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Abstract  
Dendritic cells (DCs) are critical for the activation of immune responses. As such, there 

is a lot of interest in understanding their biology so they can be more easily exploited for 

improved immune responses to vaccines. This thesis has interrogated two key molecules 

necessary for the generation and function of DCs – FMS-like tyrosine kinase 3 (Flt3) and 

major histocompatibility complex class II (MHC II).  

 

It is well established that the number of DCs in normal (1–4) and malignant tissues (5) is 

reliant on the Flt3/Flt3 ligand (Flt3L) signaling cascade. Therefore, manipulation of this 

pathway is an attractive solution to improve immune outcomes. Currently, clinical 

strategies rely upon administration of Flt3L, however, improved understanding of the 

expression and regulation of Flt3 could lead to more sophisticated and long-lasting 

approaches. 

 

In Chapter Three of this thesis, I show that terminally differentiated splenic DCs express 

and regulate Flt3. Differential expression of Flt3 is observed between different DC 

subsets and activation states. Furthermore, I demonstrate changes to the biology of DCs 

when they express Flt3-internal tandem duplication (ITD) – the most common mutation 

observed in acute myeloid leukemia (6). Mice expressing Flt3-ITD have expanded 

numbers of splenic DCs with altered cell surface phenotype including increased MHC 

expression. Overall, we found the mutation does not impact cross-presentation, however, 

it does significantly improve MHC II antigen presentation, with consequences for DC 

function and T cell immunity.  

 



 

 iii 

In Chapter Four, I further interrogated the Flt3 pathway by investigating the genetic 

machinery that regulates Flt3 in DCs. Using CRISPR/Cas9 genome-wide screens, I 

identified several novel regulators of Flt3. These included Mediator 25 (Med25), which 

encodes a subunit of the Mediator complex, and Ubiquitin-specific peptidase 22 (USP22), 

which encodes a subunit of the Spt-Ada-Gcn5 Acetyltransferase (SAGA) complex. Both 

genes have undescribed roles in DCs however my findings suggest they promote and 

repress the transcription of Flt3, respectively.  

 

In Chapter Five, I tackled DC manipulation from another angle by investigating the 

impact of MHC II ubiquitination on DC function and immunity. I found MHC II 

ubiquitination controls DC numbers and function, with mice lacking MHC II 

ubiquitination (MHC IIKRKI/KI) having a reduced number of DCs with altered cell surface 

phenotype, antigen proteolysis and cytokine secretion. These changes ultimately lead to 

impaired immunity, with reduced in vivo T cell priming, cytotoxic T cell and humoral 

responses observed.  

 

In summary, I have broadened the understanding of DC biology by comprehensively 

studying pathways which promote the generation and function of these unique immune 

cells. As a result, this thesis will assist in the design of vaccines which exploit DCs for 

improved immunity. 
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Chapter 1 - Introduction 

Sections of this chapter were published in Immunology & Cell Biology (2021). The 

specific contributions of authors are disclosed in the “Preface” and “Publications arising 

from this thesis” sections of this thesis. The published manuscript can be found in 

Appendix 1.  

 

Introduction 

An exciting advance to immunotherapy against infection, cancer and autoimmunity is to 

exploit the biology of dendritic cells (DCs) (7). DCs are unrivalled in their ability to 

acquire, process and present antigenic peptide to T cells. Discovered in 1973 (8), they are 

a functionally and phenotypically heterogenous population of cells that are widely 

distributed throughout the body. Under steady state conditions, DCs are well-equipped at 

acquiring and processing antigen but poor at inducing immunity. Interactions between 

immature DCs and naïve T cells can lead to tolerance, are important in shaping T cell 

development in the thymus and maintaining T cell populations in the peripheral lymphoid 

organs. Upon encounter with inflammatory stimuli DCs undergo maturation. 

Inflammatory stimuli include pathogen associated molecular patterns (PAMPs) which are 

recognized by pattern recognition receptors (PRRs) on DCs in addition to inflammatory 

cytokines (9). Mature DCs have elevated major histocompatibility complex (MHC), 

costimulatory molecules and inflammatory cytokines and migrate to T cell zones of 

secondary lymphoid organs where they can initiate immune responses. DC interaction 

with T cells can be a double-edged sword, with DCs capable of not only initiating immune 

responses against non-self but also initiating autoimmunity.  
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To manipulate DCs in clinical settings, it is important to understand the major signaling 

cascade that generates these cells, FMS-like tyrosine kinase 3 (Flt3)/Flt3 ligand (Flt3L), 

and the proteins responsible for antigen presentation, MHC molecules.  

1.1 FMS-like tyrosine kinase 3 

FMS-like tyrosine kinase 3 (Flt3) receptor  

The Flt3 gene encodes a type III receptor tyrosine kinase in the same family as 

macrophage colony-stimulating factor (M-CSF) receptor (M-CSFR), mast/stem cell 

growth factor receptor (SCFR/c-KIT/CD117) and platelet-derived growth factor 

receptors A and B (PDGFR-A and -B). These receptors share a similar structure with five 

extracellular immunoglobulin-like domains, one transmembrane domain, one 

juxtamembrane domain and two tyrosine kinase domains (Figure 1.1). Flt3 expression is 

restricted to hematopoietic stem cells and DCs (10). 

Figure 1. The structure of Flt3 and Flt3L. Flt3 comprises five extracellular immunoglobulin (Ig)-like 

domains at the N-terminus. These are followed by one transmembrane (TM) domain and a juxtamembrane 

(JM) domain. The C-terminus comprises 2 tyrosine kinase domains. The most common mutation in 

the Flt3 gene is the internal tandem duplication (ITD), where an in-frame duplication of exons 14 and 15 
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is present in the JM domain. Membrane-bound Flt3L comprises 5 extracellular domains, one TM domain 

and one cytosolic tail (CT). Arrow indicates cleavage site to form soluble Flt3L.Figure from (11). 

 

Flt3 ligand (Flt3L)  

The ligand for Flt3 is Flt3 ligand (Flt3L), a type I transmembrane protein in the same 

family as the ligands for SCFR and M-CSFR. It comprises five extracellular domains, a 

transmembrane domain and a cytosolic tail (Figure 1). There are three main isoforms of 

Flt3L. The first isoform, found in both humans (12, 13) and mice (14), is cleavable 

membrane-bound Flt3L which can form soluble Flt3L. Flt3L can also be generated as a 

soluble protein which lacks a membrane anchor (12–14). This occurs due to an early stop-

codon which is introduced into Flt3L due to exon skipping. The last isoform is membrane-

tethered and cannot be cleaved (15). Like soluble Flt3L, membrane-tethered Flt3L occurs 

due to alternative splicing and results in a protein that lacks the cleavage site. While all 

forms are biologically active, the abundance of each differs between species. In humans, 

the most common form is the cleavable membrane-bound Flt3L (15), whereas in mice the 

most common form is the membrane-tethered Flt3L (13, 15). It is currently unclear 

whether the different isoforms perform different functions.  

 

In contrast to the Flt3 receptor, Flt3L mRNA is expressed by most hematopoietic and 

non-hematopoietic tissues (13, 14). Even so, in healthy individuals serum Flt3L levels are 

low (16). The non-hematopoietic sources have not been studied extensively; however, for 

the hematopoietic source it has been shown that T cells secrete Flt3L (17).When lethally 

irradiated Flt3L-/- mice are reconstituted with bone marrow from mice lacking T cells 

(CD3ɛ-/-) there is a significant reduction in serum Flt3L in comparison to Flt3L-/- mice 
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reconstituted with wild type bone marrow (17). In particular, CD4+ T cells were found to 

secrete higher amounts of Flt3L than CD8+ T cells when stimulated ex vivo with anti-

CD3ɛ and anti-CD28 antibodies (17). In T cells, Flt3L is stored intracellularly and 

colocalizes with Golgi-resident proteins (16, 18). Trafficking to the cell surface can be 

induced by cytokines which signal through the common γ receptor chain though the 

mechanism involved is unclear (18). The metalloprotease TNFα converting enzyme 

(TACE/ADAM17) cleaves membrane-bound Flt3L to soluble Flt3L (19). 

 

Recently, there has been evidence of additional hematopoietic sources of Flt3L during 

steady-state conditions. Whilst not as highly expressed as in T cells, Flt3L is detected in 

conventional DC (cDC) subset 2 (cDC2) with low levels of soluble Flt3L detected in 

primary murine cDC2 cultures. The metalloprotease responsible for cleaving cDC2 Flt3L 

is a disintegrin and metalloproteinase 10 (ADAM10) (20). Mice lacking ADAM10 

specifically in DCs have increased surface cDC2 Flt3L, reduced serum Flt3L and 

significantly reduced splenic cDC2 (defined as CD11b+ CD4+ ESAM+) (20). This is the 

first paper to provide evidence for differential roles of Flt3L isoforms, with cleaved 

soluble Flt3L, not membrane-bound or tethered, required for the development and 

maintenance of ESAM+ cDC2. It is currently unclear why splenic cDC2 preferentially 

require soluble Flt3L, though it has been suggested this improves accessibility of the 

ligand (20). 

 

Flt3/Flt3L signaling  

Once activated, Flt3 signals via mitogen-activated protein kinase (MAPK), 

phosphatidylinositol 3 kinase (PI3K) and signal transducers and activators of 



 

 5 

transcription 3 (STAT3) pathways (Figure 2). Flt3 signaling is also implicated in the 

indirect regulation of other signaling pathways given that in the absence of Flt3, DCs and 

their progenitors are more responsive to other growth factors (such as M-CSF and stem 

cell factor) and can activate additional pathways (21). 

 

Figure 2. Signaling pathways induced by activated Flt3. Flt3 signals through 3 pathways –MAPK (pink), 

STAT3 (blue) and PI3K (green). Dashed arrows indicate pathways that have only been demonstrated using 

transformed cell lines (not DCs) whereas solid lines indicate pathways confirmed in DCs or DC progenitors. 

Figure from (11). 

 

The MAPK pathway is implicated in Flt3 signaling in different cell lines overexpressing 

wild type Flt3. Once stimulated with Flt3L, increased activation of SHC adaptor protein 

1 (SHC) and extracellular signal-related kinase (ERK)1/2 is observed (22). While this 

likely occurs in DCs, it has yet to be shown. The PI3K pathway is also implicated in Flt3 

signaling. Flt3-mediated PI3K activation has been demonstrated in DCs (23). Indeed, in 

vivo administration of Flt3L leads to increased phosphorylation of ribosomal protein S6 

kinase beta-1 (S6K) in splenic cDCs. Congruent to this, global or DC-specific deletion of 

phosphatase and tensin homolog (PTEN), an inhibitor of AKT and downstream of PI3K 
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signaling, leads to an increase in the number of DCs suggesting an important role of 

Flt3L-induced PI3K signaling in DC regulation (23). Finally, activation of STAT3 is 

critical for DC development and occurs following Flt3L stimulation (24). Consequently, 

mice lacking STAT3 in hematopoietic cells have fewer DCs which cannot be rescued by 

Flt3L treatment (24). Similarly, forced expression of STAT3 leads to increased DC 

developmental potential (1). 

 

Flt3 and DC development  

Single cell analysis has revealed the development of terminally differentiated DCs is a 

continuous process whereby progenitor cells progressively differentiate (25). DC 

development is dependent on Flt3/Flt3L signaling. As such, all cells that differentiate into 

cDCs and pDCs express Flt3 (4, 26). Surface expression of Flt3 differs, with the highest 

expression observed for splenic cDC1 and the lowest for pre-cDC1 and pre-cDC2 (27). 

It should be noted that not all DCs rely on Flt3. Indeed, Langerhans cells, an epidermal-

resident DC, are unaffected by loss of Flt3 signaling (28), indicating their establishment 

and maintenance is Flt3-independent. The critical role of Flt3 in cDC and pDC 

development has been reinforced by studies overexpressing Flt3 (1). Onai and colleagues 

showed Flt3- hematopoietic progenitors, such as the megakaryocyte erythrocyte 

progenitor, MEP, cannot produce cDC or pDC irrespective of Flt3L stimulation. 

However, upon Flt3 introduction, these progenitors can give rise to cDC and pDC (1). 

Further to this, lethally irradiated mice have reduced cDCs and pDCs following 

reconstitution with Flt3L-/- bone marrow. Similarly, lethally irradiated Flt3L-/- mice 

reconstituted with wild type bone marrow have reduced cDCs and pDCs (17). This not 

only demonstrates the importance of Flt3 signaling in DC development but also highlights 
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the importance of hematopoietic sources of Flt3L, particularly CD4+ T cells. Further 

evidence of the critical role of Flt3 in haematopoietic development comes from studies 

showing an increase in DC and progenitor number when Flt3L is administered to mice 

(2–4) or humans (29). Other growth factors, such as granulocyte colony-stimulating factor 

(G-CSF) increase DC numbers however they are incapable of expanding DCs to the same 

extent as Flt3L (2). Although increased cellularity is not observed in the bone marrow of 

Flt3L treated mice, there is an increase in the number of B cell and DC precursors and 

their mobilization (3). In support of this, when Flt3L-treated and untreated splenocytes 

are depleted of cDCs and transferred into irradiated recipients there is an increase in DCs 

originating from Flt3L-treated splenocytes (3). This is indicative of increased DC 

progenitors in Flt3L-treated spleens. 

 

A greater understanding of Flt3 signaling on hematopoiesis has been gained from mice 

lacking Flt3 (Flt3-/-) (30) or Flt3L (Flt3L-/-) (31). Initially Flt3-/- mice were described to 

have no changes in cellularity except for reduced bone marrow B cell progenitors (30). 

However, more recent analysis using complex multicolor immunophenotyping has 

revealed additional decreases in lymphoid (3) and nonlymphoid (28) DCs. A similar, 

albeit more severe, phenotype is observed in Flt3L-/- mice. Mice lacking Flt3L-/- have 

reduced DC progenitors (31). In addition, significant reductions in lymphoid (3, 21, 31) 

and non-lymphoid DCs (28) are observed. Flt3L-/- mice also have reduced natural killer 

(NK) cells (31). This indicates Flt3 signaling regulates early progenitor cells involved in 

the differentiation of several lineages. In competitive bone marrow transplantation 

experiments Flt3-/- bone marrow cells are unable to reconstitute DCs (3) and other 

lineages (3, 30) to the same extent as wild type bone marrow. In addition, by assessing 
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bromodeoxyuridine (BrdU) incorporation into Flt3-/- and wild type splenic DCs, Waskow 

et al. demonstrated that Flt3-/- DCs in the periphery are unable to proliferate to the same 

extent as their wild type counterparts (3). Therefore, Flt3 signaling regulates not only the 

differentiation and mobilization of progenitor DCs, but also plays a role in the 

homeostatic division of cDCs in peripheral lymphoid organs. More recent analysis 

suggests that while the earlier stages of cDC1 development require Flt3 signaling, the 

final stage is independent of this pathway (27). Similar proportions of cDC1 are generated 

when purified splenic pre-cDCs (CD11c+ MHC IIint Flt3+ SiRPαint) were cultured in vitro 

with feeder cells with and without Flt3L. This contrasts with cDC2, that are significantly 

reduced in the absence of Flt3L (27). This is surprising given cDC1 express higher Flt3 

than cDC2 (27), and suggests Flt3 may play other important roles in cDC1. 

 

Flt3 and immune responses  

Flt3-mediated DC homeostasis is important for regulating normal immune responses, 

mainly due to its indirect effect on T cell homeostasis. DC numbers highly correlate with 

regulatory T cell (Treg) numbers. Flt3L administration increases Tregs and Flt3 depletion 

reduces Tregs (32, 33). This relationship is observed in humans, with Flt3L treatment 

causing significant expansion of Tregs (34). Alterations to T cell compartments are 

independent of thymic Treg production as Flt3L administration increases splenic Tregs 

in thymectomized mice (32). DCs regulate Treg proliferation in the periphery (32–34) . 

Given the relationship between DCs and Tregs, aberrant DC Flt3 signaling may alter 

immunosurveillance in cancer (35). 
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Serum Flt3L levels, and as a result DC and T cell numbers, vary during different disease 

states. Dramatic increases in serum Flt3L are often observed in conditions of decreased 

progenitors, for example patients undergoing high-dose chemotherapy (16). Increased 

Flt3L is also evident at inflammation sites, such as following Plasmodium infection (36). 

While CD4+ T cells and cDC2 may be responsible for steady-state levels of Flt3L, this 

may not be the case in the presence of reduced hematopoietic progenitors, inflammation, 

or infection. Indeed, mast cells, not CD4+ T cells, are a major source of Flt3L during 

Plasmodium infection (36). Similarly, in cancer, natural killer (NK) cells produce Flt3L 

at the tumor site (5). Increases in Flt3L during infection and cancer play important 

protective roles by expanding DCs capable of presenting exogenous antigen by MHC I 

(cross-presenting cDC1) and improving CD8+ T cell responses. 

 

Exploiting Flt3/Flt3L signaling in immunotherapy and vaccination 

There is significant interest in exploiting DCs in tumor immunotherapy. This is because 

of their excellent ability to capture and present antigen, in addition to trafficking to T cell 

zones. Unfortunately, harnessing the power of DCs has proved difficult due to their rare 

number in healthy and malignant tissues. Indeed, assessment of tumor infiltrating immune 

cells shows DCs to be the rarest cell type (37, 38). Whilst the number of tumor infiltrating 

DCs (TIDs) may be small, the role they play in tumor clearance is anything but. Cross-

presenting cDC1 (CD141+/BDCA3+ in humans and CD103+ in mice) are essential in solid 

tumor clearance. Mice lacking cross-presenting DCs (Batf3-/-) have decreased CD8+ T 

cell recruitment and increased tumor burden following tumor inoculation (38, 39). 

Similarly, high expression of BDCA3+-related gene expression in melanoma correlates 

with increased overall patient survival (5). This dramatic phenotype is due to an increase 
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in CD8+ T cell activation and infiltration (39). Indeed, while a number of tumor-

infiltrating immune cells, such as macrophages, can capture tumor-associated antigen, 

only cross-presenting TIDs are able to traffic to, and activate, CD8+ T cells in the tumor 

and at tumor draining lymph nodes (37, 38). The normal number of TIDs is reliant on 

Flt3L production by NK cells, with a decrease in cross-presenting TIDs in mice lacking 

NK cells (36). In agreement with this, the number of NK cells correlates with Flt3L gene 

expression and BDCA3+ DC numbers in human melanoma (36). 

 

The Flt3/Flt3L signaling cascade is being targeted to manipulate the number of cross-

presenting TIDs to improve anti-tumor immune responses. Administration of Flt3L to 

mice and humans significantly expands cross-presenting TIDs and their progenitors (37, 

38, 40, 41). This promotes anti-tumor immunity in mice with solid tumors (41, 42). 

Improved outcomes occur when Flt3L is used together with a stimulatory agent and 

checkpoint inhibitors. Mice treated with Flt3L in combination with poly I:C (TLR3 

agonist), mAb specific for programmed cell death-1 (PD-1) with and without irradiation 

have significantly reduced primary and secondary tumor growth and increased survival 

(37, 40, 43). This phenotype is reliant on cross-presenting CD103+ DC and CD8+ T cells 

(37, 40). The former is essential for anti-PD-1 therapy (43). Including Flt3L in 

combination therapy appears promising in clinical trials, with increased tumor regression 

in B cell lymphoma patients treated with Flt3L, irradiation and poly I:C (40). 

 

Adoptive T cell transfer (ACT) is an immunotherapy where patients are infused with T 

cells that are expanded in vitro. Importantly, these T cells can be genetically modified to 

improve their anti-cancer efficacy. For example, chimeric antigen receptor (CAR) T cells 
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are engineered to express receptors specific for tumor antigens. In mice reconstituted with 

Batf3-/- bone marrow, adoptively transferred T cells were unable to migrate to the tumor 

site (39). However, once reconstituted with activated DCs, this phenotype was rescued 

(39). It is therefore possible that Flt3L, in combination with a TLR agonist, could 

potentiate ACT. Indeed, increased proliferation of adoptively transferred OT-I cells 

occurs in B16-OVA bearing mice treated with Flt3L and poly I:C (37). CAR T cells have 

been engineered to express and secrete Flt3L (41). Lai and colleagues demonstrate Flt3L-

CAR T cells improve tumor clearance, especially in combination with poly I:C and anti-

4-1BB (CD137) . This is dependent on cDC1, with no significant reduction in tumor size 

observed in Batf3-/- mice. Importantly, Flt3L-CAR T cell therapy increases the host anti-

tumor response with an increase in endogenous DC and T cells (41). In addition, 

improved host TCR diversity is observed. As a result, when mice are rechallenged with 

tumors lacking antigen, anti-tumor responses are improved.   

 

Flt3/Flt3L signaling has been exploited for vaccines against infection. Incorporation of 

Flt3L into vaccines against infectious agents can enhance immunity by increasing DC 

numbers and infiltration. Following subcutaneous immunization with DC-targeted 

antigen there is an increase in serum Flt3L alongside alterations in DC composition in 

skin-draining LNs (44). Mice treated with Flt3L during immunization display increased 

antigen uptake, and upon antigen recall, improved CD4+ T cell interferon gamma (IFNγ) 

production, CD4+ T cell expansion and increased serum IgG. In addition, Flt3L treatment 

expands CD8- CD24+ precursors of cDC1 (45). Mice vaccinated with these DC precursors 

prior to viral infection have increased specific memory T cell expansion and decreased 

viral load in comparison to mice vaccinated with cDC1 (45). During early stages of 



 

 12 

influenza A virus infection, there is a decrease in Flt3L and cDCs, impacting immune 

outcomes (46). By treating mice with a Flt3L-encoding plasmid prior to infecting with 

influenza, Beshara and colleagues exploited the Flt3/Flt3L signaling pathway and 

effectively increased the number of DC progenitors and lung DCs, in addition to reducing 

the number of tissue-damaging inflammatory monocytes. This strategy protected mice 

against secondary bacterial infections (46). 

 

Flt3 and autoimmunity  

While increased Flt3/Flt3L signaling may be desirable during infection and cancer, a 

genome-wide association study of more than 30,000 autoimmune thyroid disease (AITD) 

cases highlights this pathway can also elicit autoimmune disease (47). Saevarsdottir and 

colleagues identified an intron variant of Flt3 impacting AITD, systemic lupus, 

rheumatoid arthritis (RA) and coeliac disease risk (47). The intron variant has a premature 

stop codon predicted to generate a truncated non-functional protein. The reduction in Flt3 

correlates with increased serum Flt3L and expansion of myeloid cells, indicative of a 

positive feedback loop between Flt3 receptor and ligand (47). This is the first study to 

detail a germline mutation in Flt3 leading to increased risk of autoimmunity. Increased 

Flt3L is a well-established hallmark of autoimmunity. Indeed, RA patients not only 

exhibit increased serum Flt3L but also significantly increased Flt3L in the synovial fluid 

of their joints, where most inflammation and tissue damage is observed (48). It is 

hypothesized that increased Flt3L exacerbates autoimmunity in RA. In support of this, 

increased arthritis pathogenesis is observed in mice administered with Flt3L (48).  

 



 

 13 

In contrast, Flt3/Flt3L signaling can dampen autoimmunity via expansion of Tregs. Flt3L 

pre-treatment prevents death due to graft-versus-host-disease (GVHD) and protects mice 

against type 1 diabetes and inflammatory bowel disease (32, 33). In part this is due to 

increased cDC1s with protection lost when Tregs are depleted (33). Unsurprisingly, the 

relationship between Tregs and DCs is also observed in mice harboring Flt3-ITD 

mutations, with progressively increased Tregs in Flt3ITD/+ and Flt3ITD/ITD mice (35). 

Indeed, when Tregs are selectively depleted with diphtheria toxin in Flt3ITD/+FoxP3DTR-

GFP or Flt3+/+FoxP3DTR-GFP mice, there was faster reconstitution of Tregs in Flt3ITD/+ mice 

(35). 

