-terminus of DNGR-1 is very sensitive to tagging, the C-terminus of DNGR-1 can 

be fused with the mCherry fluorescent protein without interfering with the functionality 

of the receptor in cross-presentation.  
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Figure 5.6: The C-terminal fusion of DNGR-1 with mCherry does not interfere with 
cross-presentation. 
DNGR-1 deficient KO MuTuDCs were reconstituted with different wildtype DNGR-1 
variants: untagged (KO-WT), N-terminal mCherry tagged (KO-chWT) and C-terminal 
mCherry tagged (KO-WTch). After 7 days cells were analysed by flow cytometry for 
DNGR-1 surface expression (A). KO, WT, KO-WT, KO-chWT and KO-WTch 
MuTuDCs were co-cultured with either OVA beads (B, 1mg/ml), FMO beads (C) or 
UV-irradiated bm1 T OVA MEFs (D). MuTuDCs were co-cultured overnight with OT-
I T cells and the amount of IFN-g accumulating in the culture was assessed by ELISA 
(B-D). One of two (B-D) experiments is shown. Data are plotted as mean ± standard 
deviation of an experimental duplicate. 
 

To test whether the fluorescence of the C-terminal DNGR-1-mCherry fusion 

construct was compatible with imaging, I performed live cell imaging using a confocal 

laser scanning microscope. DNGR-1-deficient MuTuDCs reconstituted with C-

terminally tagged DNGR-1-mCherry (KO-WTch) were seeded on MatTek dishes and 

incubated for 30 minutes within the environmental chamber of the microscope. KO-

WTch MuTuDCs showed a high intracellular fluorescent signal indicating for the 
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accumulation of DNGR-1 in intracellular compartments (Figure 5.7 A). Of note, when 

the laser power was increased, surface DNGR-1-mCherry could also be detected 

(as expected based on the flow cytometry analysis), however, this resulted in 

oversaturation of the intracellular DNGR-1-mCherry signal. The cells were then 

imaged 1 hour after adding FMO beads and DNGR-1-mCherry was detected in 

phagosomes containing the beads (Figure 5.7 B). These data suggest that DNGR-

1-mCherry can be used to track DNGR-1 receptor dynamics in living cells. 

 
Figure 5.7: DNGR-1-mCherry can be detected in phagocytic compartments 
containing FMO beads. 
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DNGR-1 deficient KO MuTuDCs were transduced with retroviral particles encoding 
for DNGR-1-mCherry. After 7 days, cells were seeded on MatTek dishes and live 
cell imaging was performed before (A) and after 1 hour (B) FMO beads (ratio of 5:1 
beads to DCs) were added using a confocal laser scanning microscope. The bars 
scale to 10µm and representative images (single confocal slices) are shown of two 
independent experiments. Areas of interested are highlighted in cyan boxes. 

5.3 Discussion 

The cytoplasmic tail of DNGR-1 contains two motifs: the core YTSL hemITAM motif 

and the upstream acidic motif. Here, I analysed the contribution of those motifs to 

DNGR-1-dependent cross-presentation. The results obtained using the hemITAM 

DNGR-1 mutants suggest that DNGR-1-dependent cross-presentation requires 

signalling through the hemITAM motif as mutation of the tyrosine, which will get 

phosphorylated upon receptor triggering, or the mutation of the leucine residue were 

detrimental for cross-presentation. The core hemITAM motif serves as a site for Syk 

recruitment as well as activation and the kinase has also been implicated in cross-

presentation of dead cells by cDC1s. The usage of inhibitors to further validate the 

role of Syk is complicated due to its involvement in other phagocytic processes, 

which underscores the importance of uncoupling uptake of DNGR-1 ligands from 

other consequences of receptor engagement in order to dissect the mechanisms 

leading to cross-presentation. Of note, I did not formerly analyse the effect of the 

different mutations in the cytoplasmic tail of DNGR-1 on uptake of FMO beads. 

Therefore, I cannot differentiate between effects of the mutations acting directly on 

cross-presentation or on uptake. However, the uptake of dead cells is independent 

of DNGR-1 and, therefore, cross-presentation assays with dead cells as antigen 

source can be used to ask if mutants of DNGR-1 are functional. 

Mutation of both glutamic acid residues, resulting in a loss of the acidic motif, also 

impaired DNGR-1-dependent cross-presentation of both FMO-derived or dead cell-

associated OVA antigen. The contribution of each single glutamic acid residue 

remains debateable since the E5A mutation resulted in a decrease in cross-

presentation only in the context of dead cell-associated antigen. The E4A mutation 

alone did not affect cross-presentation of either FMO bead-derived or dead cell-

associated antigen. Nevertheless, the data suggest that the acidic motif of DNGR-1 

might have a specific effect in mediating cross-presentation independent of the 

uptake. The strong non-covalent interactions potentially mediated through the acidic 
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motif could either act as a structural support for interaction partners such as Syk or 

independently mediate signalling. In order to test that, phosphorylation of DNGR-1 

as well as of Syk need to be assessed in the context of the E4/5A mutant.  

To understand the events downstream of ligand binding, I planned a biotin proximity 

ligation assay, which would have potentially allowed to identify even weak DNGR-1 

interaction partners. The hemITAM and the acidic mutants of DNGR-1 could have 

been a very useful tool as they would have presumably revealed differential DNGR-

1 BioID. Unexpectedly, the cytoplasmic tail of DNGR-1 is sensitive to extension even 

with shorter amino acid sequences, such as a myc epitope tag. Linker extension did 

not improve the function of the receptor. Collectively, this might suggest that due to 

the short length of the cytoplasmic tail of only 35 amino acids, only very little space 

is left for interaction partners to bind and any tags will interfere with such binding. 

Thus, in order to identify interaction partners of DNGR-1 downstream of ligand 

binding other approaches need to be tested.  

Fusion constructs can also be very useful for studying receptor dynamics, therefore 

the C-terminal DNGR-1 fusion with mCherry was successfully tested in cross-

presentation assays. Interestingly, the addition of a bulky fluorescent protein does 

not seem to interfere with the tight binding of DNGR-1 to F-actin (409) and the 

receptor remains fully functional. DNGR-1-mCherry will be a very useful tool for 

future aims to study DNGR-1 trafficking upon ligand engagement. Of note, the C-

terminal fluorescent tag has the advantage that the fluorescence detected cannot 

result from aborted translation of the full-length fusion protein. Preliminary live cell 

imaging experiments formally show that DNGR-1-mCherry can be detected in 

phagocytic compartments, suggesting that the mCherry fluorescence is not 

quenched by potential acidification occurring within those phagosomes. Longer time 

courses will be needed to assess if the construct remains intact over a longer period 

of time. 

In the next chapter, I will be focussing on the detailed characterisation of DNGR-1+ 

phagosomes using a flow cytometry-based approach, which will furthermore serve 

as a tool to isolate specific phagosomal compartments. 
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Chapter 6. DNGR-1 defines a distinct early  
non-degradative phagosome population 

6.1 Introduction 

DNGR-1 can be found in bead phagosomes and dead cell-containing endocytic 

compartments (Figure 3.1 and Figure 3.3). Since the single bead cross-presentation 

assay described in chapter 3 revealed a specific role of DNGR-1 in cross-

presentation beyond its contribution to uptake, the analysis of the DNGR-1+ 

phagosomal compartments might shed light on the mechanism and is described in 

this chapter.  

More than twenty years ago phagosomes were isolated and analysed by flow 

cytometry (380). This assay was then further refined to allow the simultaneous 

analysis of antigen degradation and phagosomal maturation (424). Therefore, I 

applied phagosomal flow cytometry as well as confocal microscopy to analyse the 

properties of DNGR-1+ endocytic compartments. To address the contribution of 

DNGR-1 ligand engagement, I compared OVA to FMO beads or wildtype to DNGR-

1-deficient MuTuDCs. Furthermore, I tested whether TLR agonists can also shape 

the composition of DNGR-1+ phagosomes as it has been shown that antigen uptake 

and cross-presentation are enhanced by exposure to TLR ligands (385, 450) and, 

recently, it has been suggested that this happens through the direct modulation of 

phagosomal properties (365, 383, 384). Finally, DNGR-1 could also promote cross-

presentation via regulating the antigen release into the cytosol as discussed in 

chapter 4. Therefore, I also tested if cytosolic galectins are recruited specifically to 

DNGR-1+ phagosomes, as multiple galectins have been reported to act as 

cytoplasmic endosomal damage sensors (451, 452). 

6.2 Results 

6.2.1 DNGR-1+ phagosomes are covered by a single lipid bilayer 

The ultrastructure of intracellular compartments can be very informative in 

understanding their specific features and I therefore performed correlative light 

electron microscopy (CLEM) together with Lucy Collinson from the electron 

microscopy STP of the Francis Crick Institute. CLEM allows for the correlation of 
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confocal images and electron microscopy images, which allows for the detailed 

analysis of specific intracellular compartments. Confocal image z-stacks were taken 

from multiple DNGR-1-deficient MuTuDCs reconstituted with mCherry-DNGR-1 that 

were co-cultured with FMO beads and then sections of the same cells were imaged 

by electron microscopy (Figure 6.1 A). The confocal images of one MuTuDC 

containing 2 beads showed that both bead 1 and 2 are surrounded by mCherry-

DNGR-1, similar to what was observed before (Figure 3.3). Many smaller mCherry-

DNGR-1+ vesicles are located in close proximity to the bead phagosomes. The 

electron microscopy images of the same cell and the same bead phagosomes further 

revealed that the two mCherry-DNGR-1+ bead phagosomes are covered by a single 

lipid bilayer (Figure 6.1 B, red zoom selection), which becomes clearer in comparison 

to the nuclear envelope which consists of a double lipid bilayer (Figure 6.1 B, blue 

zoom selection). Interestingly, I also observed mitochondria located in a close 

proximity to the bead phagosomes (Figure 6.1 B, mit.). 
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Figure 6.1: DNGR-1+ bead phagosomes are covered by a single lipid bilayer. 
DNGR-1 deficient MuTuDCs reconstituted with wildtype mCherry-DNGR-1 were co-
cultured with FMO beads for up to 3 hours. After fixation correlative light-electron 
microscopy (CLEM) was performed using brightfield and confocal fluorescence 
images (A, bead phagosomes are labelled with numbers). The ultrastructure of 
subcellular compartments is analysed by zooming in on bead phagosomes and 
further on membrane covering the nucleus (blue, B) and a bead phagosome (red, 
B). A representative image of 10 analysed cells in one experiment is shown. Electron 
microscopy was performed by Lucy Collinson, EM STP The Francis Crick Institute. 
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In addition to the mCherry-DNGR-1+ bead phagosomes mCherry-DNGR-1+ 

intracellular compartments, that did not contain beads, were also analysed by CLEM. 

The MuTuDC shown in Figure 6.2 contains multiple beads, 3 of which are in focus in 

the confocal imaged section (Figure 6.2 A, labelled with numbers). As described 

above, the bead phagosomes were covered by a single lipid bilayer and were 

mCherry-DNGR-1+. A zoom on mCherry-DNGR-1+bead- compartments revealed 

that, similar to the bead phagosomes, those intracellular compartments were also 

covered by a single lipid bilayer (Figure 6.2 B, blue and green boxes).  

Taken together, the CLEM analysis did not reveal any unusual structures within or 

surrounding the DNGR-1+ bead phagosomes or intracellular vesicles. Of note, the 

mCherry-DNGR-1 KO MuTuDC line used here was not functional in the cross-

presentation assay, as described before (Figure 5.4). 
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Figure 6.2: DNGR-1+ vesicles are covered by a single lipid bilayer. 
DNGR-1 deficient MuTuDCs reconstituted with wildtype mCherry-DNGR-1 were co-
cultured with FMO beads for up to 3 hours. After fixation correlative light-electron 
microscopy (CLEM) was performed using brightfield and confocal fluorescence 
images (A). Zoom in on two mCherry-DNGR-1+ vesicles within the same cell is 
shown (blue and green, B). A representative image of 10 analysed cells in one 
experiment is shown. 

6.2.2 DNGR-1+ phagosomes are acidic 

The link between regulation of pH and cross-presentation efficacy has been 

discussed in chapter 4. Therefore, I used two different techniques to measure the pH 

in DNGR-1+ phagosomes in MuTuDCs. The HPTS dye is internalised by pinocytosis 



Chapter 6. Results 

 

130 

 

and accumulates in the endocytic compartments of cells, where it emits fluorescence 

at two different wavelengths depending on the pH (422). Since HPTS was not 

present in the media at the time the beads were added, its accumulation in bead 

phagosomes suggests that those phagosomes fused early on with endo-lysosomal 

compartments containing the dye. In HPTS-treated WT MuTuDCs that internalised 

FMO beads, only emission at 405nm was detected in bead phagosomes indicating 

that they were of acidic pH (Figure 6.3). By loading DNGR-1 KO MuTuDCs 

expressing mCherry-DNGR-1 with HPTS, I could specifically focus on DNGR-1+ 

bead phagosomes and assess their pH. Within DNGR-1+ bead phagosomes the pH 

dye only emitted at 405nm, indicating that they have a low pH. Importantly, when 

KO-chWT MuTuDCs were treated with bafilomycin A, a V-ATPase inhibitor, emission 

at 458nm could be detected, confirming that the dye does react to changes in the 

pH.  

 
Figure 6.3: DNGR-1+ bead phagosomes are acidic. 
DNGR-1 deficient MuTuDCs reconstituted with wildtype mCherry-DNGR-1 (KO-
chWT) or WT MuTuDCs were labelled with the HPTS dye for 16 hours and co-
cultured with FMO beads in presence or absence of bafilomycin A. Subsequently live 
cell imaging was performed using a confocal microscope (bar scales to 2µm). KO-
chWT MuTuDCs were labelled with lysotracker for 30 minutes. Cells were left 
untreated or FMO beads were added and live cell imaging was performed 
subsequently (bar scales to 5µm). Representative images from 2 independent 
experiments are shown. 
 

In addition to HPTS, lysotracker was used to further analyse the pH in DNGR-1+ 

phagosomes (Figure 6.4). Lysotracker is a fluorescent dye that accumulates within 
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acidic compartments and - due to its protonation - accumulates within acidic 

compartments. At neutral pH, lysotracker is only weakly protonated which allows it 

to permeate cellular membranes. The presence of lysotracker in bead phagosomes 

again suggests that endo-lysosomal compartments were fusing with the 

phagosomes as the dye has been washed away before the beads were added. In 

agreement with the previous result using the HPTS dye, mCherry-DNGR-1+ 

phagosomes were stained with lysotracker in the steady-state (Figure 6.4 A). DNGR-

1+ bead phagosomes were also stained with lysotracker, again indicating that the 

bead phagosomes were acidic (Figure 6.4 B).  

In summary, these data suggest that DNGR-1+ bead phagosomes and bead 

phagosomes in WT MuTuDCs are acidic early after their internalisation. Of note, the 

used mCherry-DNGR-1 KO MuTuDC line used here was not functional in the cross-

presentation assay (Figure 5.4), however, WT MuTuDCs were used in Figure 6.3 

and showed similar results. 

 
Figure 6.4: DNGR-1+ bead phagosomes are lysotracker+. 
DNGR-1 deficient MuTuDCs reconstituted with wildtype mCherry-DNGR-1 (KO-
chWT) were labelled with lysotracker for 30 minutes. Cells were left untreated (A) or 
FMO beads (B) were added and live cell imaging was performed subsequently (bar 
scales to 10µm). Representative images from 2 independent experiments are shown 
and zooms are shown in cyan boxes (A+B). 
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6.2.3 MuTuDCs degrade antigen less efficiently than RAW264.7 macrophages 

The phagosomal flow cytometry assay was used to further characterise the bead 

phagosomal compartment in MuTuDCs (Figure 6.5). The phagocytic cell, in our case 

the MuTuDC cell line, are incubated with latex beads (FMO beads are shown as an 

example) in a ratio of 10 beads to 1 DC. The cells are then incubated with the beads 

for 25 minutes at 16°C followed by 5 minutes at 37°C to allow for internalisation of 

the beads. Afterwards, the cells are thoroughly washed to remove excess free beads 

and the samples are either immediately put on ice (post-pulse samples) or they are 

incubated at 37°C for different chase time points. The cells are then mechanically 

disrupted by pushing them multiple times through a needle, resulting in the release 

of intracellular membranes. Those crude membranes are then centrifuged at low 

speed to retrieve the post-nuclear supernatant containing the latex bead containing 

phagosomes (float due to their density when sucrose homogenisation buffer is used). 

The phagosomes are then stained with different antibodies to analyse the properties 

of the isolated phagosomes. Of note, the epitopes of the targets that are stained are 

mainly on the luminal side of the phagosomes, therefore, the phagosomal flow 

cytometry assay can also be used to stain the cargo on the beads, such as the OVA 

antigen. The reason for this remains elusive, although I have tried to address the 

issue in Figure 6.8. 
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Figure 6.5: The phagosomal flow cytometry procedure. 
MuTuDCs are incubated with latex beads (here FMO beads, ratio 10:1 beads to 
MuTuDCs) for 25 minutes at 16°C, followed by an incubation for 5 minutes at 37°C 
(phagocytosis pulse). The cells are then washed thoroughly and incubated at 37°C 
for different chase time points. To isolate the phagosomes, the cells are pushed 
through a needle multiple times, which results in the mechanical disruption of the 
cellular membrane and release of intracellular membranes. The phagosomes are 
then stained with different antibodies and analysed by flow cytometry. The figure was 
adapted from Savina et al. (423). 
 

As a first test of the assay, I analysed the degradative capacity of MuTuDCs 

compared to a model macrophage, the RAW264.7 macrophage cell line. It was 

previously reported that DCs express lower levels of lysosomal proteases compared 

to macrophages (453) and therefore the efficacy with which MuTuDCs and 

RAW264.7 macrophages could degrade OVA antigen derived from OVA beads was 

assessed by phagosomal flow cytometry. Gates for OVA low beads were based on 

the secondary antibody only staining. A gradual decrease in OVA staining was 

observed particularly post-chase in phagosomes derived from either MuTuDCs or 

RAW264.7 macrophages (Figure 6.6 A). However, this was more marked for 
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macrophage phagosomes: the percentage of OVA- phagosomes in preparations 

from RAW264.7 macrophages was 4-fold higher compared to MuTuDCs, which is in 

line with the previously reported reduced expression of lysosomal proteases in 

cDC1s. This differential capacity for degrading the OVA antigen was significant for 

all time points after 60 minutes of chase, highlighting that MuTuDCs have an 

intrinsically lower capacity to degrade phagosomal cargo (Figure 6.6 B).  

 
Figure 6.6: MuTuDCs degrade OVA less efficiently compared to RAW264.7 
macrophages. 
MuTuDCs and RAW264.7 macrophages were pulsed with OVA beads and incubated 
for indicated time points. Bead phagosomes were isolated, stained with anti-OVA 
and anti-rabbit-AF647 antibodies overnight and analysed by flow cytometry (A). 
Frequency of OVA low phagosomes over time after pulse are plotted as mean ± 
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standard deviation of 3 (RAW264.7) and 4 (MuTuDCs) independent experiments (B, 
two-way ANOVA, Sidak’s multiple comparison test, ns: non-significant, **: p=0.035, 
***: p=0.004, ****: p<0.0001).  

6.2.4 DNGR-1 does not localise to LAMP-2+ phagosomes 

The power of the phagosomal flow cytometry assay is that multiple markers can be 

analysed simultaneously on individual phagosomes. In most studies, the lysosomal 

membrane proteins LAMP-1 or 2 have been used interchangeably to trace 

phagosome maturation. Therefore, I stained for both LAMP-2 and DNGR-1 to follow 

DNGR-1+ bead phagosomes from MuTuDCs over time (Figure 6.7 A). The gating 

was performed based on the respective isotype control antibody staining of total 

phagosome preparations. Post-pulse, the phagosomes stained positive for DNGR-1 

but not for LAMP-2, which only appeared on phagosomes after 60 minutes of chase. 

Interestingly, DNGR-1+ phagosomes were present during the entire time course and 

did not seem to acquire LAMP-2, as there was almost no double positive phagosome 

population (Figure 6.7 B). The frequency of DNGR-1+ phagosomes did not change 

significantly over time, whereas the frequency of LAMP-2+ phagosomes increased 

significantly, which is in line with the reports in literature (Figure 6.7 C). The frequency 

of DNGR-1+LAMP-2+ phagosomes did not change significantly over time and was 

lower than 5% of the total phagosomes. The abundance of DNGR-1+ and LAMP-2+ 

phagosomes was overall similar with 10-20% in independent experiments. Of note, 

a significant proportion of phagosomes was not stained with any of the two markers. 
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Figure 6.7: DNGR-1 and LAMP-2 stain two distinct phagosome populations. 
MuTuDCs were pulsed with FMO beads and incubated for indicated time points. 
Bead phagosomes were isolated, stained with DNGR-1, LAMP-2 as well as 
respective isotype control antibodies overnight and analysed by flow cytometry (A). 
Frequencies of different phagosome populations are plotted as mean ± standard 
deviation of experimental triplicates (B). Frequencies of phagosome populations of 
selected time points are plotted as mean ± standard deviation of 15 independent 
experiments (C, two-way ANOVA, Tukey’s multiple comparison test, ns: non-
significant, ****: p<0.0001).  
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As already pointed out before, the anti-LAMP-2 and anti-DNGR-1 antibodies used 

for phagosomal staining bind to epitopes that are located in the luminal part of the 

phagosomes. Puzzlingly, the procedure for the phagosomal isolation does not 

include deliberate permeabilization steps. To ensure that the results were not biased 

by differential antibody access to the phagosomal lumen, phagosomal flow cytometry 

was performed comparing regular phagosome preparations to ones that were 

deliberately fixed and permeabilised post-isolation (Figure 6.8). Importantly, this did 

not change the results. In sum, DNGR-1 and LAMP-2 mark two distinct phagosomal 

populations in MuTuDCs. Moreover, the staining of luminal epitopes in the absence 

of deliberate phagosome permeabilization suggests that the phagosome isolation 

procedure somehow affects the membrane integrity of isolated phagosomes. 

Notably, the uniform OVA staining observed in Figure 6.6 is an additional indication 

for a similar luminal accessibility of all phagosomes. 

 
Figure 6.8: Permeabilisation does not affect the staining on isolated phagosomes. 
MuTuDCs were pulsed with FMO beads and incubated for indicated time points. 
Bead phagosomes were isolated, stained with DNGR-1 and LAMP-2 antibodies 
overnight and analysed by flow cytometry. Fixation and permeabilization (fix & perm.) 
were performed before antibodies were added in permeabilization buffer and 
incubated overnight. The plotted data is representative for 2 independent 
experiments.  

6.2.5 DNGR-1+ phagosomes do not degrade antigen 

After confirming that the observed DNGR-1+ and LAMP-2+ phagosome populations 

were not altered due to permeabilization, the degradative potential of the two 

phagosomes populations was analysed. Consistent with the literature, OVA 

degradation occurred simultaneously with LAMP-2 recruitment, which is indicated by 

the loss of OVA staining concurrent with an increase in the intensity of LAMP-2 
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staining (Figure 6.9 A, gating based on isotype control staining). However, here I 

observed two degradative populations which increased over time: one was LAMP-2+ 

and the other was LAMP-2- (Figure 6.9 B). Importantly, the phagosomes that 

remained OVA+ remained LAMP-2- over the course of the experiment. Across 

multiple experiments, the only population that changed significantly over time was 

the LAMP-2+OVA- phagosome population (Figure 6.9 C), while the LAMP-2-OVA- 

phagosome population remained largely unchanged. 

 
Figure 6.9: LAMP-2+ phagosomes degrade OVA antigen. 



Chapter 6. Results 

 

139 

 

MuTuDCs were pulsed with FMO beads and incubated for indicated time points. 
Bead phagosomes were isolated, stained with LAMP-2, OVA as well as respective 
isotype control or secondary antibodies overnight and analysed by flow cytometry 
(A). Frequencies of different phagosome populations are plotted as mean ± standard 
deviation of experimental triplicates (B). Frequencies of phagosome populations of 
selected time points are plotted as mean ± standard deviation of 5 independent 
experiments (C, two-way ANOVA, Tukey’s multiple comparison test, ns: non-
significant, ****: p<0.0001).  
 

In contrast to the degradative LAMP-2+ phagosomes, the DNGR-1+ phagosomes did 

not seem to degrade the OVA antigen over time (Figure 6.10 A, gated based on the 

isotype control staining), indicated by the constant frequency of the DNGR-1+OVA+ 

population. Furthermore, only very few (lower than 5%) DNGR-1+OVA- phagosomes 

were detected and their frequency did not change significantly over time (Figure 6.10 

B and C). In line with Figure 6.8, a high frequency of DNGR-1-OVA- phagosomes 

was detected. 
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Figure 6.10: DNGR-1+ phagosomes do not degrade OVA antigen. 
MuTuDCs were pulsed with FMO beads and incubated for indicated time points. 
Bead phagosomes were isolated, stained with DNGR-1, OVA as well as respective 
isotype control or secondary antibodies overnight and analysed by flow cytometry 
(A). Frequencies of different phagosome populations are plotted as mean ± standard 
deviation of experimental triplicates (B). Frequencies of phagosome populations of 
selected time points are plotted as mean ± standard deviation of 5 independent 
experiments (C, two-way ANOVA, Tukey’s multiple comparison test, ns: non-
significant, ****: p<0.0001).  
 

The two phagosome populations were then compared across multiple experiments, 

revealing that LAMP-2+ phagosomes had a significantly lower capacity to store the 
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OVA antigen compared to DNGR-1+ phagosomes (Figure 6.11). In contrast, the 

frequency of LAMP-2+OVA- phagosomes was much higher compared to DNGR-1-

OVA- phagosomes, highlighting that DNGR-1+ phagosomes possessed a much 

lower degradative potential than LAMP-2+ phagosomes. Collectively, the 

phagosomal flow cytometry assay experiments suggested that DNGR-1 marks a 

non-degradative phagosome population distinct from LAMP-2+ degradative 

phagosomes. 

 
Figure 6.11: LAMP-2+ but not DNGR-1+ phagosomes degrade the OVA antigen. 
MuTuDCs were pulsed with FMO beads and incubated for indicated time points. 
Bead phagosomes were isolated, stained with DNGR-1, LAMP-2, OVA as well as 
respective isotype control or secondary antibodies overnight and analysed by flow 
cytometry. Frequencies of phagosome populations of selected time points are plotted 
as mean ± standard deviation of 16 independent experiments (C, two-way ANOVA, 
Tukey’s multiple comparison test, ns: non-significant, **: p<0.004, ****: p<0.0001).  

6.2.6 DNGR-1+ phagosomes contain MHC I and MHC II 

The low degradative potential of DNGR-1+ phagosomes was reminiscent of the 

model of an independent cross-presentation compartment in which the loading of 

MHC I molecules occurs within the phagosomes. Phagosomal flow cytometry was 

performed comparing DNGR-1, LAMP-2 and MHC I staining (Figure 6.12 A). The 

gating was performed on total phagosomes and based on the respective isotype 

controls. The contour plots showed a correlation between the DNGR-1 and the  

MHC I staining, revealing that a portion of DNGR-1+ phagosomes contained MHC I. 

In line with the results presented in Figure 6.7, both DNGR-1 and LAMP-2 were 

staining individual phagosome populations in the presented experiment. In contrast, 

a smaller proportion of LAMP-2+ phagosomes stained with MHC I (Figure 6.12 B). 
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For both phagosome populations no significant changes were observed over the 

course of 6 hours.  

 
Figure 6.12: A portion of DNGR-1+ phagosomes contain MHC I. 
MuTuDCs were pulsed with FMO beads and incubated for indicated time points. 
Bead phagosomes were isolated, stained with DNGR-1, LAMP-2, MHC I as well as 
respective isotype control antibodies overnight and analysed by flow cytometry (A). 
Frequencies of phagosome populations of selected time points are plotted as mean 
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± standard deviation of 8 independent experiments (B, two-way ANOVA, Tukey’s 
multiple comparison test, ns: non-significant, ***: p<0.0002).  
 

In addition to MHC I, staining for MHC II was correlated with DNGR-1 and LAMP-2 

staining. Since MHC II is loaded inside of lysosomal MHC II loading compartments 

(454), a strong correlation with LAMP-2 was expected. Accordingly, LAMP-2+ 

phagosomes were uniformly stained with MHC II, although there was a large 

proportion of MHC II stained phagosomes that were not stained with LAMP-2 (Figure 

6.13 A). Interestingly, the majority of DNGR-1+ phagosomes also stained for MHC II. 

In line with the results presented in Figure 6.7, both DNGR-1 and LAMP-2 were 

staining individual phagosome populations in the presented experiment. Both 

DNGR-1+MHC II+ and LAMP-2+MHC II+ phagosome frequencies significantly 

increased over time, but there was no significant difference between the two 

populations after 6 hours (Figure 6.13 B). Taken together, these data suggest that 

DNGR-1+ non-degradative phagosomes seem to contain both MHC I and MHC II 

whereas LAMP-2+ degradative phagosomes contain MHC II but not MHC I.  
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Figure 6.13: MHC II is present in both DNGR-1+ and LAMP-2+ phagosomes. 
MuTuDCs were pulsed with FMO beads and incubated for indicated time points. 
Bead phagosomes were isolated, stained with DNGR-1, LAMP-2, MHC II as well as 
respective isotype control antibodies overnight and analysed by flow cytometry (A). 
Frequencies of phagosome populations of selected time points are plotted as mean 
± standard deviation of 4 independent experiments (B, two-way ANOVA, Tukey’s 
multiple comparison test, ns: non-significant, *: p= 0.0238, ***: p<0.0002).  
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6.2.7 DNGR-1+ MHC I+ non-degradative phagosomes are present in other 
cDC1s 

MuTuDCs are a transformed cell line derived from splenic CD8a+ cDC1 (420). In 

order to make sure that LAMP-2-DNGR-1+MHC I+ non-degradative phagosomes 

were not an aberration of MuTuDCs, phagosomal flow cytometry was performed with 

another cDC1 cell line, called Kras-induced cancer DC (KID) (455). Phagosomes of 

KID cDC1s were isolated and stained for DNGR-1, LAMP-2, OVA and MHC I 

antibodies (Figure 6.14). Again, the DNGR-1 staining did not overlap with the LAMP-

2 staining, indicating that two distinct phagosome populations are present in KID 

cDC1s. In addition, DNGR-1+ phagosomes remained high for OVA staining over 

time, indicating that DNGR-1+ phagosomes derived from KID cDC1s were also non-

degradative. A portion of DNGR-1+ phagosomes co-stained with MHC I, which is in 

line with what was observed in MuTuDC-derived phagosomes. 
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Figure 6.14: DNGR-1+MHC I+ non-degradative phagosomes are present in KID 
cDC1s. 
KID cDC1s were pulsed with FMO beads and incubated for indicated time points. 
Bead phagosomes were isolated, stained with DNGR-1, LAMP-2, MHC I as well as 
OVA antibodies overnight and analysed by flow cytometry. This experiment has been 
performed once. 
 

I further used XCR-1+ cDC1s derived from Flt3L BMDC cultures to characterise the 

phagosomal compartments in non-immortalised cDC1s (Figure 6.15). The 

development of cDCs is dependent on Flt3L and thus, cDCs can be obtained from 

bone marrow cultures (456). However, Flt3L culture comprise a mixture of cDC2s 

(60-80%) and cDC1s (20-40%) (457) which is why I isolated cDC1s via a positive 

selection on XCR-1 specifically expressed on cDC1s. In concordance with the results 

from MuTuDCs and KID cDC1s, DNGR-1+ stained a phagosome population distinct 

from LAMP-2+ phagosome in XCR-1+ cDC1s from Flt3L cultures. Furthermore, the 

DNGR-1+ phagosomes did not degrade the OVA antigen and recruited MHC I, 
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distinct from LAMP-2+ phagosomes. Collectively, these data indicate that LAMP-2-

DNGR-1+MHC I+ non-degradative phagosomes are a general characteristic of 

cDC1s. 

 
Figure 6.15: DNGR-1+MHC I+ non-degradative phagosomes are present in bone 
marrow-derived XCR-1+ cDC1. 
Bone marrow-derived XCR-1+ cDC1s were isolated, pulsed with FMO beads and 
incubated for indicated time points. Bead phagosomes were isolated, stained with 
DNGR-1, LAMP-2, MHC I as well as OVA antibodies overnight and analysed by flow 
cytometry. This experiment has been performed once. 

6.2.8 TLR triggering does not affect the properties of DNGR-1+ phagosomes 

To assess the impact of TLR triggering on the properties of the phagosomal 

populations, WT MuTuDCs were stimulated with LPS or poly(I:C) overnight. The 

activation of the MuTuDCs was assessed through the analysis of the expression of 

co-stimulatory molecules by flow cytometry (Figure 6.16 A). Stimulation with poly(I:C) 

but not LPS caused activation of MuTuDCs, as LPS-treated MuTuDCs did not 

upregulate the expression of CD40, CD80, CD86, MHC I and II in contrast to 

poly(I:C)-treated MuTuDCs. This is in line with previous data indicating that poly(I:C) 

is the most potent stimulus for activating cDC1, acting via TLR3 which is highly 

expressed by the cells (117). For this reason, only poly(I:C)-treated MuTuDCs were 

tested for their capacity to cross-present OVA antigen derived from both FMO or 

dead cells (Figure 6.16 B and C). The detected accumulation of IFN-g produced by 
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OT-I T cells was much more pronounced when the MuTuDCs were activated with 

poly(I:C). Notably, this effect was more pronounced for poly(I:C)-activated MuTuDCs 

fed with OVA-bearing dead cells (81-fold), since MuTuDCs fed with FMO beads 

showed a less pronounced increase in their capacity to stimulate OT-I T cells (4-fold). 

This data suggests that poly(I:C) treatment boosted the cross-presentation capacity 

of MuTuDCs, thus highlighting the strong adjuvant effect TLR ligands can have on 

cDC1s. 

 
Figure 6.16: Poly(I:C) induces expression of co-stimulatory molecules and 
enhances cross-presentation in MuTuDCs. 
MuTuDCs were treated with poly(I:C) or LPS overnight, stained with selected 
antibodies and analysed by flow cytometry (A). Untreated or poly(I:C) treated 
MuTuDCs were co-cultured with either FMO beads (B) or UV-irradiated bm1 T OVA 
MEFs (C). MuTuDCs were co-cultured overnight with OT-I T cells and the amount of 
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Interferon-g accumulating in the culture was assessed by ELISA (B + C). Data are 
plotted as mean ± standard deviation of an experimental duplicate and are 
representative for 3 independent experiments. 
 

Poly(I:C) can be recognised by TLR3 which is located in the endosomal 

compartments. Phagosomal flow cytometry revealed that TLR3 can be found in both 

LAMP-2+ and DNGR-1+ phagosomes (Figure 6.17 A). In contrast to LAMP-2+ 

phagosomes, which were stained uniformly with anti-TLR3, DNGR-1+ phagosomes 

were only partially stained for TLR3. The frequencies of both TLR3+DNGR-1+ and 

TLR3+LAMP-2+ phagosomes increased over time, but there was no difference when 

the MuTuDCs had been stimulated with poly(I:C) (Figure 6.17 B). 

 
Figure 6.17: TLR3 is present in both DNGR-1+ and LAMP-2+ phagosomes. 
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MuTuDCs were treated with poly(I:C) overnight, pulsed and incubated with FMO 
beads the next day. Phagosomes were isolated and stained with DNGR-1, LAMP-2 
as well as TLR3 antibodies overnight and analysed by flow cytometry (A). 
Frequencies of TLR3+DNGR-1+ and TLR3+LAMP-2+ phagosome populations 
derived from untreated and poly(I:C) treated MuTuDCs are plotted from one 
individual experiment (B). 
 

This series of experiments suggested that TLR3 was potentially being recruited to 

DNGR-1+ phagosomes during the course of the experiment. Therefore, I asked 

whether poly(I:C) treatment would affect the composition or properties of the 

phagosomal compartments in MuTuDCs. In poly(I:C)-stimulated MuTuDCs DNGR-

1+ and LAMP-2+ phagosome population could be detected with similar frequencies 

compared to untreated MuTuDCs (Figure 6.18 A). Furthermore, there was no change 

in DNGR-1+LAMP-2- or DNGR-1+LAMP-2+ phagosomes over time, similar to the data 

presented in Figure 6.6 C (Figure 6.18 B). Also, the frequency of DNGR-1-LAMP-2+ 

phagosomes increased over time as observed before. 
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Figure 6.18: DNGR-1 and LAMP-2 define two separate phagosome populations in 
poly(I:C) treated MuTuDCs. 
MuTuDCs were treated with poly(I:C) overnight, pulsed and incubated with FMO 
beads the next day. Phagosomes were isolated and stained with DNGR-1 as well as 
LAMP-2 antibodies overnight and analysed by flow cytometry (A). Frequencies of 
different phagosome populations at selected time points are plotted as mean ± 
standard deviation of 4 independent experiments (B, two-way ANOVA, Tukey’s 
multiple comparison test, ns: non-significant, ** p=0.0036).  
 

Similarly, the frequencies of DNGR-1+MHC I+ or LAMP-2+MHC I+ phagosomes 

remained unaffected by poly(I:C) treatment (Figure 6.19 A and B). The capacity of 

DNGR-1+ phagosomes to preserve the OVA antigen did not change in response to 

TLR3 triggering (Figure 6.19 C and D), which was also the case for LAMP-2+ 

phagosomes (Figure 6.19 E and F). Of note, in two out of four experiments a 
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decrease in OVA degradation in LAMP-2+ phagosomes was observed when 

MuTuDCs were treated with poly(I:C), which is reflected by the larger error bars. 

However, when combined data were analysed, this trend did not reach statistical 

significance. Notably, sufficient induction of costimulatory molecules was observed 

in all experiments, indicating that the stimulation was successful. 

 
Figure 6.19: Poly(I:C) treatment does not affect the composition and degradative 
potential of both LAMP-2+ and DNGR-1+ phagosomes. 
MuTuDCs were treated with poly(I:C) overnight, pulsed and incubated with FMO 
beads the next day. Phagosomes were isolated and stained with DNGR-1, LAMP-2, 
OVA as well as MHC I antibodies overnight and analysed by flow cytometry. 
Frequencies of DNGR-1+MHC I+ (A), LAMP-2+MHC I+ (B), DNGR-1+OVA- (C), 
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DNGR-1+OVA- (D), LAMP-2+OVA+ (E) and LAMP-2+OVA- (F) populations at selected 
time points are plotted as mean ± standard deviation of 4 independent experiments 
(two-way ANOVA, Tukey’s multiple comparison test, ns: non-significant, *:p=0.0386, 
***:p<0.0006). 
 

LPS stimulation has been shown to impact on properties of phagosomal 

compartments (383, 384). Even though LPS stimulation did not induce expression of 

co-stimulatory molecules in MuTuDCs, this did not rule out that TLR4 engagement 

could have a direct impact on the phagosomal compartments. For this reason, I 

tested the effect of LPS treatment on DNGR-1+ and LAMP-2+ phagosome 

populations, revealing that in LPS treated MuTuDCs DNGR-1+ and LAMP-2+ 

phagosomes were still distinct compartments (Figure 6.20 A). There were no 

changes in the frequencies of the three phagosome populations compared to Figure 

6.7 C (Figure 6.20 B). 
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Figure 6.20: DNGR-1 and LAMP-2 define two separate phagosome populations in 
LPS treated MuTuDCs. 
MuTuDCs were treated with LPS overnight, pulsed and incubated with FMO beads 
the next day. Phagosomes were isolated and stained with DNGR-1 as well as LAMP-
2 antibodies overnight and analysed by flow cytometry (A). Frequencies of different 
phagosome populations at selected time points are plotted as mean ± standard 
deviation of 2 independent experiments (B).  
 

Furthermore, MHC I and OVA staining was analysed in phagosomes derived from 

LPS treated MuTuDCs. Similar to what was observed with poly(I:C)-treated 

MuTuDCs, the frequencies of DNGR-1+MHC I+ or LAMP-2+MHC I+ phagosomes 

remained unaffected by LPS stimulation (Figure 6.21 A and B). DNGR-1+OVA+ or 

OVA- phagosomes did not change in response to TLR4 triggering (Figure 6.21 C and 

D), which was also the case for LAMP-2+ phagosomes (Figure 6.21 E and F).  
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In sum, both poly(I:C) and LPS treatment did not affect the analysed properties of 

DNGR-1+ or LAMP-2+ phagosomes. Taken together, these data suggest that TLR 

triggering does not influence the formation and properties of DNGR-1+ phagosomes. 

 
Figure 6.21: LPS stimulation does not affect the properties of DNGR-1+ or LAMP-
2+ phagosome populations. 
MuTuDCs were treated with LPS overnight, pulsed and incubated with FMO beads 
the next day. Phagosomes were isolated and stained with DNGR-1, LAMP-2, OVA 
as well as MHC I antibodies overnight and analysed by flow cytometry. Frequencies 
of DNGR-1+MHC I+ (A), LAMP-2+MHC I+ (B), DNGR-1+OVA- (C), DNGR-1+OVA- (D), 
LAMP-2+OVA+ (E) and LAMP-2+OVA- (F) populations at selected time points are 
plotted as mean ± standard deviation of 2 independent experiments. 
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6.2.9 ER proteins are found on both DNGR-1+ and LAMP-2+ phagosomes 

The phagosomal flow cytometry assay was used for further characterisation of 

DNGR-1+ and LAMP-2+ phagosomes. The Syk kinase has been associated with 

DNGR-1 signalling and, accordingly, Syk could be stained for on DNGR-1+ 

phagosomes (Figure 6.22). However, also LAMP-2+ phagosomes were stained by 

anti-Syk, reflecting the various endocytic processes the kinase is involved in. Of note, 

it seemed that the Syk staining decreased on both DNGR-1+ and LAMP-2+ 

phagosomes during the course of the experiment. 

 
Figure 6.22: Syk can be stained on both DNGR-1+ and LAMP-2+ phagosomes. 
MuTuDCs were pulsed and incubated with FMO beads. Phagosomes were isolated 
and stained with DNGR-1, LAMP-2, Syk as well as isotype control antibodies 
overnight and analysed by flow cytometry. This experiment has been performed 
once. 
 

The maturation status of endocytic vesicles can be further defined by marker proteins 

such as the early endosome antigen 1 (EEA1). EEA1 binds to phospholipids 

containing phosphatidylinositol 3-phosphate (PI3P) preferentially through its FYVE 

zinc finger domain. Since PI3P is restricted to early endosomes and internal vesicles 

of multivesicular bodies, EEA1 can be used as an early endosomal marker (458). 

When co-staining for EEA1 and DNGR-1 vs. LAMP-2 was compared, a correlation 

between DNGR-1 and EEA1 but not LAMP-2 was observed (Figure 6.23). The 
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overlap was incomplete, leaving a large fraction of DNGR-1+ phagosomes EEA1- 

and half of EEA1+ phagosomes were DNGR-1-. 

 
Figure 6.23: EEA1 stains mainly DNGR-1+ phagosomes. 
MuTuDCs were pulsed and incubated with FMO beads. Phagosomes were isolated 
and stained with DNGR-1, LAMP-2 as well as EEA1 antibodies overnight and 
analysed by flow cytometry. As a control for the EEA1 staining a secondary only 
control was performed on phagosomes (anti-rabbit-BV421). This experiment has 
been performed once. 
 

The Ras-related protein Rab-14 is involved in the trafficking of vesicles between the 

Golgi complex and early endosomes and can be used as a marker for early 

endosomal compartments (459). Co-staining Rab14 with DNGR-1 and LAMP-2 in 

phagosomal flow cytometry revealed that Rab14 localised to both phagosome 

populations (Figure 6.24). Of note, at late time points LAMP-2+ phagosomes seemed 

to stain to a lesser extent with Rab14, indicating maturation. The frequency of DNGR-

1+Rab14+ phagosomes remained constant over time but, at late time points, the 

DNGR-1+Rab14- population became more abundant. 
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Figure 6.24: Rab14 stains both DNGR-1+ and LAMP-2+ phagosomes. 
MuTuDCs were pulsed and incubated with FMO beads. Phagosomes were isolated 
and stained with DNGR-1, LAMP-2 as well as Rab14 antibodies overnight and 
analysed by flow cytometry. As a control for the Rab14 staining a secondary only 
control was performed on phagosomes (anti-rabbit-BV421). This experiment has 
been performed once. 
 

If DNGR-1+ phagosomes serve as independent MHC I cross-presentation platforms, 

components of the peptide loading complex need to be redirected from the ER to the 

DNGR-1+ phagosome. To test for a phagosomal association with ER proteins, I co-

stained for calnexin alongside DNGR-1 and LAMP-2 in the phagosomal flow 

cytometry assay. Calnexin is a luminal ER protein which acts together with 

calreticulin in the quality control apparatus of the ER by retaining incorrectly folded 

proteins, however, it is not an integral part of the MHC I PLC (460). Anti-calnexin 

antibody stained LAMP-2+ as well as DNGR-1+ phagosomes, however at later time 

points the frequency of calnexin-DNGR-1+ and calnexin-LAMP-2+ phagosomes 

increased (Figure 6.25). Overall the frequencies of calnexin+DNGR-1+ and 

calnexin+LAMP-2+ phagosomes increased over time and reached similar levels after 

6 hours. 
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Figure 6.25: Calnexin is present in both DNGR-1+ and LAMP-2+ phagosomes. 
MuTuDCs were pulsed and incubated with FMO beads. Phagosomes were isolated 
and stained with DNGR-1, LAMP-2 as well as calnexin antibodies overnight and 
analysed by flow cytometry. As a control for the calnexin staining a secondary only 
control was performed on phagosomes (anti-rabbit-BV421). Representative plots for 
2 independent experiments are shown. 
 

The TAP transporter is an essential component of the MHC I PLC, since it ensures 

constant flux of antigenic peptides into the ER as well as bridges to MHC I through 

its interaction with tapasin (245, 260, 461, 462). Interestingly, when the TAP1 subunit 

was co-stained for DNGR-1 and LAMP-2, a correlation between the DNGR-1 and 

TAP1 staining was observed, but not between LAMP-2 and TAP1 (Figure 6.26 A). 

Over the course of the experiment, the frequency of DNGR-1+TAP1+ phagosomes 

increased significantly, whereas it remained constant for the LAMP-2+TAP1+ 

phagosomes. After 6 hours, there were significantly more DNGR-1+TAP1+ 

phagosomes detected than LAMP-2+TAP1+ phagosomes (Figure 6.26 B). In sum, 

DNGR-1+ phagosomes seem to associate with Syk and some early endosomal 

markers, such as EEA1 and Rab14. Although the ER protein calnexin is found in 

both DNGR-1+ and LAMP-2+ phagosomes, the subunit TAP1 of the TAP transporter 

seems to be preferentially associated with DNGR-1+ phagosomes. 



Chapter 6. Results 

 

160 

 

 
Figure 6.26: TAP1 is preferentially found on DNGR-1+ phagosomes.  
MuTuDCs were pulsed and incubated with FMO beads. Phagosomes were isolated 
and stained with DNGR-1, LAMP-2 as well as TAP1 antibodies overnight and 
analysed by flow cytometry (A). As a control for the TAP1 staining a secondary only 
control was performed on phagosomes (anti-goat-AF647). Frequencies of DNGR-
1+TAP1+ and LAMP-2+TAP1+ (B) populations at selected time points are plotted as 
mean ± standard deviation of 6 independent experiments (two-way ANOVA, Tukey’s 
multiple comparison test, ns: non-significant, **:p<0.0055). 

6.2.10 No evidence for MHC I:peptide complex loading in DNGR-1+ 
phagosomes 

The suggested presence of TAP1 in DNGR-1+ phagosomes was a hint that maybe 

MHC I loading could occur within this phagosome population, which would be in line 

with models of ER-to-phagosome fusion mediating cross-presentation. In the study 
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by Guermonprez et al., the MHC I:SIINFEKL specific antibody 25-D1.16 was used 

to show that such MHC I:antigen peptide complexes were present in OVA bead 

phagosomes but not BSA bead phagosomes (364). Therefore, the 25-D1.16 

antibody was used in phagosomal flow cytometry to stain FMO bead phagosomes 

derived from WT MuTuDCs (Figure 6.27). In our hands the detection limit of this 

antibody is reached with MuTuDCs pulsed with 1µM SIINFEKL peptide (unpublished 

observation), which is 100-1,000 times higher than the concentration of peptide 

required for pulsing MuTuDCs to stimulate OT-I T cells. This may explain why no 

staining of such complexes was detected on the phagosomes.  

 
Figure 6.27: MHC I:SIINFEKL peptide complexes cannot be detected on 
phagosomes. 
MuTuDCs were pulsed and chase with FMO beads. Phagosomes were isolated, 
stained overnight with an MHC I:SIINFEKL specific antibody. After staining with anti-
mouse-PE and the samples were analysed by flow cytometry. The plots are 
representative for two independent experiments. 
 

Therefore, I decided to use OT-I T cells to directly detect MHC I:SIINFEKL 

complexes on the phagosomes. Guermonprez et al. used freeze-thawed isolated 

OVA or BSA bead phagosomes derived from the D1 DC cell line to show that 

phagosomal preparations could directly stimulate OT-I T cells, suggesting that 

phagosomes are cross-presentation competent compartments (364, 463). To 

distinguish between different phagosome populations, I decided to isolate DNGR-1+ 

and LAMP-2+ phagosomes by FACS and ask whether those were able to directly 

stimulate OT-I T cells. Of note, the sorting optimisation is discussed in greater detail 

in chapter 7. Briefly, FMO bead phagosomes were isolated from WT MuTuDCs after 

four hours of incubation and then stained overnight. The next day, the phagosome 

populations were sorted -together with the flow cytometry STP of the Francis Crick 

Institute- based on their staining for DNGR-1 and LAMP-2 (Figure 6.28). LAMP-2+ 
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phagosomes were isolated with very high purity of 97%, whereas the purity for the 

DNGR-1+ phagosome population was quite low with only 36%. 

 
Figure 6.28: LAMP-2+ and DNGR-1+ phagosome populations can be isolated by 
FACS. 
MuTuDCs were pulsed and incubated with FMO beads for 4 hours. Phagosomes 
were isolated and stained overnight with DNGR-1 as well as LAMP-2 antibodies. 
Phagosomes were sorted and analysed pre- and post-sort on an Aria Fusion sorter 
which was performed with the help of the flow cytometry STP. 
 

The sorted phagosomes were then co-cultured directly with OT-I T cells (direct 

presentation) or with MuTuDCs followed by subsequent addition of OT-I T cells 

(indirect cross-presentation). Neither the unsorted crude phagosome preparations 

nor the sorted phagosome populations could directly stimulate OT-I T cells as no 

IFN-g could be detected. The experiment was also repeated with freeze-thawed 

purified DNGR-1+ and LAMP-2+ phagosomes, according to the protocol used by 

Guermonprez et al., since the orientation of the MHC I:SIINFEKL complexes in intact 

phagosomes might hinder the interaction with the OT-I T cells. Nevertheless, no IFN-

g was detected when freeze-thawed phagosomal membranes were co-cultured with 

OT-I T cells. Although there was no evidence for direct presentation by phagosomes 
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to OT-I T cells, interestingly, when sorted DNGR-1+ (Figure 6.29 A) or unsorted 

(Figure 6.29 B) phagosomes were co-cultured with MuTuDCs, OT-I T cells were 

activated to produce IFN-g (served also as an internal positive control for the direct 

presentation samples). Importantly, sorted LAMP-2+ phagosomes induced very little 

IFN-g production, indicating that the OVA antigen in such phagosomes is degraded. 

In sum, there was no evidence for MHC I:SIINFEKL complexes in neither DNGR-1+ 

nor LAMP-2+ phagosomes analysed either by antibody staining or OT-I T cell 

activation. Moreover, the results suggest that the OVA antigen is largely intact in 

DNGR-1+ phagosomes and degraded in LAMP-2+ phagosomes, which is in line with 

the OVA staining observed by phagosomal flow cytometry in Figure 6.10 and Figure 

6.11.  

 
Figure 6.29: Sorted phagosome population can serve as an antigen source for 
cross-presentation. 
DNGR-1+ and LAMP-2+ phagosome populations were sorted and then co-cultured 
with MuTuDCs (A). Different amounts of the crude phagosomes before the sort were 
added to MuTuDCs (B). OT-I T cells were added, incubated overnight and the 
amount of interferon-g accumulating in the culture was assessed by ELISA (A + B). 
Data are plotted as mean ± standard deviation of an experimental duplicate. The 
experiment has been performed once. Sorting of phagosome populations has been 
performed with the help of the flow cytometry STP. 

6.2.11 DNGR-1 triggering does not impact on OVA degradation 

So far, the phagosome populations in cDC1s were analysed in the presence of 

DNGR-1 ligand and I decided to test whether DNGR-1 engagement could directly 

modulate the degradative capacity of total phagosomes in MuTuDCs. Therefore, the 

efficacy with which MuTuDCs degraded OVA derived from either OVA or FMO beads 

was analysed on total phagosomes by phagosomal flow cytometry (Figure 6.30). 
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OVA- phagosomes were gated based on the secondary only control (Figure 6.30 A). 

No significant differences were observed when the degradation of OVA was followed 

over time, suggesting that DNGR-1 ligand engagement did not impact on the 

recruitment or activation of lysosomal proteases (Figure 6.30 B).  