 

1.2 Major histocompatibility complex class II (MHC II)  

Besides manipulating the number of DC, immune outcomes can be controlled by 

manipulating antigen presentation. Classically, presentation of cytosolic-derived antigen 

occurs on MHC class I (MHC I) to CD8+ T cells whereas presentation of exogenous 

antigen occurs on MHC class II (MHC II) to CD4+ T cells. 

 

Presentation of antigen to T cells is critical for the activation of immune responses. In 

addition, it plays important roles in T cell selection in the thymus – a process termed 

“central tolerance” (reviewed in (49)). According to the affinity model of thymocyte 

selection, the development of T cells from thymocytes is dependent on the interaction 

between TCR and peptide-loaded MHC. To survive, thymocytes require weak 

interactions between TCR and peptide-loaded MHC (positive selection). Interactions that 

are too strong lead to apoptosis-induced death (negative selection) or Treg differentiation. 
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Notably, MHC  expression on DCs, in addition to thymic epithelial cells, is critical to this 

process (reviewed in (50)).  MHC II expression in peripheral lymphoid organs is also 

important for the maintenance of peripheral tolerance (50). Indeed, antigen presentation 

by immature DCs to T cells in the absence of inflammation can promote T cell anergy or 

deletion.  

 

MHC II can also act as a signaling receptor (reviewed in (51)). Once engaged, MHC II 

activates a diverse range of signaling pathways which can promote proliferation, 

apoptosis, and cytokine production. In fact, it has been shown that intracellular MHC II 

in macrophages and BMDCs interacts with Bruton’s tyrosine kinase (Btk) to form a 

signaling platform which includes MyD88 and TRIF (52). This interaction is mediated 

through CD40 and allows for TLR signaling. As such, cells lacking MHC II produce less 

proinflammatory cytokines following TLR stimulation (52).  

 

MHC II trafficking  

MHC II is comprised of two glycoproteins,  and  chain, which are non-covalently 

bound (53, 54). In humans, there are three isoforms of MHC II: HLA-DM, -DQ and -DR. 

In mice there are two isoforms of MHC II known as H2-A and H2-E. In addition to the 

classical MHC II molecules, there are non-classical molecules which assist in trafficking 

MHC II. These include HLA-DM and HLA-DO (known as H2-M and H2-O in mice). 

Expression of classical and non-classical MHC II, in addition to invariant chain (Ii) is 

under the control of Class II major Histocompatibility Complex Transactivator (CIITA, 

encoded by MHC2TA). Since CIITA does not bind to DNA directly, it requires other 

genes to promote MHC II transcription. These include regulatory factor (RF) X5 (RFX5), 
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RF X associated protein (RFXAP) and RF X associated ankyrin containing protein 

(RFXANK) which form a complex upstream of MHC II. Once bound, these proteins 

recruit cAMP-response element binding protein (CREB) and nuclear transcription factor 

Y subunit alpha (NFY). Together, this forms the MHC II “enhanceosome” which CIITA 

binds to and promotes MHC II transcription (reviewed in (55, 56)).   

 

As shown in Figure 3, MHC II is transcribed and translated before it forms  dimers in 

the ER. Here, Ii binds to the MHC II peptide binding groove to form Ii-MHC II. This 

association improves the stability of MHC II (57) and prevents the premature binding of 

antigenic peptides (58). Ii contains sorting motifs which target MHC II to a late 

endosomal compartment called MHC II compartment (MIIC) (59, 60), via the trans-Golgi 

network (61) or cell membrane (62, 63). Here, Ii is degraded by proteases, such as 

cathepsin S, to a smaller peptide called class II‑associated invariant chain peptide (CLIP) 

(64–66). CLIP is finally removed by HLA-DM to expose the peptide binding groove (67–

69). This step is essential for antigen presentation and mice that lack HLA-DM are 

defective in antigen presentation (70). HLA-DM is regulated by HLA-DO, which 

competitively inhibits binding to MHC II (71). In addition, it has recently been 

demonstrated that the cation channels transmembrane protein 176A and B 

(TMEM176A/B) regulate the expression of HLA-DM in murine cDC2, with elevated 

HLA-DM (H2-M) protein expression observed in cDC2 lacking TMEM176A/B (72). 

This leads to reduced MHC II-CLIP and impairs CD4+ T cell priming (72). Once MHC 

II is fully exposed, it can bind 13-25 residue long self- and non-self peptides or even 

entire proteins (reviewed in (73)). Once loaded, MHC II traffics to the cell surface via 

tubulovesicular endosomes (74). It has been shown that peptide-loaded MHC II (pMHC 
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II) localize at the cell surface in lipid rafts. This clustering is thought to increase the 

chance of antigen-specific CD4+ T cells finding their cognate antigen (reviewed in (75)). 

 

Figure 3. The trafficking of MHC II. The α and  chains of MHC II dimerize in the endoplasmic reticulum 

(ER). Once bound to the invariant chain (Ii), Ii-MHC II traffics to the MHC II endosomal compartment 

(MIIC). Trafficking to MIIC can occur directly or via the cell surface. Proteases in MIIC partially degrade 

Ii to a smaller peptide called “class II‑associated invariant chain peptide” (CLIP). CLIP is then degraded 

by HLA-DM, which is regulated by HLA-DO. Once the peptide-binding groove of MHC II is exposed it 

can bind peptide antigen and forms pMHC II. This traffics to the cell surface to present to CD4+ T cells. 

Surface pMHC II can recycle between the cell surface and early endosome. Alternatively, the  chain of 

pMHC II can be ubiquitinated at lysine 225 (K225) by MARCH1. Ubiquitination promotes MHC II 

degradation via the lysosomal pathway.  

Peptide-MHC II trafficking    

Once at the cell-surface pMHC II is rapidly internalized (76) but can recycle back to the 

cell surface with the same or newly acquired peptide (77–80). The latter is thought to 

improve the repertoire of peptides available for T cell recognition and has been shown to 

be critical for the presentation of some antigens. For example, the S3 epitope of influenza 

is only presented on MHC II via the recycling pathway (81). Alternate to recycling, 
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pMHC II can be sorted into intraluminal vesicles (ILVs) destined to be degraded by the 

lysosomal pathway.   

 

MHC II expression changes dramatically depending on the activation status of DCs. In 

resting DCs, the majority of MHC II is stored intracellularly in multivesicular bodies 

(MVBs) with little MHC II found on the cell surface  (74, 76, 82, 83). While MHC II is 

continuously synthesized, it is degraded quickly with a half-life of ~10 hours (76). It is 

thought that this prevents irrelevant peptide accumulating at the cell surface during 

steady-state conditions, which in turn safeguards against excessive immune responses 

(76). Once activated, however, the MVBs once storing MHC II become tubular and lose 

their ILVs. This allows for the redistribution of MHC II to the cell surface (82). As such, 

the cell surface expression of MHC II significantly increases and the intracellular pool is 

lost (76, 82–84). In addition, the rate of MHC II synthesis is transiently increased before 

being shut down (76, 83). This is due to a shut down in the gene expression of CIITA 

(85). Interestingly though, the half-life of MHC II increases to ~100 hours (76). These 

changes, alongside a reduction in endocytosis (86, 87), ensure that only peptides acquired 

at the site of inflammation accumulate at the cell surface and are presented to T cells, a 

process termed “antigenic memory” (88).  

 

The stability of MHC II in DCs is dependent on their ubiquitination status. Ubiquitination 

of MHC II was first described in 2006 in studies that showed when the single lysine 

(K225) on the  chain of MHC II is mutated to arginine (MHC IIKR) or alanine (MHC 

IIKA) the cell surface expression of MHC II increases. In addition, they found that while 

MHC II is ubiquitinated in wild type cells, K225R/A leads to a loss of this ubiquitination 
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(89–91). Later, it was confirmed that the E3 ligase responsible for MHC II ubiquitination 

in B cells (92) and DCs (93) is the Membrane Associated RING-CH-type finger 1 

(MARCH1). Mice lacking MARCH1 (Marchf1-/-) (92) or expressing MHC IIKR (MHC 

IIKRKI/KI) (94) lack MHC II ubiquitination and have elevated MHC II cell surface 

expression. We have recently shown MARCH1-mediated MHC II ubiquitination occurs 

in all professional and “atypical” hematopoietic antigen presenting cells (95).  

 

Regulation of cell surface MHC II expression    

While MARCH1 has a striking effect on MHC II expression, its endogenous expression 

is difficult to detect (93, 96). This is due to a low abundance in Marchf1 mRNA (97) in 

addition to MARCH1 autoubiquitination leading to a short half-life (98). Interestingly, 

when investigating the expression of Marchf1 mRNA it was found to decrease following 

activation of human monocyte-derived DCs (93, 96), murine cDC (99, 100), B cells (100) 

and to a lesser extent pDC (99). Whilst the pathways involved in this downregulation are 

currently unknown, it has been shown to cause a decrease in MHC II ubiquitination and 

an increase in MHC II stabilization (90, 91). A similar effect is observed when Marchf1 

is forcibly downregulated in immature DCs (93). Downregulation of Marchf1 during DC 

activation is thought to assist with antigenic memory.  

 

In addition to DC activation, Marchf1 is regulated by IL-10. In macrophages and 

monocytes, exposure to IL-10 leads to increased Marchf1 expression (101, 102). This 

promotes MHC II ubiquitination and decreases MHC II cell surface expression, which is 

rescued in Marchf1-/- mice (101, 102). Initially IL-10 was thought to have the same effect 

on DCs. Indeed, it was shown that DCs treated with IL-10 or incubated with Tregs (which 
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produce IL-10) have reduced MHC II expression and increased Marchf1 expression (103, 

104). However, it was later demonstrated that this was due to IL-10 inhibiting DC 

activation, with reduced MHC II and CD86 expression also observed in Marchf1-/- DCs 

treated with IL-10 (101). In contrast to the aforementioned cells, IL-10 has been shown 

to reduce Marchf1 expression in B cells (105). Together, these studies stress the 

importance for future experiments investigating the intricacies of MARCH1 regulation.  

 

The expression of MHC II is also regulated by CD83. Mice harboring a mutated form of 

CD83 (CD83anu/anu) have reduced MHC II and CD86 cell surface expression on DCs and 

B cells (103), in addition to thymic epithelial cells (106, 107). This phenotype is rescued 

when MHC II is mutated to MHC IIKR (103), indicating a role for ubiquitination. Indeed, 

it was demonstrated that CD83 regulates MHC II expression by binding to MARCH1 in 

DCs and B cells, or MARCH8 in thymic epithelial cells (103). This association prevents 

MARCH1 from ubiquitinating MHC II or CD86 and leads to an increase in their cell 

surface expression. Interestingly, CD83 expression is upregulated during DC activation 

(103). This, along with decreased Marchf1 expression, promotes increased MHC II cell 

surface expression in activated DCs.  

 

Besides MARCH1, CD83 and IL-10, MHC II expression is also impacted by the length 

of its polyubiquitin chain. In immature DCs, the majority of MHC II resides in late 

endocytic compartments whereas in B cells the majority of MHC II resides at the cell 

surface. Interestingly, DC MHC II has a polyubiquitin chain of 4-6 molecules long while 

B cell MHC II has 2-3 ubiquitin molecules (90). It has been suggested that the ubiquitin 
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chain length alters the architecture of MHC II which in turn impacts the recognition of 

MHC II by the endosomal sorting machinery (90).  

 

Regulation of MHC II trafficking by ubiquitination  

There are two hypotheses as to how MARCH1-mediated MHC II ubiquitination leads to 

reduced cell surface expression. Firstly, ubiquitination could increase MHC II 

internalization from the cell surface. To measure endocytosis, studies have monitored the 

internalization of anti-MHC II antibody from the cell surface in BMDCs, human 

monocyte-derived DCs or D1 cells (90, 91, 93). Here, they have found that cells lacking 

MHC II ubiquitination have less intracellular accumulation. Using a quenchable 

fluorescently tagged internalization probe (108), our lab has shown reduced MHC II 

internalization in Marchf1-/- (109) and MHC IIKRKI/KI splenic cDC (110). 

 

This is, however, in contrast to studies using BMDCs or B cells from  Marchf1-/- and 

MHC IIKRKI/KI mice where no significant difference in anti-MHC II antibody 

accumulation was observed (92, 94). An alternative hypothesis is that MHC II 

ubiquitination prevents MHC II recycling. To investigate this question, studies have used 

reversible biotinylation assays whereby cell surface proteins are labelled with cleavable 

biotin. After allowing internalization to occur, cell surface biotin is cleaved before 

reculturing cells and allowing recycling to occur. In these studies, it was found that the 

lack of MHC II ubiquitination increases MHC II recycling (100). It should be noted that 

these studies were carried out using different cells (for example BMDCs with forced 

expression of MHC II vs endogenous MHC II expression in primary splenic DCs) which 

could account for the contradictory conclusions drawn by different groups. In addition, 
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the measure for endocytosis and recycling between assays varied with fluorescently 

tagged antibodies, internalization probes and cleavable biotin used (111).  

 

Role of MHC II ubiquitination in immunity  

The functional role of MHC II ubiquitination in immunity is unclear. An appealing 

hypothesis is that MHC II ubiquitination suppresses antigen presentation and prevents 

detrimental immune responses.  

 

Given the important role of MHC II in T cell development it is expected that mice lacking 

MHC II ubiquitination would have altered T cell compartments. However, when 

investigating immune cell populations in MHC IIKRKI/KI mice one study found no 

significant changes (112). Our lab, and others, have confirmed that conventional T cells 

are unaltered in the absence of MHC II ubiquitination, however, reduced numbers of 

Tregs are observed (110, 113, 114). We have recently demonstrated that this reduction is 

due to reduced number of thymic Treg precursors (110). Since this phenotype is not 

observed in Marchf8-/- mice, the expression of MHC II on thymic DCs is important for 

the development of Tregs.  

 

Altered DC function is observed when investigating the ability of DCs to produce pro-

inflammatory cytokines in response to LPS, with Marchf1-/- and MHC IIKRKI/KI DCs 

secreting reduced IL-12 and TNF (115–117). How this altered DC function impacts 

immune outcomes is unclear though, with different in vitro studies concluding antigen 

presentation by MHC IIKRKI/KI DCs is increased, unchanged and reduced. This 

discrepancy is largely due to different assays, antigen and cells being employed (116). 
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Importantly, these studies have made conclusions about overall antigen presentation 

when they are in fact assessing different aspects of antigen presentation. For example, 

one study concluded that MHC IIKRKI/KI BMDCs have improved antigen presentation as 

they were able to stimulate CD4+ T cells for a longer period of time following incubation 

on ice with the ovalbumin peptide OVA323-339 (100). This is likely due to increased MHC 

II expression and does not take into consideration antigen uptake or proteolysis. In 

contrast, studies have concluded MHC IIKRKI/KI DCs have reduced antigen presentation 

to CD4+ T cells following exposure to ovalbumin in vitro (116). We have previously 

reported that altered MHC II ubiquitination impacts the expression of MHC I and that 

this is associated with reduced cross-presentation of cell-associated antigen (109).  

Importantly, these in vitro studies do not reveal which aspect of antigen presentation is 

affected or the consequences on immune responses in vivo. Recently, it was demonstrated 

that MHC IIKRKI/KI mice have reduced CD4+ T cell priming in vivo following OVA-CFA 

immunization (117). While this paper was the first to hint at a role of MHC II 

ubiquitination in the regulation of immunity in vivo, several questions remain, including 

the impact of MHC II ubiquitination on DC function in addition to CD8+ T cell responses.  

 

How MHC II ubiquitination affects the development of Tregs, DC cytokine secretion and 

antigen presentation of MHC II and MHC I is currently unclear. MHC II has been shown 

to cluster in cell surface lipid raft domains. Elevated MHC II expression has been shown 

to disrupt these domains and impair DC engagement with thymocytes and Treg 

development in vitro (113). It is possible that altered lipid rafts may account for some of 

the other changes observed in MHC IIKRKI/KI cDC, particularly given that MHC I and 

MHC II have been shown to cluster together (109, 118, 119). It has also been suggested 
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that MHC II stabilization at the cell surface may cause DCs to interact with “certain 

factors” in vivo, which alter DC function (115). What these factors are or how they may 

interact with DCs is unknown.  

 

1.3 Aims of this thesis 

The major aim of this thesis is to improve the understanding of DCs such that they are 

easier to manipulate for improved immune responses to vaccines against infection and 

cancer.  

 

The specific aims are:  

I. To explore the expression of wild type and mutated Flt3 (Flt3-ITD) in DCs and 

assess the impact of Flt3-ITD on DC function.  

II. To uncover the molecular machinery involved in DC Flt3 regulation, using 

CRISPR/Cas9 genome-wide screens. 

III. To investigate the impact of MHC II ubiquitination on DC function and immune 

outcomes.  
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Chapter 2 - Materials and Methods  

2.1 Media and buffers  

Culture media  

Complete DMEM  

Dulbecco’s modified Eagle medium (DMEM) (Peter Doherty Institute for Infection and 

Immunity Media Preparation Unit, PDI MPU) supplemented with 10% (v/v) fetal bovine 

serum (FBS; Gibco) and 100 U/mL penicillin and 100 µg/mL streptomycin (PDI MPU).  

 

Complete IMDM 

Iscove’s Modified Dulbecco’s Medium (IMDM) GlutaMAX™ (Gibco) supplemented 

with 10% (v/v) FBS (Gibco), 100 U/mL penicillin and 100 µg/mL streptomycin (PDI 

MPU), 50 µM β-mercaptoethanol (Gibco).  

 

Complete RPMI 

RPMI 1640 with 33.6 mM hydroxyethyl piperazineethanesulfonic acid (HEPES) (PDI 

MPU), 1 µM sodium pyruvate, 24 mM sodium bicarbonate, 10% (v/v) FBS (Gibco), 100 

μM β-mercaptoethanol (Gibco), 100 U/mL penicillin and 100 µg/mL streptomycin (PDI 

MPU) and 2mM GlutaMAX™. 
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Buffers  

EDTA-BSS 

Mouse tonicity balanced salt solution supplemented with EDTA. Double distilled water 

containing 150 mM sodium chloride, 4 mM potassium chloride, 12 μM sodium 

dihydrogen orthophosphate, 24 μM disodium hydrogen orthophosphate, 15 mM HEPES 

and 5 mM ethylenediaminetetraacetic acid (EDTA) (PDI MPU).  

 

EDTA-BSS 2% FBS 

EDTA-BSS with 2% (v/v) FBS (Gibco). 

 

FBS-EDTA 

FBS (Gibco) supplemented with 10% (v/v) 0.1 M EDTA (Univar). 

 

NP40 lysis buffer 

0.5% (v/v) IGEPAL CA-630 (Sigma-Aldrich), 50 mM Tris-Cl (pH 7.5, Astral Scientific), 

5 mM MgCl2 (Sigma-Aldrich), cOmplete Protease Inhibitor Cocktail (Roche) and 

PhosSTOP (Sigma-Aldrich).  

 

NET wash buffer 

MilliQ water containing 0.5% (v/v) IGEPAL CA-630, 50 mM Tris-Cl (pH 7.5, Astral 

Scientific), 150 mM NaCl (Sigma-Aldrich), 5 mM EDTA (Univar).  
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Phosphate buffered saline (PBS) 

MilliQ water with 145 mM NaCl, 7.5 mM disodium hydrogen orthophosphate and 2.8 

mM sodium dihydrogen orthophosphate (PDI MPU). 

 

PBS-Tween 20 (PBST) 

PBS with 0.1 % (v/v) Tween-20 (Sigma-Aldrich).  

RPMI-2% FBS.  

RPMI 1640 (PDI MPU) with 2% (v/v) FBS (Gibco) 

 

Sodium dodecyl sulphate (SDS) sample buffer (3x) 

MilliQ water with 0.2 M Tris-Cl (pH 6.8, Astral Scientific), 12% w/v SDS (Amresco), 

30% (v/v) glycerol (Univar), 15% (v/v) β-mercaptoethanol (Gibco) and 0.02% (w/v) 

bromophenol blue (Sigma-Aldrich).  

 

2.2 Mice  

C57BL/6JArc (wild type) mice were used at 6 – 12 weeks of age. All mice were bred and 

maintained in specific pathogen-free conditions at the Melbourne Bioresources Platform 

at Bio21 Molecular Science and Biotechnology Institute. Experimental procedures were 

approved by the Animal Ethics Committee of the University of Melbourne (1714375).  
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2.3 Primary cells  

Dendritic cells  

Primary splenic DCs were isolated as previously described (120). In brief, spleens were 

finely chopped with scissors and digested in 7 mL RPMI-2% FBS containing 140 μg/mL 

DNaseI (Roche) and 1 mg/mL collagenase type 3 (Worthington Biochemicals) for 20 min 

at room temperature with constant agitation. Intercellular clusters were disrupted by 

addition of further 10 mM EDTA and agitation for 5 min at room temperature. Light 

density cells were isolated by density gradient separation in 1.077 g/cm3 Nycodenz, 5 mL 

per 4 spleens (Nycomed Pharma). The upper ~9 ml were collected, washed in EDTA-

BSS-2% FBS, then resuspended in a depletion cocktail containing the following rat anti-

mouse mAbs: anti-CD3 (Clone: KT3-1.1), anti-Thy1 (Clone: T24/31.7), anti-RBC 

(Clone: Ter119), anti-B220 (Clone: RA3-6B2), anti-Ly6c/g (Clone: RB6-8C5). Cells 

were incubated with cocktail (10 μL per 106 cells) for 30 min at 4°C, washed, and 

incubated with BioMag anti-rat IgG-coupled magnetic beads (Qiagen) for 20 min at 4°C 

with continuous agitation. The DC-enriched supernatant was then recovered after 

magnetic depletion. This protocol yielded cell preparations with 70-85% CD11c+ purity. 

cDC1 were defined as CD11c+CD11b-CD8+ and cDC2 were defined as 

CD11c+CD11b+CD8-. 

 

2.4 Flow cytometry  

For flow cytometry analysis, single cell suspensions were stained with antibodies in 

EDTA-BSS 2% FBS for 30 mins on ice. Cells were washed twice and resuspended in 
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EDTA-BSS 2% FBS with viability dye (DAPI or Propidium Iodide, Invitrogen). Samples 

were collected on the LSRFortessa (BD) and data analysis was performed using FlowJo 

software (FlowJo LLC) and Prism (Graphpad).  

 

2.5 Antibodies  

Table 2.1 Flow cytometry antibodies.  

Antigen Clone Supplier 

CD8α 53-6.7 BioLegend 

CD11c N418 BioLegend  

CD40 FGK45.5 WEHI antibody facility  

CD80 16-10A1 WEHI antibody facility 

CD86 GL1 BioLegend 

CD135 (Flt3) A2F10 BioLegend  

CD205 (DEC205) NLDC-145 WEHI antibody facility 

MHC I M1/42 WEHI antibody facility/BioLegend 

MHC II M5/114 WEHI antibody facility/BioLegend 

XCR1 ZET BioLegend 

 

Table 2.2 Immunoprecipitation and immunoblotting antibodies. 

Antigen Clone Host  Supplier 

CD135 (Flt3)  AF768  Goat  R&D Systems  

CD135 (Flt3) 8F2 Rabbit  Cell Signaling  

Phosphotyrosine 4G10 Mouse Sigma-Aldrich   

Actin A5060 Rabbit Sigma-Aldrich   

Rabbit IgG H&L (HRP) AB6741 Rabbit  Abcam  

Goat IgG H&L (HRP) AB6721 Goat Abcam 
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2.6 Cell culture  

Cell lines  

HEK293T cells were originally obtained from the American Type Culture Collection 

(ATCC) and were maintained in Complete DMEM. Cells were kept in a humidified 

incubator with 10% atmospheric CO2 at 37°C and passaged at 80% confluency using 

Trypsin-Versene (PDI MPU). 

 

MuTu DC1940 cells were a gift from Hans Acha-Orbea (121), and were maintained in 

Complete IMDM. Cells were kept in a humidified incubator with 10% atmospheric CO2 

at 37°C and passaged at 70% confluency using EDTA-BSS 2% FBS, and by pooling 

adherent and non-adherent populations. 