 
Figure 6.30: OVA derived from both OVA and FMO beads is degraded with similar 
efficacy in MuTuDCs. 
MuTuDCs were pulsed with OVA or FMO beads and incubated for indicated time 
points. Bead phagosomes were isolated, stained with an OVA specific antibody 
overnight and analysed by flow cytometry (A). Frequency of OVA low phagosomes 
are plotted as mean ± standard deviation of 4 independent experiments (B, two-way 
ANOVA, Sidak’s multiple comparison test, ns: non-significant).  
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6.2.12 MHC I+ non-degradative phagosomes are present in absence of  
DNGR-1 triggering 

DNGR-1 ligand engagement did not affect OVA antigen degradation analysed on 

total phagosomes. However, DNGR-1 ligand might affect the formation and 

properties of DNGR-1+ phagosomes specifically. To test for that, DNGR-1+ 

phagosomes derived from WT MuTuDCs fed with OVA and FMO beads were 

compared side-by-side in the phagosomal flow cytometry assay (Figure 6.31). 

Surprisingly, there were no significant changes in the frequencies of DNGR-1+MHC 

I+ phagosomes in absence or presence of DNGR-1 ligand on the beads (Figure 6.31 

A). In addition, the degradative capacity of DNGR-1+ phagosomes was also not 

affected by F-actin/myosin II coated to the beads, since there were no significant 

changes in the frequency of OVA+ or OVA- DNGR-1+ phagosomes taken from cells 

fed with OVA or FMO beads (Figure 6.31 B and C). 

 
Figure 6.31: DNGR-1+ MHC I+ non-degradative phagosomes are present in the 
absence of DNGR-1 ligand. 
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MuTuDCs were pulsed with OVA and FMO beads and incubated for indicated time 
points. Bead phagosomes were isolated, stained with DNGR-1, LAMP-2, MHC I as 
well as OVA antibodies overnight and analysed by flow cytometry. Frequencies of 
MHC I+DNGR-1+ phagosome populations at different time points are plotted as mean 
± standard deviation of 5 independent experiments (A, ns: non-significant). 
Frequencies of DNGR-1+OVA+ (B) and DNGR-1+OVA- (C) phagosome populations 
at different time points are plotted as mean ± standard deviation of 7 independent 
experiments (two-way ANOVA, Tukey’s multiple comparison test, ns: non-significant, 
**: p=0.0029, ****: p<0.0001).  
 

In addition, I asked whether the formation of non-degradative MHC I+ phagosomes 

was affected in absence of DNGR-1 by DNGR-1 KO MuTuDCs given FMO beads 

(Figure 6.32, FMO beads). As the cells do not express DNGR-1, no DNGR-1 staining 

could be detected in phagosomes derived from DNGR-1 KO MuTuDCs (Figure 6.32 

A). However, LAMP-2-MHC I+ non-degradative phagosomes were present at normal 

frequencies in KO MuTuDCs when compared side-by-side with WT MuTuDCs in 

multiple experiments (Figure 6.32 B). In addition, no difference in the frequency of 

MHC I+OVA+ phagosomes was observed (Figure 6.32 C), whereas a small increase 

in MHC I+OVA- phagosomes was detected in phagosomes derived from WT 

MuTuDCs (Figure 6.32 D). Of note, the frequency of MHC I+OVA- phagosomes was 

overall below 5%. In sum, DNGR-1 or its ligand does not seem to be required for the 

formation of MHC I+ non-degradative phagosomes in cDC1s even though DNGR-1 

acts as a marker for such compartments. 
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Figure 6.32: DNGR-1+ MHC I+ non-degradative phagosomes are found in the 
absence of DNGR-1. 
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WT and KO MuTuDCs were pulsed with FMO beads and incubated for indicated time 
points. Bead phagosomes were isolated, stained with DNGR-1, LAMP-2, MHC I as 
well as OVA antibodies overnight and analysed by flow cytometry (A). Frequencies 
of LAMP-2-MHC I+ (B), MHC I+OVA+ (C) and MHC I+OVA- (D) phagosome 
populations at different time points are plotted as mean ± standard deviation of 5 
independent experiments (two-way ANOVA, Tukey’s multiple comparison test, ns: 
non-significant, *: p=0.0347, ** p=0.0011, ***: p=0.0006).  

6.2.13 The phagosomal damage sensor galectin-8 is found on DNGR-1+ 
phagosomes 

The potential role of DNGR-1 in regulating antigen export into the cytosol has been 

discussed in chapter 4. To test if DNGR-1 could potentially be involved in regulating 

antigen export into the cytosol through a mechanism involving membrane damage, 

galectin-8 was co-stained together with DNGR-1 and LAMP-2 in the phagosomal 

flow cytometry assay (Figure 6.33). Galectins are cytosolic sensors of endosomal 

membrane damage, since they bind to sugar residues on endo-lysosomal membrane 

proteins which only get exposed when the membrane because permeable (451). 

Therefore, galectin recruitment is a means of assessing accessibility of intracellular 

compartments. Whereas galectin-8 was mainly absent from LAMP-2+ phagosomes, 

about 50% of the DNGR-1+ phagosome population contained galectin-8. The 

frequency of DNGR-1+galectin-8+ phagosomes slightly increased over time, however 

this was probably due to an overall increase in the abundance of DNGR-1+ 

phagosomes. In sum, these data suggest that DNGR-1+ phagosomes become 

accessible to the cytosol soon after bead internalisation, whereas LAMP-2+ 

phagosomes are not. 



Chapter 6. Results 

 

169 

 

 
Figure 6.33: Galectin-8 is found preferentially on DNGR-1+ phagosomes. 
MuTuDCs were pulsed and incubated with FMO beads. Phagosomes were isolated 
and stained with DNGR-1, LAMP-2 as well as galectin-8 antibodies overnight and 
analysed by flow cytometry. As a control for the galectin-8 staining a secondary only 
control was performed on phagosomes (anti-goat-AF647). Representative plots of 
two independent experiments are shown. 

6.2.14 Ligand-dependent recruitment of galectin-3 to DNGR-1+ phagosomes 

The correlation between the DNGR-1 and the galectin-8 staining suggested that 

there might be a DNGR-1-specific role in the recruitment of galectins to the 

phagosomes. In addition to galectin-8, galectin-3 and 9 have also been shown to be 

recruited to damaged endosomal membranes (451). Therefore, to complement the 

galectin-8 recruitment detected in the phagosomal flow cytometry assay, a 

microscopy approach was chosen to trace the recruitment of mCherry-galectin-3 to 

FMO or OVA bead phagosomes in WT MuTuDCs (Figure 6.34). Of note, mCherry-

galectin-3 was kindly provided by Felix Randow and then cloned into the retroviral 

expression vector pFB for expression in MuTuDCs. Interestingly, mCherry-galectin-

3 was recruited to the bead phagosomes within 4 hours of phagocytosis of FMO 

beads, but not OVA beads (Figure 6.34 A), indicating that galectin-3 recruitment 

might require the presence of DNGR-1 ligand on the bead. The percentage of 

mCherry-galectin-3+ phagosomes among the total phagosome population was 

determined by counting individual phagosomes within each field of view, and 

suggested a significant difference between OVA and FMO beads (Figure 6.34 B). 
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This highlights a potential role for DNGR-1 in regulating the accessibility of the 

phagosomal lumen in response to triggering with its ligand.  

 
Figure 6.34: Galectin-3 is recruited to phagosomes in a DNGR-1-dependent 
manner. 
MuTuDCs were transduced with mCherry-Galectin-3 and sorted for high expression 
levels. One week later, cells were pulsed with FMO or OVA beads for 30 minutes. 
Free beads were washed away and cells were incubated for 4 hours before fixation. 
To distinguish between internalised and attached beads staining with anti-OVA and 
anti-rabbit-AF647 was performed. Cells were imaged using a confocal microscope 
(A, bar scales to 5µm) The arrow marks an mCherry-Galectin-3+ internalised FMO 
bead, whereas the asterisk highlights an internalised mCherry-Galectin-3- OVA 
bead. MCherry-Galectin-3+ and total internalised phagosomes were counted in each 
field of view and plotted from one experiment (B, each dot represents one 
image=field of view, 31 images each sample, non-parametric T-test, Kolmogorov-
Smirnov test, ****: p<0.0001).  
 

The recruitment of galectins together with the data that will be discussed in chapter 

7.2.2, suggest that DNGR-1+ phagosomes might have an intrinsically lower stability 

compared to LAMP-2+ phagosomes. It was therefore conceivable, that the 

endosomal damage indicated by the galectin recruitment could translate into 

changes in the ultrastructure of DNGR-1+ phagosomes. To address this hypothesis, 
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transmission electron microscopy (TEM) was performed with sorted DNGR-1+ and 

LAMP-2+ phagosomes by Lucy Collinson from the electron microscopy STP of the 

Francis Crick Institute (Figure 6.35 A). In comparison to non-phagocytosed beads, 

LAMP-2+ and DNGR-1+ phagosomes showed a clear outline of a membrane 

covering the bead. To investigate whether the two phagosome populations had 

intrinsic morphological features by which they could be distinguished, a blinded 

analysis was performed by two independent people (Figure 6.35 B). The two analysis 

were highly concordant in that DNGR-1+ and LAMP-2+ phagosomes could not be 

distinguished from the micrographs. Of course, it remains possible that the 

permeable phagosomes that would stain with galectins are intrinsically unstable and 

selectively lost during the isolation of DNGR-1+ phagosomes and their processing for 

TEM. In summary, these data suggest that DNGR-1 triggering might play a role in 

the regulation of phagosomal accessibility and membrane stability, which could 

potentially allow for P2C transfer of antigens. 
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Figure 6.35: DNGR-1+ and LAMP-2+ phagosomes cannot be distinguished by their 
ultrastructure. 

MuTuDCs were pulsed and incubated with FMO beads for 4 hours. Phagosomes 
were isolated and stained overnight with DNGR-1 as well as LAMP-2 antibodies. 
DNGR-1+ and LAMP-2+ phagosomes were sorted and after fixation together with free 
beads prepared for transmission electron microscopy which was performed by Lucy 
Collinson (A). Images were blinded and then grouped manually by two independent 
people. The percentage of images falling into one of the predicted groups is plotted 
with regards to the unblinded images (B). This experiment has been performed once. 

6.2.15 DNGR-1+ and LAMP-2+ phagosomes exist within the same cell 

The characterisation of DNGR-1+ and LAMP-2+ compartments had so far only been 

performed on isolated phagosomes, which might exhibit altered properties compared 

to in situ phagosomes due to the isolation procedure. Therefore, I performed confocal 

microscopy with MuTuDCs that had been pulsed with FMO beads (Figure 6.36). After 

15 minutes, free beads were washed away and some samples were fixed 

immediately (post-pulse). The rest of the samples were incubated for 6 hours. The 
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cells were stained with anti-DNGR-1 and anti-LAMP-1 antibodies and, notably, the 

latter can be used as a lysosomal marker similarly to LAMP-2. In the post-pulse 

samples, both DNGR-1+ (indicated by arrows) and LAMP-1+ phagosomes could be 

detected (Figure 6.36 A). The two markers were mutually exclusive as there were 

only very few DNGR-1+LAMP-1+ phagosomes (Figure 6.36 A, D), confirming the 

observations made by flow cytometry. The microscopy also revealed that both types 

of phagosomes can be found co-existing in single cells (Figure 6.36 A), something 

that could not be assessed by the flow cytometric analysis of phagosome 

preparations, which does not differentiate between co-presence of both types of 

phagosomes within the same cell or each type of phagosome originating in different 

cells. However, the presence of LAMP-1+ phagosomes at early timepoints (post-

pulse) was at odds with what had been observed by phagosomal flow cytometry, 

where LAMP-2 appeared to be recruited only after 60 minutes chase. Also, the anti-

LAMP-1 antibody stained almost all phagosomes after 6 hours and DNGR-1+ 

phagosomes could no longer be detected at that timepoint (Figure 6.36 B), which 

was again in contrast to what was observed by phagosomal flow cytometry (chapter 

6.2.5). When the images were quantified, a significant increase of LAMP-1+ 

phagosomes was observed with time, in line with the results of the flow cytometric 

analysis of isolated phagosomes (Figure 6.36 C). Collectively, these data suggest 

that DNGR-1+ and LAMP-1+ phagosomes exist in the same cell, but seem to follow 

opposing kinetics. Whereas DNGR-1+ phagosomes are present at early time points 

and disappear over time, the frequency of LAMP-1+ phagosomes – even though 

present at early time points – increases over time, which is partially in line with what 

I observed by phagosomal flow cytometry. 
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Figure 6.36: DNGR-1+ and LAMP-1+ phagosomes can be observed inside of cells. 
MuTuDCs were pulsed with FMO beads for 15 minutes. Free beads were washed 
away and cells were either immediately fixed or incubated for 6 hours before fixation. 
Cells were stained with DNGR-1 and LAMP-1 antibodies overnight, followed by a 
secondary antibody staining with anti-sheep_AF647 and anti-rabbit_AF555, 
respectively. The cells were mounted and imaged using a confocal microscope (A, 
bar scales to 5µm). The arrow marks DNGR-1+ bead phagosomes. Phagosome 
counts of DNGR-1+ (B), LAMP-1+ (C) and DNGR-1+ LAMP-2+ phagosomes (D) are 
plotted of one individual experiment (each dot represents one image, 10 images, 
non-parametric t-test, Kolmogorov-Smirnov test, ns= non-significant, *: p=0.0382, 
****: p<0.0001).  
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6.2.16 Early DNGR-1+ phagosomes do not degrade OVA 

The degradative capacity of DNGR-1+ and LAMP-1+ phagosomes was also analysed 

by confocal microscopy by co-staining for OVA (Figure 6.37). The LAMP-1+ 

phagosomes observed in the post-pulse sample, were stained with anti-OVA 

suggesting that even though LAMP-1 had already been recruited, degradation had 

not yet started (Figure 6.37 A, indicated with asterisk). In line with the phagosomal 

flow cytometry data, LAMP-1+ phagosomes did not stain with OVA at late time points, 

indicating degradation of the OVA antigen bound to the bead (Figure 6.37 A, arrow). 

DNGR-1+ phagosomes in the post-pulse samples were also stained with anti-OVA, 

which reflects on the low degradative capacity of those compartments (Figure 6.37 

B, arrow). After 360 minutes however, as noted above, DNGR-1+ phagosomes were 

no longer apparent. There were a lot of phagosomes which were not stained with 

either DNGR-1 or OVA (indicated by asterisk). The images were analysed for OVA+ 

and OVA- phagosomes and, in line with what was observed by phagosomal flow 

cytometry, OVA- phagosomes were mainly present in the chase post-pulse samples 

(Figure 6.37 C and D). Interestingly, the OVA+ phagosome population decreased 

over time, mirroring a similar decrease of DNGR-1+ non-degradative phagosomes 

(Figure 6.36 C). Together with the data presented in Figure 6.36, these data suggest 

that DNGR-1+ phagosomes eventually mature and become degradative, which is in 

contrast to what was observed by phagosomal flow cytometry.  
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Figure 6.37: OVA is degraded in bead phagosomes over time. 
MuTuDCs were pulsed with FMO beads for 15 minutes. Free beads were washed 
away and cells were either immediately fixed or incubated for 6 hours before fixation. 
Cells were stained with DNGR-1, LAMP-1 and OVA antibodies and imaged using a 
confocal microscope (A, bar scales to 5µm). The arrow marks OVA-LAMP-2+ bead 
phagosomes (A) or OVA+ DNGR-1+ bead phagosomes (B). The asterisks mark 
OVA+LAMP-1+ bead phagosomes (A) or OVA-DNGR-1- (B). Phagosome counts of 
OVA- (C) or OVA+ (D) phagosomes are plotted of one individual experiment (each 
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dot represents one of 16 images, non-parametric t-test, Smirnov-Kolmogorov test, 
***p=0.006, ****: p<0.0001).  

6.2.17 DNGR-1 stains early phagosomes 

The confocal microscopy did largely validate the results of phagosomal flow 

cytometry but threw up some contradictory observations. The main one is that 

DNGR-1+ non-degradative phagosomes were absent at late time points of chase by 

microscopy but not flow cytometry. The two assays differed in many details but a key 

one was the pulsing time and temperature as well as the way the free beads were 

removed after the pulse. After much investigation, I began to suspect that more free 

beads remained after washing in the samples prepared for flow cytometry compared 

to those used for microscopy. Such beads could then be taken up afresh during the 

chase period resulting in a less clean chase analysis in the phagosomal flow 

cytometry. To assess this possibility, I included an inside-outside bead labelling step. 

After the chase but before cell disruption, the samples were stained with anti-OVA 

antibody plus a secondary antibody coupled to a fluorophore distinct from the one 

that was used later for the OVA staining on the bead. All staining in this setting will 

represent beads that were not fully internalised at the time before the cells were 

disrupted (i.e. free beads and phagocytic cups) and can be distinguished from beads 

that were fully internalised and (i.e. sealed phagosomes, Figure 6.38 A). Interestingly, 

the frequency of non-stained beads increased during the chase time, indicative of a 

constant uptake of new beads during the course of the experiment. The increase in 

uptake was especially dramatic for later time points. This result confirmed the 

suspicion that there were a lot of free beads remaining after the pulse in the flow 

cytometry analysis, which is in contrast to the microscopy experiment where most 

free beads were removed from the cells after the pulse. This in turn means that there 

is constant influx of freshly formed early phagosomes that stain with anti-DNGR-1 

but not anti-LAMP-2 (Figure 6.38 B, outside bead row). When the gating was 

performed on total phagosomes (as before) and compared to the specific gating on 

fully-internalised beads (those that are negative for the outside OVA staining 

performed before the cell disruption), clear differences in the DNGR-1+ and LAMP-

2+ populations could be observed (Figure 6.38 B total phagosomes compared to 

inside rows). In particular, the frequency of LAMP-2-DNGR-1+ phagosome population 

decreased over time, aligned with the microscopy results, whereas the frequency of 
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both LAMP-2+DNGR-1- and LAMP-2+DNGR-1+ populations increased by more than 

2-fold (Figure 6.38 C). These data suggest that the putative persistence of a DNGR-

1+ phagosome population over time in the earlier flow cytometry experiments can be 

attributable to inadequate blocking of continued phagocytosis during the chase 

period and continuous formation of new DNGR-1+ non-degradative phagosomes. As 

revealed by microscopy experiments (Figure 6.36 and Figure 6.37) together with the 

refined phagosomal flow cytometry protocol, DNGR-1+ phagosomes decrease over 

time of the chase with concomitant increase in a DNGR-1+Lamp-2+ phagosomal 

population. In other words, DNGR-1+ phagosomes eventually mature. 
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Figure 6.38: DNGR-1 is also stained also on outside beads. 
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MuTuDCs were pulsed with FMO beads and incubated for indicated time points. 
Prior to cell disruption, staining for outside beads was performed using anti-OVA 
followed by anti-rabbit-BV421 antibodies. Bead phagosomes were isolated, stained 
with DNGR-1, LAMP-2 as well as respective isotype control antibodies overnight and 
analysed by flow cytometry. Gating on inside or outside beads is shown of one 
representative experiment (A). Contour plots of total, inside and outside bead 
phagosomes were used to analyse the frequencies of DNGR-1+ and LAMP-2+ bead 
phagosome populations (B). Frequencies of different phagosome populations are 
plotted as mean ± standard deviation of three independent experiments (C).  

6.3 Discussion 

In this chapter, I attempted to characterise the properties of DNGR-1+ phagosomes 

by different techniques, such as electron microscopy, confocal microscopy and flow 

cytometry. Electron microscopy revealed that DNGR-1+ compartments as well as 

bead phagosomes are covered by a single lipid bilayer and do not have an unusual 

ultrastructure. These observations suggest that DNGR-1+ compartments are not 

associated with autophagolysosomes, recognisable by their characteristic cup-

shape, or that DNGR-1 locates to multi-vesicular bodies, which would be covered by 

multiple membrane layers. To analyse the localisation of DNGR-1+ bead 

phagosomes with respect to mitochondria, additional experiments would need to be 

performed to get more quantitative results.  

The pH analysis suggested that DNGR-1+ bead phagosomes in both reconstituted 

DNGR-1 KO MuTuDCs and WT MuTuDCs are acidic. The analysis performed did 

not trace the pH over time, nor did it analyse the effect of DNGR-1 triggering. 

Furthermore, both HPTS and lysotracker do not measure exact pH and cannot be 

used for tracing the pH over time due to photobleaching and conversion, respectively. 

Therefore, it is difficult to ascertain whether FMO bead phagosomes are less or more 

acidic compared to OVA bead phagosomes. Of note, lysotracker dyes might interfere 

with endocytic trafficking, since they accumulate within acidic compartments where 

they also act as proton sinks. A more quantitative and time-resolved pH analysis 

should be used, such as using FITC coupled to beads (464, 465). Since the 

chloroquine treatment did quench the fluorescence of the HPTS dye, the chloroquine 

cross-presentation data could not be correlated with the pH measurements. It 

remains unclear whether acidification of DNGR-1+ phagosomes is detrimental for 

cross-presentation, since chloroquine affects all acidic compartments and broadly 

blocks lysosomal proteases. Therefore, any increase in cross-presentation after 
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chloroquine treatment is most likely due to inhibition of lysosomal proteases rather 

than promoting a DNGR-1 specific effect. Since early DNGR-1+ phagosomes do not 

contain LAMP-1 or 2, they probably do not contain lysosomal proteases, indicating 

that the low pH will be without consequences with regards to protease activation. 

Nevertheless, upon fusion with lysosomes the low pH will ensure a fast activation of 

lysosomal cathepsins. However, the detected acidic environment is not in line with 

reports showing alkalinisation of phagosomes due to NADPH oxidase NOX2-

dependent production of ROS (376, 377). However, the studies used GM-CSF 

BMDCs, which include also macrophages and may differ in mechanisms of cross-

presentation. The comparison between MuTuDCs and Raw macrophages, 

furthermore highlights the differences in the intrinsic degradative potential between 

DCs and macrophages and underlines the need to use pure DCs culture for the 

analysis of cross-presentation. MuTuDCs show a much less efficient degradation of 

antigen when compared to Raw macrophages, which is in line with previous data 

indicating that DCs have lower expression of lysosomal proteases and, hence, a 

lower intrinsic proteolytic capacity (453). The kinetics of phagosome maturation in 

MuTuDCs are also slower compared to those in previous publications using GM-

CSF BMDC cultures (424). A side by side comparison of MuTuDCs or cDC1, cDC2 

and mixed GM-CSF BMDC cultures would be useful in order to fully validate this 

observation. 

The characterisation of the phagosomal compartments in MuTuDCs revealed a 

distinct DNGR-1+ phagosome population, which was non-degradative and contained 

MHC I as well as MHC II. A summary of all the different markers stained on DNGR-

1+ and Lamp-2+ phagosomes in shown in Table 6.1. The formation of DNGR-1+ 

phagosomes was independent of DNGR-1 engagement, as was their degradative 

potential and the recruitment of MHC I. DNGR-1+ phagosomes were marked by 

Rab14 and EEA1, which indicated that they correspond to an early endosomal 

compartment. Furthermore, TAP was specifically recruited, suggesting that DNGR-

1+ phagosomes could potentially serve as independent cross-presentation 

compartments. However, I did not find any evidence for intra-phagosomal loading of 

MHC I with SIINFEKL peptide within DNGR-1+ or LAMP-2+ phagosomes. The 

analysis of intra-phagosomal MHC I loading is hindered by the low sensitivity of the 

25-D1.16 antibody, but also by contaminations in the phagosome preparations: I 

detected calnexin on both DNGR-1 and LAMP-2 phagosomes, which suggests that 
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ER membranes might adhere to the phagosomes. Alternatively, it cannot be 

excluded that ER membranes are specifically fusing with DNGR-1+ and LAMP-2+ 

phagosomes (361, 362, 364). 

The analysis of phagosomal compartments in intact cells by microscopy in 

combination with the refined phagosomal flow cytometry assay revealed that DNGR-

1+ phagosomes do eventually mature. In fact, DNGR-1 was absent from all 

phagosomes after 6 hours of chase, indicating that the receptor is either recycled or 

degraded. Further analysis will be required to fully understand the kinetics of DNGR-

1+ and LAMP-2+ phagosomes. The C-terminally tagged DNGR-1-mCherry construct 

mentioned in chapter 5 could be useful to study the dynamics of DNGR-1+ 

phagosomes in real-time and to help to validate the anti-DNGR-1 antibody staining, 

which shows great batch-to-batch variability (data not shown). The microscopy 

experiments furthermore revealed, that the phagosomal flow cytometry assay is 

marred by the continuous uptake of beads and formation of new phagosomes, and 

can therefore not be used to study kinetics. Importantly, gating on internalised beads 

can only partially resolve this issue, as it excludes only non-internalised beads and 

phagocytic cups but not newly-formed phagosomes, which will skew the kinetic 

analysis towards early phagosome populations. The latter is particularly important 

when later time points are considered. However, the microscopy also has its 

disadvantages for kinetic studies as LAMP-1+ phagosomes were detected already in 

the post-pulse samples. More optimisation in terms of pulsing times and 

temperatures will be needed to improve the staining and increase the temporal 

resolution of the assay. In future experiments, the recruitment of MHC I and II will 

need to be reassessed preferably by microscopy as, at this stage, I cannot formally 

exclude that the staining for MHC on DNGR-1+ phagosomes is due to internalisation 

of surface molecules during phagocytosis. In addition, the comparison between FMO 

and OVA beads phagosomes in terms of maturation and antigen degradation should 

be analysed by microscopy, since the presented flow cytometry analysis might not 

have revealed a potential effect due to the contamination with early phagocytic 

compartments. 

Two studies have suggested a role for TLR triggering has been implicated in shaping 

the phagosomal compartments to promote cross-presentation (383, 384). 

Interestingly, MuTuDCs do not upregulate expression of co-stimulatory molecules in 

response to LPS, which was the main TLR agonist used in both studies. In line with 
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this, no effect on the phagosome properties was observed when MuTuDCs were 

treated with even high-doses of LPS. Both Alloatti et al. and Nair-Gupta et al., used 

LPS treated GM-CSF BMDCs and it is highly likely that the detected effects on the 

phagosome populations can be assigned to the macrophages in those cultures. In 

contrast to TLR4, TLR3 expression is 5 times higher in splenic cDC1 compared to 

cDC2s or red pulp macrophages (Immgen database). In line with this, poly(I:C) 

treatment of MuTuDCs induced robust expression of co-stimulatory molecules and 

strongly enhanced cross-presentation. Furthermore, TLR3 was also present on both 

DNGR-1+ and LAMP-2+ phagosomes, which could enable a direct regulation of the 

phagosomal properties by TLR3 triggering. Even though in two experiments the 

degradative potential of LAMP-2+ phagosomes seemed to be reduced upon poly(I:C) 

treatment, there was no effect detected on DNGR-1+ phagosomes. Since TLR3 

triggering did not change antigen degradation in DNGR-1+ or LAMP-2+ phagosomes 

it is likely that the observed enhancement in the T cell response is mainly due to the 

ability of poly(I:C) to promote higher expression of co-stimulatory molecules or 

cytokines by cDC1s rather than its capacity to increase cross-presentation. In fact, 

type I interferon induced by poly(I:C) accounts for up to 60% of the increase in the T 

cell response (unpublished data).  