 

Lentiviral transduction  

To generate lentiviral particles, target, and packaging vectors (Flt3 and hBim knockout 

cells: pMDL, RSV-REV and pMD2.G; GeCKO and Brie libraries: pCMV-VSV-G and 

psPAX2) were co-transfected into HEK293T cells using 10 μg/mL PEI 25K 

(Polysciences). Media was replaced after 24 h with target cell media. Supernatants were 

harvested after 24 h, filtered through a 45 μm PVDF membrane (Millipore) and frozen at 

-80°C or used for spinoculation. MuTu DC1940 cells were seeded into a 12- or 6 well 

culture plate with viral supernatants and 8 μg/mL polybrene (Sigma-Aldrich), and 

centrifuged for 2 hours at 2000 rpm and 32°C. After centrifugation, transduction media 

was replaced with fresh media and cells were analyzed after 72 h. 
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2.7 CRISPR knockout cell lines   

Plasmids  

Table 2.3 Plasmids for generating knockout cells. 

Name Description Marker Addgene # Depositing lab 

FUCas9Cherry  Stable SpCas9 expression plasmid mCherry 70182 Marco Herold  

FgH1tUTCyan Dox-inducible gRNA expression 

plasmid 

CFP 85551 Marco Herold  

pMDLg/pRRE Lentiviral packaging plasmid - 12251   Didier Trono 

pRSV-Rev Lentiviral packaging plasmid - 12251   Didier Trono 

pMD2.G Lentiviral packaging plasmid - 12259 Didier Trono 

pCMV-VSV-G Lentiviral packaging plasmid 

(GeCKOv2, Brie) 

Puromycin 8454 Bob Weinberg 

psPAX2 Lentiviral packaging plasmid 

(GeCKOv2, Brie) 

Puromycin 12260 Didier Trono 

 

Cloning gRNA expression plasmids  

Target sequences for gRNAs were designed using the Broad Institutes gRNA design web 

portal (https://portals.broadinstitute.org/gpp/public/analysis-tools/gRNA-design) (122) 

by submitting the specific RefSeq ID of desired knockout targets. Suitable gRNAs were 

selected prioritizing lowest pick order number, N-terminal exons or catalytically active 

sites (where known). Oligonucleotides containing the desired gRNA target (see Table 

2.4) and additional 5’ overhang sequences (sense: 5’ TCCC-; antisense: 5’ AAAC-) were 

annealed, phosphorylated, and cloned into the FgH1tUTCyan vector (Table 2.3) using 

BsmBI restriction sites. Stbl3 chemically competent E. coli (Invitrogen) were heat shock 

transformed with ligated plasmids. Successful insertion of the gRNA target sequence into 

the vector was verified by Sanger sequencing (Australian Genome Research Facility).  
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Table 2.4 CRISPR gRNA or crRNA target sequences and corresponding primers for PCR 

genotyping.  

Gene target sequence PCR primer FOR PCR primer REV 

hBim  GCCCAAGAGTTGCGG

CGTAT 

N/A N/A 

Neg 

control 

Integrated DNA Technologies (IDT) Alt-R CRISPR-Cas9 negative control crRNA #1 

Flt3 #1 GGTATATGAAGCGGC

CACCG 

ATGCAAACAGGTTCAA

TGCT 

CGTGCGTTCATTATTTCA

GC 

Flt3 #2 GGTCTCTGTCACGTTC

AAGA 

TCTGAGGGTGGGTGTT

AGGT 

AAGCACACTAGGTCCCG

AAG 

Med25 TCTTTGCAGGTACTTC

AACG 

TTTCCTCCCTCAGACAC

AGG 

TTTCCTCCCTCAGACACA

GG 

Tcf7l2 CGGAAACTTTCGGAG

CGAGG 

GCTGGCTGCGAAAACT

TGTA 

CAGGTCGGGGATCATGA

TGA 

RhoG CCAGGAGGATAGGCA

CGTCA 

GGTCCTGCATCCTCTTG

TGA 

CAGGCAGCAACAACTTT

GGA 

Hes1 GTGTTGGGGAAATAC

CGCGC 

GGCTGGATAGAAGGTA

GGGG 

CGTTGATCTGGGTCATGC

AG 

KMT2C AGAACCATTATTAGT

AAACG 

TGAACCACTCCCACCA

AGTT 

CTGAAAAGGTACAGGCA

CAGG 

EP300 CCTGACCCGTCTATG

ATCCG 

AGACGTTGGAGGGCAA

TTTG 

AGTCATCCGAGGCATCA

TGT 

ARIH1 ATGTATCCGGGAGGT

CAACG 

GATAACCTGGATCTGG

GCGA 

GTATCCCATCCTCCGGCC 

Usp22 TGCGTGGACTGATCA

ACCTG 

CCACCTCCACGAACTC

TGTA 

GGACATCTCACAGACCA

AGC 

 

Generation of knockout cell lines  

Stable SpCas9 expressing cells were generated by lentivirally transducing DC1940 cells 

with FUCas9Cherry and sorted for mCherry expression (Dr. Haiyin Liu, Mintern Lab). 

Knockout cells were then generated using a doxycycline-inducible dual-plasmid system 

(123) or the Alt-R CRISPR-Cas9 system (IDT).  
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For knockout cells generated with the doxycycline-inducible dual-plasmid system, 

gRNA-containing plasmids were lentivirally transduced into Cas9-expressing cells. 

gRNA expression was induced by incubation with 1 μg/mL doxycycline for 6 days. As a 

negative control, cells were transduced with a plasmid containing a mouse-unspecific 

gRNA sequence generated using human Bim (hBim). To enrich for knockout cells, cells 

were bulk sorted for GFP+mCherry+CFP+.  

 

For knockout cells generated with Alt-R CRISPR-Cas9 system, equimolar concentrations 

of Alt-R CRISPR-Cas9 crRNA and tracrRNA oligos were mixed in nuclease-free duplex 

buffer as per manufacturers protocol. To form a duplex, the oligo mix was incubated for 

2 minutes at 95°C before cooling to room temperature. MuTu DC1940Cas9 cells were 

transfected in Opti-MEM (Gibco) with the duplexed oligos (30 μM final concentration of 

crRNA:tracrRNA) using Lipofectamine RNAiMax (Invitrogen) according to 

manufacturer’s instructions. Cells were incubated in humidified incubator with 10% 

atmospheric CO2 at 37°C for 48 hours. To enrich for knockout cells, cells were stained 

for Flt3 and sorted on GFP+mCherry+Flt3+ or Flt3-.  

 

To generate clonal cell lines, single cell sorting was carried out into three 96 well round 

bottom tissue culture plates with a BD Influx cell sorter. Surviving cell clusters were 

expanded and screened by Sanger sequencing.  

 

Generation of MuTu DC1940 cells stably expressing spCas9 was performed by Dr. 

Haiyin Liu, Mintern Lab, The Bio21 Institute). All cell sorting was performed at the 

Murdoch Children’s Research Institute (Victoria, Australia).  
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Validation of knockout cell lines  

To determine and quantify the exact induced insertions or deletions (InDels) in knockout 

cell lines, cells were lysed using QuickExtract (Epicentre) and subjected to PCR using 

the primers outlined in Table 2.4. The amplicons were separated on a 2% agarose gel and 

PCR bands were cut out and gel purified before analysis with Sanger sequencing 

(Australian Genome Research Facility). The relative contribution of different insertions 

and deletions (InDels) was quantified using Inference of CRISPR Edits (ICE) (124) 

analysis.  

2.8 Biochemical Assays  

Flt3L stimulations 

To investigate the impact of Flt3L on cell surface or total Flt3, equal number of MuTu 

DC1940 cells were treated with the indicated concentration of recombinant murine Flt3L 

(PeproTech) in Complete IMDM for the indicated times at 37°C. As a control, cells were 

treated with equivalent amount of PBS (carrier). 

 

Internalization assay  

Recombinant murine Flt3L (PeproTech) conjugated to click sensor (sCy5-TCO) (Flt3L-

sCy5-TCO) and quencher (sQSY-Tet) were generated as previously described (125) and 

gifted from Johnston Lab, Monash Institute of Pharmaceutical Sciences. For the 

internalization assay, cells were stained on ice for 30 min with Flt3L-sCy5-TCO after 

which they were washed twice to remove excess, unbound probe. Internalization was 

allowed by incubating cells in complete RPMI (primary DCs) or complete IMDM (MuTu 
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DC1940 cells) at 37°C. Cells were removed at specific time points and placed on ice, 

washed, phenotyped for surface markers and resuspended in media containing propidium 

iodide with or without 0.5 μM quencher. Cells were analyzed by flow cytometry. The 

quenching efficiency and percentage internalized Flt3L-sCy5-TCO was calculated as 

previously described (125).  

 

Flt3 Immunoprecipitation  

Cells were lysed on ice in NP40 lysis buffer at concentrations of 107 cells/mL and nuclei 

were removed by 10 min centrifugation at 14,000 x g and 4°C. Lysates were pre-cleared 

once for 30 mins with uncoupled protein-G Sepharose beads, normal mouse serum and 

normal rat serum (all obtained from the Walter and Eliza Hall Institute) followed by a 

second 30 min pre-clear with uncoupled protein-G Sepharose beads only. To 

immunoprecipitate Flt3, 1 μg anti-Flt3 antibody and 50 μL of protein-G Sepharose beads 

were added to the lysate and incubated for 1 hour at 4°C with agitation. To 

immunoprecipitate biotinylated proteins, 50 μL streptavidin-agarose (Thermo Scientific) 

was added to the lysate. The beads were washed 3 times with NET wash buffer to remove 

unbound proteins. Flt3 was eluted by incubating the beads with 1x sample buffer for 5 

mins at 95°C.  

Immunoblotting  

Immunoprecipitates or whole cell lysates from equal cell numbers were separated on a 

pre-cast Bolt 10% Bis-Tris Mini Protein gel run with 1x Bolt MOPS SDS running buffer 

(Invitrogen). Proteins were transferred onto PVDF membrane with iBlot 2 at 20V for 10 

mins (Invitrogen). Blots were blocked in PBST containing 5% bovine serum albumin 
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(BSA, Sigma) for two hours at room temperature with agitation. Blots were then 

incubated with primary antibodies (anti-Flt3 or anti-actin) in PBST with 1% BSA 

overnight at 4°C with agitation. Blots underwent three washes with PBST prior to one 

hour incubation with HRP-conjugated secondary antibody in PBST with 1% BSA for one 

hour at room temperature with agitation. Chemiluminescence was determined using the 

ECL select substrate (GE Healthcare) acquired on a ChemiDoc MP imaging system (Bio-

Rad) and analyzed with ImageJ.  

RT-PCR  

Equal numbers of MuTu DC1940 cells were pelleted and stored at -80C. RNA was 

extracted using RNeasy Mini Kit (Qiagen) as per manufacturers protocol. To remove 

genomic DNA, DNASE I amplification kit (Rowe Scientific) was used as per 

manufacturers protocol. cDNA was then synthesized using SensiFAST cDNA Synthesis 

kit (Bioline). RT-qPCR was performed using TaqMan Fast Advanced Master Mix 

(Applied Biosystems) with Flt3 (Mm00439016) FAM-MGB and HPRT (Mm03024075) 

FAM-MGB TaqMan probes (Applied Biosystems). Samples were run in technical 

triplicate on QuantStudio 6 Flex Real-Time PCR System (Applied Biosystems) in 384 

well fast plates as per the PCR cycle below. For negative controls, a no reverse 

transcriptase sample was included for both probes.  

 

reagent volume   temperature  time cycles 

Taqman Fast Advanced Master 

Mix (2x) 

5 μL 50°C 2 min 1 

TaqMan Assay (20x)   0.5 μL 95°C 2 min  1 

Nuclease free water  3.5 μL 95°C 1 sec 40 

Total  10 μL 60°C 20 sec 
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2.9 CRISPR/Cas9 genome-wide screens   

Library generation  

To generate MuTu DC1940 cells expressing a genome wide library the mouse knockout 

pooled libraries genome-scale CRISPR-Cas9 knockout (GeCKO) v2 (126, 127) and Brie 

(122) were utilized. These were used in the lentiCRISPRv2 format (Addgene 

#1000000052 and Addgene #73632). The GeCKO library contains two half-libraries 

(Library A: 67,405 gRNA; Library B: 62,804 gRNA) targeting 20,611 genes. This study 

utilized Library A. The Brie library contains 78,637 gRNA targeting 19,674 genes. To 

amplify the library plasmid DNA, Endura ElectroCompetent cells (Lucigen) were 

transformed with library plasmids by electroporation, cultured and DNA was extracted 

from bacterial pellets using Plasmid Maxiprep Kit (Qiagen). Library plasmid DNA was 

co-transfected into HEK293T cells with pCMV-VSV-G and psPAX2 using PEI 

transfection.  

 

To generate the library, GeCKOv2 lentivirus was used to transduce 72 x106 MuTu 

DC1940 cells at a multiplicity of infection (MOI) of 0.3 - 0.4 to achieve 300 – 400x 

coverage. For Brie, 185 x106 MuTu DC1940 cells were transduced at an MOI of 0.15 – 

0.3 to achieve 300 – 600 x coverage. Cells were maintained for 3 days post-transduction 

prior to selection with 1 μg/mL puromycin.  

GeCKOv2 library amplification was performed by Dr. Hamish McWilliam (The Peter 

Doherty Institute).  
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Isolation of Flt3hi and Flt3lo populations 

For the GeCKOv2 library, cells were first stimulated with 100 ng/mL Flt3L for 1 hour. 

To isolate Flt3hi and Flt3lo cells, 3-5 x 108 library expressing cells were stained with 

biotin-conjugated anti-Flt3 in EDTA-BSS 2%FBS for 30 mins on ice. Cells were washed 

twice and stained with streptavidin-APC for 30 mins on ice after which they were washed 

twice again and resuspend in propidium iodide (PI). Live cells were identified as GFP+ 

PI- and 5% of the highest or lowest Flt3 expressing cells were sorted using BD Influx 

(Murdoch Children’s Research Institute). 3-5 x 106 sorted cells were recultured. One week 

later, ~1 x 108 cells underwent a second sort to further enrich for the 5% of the highest or 

lowest Flt3 expressing cells.  

 

DNA isolation 

Genomic DNA was isolated from at least 3-5 x 107 cells using Quick-DNA Midiprep Plus 

Kit (Zymo Research) as per manufacturer’s instructions and the concentration was 

measured using BioPhotometer (Eppendorf).  

Targeted PCR  

For GeCKOv2, a two-step nested PCR was performed to generate ~280 bp amplicons 

which can be sequenced using Illumina MiSeq technology. The first set of primers 

(GeCKO F1 and F2) were designed to amplify the GeCKO backbone vector which 

surrounds the gRNA sequence. The second set of primers (GeCKO F37-48 and GeCKO 

R65-R70) were designed to anneal within the amplicon of the first PCR and attach 

Illumina adaptor sequences, offset staggers to introduce complexity, unique indexes for 

sample identification, bridge amplification sequences as well as vector specific 

sequences.  
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Table 2.5 GeCKOv2 sequencing primers.   

Primer  Sequence 

F1 AATGGACTATCATATGCTTACCGTAACTTGAAAGTATTTCG 

R1 TCTACTATTCTTTCCCCTGCACTGTTGTGGGCGATGTGCGCTCTG 

F37 AATGATACGGCGACCACCGAGATCTACACTCTTTCCCTACACGACGCTCTTCCGATCTGTA

AACTCACCGGACTATCATATGCTTACCGTAAC 

F38 AATGATACGGCGACCACCGAGATCTACACTCTTTCCCTACACGACGCTCTTCCGATCTTCA

AGAGATCGGACTATCATATGCTTACCGTAAC 

F39 AATGATACGGCGACCACCGAGATCTACACTCTTTCCCTACACGACGCTCTTCCGATCTGAA

GGACACGGACTATCATATGCTTACCGTAAC 

F40 AATGATACGGCGACCACCGAGATCTACACTCTTTCCCTACACGACGCTCTTCCGATCTTAC

AATCCGTCGGACTATCATATGCTTACCGTAAC 

F41 AATGATACGGCGACCACCGAGATCTACACTCTTTCCCTACACGACGCTCTTCCGATCTAGA

ATGTTGCGGACTATCATATGCTTACCGTAAC 

F42 AATGATACGGCGACCACCGAGATCTACACTCTTTCCCTACACGACGCTCTTCCGATCTAAC

ACGACCGGACTATCATATGCTTACCGTAAC 

F43 AATGATACGGCGACCACCGAGATCTACACTCTTTCCCTACACGACGCTCTTCCGATCTCGT

ACAGATTCGGACTATCATATGCTTACCGTAAC 

F44 AATGATACGGCGACCACCGAGATCTACACTCTTTCCCTACACGACGCTCTTCCGATCTTCA

GATGTACGGACTATCATATGCTTACCGTAAC 

F45 AATGATACGGCGACCACCGAGATCTACACTCTTTCCCTACACGACGCTCTTCCGATCTCAG

CCATGCGGACTATCATATGCTTACCGTAAC 

F46  AATGATACGGCGACCACCGAGATCTACACTCTTTCCCTACACGACGCTCTTCCGATCTACG

AGGCTAACGGACTATCATATGCTTACCGTAAC 

F47 AATGATACGGCGACCACCGAGATCTACACTCTTTCCCTACACGACGCTCTTCCGATCTGAA

TAGCGACGGACTATCATATGCTTACCGTAAC 

F48 AATGATACGGCGACCACCGAGATCTACACTCTTTCCCTACACGACGCTCTTCCGATCTTAT

CATTCCGGACTATCATATGCTTACCGTAAC 

R65 CAAGCAGAAGACGGCATACGAGATCGGTCTCGGCATTCCTGCTGAACCGCTCTTCCGATC

TGAATTGAGGACAAGTTGATAACGGACTAGCCTTA 

R66 CAAGCAGAAGACGGCATACGAGATCGGTCTCGGCATTCCTGCTGAACCGCTCTTCCGATC

TTCAACCACACAAGTTGATAACGGACTAGCCTTA 

R67 CAAGCAGAAGACGGCATACGAGATCGGTCTCGGCATTCCTGCTGAACCGCTCTTCCGATC

TGTACAAGACTACAAGTTGATAACGGACTAGCCTTA 

R68 CAAGCAGAAGACGGCATACGAGATCGGTCTCGGCATTCCTGCTGAACCGCTCTTCCGATC

TACAATGGAACAAGTTGATAACGGACTAGCCTTA 

R69 CAAGCAGAAGACGGCATACGAGATCGGTCTCGGCATTCCTGCTGAACCGCTCTTCCGATC

TCGTCACTTCGACAAGTTGATAACGGACTAGCCTTA 

R70 CAAGCAGAAGACGGCATACGAGATCGGTCTCGGCATTCCTGCTGAACCGCTCTTCCGATC

TTCCAGCGTTACAAGTTGATAACGGACTAGCCTTA 
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To maintain the library coverage, 200 μg (for unsorted samples) or 60 μg (for sorted 

samples) were used in the first PCR. This was split into 100 μL PCR reactions, each 

containing 10 μg DNA each. The required amount of template DNA was calculated as 

follows, assuming a molecular weight of 1.8 x 1012 
𝑔

𝑚𝑜𝑙
 per one mouse haploid genome 

(128): 

200 𝑥 10−6𝑔

1.8𝑥1012 𝑔
𝑚𝑜𝑙 

= 111.1𝑥10−18𝑚𝑜𝑙 

111.1 𝑥 10−18 𝑥 6.022 𝑥 1023 = 66.9 𝑥 106 ℎ𝑎𝑝𝑙𝑜𝑖𝑑 𝑔𝑒𝑛𝑜𝑚𝑒𝑠 =  33.5 𝑥 106 𝑑𝑖𝑝𝑙𝑜𝑖𝑑 𝑔𝑒𝑛𝑜𝑚𝑒𝑠  

≈ 500𝑥 𝑙𝑖𝑏𝑟𝑎𝑟𝑦 𝑠𝑖𝑧𝑒  

The first and second PCR was performed using Herculase II Fusion DNA Polymerase (Agilent) 

and following conditions:  

 

reagent volume   temperature   time cycles 

5x Herculase reaction buffer  20 μL 95°C  3 min 1 

dNTP 10 mM each  2.5 μL 95°C  15 sec 12** 

F-primer 10 μM 2.5 μL 60°C  30 sec 

R-primer 10 μM 2.5 μL 72°C  30 sec 

Template DNA 10 μg 62.5 μL 72°C  7 min 1 

Herculase II Fusion Polymerase 1 μL  

H2O 9 μL 

Total  100 μL 

 

**The number of cycles for the second PCR increased to 28 cycles.  

 

For Brie, a one-step PCR was performed to generate ~280 bp amplicons which can be 

sequenced using Illumina MiSeq technology. All samples received the same forward 

primer mix which comprised of 8 primers (LcV2-P5-0nt - LcV2-P5-8nt) with 0-8 

nucleotide staggers which introduces complexity. Each sample received a unique reverse 

primer (LCv2-R1 – R18, R24, R25) which allowed for sample identification.  
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Table 2.6 Brie sequencing primers. 

   

Primer  Sequence 

LcV2-P5-0nt AATGATACGGCGACCACCGAGATCTACACTCTTTCCCTACACGACGCTCTTCC

GATCTTTGTGGAAAGGACGAAACACCG 

LcV2-P5-1nt AATGATACGGCGACCACCGAGATCTACACTCTTTCCCTACACGACGCTCTTCC

GATCTCTTGTGGAAAGGACGAAACACCG 

LcV2-P5-2nt AATGATACGGCGACCACCGAGATCTACACTCTTTCCCTACACGACGCTCTTCC

GATCTGCTTGTGGAAAGGACGAAACACCG 

LcV2-P5-3nt AATGATACGGCGACCACCGAGATCTACACTCTTTCCCTACACGACGCTCTTCC

GATCTAGCTTGTGGAAAGGACGAAACACCG 

LcV2-P5-4nt AATGATACGGCGACCACCGAGATCTACACTCTTTCCCTACACGACGCTCTTCC

GATCTCAACTTGTGGAAAGGACGAAACACCG 

LcV2-P5-6nt AATGATACGGCGACCACCGAGATCTACACTCTTTCCCTACACGACGCTCTTCC

GATCTTGCACCTTGTGGAAAGGACGAAACACCG 

LcV2-P5-7nt AATGATACGGCGACCACCGAGATCTACACTCTTTCCCTACACGACGCTCTTCC

GATCTACGCAACTTGTGGAAAGGACGAAACACCG 

LcV2-P5-8nt AATGATACGGCGACCACCGAGATCTACACTCTTTCCCTACACGACGCTCTTCC

GATCTGAAGACCCTTGTGGAAAGGACGAAACACCG 

LcV2-R1 CAAGCAGAAGACGGCATACGAGATCGGTTCAAGTGACTGGAGTTCAGACGT

GTGCTCTTCCGATCTCCAATTCCCACTCCTTTCAAGACCT 

LcV2-R2 CAAGCAGAAGACGGCATACGAGATGCTGGATTGTGACTGGAGTTCAGACGTG

TGCTCTTCCGATCTCCAATTCCCACTCCTTTCAAGACCT 

LcV2-R3 CAAGCAGAAGACGGCATACGAGATTAACTCGGGTGACTGGAGTTCAGACGT

GTGCTCTTCCGATCTCCAATTCCCACTCCTTTCAAGACCT 

LcV2-R4 CAAGCAGAAGACGGCATACGAGATTAACAGTTGTGACTGGAGTTCAGACGTG

TGCTCTTCCGATCTCCAATTCCCACTCCTTTCAAGACCT 

LcV2-R5 CAAGCAGAAGACGGCATACGAGATATACTCAAGTGACTGGAGTTCAGACGT

GTGCTCTTCCGATCTCCAATTCCCACTCCTTTCAAGACCT 

LcV2-R6 CAAGCAGAAGACGGCATACGAGATGCTGAGAAGTGACTGGAGTTCAGACGT

GTGCTCTTCCGATCTCCAATTCCCACTCCTTTCAAGACCT 

LcV2-R7 CAAGCAGAAGACGGCATACGAGATATTGGAGGGTGACTGGAGTTCAGACGT

GTGCTCTTCCGATCTCCAATTCCCACTCCTTTCAAGACCT 

LcV2-R8 CAAGCAGAAGACGGCATACGAGATTAGTCTAAGTGACTGGAGTTCAGACGTG

TGCTCTTCCGATCTCCAATTCCCACTCCTTTCAAGACCT 

LcV2-R9 CAAGCAGAAGACGGCATACGAGATCGGTGACCGTGACTGGAGTTCAGACGT

GTGCTCTTCCGATCTCCAATTCCCACTCCTTTCAAGACCT 

LcV2-R10 

 

CAAGCAGAAGACGGCATACGAGATTACAGAGGGTGACTGGAGTTCAGACGT

GTGCTCTTCCGATCTCCAATTCCCACTCCTTTCAAGACCT 
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LcV2-R11 

 

CAAGCAGAAGACGGCATACGAGATATTGTCAAGTGACTGGAGTTCAGACGTG

TGCTCTTCCGATCTCCAATTCCCACTCCTTTCAAGACCT 

LcV2-R12 

 

CAAGCAGAAGACGGCATACGAGATTATGTCTTGTGACTGGAGTTCAGACGTG

TGCTCTTCCGATCTCCAATTCCCACTCCTTTCAAGACCT 

LcV2-R13 CAAGCAGAAGACGGCATACGAGATATTGGATTGTGACTGGAGTTCAGACGTG

TGCTCTTCCGATCTCCAATTCCCACTCCTTTCAAGACCT 

LcV2-R14 CAAGCAGAAGACGGCATACGAGATATACTCGGGTGACTGGAGTTCAGACGT

GTGCTCTTCCGATCTCCAATTCCCACTCCTTTCAAGACCT 

LcV2-R15 CAAGCAGAAGACGGCATACGAGATTATGAGAAGTGACTGGAGTTCAGACGT

GTGCTCTTCCGATCTCCAATTCCCACTCCTTTCAAGACCT 

LcV2-R16 CAAGCAGAAGACGGCATACGAGATGCACAGTTGTGACTGGAGTTCAGACGT

GTGCTCTTCCGATCTCCAATTCCCACTCCTTTCAAGACCT 

LcV2-R17 CAAGCAGAAGACGGCATACGAGATCGTGGATTGTGACTGGAGTTCAGACGTG

TGCTCTTCCGATCTCCAATTCCCACTCCTTTCAAGACCT 

LcV2-R18 CAAGCAGAAGACGGCATACGAGATTAGTAGAAGTGACTGGAGTTCAGACGT

GTGCTCTTCCGATCTCCAATTCCCACTCCTTTCAAGACCT 

LcV2-R24 CAAGCAGAAGACGGCATACGAGATCGCATCAAGTGACTGGAGTTCAGACGT

GTGCTCTTCCGATCTCCAATTCCCACTCCTTTCAAGACCT 

LcV2-R25 CAAGCAGAAGACGGCATACGAGATTAACTCAAGTGACTGGAGTTCAGACGT

GTGCTCTTCCGATCTCCAATTCCCACTCCTTTCAAGACCT 

 

Like the GeCKOv2 library, 200 μg (for unsorted samples) or 60 μg (for sorted samples) 

were used in the PCR to maintain coverage. The PCR was performed using Herculase II 

Fusion DNA Polymerase (Agilent) and following conditions:  

reagent volume   temperature   time cycles 

5x Herculase reaction 

buffer  
20 μL 95°C 

 
3 min 

1 

dNTP 10 mM each  2.5 μL 95°C  15 sec 28 

F-primer 10 μM 2.5 μL 60°C  30 sec 

R-primer 10 μM 2.5 μL 72°C  30 sec 

Template DNA 10 μg 60 μL 72°C  7 min 1 

Herculase II Fusion 

Polymerase 
1 μL 

 

H2O 11.5 μL 

Total  100 μL 
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Integrity and Quality Ascertainment of Amplicons  

Amplicon size distribution was ascertained using the Agilent Tapestation D1000 

protocol. For Tapestation analysis, 3 μL of D1000 reagent buffer was mixed with 1 μL of 

sample PCR and placed in a well on a 96 well plate. The Tapestation was set up and 

sample assessment performed according to manufacturer’s instructions, and appropriate 

amplicon quality was confirmed when a single band at ~250 bp was observed. From each 

sample of the plate, 5 μL was taken and pooled for purification. 

Bead purification of pooled amplicons  

To remove salts and primer-dimers, purification of PCR amplicons was carried out using 

AMPure magnetic size selection beads (Beckman Coulter). A 100 μL aliquot from the 

pooled samples was taken, added to an equal volume of beads and incubated for 5 min at 

room temperature. The tube with beads was attached to a magnetic stand, and beads were 

washed twice with 200 μL 80% ethanol, before being left to air dry for 5 minutes. DNA 

was eluted with 35 μL water for 5 min at room temperature. The quality and integrity of 

the samples was ascertained as described above. 

Next Generation Sequencing  

Each dual indexed library plate pool was quantified using the Agilent Tapestation and the 

Qubit™ DNA assay kit for Qubit 3.0. Fluorometer (Life Technologies). The indexed pool 

was diluted to 1.2 pM for sequencing on a NextSeq instrument as per manufacturer’s 

instructions. For GeCKOv2, the 400-cycle kit was used to generate paired end reads. For 

Brie, the 75-cycle high output kit was used to generate paired end reads. The fastq 

sequence output file from the run was used for analysis, where Read 2 is used to identify 

the second index of the dual indexed library. Sequencing and sequence read generation 
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was performed by Dr. Stephen Wilcox (The Walter and Eliza Hall Institute Genomics 

Hub).  

 

Analysis of CRISPR/Cas9 libraries 

The GeCKOv2 and Brie library data was processed using EdgeR (129) and MAGeCK 

(130). EdgeR uses a negative binomial generalized linear model to compensate for over 

dispersed count data which may have been introduced by independent library infections. 

First, Cutadapt (131) was used to trim the reads such that the Illumina adaptor was 

removed. MAGeCK “count” command was then used to gRNA count tables. This step 

includes median normalization and mean-variance modelling to account for any 

variations between replicates. To determine gRNA and gene enrichment, the MAGeCK 

“test” command was used with the default parameters. Significant enrichment of gRNAs in 

experimental samples relative to controls was determined by false discovery rate adjustment of 

P-values. Enriched gRNAs with a fold change ratio of > 2 and false discovery rate < 0.01 were 

considered hits. EdgeR analysis was performed by Dr. Shani Amarasinghe (The Walter 

and Eliza Hall Institute.
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Chapter 3 - Publication: The impact of Flt3-ITD 

mutation on dendritic cell function  

This chapter is a manuscript that has been prepared for publication. The specific 

contributions of each author are disclosed in the “Preface” and “Publications arising from 

this thesis” sections.  

ABSTRACT  

Dendritic cells play an important role in the initiation of immune responses. Their 

development is dependent on the FMS-like tyrosine kinase 3 (Flt3) receptor. Flt3-internal 

tandem duplication (ITD) is one of the most common mutations in acute myeloid 

leukemia. Here we have used wild type and Flt3-ITD expressing mice to characterize Flt3 

in dendritic cells (DCs) and determine the impact of Flt3-ITD on DC function. Terminally 

differentiated wild type splenic DCs expressed high level of Flt3 at the cell surface and 

intracellularly, were responsive to Flt3 ligand (Flt3L) and altered Flt3 expression 

following activation. Mice harboring Flt3-ITD mutation possessed expanded splenic 

plasmacytoid DC (BST-2+ CD11cint), conventional DC1 (cDC1, CD11c+ CD8+ CD11b-), 

cDC2 (CD11c+ CD8- CD11b+), double positive cDC1 (CD11c+ CD8+ CD11b- CD103+ 

CD86+), noncanonical cDC1 (CD11c+ CD8+ CD11b- CD103- CD86-) and single positive 

cDC1 (CD11c+ CD8+ CD11b- CD103- CD86+). Flt3-ITD splenic DCs had reduced cell 

surface Flt3 and constitutively activated intracellular Flt3. The impact of the Flt3-ITD 

mutation differed depending on the DC subset examined, with significant changes in DC 

markers including major histocompatibility complex class I (MHC I) and II (MHC II). 
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Critical DC functions including cytokine secretion, antigen uptake, proteolysis and 

endosomal pH were altered with significant outcomes for antigen presentation. Therefore, 

the Flt3-ITD mutation and constitutive Flt3 activation has important consequences for 

terminally differentiated DC function. 

 

INTRODUCTION 

FMS-like tyrosine kinase 3 (Flt3) is a receptor expressed on hematopoietic progenitors 

and terminally differentiated dendritic cells (DCs). The receptor binds to Flt3 ligand 

(Flt3L) which is produced by hematopoietic and non-hematopoietic tissues, with CD4+ T 

cells known to secrete high amounts of Flt3L (17). Upon Flt3L stimulation, Flt3 is 

activated (phosphorylated) and signals via the mitogen-activated protein kinase (MAPK) 

(22), phosphatidylinositol 3 kinase (PI3K) (23) and signal transducers and activators of 

transcription 3 (STAT3) pathways (24). Flt3-dependent activation of these pathways is 

critical for the development of DCs (1, 23, 24). When administered to mice (2, 3) or 

humans (29, 132), Flt3L expands DCs and their progenitors. Similarly, mice lacking Flt3 

(Flt3-/-) (30) or Flt3L (Flt3L-/-) (31) show significant defects in hematopoiesis with 

reduced lymphoid (3, 31) and nonlymphoid (28) DCs.  

 

A few years after the discovery of Flt3, mutations were identified in patients with acute 

myeloid leukemia (AML) and acute lymphoblastic leukemia (ALL) (133). The most 

common mutation is the Flt3 internal tandem duplication (Flt3-ITD) which occurs due to 

in-frame duplications of 3 to  400 bp in the Flt3 juxtamembrane domain (134). Unlike 

wild type Flt3, Flt3-ITD is constitutively active regardless of ligand stimulation (135–
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138). Flt3-ITD constitutively signals through MAPK (135–138), PI3K (136, 138), 

STAT3 (139, 140) and STAT5 (135–138). Overall, the Flt3-ITD mutation is 

prognostically unfavorable, with reduced overall survival and increased risk of relapse 

observed in Flt3-ITD+ patients in comparison to patients without the mutation (6). 

 

To investigate the impact of the Flt3-ITD mutation, mice harboring a human ITD in the 

mouse Flt3 gene have been generated (Flt3ITD/ITD) (141). Bone marrow cells and 

splenocytes from these mice show increased Flt3 and STAT5 phosphorylation, indicative 

of increased Flt3 signaling. The mutation leads to splenomegaly, leukocytosis and 

monocytosis which has been attributed to increased survival and cell cycling of bone 

marrow progenitor cells (141). The mice rarely develop leukemia, indicating the need for 

additional genetic mutations for development of this disease (141). Flt3ITD/ITD mice have 

a cell-intrinsic gene-dosage dependent increase in conventional DCs (cDC) and 

plasmacytoid DC (pDC) in the bone marrow, spleen, lymph nodes and thymus (35). In 

addition, increased late DC progenitors are present in the bone marrow and spleen. The 

largest DC expansion is noncanonical cDC, also known as “Cx3CR1+ CD8+” or “CD8 

look-alike” DCs (35, 142, 143). These have characteristics of cDC and pDC populations 

and have been identified in humans as “Axl+ Siglec6+ (AS DC/DC5)” (144) and “pre-

DC” (145). In humans, noncanonical DCs stimulate allogenic T cells (144, 145), however 

little is known about their antigen presentation capacity.   

 

Analysis of Flt3ITD/+ DC subsets identified induction of genes related to immune tolerance 

(35). It has been suggested that the ITD mutation promotes tolerance which may allow 

for leukemogenesis (35). In agreement, Flt3ITD/+ mice have a cell-extrinsic expansion of 
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regulatory T cells (Tregs) and murine Flt3ITD/+ splenocytes are able to expand allogeneic 

T cells to a greater extent than wild type splenocytes in mixed leukocyte reactions (35).  

 

In this study, expression of Flt3 and Flt3-ITD was characterized in DCs and the impact 

of Flt3-ITD on specific parameters of DC function determined. We identify Flt3-ITD 

results in functional changes in DCs. Besides being significantly expanded in vivo, 

Flt3ITD/ITD DCs have altered cell surface phenotype, cytokine secretion, antigen uptake, 

proteolysis and endosomal pH culminating in alterations in antigen presentation.  
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MATERIALS AND METHODS 

Mice 

C57BL/6JArc, B6.CH-2bm-1 (BM-1), OT-II (146) x Ly5.1 and OT-I (147) x Ly5.1, 

Flt3ITD/ITD (141), and IAα-/- (148) were used at 6-12 weeks of age. All mice were bred and 

maintained in specific pathogen–free conditions at the Department of Biochemistry and 

Molecular Biology of The University of Melbourne. Experiments were done in 

accordance with the Institutional Animal Care and Use Committee guidelines of the 

University of Melbourne. 

Isolation of immune cells 

Primary spleen DCs were isolated as previously described (120). In brief, organs were 

finely chopped and digested in the presence of Dnase I (Roche) and collagenase type 3 

(Worthington Biochemicals). Intercellular clusters were disrupted by addition of 10 mM 

EDTA. Light density cells were isolated by density gradient separation in 1.077 g/cm3 

Nycodenz (Nycomed Pharma). Upper fractions were collected, washed and subject to 

further enrichment by resuspending in a depletion cocktail containing the following rat 

anti-mouse mAbs specific for: CD3 (KT3-1.1), CD90 (T24/31.7), red blood cells 

(Ter119), B220 (RA3-6B2), Ly6G (IA8). For purification of plasmacytoid DC, the upper 

fractions were incubated with rat anti-mouse mAbs specific for CD3 (KT3-1.1), Thy1 

(T24/31.7), red blood cells (Ter119), Ly6G (IA8) and CD19 (ID3). Cells were incubated 

with antibodies, washed, and incubated with BioMag anti-rat IgG-coupled magnetic 

beads (Qiagen). The DC-enriched supernatant was recovered by magnetic separation. 

Where required, DC were sorted to purity by flow cytometry on a Becton Dickinson 

Influx (Murdoch Children’s Research Institute Flow Cytometry and Imaging facility). 
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cDC1 were defined as CD11c+ CD8+ CD11b-, cDC2: CD11c+ CD8- CD11b+, cDC1 

double positive cDC1 (DP cDC1): CD11c+ CD8+ CD11b- CD103+ CD86+, double 

negative cDC1 (DN cDC1): CD11c+ CD8+ CD11b- CD103- CD86-, or single positive 

cDC1 (SP cDC1) CD11c+ CD8+ CD11b- CD103+ CD86+.  

 

For T cell isolation, single cell suspensions were generated from lymph nodes. Cells were 

stained with rat anti-mouse mAbs specific for: Cells were stained with rat anti-mouse 

mAbs specific for: CD11b (M1/70), F4/80 (F4/80), red blood cells (TER119), Ly6G/-

Ly6C (RB68C5), MHCII (M5/114), CD45R (RA36B2) and CD4 (GK1.5) for CD8+ T 

cells or CD8 (53-6.7) for CD4+ cells. Cells were washed and incubated with BioMag anti-

rat IgG-coupled magnetic beads (Qiagen). After magnetic depletion, the CD4+ or CD8+ 

T cell-enriched supernatant was recovered. Purity was determined by flow cytometry.  

 

For B cell isolation, single cell suspensions were generated from spleens. Cells were 

resuspended in EDTA-BSS medium 2% (v/v) FCS and gradient centrifugation was 

carried out with Ficoll-PaqueTM PLUS (GE Healthcare). Mononuclear cells were isolated 

and negative selection was carried out by incubating the cells with FITC-conjugated 

antibodies against CD4 (GK1.5), Ly76 (TER119) and CD43 (S7). Cells were washed and 

incubated with anti-FITC microbeads (Miltenyi Biotec). The B cell enriched supernatant 

was collected after separation with LS magnetic columns (Miltenyi Biotec). Purity was 

determined by flow cytometry. 

 

Cells were stained with mAbs specific for CD8α (53-6.7), CD11b (M1/70), CD11c 

(N418), CD19 (6D5), CD24 (M1/69), CD40 (FGK45.5), CD45R/B220 (RA3-6B2), 
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CD80 (16-10A1), CD86 (GL1), CD135/Flt3 (A2F10), CD172 (Sirpα), CD205/DEC205 

(NLDC-145), CD274/PD-L1 (10F.9G2), CD317/BST2 (927), CD370/Clec9A (7H11), 

H-2Kb (AF6-8815), IgD (11-26c.2a), IgM (RMM-1), SiglecH (551), XCR1 (ZET) (all 

BioLegend). To obtain absolute cell numbers, an internal microsphere counting standard 

(BD Biosciences) was used. Analysis was performed with a Becton Dickinson 

LSRFortessa, FlowJo and Graphpad Prism software.  

Immunoprecipitation 

cDCs from wild type (+/+), heterozygote (+/ITD) or homozygote (ITD/ITD) littermates 

were isolated and stimulated in 100 ng/mL Flt3L in complete RPMI at 37ºC and 10% 

CO2 for 0, 10 or 30 minutes. Cells were washed and lysed in 0.5% NP-40, 50 mM Tris-

HCl pH 7.4, 5 mM MgCl2 and cOmplete™ protease inhibitor cocktail (Roche). The lysate 

was pre-cleared with protein G-sepharose beads (WEHI Antibody Facility) and normal 

rat and mouse serum (WEHI Antibody Facility). Flt3 was precipitated with anti-Flt3 

(AF768, R&D systems) antibody and protein-G sepharose beads. Proteins were eluted 

with reducing SDS sample buffer and analyzed by SDS-PAGE and immunoblotting. 

Immunoblotting  

Immune populations were isolated as previously described and cells were lysed in 0.5% 

NP-40, 50 mM Tris-HCl pH 7.4, 5 mM MgCl2 and cOmplete™ protease inhibitor cocktail 

(Roche). Post-nuclear lysates were resolved by SDS-PAGE using 8% Bolt Bis-Tris Mini 

Protein Gels (Invitrogen) and proteins were transferred to Immunoblot PVDF membranes 

(Bio-Rad). Membranes were stained with primary antibodies against Flt3 (AF768, R&D 

systems), phosphorylated tyrosine (4G10, Sigma-Aldrich), actin (A5060, Sigma-Aldrich) 

or tubulin (DM1A, Abacm) followed by HRP-conjugated secondary antibodies.  
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DC activation  

For in vitro activation assays, DCs were isolated and incubated overnight in complete 

RPMI with or without 0.5 M CpG 1668 ODN (Bioneer) at 37ºC or 4ºC. For in vivo 

activation assays, mice were injected intravenously with 0.2 M CpG or PBS. 

Cytokine secretion  

Splenic DC populations were isolated and cell sorted to purity. 1 x 105 cells were 

incubated in the presence of 0.5 M CpG, 50 ng/mL interferon gamma (Peptrotech) and 

20 ng/mL granulocyte-macrophage colony-stimulating factor (GM-CSF, Peprotech). 

Supernatants were collected 18 hours later and stored at -20°C. Cytokine secretion was 

determined using the BD Cytometric Bead Array Mouse Inflammation kit according to 

the manufacturer’s instructions (BD Biosciences).  

In vitro antigen presentation assay  

Single cell suspensions were generated from lymph nodes of OT-I or OT-II mice and T 

cells were purified as previously described. Cells were washed with PBS 0.1% bovine 

serum albumin (BSA) and labelled with CellTrace Violet (CTV). Splenic wild type or 

ITD/ITD DC populations were isolated and cell sorted to purity as previously described. 

For antigen presentation with soluble OVA, 2.5 x 104 DC were incubated with 100 g/mL 

OVA (Worthington Biochemical) and 0.5 M CpG at 37ºC and 10% CO2. Cells were 

washed before plating with 5 x 104 OT-I or OT-II cells in complete RPMI and 20 ng/mL 

GM-CSF (Peprotech). For OVA-coated splenocytes, single cell suspensions were 

generated from BM-1 (for OT-I) or IAα-/- (for OT-II) mice. Red blood cells were lysed 

and splenocytes were incubated with 10 mg/mL ovalbumin (Sigma) in KDS-RPMI at 

37ºC and washed. 2 x 105 OVA-coated splenocytes were incubated with 2.5 x 104 DC 
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and 5 x 104 OT-I or OT-II cells in complete RPMI and 20 ng/mL GM-CSF (Peprotech). 

For both soluble OVA and OVA-coated splenocyte, cells were incubated for three days 

and stained with mAbs specific for CD8 (53-6.7, BioLegend) or CD4 (GK1.5; Walter and 

Eliza Hall Antibody Facility). The number of divided OT-II and OT-I was determined as 

the number of CD4+ or CD8+ Ly5.1+ cells that had undergone CTV dilution. To obtain 

absolute cell numbers, an internal microsphere counting standard (BD Biosciences) was 

used.  

Antigen uptake, proteolysis and endosomal pH analyses 

To assess antigen uptake, 5 x 104 purified DC were incubated with 50 μg/mL ovalbumin-

Cy5 in complete medium for 0 – 90 minutes at 37°C. DCs were washed and the 

fluorescence measured by flow cytometry. As a control, DCs were pulsed with 

ovalbumin-Cy5 for 90 min at 4°C. To assess antigen proteolysis and endosomal pH, 2.5 

x 105 purified DCs were incubated with 20 μg/mL DQ-OVA (Life Technologies) or 

dextran-pHrodo for 15 min at 37°C. Cells were washed, resuspended in complete RMPI 

and chased for the indicated time. At each time point, cells were kept on ice and the 

fluorescence was measured by flow cytometry. As a control, DCs were pulsed with DQ-

OVA or dextran-pHrodo for 15 min at 4°C. The signal was calculated for the 37°C chase 

time point by subtracting the gMFI at 4°C.  
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RESULTS  

Flt3 expression by wild type splenic DCs.  

First, we investigated Flt3 expression in splenic immune cells. In agreement with 

previous studies (10, 27), cell-surface Flt3 was detected on splenic cDC1, cDC2 and pDC, 

but not T or B lymphocytes, with highest expression by cDC1, known to preferentially 

expand in response to Flt3L (149, 150) (Figure 1A). Total Flt3 protein expression was 

determined for purified cell populations with two forms of Flt3 detected by 

immunoblotting, similar to non-DC cell lines (151, 152) (Figure 1B). The higher 

molecular weight (MW, approximately 160 kDa) species is likely cell surface Flt3, given 

its slower migration due to being highly glycosylated, while the lower MW 

(approximately 130 kDa) band is likely intracellular Flt3. Flt3 was only detected by 

immunoblot in cells displaying it at the cell surface; cDC1, cDC2 and pDC. The detected 

pattern of Flt3 varied between DC populations, with pDC expressing a higher MW 

species of cell surface Flt3 than cDC1 or cDC2. To examine how Flt3L impacts DC Flt3, 

primary murine splenic DCs were isolated and stimulated with Flt3L (100 ng/mL) for 1 

hour and cell surface Flt3 expression was determined by flow cytometry. Flt3 was 

significantly reduced on both cDC subsets following in vitro Flt3L stimulation (Figure 

1C).  