I also investigated a role for DNGR-1 in mediating the release of antigens into the 

cytosol. Galectins are cytosolic sensors for membrane damage owing to their ability 

to bind to sugars associated with luminal proteins within endocytic compartments 

(451). Interestingly, DNGR-1+ but not LAMP-2+ phagosomes stained for galectin-8, 

indicating that this phagosome population might indeed be accessible for cytosolic 

proteins. It is appealing to think that antigen release happens specifically at the stage 

of early phagosomes, rather than at later stages, as the release of lysosomal 

proteases can cause cell death (466) and cross-presentation via the cytosolic 

pathway requires P2C release of undegraded antigen. When the capacity of FMO 

and OVA beads to recruit mCherry-galectin-3 was compared, the frequency of 

mCherry-galcetin-3+ FMO bead phagosomes was much higher, indicating that 

mCherry-galectin-3 was recruited in a DNGR-1 ligand-dependent manner. This is 

preliminary, yet exciting evidence that DNGR-1 might regulate phagosomal 

membrane stability and provides the first hint of how DNGR-1 is promoting cross-

presentation of dead cell-associated antigens. These observations deserve further 

validation and together with the results in chapter 7 open up new lines of investigation. 
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In the short term, it will be important to validate the involvement of DNGR-1 signalling 

by comparing various DNGR-1 mutants, e.g. Y7F, E4A, E5A, E4/5A. In addition, 

electron microscopy could be used to reveal even transient membrane rupture 

events, as membrane integrity might be restored upon mCherry-galectin-3 

recruitment to specific phagosomes. Moreover, it would be also useful to examine 

whether mCherry-galectin-3+ phagosomes are DNGR-1+, LAMP-2+ and if they still 

contain OVA. Live cell imaging experiments using DNGR-1-mCherry, LAMP-2-gfp or 

gfp-galectin-3 could reveal the kinetics of DNGR-1+ phagosome damage and 

maturation and help to understand the receptor but also DNGR-1+ phagosome 

dynamics. However, the main future challenge will be to link the phagosomal rupture 

to the effect on cross-presentation. 

Taken together, the data in this chapter suggest that DNGR-1 defines an early 

slowly-maturing non-degradative phagosome population and potentially mediates, 

upon ligand binding, the accessibility of the phagosomal lumen and P2C transfer of 

antigen. Further analysis will reveal how any putative DNGR-1-mediated membrane 

instability is linked to the ability of the receptor to promote cross-presentation of dead 

cell-associated antigens. However, ligand induced DNGR-1 signalling on early 

phagosomes might reduce the kinetics of maturation and recruit proteins inducing 

membrane instability or inhibit the recruitment of proteins involved in membrane 

repair. 
Table 6.1: Markers stained on DNGR-1+ and Lamp-2+ phagosome populations after 
60 minutes of chase. 
+ = positive staining, - = no staining, -/+ = partial staining of the respective 
phagosome population 
Marker DNGR-1+ phagosomes LAMP-2+ phagosomes 
DNGR-1 + -/+ 
LAMP-2 -/+ + 
MHC I + - 
MHC II -/+ + 
OVA  + - 
Syk + + 
EEA1 + - 
Rab14 + + 
calnexin -/+ + 
TAP + - 
galectin-8 + - 
TLR3 -/+ + 
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Chapter 7. Proteomic analysis of distinct phagosome 
populations 

7.1 Introduction 

The phagosomal flow cytometry was a hypothesis-driven approach to test whether 

DNGR-1 engagement impacted phagosomal maturation kinetics or the degradative 

capacity of specific phagosome populations. To investigate the role of phagosomal 

DNGR-1 in cross-presentation in a more unbiased way, a mass spectrometry 

approach was chosen. 

The first proteomic analysis of phagosomes was reported more than 20 years ago 

by Desjardins et al., who also developed the procedure for the isolation of latex bead 

phagosomes on sucrose gradients (426). The initial studies used 2D gel 

electrophoresis to separate the proteins and the identification was performed by 

western blotting, which was limited in resolution and sensitivity to only a few hundred 

proteins. In 2001, the first mass spectrometry on phagosomes was performed using 

Desjardins’s phagosome isolation and 2D gel electrophoresis separation, but then 

followed by mass spectrometry for protein identification (467). About 140 proteins 

were identified, including components of the V-ATPase, GTPases and other 

lysosomal proteins. Following up on these initial studies, multiple reports have used 

the sucrose gradient to isolate pure phagosomes from different cell types and 

containing different cargo, such as latex beads but also bacteria (468-472). These 

proteomic approaches resulted in a better understanding of the molecular events 

regulating phagosome maturation and helped to define a highly conserved 

phagosomal core proteome through the comparison between different species, such 

as phagosomes derived from Dictyostelium (473), Drosophila (469) and mouse (472). 

Notably, phagosomal proteomics also revealed for the first time that ER membrane 

proteins were present in phagosomes and established the concept of ER-mediated 

phagocytosis (474), which was later on linked with antigen cross-presentation (362, 

364). Due to major advances in quantitative proteomics in the last 15 years through 

the development of stable isotope labelling by amino acids in cell culture (SILAC) 

dimethyl labelling, or tandem mass tag (TMT) labelling protein abundances in up to 

10 different samples can now be compared (475-477). The increase in sensitivity of 



Chapter 7. Results 

 

186 

 

state-of-the-art mass spectrometry approaches resulted in the detection of 2,000-

4,000 phagosomal proteins reported in multiple studies (478-481) and also allows 

for the analysis of post-translational modifications, which led to the notion that 

phagosomes serve as signalling platforms (472, 482). 

However, these phagosomal proteome analyses do not distinguish between 

individual phagosome populations. In order to dissect the potential role of DNGR-1+ 

phagosomes in cross-presentation, it was important to examine DNGR-1+ and 

LAMP-2+ individually. As briefly discussed in chapter 6.2.10, both DNGR-1+ and 

LAMP-2+ phagosomes could be purified by FACS. Therefore, I set out to refine and 

optimise the phagosomal sorting approach to obtain sufficient amounts of protein 

from DNGR-1+ and LAMP-2+ phagosomes to perform mass spectrometry. Moreover, 

together with the mass spectrometry STP of the Francis Crick Institute we used label-

free mass spectrometry as well as TMT labelling to detect DNGR-1+ and LAMP-2+ 

phagosome specific proteins and characterise the two populations. Finally, we also 

compared OVA and FMO phagosomes to dissect the impact of DNGR-1 ligand within 

the phagosome and get more insights into how DNGR-1 signalling might shape the 

phagosome. 

7.2 Results 

7.2.1 Endo-lysosomal proteins can be detected in crude phagosome 
preparations by mass spectrometry 

The first attempt to detect phagosomal proteins was performed using crude bulk 

phagosomal preparations. WT MuTuDCs were pulsed with FMO beads and chased 

for 4 hours to allow for sufficient recruitment of LAMP-2. Since the phagosomes are 

stored in 1% BSA, protein quantification assays such as the BCA assay are not 

informative in terms of the amount of phagosomal proteins in the preparations. These 

stored samples were solubilised in RIPA buffer and the bead pellet was separated 

from the supernatant containing solubilised proteins before boiling the samples in 

Laemmli buffer. The samples were run on an SDS gel, which was then silver stained 

(Figure 7.1 A). The pellet fractions either from free FMO beads or phagosomal 

preparations did not show a lot of protein bands (P lanes), indicating that the 

solubilisation protocol worked. In all supernatant lanes, several protein bands could 

be detected for both free beads and phagosome samples (S and S1-4 lanes). Lane 
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S4, containing 40x106 solubilised phagosomes, was excised, de-stained, cut into 13 

slices and analysed by liquid chromatography-tandem mass spectrometry (LC-

MS/MS) on an Orbitrap Fusion Lumos Tribid mass spectrometer by Peter Faull from 

the Proteomics STP of the Francis Crick Institute. In this initial experiment we 

detected and identified about 3,100 proteins (iBAQ algorithm). Not surprisingly, the 

most abundant protein detected was BSA (Figure 7.1 B), but, nevertheless, LAMP-

1 and 2 as well as DNGR-1 could also be detected in the phagosome preparation. 

This data indicated that phagosomal proteins were enriched in the crude phagosomal 

isolations.  
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Figure 7.1: LAMP-1/2 and DNGR-1 can be detected by mass spectrometry in crude 
phagosome preparations. 
MuTuDCs were pulsed with FMO beads and chased for 4 hours. Bead phagosomes 
were isolated, run on an SDS gel together with FMO beads and silver stained (A, L: 
ladder, S: supernatant, P: pellet, FMO beads: 5x106/lane, S1: 5x106/lane, S2: 
10x106/lane, S3: 20x106/lane, S4: 40x106/lane). The gel lane S4 was excised and 
cut into 13 slices which were de-stained, in-gel digested and run on a 90 minute 
gradient on an Orbitrap Fusion Lumos Tribid mass spectrometer (LC-MS/MS). 
Protein numbers were plotted against iBAQ values (B, mass spectrometry and data 
analysis were performed by Peter Faull, Proteomics STP). 
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7.2.2 DNGR-1+ and LAMP-2+ phagosomes can be isolated by flow cytometry 

In chapter 6.2.10, the FACS-based isolation of DNGR-1+ and LAMP-2+ phagosomes 

was briefly outlined. Given that in order to isolate around 4-7x106 DNGR-1+ or LAMP-

2+ phagosomes 7 hours of sorting were required (input 2x109 microbeads), 

alternative approaches were considered. A potential alternative to FACS is magnetic-

activated cell sorting (MACS), which is much faster. MuTuDCs were pulsed with 

FMO beads and, after 4 hours of incubation, phagosomes were isolated and stained 

with anti-DNGR-1, anti-MHC I and anti-LAMP-2 antibodies. The phagosomes were 

then labelled with magnetic beads targeting the fluorophores coupled to the primary 

antibodies used. The magnetically labelled phagosomes were run through a column 

and the flow through was then analysed by flow cytometry. Surprisingly, no depletion 

of either phagosome population was observed (Figure 7.2). This indicated that 

phagosomes cannot be enriched by MACS. 

 
Figure 7.2: Phagosome populations cannot be enriched by MACS. 
MuTuDCs were pulsed with FMO beads and incubated for 4 hours. Bead 
phagosomes were isolated and stained with DNGR-1-PE, MHC I-PE and LAMP-2-
AF647 antibodies. For the isolation anti-PE and anti-AF647 microbeads were used. 
Input and post-MACS samples were analysed by flow cytometry. This experiment 
has been performed once. 
 

Consequently, the isolation of DNGR-1+ and LAMP-2+ phagosomes was performed 

again by FACS (Figure 7.3 A, with the help of the flow cytometry STP of the Francis 

Crick Institute). From similar input samples and population frequencies, both LAMP-

2+ and DNGR-1+ phagosomes could be isolated with varying purities. As observed 

in chapter 6.2.10, the LAMP-2+ phagosomes are almost 97% pure, however, the 
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DNGR-1+ phagosomes are only enriched 2-fold compared to the input sample due 

to a large amount of LAMP-2-DNGR-1- phagosomes. In addition, the sorted samples 

were also analysed by ImageStream to visualise the individually stained 

phagosomes (Figure 7.3 B, with the help of Hefin Rhys, flow cytometry STP of the 

Francis Crick Institute). In the brightfield images the microbeads can be seen, which 

are then specifically stained with DNGR-1 or LAMP-2 antibodies, but not double 

labelled. 

 
Figure 7.3: Distinct phagosome populations can be isolated by FACS. 
MuTuDCs were pulsed with FMO beads and chased for 4 hours. Bead phagosomes 
were isolated and stained with DNGR-1-PE and LAMP-2-FITC antibodies. DNGR-1+ 
and LAMP-2+ phagosome populations were sorted and the sort purity was checked 
by flow cytometry (A). Representative contour plots of 10 independent experiments 
are shown. Samples of the sorted phagosome populations were analysed by in the 
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ImageStream analyser (B). Representative images of one experiment are shown 
gated on the stained phagosomes. 

7.2.3 Label-free proteomic analysis of DNGR-1+ and LAMP-2+ phagosomes 

Both DNGR-1+ and LAMP-2+ phagosomes could be isolated and enriched by FACS, 

albeit to different purities. Therefore, I set out to analyse their proteome together with 

Peter Faull from the Proteomics STP in the Francis Crick Institute. As a negative 

control, lysate and also DNGR-1-LAMP-2- double negative (DN) phagosomes were 

sorted (Figure 7.4 A). In order to obtain around 60x106 phagosomes per population, 

4 individual experiments were pooled for the analysis. In all 4 sorts the purity of 

DNGR-1+ phagosomes was around 35-45%, whereas both LAMP-2+ and DN 

phagosomes were about 90% pure. The low purity of DNGR-1 phagosomes is 

discussed in greater detail in section 7.2.4. The samples were then analysed by LC-

MS/MS using an Orbitrap Fusion Lumos Tribid mass spectrometer, which was 

performed by Peter Faull. Overall, about 1,600 proteins were detected in the different 

phagosomal samples and about 3,200 proteins were detected in the lysate sample 

(LFQ algorithm). The normalised intensities of DNGR-1, LAMP-1, LAMP-2 and OVA 

were compared in the individual samples, which were injected as technical triplicates. 

LAMP-1 and LAMP-2 were enriched in LAMP-2+ phagosome samples compared to 

lysate and the other 2 phagosome populations. LAMP-2+ phagosomes also 

contained lower amounts of OVA compared to the other phagosome samples. This 

validated the results from the phagosomal flow cytometry that showed that only 

LAMP-2+ phagosomes degraded the OVA antigen (Figure 6.9). DNGR-1 was 

enriched in phagosome samples over lysate but, when compared to the other 

phagosome samples, the enrichment was very low. Nevertheless, when a 2D 

principal component analysis (PCA) was performed comparing the differences in the 

three samples, the three phagosomal types clustered apart from each other and also 

apart from the lysate sample (Figure 7.4 C). Of note, the triplicates of each of the 

three phagosome samples clustered closely together, which indicates for only 

minimal variability between the three technical replicate injections. The PCA 

suggested that all three phagosome populations had unique proteomic fingerprints 

and that the DNGR-1+ and DN populations were less different from each other as 

when compared to the LAMP-2+ phagosomes. 
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Figure 7.4: DNGR-1 and LAMP-2 can be detected in distinct isolated phagosome 
populations. 
MuTuDCs were pulsed with FMO beads and chased for 4 hours. Bead phagosomes 
were isolated and stained with DNGR-1-PE and LAMP-2-FITC antibodies. DNGR-
1+, LAMP-2+ and double negative phagosome populations were sorted (A). Sorted 
phagosomes from 4 independent experiments were pooled, solubilised, digested 
and prepared for label-free mass spectrometry. MuTuDC lysate was included in the 
analysis as well. The samples were run in technical triplicates on an Orbitrap Fusion 
Lumos Tribid mass spectrometer (Peter Faull, Proteomics STP). Normalised 
intensities were plotted for the individual samples (B). A 2D principal component 
analysis was performed comparing the triplicate values of four different samples (C). 
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The data were visualised using a volcano plot and individual proteins enriched in the 

different samples were identified (Figure 7.5). In line with the PCA plot, DN and 

DNGR-1+ phagosomes were more similar to each other than LAMP-2+ and DN 

phagosomes (Figure 7.5 A and B, for identities of enriched proteins see appendix 

tables 9.1 and 9.2, respectively). 109 proteins were enriched in DNGR-1+ over DN 

phagosomes (appendix table 9.1). Most of those proteins were from either the ER 

(30%) or the plasma membrane (34%). Only a few proteins were endosomal (13%) 

or lysosomal (7%). In comparison, 184 proteins were enriched in the LAMP-2+ over 

DN phagosome (appendix table 9.2). The majority of those were lysosomal (30%) or 

endosomal (18.5%). 15% were ER proteins and 23% were from the plasma 

membrane. The lower enrichment of proteins in DNGR-1+ over DN phagosomes is, 

presumably, reflective of the high abundance of contaminating DN phagosomes in 

the DNGR-1+ samples, which are absent from the LAMP-2+ samples. However, when 

DNGR-1+ phagosomes were compared to LAMP-2+ phagosomes, LAMP-1 and 

LAMP-2 were enriched in LAMP-2+ samples and DNGR-1 and OVA were enriched 

in DNGR-1+ samples (Figure 7.5 C). 
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Figure 7.5: DNGR-1 and OVA are enriched in DNGR-1+ phagosomes. 
Sorted DNGR-1+, LAMP-2+ and double negative (DN) phagosomes from 3 
independent experiments were pooled, solubilised, digested and prepared for label 
free mass spectrometry. The samples were run in technical triplicates on a Lumos 
Orbitrap mass spectrometer (Peter Faull, Proteomics STP). Two-sample welch test 
was performed comparing DNGR-1+ to DN (A), LAMP-2+ to DN (B) and DNGR-1+ to 
LAMP-2+ (C) phagosomes. Vertical line indicates for a p-value of 0.05 and horizontal 
lines indicate for a fold change of -2 or 2. 
 

The identification of DNGR-1+ and LAMP-2+ phagosome-enriched proteins was 

performed with the help of the volcano plot in figure 7.5 C. The cut off was set to a 

fold change of a minimum of 2 and with a 90% confidence interval, corresponding to 

a p-value of 0.05. In DNGR-1+ phagosomes 278 proteins were significantly enriched, 

whereas 222 proteins were enriched in the LAMP-2+ phagosomes (Figure 7.6 A). 
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Importantly, a large proportion of the DNGR-1+ phagosome-specific hits were actin-

binding proteins (ABPs, Figure 7.6 B). This is probably caused by four factors. Firstly, 

the DN “phagosomes” contaminating the DNGR-1+ samples could be membrane-

less FMO beads, to which ABPs will attach upon cell disruption; secondly, isolated 

phagosomes are accessible to antibodies for staining (used for sorting) and, by the 

same token, might be accessible to ABPs in the lysate that bind to F-actin bound to 

the bead within the phagosome. Why this would predominantly be seen with DNGR-

1+ phagosomes is indicative for the fact that they are non-degradative and, therefore, 

will contain more bead-bound F-actin than LAMP-2+ phagosomes. Thirdly, the ABPs 

detected could also reflect on impurities of the actin and myosin preparations used 

for the bead coating, which might be preferentially lost by degradation in LAMP-2+ 

phagosomes. Fourthly, actin association and organisation is important in the 

regulation of phagosome internalisation (483-485) and maturation (486, 487), and, 

therefore, the ABPs found on DNGR-1+ phagosomes could also indicate for a 

differential regulation of endo-lysosomal fusion with DNGR-1+ phagosomes 

compared to LAMP-2+ phagosomes. 

 
Figure 7.6: Proteins enriched in DNGR-1+ phagosomes. 
Sorted DNGR-1+, LAMP-2+ phagosomes from 3 independent experiments were 
pooled, solubilised, digested and prepared for label free mass spectrometry. The 
samples were run in technical triplicates on a Lumos Orbitrap mass spectrometer 
(Peter Faull, Proteomics STP). Two-sample welch test was performed comparing 
and DNGR-1+ to LAMP-2+ phagosomes (A, B). Proteins enriched in DNGR-1+ 
phagosomes are highlighted in red and proteins down-regulated in DNGR-1+ 
phagosomes are highlighted in blue (A). Actin-binding proteins (ABPs) enriched in 
DNGR-1+ phagosomes are highlighted in black (B). The horizontal line indicates for 
a p-value of 0.05 and vertical lines indicate for a fold change of -2 and 2. 
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For these reasons, the list of 278 identified proteins was filtered to exclude ABPs, 

but also proteins usually located to the nucleus or mitochondria, as well as for 

proteins associated with cell division, protein translation or secreted extracellular 

proteins. Notably, this strategy possibly excludes some interesting proteins from the 

further analysis, but works under the assumption that proteins potentially shaping the 

phagosomal properties should mainly be associated with plasma and intracellular 

membranes or the cytosol. The remaining 68 proteins are listed in Table 7.1 and 

include 33 proteins located to the plasma membrane (48.5%), 7 proteins located to 

the ER (10.3%), 6 located to the Golgi (8.8%), 3 located to lysosomes and 3 located 

to endosomes (4.4% each).  

 
Table 7.1: Proteins with higher abundance in DNGR-1+ phagosomes compared to 
LAMP-2+ phagosomes. 
Proteins (total of 68) were selected based on the volcano plot in Figure 7.6A (red 
dots, p-value<0.05). All actin-binding protein and proteins associated with 
transcription, mitochondria, splicing, translation, DNA organisation and secreted 
proteins (total of 210) were removed from the selection (based on uniprot entries). 
Proteins are sorted based on their fold change (log 2).  
Gene  Protein Fold 

change 
(log2) 

Localisation 

Casq1 calsequestrin-1 7.0 ER, mitochondrion 
Atp2a1 sarcoplasmic/endoplasmic 

reticulum calcium ATPase 1 
5.5 ER 

Erc1 ELKS/Rab6-interacting/CAST 
family member 1 

4.4 cytoskeleton, Golgi, 
Cytoplasm, membrane 

Amica1 junctional adhesion molecule-
like 

4.0 plasma membrane 

Dlg1 disks large homolog 1 3.8 plasma membrane, ER 
Serpinb14 ovalbumin 3.4 FMO bead 
Ubr7 putative E3 ubiquitin-protein 

ligase UBR7 
3.2 unknown 

Slc7a5 large neutral amino acids 
transporter small subunit 1 

2.6 plasma membrane, 
lysosome 

Trappc6b trafficking protein particle 
complex subunit 6B 

2.6 ER, Golgi 

Pip4k2 phosphatidylinositol 5-
phosphate 4-kinase type-2 
gamma 

2.3 plasma membrane, 
nucleus, cytoplasm 

Nrp1 neuropilin-1 2.3 membrane 
Pdcl3 phosducin-like protein 3 2.3 cytoplasm 
Siglec5 sialic acid-binding Ig-like lectin 5 2.2 lysosome 
Ampd1 AMP deaminase 1 2.1 cytoplasm 
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Atp1b3 sodium/potassium-transporting 
ATPase subunit beta-3 

2.1 plasma membrane 

Dennd4b DENN domain-containing 
protein 4B 

2.0 Golgi 

Itgb2 integrin beta-2 2.0 plasma membrane 
Ehd4 EH domain-containing protein 4 1.9 plasma membrane, 

endosome 
Abcc1 multidrug resistance-associated 

protein 1 
1.9 plasma membrane 

Lman1 protein ERGIC-53 1.8 ER, Golgi 
Alcam CD166 antigen 1.8 plasma membrane 
Psmc5 26S proteasome regulatory 

subunit 8 
1.8 nucleus, cytoplasm 

Cd244 natural killer cell receptor 2B4 1.8 plasma membrane 
Lrrc25 leucine-rich repeat-containing 

protein 25 
1.7 membrane 

Fabp5 fatty acid-binding protein, 
epidermal 

1.6 nucleus, plasma 
membrane, secreted 

Evi2a protein EVI2A 1.6 unknown 
Mkrn1 E3 ubiquitin-protein ligase 

makorin-1 
1.6 unknown 

Itga6 integrin alpha-6 1.6 plasma membrane 
Cd48 CD48 antigen 1.5 plasma membrane 
Ube2o E2/E3 hybrid ubiquitin-protein 

ligase UBE2O 
1.5 nucleus, cytoplasm 

Nbeal2 neurobeachin-like protein 2 1.5 ER 
Epha2 ephrin type-A receptor 2 1.5 plasma membrane 
Gfpt1 glutamine-fructose-6-phosphate 

aminotransferase [isomerizing] 
1 

1.5 unknown 

Clec9a C-type lectin domain family 9 
member A 

1.5 plasma membrane 

Itga4 integrin alpha-4 1.4 membrane 
Atp1a1 sodium/potassium-transporting 

ATPase subunit alpha-1 
1.4 plasma membrane 

Dcxr L-xylulose reductase 1.4 plasma membrane 
Git1 ARF GTPase-activating protein 

GIT1 
1.4 cytoplasm 

Tagln2 transgelin-2 1.3 unknown 
Pik3ap1 phosphoinositide 3-kinase 

adapter protein 1 
1.3 plasma membrane 

Emb embigin 1.3 plasma membrane 
Itga5 integrin alpha-5 1.3 membrane  
Itgal integrin alpha-L 1.3 plasma membrane 
Pgk2 phosphoglycerate kinase 2 1.3 cytoplasm 
Ide insulin-degrading enzyme 1.3 cytoplasm, secreted 
Clint1 clathrin interactor 1 1.3 cytoplasm, clathrin-

coated vesicles 
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Entpd1 ectonucleoside triphosphate 
diphosphohydrolase 1 

1.3 membrane 

Urod uroporphyrinogen 
decarboxylase 

1.3 cytoplasm 

Slc3a2 4F2 cell-surface antigen heavy 
chain 

1.3 plasma membrane, 
lysosome 

Cd44 CD44 antigen 1.2 plasma membrane 
Psmd7 26S proteasome non-ATPase 

regulatory subunit 7 
 

1.2 cytoplasm 

Anpep aminopeptidase N 1.2 plasma membrane 
Snx9 sorting nexin-9 1.2 plasma membrane, 

Golgi 
Icam1 intercellular adhesion molecule 

1 
1.2 membrane 

Pbdc1 protein PBDC1 1.2 unknown 
Fgd2 FYVE, RhoGEF and PH 

domain-containing protein 2 
1.2 plasma membrane, 

nucleus, cytoskeleton, 
early endosome, 
cytoplasm 

Cadm1 cell adhesion molecule 1 1.2 plasma membrane 
Nomo1 nodal modulator 1 1.1 membrane 
Ptprc receptor-type tyrosine-protein 

phosphatase C 
1.1 plasma membrane 

Vps28 vacuolar protein sorting-
associated protein 28 homolog 

1.1 endosome, plasma 
membrane 

Akap9 A-kinase anchor protein 9 1.1 centrosome, Golgi, 
cytoplasm 

Csnk2b casein kinase II subunit beta 1.1 plasma membrane, 
nucleus 

Slc6a6 sodium- and chloride-dependent 
taurine transporter 

1.1 plasma membrane 

Tmx3 protein disulfide-isomerase 
TMX3 

1.1 ER 

Itgb5 integrin beta-5 1.1 plasma membrane 
Fam120a constitutive coactivator of 

PPAR-gamma-like protein 1 
1.1 plasma membrane 

Slc1a5 neutral amino acid transporter 
B(0) 

1.1 plasma membrane 

 

In contrast, the 222 proteins enriched in the LAMP-2+ phagosomes compared to 

DNGR-1+ phagosomes were filtered again as described above and consisted mainly 

of lysosomal proteins (78 proteins were filtered out). Of the 30 highest enriched 

proteins, 16 proteins were at least partially lysosomal or late endosomal (Table 7.2; 

for remaining 114 proteins enriched see appendix table 9.3). When all enriched 

proteins were considered, the majority was located to the lysosome (39%), whereas 



Chapter 7. Results 

 

199 

 

26% were plasma membrane proteins, 12.5% ER-resident proteins and 18% were 

endosomal proteins. Of note, the enrichment of LAMP-2+ phagosome-specific 

proteins was much stronger compared to the enrichment of proteins observed for the 

DNGR-1+ phagosomes, indicated by the higher fold changes. This suggests once 

again, that the poor purity of DNGR-1+ phagosomes might hinder proteomic 

characterisation. In addition, DNGR-1+ phagosomes contained higher amounts of 

OVA and F-actin/myosin II, which could potentially mask lower abundance peptides. 

Collectively, the data suggested that DNGR-1+ phagosomes resembled more early 

endosomal phagosomes containing mainly plasma membrane and ER resident 

proteins and only few endosomal or lysosomal proteins as revealed by both the 

comparison to DN or LAMP-2+ phagosomes. In contrast, LAMP-2+ phagosomes 

contained mainly lysosomal proteins and a smaller amount of ER proteins. 

Interestingly, a lot of the enriched proteins are membrane proteins and fewer soluble 

proteins were detected. Due to the accessibility of the phagosomal lumen in both 

DNGR-1+ and LAMP-2+ populations, as discussed in chapter 6, soluble proteins 

might be less informative, since they could just reflect differential membrane stability 

of the phagosomes. 

 
Table 7.2: Proteins with lower abundance in DNGR-1+ phagosomes compared to 
LAMP-2+ phagosomes. 
Proteins (total of 222) were selected based on the volcano plot in Figure 7.6 A (blue 
dots, p-value<0.05). All actin-binding protein and proteins associated with 
transcription, splicing, translation and DNA organisation or secreted proteins (total of 
78) were removed from the selection (based on uniprot entries). The 30 highest 
enriched proteins are sorted based on their fold change (log 2).  
Gene Protein Fold 

change 
(log2) 

Localisation 

Stx8 syntaxin-8 -9.3 membrane 
Slc31a1 high affinity copper uptake protein 

1 
-8.9 plasma membrane 

Hgsnat heparan-alpha-glucosamide N-
acetyltransferase 

-8.4 lysosome 

Slc31a2 probable low affinity copper 
uptake protein 2 

-8.3 membrane 

Mfsd1 major facilitator superfamily 
domain-containing protein 1 

-7.8 membrane 

Acp2 lysosomal acid phosphatase -7.3 lysosome 
Stard3nl MLN64 N-terminal domain 

homolog 
-6.9 late endosome 



Chapter 7. Results 

 

200 

 

Slc15a4 solute carrier family 15 member 4 -6.8 membrane 
Rnf13 E3 ubiquitin-protein ligase RNF13 -6.6 cytoplasm, nucleus, 

late endosomes, 
lysosomes 

Slc35f6 solute carrier family 35 member 
F6 

-6.5 lysosome, 
mitochondria 

Tmem192 transmembrane protein 192 -6.3 lysosome, late 
endosome 

Slc37a2 sugar phosphate exchanger 2 -6.2 ER 
Rab39a Ras-related protein Rab-39A -6.2 plasma membrane, 

lysosome 
Tmem106b transmembrane protein 106B -6.1 lysosome, late 

endosome 
Scarb2 lysosome membrane protein 2 -6.0 lysosome 
Sppl2a signal peptide peptidase-like 2A -6.0 lysosome, late 

endosome 
Mon1b vacuolar fusion protein MON1 

homolog B 
-6.0 endosome 

Gabarapl2 gamma-aminobutyric acid 
receptor-associated protein-like 2 

-5.8 Golgi 

Stk11ip serine/threonine-protein kinase 
11-interacting protein 

-5.8 unknown 

Rab9a Ras-related protein Rab-9A -5.7 plasma membrane, 
Golgi, ER, 
endosome 

Nipsnap1 protein NipSnap homolog 1 -5.6 plasma membrane, 
mitochondrion 

Clcn7 H(+)/Cl(-) exchange transporter 7 -5.5 lysosome 
Npc1 Niemann-Pick C1 protein -5.5 late endosome, 

lysosome 
Ccz1 vacuolar fusion protein CCZ1 

homolog 
-5.4 lysosome 

Vamp2 vesicle-associated membrane 
protein 2 

-5.4 plasma membrane 

Rab19 Ras-related protein Rab-19 -5.3 plasma membrane 
Wdr91 WD repeat-containing protein 91 -5.0 early endosome 
Tpcn2 two pore calcium channel protein 

2 
-4.9 lysosome 

Glmp glycosylated lysosomal 
membrane protein 

-4.9 lysosome 

Atp6v1g1 V-type proton ATPase subunit G 
1 

-4.8 plasma membrane, 
cytoplasm, 
lysosome 

 

The purity of DNGR-1+ phagosomes was usually between 35 and 45%, which implied 

that the majority of phagosomes isolated actually were DN phagosomes. To increase 

the purity of DNGR-1+ phagosomes, different strategies were tested. Initially, I 
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checked whether the post-sort DN phagosomes in the DNGR-1+ samples were the 

result of a loss of antibody staining during the procedure of the sort. Therefore, a 

DNGR-1+ phagosome sample was restained after the sort to reveal any DNGR-1+ 

phagosomes hidden within the DN population (Figure 7.7). After the usual sort 

procedure around 51% DNGR-1+ phagosomes were detected in the sample. 

However, after a second staining of the sorted sample with the DNGR-1-PE antibody, 

the frequency of DNGR-1+ phagosomes did not increase (53%), indicating that the 

DN phagosomes detected were not caused by a loss of staining. 

 
Figure 7.7: Restaining with DNGR-1-PE antibody does not reveal a higher purity. 
MuTuDCs were pulsed with OVA beads and chased for 4 hours. Bead phagosomes 
were isolated and stained with DNGR-1-PE and LAMP-2-FITC antibodies overnight. 
Phagosomes were labelled with the lipophilic CLARET dye and analysed by flow 
cytometry. DNGR-1+ phagosomes were sorted and their purity was analysed by flow 
cytometry. A part of the sorted sample was re-stained with DNGR-1-PE antibody 
(sorted DNGR-1+ restained). The shown plots are representative for 2 independent 
experiments. The sorting was performed together with the flow cytometry STP. 
 

To ensure that the DN phagosomes in the preparations were truly phagosomes as 

opposed to free beads, membrane staining using a CLARET lipophilic dye was 

performed (Figure 7.8). First, I analysed unsorted phagosome preparations. Gating 

on single stained LAMP-2+, (L2), DNGR-1+ (D1) or double negative (DN) as well as 

double positive (L2D1) phagosome populations (Figure 7.8 A) revealed that the 

majority of events in the D1, L2 and L2D1 gates were stained with CLARET (Figure 

7.8 B). The DN population contained more CLARET- events, indicating a higher 

amount of membrane negative free beads. A smaller frequency of CLARET- events 

was detected in the D1 and L2 populations, suggesting that they also were 

contaminated to a small extent with membrane-free beads.  
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Figure 7.8: Phagosomal membranes can be stained with the CLARET dye. 
MuTuDCs were pulsed with FMO beads and chased for 4 hours. Bead phagosomes 
were isolated and stained with DNGR-1-PE and LAMP-2-FITC antibodies overnight. 
Phagosomes were labelled with the lipophilic CLARET dye and analysed by flow 
cytometry. Four different phagosome populations were analysed for their staining 
with the CLARET dye (gating A, Claret staining B). The shown plots are 
representative for 15 independent experiments. 
 

Then I checked staining with the membrane dye on sorted phagosomes (Figure 7.9). 

In this sort example, only 34% of the sorted DNGR-1+ phagosomes were DN (blue 

gate) and 66% were DNGR-1+ (D1 red gate). However, the events in the blue DN 

gate were not stained with the CLARET dye, whereas the majority of events in the 

red D1 gate were successfully stained with CLARET. Since the DN phagosomes 

contaminating the sorted DNGR-1+ samples were not CLARET labelled, they likely 

represent membrane-free beads rather than phagosomes. However, it remained 

elusive what caused the high amounts of membrane-free beads in the sorted DNGR-

1+ samples: (i) technical issues with the sort or (ii) intrinsic phagosome instability 

leading to membrane loss. Importantly, these issues seemed to specifically affect 

DNGR-1+ phagosomes and not the LAMP-2+ phagosomes, which were usually 

sorted to purities above 90%.  
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Figure 7.9: Sorted DNGR-1+ phagosomes are contaminated by DNGR-1-LAMP-2- 
and CLARET- beads. 
MuTuDCs were pulsed with FMO beads and chased for 4 hours. Bead phagosomes 
were isolated and stained with DNGR-1-PE and LAMP-2-FITC antibodies overnight. 
Phagosomes were labelled with the lipophilic CLARET dye and analysed by flow 
cytometry. Sorted DNGR-1+ phagosomes are analysed in terms of their CLARET 
staining. An overlay of the blue DN gate and the red D1 gate is shown in the right 
contour plot. The shown plots are representative for 15 independent experiments. 
 

In the next step, I tested whether including CLARET staining prior to sorting would 

increase the purity of DNGR-1+ phagosomes. The sort logic was set up to first gate 

on CLARET+ phagosomes and then on the individual LAMP-2+ and DNGR-1+ 

phagosomes (Figure 7.10 upper panel). In this example, the input sample contained 

52% membrane stained phagosomes, of which 10.6% were LAMP-2+ and 27.7% 

were DNGR-1+. After the sort, the purities of the two sorted phagosome populations 

were analysed after the sort (Figure 7.10 middle and lower panel). The LAMP-2+ 

phagosomes were around 72% pure, which was a bit lower than in previous 

experiments. The sorted DNGR-1+ sample contained 77% DNGR-1+ phagosomes, 

which was an increase to the previous experiments. Of note, the LAMP-2+ sample 

still contained more CLARET+ phagosomes then the DNGR-1+ sample. 
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Figure 7.10: Membrane staining increases sort purities. 
MuTuDCs were pulsed with FMO beads and chased for 4 hours. Bead phagosomes 
were isolated and stained with DNGR-1-PE and LAMP-2-FITC antibodies overnight. 
Phagosomes were labelled with the lipophilic CLARET dye and analysed by flow 
cytometry. LAMP-2+ and DNGR-1+ phagosome populations were sorted and 
analysed for their purities after the sort (without re-staining). The shown plots are 
representative for 15 independent experiments. The sorting was performed together 
with the flow cytometry STP. 
 
The CLARET stain prior to sorting helped to increase the purity of the DNGR-1+ 

phagosomes up to 60-80%, which was better than previously but still lower than the 

purity of the LAMP-2+ phagosomes, which usually reached up to 90-95%. In order to 

test whether purity could be increased by changing the sorting protocol, single cell 

sorting and re-sorting were performed (Figure 7.11). The single cell sorting mode is 

used typically for single cell cloning and ensures the sorting of precisely one cell. The 

main disadvantage is that the efficacy of the sort drops from 80-90% down to 40-

50%, which effectively results in the loss of 50% of the sample. The single cell sorting 
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mode did increase the purity of the DNGR-1+ sample, however not above the levels 

that were reached by using the membrane staining (about 70%). I also tested if re-

sorting the sample for a second time would help to minimise the DN contaminations. 

However, re-sorting did not result in better purities than observed with the single cell 

sort mode or the CLARET staining and increased the sorting time by 2-fold.  

 
Figure 7.11: Re-sorting or changing the sorting mode improves the purity of 
DNGR-1+ phagosomes. 
MuTuDCs were pulsed with OVA beads and chased for 4 hours. Bead phagosomes 
were isolated and stained with DNGR-1-PE and LAMP-2-FITC antibodies overnight. 
Phagosomes were labelled with the lipophilic CLARET dye and analysed by flow 
cytometry. DNGR-1+ phagosomes were sorted either using the 4-way purity sorting 
mode (standard and re-sort) or the single-cell sorting mode. Part of the standard 
sorted sample was then re-sorted using the standard settings. The purity of the 
sorted phagosome populations was analysed by flow cytometry. This experiment has 
been performed once. The sorting was performed together with the flow cytometry 
STP. 
 

During FACS, sorting pressure is applied to the sample, which can be alleviated by 

sorting at low flow rates (for this reason we always used a flow rate of 1 for all sorts). 

To decrease the pressure on the phagosomes even further, we increased the nozzle 

size. The nozzle is the part where the sample enters the fluidics of the sorter and it 

should have at least a 4-times bigger diameter than the sample. The nozzle size of 

70µm, which we used so far, is thus suitable for samples with a diameter below 

17.5µm and induces a sheath pressure of roughly 70psi. By increasing the nozzle 

diameter to 100µm the sheath pressure can be reduced to 20psi. However, 

increasing the nozzle size decreases the efficiency of the sort as the events cannot 

be sorted as accurately. Stained phagosomes were sorted on the same machine and 

same day either on a 70µm (standard) or a 100µm nozzle (Figure 7.12). The purity 

on the 70µm was around 70% for the DNGR-1+ and 95% for the LAMP-2+ 
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phagosomes. In contrast, sorting on the 100µm nozzle only yielded in 57% DNGR-

1+ and 76% LAMP-2+ phagosomes, indicating that the reduction in pressure did not 

improve purity. The reduction in the LAMP-2+ phagosome purity furthermore 

indicated that the decrease in sort efficacy probably overpowers any other direct 

advantageous effect on phagosome integrity. 

 
Figure 7.12: Increase of the nozzle size is detrimental for the sort purities. 
MuTuDCs were pulsed with FMO beads and chased for 4 hours. Bead phagosomes 
were isolated and stained with DNGR-1-PE and LAMP-2-FITC antibodies overnight. 
Phagosomes were labelled with the lipophilic CLARET dye and analysed by flow 
cytometry. DNGR-1+ and LAMP-2+ phagosomes were sorted either with a 70µm or 
100µm nozzle on the same machine. The purity of the sorted phagosome 
populations was analysed by flow cytometry. This experiment has been performed 
once. The sorting was performed together with the flow cytometry STP. 
 
If DNGR-1+ phagosomes were more fragile than LAMP-2+ phagosomes, this might 

be stabilised by fixation prior to the sort. In order to test this, the stained phagosomes 

were fixed for 10 minutes in 4% PFA. Untreated and fixed phagosome were then 

sorted with the same settings on the same machine. However, fixation only had a 

modest impact on the purity of DNGR-1+ phagosomes (Figure 7.13). 
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Figure 7.13: Fixation does not increase the purities of sorted phagosome 
populations. 
MuTuDCs were pulsed with FMO beads and chased for 4 hours. Bead phagosomes 
were isolated and stained with DNGR-1-PE and LAMP-2-FITC antibodies overnight. 
Phagosomes were labelled with the lipophilic CLARET dye. A part of the sample was 
then fixed in 4% PFA prior sorting of DNGR-1+ and LAMP-2+ phagosomes. The purity 
of the sorted phagosome populations was analysed by flow cytometry. This 
experiment has been performed once. The sorting was performed together with the 
flow cytometry STP. 
 

Phagosomal staining for FACS works without fixation or permeabilization, which 

indicates that the lumen of the phagosomes is accessible to antibodies. This 

permeability could be caused by the buffer used during the homogenisation of the 

cells. The dramatic changes in potassium ion concentration when the cytosol is 

exchanged into PBS could cause swelling and then rupture of the phagosomes. To 

test whether the phagosomes could be stabilised, PBS was exchanged for a buffer 

mimicking cytosolic salt composition and this was used for cell homogenisation and 

subsequent staining of the phagosomes (Figure 7.14). However, the cytosolic buffer 

conditions did not impact staining for DNGR-1 or LAMP-2 on the phagosome, 

indicating that the lumen of the phagosomes was still accessible. 

Taken together, the data show that sorted DNGR-1+ phagosomes contain membrane 

negative beads, which can be partially removed by including a lipophilic dye to gate 
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on membrane+ phagosomes during the sort. Better purities can also be achieved 

changing the sorting mode to single cell. Nevertheless, despite all precautions, 

DNGR-1+ phagosomes are more prone to lose membrane staining after the sort and 

to be contaminated with DN “phagosomes” than LAMP-2+ phagosomes. This might 

reflect intrinsic fragility or instability of DNGR-1+ phagosomes. 

 
Figure 7.14: Cytosolic buffer does not change the staining of phagosome 
populations. 
MuTuDCs were pulsed with FMO beads and chased for 4 hours. Bead phagosomes 
were isolated in either the standard PBS buffer or in cytosolic buffer. Phagosomes 
were stained with DNGR-1-PE and LAMP-2-FITC antibodies overnight in respective 
buffers and labelled with the lipophilic CLARET dye. DNGR-1+ and LAMP-2+ 
phagosome populations were analysed by flow cytometry. This experiment has been 
performed once.  

7.2.4 TMT labelling as a tool to study purified cDC1 phagosomes 

The improved methods to increase purity of sorted DNGR-1+ phagosomes justified 

another attempt at characterising their proteome. In order to obtain more quantitative 

data, a TMT labelling approach was pursued comparing not only DNGR-1+ and 

LAMP-2+ phagosomes derived from MuTuDCs pulsed with FMO beads, but DNGR-

1+ and LAMP-2+ phagosomes from MuTuDCs given OVA beads. This would aim to 

identify proteins preferentially associated with the respective phagosome population 

when DNGR-1 ligand is present. Since the membrane staining decreased sort output 

by almost 50% and there was an additional sample set with the OVA beads, the 

acquisition of sufficient amounts of phagosomes for this experiment required pooling 

of 14 independent sorts (compared to 4 for the earlier label-free analysis). 

Normalised intensities for DNGR-1, LAMP-1 and 2, as well as OVA, were analysed 

in the individual samples, which were injected in duplicates corresponding to a TMT 



Chapter 7. Results 

 

209 

 

8-plex (Figure 7.15 A). Overall 2,700 proteins were detected. Similar to Figure 7.4, 

LAMP-1 and 2 were enriched whereas OVA was depleted in the LAMP-2+ 

phagosome samples. The DNGR-1 signal was slightly enriched only in the DNGR-

1+ samples derived from the FMO beads. The 2D PCA plot revealed that, again, 

LAMP-2+ differed from DNGR-1+ phagosomes and in addition the respective 

phagosomes derived from OVA or FMO beads were also different from each other 

(Figure 7.15 B). The technical replicates showed only very little variation. 

 
Figure 7.15: OVA and FMO bead phagosomes can be distinguished by mass 
spectrometry. 
MuTuDCs were pulsed with FMO or OVA beads and chased for 4 hours. Bead 
phagosomes were isolated and stained with DNGR-1-PE and LAMP-2-FITC 
antibodies. DNGR-1+ and LAMP-2+ populations were sorted from both FMO and 
OVA samples. Sorted phagosomes from 14 independent experiments were pooled, 
solubilised, digested and prepared for 8plex-TMT mass spectrometry. The samples 
were run in technical duplicates on a Lumos Orbitrap mass spectrometer (Peter 
Faull, Proteomics STP). Normalised intensities were plotted for the individual 
samples (A). A 2D principal component analysis was performed comparing the 
duplicate values of four different samples (B). 
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Due to the sample restrictions in multiplexing in the TMT setting only technical 

duplicates could be run. In order to compare the different samples, the replicates 

were subtracted and the differences were plotted against each other. The first 

comparison was between DNGR-1+ and LAMP-2+ derived from MuTuDCs pulsed 

with only FMO beads, which revealed a poor DNGR-1 and OVA enrichment in 

DNGR-1+ phagosomes compared to a strong enrichment for LAMP-1 and 2 in the 

LAMP-2+ phagosomes (Figure 7.16 A, vertical and horizontal lines mark fold change 

of 2). Nevertheless, 57 proteins were specifically enriched more than 2-fold in the 

DNGR-1+ phagosomes compared to 126 proteins enriched in the LAMP-2+ 

phagosomes. 

 
Figure 7.16: Differentially regulated proteins can be identified by TMT labelling. 
MuTuDCs were pulsed with FMO or OVA beads and chased for 4 hours. Bead 
phagosomes were isolated and stained with DNGR-1-PE and LAMP-2-FITC 
antibodies. DNGR-1+ and LAMP-2+ populations were sorted from both FMO and 
OVA samples, pooled from 14 independent experiments, solubilised, digested and 
prepared for 8plex-TMT mass spectrometry. The samples were run in technical 
duplicates on a Lumos Orbitrap mass spectrometer (Peter Faull, Proteomics STP). 
Normalised intensities (log2) of DNGR-1 FMO samples were subtracted with LAMP-
2 FMO samples and the experimental duplicates were plotted. DNGR-1, LAMP-1, 
LAMP-2 and OVA signals were highlighted in different colours (A). Proteins enriched 
in DNGR-1+ phagosomes are highlighted in red and proteins with lower abundance 
in DNGR-1+ phagosomes are highlighted in blue (B). The horizontal and vertical lines 
indicate for a log2 fold change of -1 and 1. 
 

As before, the identified protein lists were filtered to exclude ABPs, mitochondrial, 

nuclear, secreted proteins, as well as proteins associated with translation. This left 

15 proteins listed based on the highest intensities in Table 7.3. Five of the identified 
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proteins were located to the plasma membrane (33%), 5 were cytosolic, (33%) 4 

were associated with the Golgi (27%) and 3 were associated with the ER (20%). 

Interestingly, only one protein in this list had also been found in the analysis 

discussed in chapter 7.2.3: the sarcoplasmic/endoplasmic reticulum calcium ATPase 

1 (SERCA pump), which is the key regulator of the calcium storage within the ER. 

 
Table 7.3: Proteins with higher abundance in DNGR-1+ compared to LAMP-2+ 
phagosomes. 
Proteins (total of 57) were selected based on the volcano plot in Figure 7.16 B (red 
dots). All ABPs and proteins associated with mitochondria, transcription, splicing, 
translation and DNA organisation as well as secreted proteins (total of 42) were 
removed from the selection (based on uniprot entries). Remaining 15 proteins are 
sorted based on their average fold change (log 2).  
Gene Protein Fold 

change 
(log2) 

Localisation 

Senp1 sentrin-specific protease 1 2.4 cytoplasm, 
nucleus 

Atp2a1 sarcoplasmic/endoplasmic 
reticulum calcium ATPase 1 

2.1 ER 

Stx5 syntaxin-5 1.9 Golgi, ERGIC 
Copb2 coatomer subunit beta 1.7 cytoplasm, Golgi 
Map2k4 dual specificity mitogen-activated 

protein kinase kinase 4 
1.6 cytoplasm, 

nucleus 
Ext2 exostosin-2 1.6 ER, Golgi 
Fam126a hyccin 1.5 plasma 

membrane, 
cytoplasm 

Lrrc1 leucine-rich repeat-containing 
protein 1 

1.5 cytoplasm, plasma 
membrane 

Becn1 beclin-1 1.4 nucleus, ER, 
Golgi, endosome, 
mitochondrion 

Mpp6 MAGUK p55 subfamily member 
6 

1.3 plasma membrane 

Slc35b2 adenosine 3-phospho 5-
phosphosulfate transporter 1 

1.3 Golgi 

Siglecf sialic acid-binding Ig-like lectin 5 1.2 membrane 
Synj1 synaptojanin-1 1.2 plasma membrane 
Zdhhc13 palmitoyltransferase 1.2 cytoplasm, Golgi 
Itga3 integrin alpha-3 1.2 plasma membrane 

 

In contrast, the majority of proteins enriched within the LAMP-2+ phagosomes is 

associated with lysosomes or endosomes (table 7.4 and appendix table 9.4), as 49% 
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were lysosomal and 41% were endosomal. Twenty six% were plasma membrane-

associated proteins and only 11% with were located to ER or Golgi. Interestingly, 8 

of the 30 highest enriched proteins were also among the highest enriched proteins 

in table 7.2. Overall 67 LAMP-2+ phagosome-specific proteins are shared between 

the two experiments. Therefore, the TMT dataset overlaps by 63% with the label-

free experiment in terms of the significantly enriched LAMP-2+ specific proteins, 

indicating a high reproducibility of the data at least for the LAMP-2+ phagosomal 

proteins. 

 
Table 7.4: Proteins with lower abundance in DNGR-1+ phagosomes compared to 
LAMP-2+ phagosomes. 
Proteins (total of 126) were selected based on the volcano plot in Figure 7.15B (blue 
dots). All ABPs and proteins associated with mitochondria, transcription, splicing, 
translation and DNA organisation or secreted proteins (total of 45) were removed 
from the selection (based on uniprot entries). The 30 highest enriched proteins are 
listed based on their average fold change.  
Gene Protein Fold 

change 
(log2) 

Localisation 

Lamtor5 ragulator complex protein 
LAMTOR5 

-4.0 lysosome, cytoplasm 

Npc1l1 Niemann-Pick C1-like 
protein 1 

-3.5 plasma membrane 

Tcirg1 V-type proton ATPase 
subunit a 

-3.5 late endosome, lysosome, 
mitochondrion, nucleus, 
plasma membrane 

Slc15a4 solute carrier family 
member 4 

-3.5 membrane 

Mfsd1 major facilitator superfamily 
domain-containing protein 1 

-3.5 membrane 

Tmem106a transmembrane protein 
106A 

-3.4 plasma membrane 

Ccz1 vacuolar fusion protein 
CCZ1 homolog 

-3.3 lysosome 

Tmem192 transmembrane protein 192 -3.3 late endosome, lysosome 
Lamtor3 regulator complex protein 

LAMTOR3 
-3.2 late endosome 

H2-DMa class II histocompatibility 
antigen, M alpha chain 

-3.2 late endosome, lysosome 

Scarb2 lysosome membrane 
protein 2 

-3.2 lysosome 

Abcd4 ATP-binding cassette sub-
family D member 4 

-3.2 peroxisome 

Tlr9 Toll like receptor 9 -3.1 ER, endosome, lysosome 
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Slc2a6 solute carrier family 2, 
facilitated glucose 
transporter member 6 

-3.1 lysosome 

H2-DMb1 class II histocompatibility 
antigen, M beta 1 chain 

-3.1 late endosome, lysosome 

Mpeg1 macrophage-expressed 
gene 1 protein 

-3.1 membrane 

Cd68 macrosialin -3.0 plasma membrane, 
endosome, lysosome 

Tlr3 Toll-like receptor 3 -3.0 ER, endosome 
Lamp2 lysosome-associated 

membrane glycoprotein 2 
-3.0 plasma membrane, 

endosome, lysosome, 
autophagosome 

Lamtor1 regulator complex protein 
LAMTOR1 

-2.8 plasma membrane, late 
endosome, lysosome 

Wdr91 WD repeat-containing 
protein 89 

-2.8 endosome 

Lamp1 lysosome-associated 
membrane glycoprotein 1 

-2.8 plasma membrane, 
endosome, lysosome 

Ttyh3 protein tweety homolog 3 -2.8 plasma membrane 
Wdr81 WD repeat-containing 

protein 81 
-2.8 cytoplasm, early 

endosome, lysosome, 
mitochondrion 

Npc1 Niemann-Pick C1 protein -2.7 late endosome, lysosome 
Asah1 acid ceramidase -2.6 secreted, lysosome 
Otud4 OUT domain-containing 

protein 4 
-2.6 cytoplasm, nucleus 

Glmp glycosylated lysosomal 
membrane protein 

-2.6 lysosome 

Osbpl1a oxysterol-binding protein-
related protein 1 

-2.6 late endosome 

 

By comparing the FMO bead samples to the OVA bead samples, proteins could be 

identified that were specifically enriched when DNGR-1 ligand is present in the 

phagosomes. This comparison was performed for both the DNGR-1+ phagosomes 

and for the LAMP-2+ phagosomes, since DNGR-1 triggering could impact either 

population (Figure 7.17 a and B respectively). For the DNGR-1+ phagosomes, 42 

FMO-enriched proteins could be identified, whereas only 6 proteins were enriched in 

the OVA samples. Similarly, 32 proteins were enriched in the LAMP-2+ FMO 

phagosomes and 12 proteins were enriched in the OVA samples. Further analysis is 

focussed on the FMO-enriched proteins. 
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Figure 7.17: FMO specific proteins can be identified in both DNGR-1+ and LAMP-
2+ phagosomes. 
MuTuDCs were pulsed with FMO or OVA beads and chased for 4 hours. Bead 
phagosomes were isolated and stained with DNGR-1-PE and LAMP-2-FITC 
antibodies. DNGR-1+ and LAMP-2+ populations were sorted from both FMO and 
OVA samples, pooled from 14 independent experiments, solubilised, digested and 
prepared for 8-plex TMT mass spectrometry. The samples were run in technical 
duplicates on a Lumos Orbitrap mass spectrometer (Peter Faull, Proteomics STP). 
Normalised intensities (log2) of DNGR-1 FMO samples were subtracted with DNGR-
1 OVA samples and the experimental duplicates were plotted (A). Normalised 
intensities (log2) of LAMP-2 FMO samples were subtracted with LAMP2 OVA 
samples and the experimental duplicates were plotted (B). Proteins enriched in FMO 
phagosomes are highlighted in red and proteins with lower abundance in FMO 
phagosomes are highlighted in blue. Horizontal and vertical lines indicate for a log2 
fold change of -1 and 1. 
 