 

Flt3 expression during DC activation was characterized. Splenic DCs were purified and 

activated in vitro with toll-like receptor 9 (TLR9) agonist CpG 1668 ODN (Class B, 0.5 

uM). Flt3 protein detected by immunoblotting showed an increase in intensity for the 

higher MW Flt3, and a loss of the lower MW Flt3, following CpG treatment (Figure 1D). 
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In agreement, elevated surface Flt3 was detected by flow cytometry (Figure 1E). To 

investigate if this was also the case following DC activation in vivo, mice were injected 

intravenously (IV) with CpG (0.2 M) or PBS. DCs were purified one day later and Flt3 

expression determined by flow cytometry (Figure 1F). In contrast to in vitro DC 

activation, a significant reduction in cell surface Flt3 was observed following 

administration of CpG. A short time course, with spleens harvested from mice 0 – 4 hours 

after CpG IV injection showed surface Flt3 loss by cDC1 as rapidly as one hour after 

CpG administration, while cDC2 displayed the first signs of surface Flt3 reduction four 

hours following CpG administration (Figure 1G). In all experiments, increased CD86 

was used as a positive control for DC activation (Figure 2). Together, this data 

demonstrates that splenic DCs express and regulate Flt3 at steady state. Furthermore, 

splenic DCs regulate Flt3 during activation, with increased Flt3 observed on splenic DCs 

treated with CpG in vitro and reduced Flt3 observed on splenic DCs isolated from mice 

CpG-treated mice.  
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Figure 1. Flt3 expression by splenic DCs. (A) Representative histograms and quantification of surface 

Flt3 on splenocytes as determined by flow cytometry. Data is pooled from 2 independent experiments, with 

2 spleens pooled in each experiment. The gMFI has been normalized to the maximum signal for each cell 

type. Bars are mean + SEM. (B) Purified cells were analyzed by immunoblotting and probed with anti-Flt3 

(A2F10) or anti-actin (A5060) antibodies. Blot is representative of 3 independent experiments. Band 

intensities of the higher molecular weight (MW) species and lower MW Flt3 were quantified relative to 

actin. Bars are mean + SEM. (C) Splenic DCs were isolated and stimulated with (+) or without (–) Flt3L 

(100 ng/mL) for 1 hour at 37C. Flt3 surface expression was determined by flow cytometry. Histograms 

are representative of three independent experiments. Symbols represent individual mice. Bars are mean ± 

SD, unpaired t-test. **** P <0.0001 (D) Splenic DCs were isolated and stimulated for 0, 3 or 16 hours with 

CpG 1668 ODN (0.5 μM) at 37C. Cell lysates were examined by immunoblotting and probing with anti-

Flt3 (A2F10) or anti-tubulin (DM1A) antibodies. Blot is from one experiment. (E) Splenic DCs were 

isolated and stimulated overnight with (+) or without (–) CpG 1668 ODN (0.5 μM) at 37C. (F) Mice were 

injected intravenously with PBS (-CpG) or CPG 1668 ODN (0.2 μM) and spleens were harvested one day 

later or (G) at indicated times. (E-G) Surface expression of Flt3 was determined by flow cytometry. 

Histograms show representative surface expression. Symbols represent individual mice. (E, F) Data is from 

at least 3 independent experiments with the gMFI signal normalized to the maximum gMFI signal. Bars 
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are mean ± SD, unpaired t-test, **** P <0.0001. (G) Data is from one experiment. Bars are mean ± SD, 

one-way ANOVA with Dunnett’s multiple comparisons test. *** P <0.001** P <0.01, ns not significant. 

 

 

Figure 2. Splenic DC upregulate CD86 following CpG activation. (A) Splenic DCs were isolated and 

stimulated overnight with (+) or without (–) CpG 1668 ODN (0.5 μM) at 37°C. (B) Mice were injected 

intravenously with PBS (-CpG) or CPG 1668 ODN (0.2 μM). Spleens were harvested one day later. (C) 

Mice were injected intravenously with PBS or CPG 1668 ODN (0.2 μM). (A-C) Cell surface expression of 

CD86 was determined by flow cytometry. Histograms are representative cell surface expression. (A-B) 

Data is from at least 2 independent experiments; symbols represent individual mice. Bars are mean ±SD, 

unpaired t-test. ****P <0.0001 ***P <0.001 **P <0.01. (C) Data is from one experiment. Bars are mean ± 

SD, one-way ANOVA with Dunnett’s multiple comparisons test. *** P <0.001 *P <0.05, ns not significant. 

 

Flt3-ITD expands canonical and noncanonical splenic DC populations.  

DC populations were analyzed in Flt3+/+ and Flt3ITD/ITD littermates. Canonical cDC1 and 

cDC2 were analyzed in addition to cDC1 subpopulations including noncanonical cDC1 

identified as CD103- CD86- (hereafter referred to as NC) (142) and two populations of 

canonical cDC1; CD103+ CD86+ (“DP cDC1”) and CD103- CD86+ (“SP cDC1”). All 

DCs were significantly increased in Flt3ITD/ITD mice, in agreement with previous studies 

(35). Specifically, Flt3ITD/ITD cDC1, cDC2 and pDC were expanded 8.3, 4.1 and 4.2-fold 
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respectively. For Flt3ITD/ITD cDC1 populations, a 12.8-fold increase in NC cells, 14.8-fold 

increase in DP cDC1 and 2.7-fold increase in SP cDC1 was observed (Figure 3A).  

 

A gene-dosage dependent decrease in surface Flt3 was detected for Flt3ITD/ITD cDC1, 

cDC2 and pDC (35, 152) (Figure 3B). Total Flt3 protein and Flt3 tyrosine 

phosphorylation status was examined following in vitro Flt3L (100 ng/mL) stimulation 

and Flt3 immunoprecipitation. Unlike Flt3+/+ DC, only lower MW (intracellular) Flt3 was 

detected in Flt3ITD/ITD cDC. Increased Flt3 tyrosine phosphorylation was observed for 

surface (higher MW) Flt3+/+, while Flt3+/ITD and Flt3ITD/ITD DCs exhibited ligand-

independent tyrosine phosphorylation of intracellular (lower MW) Flt3. Surface Flt3 in 

heterozygous Flt3+/ITD DCs was still responsive to Flt3L, with delayed phosphorylation 

(Figure 3C).  
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Figure 3. Flt3-ITD expands splenic DC populations. (A) Representative gating used to identify Flt3+/+ 

and Flt3ITD/ITD splenic pDC (BST-2+ CD11cint), cDC1 (CD11c+ CD8+ CD11b-), cDC2 (CD11c+ CD8- 

CD11b+), DP cDC1 (CD11c+ CD8+ CD11b- CD103+ CD86+), NC cDC1 (CD11c+ CD8+ CD11b- CD103- 

CD86-) and SP cDC1 (CD11c+ CD8+ CD11b- CD103- CD86+). Quantification of Flt3+/+ and Flt3ITD/ITD 

splenic DC populations. Symbols represent individual mice; data is from one experiment. Bars represent 

mean  SEM, unpaired t test, **** P <0.0001*** P <0.001** P <0.01. (B) Splenic DC were isolated from 

Flt3+/+, Flt3+/ITD and Flt3ITD/ITD littermates and surface Flt3 expression was determined by flow cytometry. 

Data is pooled from 2 independent experiments, with symbols representing individual mice. gMFI has been 

normalized to the maximum signal for each cell type. Bars represent mean  SEM, one-way ANOVA with 

Dunnett’s multiple comparisons test, **** P <0.0001*** P <0.001* P <0.05. (C) Spleens from Flt3+/+, 

Flt3+/ITD and Flt3ITD/ITD littermates were harvested and cDCs isolated. Cells were stimulated with Flt3L (100 

ng/mL) for the indicated times at 37ºC. Cells were lysed and Flt3 was subsequently immunoprecipitated 

using anti-Flt3 antibody (A2F10). Immunoprecipitates were analyzed by immunoblot probed with anti-Flt3 

(A2F10) or anti-phospho-tyrosine (4G10) antibodies. Blot is representative of 2 independent repeats.  
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Flt3-ITD alters the cell surface phenotype of splenic DCs.  

To characterize how Fl3-ITD impacts DC function, cell surface levels of classical DC 

markers were investigated. Integrins or adhesion molecules (CD11c, CD11b, CD103, 

CD24), phenotypic molecules (CD8), inhibitory receptors (signal-regulatory protein , 

SIRP), MHC molecules (MHC I and II), costimulatory molecules (CD86, CD80, CD40 

and CD24), co-inhibitory molecules (PD-L1), chemokine receptors (XCR1) and 

endocytic receptors (DEC205, Clec9A, Clec12A) were analyzed. Significantly increased 

surface expression of MHC I, MHC II, CD103 was observed on most Flt3ITD/ITD DC 

subsets. This was accompanied by lower CD11c, CD8, Clec9A, DEC205 and PD-L1 and 

varied expression of Clec12A. While Flt3+/+ cDC2 do not express Clec12A, it was 

detected at the surface of Flt3ITD/ITD cDC2. Confirming genetic profiling of Flt3+/+ NC 

DCs (142), these cells had reduced surface CD103, DEC205 and CD86, in addition to 

reduced Clec9A, MHC II and CD40 in comparison to other Flt3+/+ DC subsets (Figure 

4). 
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Figure 4. Flt3-ITD alters splenic DC surface expression. Flt3+/+ (white bars) and Flt3ITD/ITD (grey bars) 

splenic DCs were stained for surface markers and analyzed by flow cytometry. gMFI has been normalized 

to the maximum gMFI signal. Data is pooled from at least 2 independent experiments, with symbols 

representing individual mice. Bars are mean  SD, multiple unpaired t-tests with Holm-Sidak multiple 

comparisons test. **** P <0.0001*** P <0.001** P <0.01 * P <0.05, ns not significant. Heat map of surface 

marker expression of spleen cDC1 or cDC2 isolated from Flt3+/+ and Flt3ITD/ITD mice. The log2 ratio of 

mean gMFI of Flt3ITD/ITD cells relative to mean gMFI of Flt3+/+ cells is shown. Data pooled from at least 2 

independent experiments.  
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Flt3-ITD impacts DC antigen uptake and proteolysis.   

Flt3ITD/ITD DC antigen uptake, endosomal pH and proteolysis were assessed. Ideally, DP, 

NC and SP cDC1 would be isolated for both Flt3+/+ and Flt3ITD/ITD mice, however the low 

number of cDC1 subpopulations in Flt3+/+ mice meant this was not feasible. Therefore, 

Flt3ITD/ITD DP, NC and SP cDC1 were compared to Flt3+/+ cDC1, while Flt3ITD/ITD were 

compared to Flt3+/+ cDC2.  

 

First antigen uptake was examined. DCs were incubated with ovalbumin (OVA)-Cy5 for 

15 and 90 mins or dextran-A647 for 15 mins and the intracellular fluorescence was 

determined by flow cytometry. Overall, similar uptake of either OVA protein or dextran 

was observed for Flt3+/+ and Flt3ITD/ITD cDC1 populations, although Flt3ITD/ITD DP cDC1 

showed a trend towards reduced uptake compared to the other subsets (Figure 5A). In 

contrast, OVA protein and dextran uptake by Flt3ITD/ITD cDC2 was significantly elevated 

compared to Flt3+/+ cDC2 at all time points (Figure 5B). To investigate Flt3ITD/ITD cDC2 

in more detail, their ability to undertake antigen proteolysis was examined using a self-

quenched form of OVA which fluoresces as it degrades (DQ-OVA). Purified DCs were 

pulsed with DQ-OVA, excess antigen removed and DCs examined by flow cytometry at 

the indicated time points. OVA-Cy5 was used to normalize for the increased uptake of 

DQ-OVA by Flt3ITD/ITD cDC2 compared to Flt3+/+ cDC2. Flt3ITD/ITD cDC2 showed more 

rapid DQ-OVA proteolysis with the signal plateauing at 30 mins as compared to 60 or 90 

mins for Flt3+/+ cDC2 (Figure 5C). This was accompanied by reduced endosomal pH for 

Flt3ITD/ITD cDC2 as detected by the pH sensitive probe, dextran-pHrodo which increases 

fluorescence as the pH decreases. 

 



 

 62 

 

Figure 5. Flt3-ITD impacts splenic DC antigen uptake and proteolysis. Purified Flt3+/+ and Flt3ITD/ITD 

(A) cDC1 and (B) cDC2 populations were incubated at 37ºC with 50 μg/mL OVA-Cy5 or 20 μg/mL 

Dextran-A647 for the indicated times. Cells were washed and the intracellular fluorescence was determined 

by flow cytometry. Data is representative of two independent experiments, each carried out in technical 

duplicate. Bars are mean  SD. (C-D) Purified Flt3+/+ and Flt3ITD/ITD cDC2 were pulsed with (C) 20 μg/mL 

DQ-OVA or (D) 20 μg/mL Dextran-pHrodo for 15 mins at 37ºC. Cells were washed before being chased 

for the indicated times at 37ºC. DQ-OVA and Dextran-pHrodo gMFI was determined by flow cytometry. 

The gMFI signal for DQ-OVA or Dextran-pHrodo is normalized to the OVA-Cy5 or Dextran-A647 gMFI 

for the pulse time (15 mins). Data is representative of two independent experiments, each carried out in 

technical duplicate. Error bars are  SD. (A-D) Second biological replicate shown in Supplementary Figure 

2A-D. 
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Flt3-ITD DCs have altered cytokine secretion. 

To assess cytokine secretion by Flt3+/+ and Flt3ITD/ITD DCs, cells were sorted to purity and 

equal numbers of DC populations incubated with CpG and inflammatory cytokines IFNγ 

and GM-CSF, conditions that elicit maximal DC IL-12 production (153). Supernatants 

were harvested after 18 hours and concentrations of IL-6, IL-10, IL-12p70, TNF-α and 

MCP-1 measured using the BD Cytometric Bead Array Assay. IL-10 and MCP-1 were 

not detected by cDC1 or cDC2, and IL-12 was only detected for cDC1. Robust cytokine 

secretion was observed for Flt3+/+ cDC1 and Flt3ITD/ITD DP cDC1. In contrast, Flt3ITD/ITD 

NC cDC1 produced significantly reduced IL-6, TNF-α and IL-12 in comparison to other 

DC subsets. Similarly, Flt3ITD/ITD SP cDC1 produced reduced amounts of TNF-α and IL-

12 (Figure 6A). For cDC2, Flt3ITD/ITD DCs produced increased amounts of IL-6 and 

similar amounts of TNF-α in comparison to Flt3+/+ DC (Figure 6B).  

 

Figure 6. Flt3-ITD impacts splenic DC cytokine secretion. Flt3+/+ and Flt3ITD/ITD splenic cDC1 (A) and 

cDC2 (B) populations were isolated and cell sorted to purity. Equal number of cells were incubated with 

0.5 M CpG, 50 ng/mL IFN and 20 ng/mL GM-CSF. Supernatants were collected 18 hours later, and 

cytokine secretion determined using BD™ Cytometric Bead Array (CBA) Mouse Inflammation Kit. Data 

is pooled from two independent experiments, carried out in duplicate. Bars are mean ± SD, one-way 

ANOVA with Dunnett’s multiple comparisons test. **** P <0.0001*** P <0.001** P <0.01 * P <0.05, ns 

not significant.  

 



 

 64 

Flt3-ITD impacts DC antigen presentation. 

Next the antigen presenting capabilities of Flt3ITD/ITD DC subsets were investigated. Due 

to the expansion of DCs (Figure 3) and regulatory T cells in Flt3+/ITD mice (35) in vitro 

antigen presentation assays were performed with direct comparisons of equal numbers of 

Flt3+/+ versus Flt3ITD/ITD DCs. Spleens were harvested and DCs isolated by sorting to 

purity by flow cytometry. DCs were incubated with CellTrace-Violet (CTV)-labelled OT-

I (Figure 7A) or OT-II (Figure 7B) cells in the presence of cell-associated ovalbumin 

(OVA) (splenocytes pulsed with OVA protein) or OVA protein alone. T cell proliferation 

was determined three days later. cDC1 subsets cross-present cell-associated OVA (154) 

whereas both cDC1 and cDC2 are capable of cross-presenting soluble ovalbumin in vitro 

(155). A significant defect in cross-presentation of cell-associated OVA was observed for 

Flt3ITD/ITD NC cDC1 in comparison to Flt3+/+ cDC1, while only minor changes were 

observed for MHC I presentation of OVA protein (Figure 6A). In contrast, Flt3-ITD 

largely improved MHC II antigen presentation for both antigens tested, with increased 

OT-II T cell proliferation observed for Flt3ITD/ITD NC, SP and cDC2 in response to cell-

associated OVA, and increased presentation of OVA protein by Flt3ITD/ITD NC and SP 

DCs (Figure 7B). Together, this data demonstrates that the Flt3-ITD mutation alters 

antigen presentation by both MHC I and MHC II.  
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Figure 7. Flt3-ITD impacts DC antigen presentation. Equal numbers of purified Flt3+/+ and Flt3ITD/ITD 

DC populations were incubated with purified CellTrace Violet (CTV)-labelled OT-I (A) or (B) OT-II cells 

in the presence of ovalbumin (OVA)-coated splenocytes (OCS) or 100 g/mL OVA. Three days later, 

antigen presentation capacity was assessed by flow cytometric analysis. T cell proliferation was normalized 

to the maximum proliferation. Each symbol represents an individual mouse with data pooled from at least 

two independent experiments, displayed as mean ± SEM. **** P <0.0001*** P <0.001** P <0.01, one-

way ANOVA with Dunnett’s multiple comparisons test.  
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DISCUSSION 

Flt3 is one of the most common mutations in hematological malignancies, with Flt3-ITD 

representing the most common form of the mutation. In addition to being expressed in 

leukemia blasts, Flt3-ITD is expressed in DCs of AML patients and is correlated with 

poor prognosis (156, 157). The impact of this mutation in DC has remained unclear. In 

this study we investigated the expression pattern of Flt3 in DCs and determined the impact 

of Flt3-ITD on DC number, phenotype and function.  

 

In agreement with previous studies (10, 27), we identified Flt3 expression by WT splenic 

cDC and pDC populations. For the first time, we have shown cell surface and total Flt3 

protein in primary cDC1, cDC2 and pDC. Interestingly, surface Flt3 in pDC migrates 

slower than in cDC1 and cDC2. There are no described isoforms for murine Flt3, 

therefore it unlikely that pDC express an alternative Flt3. Flt3 is N-linked glycosylated 

(151, 152) and the larger form observed in pDC likely represents Flt3 that is more heavily 

decorated with carbohydrate moieties. Future experiments are required to fully 

characterize Flt3 biochemistry in pDC. Here we show Flt3 expression is regulated during 

splenic DC activation, with upregulation of surface Flt3 once activated in vitro. In 

contrast, surface Flt3 is reduced when splenic cDCs are activated by inflammatory stimuli 

in vivo. It is likely that the in vivo reduction of DC surface Flt3 is due Flt3L being released 

from immune cells in response to TLR stimulation. Previous studies have showed 

increased serum Flt3L in this scenario (158) that would engage and downregulate Flt3. 

Flt3/Flt3L signaling promotes survival of terminally differentiated DCs, with increased 

apoptosis observed in BMDC treated with Flt3 tyrosine-kinase inhibitors (159). 

Therefore, upregulation of surface Flt3 during inflammation, as evidenced under in vitro 
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conditions, could increase DC responsiveness to Flt3L, and promote their survival and 

immunogenic potential in vivo.  

 

In mice harboring the Flt3-ITD mutation, reduced surface Flt3 expression by splenic DCs 

was observed, accompanied by reduced Flt3L responsiveness. This is in agreement with 

previous studies demonstrating reduced Flt3L responsiveness in Flt3+/ITD and Flt3ITD/ITD 

bone marrow cells (35). While less responsive to Flt3L, Flt3ITD/ITD DCs undergo Flt3L-

independent Flt3 signaling leading to significantly increased numbers of splenic cDC and 

pDC populations in Flt3ITD/ITD mice.  

 

Our data demonstrates the Flt3-ITD mutation leads to aberrant splenic DC phenotype and 

function. Under normal conditions, Flt3 carries out ligand-dependent signaling via 

STAT3 and PI3K which are critical to DC homeostasis (1, 23, 24). Flt3-ITD, however, is 

constitutively activated and continuously activates STAT3 (139, 140) and PI3K (136, 

138), in addition to unique targets such as STAT5 (135–138). Given homeostasis of DCs 

is tightly controlled, differences in signaling downstream of Flt3, or its duration, likely 

leads to atypical DCs. Here, for the first time, we performed functional analysis of 

Flt3ITD/ITD DC and their capacity to elicit antigen presentation and T cell priming. Flt3-

ITD DCs displayed elevated surface MHC I and MHC II, in addition to increased antigen 

uptake and more rapid antigen proteolysis and lower endosomal pH for Flt3ITD/ITD cDC2. 

These changes led to improved MHC II presentation of cell-associated antigen by these 

cells. Flt3-ITD promotes basal autophagy in cancer cell lines (non-DC) and Flt3-ITD+ 

patient samples, while inhibition or knockdown of Flt3-ITD reduces autophagic flux 

(160). This may account for the elevated CD4+ T cell priming since LC3-associated 
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phagocytosis (LAP) and autophagy contribute to MHC II presentation (161). Future 

experiments investigating autophagy in Flt3ITD/ITD DCs are of interest. In contrast to MHC 

II antigen presentation, MHC I cross-presentation of both cell-associated and soluble 

OVA was largely unchanged and for Flt3ITD/ITD NC cDC1, reduced. Since cytochrome C 

insensitivity has been previously described for WT NC cDC1 (142), this defect may be 

cell-intrinsic. Indeed, our data has extended investigations of the functional role of NC 

cDC1. In humans, these DCs have been shown to stimulate allogenic T cells (144, 145) 

while in mice it has been suggested they cannot cross-present (142). Here for the first 

time, we have shown that NC cDC1 cannot cross-present cell-associated OVA but are 

capable of cross-presenting soluble ovalbumin. Importantly this defect in cell-associated 

cross presentation, in addition to our observation that Flt3-ITD NC cDC1 have impaired 

IL-12 production could stem from their reduced DEC205 expression. DCs from mice 

lacking DEC205 show reduced responsiveness to CpG (162) and as a result have impaired 

DC maturation and IL-6 and IL-12 secretion.  

 

Importantly, the largest expansion of DCs in Flt3-ITD mice is NC cDC1, in agreement 

with previous studies (35). This differs to outcomes when Flt3L is administered to Flt3+/+ 

mice, which expands canonical cDC1 populations (35, 142). Given NC cDC1 lack 

features of canonical cDC1, such as cross-presentation of cell associated antigen and IL-

12 production, it is possible that these DCs promote leukemogenesis in Flt3-ITD mice by 

impairing detection of leukemic cells. Further studies are required to elucidate the 

biological function of these cells in steady state settings.  
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In conclusion, we have demonstrated significant changes to the biology of DC expressing 

Flt3-ITD. Mice expressing Flt3-ITD have expanded numbers of splenic DCs with altered 

cell surface phenotype, including increased MHC expression. DCs expressing Flt3-ITD 

have increased pro-inflammatory cytokine secretion and improved MHC II antigen 

presentation of cell-associated antigen. This data highlights the need to characterize the 

phenotype and function of human DC in Flt3-ITD+ patients to assess their contribution to 

leukemogenesis.   
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Chapter 4 - Uncovering the molecular machinery 

that regulates Flt3  

Sections of this chapter were published in Immunology & Cell Biology (2021). The 

specific contributions of authors are disclosed in the “Preface” and “Publications arising 

from this thesis” sections of this thesis. The published manuscript can be found in 

Appendix 1.  

 

Introduction 

DCs are critical for immunotherapy (7). They have a unique ability to capture, process 

and present antigen to T cells within the tumor microenvironment and at the draining 

lymph nodes (37, 38, 40). Whilst DCs are the rarest tumor infiltrating immune cells (37, 

38), there is a strong correlation between their abundance (or transcript abundance) and 

immune outcomes (5, 38, 39). Since the number of DCs at steady state (1–4), and in the 

tumor microenvironment (5), is reliant on the Flt3/Flt3L signaling cascade, manipulation 

of this pathway is an attractive solution to increase DC numbers and improve 

immunotherapy outcomes. Most studies have focused on the administration of Flt3L, 

however little therapeutic benefit has been observed in clinical trials. In the previous 

chapter, it was demonstrated that DCs carefully regulate Flt3 expression. Indeed, 

differences in the expression level of Flt3 were observed between different DC subsets 

and different DC states (for example, resting and activated). Therefore, an alternative, 

and largely neglected, approach is to manipulate the regulation of Flt3 itself. For this to 

occur, however, more knowledge about the regulation of Flt3 is required. In Chapter 4, 
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this is directly addressed by using CRISPR/Cas9 genome wide screens to elucidate the 

genes that could be potentially targeted to control Flt3 expression. 