The 42 FMO-enriched proteins were filtered for protein localisation and association, 

excluding ABPs, secreted proteins and proteins associated with mitochondria, 

transcription, translation and DNA organisation. The 8 remaining proteins included 

the SERCA1 pump, beclin-1, MAGUK p55 subfamily member 6 and coatomer 

subunit beta, which were also enriched in DNGR-1+ phagosomes compared to 

LAMP-2+ phagosomes (Table 7.5). TRIM25, phosphoglycerate phosphatase and the 

protein EVI2A were also present even though they were not enriched in the DNGR-

1+ phagosomes compared to LAMP-2+ phagosomes. However, EVI2A was identified 

in the previously described label-free experiment as enriched in the DNGR-1+ 

phagosomes (Table 7.1). Overall most of the proteins were located to the cytoplasm 

and only a few to the Golgi or the ER. 
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Table 7.5: Proteins with enriched in DNGR-1+ FMO phagosomes compared to 
DNGR-1+ OVA phagosomes. 
Proteins (total of 42) were selected based on the volcano plot in Figure 7.17 A (red 
dots). All ABPs and proteins associated with mitochondria, transcription, splicing, 
translation and DNA organisation or secreted proteins (total of 34) were removed 
from the selection (based on uniprot entries). Remaining 8 proteins are sorted based 
on their average fold change (log 2).  
Gene Protein Fold 

change 
(log2) 

Localisation 

Atp2a1 sarcoplasmic/endoplasmic 
reticulum calcium ATPase 1 

3.1 ER 

Becn1 beclin-1 2.2 nucleus, ER, Golgi, 
endosome, 
mitochondrion 

Trim25 E3 ubiquitin/ISG15 ligase TRIM25 1.7 cytoplasm 
Psme2 proteasome activator complex 

subunit 2 
1.6 nucleus, cytoplasm 

Pgp phoshpoglycolate phosphatase 1.4 cytoplasm 
Mpp6 MAGUK p55 subfamily member 6 1.4 membrane 
Copb2 coatomer subunit beta 1.4 cytoplasm, Golgi 
Evi2a protein EVI2A 1.2 membrane 

 

Likewise, FMO-enriched proteins could be identified in the LAMP-2+ phagosome 

samples (Figure 7.17 B). Of the 32 enriched proteins only 8 proteins passed the 

filtering that excluded ABPs, secreted proteins and proteins associated with 

transcription, translation, mitochondria and DNA organisation (Table 7.7). 

Interestingly, SERCA1 was enriched yet again, indicating a potential association with 

DNGR-1 triggering. The other proteins were all enriched when the LAMP-2+ 

phagosomes were compared to DNGR-1+ phagosomes except for the sodium- and 

chloride-dependent taurine transporter and the guanylate kinase. The identified 

proteins are not described to specifically localise to lysosomes and their localisation 

is quite spread to plasma membrane, endosomes, Golgi or cytoplasm. 

Together, the data suggest that DNGR-1+ phagosomes reflect more early 

phagosomes in comparison to the rather late LAMP-2+ phagosomes, which contain 

a lot of classical lysosomal marker proteins. Overall the reproducibility for DNGR-1+ 

phagosomes was low, compared to a high reproducibility in the LAMP-2+ phagosome 

dataset, which is probably caused by the increased purity but also might be a result 

of the different methods used for proteomic acquisition. Nevertheless, DNGR-1 and 
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FMO bead phagosome specific proteins were identified and will be validated in future 

experiments. 

 
Table 7.6: Proteins with enriched in LAMP-2+ FMO phagosomes compared to 
LAMP-2+ OVA phagosomes. 
Proteins (total of 32) were selected based on the volcano plot in Figure 7.17 B (red 
dots). All actin-binding protein and proteins associated with transcription, splicing, 
translation and DNA organisation (total of 24) were removed from the selection 
(based on uniprot entries). Remaining 8 proteins are sorted based on their average 
fold change (log 2). 
Gene Protein Fold 

change 
(log2) 

Localisation 

Mfsd1 major facilitator superfamily domain-
containing protein 1 

2.1 membrane 

Atp2a1 sarcoplasmic/endoplasmic reticulum 
calcium ATPase 1 

1.6 ER 

Guk1 guanylate kinase 1.4 cytoplasm 
Otud4 OUT domain-containing protein-4 1.4 nucleus, cytoplasm 
Slc6a6 sodium- and chloride-dependent 

taurine transporter 
1.2 plasma membrane 

Ifitm3 interferon-induced transmembrane 
protein 3 

1.2 plasma membrane, 
late endosome, 
lysosome 

Napg gamma-soluble NSF attachment 
protein 

1.1 membrane 

Vamp7 vesicle-associated membrane protein 
7 

1.1 ER, Golgi, late 
endosome, lysosome 

 

7.3 Discussion 

The previously reported studies of the phagosomal proteome were all performed 

using the sucrose gradient isolation (426, 488), which has the advantage of allowing 

for enrichment for high amounts of material within a short amount of time. However, 

it does not allow for the analysis of individual phagosomal populations. Here, we 

combined flow cytometry with mass spectrometry to dissect the protein composition 

of phagosomal populations in cDC1s with the aim to identify proteins specifically 

enriched on phagosomes containing DNGR-1 ligand that might help in mediating the 

function of the receptor. 

By sorting antibody-stained crude phagosomal preparations, DNGR-1+ and LAMP-

2+ phagosome populations could be isolated with varying purities. Even after several 
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optimisation steps, sorted DNGR-1+ phagosomes had significantly lower purity than 

LAMP-2+ phagosomes. The main contamination was caused by DNGR-1-LAMP-2- 

phagosomes that did not stain with a lipophilic dye. Since re-sorting did not increase 

the purity, one interpretation is that DNGR-1+ phagosomes are prone to 

disintegration during the sort. However, the LAMP-2+ phagosome purity served as 

an internal positive control for the sort and showed that phagosome “disintegration” 

is specific to the DNGR-1 marked compartment. All attempts to stabilise the DNGR-

1+ phagosomes by reducing pressure during the sort or chemical fixation of the 

phagosomes did not increase sorting purity. The possible difference in 

“disintegration” between DNGR-1+ and LAMP-2+ phagosomes could reflect intrinsic 

differences in phagosome stability or could be a consequence of the high amounts 

of phagocytic cups present in the DNGR-1+ phagosome population. As discussed in 

6.3, the DNGR-1+ phagosome population contains a significant number of outside 

beads, indicative of attached beads or phagocytic cups. Since they are not entirely 

covered by a lipid membrane, they would conceivably be less stable and lose 

membrane during the sorting. On the other hand, in light of the galectin-3 data, it is 

tempting to argue that DNGR-1+ phagosomes are more prone to exposing their 

lumen.  

Both label-free and TMT labelling mass spectrometry techniques were used to 

characterise the two isolated DNGR-1+ or LAMP-2+ phagosome populations. 

Notably, the overall sensitivity of the two mass spectrometry approaches was with 

about 1,600 proteins in the label free and about 2,700 in the TMT labelling approach 

comparable with recent reports (488).  

A few things should be considered when the obtained data is interpreted. Firstly, the 

label-free experiment suffered from a lower purity of the DNGR-1+ phagosomes 

compared to the TMT labelling analysis. The improved purity in the latter experiment 

was not beneficial for the detection of DNGR-1, since the enrichment for DNGR-1 

and OVA was not even 2-fold in the TMT experiment. The analysis of the DNGR-1+ 

proteome was not only hindered by the low purity, but also by the high background 

of the FMO beads compared to the OVA beads. Because F-actin/myosin II is present 

on the beads, ABPs are recruited to FMO bead phagosomes. This effect is even 

more pronounced when DNGR-1+ phagosomes are compared to LAMP-2+ 

phagosomes, probably because LAMP-2+ phagosomes have a high degradative 

potential resulting in lower F-actin/myosin II content and a reduced ABP background. 
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The background also represents a masking effect that those high concentrations of 

OVA, F-actin, myosin II and other ABPs have on proteins with lower abundance. 

Notably, attempts to analyse the enriched proteins based on their gene ontology was 

also complicated by the high ABP background (data not shown). It would be very 

interesting to include the inside bead labelling, discussed in 6.2.17, for the sorting of 

DNGR-1+ phagosomes to further exclude attached beads from the analysis. 

However, it needs to be considered that this would reduce the amount of output 

material, significantly increase the amount of sorting time and, importantly, not 

exclude contamination by constantly replenished new phagosomes. Another aspect 

of the presented mass spectrometry data is that the experiments were all performed 

using technical instead of biological replicates, which was a compromise we had to 

make due to the amount of time it took to generate the samples. I would also like to 

point out that, in contrast to most reports, we did not analyse the time dependency 

of phagosomal maturation (472, 479, 481, 489). The phagosomes analysed in these 

experiments reflect snapshots after 4 hours, which is another factor that might limit 

the detection and identification of DNGR-1-specific events. Additionally, with regards 

to what was discussed in 6.3, the phagosomal proteome of DNGR-1+LAMP-2+ 

double positive phagosomes could be very informative, especially if those represent 

early to late endosomal rather than lysosomal phagosomes. With the current analysis 

of only early and late phagosomes, we might miss the phagosome population that 

DNGR-1 triggering acts on.  

Taking all this into account, the DNGR-1+ phagosomes seem to contain overall more 

plasma membrane proteins and ER proteins, which strongly suggests that DNGR-1+ 

phagosomes reflect an early endocytic compartment. Accordingly, some of the 

proteins enriched in DNGR-1+ phagosomes, such as syntaxin-5, sorting nexin-9, 

aminopeptidase N as well as two solute carrier transporters (Slc3a2 and Slc7a5) 

were recently associated with early phagosomes derived from LPS-treated GM-CSF 

BMDCs (489). In contrast, the LAMP-2+ phagosomes associate almost exclusively 

with late endosomal and lysosomal proteins, such as components of the V-ATPase 

complex, MHC II chains, TLR3 and 9 as well as some lysosomal enzymes (Hgsnat, 

Acp2, Asah1), which were also detected in GM-CSF BMDC-derived and 

macrophage-derived phagosomes (363, 472, 489). However, the reproducibility 

between the two independent experiments is low for DNGR-1+ phagosomes. In 

contrast, for the LAMP-2+ phagosomes the data seems much more robust with about 
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63% of the proteins being identified in both experiments, which is reassuring given 

that the label-free and the TMT approaches are quite different. With regards to the 

reproducibility, SERCA was the only protein enriched in DNGR-1+ over LAMP-2+ 

phagosomes in both mass spectrometry experiments. SERCA was also more 

strongly associated with FMO bead phagosomes than OVA bead phagosomes, 

whether they were DNGR-1+ or LAMP-2+, which could indicate for Ca2+ induced 

signalling mediated through DNGR-1 ligand engagement. In addition, the protein 

EVI2A was selectively enriched in DNGR-1+ FMO bead phagosomes in both label-

free and TMT labelling experiments, but in different comparisons either to LAMP-2+ 

or to DNGR-1+ OVA, respectively. Interestingly, EVI2A is a membrane protein 

selectively expressed in monocytes and DCs based on the Immgen database 

(microarray gene skyline) and could therefore serve a specific role in antigen 

presentation. Only in the TMT labelling experiment, beclin-1 was strongly enriched 

in DNGR-1+ FMO bead phagosomes. Beclin-1 acts as core subunit of the PI3K 

complex, which is involved in the formation of PI3P enabling the recruitment of 

autophagy proteins but also many other trafficking processes (490, 491). 

Furthermore, the proteasome activator complex subunit 2, also referred to as 11S 

regulator complex subunit beta, was found associated with DNGR-1+ FMO bead 

phagosomes. The 11S regulator (or PA28) is induced by IFN-g and is a part of the 

immunoproteasome, which is known to produce peptides preferentially bound by 

MHC I (492-494). Furthermore, a recent report suggests that proteasomes are 

recruited to phagosomes in order to mediate TAP-independent MHC I loading within 

the phagosomes independent of lysosomal proteases (495). The enrichment of the 

11S regulator could therefore suggest a close proximity between the proteasome 

and DNGR-1+ phagosomes, which is something that can be validated by 

immunofluorescence staining. In total, 8 DNGR-1+ FMO specific and 8 LAMP-2+ 

FMO specific proteins were identified by the TMT analysis.  

In the label-free experiment 68 DNGR-1+ FMO specific proteins were identified, 

however, this experiment will be considered with the caveat that there were greater 

purity issues. To pick potential candidates for further experiments, e.g. cross-

presentation assays, the expression level for all 68 proteins was checked based on 

the Immgen database (microarray gene skyline). Synaptojanin-1, 

phosphatidylinositol 5-phosphate 4-kinase type-2 gamma, CD166 antigen and 

leucine-rich repeat-containing protein 25 are highly expressed in both DCs and 
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monocytes. In addition, the FYVE, RhoGEF and PH domain-containing protein 2 is 

expressed in different DC subsets. However, aminopeptidase N is highly expressed 

specifically in thymic CD8+ and splenic CD4+ and CD8+ DCs, which makes it a very 

interesting candidate to test. It is possible, that aminopeptidase N could be involved 

in trimming of antigenic peptides within the phagosomes, although it has previously 

been associated with MHC II peptide trimming (496).  

Taken together, 21 proteins have been identified as potentially interesting based on 

both mass spectrometry approaches and need to be validated by either microscopy, 

western blot or even phagosomal flow cytometry. For some of the targets e.g. 

SERCA, inhibitors (thapsigargin) or even stimulators (istaroxime) can be used to 

assess their contribution to DNGR-1-depedent cross-presentation (497, 498). 

Respective KO MuTuDCs lines can be generated using CRISPR-Cas9 to investigate 

the role of the candidates in loss-of-function experiments, while monitoring their 

effect on uptake at the same time. Furthermore, the potential impact on endosomal 

damage can be assessed given that the further validation discussed in 6.3 will 

validate the dependency on DNGR-1.  

Importantly, none of the identified proteins has a reported function directly related to 

antigen presentation or cross-presentation and there is no evidence for the 

recruitment of the MHC I peptide loading complex to the phagosome, as MHC I, 

tapasin and TAP were detected, but not enriched in either DNGR-1+ or LAMP-2+ 

phagosomes. This is in line with the results presented in 6.2.10 indicating that 

phagosomes do not contain detectable MHC I:SIINFEKL complexes, however, is in 

contrast to the observed association of TAP with DNGR-1+ phagosomes in the 

phagosomal flow cytometry assay. Why this cannot be detected by mass 

spectrometry remains unclear and future experiments by microscopy can hopefully 

address this issue. Furthermore, none of the previously published proteins involved 

in cross-presentation, such as NOX2, Sec22b, Rab43 or WDFY4 were enriched in 

either DNGR-1+ or LAMP-2+ phagosomes even though some of them were detected 

(336, 365, 376, 386). Based on the proteomic data there is also no direct evidence 

for endosomal damage, such as presence of endogenous galectins or the 

recruitment of proteins associated with membrane repair like ESCRT proteins. Mass 

spectrometry is not absolute and will not pick up everything that is present in the 

samples. The detection of proteins by mass spectrometry depends on the digestion, 

the properties of the generated peptides, and also the procedure by which the 
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samples are loaded, e.g. the gradient of the LC. In case of the TMT experiment, the 

labelling efficacy of the peptides will also affect the readout, which might help to 

explain why DNGR-1 was not easily detected when TMT labelling was performed.  
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Chapter 8. Discussion 

8.1 The enigmatic role of DNGR-1 in cross-presentation 

In the last 20 years many studies tried to address the mechanism underlying cross-

presentation. However, until now we are still lacking a detailed understanding of how 

exogenous antigens are processed for the presentation on MHC I in order to prime 

CD8+ T cells. The identification of DNGR-1 specifically expressed by cDC1s and its 

role in promoting cross-presentation of dead cell-associated antigen was an exciting 

discovery as it offered a handle to dissect the underlying mechanisms. Nevertheless, 

it remained unclear how DNGR-1 was improving cross-presentation efficacy. Even 

though the specific role of DNGR-1 in cross-presentation of dead cell-associated 

antigen has been validated in this thesis, the mechanism remains elusive. Here, I 

have shown that: (1) DNGR-1 can mediate ligand phagocytosis but its ability to 

promote cross-presentation of ligand-associated antigens is separable from its role 

in uptake; (2) Specific hemITAM residues in the cytoplasmic tail of DNGR-1 (and, by 

interference, DNGR-1 signalling) are critical to facilitate DNGR-1-dependent cross-

presentation; (3) DNGR-1-dependent cross-presentation occurs through a 

mechanism that requires proteasomal degradation and is enhanced by inhibition of 

lysosomal proteases; (4) DNGR-1 marks an early acidic MHCI+LAMP-2- non-

degradative, yet slowly maturing, phagosome population in cDC1s, which is formed 

independent of DNGR-1 ligand; (5) DNGR-1+ phagosomes contain ER proteins such 

as calnexin and TAP, but there is no evidence for MHC I peptide loading within those 

phagosomes; (6) DNGR-1+ phagosomes can be purified by FACS and seem to be 

less stable compared to LAMP-2+ phagosomes; (7) Proteomic analysis of different 

phagosomal populations in cDC1s confirms the properties of early DNGR-1+ 

phagosomes and suggests a strong correlation of SERCA1, beclin-1 and others with 

phagosomes containing DNGR-1 ligand; (8) Galectin-3 is specifically recruited to 

phagosomes in presence of DNGR-1 ligand, which suggests that those become 

accessible when the receptor is engaged providing evidence that DNGR-1 might be 

involved in regulating P2C. Below, I discuss some of these points and try to place 

them in broader context. 

Cargo internalised by cDC1s can appear sequentially in two distinct phagosome 

populations: an early and non-degradative DNGR-1+ phagosome and a late and 
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degradative LAMP-2+ phagosome. DNGR-1+ phagosomes are of acidic pH, contain 

MHC I and II, EEA1, TAP and galectin-8. In contrast to DNGR-1+ phagosomes, which 

are non-degradative, LAMP-2+ phagosomes degrade OVA and contain MHC II, but 

do not contain MHC I, EEA1, TAP or galectin-8. Notably, although DNGR-1+ 

phagosomes initially appeared to constitute a stable non-maturing population, later 

experiments showed that they eventually acquire LAMP-2 and become degradative. 

Slow maturation of phagosomes could be a key mechanism how antigens are 

preserved for cross-presentation and inhibition of lysosomal proteases has been 

shown to be beneficial for cross-presentation by multiple reports (166, 375, 376, 453, 

499). Accordingly, MuTuDCs are inherently slower and less efficient in degrading 

antigen compared to RAW264.7 macrophages. Nevertheless, lysosomal 

degradation still limits cross-presentation in cDC1s as chloroquine and E64 

treatment did enhance cross-presentation when antigen was limiting. Notably, 

although DNGR-1 marks the early non-degradative phagosomes of cDC1s, DNGR-

1 triggering is dispensable for their formation. This indicates that DNGR-1 signals 

likely do not act merely by delaying degradation of the dead cell cargo but that cDC1 

have an intrinsic “slowness” in endosomal maturation that maintains ingested cargo 

in undegraded form for extended periods. In contrast to recent publications, my data 

also do not suggest a direct impact of TLR engagement on the phagosomal 

properties (383, 384). Consequently, the cross-presentation mechanism itself does 

not seem to be modulated in response to infection. The only determinant of cross-

presentation efficacy is the source of antigen, since phagocytosed antigens are 

superior and engagement with specific receptors, including DNGR-1, increase cross-

presentation. Nevertheless, in vivo cross-priming is more efficient in the presence of 

PAMPs due to the upregulation of expression of costimulatory molecules and 

activation of cDC1s. 

If DNGR-1 triggering does not impact endosomal maturation, how does it promote 

cross-presentation of ligand-associated antigens? The short answer is that I do not 

know. One intriguing hypothesis is provided by the observation of preferential 

galectin-3 recruitment to FMO bead phagosomes compared to OVA bead 

phagosomes. This recruitment might signify membrane damage and could be 

associated with increased release of phagosomal contents into the cytosol (Figure 

8.1B). Thus, DNGR-1 signalling could induce membrane rupture events in non-

degradative early FMO bead phagosomes, which would increase leakage of intact 
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antigen into the cytosol, where it can access the cytosolic pathway for antigen 

processing. This would eventually lead to an increase in the amount of 

MHC I:antigen complexes formed on the DC surface resulting in a stronger T cell 

stimulation compared to a situation when DNGR-1 is not engaged, e.g. when OVA 

beads are used (Figure 8.1 A). More evidence is required to support a potential role 

of DNGR-1 in promoting antigen release into the cytosol through membrane damage 

and show that it is truly dependent on DNGR-1 signalling. 

In sum, collectively, our data suggest that DNGR-1 mediates cross-presentation 

through a variation of the P2C cross-presentation pathway rather than the vacuolar 

pathway (Figure 8.1). In the next few paragraphs, I will discuss future directions on 

how DNGR-1 might mediate cross-presentation. 

 
Figure 8.1: Model of DNGR-1 dependent cross-presentation. 
The impact of DNGR-1 on cross-presentation might be the release of antigen into 
the cytosol through endosomal damage, which is enhanced when DNGR-1 can bind 
its ligand. When FMO beads (B) are internalised, DNGR-1 ligand engagement will 
induce membrane damage, galectin-3 is recruited and hence, more antigen is 
released into the cytosol compared to OVA beads (A). Antigens are in both cases 
degraded by the proteasome and potentially transported by TAP into the ER for 
loading onto MHC I molecules (created with BioRender.com). 

8.2 Antigen escape into the cytosol 

Even though many steps in the cross-presentation pathway have remained 

controversial, the majority of studies has reported a dependency on the proteasome 

and a beneficial effect when blocking lysosomal degradation (300, 389). Studies with 

LMP7-/- mice also provide evidence that the immunoproteasome plays an essential 
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role for cross-priming in vivo, which underscores the importance of antigen export to 

the cytosol (350). This could occur via a transporter or because of membrane 

disruption (389).  

The membrane disruption idea was discussed already in 1995 (88). My data are 

consistent with it and with the notion that it might be potentiated by DNGR-1 

signalling. How might this occur? Antigen release into the cytosol has been 

previously linked to ROS-mediated lipid peroxidation ultimately promoting cross-

presentation (402-404). NOX2 is recruited to the phagosomes through a VAMP8-

dependent mechanism and produces ROS which cause lipid peroxidation resulting 

in membrane leakiness (376, 404). DNGR-1 could be involved in the recruitment 

and/or assembly of NOX2 on the phagosomal membrane, thereby, promoting 

membrane leakiness. However, in the mass spectrometry analyses and also by 

phagosomal flow cytometry (data not shown), I have not found evidence for the 

recruitment of NOX2 to DNGR-1+ phagosomes. This could be further explored by 

microscopy and it would be interesting to try to measure phagosomal ROS in 

conditions where DNGR-1 ligand is present or not. The ESCRT-I component 

TSG101 has also been previously linked to cross-presentation and supports the 

hypothesis that membrane rupture could also be regulated through a failure to repair 

by inhibiting ESCRT-mediated membrane repair (393). To test this, again 

microscopy experiments could be performed to look for the presence or absence of 

ESCRT components on DNGR-1+ containing or not DNGR-1 ligand (500, 501).  

Another mechanism by which membrane damage could be regulated is through 

control of lipid composition. The analysis of the lipidome of DNGR-1+ and LAMP-2+ 

phagosomes could be informative in two ways: firstly, it could define the properties 

and the status of the phagosomes in the endocytic pathway and secondly, it could 

reveal unusual membrane compositions when DNGR-1 has been triggered. The lipid 

composition has been previously linked to membrane stability, since the enrichment 

of membranes with sphingosine has been shown to increase membrane permeability 

(502, 503). Interestingly, the enzymes regulating sphingosine production, 

ceramidases encoded by Asah1 and 2, are also expressed at higher levels in cDC1s 

compared to cDC2s (389). Of note, cDC1s also show a higher amount of lipid bodies 

compared to cDC2s, which facilitates their capacity to cross-present (436). There are 

lipid-specific probes that can be used for microscopy, such as anti-

phosphatidylserine antibody for plasma membrane and nascent phagosomes or 
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p40phox-PX for phosphatidylinositol 3-phosphate (PI3P) staining early endosomes 

(504). Also, untargeted lipid mass spectrometry approaches could be used to 

analyse the lipid composition (505).  

Taken together, future experiments will address how DNGR-1 ligand engagement 

helps to promote membrane rupture of phagosomes, increasing P2C and, ultimately, 

boosting cross-presentation. The hemITAM motif of DNGR-1 mediates signalling 

upon ligand binding and involves the Syk kinase, which together could initiate the 

recruitment of NOX2 resulting in localised ROS production, but could also have 

inhibitory effects on proteins involved in membrane repair or even regulate the lipid 

composition of the phagosomal membrane. 