 

Transcriptional regulation of Flt3  

Flt3 is regulated by several transcription factors. In DC progenitors, including common 

myeloid, lymphoid and DC progenitors, the transcription factor PU.1 (Sfpi1) promotes 

Flt3 expression by directly binding to the Flt3 promoter (163). As a result, progenitors 

lacking this transcription factor have reduced DC developmental potential. Flt3 

expression is also enhanced by the transcription factor homeobox A9 (HOXA9), which 

has been shown to bind directly to the promoter of Flt3 (164). While mice lacking 

HOXA9 have reduced Flt3+ progenitors, there are no changes to the DC lineage, indeed 

the number of bone marrow cDC and plasmacytoid DC (pDC) are unaltered (165). It is 

unknown if HOXA9 maintains the steady-state level of Flt3 in terminally differentiated 

DCs. Flt3 is also enhanced by CCATT/enhancer binding protein alpha (C/EBPα) and 

Myb in acute myeloid leukemia cells, with their knockdown decreasing Flt3 expression 

(166). DC development is dependent on C/EBPα, however, it is not a requirement for 

survival or function of terminally differentiated DCs. Similarly, Myb regulates 

hematopoiesis and conditional deletion of this transcription factor in haematopoietic stem 

cells ablates bone marrow cellularity. Reduced Flt3 on progenitor cells has been observed 

in Myb conditional deletion mice (167). Similar observations of impaired hematopoiesis 

and reduced Flt3 expression has been observed in mice lacking the transcription factors 

Runx1 or its binding partner Cbfβ in haematopoietic stem cells (168). It is unclear if 

C/EBPα, Myb, Runx1 or Cbfβ directly regulate the expression of Flt3 or if the alterations 

in Flt3 expression are due to reduced progenitors which normally express Flt3. To add to 
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the complexity, some of the genes described may regulate each other, and as such, their 

impact on Flt3 is twofold. For example, studies have shown Runx1 binds to the promoter 

of PU.1 and, depending on the cell type, can promote or repress its expression (169).  

 

In contrast, Flt3 transcription is repressed by the transcription repressor Hes family 

BHLH transcription factor 1 (Hes1) which binds to the Flt3 promoter in HEK293T 

overexpression studies (170). Mice lacking Hes1 have impaired T cell development and 

lack a thymus (171). It is unclear whether Flt3 is regulated by Hes1 in DCs, however, 

progenitor cells lacking this transcription factor have a developmental bias towards 

myeloid and DC development (171). Flt3 suppression also occurs due to paired box 

protein 5 (Pax5), which binds the Flt3 promoter in pro-B cells (172). This is critical for 

B cell development (172). It is unclear whether Pax5 regulates steady-state expression of 

Flt3 in DCs. 

 

Post-transcriptional regulation of Flt3  

Once transcribed and translated the Flt3 receptor behaves like other receptor tyrosine 

kinases (Figure 1). It transits to the cell surface as a monomer which is N-linked 

glycosylated as confirmed by N-glycosidase F (PNGase F) digestion (151, 152). Once at 

the cell surface, and bound to the ligand, dimerization occurs. In support of this, when 

cells are treated with Flt3L, Flt3 can be detected as a species of ~360kDa (representative 

of 2 monomers bound to the 30kDa Flt3L) (173). Flt3L stimulation promotes Flt3 

phosphorylation, indicative of activation (135, 136, 138, 174–178). As shown in the 

previous chapter, once activated, Flt3 internalizes as quickly as five minutes in DCs.  
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Internalization of Flt3 from the cell surface is likely regulated by ubiquitination. Much of 

our current understanding of Flt3 ubiquitination has come from studies in transformed 

cell lines overexpressing Flt3, with little information for DCs. Nevertheless, these studies 

have revealed an attractive candidate for Flt3 ubiquitination – the Casitas B-lineage 

lymphoma (Cbl) family. Cbl was first implicated in Flt3 signaling when their 

phosphorylation was increased in transformed cell lines stimulated with Flt3L (179, 180). 

When cells overexpressing Flt3 and c-Cbl are stimulated with Flt3L, the proteins 

associate (176, 178). In addition, Flt3L stimulation correlates with an increase in Flt3 

ubiquitination which is lost when the RING domain of c-Cbl is mutated (176). c-Cbl-

dependent ubiquitination of Flt3 is thought to rely on association with adaptor proteins, 

such as Src-like adaptor protein (SLAP) (181), SLAP2 (182), growth factor receptor-

bound protein 2 (GRB2) (179) and SH2B adaptor protein 3 (SH2B3/LNK) (183).  
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Figure 1. Schematic of the trafficking of Flt3. Flt3 is transcribed and translated as a monomer which 

traffics to the cell surface. During this journey it is glycosylated. Once at the surface, it binds to Flt3L which 

promotes dimerization and phosphorylation of Flt3. Flt3 internalizes quickly and is degraded by either/or 

both the lysosomal and proteasomal degradation pathways. Figure from (11).  

 

Studies using c-Cbl and Cbl-b mutant mice have further implicated these E3 ligases in 

Flt3 regulation. Mice harboring a mutation in the RING domain of c-Cbl (c-CblA/-) have 

increased Flt3 expression and signaling in LSK (Lin- SCA-1+ c-Kit+) cells and develop 

lethal myeloid leukemia (184). Increased Flt3 expression and signaling is lost when c-

CblA/- mice are crossed to Flt3L-/- mice (184) or are treated with the Flt3 inhibitor AC220 

(185). It is currently unclear as to whether the Cbl family regulates DC development 

and/or Flt3 expression in DCs.  

 

Other E3 ubiquitin ligases, such as suppressor of cytokine signaling 2 (SOCS2) (186) and 

SOCS6 (187) have also been implicated in Flt3 ubiquitination. Overexpression of SOCS2 
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or SOCS6 and Flt3 leads to elevated Flt3 ubiquitination and degradation of Flt3 (186, 

187). It is unclear if the same occurs with endogenously expressed proteins in DCs.  

 

Deubiquitination of wild type Flt3 is currently unknown, though studies have shown 

mutated Flt3 (Flt3-ITD) can be deubiquitinated by ubiquitin specific peptidase (USP) 10 

(188) and 9 X-linked (USP9X) (189).  

 

Flt3 cell surface expression is also regulated by its phosphorylation status. 

Phosphorylation is mediated by kinases that attach phosphate groups onto serine, 

threonine and tyrosine residues (140, 190). The subsequent removal of a phosphate group 

is facilitated by phosphatases. The modification serves as a docking site for other proteins, 

such as signaling adaptors, and also allows cross-talk between other post-translational 

modifications, such as ubiquitination (140, 190). Wild type Flt3 and Flt3-ITD have a 

number of tyrosine residues that can be targeted by kinases (191, 192). In addition, Flt3 

has been shown to interact with a number of phosphatases including DEP-1 (193) SHP-

1, PTP-PEST, PTP-1B (152) and SHP-2 (192, 194). Overexpression of these 

phosphatases along with Flt3 leads to decreased Flt3 phosphorylation and signaling. 

Importantly, the phosphatases targeting DC Flt3 are currently unknown.  

 

Once internalized, sorting of Flt3 into late endosomes is dependent on late 

endosomal/lysosomal adaptor and MAPK and mTOR activator 2 (LAMTOR2) (195).. As 

a result, mice lacking LAMTOR2 have increased Flt3 expression and signaling in DCs 

and increased DC progenitors (195). 
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In this chapter, the aim was to reveal new genetic machinery responsible for regulating 

Flt3. The expression of Flt3 was first characterized in the CD8+ DC cell line, MuTu 

DC1940. After which, this cell line was utilized in two CRISPR/Cas9 genome wide 

screens to identify positive and negative Flt3 regulators.  
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Results  

Characterization of Flt3 expression by MuTu DC1940 cells.   

To identify genes that regulate Flt3 expression, a CRISPR/Cas9 genome wide screen 

utilizing the immortalized murine cDC1 cell line, MuTu DC1940, was carried out. This 

cell line was chosen as it closely resembles in vivo murine cDC1 and is easy to genetically 

modify (196). However, before commencing the screen, we first confirmed the 

expression of Flt3 was similar to its in vivo counterpart.  

 

Assessment of Flt3 expression by flow cytometry revealed these cells have bimodal 

expression of Flt3, with some cells expressing high or low cell surface Flt3 (Figure 2A). 

To assist in the characterization of Flt3, a negative control cell line lacking Flt3 was 

generated (Figure 2B). Two single guide RNAs (gRNAs) Flt3 #1 and Flt3 #2 were 

designed to target Flt3 exons three and four, respectively. These gRNAs were cloned into 

a CFP-expressing vector (123) and lentivirally transduced into Cas9-mCherry expressing 

MuTu DC1940 cells (previously established by Haiyin Liu, Mintern Lab). gRNA 

expression was induced for six days with doxycycline. Flow cytometry analysis showed 

~30 to 40% transfection efficiency (Figure 2C). To generate a homogenous knockout 

cell line, Flt3 #2 were cell sorted based on the expression of CFP (Figure 2D). As 

expected, a decrease in the expression of Flt3 was observed in comparison to a negative 

control cell line that expresses an irrelevant gRNA targeting human Bim (hBim) (Figure 

2D). To quantify the insertions and deletions (InDels) present in the knockout cell line, 

DNA was extracted, and Sanger sequencing was carried out (Australian Genome 

Research Facility). The trace sequences were analyzed using ICE (Inference of CRISPR 
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Edits). As shown in Figure 2E, ~80% of Flt3 #2 cells had InDels. This data 

demonstrates that MuTu DC1940 cells express Flt3, and its expression can be altered by 

CRISPR/Cas9. 

 
Figure 2. Generation of Flt3 MuTu DC1940 cells. (A) Representative Flt3 cell surface expression on MuTu 

DC1940 cells, as determined by flow cytometry. Bar graph displays the % of Flt3+ cells from four independent 

experiments (1-4) carried out in triplicate. Bars are mean ± SD. (B) Workflow for generating Flt3 MuTu DC1940 

cells. MuTu DC1940 cells expressing Cas9-mCherry were transfected with lentivirus containing Flt3-targeting gRNA 

in a CFP+ vector. Induction of gRNA was carried out using doxycycline (dox) and the cell surface Flt3 expression was 

determined by flow cytometry. (C) Transfection efficiency of Flt3 #1 and #2 MuTu DC1940 cells, as determined by 

the % of CFP+ cells in comparison to “mock” cells which underwent the same process. (D) Flt3 #2 was cell-sorted 

based on CFP expression and the expression of Flt3 was determined by flow cytometry. Representative post-sort 

histogram is shown. (F) DNA was isolated from hBim and Flt3 cells and Sanger sequencing was carried out before 

ICE analysis. hBim sequence and predicted Cas9 cutting site is indicated in the first row. Top ten trace sequences for 

Flt3 cells are shown below, with their relative contribution indicated by percentages to the left.  
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Besides cell surface Flt3, we aimed to investigate total Flt3. To do this, immunoblotting 

was carried out to detect Flt3 protein levels (Figure 3A). Using two antibodies (Clones 

8F2 and AF768) two forms of Flt3 were detected, as previously described in non-DC 

studies (151, 152, 176). The higher molecular weight band has been described as a 

mature, glycosylated form of Flt3 which sits at the cell surface. The smaller molecular 

weight band is thought to be a less glycosylated intracellular form of Flt3. To improve 

the appearance of the blots, different gels and running buffers were trialed, with the 

optimal conditions determined as 10% Bis-Tris gel with MOPS running buffer (Figure 

3B). These data demonstrate we can confidently detect protein Flt3 in MuTu DC1940 

cells. 

Figure 3. Detecting protein Flt3. (A) Equal number of hBim and Flt3 MuTu DC1940 cells were lysed in NP40 lysis 

buffer. Flt3 was immunoprecipitated using monoclonal rabbit anti-mouse Flt3 (8F2) or goat polyclonal anti-mouse Flt3 

(AF768). Proteins were separated by gel electrophoresis and transferred to a PVDF membrane. Flt3 was detected with 

anti-Flt3 (AF768). (B) Equal numbers of hBim and Flt3 MuTu DC1940 cells were lysed in NP40 lysis buffer. Flt3 

was immunoprecipitated using anti-Flt3 (AF768) and the immunoprecipitates were separated by gel electrophoresis 

using the indicated gels and running buffer before transfer to PVDF membranes. Flt3 was detected using anti-Flt3 

(AF768). WCL, whole cell lysate. IP, immunoprecipitate. T-A, Tris-acetate. 
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We next confirmed that the higher molecular form of Flt3 is in fact at the cell surface. 

Cell surface proteins were biotinylated and immunoprecipitated using streptavidin 

agarose (Figure 4). After immunoblotting for Flt3 only the higher molecular weight band 

was detected. This demonstrates the higher molecular weight band is at the cell surface 

of DCs.  

 

 
Figure 4. Higher molecular weight form of Flt3 is at the cell surface. Cell surface proteins were biotinylated and 

cells were lysed using NP40 lysis buffer. Biotinylated proteins or Flt3 was immunoprecipitated with streptavidin 

agarose (Thermo Scientific) or anti-Flt3 (AF768) from an equivalent number of cells. Immunoprecipitates were 

separated by SDS-PAGE and transferred to a PVDF membrane before Flt3 was detected with anti-Flt3 antibody. Blot 

is from one experiment.  

To confirm that cell surface Flt3 is responsive to Flt3L, MuTu DC1940 cells were 

stimulated with varying concentrations of Flt3L for 5 – 60 minutes and cell surface 

expression of Flt3 was determined by flow cytometry (Figure 5). Like primary DC 

(Chapter 3), significant decreases in Flt3 expression were observed for MuTu DC1940 

cells in the presence of Flt3L. While the strongest downregulation of Flt3 cell surface 

expression was observed with cells treated with 1 μg/mL and 0.5 μg/mL Flt3L, this high 

concentration was not feasible for future experiments, and therefore 0.1 μg/mL Flt3L, 

which still causes a clear shift in Flt3 expression, was determined as an optimal 

concentration.  
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A loss of cell surface Flt3 (higher molecular weight band) was also observed by 

immunoprecipitating Flt3 from DCs incubated with or without Flt3L (0.1 μg/mL) (Figure 

5B). Loss of this Flt3 species correlated with increased phosphorylation of the receptor, 

indicative of activation. Together, this data demonstrates that MuTu DC1940 cells are 

responsive to Flt3L.  

  

 

Figure 5. Impact of Flt3L on Flt3 expression. (A) Equal number of MuTu DC1940 cells were stimulated with or 

without Flt3L for the indicated times. Concentration (μg/mL) of Flt3L is indicated by the numbers to the left of the 

representative histograms. (B) hBIM and Flt3 MuTu DC1940 cells were treated with Flt3L (0.1 μg/mL) for 0 – 60 

mins. Equivalent number of cells were lysed in NP40 lysis buffer before Flt3 was immunoprecipitated using anti-Flt3 

(AF768). Proteins were separated by gel electrophoresis and transferred to a PVDF membrane. Immunoblotting was 

carried out using anti-Flt3 (A2F10) or anti-phosphotyrosine (4G10) antibodies.  
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To quantify the Flt3L-dependent internalization of Flt3 a fluorescently tagged Flt3L was 

generated, in collaboration with Dr Angus Johnston’s lab (Monash University) (125). As 

shown in Figure 6A, the Flt3L sensor comprises Flt3L bound to Cy5 and a trans-

cyclooctene (TCO) functional group. Cy5 fluorescence is quenched with the addition of 

a quencher which comprises a tetrazine (Tet) group bound to a dye that absorbs light at 

the same emission as Cy5 emits.  The quencher can quickly and specifically bind to the 

sensor due to the TCO and Tet clickable groups. For the internalization assay, cells were 

stained at 4C for 30 mins with the Flt3L sensor before extensive washing to remove 

excess ligand (Figure 6B). Internalization was then allowed by incubating cells at 37C. 

Remaining sensor at the cell surface was then quenched at 4C. Importantly, the quencher 

is membrane impermeable ensuring only cell surface signal is quenched. Quantification 

of the internalization was determined by comparing the Cy5 signal between the samples 

at 4C and 37C. This internalization assay is similar to the commonly used Specific 

Hybridization Internalization Probe (SHIP) assay which uses Fluorescent Internalization 

Probe (FIP) sensors (108). Both assays do not affect cell viability or morphology and 

since the quenchers are specific for the sensors, further phenotype staining can be carried 

out using other fluorophores. sCy5-TCO, however, is significantly smaller than FIP 

which makes it ideal for conjugation with small proteins such as Flt3L (~18 kDa).  

 

Before commencing the internalization assays, the specificity of the probe was 

determined by staining Flt3 and hBim MuTu DC1940 cells with Flt3L-sCy5-TCO 

(Figure 6C). Low fluorescence was observed on cells lacking Flt3, confirming the 

specificity of the probe for Flt3. Next the behavior of the labelled ligand was compared 

to its unlabeled counterpart (Figure 6D). For this, the labeled and unlabeled ligands were 
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titrated and the loss of Flt3 was measured by flow cytometry. Both ligands behaved 

similarly with the largest loss of Flt3 observed at ~100 ng/mL. To ensure the Cy5 

fluorescence was detectable at this concentration, DCs were stained at 4C with 

increasing concentration of Flt3L-sCy5- TCO and the Cy5 fluorescence was detected by 

flow cytometry (Figure 6E). The fluorescence peaked and plateaued at ~50 ng/mL. Based 

on these assays the optimal concentration for Flt3L-sCy5- TCO was 100 ng/mL. Finally, 

the internalization of activated Flt3 was determined over a 60-minute period (Figure 6F).  

Flt3 has been described to internalize as quickly as 5 minutes in transformed cell lines 

(173). In agreement with this, cDC1 and cDC2 began internalizing Flt3 within 5 minutes 

of incubating at 37C, with most of the sensor internalized within 20 minutes. cDC1 and 

cDC2 had the same rate of internalization.  
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Figure 6. Quantification of activated Flt3 internalization. (A) Schematic of the two components in the 

internalization, adapted from (125). (B) Workflow of internalization assay. Cells are labelled on ice with Flt3L-sCy5-

TCO and washed to remove excess ligand. Cells are then incubated at 37C to allow for internalization. Following 

internalization, cells are placed at 4C and quencher is added to quench cell surface fluorescence. (C) hBim or Flt3 

MuTu DC1940 cells were labelled with Flt3L-sCy5-TCO and washed extensively before flow cytometry was carried 

out to determine Cy5 fluorescence. (D) Wild type splenic cDC were isolated and incubated with increasing labeled or 

unlabeled Flt3L for 60 mins. The expression of Flt3 was determined by flow cytometry. Data is representative of two 

independent experiments. (E) Wild type DCs were isolated and incubated with increasing labelled Flt3L for 60 mins. 

The expression of Flt3L-sCy5-TCO was determined by flow cytometry. Data is from one experiment. (F) Primary 

splenic DCs were isolated and incubated with 100 ng/mL Flt3L-sCy5-TCO for 30 mins. Cells were washed and 

incubated for increasing amount of time before being stained for cell surface markers. DCs were then treated with or 

without quencher and flow cytometry was carried out. Data is from one experiment carried out in triplicate. Error bars 

are  SEM.  

Identifying genes that regulate Flt3.    

To date, not much is known about the intracellular machinery involved in regulating DC 

Flt3. To address this, two CRISPR/Cas9 genome wide screens were carried out. The 

workflow for both screens is described in Figure 7. First HEK293T cells were co-

transfected with plasmid library and lentiviral packaging vectors to produce gRNA library 

lentivirus supernatant. The supernatant was used to spinfect MuTu DC1940 cells at a low 

multiplicity of infection (MOI) to ensure only one gRNA was received by each cell. This 
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resulted in a heterogenous population of cells, each comprising of one single gene 

knocked out (known as “unsorted”). Since the focus was on genes regulating Flt3 

expression, it was reasoned that any cell with a mutation in these genes would have altered 

Flt3 expression. Genes normally involved in downregulating Flt3, negative regulators, 

would be enriched in the top 5% of Flt3 expressing cells. Genes that promote Flt3 

expression, positive regulators, would be enriched in the bottom 5% of Flt3 expressing 

cells. Once stained for Flt3, the high and low Flt3 populations were sorted before genomic 

DNA (gDNA) isolation and Next Generation Sequencing. The genes were then identified 

by comparing the gRNAs enriched in the sorted populations to the unsorted populations. 

 

 
Figure 7 CRISPR/Cas9 genome wide screen workflow. Diagram detailing the library screen workflow. First, a 

gRNA library lentivirus is produced after which MuTu DC1940 cells are transfected and then selected using puromycin. 

The cells are expanded and then sorted based on their expression of Flt3 (with or without Flt3L). genomic DNA (gDNA) 

is isolated from the top and bottom 5% of Flt3 expressing cells and the candidate genes are identified by Next 

Generation Sequencing (NGS, Illumina). Finally, the genes are validated using single gene knockout (K.O) cells.  

In the first screen, the aim was to identify genes that regulate activated Flt3. The genome-

wide CRISPR-Cas9 knockout (GeCKO) v2 library (126, 127) was utilized. This 

comprises 67,405 gRNAs that target 20,611 genes in the mouse genome in addition to 

miRNAs and non-targeting controls. To activate Flt3, the previously determined (Figure 

5A) optimal concentration of Flt3L (0.1 μg/mL) for 60 minutes was used.  
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Prior to transfecting the target cells with the library, a puromycin kill curve was carried 

out to determine the time point at which puromycin selection is complete. An equal 

number of untransduced MuTu DC1940 cells were incubated with increasing 

concentrations of puromycin for five days and the optimal timepoint and concentration 

was determined as three days with 1 μg/mL puromycin (Figure 8A, Haiyin Liu, Mintern 

Lab). Next, the virus was titrated to determine the percentage infection efficiency, which 

is defined as the number of live cells with selection/the number of live cells without 

selection x100% (Figure 8B). Ideally, an infection efficiency of ~30% is required to 

decrease the chance of cells infected with multiple gRNA (197). For the virus generated, 

20% was required for an infection efficiency of ~34%. The library was used to transfect 

72 x106 MuTu DC1940s, giving ~350x coverage of the library. Puromycin selection was 

then carried out to generate the unsorted library.  

 

The library strategy in Figure 8C was carried out three independent times to generate 

three biological replicates. In an ideal scenario, cells containing genes that regulate Flt3 

would be easily distinguished following Flt3L stimulation (schematic Figure 8D). 

However, given that only a small number of genes are anticipated to regulate Flt3 

expression, most knockout cells were able to internalize Flt3 following ligand 

stimulation. Because of this, the top 5% and bottom 5% Flt3 expressing cells underwent 

two subsequent sorts to enrich for the relevant genes. 
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Figure 8. Preparation for GeCKO CRISPR/Cas9 genome wide screen.  (A) MuTu DC1940 cells were 

treated with increasing concentration of puromycin for 5 days and the number of live cells was determined 

by trypan blue exclusion. (B) Infection efficiency. Equal number of MuTu DC1940 cells were seeded and 

gRNA library lentivirus was added at increasing concentrations.  The gRNA-containing cells were then 

selected for with puromycin (1 μg/mL) for 3 days and the number of cells were determined by bead 

acquisition on flow cytometry. (C) Sorting scheme. Three biological replicates (bioreps, BR) were 

produced (BR1US, BR2US, BR3US) and underwent two subsequent sorts to enrich for the high and low 

Flt3 expressing cells. (D) Schematic detailing ideal Flt3 expression of bulk library following Flt3L 

stimulation in comparison to the actual expression of Flt3 on the bulk library. (E) Expression of Flt3 one 

week following subsequent cell sorts for Flt3 high and low expressing cells. Plots are representative of 3 

biological replicates.  