8.3 Calcium signalling in cross-presentation 

Cross-presentation and calcium signalling have recently been linked by the 

laboratories of Nicolas Demaurex and Bénédicte Manoury. Ablation of the ER 

calcium sensor STIM1 resulted in impaired Ca2+ signals followed by inhibition of 

cross-presentation and migration in BMDCs. Importantly, cell differentiation, 

maturation or antigen uptake was not affected by STIM1 depletion. Nunes-Hasler et 

al. showed that the degradative potential, the recruitment of endosomal insulin-

regulated aminopeptidase IRAP and fusion of phagosomes with endosomes or 

lysosomes was diminished in the absence of STIM1 (506). In an earlier study, STIM1 

was also shown to be recruited to phagosomes in neutrophils upon Ca2+ depletion in 

the ER, inducing the recruitment of ER to the phagosomes and enhancing 

phagocytosis, actin shedding as well as leading to the generation of Ca2+ hot spots 

on the phagosomal membrane (507). STIM proteins are located mainly in the ER, 

where they sense Ca2+ levels. Upon store depletion they can undergo rapid and 

reversible translocation to form ER-plasma membrane junctions and activate Orai 

channels, which then mediate extracellular Ca2+ entry to restore intracellular calcium 

levels (508-511). STIM proteins, only discovered in 2005, are now considered 

important homeostatic regulators, since they can respond to cellular stress through 

sensing of Ca2+ levels, pH, hypoxia and temperature fluctuation (512-514).  

In our mass spectrometry experiments, we identified SERCA1, the ER Ca2+ pump, 

in DNGR-1+ phagosomes. SERCA pumps, as well as their plasma membrane 

counterparts, PMCA pumps, maintain the cytosolic Ca2+ concentration in the nM 
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range. Interestingly, SERCA and PMCA pumps have been shown to be functionally 

close to STIM-Orai junctions (515-518). The close proximity of SERCA and the 

STIM-Orai junctions will result in the restoration of the Ca2+ concentration in the ER. 

Hence, the finding that SERCA1 is selectively present on DNGR-1+ phagosomes and 

at increased levels when DNGR-1 ligand was present could implicate not only that 

ER is recruited to those phagosomes in a DNGR-1 signalling-dependent manner but 

that, additionally, it connects the Ca2+ signalling through STIM1. However, we did not 

detect an enrichment of STIM1 in the phagosome populations analysed and, 

therefore, have no direct evidence for this hypothesis.  

Interestingly, we did detect Unc93B1 enriched in LAMP-2+ FMO bead phagosomes, 

which was recently linked with STIM1 activation on phagosomes (519). Unc93B1 is 

a known interactor of TLR3, 7 and 9 and is required for their transport from the ER 

to endo-lysosomes where they get activated by proteolytic cleavage (520-522). In 

the report by Maschalidi et al., a novel role of Unc93B1 in STIM1 activation has been 

suggested, since the 3d mutation of Unc93B1 had inhibitory effects on Ca2+ hot spots 

on phagosomes and impaired STIM1 oligomerization required for its activation. Thus, 

Unc93B1 had a direct effect on STIM1 activation and potentially recruitment of ER 

to the phagosomes. Collectively, the two reports by Maschalidi et al. and Nunes-

Hasler et al. suggest that STIM1 could mediate cross-presentation through regulation 

of phago-lysosomal fusion facilitated by Ca2+ signalling. However, the mutation in 

Unc93B1 had additional STIM1-independent effects on the phagosomal properties 

such as an increased pH and ROS levels which was possibly due to the stronger 

NOX2 recruitment. The efficacy by which antigens were released from phagosomes 

into the cytosol was also affected by the 3d Unc93B1 mutation but not by STIM1 

depletion, suggesting a role for Unc93B1 in cytosolic release. Surprisingly, cross-

presentation in BMDCs expressing 3d Unc93B1 was impaired while the phagosomal 

properties were actually ideal for cross-presentation: low degradative potential due 

to high pH and higher levels of NOX2 and ROS. This is puzzling and highlights that 

there is much more to be done in order to understand how STIM1 and Unc93B1 

coordinate cross-presentation. 

In sum, the enrichment of SERCA1 in DNGR-1+ and LAMP-2+ FMO bead 

phagosomes, could indicate a role of DNGR-1 in ER recruitment and, potentially, 

also in recruitment of components important for Ca2+ signalling to the phagosome. 

The enrichment of Unc93B1 in LAMP-2+ FMO bead phagosome, could furthermore 
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underline a potential role of DNGR-1 in STIM1 recruitment, but could also imply a 

STIM1-independent role of Unc93B1 in DNGR-1 mediated cross-presentation. 

Whereas the STIM1-Ca2+ axis argues more for a regulation of phago-lysosomal 

fusion, the STIM1-independent Unc93B1 axis provides evidence for a regulation of 

cytosolic antigen release.  

8.4 Autophagy in cross-presentation 

Autophagy is a conserved nutrient sensing mechanism by which cells can degrade 

endogenous proteins and even entire organelles independent of the proteasome 

(523, 524). Macroautophagy, which describes the eradication of proteins and 

organelles, can be induced by nutrient starvation and is triggered by the dissociation 

of mammalian target of rapamycin complex 1 (mTORC1) from the autophagy related 

gene 1 (Atg1)/ULK complex. This ultimately leads to autophagosome nucleation and 

elongation. Autophagy affects MHC I surface levels and antigen uptake (525) and 

the latter has been exploited in studies where purified autophagosomes were used 

as antigen carriers (526-528). However, the role of autophagy in cross-presentation 

is controversial: Even though primary cDC1s show higher levels of autophagy 

compared to cDC2s (529), atg5-deficient DCs incapable of autophagy did not show 

a defect in cross-presentation of soluble or apoptotic cell-associated antigens (530). 

There is evidence that under certain conditions autophagy might affect cross-

presentation, e.g. depletion of either Atg5, Atg7, beclin-1 or the amino acid starvation 

sensor kinase GCN2, all important for autophagy, resulted in impaired cross-

presentation of antigen derived from cells infected with the yellow fever-17D vaccine 

strain (531). Beclin-1 is required for autophagosome elongation since it recruits -in a 

complex with Atg6- the phosphoinositide 3-kinase (PI3K) Vps34 resulting in PI3P 

production (491). PI3P is important for recruitment of Atg12 and 8 which are 

ubiquitin-like proteins and their E1 and E2 conjugation system Atg7 and Atg10 

respectively. The activation of Atg7 and 10 will then induce together with Atg16L1 

the formation of pre-autophagosomal structures (532). Of note, depletion of Vps34 

has been shown to specifically impair cross-presentation of apoptotic dead cell-

associated antigen while cross-presentation of soluble antigen or bacteria-

associated antigens remained unaffected (533). Interestingly, beclin-1 was 

specifically enriched in DNGR-1+ FMO bead phagosomes, which might imply a 
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DNGR-1 dependent recruitment of beclin-1 to those phagosomes. However, no other 

autophagy related protein was specifically enriched in either DNGR-1+ or LAMP-2+ 

phagosomes and, furthermore, electron microscopy did not reveal any evidence for 

autophagosome formation in close proximity to bead phagosomes or on isolated 

phagosomes. To test a potential involvement for autophagy, phagosomal flow 

cytometry could be performed using antibodies staining for autophagy markers such 

as LC3 or beclin-1 directly. If beclin-1 or other autophagy markers are indeed present 

on DNGR-1+ or LAMP-2+ phagosomes when DNGR-1 is triggered, loss of function 

experiments could be performed using beclin-1 deficient DCs. Of note, the presence 

of proteins involved in autophagy could also be due to the fact that those beads 

cannot be degraded and, thus, the cell might attempt to break them down by 

autophagy. Finally, autophagy proteins have also been shown to be involved in 

phagocytic processes in a process termed LC3-associated phagocytosis (LAP), 

which is a non-canonical form of autophagy performed by phagocytes (534). 

Interestingly, LAP is required for the “immunologically silent” clearance of dead cells 

by macrophages (535) and furthermore, beclin-1 and the PI3K complex 3 are 

involved in the induction of LAP and the so called “LAPosome” formation (535-537). 

LAP is also dependent on the function of NOX2 and ROS production, which is 

recruited and regulated through signalling via the kinase Syk (538-540). Interestingly, 

Dectin-1 activation induces the recruitment of LC3 to phagosomes which resulted in 

the presentation of fungal-associated antigen on MHC II (538). How LAP is induced 

downstream of phagosome formation and how ROS production regulates LAP 

remains elusive. Moreover, LAP has mostly been studied in macrophages or GM-

CSF BMDCs and has so far not been linked to MHC I presentation. However, DNGR-

1 engagement could potentially promote LAP, similar to Dectin-1, as both receptors 

signal through the Syk kinase and beclin-1 was specifically associated with DNGR-

1+ phagosomes. In contrast to macroautophagy, LAP does not involve 

autophagosome formation and, hence, LAPosomes would not show a distinct 

ultrastructure by EM. To test whether LAP is induced downstream of DNGR-1, 

phagosomes can be stained for LC3 by flow cytometry or microscopy. Furthermore, 

the potential involvement of LAP provides another argument alongside the 

membrane rupture hypothesis to investigate the regulation of NOX2 assembly and 

ROS production in the future. 
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In sum, autophagy processes could be involved in the mechanisms by which DNGR-

1 mediates cross-presentation of dead cell-associated antigen. The preliminary 

evidence suggesting an association of the autophagy protein beclin-1 with DNGR-1+ 

phagosomes needs to be investigated in future experiments.  

8.5 Perspective 

The data presented in this thesis on the mechanism by which DNGR-1 mediates 

cross-presentation remain preliminary. Nevertheless, very interesting hypotheses 

emerge from the proteomic characterisation of phagosomal compartments in cDC1s. 

Importantly, during the course of the work presented here, a significant number of 

tools, such as cell lines expressing different mutants of DNGR-1 and assays allowing 

for detailed phagosomal analysis, have been generated that can now be utilised to 

test hypotheses. One of the most interesting hypotheses to emerge from this study 

is that endosomal damage might be induced in response to DNGR-1 triggering. 

Thus, there are two main questions that will lead the future research: (i) How does 

DNGR-1 mediate endosomal damage? and (ii) Does endosomal damage explain 

cross-presentation? Answering those questions will be essential to understand not 

only the biology of a process that has been described a long time ago, but will also 

make an important contribution in improving vaccination strategies. How cross-

presentation of viral or tumour antigens can be improved to help generate robust 

CTL responses remains one of the main challenges in medical research. By 

improving P2C transfer of antigens not only present vaccination strategies could be 

improved, but could also be applied in cancer immunotherapy treatments alongside 

checkpoint inhibitors in order to boost the immune system to eradicate tumours. 
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Chapter 9. Appendix 

Table 9.1: Proteins enriched in DNGR-1+ compared to double negative 
phagosomes.  
Proteins (total of 204) were selected based on the volcano plot in Figure 7.5 A (p-
value<0.05). All actin-binding protein and proteins associated with transcription, 
mitochondria, splicing, translation, DNA organisation and secreted proteins (total of 
95) were removed from the selection (based on uniprot entries). Remaining 109 
proteins are sorted based on their fold change (log 2).  
Gene Protein Fold 

change 
(log2) 

Localisation 

Mydgf myeloid-derived growth factor 6.4 ER, Golgi, secreted 
Aph1a gamma-secretase subunit APH-1A 5.7 ER, golgi 
Siglec5 sialic acid-binding Ig-like lectin 5 5.3 membrane 

Timd4 
T-cell immunoglobulin and mucin 
domain-containing protein 4 5.0 membrane 

Glipr1 
glioma pathogenesis-related 
protein 1 4.6 

plasma membrane, 
secreted 

Cdipt 
CDP-diacylglycerol-inositol 3-
phosphatidyltransferase 4.4 

ER, Golgi, plasma 
membrane 

Tmem206 transmembrane protein 206 3.8 
plasma membrane, 
early endosome 

Cers5 ceramide synthase 5 3.7 nucleus, ER 

Trappc3 
trafficking protein particle complex 
subunit 3 3.6 ER, Golgi 

Sec61b 
protein transport protein Sec61 
subunit beta 3.5 ER 

Lrba;Nbea 

lipopolysaccharide-responsive and 
beige-like anchor protein; 
Neurobeachin 3.5 

plasma membrane, 
golgi, lysosome 

Pdcd6 programmed cell death protein 6 3.1 
nucleus, ER, 
endosome 

Ptpn1 
tyrosine-protein phosphatase non-
receptor type 1 3.0 ER 

Pigt 
GPI transamidase component PIG-
T 3.0 ER 

Pla2g16 HRAS-like suppressor 3 2.8 
plasma membrane, 
peroxisome 

Arrb2 beta-arrestin-2 2.6 

nucleus, plasma 
membrane, 
cytoplasm 

Emb embigin 2.6 plasma membrane 
Rnf181 E3 ubiquitin-protein ligase RNF181 2.2 cytoplasm 

Sec11a 
signal peptidase complex catalytic 
subunit SEC11A 2.1 ER 

Nrp1 neuropilin-1 2.1 plasma membrane 
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Clcn3 H(+)/Cl(-) exchange transporter 3 2.0 
early and late 
endosomes 

Abcc1 
multidrug resistance-associated 
protein 1 2.0 plasma membrane 

Itgb2 integrin beta-2 2.0 membrane 

Abcd1 
ATP-binding cassette sub-family D 
member 1 1.9 

lysosome, 
peroxisome, ER, 
mitochondrion 

Ccr1 C-C chemokine receptor type 1 1.9 
plasma membrane, 
cytoplasm 

Tpcn1 two pore calcium channel protein 1 1.9 
endosome, 
lysosome 

Dopey2 protein dopey-2 1.9 Golgi 

Erbb2ip protein LAP2 1.8 
plasma membrane, 
nucleus 

Hk2 hexokinase-2 1.8 
cytosol, ER, 
mitochondrion 

Lin7c; 
Lin7a protein lin-7 homolog C; A 1.8 plasma membrane 

Rap1b Ras-related protein Rap-1b 1.8 
plasma membrane, 
cytoplasm 

Mfge8 lactadherin 1.8 
membrane, 
secreted 

Pvrl1 nectin-1 1.7 plasma membrane 
Ralb Ras-related protein Ral-B 1.7 plasma membrane  

Sacm1l 
phosphatidylinositide phosphatase 
SAC1 1.7 ER 

Itga5 integrin alpha-5 1.7 membrane 

Ist1 IST1 homolog 1.7 

nucleus, 
cytoskeleton, 
cytoplasmic 
vesicles 

Nfkb1 
nuclear factor NF-kappa-B p105 
subunit; p50 subunit 1.7 nucleus, cytoplasm 

Stt3b 

dolichyl-diphosphooligosaccharide-
-protein glycosyltransferase subunit 
STT3B 1.6 ER 

Rap2c Ras-related protein Rap-2c 1.6 endosome  
Clint1 clathrin interactor 1 1.6 cytoplasm 
cnpy4 phosphoglucomutase-2 1.6 cytoplasm 

Pomp proteasome maturation protein 1.5 
nucleus, cytoplasm, 
ER 

Dock5 dedicator of cytokinesis protein 5 1.5 
plasma membrane, 
cytoplasm 

Aven cell death regulator Aven 1.5 

unknown, 
associated with 
intracellular 
membranes 
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MLV-related proviral Env 
polyprotein;Surface 
protein;Transmembrane protein 1.5 plasma membrane 

Hck tyrosine-protein kinase HCK 1.5 
cytoplasm, nucleus, 
Golgi, lysosome 

Cpne2 copine-2 1.5 
nucleus, plasma 
membrane 

Nans Sialic acid synthase 1.4 cytoplasm 
Slc4a7 sodium bicarbonate cotransporter 3 1.4 plasma membrane 
Lnpep leucyl-cystinyl aminopeptidase 1.4 plasma membrane 

Tecr 
very-long-chain enoyl-CoA 
reductase 1.4 ER 

Rragc; 
Rragd 

Ras-related GTP-binding protein C; 
D 1.4 nucleus, lysosome 

Copa coatomer subunit alpha 1.4 Golgi, secreted 

H2-Eb1 
H-2 class II histocompatibility 
antigen, E-B beta chain 1.4 membrane 

Atp1b3 
sodium/potassium-transporting 
ATPase subunit beta-3 1.4 plasma membrane 

Ywhab 

14-3-3 protein beta/alpha;14-3-3 
protein beta/alpha, N-terminally 
processed 1.4 cytoplasm 

Stx4 syntaxin-4 1.4 plasma membrane 

Fgfr1op2 
FGFR1 oncogene partner 2 
homolog 1.4 cytoplasm 

Dhcr7 7-dehydrocholesterol reductase 1.4 ER 

Scamp2 
secretory carrier-associated 
membrane protein 2 1.3 Golgi, endosome 

Hsd17b12 
very-long-chain 3-oxoacyl-CoA 
reductase 1.3 ER 

Vamp7 
vesicle-associated membrane 
protein 7 1.3 

ER, Golgi, 
endosome, 
lysosome 

Efr3a protein EFR3 homolog A 1.3 
plasma membrane, 
cytoplasm 

Pik3cd 

phosphatidylinositol 4,5-
bisphosphate 3-kinase catalytic 
subunit delta isoform 1.3 cytoplasm 

Lrrc59 
leucine-rich repeat-containing 
protein 59 1.3 nucleus, ER 

Golga7 golgin subfamily A member 7 1.3 Golgi 
Rab6a; 
Rab6b 

Ras-related protein Rab-6A; Ras-
related protein Rab-6B 1.3 Golgi 

Dpp4 dipeptidyl peptidase 4 1.3 
plasma membrane, 
secreted 

Tfrc transferrin receptor protein 1 1.2 
plasma membrane, 
early endosome 

Rab35 Ras-related protein Rab-35 1.2 
endosome, plasma 
membrane 
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Evi2a protein EVI2A 1.2 membrane 
Anpep aminopeptidase N 1.2 plasma membrane 
Urod uroporphyrinogen decarboxylase 1.2 cytoplasm 

Itgb1 integrin beta-1 1.2 

plasma membrane, 
recycling 
endosome 

Slc6a6 
sodium- and chloride-dependent 
taurine transporter 1.2 plasma membrane 

Pigk GPI-anchor transamidase 1.2 ER 
B2m beta-2-microglobulin 1.2 ER and secreted 

Comt catechol O-methyltransferase 1.2 
plasma membrane, 
cytoplasm 

Cst3 cystatin-C 1.2 secreted 

Prkaa1 
5-AMP-activated protein kinase 
catalytic subunit alpha-1 1.2 nucleus, cytoplasm 

Itgb5 integrin beta-5 1.2 membrane 

Gng12 
guanine nucleotide-binding protein 
G(I)/G(S)/G(O) subunit gamma-12 1.2 plasma membrane 

Itgb7 integrin beta-7 1.2 membrane 
Eea1 early endosome antigen 1 1.1 early endosome 

Cisd2 
CDGSH iron-sulfur domain-
containing protein 2 1.1 ER, mitochondrion 

Sec61a1 
protein transport protein Sec61 
subunit alpha isoform 1 1.1 ER 

Sec11c 
signal peptidase complex catalytic 
subunit SEC11C 1.1 ER 

Rab4b Ras-related protein Rab-4B 1.1 
plasma membrane, 
endosome 

Tmed2 
transmembrane emp24 domain-
containing protein 2 1.1 ER, Golgi 

Emc10 
ER membrane protein complex 
subunit 10 1.1 ER, secreted 

Rala Ras-related protein Ral-A 1.1 plasma membrane  
Ap2a1 AP-2 complex subunit alpha-1 1.1 plasma membrane 

Pip4k2a 
phosphatidylinositol 5-phosphate 4-
kinase type-2 alpha 1.1 

nucleus, plasma 
membrane 

Casq1 calsequestrin-1 1.1 ER, mitochondrion 

Stx2 syntaxin-2 1.1 
plasma membrane, 
secreted 

Rab43 Ras-related protein Rab-43 1.1 Golgi, phagosome 

Lamp2 
lysosome-associated membrane 
glycoprotein 2 1.1 

plasma membrane, 
endosome, 
lysosome 

Ermp1 
endoplasmic reticulum 
metallopeptidase 1 1.1 ER 

Lrrc25 
leucine-rich repeat-containing 
protein 25 1.1 membrane 

Rapgef2 
rap guanine nucleotide exchange 
factor 2 1.1 

plasma membrane, 
endosome 
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Txndc12 
thioredoxin domain-containing 
protein 12 1.1 ER 

Card11 
caspase recruitment domain-
containing protein 11 1.1 cytoplasm 

Rdh11 retinol dehydrogenase 11 1.1 ER 
Itga4 integrin alpha-4 1.0 membrane 
Lman1 protein ERGIC-53 1.0 ER, Golgi 

Bcap31 
B-cell receptor-associated protein 
31 1.0 ER 

Ly75 lymphocyte antigen 75 1.0 plasma membrane 
Ormdl2; 
Ormdl1 

ORM1-like protein 2; ORM1-like 
protein 1 1.0 ER 

 
Table 9.2: Proteins enriched in LAMP-2+ compared to double negative 
phagosomes. 
Proteins (total of 291) were selected based on the volcano plot in Figure 7.5 A (p-
value<0.05). All actin-binding protein and proteins associated with transcription, 
mitochondria, splicing, translation, DNA organisation and secreted proteins (total of 
107) were removed from the selection (based on uniprot entries). Remaining 184 
proteins are sorted based on their fold change (log 2). 
Gene Protein Fold 

change 
(log2) 

Localisation 

Slc31a1 
high affinity copper uptake protein 
1 9.5 plasma membrane 

Aph1a gamma-secretase subunit APH-1A 7.5 ER, Golgi 

Npc2 epididymal secretory protein E1 7.3 
ER, lysosome, 
secreted 

Mon1b 
vacuolar fusion protein MON1 
homolog B 7.2 endosome 

Acp2 lysosomal acid phosphatase 7.0 lysosome 
Mydgf myeloid-derived growth factor 7.0 ER, Golgi, secreted 

Rab9a Ras-related protein Rab-9A 7.0 
ER, endosome, 
Golgi 

Mic1 
uncharacterized protein C18orf8 
homolog 7.0 

late endosome, 
lysosome 

Slc31a2 
probable low affinity copper uptake 
protein 2 6.8 membrane 

Scarb2 lysosome membrane protein 2 6.8 lysosome 
Tmem106
b transmembrane protein 106B 6.7 

late endosome, 
lysosome 

Rab39a Ras-related protein Rab-39A 6.6 
plasma membrane, 
lysosome 

Tmem192 transmembrane protein 192 6.6 
late endosome, 
lysosome 

Npc1 Niemann-Pick C1 protein 6.5 
late endosome, 
lysosome 

Slc37a2 sugar phosphate exchanger 2 6.4 ER 
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Tpcn2 two pore calcium channel protein 2 6.4 lysosome 
Slc15a4 solute carrier family 15 member 4 6.4 membrane 

Stk11ip 
serine/threonine-protein kinase 11-
interacting protein 6.3 cytoplasm 

Sft2d1 vesicle transport protein SFT2A 6.3 membrane 

Stard3nl 
MLN64 N-terminal domain 
homolog 6.2 late endosome 

Clcn7 H(+)/Cl(-) exchange transporter 7 6.2 lysosome 

Rnf13 E3 ubiquitin-protein ligase RNF13 6.0 

nucleus, ER, 
endosome, 
lysosome, Golgi 

Tmem55b 
type 1 phosphatidylinositol 4,5-
bisphosphate 4-phosphatase 6.0 

late endosome, 
lysosome 

Gabarapl
2 

gamma-aminobutyric acid 
receptor-associated protein-like 2 6.0 Golgi 

Mfsd1 
major facilitator superfamily 
domain-containing protein 1 5.9 membrane 

Hgsnat 
heparan-alpha-glucosaminide N-
acetyltransferase 5.7 lysosome 

Wdr91 WD repeat-containing protein 91 5.7 early endosome 

Abca3 
ATP-binding cassette sub-family A 
member 3 5.6 membrane 

Sppl2a signal peptide peptidase-like 2A 5. 
late endosome, 
lysosome 

Ccz1 
vacuolar fusion protein CCZ1 
homolog 5.5 lysosome 

P2rx4 P2X purinoceptor 4 5.4 membrane 

Mcoln1 mucolipin-1 5.3 
late endosome, 
lysosome 

Lamtor2 
ragulator complex protein 
LAMTOR2 5.1 

 late endosome, 
lysosome 

Rab19 Ras-related protein Rab-19 5.0 plasma membrane 
Casp7 caspase-7 5.0 cytoplasm 

Tlr9 Toll-like receptor 9 4.9 
ER, endosome, 
lysosome 

Tpcn1 two pore calcium channel protein 1 4.8 
endosome, 
lysosome 

Glmp 
glycosylated lysosomal membrane 
protein 4.7 lysosome 

Atp8a1 
phospholipid-transporting ATPase 
IA 4.6 

ER, plasma 
membrane, Golgi 

Bcl7a 
B-cell CLL/lymphoma 7 protein 
family member A 4.5 unknown 

Slc29a3 
equilibrative nucleoside transporter 
3 4.5 

endosome, 
lysosome 

Cd68 macrosialin 4.5 

plasma membrane, 
endosome, 
lysosome 



Appendix 

 

237 

 

H2-DMb1 
class II histocompatibility antigen, 
M beta 1 chain 4.5 

endosome, 
lysosome 

Unc93b1 protein unc-93 homolog B1 4.5 
ER, endosome, 
lysosome 

Slc46a3 solute carrier family 46 member 3 4.4 membrane 
Slc39a1 zinc transporter ZIP1 4.3 plasma membrane 

Gdpd5 

glycerophosphodiester 
phosphodiesterase domain-
containing protein 5 4.3 membrane 

Slc35f6 solute carrier family 35 member F6 4.3 
lysosome, 
mitochondrion 

Slc38a7 
putative sodium-coupled neutral 
amino acid transporter 7 4.3 membrane 

Arsb arylsulfatase B 4.3 lysosome 
Hvcn1 voltage-gated hydrogen channel 1 4.3 plasma membrane 

Cdipt 
CDP-diacylglycerol--inositol 3-
phosphatidyltransferase 4.3 

plasma membrane, 
ER, Golgi 

Tmem104 transmembrane protein 104 4.2 membrane 

Tlr3 Toll-like receptor 3 4.1 
ER, early 
endosome 

Abcd4 
ATP-binding cassette sub-family D 
member 4 4.0 peroxisome 

Lamp2 
lysosome-associated membrane 
glycoprotein 2 4.0 

late endosome, 
lysosome 

Txndc17 
thioredoxin domain-containing 
protein 17 4.0 cytoplasm 

Wdr81 WD repeat-containing protein 81 4.0 

cytoplasm, 
endosome, 
lysosome, 
mitochondrion 

Ttyh3 protein tweety homolog 3 3.9 plasma membrane 

Atp6v1b2 
V-type proton ATPase subunit B, 
brain isoform 3.9 

endomembrane 
system 

Rab7b Ras-related protein Rab-7b 3.9 
late endosome, 
lysosome, Golgi 

Tmem106
a transmembrane protein 106A 3.9 plasma membrane 
Plek pleckstrin 3.9 plasma membrane 
Ap1g1 AP-1 complex subunit gamma-1 3.9 Golgi 
Rab43 Ras-related protein Rab-43 3.9 Golgi 

Bag1 
BAG family molecular chaperone 
regulator 1 3.8 nucleus, cytoplasm 

Mon1a 
vacuolar fusion protein MON1 
homolog A 3.8 endosome 

Slc15a3 solute carrier family 15 member 3 3.7 lysosome 
Asah1 acid ceramidase 3.7 lysosome, secreted 

Atp6v1a 
V-type proton ATPase catalytic 
subunit A 3.7 

cytoplasmic vesicle 
membrane 
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Cln3 battenin 3.7 
endosome, 
lysosome 

Flot2 flotillin-2 3.7 
plasma membrane, 
endosome 

Mbp myelin basic protein 3.7 
plasma membrane, 
nucleus 

Mob3a MOB kinase activator 3A 3.6 unknown 

Vamp7 
vesicle-associated membrane 
protein 7 3.6 

ER, endosome, 
lysosome, Golgi 

Atp11a 
probable phospholipid-transporting 
ATPase IH 3.6 

plasma membrane, 
ER, endosome 

Lamp1 
lysosome-associated membrane 
glycoprotein 1 3.6 

late endosome, 
lysosome 

Gba glucosylceramidase 3.6 ER, Golgi 

Mlst8 
target of rapamycin complex 
subunit LST8 3.6 cytoplasm 

Lamtor3 
ragulator complex protein 
LAMTOR3 3.6 late endosome 

Arrb2 beta-arrestin-2 3.6 
nucleus, plasma 
membrane 

Eea1 early endosome antigen 1 3.6 early endosome 

Lamtor1 
ragulator complex protein 
LAMTOR1 3.5 

plasma membrane, 
late endosome, 
lysosome 

Ncstn nicastrin 3.5 membrane 

Irgm1 
immunity-related GTPase family M 
protein 1 3.5 

Golgi, endosome, 
lysosome 

Serinc1 serine incorporator 1 3.5 ER 
Gtpbp1 GTP-binding protein 1 3.5 cytoplasm 
Tmem206 transmembrane protein 206 3.5 plasma membrane 
Atp6v0d1 V-type proton ATPase subunit d 1 3.5 membrane 
Itsn2 intersectin-2 3.5 cytoplasm 

 
transmembrane protein C9orf91 
homolog 3.4 membrane 

Vti1b 

vesicle transport through 
interaction with t-SNAREs homolog 
1B 3.4 

endosome, 
lysosome 

Pi4k2a 
phosphatidylinositol 4-kinase type 
2-alpha 3.4 

endosome, Golgi, 
mitochondrion 

Lamtor5 
ragulator complex protein 
LAMTOR5 3.3 lysosome 

Fkbp15 FK506-binding protein 15 3.3 endosome 
Ptges2 prostaglandin E synthase 2 3.3 nucleus, Golgi 

Ptpn1 
tyrosine-protein phosphatase non-
receptor type 1 3.2 ER 

Abcf2 
ATP-binding cassette sub-family F 
member 2 3.2 mitochondrion 

Ppt1 palmitoyl-protein thioesterase 1 3.2 lysosome, secreted 
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Abcc10 
multidrug resistance-associated 
protein 7 3.1 plasma membrane 

Siglec5 sialic acid-binding Ig-like lectin 5 3.1 membrane 

Ccdc22 
Coiled-coil domain-containing 
protein 22 3.1 endosome 

Tollip Toll-interacting protein 3.1 cytoplasm 

Trappc3 
trafficking protein particle complex 
subunit 3 3.0 ER, Golgi 

Napg 
gamma-soluble NSF attachment 
protein 3.0 membrane 

Psen1 presenilin-1 2.9 

plasma membrane, 
Golgi, endosome, 
ER 

Slc12a9 solute carrier family 12 member 9 2.9 plasma membrane 
Stx3 syntaxin-3 2.9 membrane 
Rab4b Ras-related protein Rab-4B 2.8 plasma membrane 
Ftl1 ferritin light chain 1 2.8 cytoplasm 
Stx7 syntaxin-7 2.8 early endosome 

H2-DMa 
class II histocompatibility antigen, 
M alpha chain 2.8 

endosome, 
lysosome 

Rab7a Ras-related protein Rab-7a 2.7 
late endosome, 
lysosome 

Glb1 beta-galactosidase 2.7 lysosome 

Sec61b 
protein transport protein Sec61 
subunit beta 2.7 ER 

Vamp8 
vesicle-associated membrane 
protein 8 2.7 

plasma membrane, 
late endosome, 
lysosome 

Commd9 
COMM domain-containing protein 
9 2.7 

cytoplasmic 
vesicles, nucleus 

Fyn tyrosine-protein kinase Fyn 2.6 
plasma membrane, 
nucleus 

Clcn3 H(+)/Cl(-) exchange transporter 3 2.5 Golgi, endosome 
Tlr12 Toll-like receptor 12 2.5 membrane 
Ubap2 ubiquitin-associated protein 2 2.5 nucleus, cytoplasm 
Aacs acetoacetyl-CoA synthetase 2.4 cytoplasm 

Napa 
alpha-soluble NSF attachment 
protein 2.4 plasma membrane 

Arhgap30 Rho GTPase-activating protein 30 2.4 
cytoplasmic 
vesicles 

Atp6v1e1 V-type proton ATPase subunit E 1 2.4 

cytoplasm, 
endosome, 
mitochondrion, 
plasma membrane 

Flot1 flotillin-1 2.3 
plasma membrane, 
endosome 

Lsg1 large subunit GTPase 1 homolog 2.3 nucleus, ER 
Cd180 CD180 antigen 2.3 plasma membrane 
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Scamp2 
secretory carrier-associated 
membrane protein 2 2.2 

recycling 
endosomes, Golgi 

Ccr1 C-C chemokine receptor type 1 2.2 plasma membrane 

Sacm1l 
phosphatidylinositide phosphatase 
SAC1 2.2 ER 

Rragc 
Ras-related GTP-binding protein C; 
D 2.2 nucleus, lysosome 

Scamp3 
secretory carrier-associated 
membrane protein 3 2.1 membrane 

Atp11c 
phospholipid-transporting ATPase 
11C 2.1 

ER, plasma 
membrane 

Abcd1 
ATP-binding cassette sub-family D 
member 1 2.0 

ER, lysosome, 
peroxisome, 
mitochondrion 

Plbd1 phospholipase B-like 1 2.0 lysosome 
Stx12 syntaxin-12 1.9 endosome, Golgi 
Cnpy3 protein canopy homolog 3 1.9 ER 

Ppp1r14a 
protein phosphatase 1 regulatory 
subunit 14A 1.9 cytoplasm 

Mtmr1 myotubularin-related protein 1 1.9 plasma membrane 

Fth1 ferritin heavy chain 1.9 

lysosome, 
mitochondrion, 
secreted 

Cd36 platelet glycoprotein 4 1.8 
plasma membrane, 
Golgi 

Cst3 cystatin-C 1.8 secreted 
Galc galactocerebrosidase 1.8 lysosome 

Naaa 
N-acylethanolamine-hydrolyzing 
acid amidase 1.7 lysosomes 

Atp6v0a1 
V-type proton ATPase 116 kDa 
subunit a isoform 1 1.7 

cytoplasmic vesicle 
membrane 

Ppap2a 
lipid phosphate phosphohydrolase 
1 1.7 plasma membrane 

Crip1 cysteine-rich protein 1 1.7 
cytoplasmic 
vesicles, nucleus 

Hexa 
beta-hexosaminidase subunit 
alpha 1.7 lysosome 

Ap2a1 AP-2 complex subunit alpha-1 1.7 plasma membrane 
Ctsc dipeptidyl peptidase 1 1.7 lysosome 

Atp6v1g1 V-type proton ATPase subunit G 1 1.7 
cytoplasm, 
lysosome 

H2-Ab1 
H-2 class II histocompatibility 
antigen, A beta chain 1.6 membrane 

Sec11a 
signal peptidase complex catalytic 
subunit SEC11A 1.6 ER 

H2-Aa 

H-2 class II histocompatibility 
antigen, A-B alpha chain; A-U 
alpha chain 1.6 membrane 
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Myadm 
myeloid-associated differentiation 
marker 1.6 membrane 

Rras Ras-related protein R-Ras 1.6 plasma membrane 

Naca 
nascent polypeptide-associated 
complex subunit alpha 1.5 nucleus, cytoplasm 

Rab31 Ras-related protein Rab-31 1.5 
early endosome, 
Golgi 

Scimp 
SLP adapter and CSK-interacting 
membrane protein 1.5 membrane 

Drg1 
developmentally-regulated GTP-
binding protein 1 1.4 nucleus, cytoplasm 

Ppib 
peptidyl-prolyl cis-trans isomerase 
B 1.4 ER 

Rab6a Ras-related protein Rab-6A 1.4 Golgi 
Golga7 golgin subfamily A member 7 1.3 Golgi 

Aldh3b1 
aldehyde dehydrogenase family 3 
member B1 1.3 lipid droplet 

Emb embigin 1.3 plasma membrane 
Hexb beta-hexosaminidase subunit beta 1.2 lysosome 
Ap2b1 AP-2 complex subunit beta 1.2 plasma membrane 

Vamp3 
vesicle-associated membrane 
protein 3 1.2 membrane 

Hsd17b12 
very-long-chain 3-oxoacyl-CoA 
reductase 1.2 ER 

Copb2 coatomer subunit beta 1.1 cytosol, Golgi 

Psmc1 26S protease regulatory subunit 4 1.1 
nucleus, plasma 
membrane 

Pld4 phospholipase D4 1.1 membrane 

Tecr 
very-long-chain enoyl-CoA 
reductase 1.1 ER 

Gnb1 
guanine nucleotide-binding protein 
G(I)/G(S)/G(T) subunit beta-1 1.1 plasma membrane 

Rab32 Ras-related protein Rab-32 1.1 
mitochondrion, 
phagosome 

Cystm1 
cysteine-rich and transmembrane 
domain-containing protein 1 1.1 membrane 

Vdac1 
voltage-dependent anion-selective 
channel protein 1 1.1 

plasma membrane, 
mitochondrion 

Crip2 cysteine-rich protein 2 1.1 unknown 

Ppp3ca 

serine/threonine-protein 
phosphatase 2B catalytic subunit 
alpha isoform 1.0 plasma membrane 

Acox3 
peroxisomal acyl-coenzyme A 
oxidase 3 1.0 peroxisome 

Ap2a2 AP-2 complex subunit alpha-2 1.0 plasma membrane 

Rab5c Ras-related protein Rab-5C 1.0 
plasma membrane, 
endosome 

Gng12 
guanine nucleotide-binding protein 
G(I)/G(S)/G(O) subunit gamma-12 1.0 plasma membrane 



Appendix 

 

242 

 

Table 9.3: Proteins with lower abundance in DNGR-1+ compared to LAMP-2+ 
phagosomes. 
Proteins (total of 222) were selected based on the volcano plot in Figure 7.6 A (p-
value<0.05). All actin-binding protein and proteins associated with transcription, 
mitochondria, splicing, translation, DNA organisation and secreted proteins (total of 
70) were removed from the selection (based on uniprot entries). The 30 highest 
enriched proteins are shown in table 7.2 and are excluded from this table. The 
remaining 114 proteins are sorted based on their fold change (log 2).  
Gene Protein Fold 

change 
(log2) 

Localisation 

P2rx4 P2X purinoceptor 4 -4.8 

plasma 
membrane, 
nucleus 

Mcoln1 mucolipin-1 -4.8 

plasma 
membrane, late 
endosome, 
lysosome 

Slc38a7 
putative sodium-coupled neutral 
amino acid transporter 7 -4.7 membrane 

Ppp1r14a 
protein phosphatase 1 regulatory 
subunit 14A -4.7 cytoplasm 

Rab31 Ras-related protein Rab-31 -4.6 
early endosome, 
Golgi 

Abcd4 
ATP-binding cassette sub-family D 
member 4 -4.6 peroxisome 

Slc29a3 equilibrative nucleoside transporter 3 -4.5 
late endosome, 
lysosome 

Slc12a9 solute carrier family 12 member 9 -4.4 
plasma 
membrane 

Abca3 
ATP-binding cassette sub-family A 
member 3 -4.4 membrane 

Gdpd5 

glycerophosphodiester 
phosphodiesterase domain-containing 
protein 5 -4.4 membrane 

Slc46a3 solute carrier family 46 member 3 -4.3 membrane 

Rap2b Ras-related protein Rap-2b -4.2 
recycling 
endosome 

Pdap1 
28 kDa heat- and acid-stable 
phosphoprotein -4.1 

cytoplasm, 
plasma 
membrane, 
secreted 

Tlr9 Toll-like receptor 9 -4.1 
ER, endosome, 
lysosome 

Tmem55b 
type 1 phosphatidylinositol 4,5-
bisphosphate 4-phosphatase -4.1 

plasma 
membrane, late 
endosome, 
lysosome 
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Cmtm7 
CKLF-like MARVEL transmembrane 
domain-containing protein 7 -4.1 membrane 

Txn thioredoxin -4.0 nucleus, ER 

Bcl7a 
B-cell CLL/lymphoma 7 protein family 
member A -4.0 unknown 

Wdr81 WD repeat-containing protein 81 -4.0 

cytoplasm, early 
endosome, 
lysosome, 
mitochondrion 

Cd68 macrosialin -3.9 
endosome, 
lysosome 

Slc15a3 solute carrier family 15 member 3 -3.9 lysosome 
Serinc1 serine incorporator 1 -3.9 ER 

Tlr3 Toll-like receptor 3 -3.8 
ER, early 
endosome 

S100a14 protein S100-A14 -3.8 cytoplasm 

Atp6v1e1 V-type proton ATPase subunit E 1 -3.8 

cytoplasm, 
endosome, 
plasma 
membrane, 
mitochondrion 

Sumo3 small ubiquitin-related modifier 3 -3.7 
cytoplasm, 
nucleus 

Atp6v1b2 
V-type proton ATPase subunit B, 
brain isoform -3.7 membrane 

Atp6v1c1 V-type proton ATPase subunit C 1 -3.7 
plasma 
membrane 

Flot2 flotillin-2 -3.7 

plasma 
membrane, 
endosome 

Tmem268 
transmembrane protein C9orf91 
homolog -3.6 membrane 

H2-DMb1 
class II histocompatibility antigen, M 
beta 1 chain -3.6 

late endosome, 
lysosome 

Lamtor2 ragulator complex protein LAMTOR2 -3.5 
late endosome, 
lysosome 

Tmem106
a transmembrane protein 106A -3.5 

plasma 
membrane 

Lamp1 
lysosome-associated membrane 
glycoprotein 1 -3.5 

plasma 
membrane, 
endosome, 
lysosome 

H2-DMa 
class II histocompatibility antigen, M 
alpha chain -3.5 

late endosome, 
lysosome 

Asah1 acid ceramidase -3.5 
lysosome, 
secreted 

Unc93b1 protein unc-93 homolog B1 -3.4 
ER, endosome, 
lysosome 

Atp6v0d1 V-type proton ATPase subunit d 1 -3.4 membrane 
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Lamtor5 ragulator complex protein LAMTOR5 -3.4 lysosome  
Arsb arylsulfatase B -3.4 ER, lysosome 

Rab7b Ras-related protein Rab-7b -3.4 
endosome, 
lysosome, Golgi 

Lamtor3 ragulator complex protein LAMTOR3 -3.3 late endosome 

Mbp myelin basic protein -3.3 

plasma 
membrane, 
nucleus 

Lamtor1 ragulator complex protein LAMTOR1 -3.3 

plasma 
membrane, late 
endosome, 
lysosome 

Mlst8 
target of rapamycin complex subunit 
LST8 -3.2 cytoplasm 

Cln3 battenin -3.2 
late endosome, 
lysosome 

Gba glucosylceramidase -3.2 lysosome 

Atp8a1 phospholipid-transporting ATPase IA -3.2 

plasma 
membrane, ER, 
Golgi 

Tm6sf1 
transmembrane 6 superfamily 
member 1 -3.0 lysosome 

Glb1 beta-galactosidase -3.0 lysosome 

Ppt1 palmitoyl-protein thioesterase 1 -3.0 
lysosome, 
secreted 

Vamp8 
vesicle-associated membrane protein 
8 -3.0 

plasma 
membrane, late 
endosome, 
lysosome 

Napg 
gamma-soluble NSF attachment 
protein -3.0 membrane 

Tpcn1 two pore calcium channel protein 1 -3.0 
endosome, 
lysosome 

Emc4 
ER membrane protein complex 
subunit 4 -3.0 membrane 

Vti1b 
vesicle transport through interaction 
with t-SNAREs homolog 1B -2.9 

endosome, 
lysosome 

Lamp2 
lysosome-associated membrane 
glycoprotein 2 -2.9 

plasma 
membrane, late 
endosome, 
lysosome 

Frg1 protein FRG1 -2.9 
nucleus, 
cytoplasm 

Slc2a8 
solute carrier family 2, facilitated 
glucose transporter member 8 -2.8 

plasma 
membrane 

Rab43 Ras-related protein Rab-43 -2.8 Golgi 

Psen1 presenilin-1 -2.7 
plasma 
membrane, early 
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endosome, 
lysosome, Golgi 

Atp11a 
probable phospholipid-transporting 
ATPase IH -2.7 

plasma 
membrane, early 
endosome, ER 

Mpeg1 
macrophage-expressed gene 1 
protein -2.6 

cytoplasmic 
vesicles 

Pi4k2a 
phosphatidylinositol 4-kinase type 2-
alpha -2.5 

plasma 
membrane, 
endosome, 
Golgi, 
mitochondrion 

Atp6v1a 
V-type proton ATPase catalytic 
subunit A -2.4 cytoplasm 

Mon1a 
vacuolar fusion protein MON1 
homolog A -2.4 endosome 

Gosr1 
Golgi SNAP receptor complex 
member 1 -2.4 Golgi 

Eea1 early endosome antigen 1 -2.4 early endosome 

Rab7a Ras-related protein Rab-7a -2.4 
late endosome, 
lysosome 

Mob3a MOB kinase activator 3A -2.4 unknown 

Vamp7 
vesicle-associated membrane protein 
7 -2.3 

ER, endosome, 
lysosome, Golgi 

Stx7 syntaxin-7 -2.2 early endosome 

Ftl1;Ftl2 ferritin light chain 1 -2.2 
lysosome, 
secreted 

Hexa beta-hexosaminidase subunit alpha -2.2 lysosome  
Pygm glycogen phosphorylase, muscle form -2.2 ER 
Hexb beta-hexosaminidase subunit beta -2.2 lysosome  

Mtor 
serine/threonine-protein kinase 
mTOR -2.1 

nucleus, ER, 
lysosome, Golgi, 
mitochondrion 

Flot1 flotillin-1 -2.1 

plasma 
membrane, 
endosome 

Stx3 syntaxin-3 -2.0 membrane 
Crip1 cysteine-rich protein 1 -1.9 cytoplasm 

Tmem30a sell cycle control protein 50A -1.9 

plasma 
membrane, 
Golgi 

Ctsa lysosomal protective protein -1.9 lysosome 
Aph1a gamma-secretase subunit APH-1A -1.8 ER, Golgi 

Napa alpha-soluble NSF attachment protein -1.8 
plasma 
membrane 

Rab4b Ras-related protein Rab-4B -1.7 
plasma 
membrane 

Naaa 
N-acylethanolamine-hydrolyzing acid 
amidase -1.7 lysosome 
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Stx12 syntaxin-12 -1.7 endosome, Golgi 

Fkbp15 FK506-binding protein 15 -1.7 
early endosome, 
cytoplasm 

Tlr12 Toll-like receptor 12 -1.6 membrane 

Vapb 
vesicle-associated membrane protein-
associated protein B -1.6 ER 

Ctsc dipeptidyl peptidase 1 -1.5 lysosome 
Plbd1 phospholipase B-like 1 -1.5 lysosome 
Lsg1 large subunit GTPase 1 homolog -1.5 nucleus, ER 

Rras 
Ras-related protein R-Ras;Ras-
related protein R-Ras2 -1.5 

plasma 
membrane 

Tollip Toll-interacting protein -1.5 cytoplasm 
Itsn2 intersectin-2 -1.5 cytoplasm 

Cd180 CD180 antigen -1.5 
plasma 
membrane 

Chmp5 charged multivesicular body protein 5 -1.4 
cytosol, 
endosome 

Ppap2a lipid phosphate phosphohydrolase 1 -1.4 
plasma 
membrane 

Prkar1a 
cAMP-dependent protein kinase type 
I-alpha regulatory subunit -1.3 

plasma 
membrane 

Atp11c 
phospholipid-transporting ATPase 
11C -1.3 

plasma 
membrane, ER 

Cd36 platelet glycoprotein 4 -1.3 

plasma 
membrane, 
Golgi 

Scamp3 
secretory carrier-associated 
membrane protein 3 -1.3 membrane 

Prrc2c protein PRRC2C -1.3 cytoplasm 
Ap1m1 AP-1 complex subunit mu-1 -1.3 Golgi 

H2-Aa 
H-2 class II histocompatibility antigen, 
A-B alpha chain -1.3 membrane 

Fth1 ferritin heavy chain -1.3 

lysosome, 
mitochondrion, 
secreted 

Creld2 
cysteine-rich with EGF-like domain 
protein 2 -1.2 ER, secreted 

Scimp 
SLP adapter and CSK-interacting 
membrane protein -1.2 membrane 

Psap prosaposin -1.2 
lysosome, 
secreted 

Mtmr1 myotubularin-related protein 1 -1.2 
plasma 
membrane 

Syngr2 synaptogyrin-2 -1.1 

cytoplasmic 
vesicle 
membrane 

Gnb1 
guanine nucleotide-binding protein 
G(I)/G(S)/G(T) subunit beta-1 -1.1 

plasma 
membrane 
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Table 9.4: Proteins with lower abundance in DNGR-1+ compared to LAMP-2+ 
phagosomes. 
Proteins (total of 126) were selected based on the plot in figure 7.16 B (p-
value<0.05). All actin-binding protein and proteins associated with transcription, 
mitochondria, splicing, translation, DNA organisation and secreted proteins (total of 
45) were removed from the selection (based on uniprot entries). The 30 highest 
enriched proteins are shown in table 7.4 and are excluded from this table. The 
remaining 51 proteins are sorted based on their fold change (log 2). 
Gene Protein Fold 

change 
(log2) 

Localisation 

Lamtor2 
ragulator complex protein 
LAMTOR2 -2.4 

unknown 

Gba glucosylceramidase -2.4 lysosome 
Glb1 beta-galactosidase -2.3 lysosome 
Stx8 syntaxin-8 -2.3 membrane 

Abca3 
ATP-binding cassette sub-family A 
member 3 -2.2 

plasma membrane 

Atp6v0d1 V-type proton ATPase subunit d 1 -2.2 membrane 

Rab7a Ras-related protein Rab-7a -2.2 
endosome, 
lysosome 

Atp6v1e1;
Atp6v1e2 

V-type proton ATPase subunit E 1; 
E 2 -2.2 

cytoplasm, 
endosome, 
mitochondrion, 
plasma membrane 

Atp6v1b2 
V-type proton ATPase subunit B, 
brain isoform -2.2 

membrane 

Rab9a Ras-related protein Rab-9A -2.1 
endosome, Golgi, 
ER 

Atp6v1a 
V-type proton ATPase catalytic 
subunit A -2.1 

cytoplasm 

Rab39a Ras-related protein Rab-39A -2.0 
lysosome, plasma 
membrane 

Tmem55b 
Type 1 phosphatidylinositol 4,5-
bisphosphate 4-phosphatase -2.0 

endosome, 
lysosome, plasma 
membrane 

Stx7 syntaxin-7 -2.0 

endosome, 
lysosome, plasma 
membrane 

Unc93b1 protein unc-93 homolog B1 -2.0 
endosome, 
lysosome, ER 

Ppm1b protein phosphatase 1B -1.9 unknown 

Pi4k2a 
phosphatidylinositol 4-kinase type 
2-alpha -1.8 

plasma membrane, 
endosome, Golgi, 
mitochondrion 

Ifitm3 
interferon-induced transmembrane 
protein 3 -1.8 

endosome, 
lysosome, plasma 
membrane 
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Rragc; 
Rragd 

Ras-related GTP-binding protein C 
and D -1.8 lysosome, nucleus 

Acp2 lysosomal acid phosphatase -1.8 lysosome  
Ppm1m protein phosphatase 1M -1.8 unknown 
Ppt1 palmitoyl-protein thioesterase 1 -1.7 lysosome, secreted 
Rab7b;54
30435G2
2Rik Ras-related protein Rab-7b -1.7 

endosome, 
lysosome, Golgi 

Stard3nl MLN64 N-terminal domain homolog -1.7 endosome, ER 

Atp8a1 
phospholipid-transporting ATPase 
IA -1.7 membrane 

Ncstn nicastrin -1.7 membrane 

Napg 
gamma-soluble NSF attachment 
protein -1.7 unknown 

Vti1b 
vesicle transport through interaction 
with t-SNAREs homolog 1B -1.7 

cytoplasm, 
endosome, 
lysosome, Golgi 

Vamp7 
vesicle-associated membrane 
protein 7 -1.6 

endosome, 
lysosome, Golgi, ER 

Rptor 
regulatory-associated protein of 
mTOR -1.6 

cytoplasm, lyssome, 
nucleus 

Flot2 flotillin-2 -1.6 
plasma membrane, 
endosome 

Napa 
alpha-soluble NSF attachment 
protein -1.6 plasma membrane 

 UPF0586 protein C9orf41 homolog -1.5 cytoplasm, nucleus 

H2-Ob 
histocompatibility 2, O region beta 
locus -1.5 

plasma membrane, 
lysosome 

Mtor 
serine/threonine-protein kinase 
mTOR -1.5 

lysosome, ER, 
nucleus, Golgi, 
mitochondrion 

Cd180 CD180 antigen -1.5 plasma membrane 
Flot1 flotillin-1 -1.5 unknown 

Arsb arylsulfatase B -1.5 

lysosome, ER, 
Golgi, 
mitochondrion 

Vamp8 
vesicle-associated membrane 
protein 8 -1.5 

endosome, 
lysosome, plasma 
membrane, 
cytoplasm 

2700094K
13Rik; 
Selh selenoprotein H -1.5 unknown 
Slc12a9 solute carrier family 12 member 9 -1.5 plasma membrane 

Abcb6 
ATP-binding cassette sub-family B 
member 6, mitochondrial -1.4 

plasma membrane, 
endosome, ER, 
Golgi, 
mitochondrion 
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Tmem106
b transmembrane protein 106B -1.4 unknown 
Atp6v1c1 V-type proton ATPase subunit C 1 -1.4 plasma membrane  

Naaa 
N-acylethanolamine-hydrolyzing 
acid amidase -1.3 lysosome 

Atp6v1h V-type proton ATPase subunit H -1.3 unknown 
Atp6v1f V-type proton ATPase subunit F -1.3 unknown 
Arhgap15 Rho GTPase-activating protein 15 -1.3 unknown 

Itm2c 
integral membrane protein 2C;CT-
BRI3 -1.3 membrane 

Mon1b 
vacuolar fusion protein MON1 
homolog B -1.3 endosome 

Snapin SNARE-associated protein Snapin -1.2 
cytoplasm, 
lysosome, Golgi 

D1Ertd62
2e 

UNC119-binding protein C5orf30 
homolog -1.2 cytoplasm 
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