 

To generate amplicons for next generation sequencing, DNA was extracted from the 

unsorted and sorted samples and PCR was carried out. The amplicons were confirmed by 

gel electrophoresis and purified by magnetic beads (Figure 4.9A).  Sequencing was 

carried out using NextSeq platform (carried out by Stephen Wilcox, WEHI Genomics 

Hub) and ~250 million reads were obtained. Bioinformatic analysis of the screen carried 

out using MAGeCK software (130). First, the data was cleaned using Cutadapt, to 
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generate fastq files with the same length reads. The MAGeCK “count” command was 

then used to normalize read counts across all samples and determine the abundance of 

guides. Finally, the MAGeCK “test” command was used to determine the gene 

enrichment.  Across the sorted and unsorted samples, a total of 65,619 unique guides were 

detected representing 97% of the guides from the original library. Most of these guides 

had 100-1000 reads (Figure 9B) and these reads were relatively well distributed across 

all samples (Figure 9C). Together, these data demonstrate that the uniformity of the 

library was maintained and unbiased. When looking for enrichment between unsorted 

samples and sorted samples, there were no guides that were differentially abundant after 

sort 1, therefore gene enrichment analysis was carried out on sort 2 only.  
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Figure 9. GeCKO CRISPR/Cas9 genome wide screen quality control. (A) PCR products following amplification 

of DNA regions containing gRNA sequences. DNA was run on 2% agarose gel and final product is expected at ~280bp. 

Two technical replicates are shown. (B) Histogram showing the frequency of reads recovered for each gRNA after 

sequencing. (C) Pooled counts of all gRNAs recovered in each of the samples. 

Genes were considered enriched in the sorted populations compared to the unsorted 

populations when the gRNA count increased at least two-fold (log2fold>1) with a false 

discovery ratio of <1% or <5% (FDR <0.01 or <0.05). For the Flt3hi sorted cells, we 

obtained 5 statistically significant enriched genes - Mediator Complex Subunit 25 

(Med25), Transcription Factor 7-like 2 (Tcfl2), Myc-Associated Factor X (Max), tumor 

protein p53 (Trp53) and Polycomb group RING finger protein 1 (Pcgf1) (Figure 10).  
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Figure 10. Gene knockouts causing increased Flt3 in the presence of Flt3L. (A) Volcano plot for gene hits in Flt3hi 

sorted populations. X-axis shows log2 fold change to unsorted populations. The y-axis shows the p-value as calculated 

by MAGeck. Hits with a false discovery rate (FDR) of <0.05 or <0.01 are shown as blue and pink respectively. Genes 

not enriched are indicated by grey symbols. (B) gRNA count for the three gRNAs targeting each of the significantly 

enriched genes. Symbols represent the three unsorted (grey) or sorted (blue) populations.  

Four statistically significant candidate genes were identified in the Flt3lo populations – 

Core-binding factor subunit beta (Cbfβ), runt-related transcription factor 1 (Runx1), 

CREB binding protein (Crebbp) and mesoderm development candidate 2 (Mesdc2) 

(Figure 11). Importantly, mice lacking Cbfβ and Runx1 in hematopoietic progenitors 

have reduced Flt3 expressing progenitors and impaired DC development suggesting these 

genes may regulate the expression of Flt3 (168). It should be noted that Crebbp and 

Mesdc2 only had one out of three gRNAs statistically enriched (Figure 11B). For 

confidence in the screen, Flt3 should be identified in the Flt3lo cells. When investigating 
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the abundance of gRNA targeting Flt3 across all samples, it was clear that two out of the 

three guides were not detected in the unsorted populations suggesting these were simply 

ineffective (Figure 11C). The single guide that was identified did not reach statistical 

significance.  

 

Figure 11. Gene knockouts enriched in Flt3lo samples in the presence of Flt3L. (A) Volcano plot for gene hits in 

Flt3lo sorted populations. X-axis shows log2 fold change to unsorted populations. The y-axis shows the p-value as 

calculated by MAGeCK. Hits with a false discovery rate (FDR) of <0.05 or <0.01 are shown as blue and pink 

respectively. Genes not enriched are indicated by grey symbols. (B) gRNA count for the three gRNAs targeting each 

of the significantly enriched genes. Symbols represent the three unsorted (grey) or sorted (blue) populations. (C) gRNA 

count for the three gRNAs targeting Flt3. Symbols represent three unsorted (grey) or sorted (blue) populations.  

To complement the GeCKO v2 Flt3L screen, a second screen was carried out to identify 

genes that regulate steady-state Flt3. In this screen three improvements were made. First, 

instead of utilizing GeCKO we used the newer CRISPR/Cas9 library, Brie (122). Brie 

has improved gRNA design with demonstrated increased on-target and decreased off-
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target activity. It also has an increased number of gRNAs (78,637 gRNAs), which target 

19,674 genes. Unlike GeCKO which has three gRNAs per gene, Brie has four gRNAs 

per gene. The second improvement was increasing the number of biological replicates 

from three to four. Finally, the cell line utilized was improved. In the GeCKO screen, the 

MuTu DC1940 cells used had varied Flt3 expression which added statistical noise to the 

analysis. Here, MuTu DC1940 cells with homogenous Flt3 expression were used.  

 

To obtain homogenous expression of Flt3, MuTu DC1940 cells were sorted based on 

Flt3hi expression (Figure 12A). Similar to the previous screen, lentivirus was generated 

by co-transfecting HEK293T cells with Brie library and lentiviral packaging vectors. The 

supernatant was then used to transduce at least 131 x106 cells to achieve ~500x copies of 

each gRNA.  Once transduced, the gRNA-containing cells were selected using 1 μg/mL 

puromycin for at least 3 days (previously determined in Figure 8). To avoid multiple 

gRNAs in a single cell, the lentivirus was titrated to get an MOI of 0.2. As shown in 

Figure 12B, this required 10% virus supernatant during the transduction. The strategy for 

the library is detailed in Figure 12C. One week after each sort, the cell surface expression 

of Flt3 was assessed by flow cytometry (Figure 12D). Successful enrichment of Flt3 high 

cells was observed with an increase from 5% in the bulk population to ~20% after the 

second sort. A similar enrichment was observed for Flt3 low sorted cells (from 5% to 

~50%).  
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Figure 12. Brie CRISPR/Cas9 screen to identify genes that regulate steady-state Flt3. (A) MuTu DC1940 cells 

were sorted for high Flt3 expression. Representative post-sort histogram shown. (B) Infection efficiency. Equal number 

of MuTu DC1940 cells were seeded and library lentivirus was added at increasing concentrations.  Library-containing 

cells were then selected for using puromycin (1 μg/mL) for 3 days and the number of cells were determined by bead 

acquisition on flow cytometry. (C) Sorting scheme. Four biological replicates underwent two subsequent sorts to enrich 

for the high and low Flt3 expressing cells. (D) Expression of Flt3 one-week post sort. Plots are representative of 4 

biological replicates.  

To generate amplicons for next generation sequencing, DNA was extracted from the 

sorted and unsorted samples before PCR was carried out. The amplicons were confirmed 

by gel electrophoresis and purified by magnetic beads (Figure 13A). Sequencing was 

carried out using NextSeq platform (carried out by Stephen Wilcox, WEHI Genomics 

Hub) and ~400 million reads were obtained. Bioinformatic analysis of the screen carried 

out using MAGeCK software (130), as described for the GeCKO screen. Across the 

sorted and unsorted samples, 78,632 unique gRNAs were detected which represents 99% 

of gRNAs from the original library. Most guides had 1000-10000 reads (Figure 13B) and 

these reads were evenly distributed across all samples (Figure 13C). Together, these data 

demonstrate that the uniformity of the library was maintained and unbiased.  

 



 

 103 

Figure 13. Brie CRISPR/Cas9 genome-wide screen quality control. (A) PCR products following 

amplification of DNA regions containing gRNA sequences. DNA was run on 2% agarose gel and final 

product is expected at ~280bp (B) Representation of library. Histogram showing the frequency of reads 

recovered for each gRNA following sequencing. (C) gRNA recovery. Pooled counts of all gRNAs in each 

sample.  

 

When looking for enrichment between the sorted and unsorted samples (Table 1), there 

were genes enriched in both sort 1 and sort 2. Genes were considered enriched in the 

sorted populations compared to the unsorted populations when the gRNA count increased 

at least two-fold (log2fold>1) with a false discovery ratio of <1% or <5% (FDR <0.01 or 

<0.05).  

 

Table 1. Brie differential gene enrichment across sorted samples.  

 Flt3 low Flt3 high 

Sort 1 2 1 2 

Number of genes enriched 27 22 7 65 

Number of genes found in both sorts  20 7 

Number of unique genes  7 2 0 58 
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First, positive regulators were investigated by looking at the gene hits enriched in the 

Flt3lo population in comparison to the unsorted population and 22 candidate genes were 

identified (Figure 14 and Table 2). The full list of genes can be found in Appendix 2 

and 3. These included the positive control Flt3 in addition to Cbfβ and Runx1 which 

appeared in the first GeCKO screen and have previously been described to impact Flt3 

expression  (168). Detection of these genes in the screen demonstrates that the screen is 

robust in detecting genes that regulate Flt3 expression.  

 

 

Figure 14. Volcano plots for gene knockouts causing decreased Flt3 expression. Volcano plot shows gene hits in 

first sorted Flt3lo population (left) or second sorted Flt3lo population (right) in comparison to unsorted population. The 

x-axis shows log2 fold change enrichment. The y-axis shows the p-value calculated by MAGeCK. Hits with a false 

discovery rate (FDR) of <0.05 or <0.01 are shown as blue or pink respectively. Genes not enriched in sorted populations 

are shown as grey symbols. 

Table 2. Brie gene knockouts causing Flt3 downregulation. Top hits of MAGeCK analysis comparing Flt3lo 

population to unsorted population. Hits are sorted by log fold change (LFC) with an FDR <0.05 and a cutoff of LFC>1. 

Sort 1 and Sort 2 refer to the population the gene was enriched in. For genes enriched in both sort 1 and sort 2 the 

highest LFC and Log P-value are shown.  

LFC  LogP gene name sort 1 sort 2 

4.12 6.60 Flt3 FMS-like tyrosine kinase 3  ✓ ✓ 

2.98 6.60 Cbfβ Core-Binding Factor Subunit Beta ✓ ✓ 

2.72 6.60 Arih1 Ariadne RBR E3 Ubiquitin Protein Ligase 1 ✓ ✓ 
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2.64 6.60 Pagr1a PAX-Interacting Protein 1 (PAXIP1)-associated 

glutamate rich protein 1 

✓ ✓ 

2.45 6.12 Paxip1 PAX-Interacting Protein 1 ✓ ✓ 

2.35 6.60 Flcn Folliculin ✓ ✓ 

2.23 6.60 Mau2 MAU2 chromatid cohesion factor homolog ✓ ✓ 

2.16 6.60 Kmt2c Lysine Methyltransferase 2C ✓ ✓ 

2.09 6.60 Runx3 Runt-related transcription factor 3 ✓ ✓ 

2.08 5.75 Ube2m NEDD8-conjugating enzyme Ubc12 ✓ ✓ 

2.07 6.60 Adnp Activity-dependent neuroprotector homeobox ✓ ✓ 

1.94 6.60 Fbxl14 F-box/LRR-repeat protein 14 ✓ ✓ 

1.92 4.70 EP300 Histone acetyltransferase ✓ ✓ 

1.92 6.60 Nf1 neurofibromin ✓ ✓ 

1.77 6.60 Ahr aryl hydrocarbon receptor ✓ ✓ 

1.71 5.28 Cnot11  CCR4-NOT transcription complex subunit 11 ✓ ✓ 

1.70 4.93 Lamtor4 Late Endosomal/Lysosomal Adaptor, MAPK And 

MTOR Activator 4 
  ✓ 

1.68 6.60 Runx1 Runt-related transcription factor 1 ✓ ✓ 

1.60 5.28 Asxl2 Additional sex combs-like protein 2 ✓ ✓ 

1.50 6.60 Nmt1 N-myristoyltransferase  ✓ ✓ 

1.40 4.79 Fam193a Family with Sequence Similarity 193 Member A ✓ ✓ 

1.36 4.12 Atxn7l3 Ataxin 7 Like 3 ✓ 
 

1.25 6.60 Fam49b Family With Sequence Similarity 49 Member b ✓ ✓ 

1.21 4.74 Usp22 Ubiquitin specific peptidase 22 ✓ 
 

1.13 5.28 Tnfrsf8 TNF Receptor Superfamily Member 8 ✓ 
 

1.12 5.56 Gnai2 G Protein Subunit Alpha I2 ✓ 
 

1.09 4.31 Klhl10 Kelch Like Family Member 10 ✓ 
 

1.04 6.12 Keap1 Kelch-like ECH-associated protein 1  ✓ 
 

1.02 4.80 Bcor BCL-6 corepressor  ✓ 
 

 

 

 

Further analysis using Cytoscape revealed experimentally determined and predicted 

interactions and functions of Flt3lo hits (Figure 15). Most of the hits are involved in DNA 

binding and histone modification, suggesting they are involved in the transcriptional 

regulation of Flt3.  
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Figure 15. Protein-protein interactions and functional analysis of Flt3lo hits. Schematic of experimentally 

determined and predicted protein interactions and functions as determined using STRING-dp plugin on Cytoscape. 

 

Next, genes enriched in the Flt3hi cells were investigated (i.e. negative regulators). 65 

candidate genes across the two sorts were identified (top 20 genes in Figure 16 and 

Table 3).  The full list of genes can be found in Appendix 4 and 5.  

 

Figure 16. Volcano plots for gene knockouts causing increased Flt3 expression. Volcano plot shows gene hits in 

first sorted Flt3hi population (left) or second sorted Flt3hi population (right) in comparison to unsorted population. The 

x-axis shows log2 fold change enrichment. The y-axis shows the p-value calculated by MAGeCK. Hits with a false 

discovery rate (FDR) of <0.05 or <0.01 are shown as blue or pink respectively. Genes not enriched in sorted populations 

are shown as grey symbols. 
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Table 3. Brie gene knockouts causing Flt3 upregulation. Top hits of MAGeCK analysis comparing Flt3hi population 

to unsorted population. Hits are sorted by log fold change (LFC) with an FDR <0.05 and a cutoff of LFC>1. Sort 1 and 

Sort 2 refer to the population the gene was enriched in. For genes enriched in both sort 1 and sort 2 the highest LFC 

and Log P-value are shown.  

LFC Logp gene name sort 1 sort 2  

3.42 6.60 Med25 Mediator Complex Subunit 25 ✓ ✓ 

2.34 6.60 Tcf7l2 Transcription Factor 7-like 2 ✓ ✓ 

2.33 6.60 Rhog Ras homology Growth-related ✓ ✓ 

2.30 6.60 Arpc5 Actin-related protein 2/3 complex subunit 5 
 

✓ 

2.24 6.60 Trp53 Tumor protein p53 ✓ ✓ 

2.14 6.60 Rcor1 REST corepressor 1  
 

✓ 

1.59 6.60 Carm1 Coactivator-associated arginine methyltransferase 1 
 

✓ 

1.39 6.60 Dek DEK oncogene (DNA binding) 
 

✓ 

1.28 6.60 Elf4 E74-like factor 4 (ets domain transcription factor) 
 

✓ 

1.79 6.60 Epc1 Enhancer of polycomb homolog 1 
 

✓ 

1.96 6.60 Hes1 Hairy and enhancer of split 1 ✓ ✓ 

1.65 6.60 Jmjd6 Jumonji domain containing 6 
 

✓ 

1.11 6.60 Kmt2d Lysine (K)-specific methyltransferase 2D 
 

✓ 

1.06 6.60 Marcks myristoylated alanine rich protein kinase C substrate 
 

✓ 

1.57 6.60 Mbd2 Methyl-CpG binding domain protein 2 
 

✓ 

1.41 6.60 Mta2 Metastasis-associated gene family, member 2 
 

✓ 

1.25 6.60 Mxi1 MAX Interactor 1, Dimerization Protein 
 

✓ 

1.26 6.60 Nckap1l NCK associated protein 1 like 
 

✓ 

1.35 6.60 Pcnxl3 Pecanex 3 
 

✓ 

 

 

Analysis of gene interaction and function using Cytoscape demonstrated that, similar to 

the Flt3lo hits, the majority of the genes enriched in the Flt3hi samples regulate 

transcription (Figure 17).  

 



 

 108 

 
Figure 17. Protein-protein interactions and functional analysis of Flt3hi hits. Schematic of experimentally 

determined and predicted protein interactions and functions as determined using STRING-db plugin on Cytoscape. 

 

Altogether, these data demonstrate we can utilize CRISPR/Cas9 genome wide screens to 

identify novel regulators of Flt3.   

 

Validating novel Flt3 regulators.     

To narrow the focus, four Flt3hi hits (Med25, Tcf7l2, RhoG and Hes1) and four Flt3lo hits 

(Ups22, KMT2C, EP300 and ARIH1) were chosen for validation. Flt3 was used as a 

positive control. These genes were chosen for further validation based on the rationale 

described in Table 4.  
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Table 4. Genes chosen for further investigation.  

gene regulation rationale  

Med25 negative  Most significantly enriched gene in both screens. Described as 

transcriptional activator in Mediator complex. Not described in DCs.   

Tcf7l2 negative Significantly enriched in both screens. Previously identified as a DC 

regulator, however, the mechanism is unclear.  

Rhog negative GTPase with described role in membrane trafficking. Potential post-

translational Flt3 regulator. 

Hes1 negative Transcriptional repressor shown to bind to Flt3 promoter in non-DC cells.  

Flt3 positive  Positive control  

KMT2C positive One of four COMPASS subunits identified in the screen, suggesting 

COMPASS regulates Flt3.  

EP300 positive One of four COMPASS subunits identified in the screen. In addition, has 

independent roles with other identified hits (for example, Runx1).  

ARIH1 positive E3 ubiquitin ligase. Potentially regulating Flt3 through post-translational 

mechanism. 

Usp22 positive Binding partner (ATXN7L3) also significantly enriched. Demonstrated role 

in immune regulation. Undescribed role in DCs.  

 

 

To validate the hits, single gene knockouts were generated. To bypass the time-

consuming cloning and lentivirus generation that was previously required to generate 

knockouts, we used synthetic Alt-R CRISPR-Cas9 crRNA and tracrRNA. In addition to 

being faster, synthetic crRNA is degraded within three-five days. This is particularly 

useful when it comes to reintroducing the wild type gene at later stages. One caveat is 

that there is no selection marker for successful transfectants. To generate the knockouts, 

crRNA specific to each gene and tracrRNA was delivered to cells via lipofection. For a 

negative control, cells were transfected with a computationally designed non-targeting 

crRNA. One week following transfection, cell surface Flt3 was assessed by flow 

cytometry (Figure 18A). Clear shifts in the expression of Flt3 were observed in knockout 

cells in comparison to the negative control.  To generate more homogenous populations, 

the knockout cell lines were sorted for high or low Flt3 expression. Cell surface (Figure 

18B) Flt3 expression was determined by flow cytometry. This data validates the 

CRISPR/Cas9 screen hits as genes that regulate Flt3 expression.  
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Figure 18. Flt3 expression on single gene knockouts. MuTu DC1940 cells were transfected with the crRNA targeting 

the indicated genes. One week later, cells were stained for Flt3 and analyzed by flow cytometry. (A) Representative 

cell surface expression. (B) Quantification of (A). Data is representative of at least two independent repeats.  

Two of the hits, Med25 and USP22, were then chosen for further characterization. Med25 

was selected as it was the most significantly enriched gene for Flt3hi samples in both 

screens. It has also been identified in a screen for genes that regulate MHC II (Haiyin Liu, 

Mintern Lab), which indicates it could be a currently unknown master regulator of cDC1 

transcription. USP22 was chosen as its binding partner, ATXN7L3, was also a hit in the 

library. In addition, studies in T and B cells have demonstrated the importance of USP22 

in immunity (198, 199), which makes it particularly interesting to study in the context of 

DC biology.  

 

Before characterizing the role of these genes in Flt3 expression, single cell clones were 

generated (Figure 19) from the single gene knockouts previously engineered (Figure 18).  

For each of the cell lines, 288 clones were generated, expanded and those which survived 

were genotyped by Sanger sequencing and ICE analysis. From here, eight ΔFlt3, nine 

ΔMed25 and six ΔUSP22 clones were confirmed. 
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Figure 19. ICE analysis of ΔFlt3, ΔMed25 and ΔUSP22 clones. Genomic DNA was purified from wild type or single 

cell sorted (A) ΔFlt3, (B) ΔMed25 and (C) ΔUSP22 cell lines and the gRNA targeted region was amplified by PCR and 

sequenced by Sanger sequencing. Formation of insertions and deletions was analyzed by ICE analysis. gRNA target 

for each gene is indicated by the blue line. Predicted cut site is indicated by the pink line.  

The validated clones were used in subsequent experiments. First, the expression of cell 

surface molecules was analyzed by flow cytometry (Figure 20A). In agreement with our 

previous data, loss of Med25 led to increased Flt3 cell surface expression, whereas loss 

of USP22 reduced Flt3 cell surface expression. Notably, the loss of USP22 led to a 

significant reduction in CD24 and small reductions in CD40 and DEC205. In addition to 

Flt3, the loss of Med25 lead to a small decrease in MHC II expression. The latter was 
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expected given Med25 was a hit in a screen for genes that regulate MHC II cell surface 

expression (Haiyin Liu, Mintern Lab).  

 

Med25 deficient cells have elevated Flt3 cell surface expression and therefore it is 

important to determine if the receptor is responsive to Flt3L. Given ΔUSP22 clones lack 

Flt3, they were not included in this assay. To test Flt3L responsiveness, Med25 deficient 

cells and WT cells were stimulated with 100 ng/mL Flt3L for 30 minutes and the cell 

surface expression of Flt3 was determined by flow cytometry (Figure 20B). A significant 

reduction in the expression of Flt3 was observed in ΔMed25 clones in comparison to WT 

clones, this is unsurprising given the steady-state expression of Flt3 is higher on ΔMed25 

cells. This data confirms that ΔMed25 cell surface Flt3 is responsive to Flt3L.  

.  
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Figure 20. Impact of the loss of Flt3, Med25 and USP22 on DC cell surface expression. (A) Wild type (WT), ΔFlt3, 

ΔMed25, ΔUSP22 MuTuDC1940 cells were stained with antibodies against Flt3, CD8, CD11c, MHC I, CD80, XCR1, 

CD86, CD40, MHC II, CD24 and DEC205 before analysis by flow cytometry. Data is pooled from one or two 

experiments. gMFI has been normalized to the average WT gMFI. Symbols represent individual knockout clones. (B) 

WT (solid black line) and ΔMed25 (filled blue line) MuTuDC1940 cells were stimulated with 100 ng/mL Flt3L for 30 

mins. Cells were washed extensively prior to staining for Flt3 and analysis by flow cytometry. Data is from one 

experiment. Statistical analysis was performed with a one-way ANOVA with Dunnett’s multiple comparisons test. 

Symbols represent individual clones. Ns not significant, * P<0.033, ** P<0.002, *** P<0.001 

Changes in Flt3 cell surface expression could be due to altered Flt3 transcription or Flt3 

trafficking. To investigate the former, qPCR and immunoblotting were carried out on the 

knockout clones (Figure 21). Elevated Flt3 expression (Figure 21A) and protein Flt3 

(Figure 21B) was observed in cells lacking Med25. This suggests transcriptional changes 

are responsible for the observed increase in Flt3 cell surface expression. In contrast, the 

loss of USP22 resulted in reduced Flt3 mRNA expression (Figure 21A) and reduced total 



 

 114 

Flt3 expression (Figure 21B), indicating the reduced Flt3 cell surface expression in these 

cells is likely due to reduced Flt3 transcription.  

 

 
Figure 21. Flt3 expression in knockout cells. (A) Flt3 mRNA expression. RNA was extracted from equivalent 

number of MuTu DC1940 cells using RNeasy Mini Kit before genomic DNA was removed with DNAse I. cDNA 

was synthesized using SensiFAST cDNA synthesis kit and qPCR was performed using Taqman Fast system and 

Taqman probes specific for Flt3 and HPRT. The relative Flt3 expression was normalized to HPRT and calculated 

using the ddCt method. (B) Wild type (WT) unsorted and WT and knockout clonal cells were lysed in NP40 lysis 

buffer. Equivalent to 2 x 105 cells/lane were separated by gel electrophoresis and transferred to a PVDF membrane. 

Blots were probed for Flt3 or actin.  

 

Altogether, these data demonstrate we have identified Med25 and Usp22 as two 

previously unknown regulators of Flt3 expression.   
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Discussion 

In this chapter, CRISPR/Cas9 genome-wide screens were used to uncover genes that 

regulate Flt3 in DCs. Prior to carrying out the screens, we characterized the expression of 

Flt3 in the CD8+ MuTu DC1940 cell line and confirmed it behaved the same as its in vivo 

counterpart. Indeed, both intracellular and cell-surface Flt3 were easily detected, and the 

latter was responsive to Flt3L. Notably, the regulation of wild type DC Flt3 has been 

neglected until now, with this chapter being the first to use a screen to identify wild type 

Flt3 regulators.  

 

Flt3L-stimulated screen vs steady-state screen 

In the first screen, cells were stimulated with Flt3L prior to cell sorting to elucidate the 

genes that regulate activated Flt3. Internalization of cell surface Flt3 is thought to be 

mediated by phosphorylation and ubiquitination of the receptor, and as such we predicted 

phosphorylation and ubiquitination machinery genes to be enriched. Surprisingly, we did 

not identify any known Flt3 phosphatases, ubiquitin ligases and deubiquitinating 

enzymes. While it is possible that the screen was simply not sensitive enough to identify 

these genes, the more likely scenario is that the genes that regulate activated Flt3 are 

functionally redundant. Indeed, in non-DC lines, overexpressed Flt3 has been shown to 

interact with numerous phosphatases (152, 192–194) and E3 ligases (176, 178). 

Therefore, alternative phosphatases, E3 ligases or deubiquitinases could compensate for 

the loss of a single gene. Given the screens were specifically designed such that every 

cell only received one gRNA, any gene that could be compensated for by others would 

not be identified. Further studies will therefore be required to investigate the post-

translational modifiers of Flt3. One method which would allow for the identification of 
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proteins that preferentially bind to activated Flt3 is co-immunoprecipitation of Flt3 from 

DCs stimulated with or without Flt3L followed by mass spectrometry.  

 

It is less surprising that Flt3-specific phosphatases or ubiquitin E3 ligases were not 

identified in the steady-state Flt3 screen, given these genes would only impact the 

expression of activated Flt3 (not steady-state). Indeed, overexpression studies have 

showed interactions between cell surface Flt3 and c-Cbl are enhanced upon Flt3L 

stimulation (176, 178). Other genes expected to appear in the screens were PU.1 (Sfpi1), 

homeobox protein Hox-A9 (HOXA9) and the negative regulator LAMTOR2. It is 

possible that these genes were missed in both screens due to the 5% sorting gates that 

were used which may have been too stringent to capture genes that have a mild effect on 

Flt3 expression. In addition, it is possible that alternate pathways regulate Flt3 expression 

in DC1940 cell line. In future, these limitations could be circumvented by increasing the 

sorting gates (from 5% to 10%) and using Cas9+ bone marrow cells (200).  

 

In the steady-state Flt3 screen, 22 potential positive regulators and 65 potential negative 

regulators of Flt3 were identified.  The high number of Flt3 negative regulators suggests 

uncontrolled upregulation of Flt3 may be detrimental to DCs and hematopoietic 

progenitors. In line with this, overexpression of wild type Flt3 is observed in some 

patients with AML and is correlated with reduced prognosis and overall survival (201). 

Elevated Flt3 is correlated with autophosphorylation of the receptor (201) likely due to 

increased Flt3L binding due to a proposed compensatory feedback loop (202). This is 

supported by studies showing elevated serum Flt3L in mice with increased DC Flt3 cell 

surface expression due to absence of LAMTOR2 (195). It is tempting to speculate that 
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multilayered negative regulation of Flt3 is necessary to prevent excessive Flt3 signaling 

and unchecked cell proliferation and survival.  

 

Flt3 positive regulators  

The most significantly enriched potential positive Flt3 regulator was Flt3 itself. In 

addition to this, runt-related transcription factor- 1(Runx1), -3 (Runx3) and Core-binding 

factor subunit beta (Cbfβ) were significantly enriched. Runx proteins are transcription 

factors whose binding to DNA is improved by forming heterodimers with Cbfβ (203, 

204). Runx1 and Cbfβ are required for the development of DCs and their progenitors, 

with reduced DCs observed in the spleens of lethally irradiated mice reconstituted with 

bone marrow cells lacking Runx1 or Cbfβ (168). Mice lacking either of these genes in 

CD11c+ cells had reduced Flt3 expressing progenitors, suggesting these genes may 

regulate Flt3 expression in addition to DC development (168), though this has not been 

shown in DCs as yet. Flt3 does not have a Runx binding motif so Runx proteins and/or 

Cbfβ would have to indirectly regulate Flt3 expression by promoting transcription of a 

Flt3 positive regulator. An example of this would be Runx1 binding directly to the PU.1 

locus and promoting PU.1 expression (169), which would then promote Flt3 expression 

(163). These genes were not followed up with in this study due to their already well-

described roles in hematopoiesis, however, future experiments could validate their role 

in Flt3 regulation by generating single gene knockouts. In addition, chromatin-

immunoprecipitation (ChIP) using antibodies for Runx1, Runx3 or Cbfβ followed by 

DNA sequencing (ChIP-seq) could be used to identify the genes they regulate in primary 

cDC1.  
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Out of the remaining Flt3 positive regulators, lysine Methyltransferase 2C (KMT2C), E1A 

Binding Protein P300 (EP300), Ariadne RBR E3 ubiquitin ligase (ARIH1) and ubiquitin 

specific peptidase 22 (USP22) were chosen for further investigations.  

 

Flt3 positive regulators: COMPASS 

KMT2C and EP300 were chosen as they are known to associate in the large protein 

complex COMPASS (Complex of Proteins Associated with SET1). Importantly, two 

other members of COMPASS were significantly enriched in the Flt3lo samples: PAX 

Interacting Protein 1 (PAXIP1) and PAXIP1-associated glutamate-rich protein 1A 

(PAGR1A) (Figure 22). The appearance of four members of COMPASS strongly 

implicates this complex in the regulation of Flt3. COMPASS plays a critical role in 

regulating gene expression by post-translationally modifying histones (205). KMT2C is 

responsible for the monomethylation of histone (H) 3 lysine (K) 4 (H3K4me1) (206), 

whereas EP300 acetylates histones H3K27 (207, 208). PAXIP1 is required for the 

recruitment of COMPASS members to the target gene and also regulates histone 

methylation (209, 210). PAGR1A directly binds to PAXIP1(210) . These modifications 

allow for chromatin relaxation and promote gene transcription. Individual knockouts of 

KMT2C and EP300 in MuTu DC1940 showed reduced Flt3 cell surface expression and 

confirmed the genes are positive regulator of Flt3. While the role of COMPASS has not 

been described in DC, it is hypothesized that COMPASS promotes the transcription of 

Flt3 by modifying chromatin at the Flt3 locus. To validate this, future experiments could 

use ChIP-seq to confirm where in the genome these proteins bind. In addition, co-

immunoprecipitation of the proteins could confirm that they are in fact acting together in 

COMPASS. This is particularly important given that some members of COMPASS are 
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known to perform COMPASS-independent functions. For example, EP300 and one of its 

binding partners CBP, can acetylate non-histone proteins (211).  

 

Figure 22. COMPASS regulates Flt3 transcription. Diagram depicting the potential role of COMPASS in the 

regulation of Flt3 transcription. Colored components, including KMT2C, PAXIP1, PAGR1A and EP300, were 

identified in the screen. Shaded components were not identified in the screen.  

 

Flt3 positive regulators: ARIH1  

ARIH1 encodes a Really Interesting New Gene (RING)-in-between-RING (RBR) E3 

ubiquitin ligase. ARIH1 ubiquitinates target proteins with the assistance of its cognate E2 

ubiquitin-conjugating enzyme, ubiquitin-conjugating enzyme E2 L3 (UBCH7/UBE2L3) 

(212–214). Unlike standard E3 ubiquitin ligases, ARIH1 is autoinhibited and requires the 

assistance of neddylated Cullin RING E3 ligases (CRLs) for activation (Figure 23). As 

such, ARIH1 has been shown to bind to the majority of Cullins (213, 214). This 

association activates it and promotes monoubiquitination of target proteins (213, 214). 

Once the target is monoubiquitinated, it can be further polyubiquitinated by the CRL 

(214).  

 

There are currently no studies investigating the role of ARIH1 in DCs. If ARIH1 was 

ubiquitinating Flt3 directly, we would expect elevated Flt3 in its absence. Given we see 
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the opposite, it is likely that ARIH1, in combination with a CRL, ubiquitinates a Flt3 

repressor. An appealing candidate is Hes1 - a negative Flt3 regulator identified in this 

screen and previously shown to repress Flt3-ITD in cancer cells by binding directly to the 

Flt3 promoter (170). This is particularly attractive given that FBXL14, a CRL substrate 

receptor, which was also identified as a positive Flt3 regulator in this screen, has been 

shown to bind to Hes1 and promote its ubiquitin-dependent degradation in non-DC lines 

(215). It will be interesting to investigate the Hes1 ubiquitination status and protein 

expression level in cells lacking ARIH1 and FBXL14. If these genes do indirectly regulate 

Flt3 via Hes1, reduced Hes1 ubiquitination and elevated Hes1 protein expression would 

be expected in their absence.  

 

Figure 23. ARIH1 regulates Flt3. Diagram depicting the potential role of ARIH1 in the post-translational regulation 

of Flt3. ARIH1 binds to Cullin RING E3 ligases via RBX1 (RING-box protein 1) and adds the first ubiquitin to the 

target substrate. Recognition of the substrate is carried out by Fbox proteins, such as FBXL14 which was identified in 

the screen.  Given loss of ARIH1 leads to reduced Flt3 expression, it is hypothesized that ARIH1 promotes the 

ubiquitination of a Flt3 repressor, such as HES1.  

 

Flt3 positive regulators: USP22 

USP22 was the final positive regulator the analysis was extended to. USP22 forms part 

of the death-from-cancer gene signature (216), with elevated expression correlating with 
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poor prognosis of solid tumors (217). USP22 is a deubiquitinating enzyme in the 

deubiquitination module (DUBm) of the Spt-Ada-Gcn5 acetyltransferase (SAGA) 

complex (218–221). SAGA also comprises a histone acetyltransferase (HAT) module, 

which along with the DUBm, allows it to coordinate chromatin modifications and 

regulate gene transcription (222). Additional members of the DUBm include USP22 

cofactors Ataxin 7-like 3 (ATXN7L3) (221, 223, 224) and enhancer of yellow 2 

homology (ENY2) (221, 225). Importantly, the former was also identified in the screen 

which strongly implicates the SAGA DUBm in the regulation of Flt3.  

 

As a deubiquitinase, USP22 deubiquitinates H2A monobuqitination (H2Aub1) (226) and 

H2Bub1 (218, 219) which promotes gene transcription (Figure 24A). After confirming 

the role of USP22 in Flt3 regulation by generating ΔUSP22 MuTu DC1940 cells, this 

gene was selected for extended analysis using single cell sorting as it has not been 

described in DCs, yet numerous studies have underscored its important role in other 

aspects of immunity.  In Tregs, USP22 and ATXN7L3 are positive regulators of the 

transcription factor Foxp3 (198). Tregs lacking USP22 display elevated H2Aub1 and 

H2Bub1 and reduced Foxp3 expression. Ultimately, these changes lead to Tregs that are 

unable to suppress immune responses to the same extent as wild type Tregs which 

improves antitumor responses but exacerbates autoimmunity (198). In B cells, the loss of 

USP22 again leads to elevated H2Bub1. This impacts non-homologous end joining 

repeats which leads to defective class-switch recombination, IgG responses and B cell 

development (199). Mice lacking USP22 in hematopoietic cells have elevated H2Bub1 

and have a skewed differentiation towards myeloid cells with impaired B cell 

development observed (227).  Gene expression analysis on hematopoietic stem cells 
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revealed a lack of USP22 leads to elevated inflammation and immunity-related gene 

expression, particularly with interferon-stimulated genes (227). Given we observe 

reduced Flt3 in ΔUSP22 MuTu DC1940 cells, if the same occurs in DC progenitors, it is 

possible that altered DC development would also occur in these mice.  Unfortunately, 

however, the authors failed to investigate the DC compartment. Given mice lacking Flt3 

or Flt3L lack DCs, if USP22 does regulate Flt3 expression, reduced DC differentiation 

would be expected in its absence. 

 

Figure 24. USP22 regulates Flt3. Diagram depicting the potential ways in which USP22, and ATXN7L3, may 

regulate Flt3 expression. (A) In the DUB module of the SAGA complex, USP22 and ATXN7L3 may deubiquitinate 

histones and promote the transcription of Flt3 or a Flt3 positive regulator. (B) Independent of SAGA, USP22 may 

deubiquitinate non-histone proteins, such as Flt3 negative regulator.  

Notably, USP22 can also deubiquitinate non-histone proteins independent of SAGA 

(Figure 24B). Indeed, Cortez and associates demonstrated that besides regulating Foxp3 

transcription, USP22 interacts with Foxp3 in primary murine Tregs. When USP22, Foxp3 

and ubiquitin are overexpressed in HEK293T cells, reduced Foxp3 ubiquitination is 

observed (198). Similar results are observed when USP22 and the transcription factor 

PU.1 are overexpressed in HEK293T cells  (228). These interactions could be artefacts 

of overexpression. Indeed, myeloid progenitor cells lacking USP22 have a similar 

expression of PU.1 as wild type progenitor cells (228). USP22 deubiquitination of non-
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histone proteins is, however, more convincing in cancer cells. In liver (229) and lung 

cancer cells (230) USP22 interacts with PD-L1, with elevated PD-L1 ubiquitination and 

degradation observed in the absence of USP22 (229, 230). Given the co-inhibitory role 

of PD-L1, mice harboring USP22 knockout tumor cells have increased tumor infiltrating 

lymphocytes and improved tumor clearance in comparison to mice harboring wild type 

tumor cells (229, 230). Similarly, in colorectal carcinoma cells, USP22 interacts with 

Sirt1 (231). Loss of USP22 increases Sirt1 ubiquitination and degradation (231). It is 

unclear if the same interactions occur in wild type cells with endogenous protein 

expression. While it is possible that USP22 is regulating Flt3 post-translationally, 

transcriptional regulation is more likely given USP22s cofactor, ATXN7L3, was a hit in 

the screen in addition to reduced Flt3 mRNA observed in ΔUSP22 MuTu DC1940 cells.  

Besides regulating Flt3 transcription directly, it is possible that USP22 indirectly 

regulates Flt3 by promoting the transcription of a Flt3 positive regulator. While beyond 

the scope of this project, ChIP-qPCR will be useful in determining if USP22 is directly 

regulating histone ubiquitination at the Flt3 locus. In addition, to identify all DC genes 

regulated by USP22, ChIP-seq could be carried out. In combination with RNA-

sequencing of wild type versus USP22 knockout cells, this could reveal the full extent of 

USP22 regulation in DCs. Given ΔUSP22 MuTu DC1940 cells have reduced expression 

of CD40, CD24, and DEC205 in addition to Flt3, ChIP-seq and RNA-seq may reveal 

USP22 regulates the transcription of these individual genes or alternatively acts as a 

master regulator of DC transcription.  

 

It is unlikely that the responsibility of Flt3 promotion is due to one single transcriptional 

pathway (for example Runx/Cbfβ, COMPASS or SAGA). Instead, a combination of 



 

 124 

transcription factors and chromatin modifiers is likely at play. This would allow DCs, and 

other immune cells, to fine tune their expression of Flt3. In support of this idea, EP300 

has been shown to bind to (232, 233) and acetylate (234) Runx1. This increases the DNA-

binding affinity of Runx1 and potentiates Runx1-dependent transcription. 

 

Flt3 negative regulators 

In regard to Flt3 negative regulators, hairy and enhancer of split-1 (Hes1), transcription 

factor 7 like 2 (TCF7L2), Ras homology Growth-related (RhoG) and Mediator 25 

(Med25) were chosen for further investigations.  

 

Flt3 negative regulators: Hes1 

Hes1 encodes a transcriptional repressor (Figure 25) that plays an important role in Notch 

signaling. In particular, it has well-described roles in T cell development, and is often 

upregulated in cancer (reviewed in (235)). Hematopoietic cells lacking Hes1 have 

impaired T cell development (171, 236, 237) and a skew towards myeloid cell and DC 

development (171). This phenotype is rescued with the deletion of CCAAT/enhancer-

binding protein alpha (C/EBPα) (171), a transcription factor essential for the development 

of DCs (238). Hes1 can bind to the promoter of C/EBPα (171, 239) and therefore likely 

represses the expression of C/EBPα directly to allow for the development of non-DC 

lineages. Loss of C/EBPα in common myeloid progenitor cells leads to reduced PU.1 

expression (238), which, as previously mentioned, promotes Flt3 expression (163). It is 

possible that the same mechanism occurs in DCs given we observed reduced Flt3 

expression in MuTu DC1940 cells lacking Hes1. To investigate this, ChIP assays along 

with RNA-seq will essential.  
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Notably, Hes1 has been shown to bind directly to the promoter of Flt3 and repress the 

transcription of Flt3-ITD in cancer cells (170). It is possible that Hes1 performs the same 

function in healthy DC, though this does assume the transcription factor is performing 

the same in healthy and malignant settings. This not always the case, especially for 

transcription factors which are often dysregulated in cancer to confer growth and/or 

survival advantages (240).  

 

Figure 25. Hes1 regulates Flt3. Diagram depicting the potential role of Hes1 in the regulation of Flt3. As a corepressor, 

Hes1 binds to target gene promoters and represses the transcription of genes. Hes1 can indirectly repress Flt3 by 

repressing Flt3 positive regulators, such as C/EBPα or alternatively Hes1 can directly repress the transcription of Flt3.  

 

Flt3 negative regulators: TCF7L2 

TCF7L2 was significantly enriched in the Flt3hi sorted samples in both the GeCKO and 

Brie screens which gave confidence it was a genuine Flt3 regulator. TCF7L2 is one of 

four transcription factors in the TCF/LEF (T cell factor/lymphoid enhancer factor) family. 

TCF/LEF proteins act downstream of Wnt signaling to regulate gene expression (241). 

In the absence of Wnt ligands, TCF/LEFs repress transcription of genes by binding DNA 

and corepressors. In the presence of Wnt ligands and signaling, TCF/LEFs promote gene 

transcription due to β-catenin associating and displacing corepressors whilst recruiting 

coactivators (241) (Figure 26). Often corepressors and coactivators are involved in 
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histone modification (242). Surprisingly, one chromatin modifying enzyme identified in 

this screen, jumonji domain-containing protein 6 (JMJD6), has been shown to impact 

TCF7L2 expression in glioma stem cells (243). It is unclear if it performs the same 

function in healthy DCs. The role of TCF7L2 in immune cells is elusive given most 

studies have focused on its role in β cells. This is due to large-scale genome-wide 

association studies identifying small nucleotide polymorphisms (SNPs) within the 

TCF7L2 locus as the most significant signal for diabetes mellitus type 2 (244). 

Importantly, RNA-seq analysis from the Immunological Genome Project shows TCF7L2 

is highly expressed in DC and macrophages (245), with little expression observed in B or 

T cells. Further to this, a large-scale phenotypic and transcriptional analysis of human 

blood, spleen and thymus cDC1 (CD141+), cDC2 (CDc1+) and pDC (CD303+) revealed 

TCF7L2 as a potential CD141+ DC transcriptional regulator, though the authors were 

unclear of the mechanism (246). Along with the increased Flt3 expression observed in 

ΔTCF7L2 MuTu DC1940, this data provides a strong basis for further investigations into 

the role of DC TCF7L2.  

Figure 26. TCF7L2 regulates Flt3. Diagram depicting the potential role of TCF7L2 in the regulation of Flt3. (A) In 

the absence of Wnt ligands, TCF/LEFs repress transcription of genes by binding DNA and corepressors. (B) In the 

presence of Wnt ligands and signaling, TCF/LEFs promote gene transcription due to β-catenin associating and 

displacing corepressors whilst recruiting coactivators. JMJD6, a hit in the screen, has been shown to promote 

TCF7L2 expression.
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Flt3 negative regulators: RhoG 

RhoG was another gene identified. RhoG belongs to the Rac subfamily of the Rho 

GTPases. As a GTPase, it cycles between an “off” and “on” state to regulate signaling 

pathways (Figure 27). In the off state, GTPases are bound to GDP and are often 

sequestered by guanine nucleotide dissociation inhibitors (GDI) in the cytoplasm. Once 

a guanine nucleotide exchange factor (GEF) exchanges GDP for GTP, the GTPase 

changes conformation and can interact with downstream effectors which have significant 

impacts on immunity, such as toll-like receptor signaling, chemotaxis and endocytosis 

(247). GTPases are returned to their inactive state when GTP is hydrolyzed by GTPase 

activating proteins (GAPs). Importantly, this screen also identified PIP3-dependent Rac 

exchange factor-1 (P-rex1), a known RhoG GEF in neutrophils (248). This suggests that 

activated RhoG regulates Flt3 expression in DCs. RhoG has not been extensively studied 

in DCs, however, it has been shown to play an important role in exocytosis (249), 

phagocytosis (250–252), macropinocytosis (253), trogocytosis (254), and receptor 

internalization (254) in natural killer cells, CD8+ T cells, B cells, macrophages and 

fibroblasts. It is currently unclear how RhoG impacts Flt3 expression in DCs, though it is 

likely an inadvertent effect of RhoG’s control over membrane trafficking. To confirm 

this, the internalization of Flt3 in wild type and RhoG-/- DC should be investigated, with 

reduced Flt3 internalization expected in the latter. In addition, the transcription of Flt3 is 

expected to remain unchanged in the absence of RhoG. While beyond the scope of this 

study, investigations into the role of RhoG in DC endocytosis, which is critical for DC 

antigen presentation and immunity, will be particularly intriguing given the role it plays 

in other immune cells.    
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Figure 27. RhoG is a GTPase with pleiotropic effects. Diagram depicting RhoG activation and the potential 

involvement of P-rex1. As a GTPase, RhoG is bound to GDP in an “off” state until guanine nucleotide exchange 

factors (GEFs), such as P-rex1, exchange GDP for GTP. Once bound to GTP, RhoG is active and can carry out 

its effector functions, which include receptor internalization, exocytosis, phagocytosis and micropinocytosis. 

RhoG is returned to its inactive state by guanine activating proteins (GAPs).  

Flt3 negative regulators: Med25 

The final gene hit investigated was Med25. Med25 is a subunit of the Mediator Complex, 

which comprises of approximately thirty subunits in humans (255). These subunits are 

assembled into four modules termed the “head”, “middle”, “tail”  and the cyclin-

dependent kinase (CDK8) (256).  Mediator is required for the transcription of all RNA 

polymerase II (Pol II)-dependent genes (255). It performs this function by bridging gene-

specific transcription factors, initiation factors and elongation factors with Pol II (257) 

(Figure 28). Not all subunits are required for transcription of all genes. The loss of one 

subunit tends to impact specific pathways, depending on the transcription factors it binds 

to (257). Med25 resides in the tail module and regulates the transcription of specific genes 

by binding to gene-specific transcription factors, such as ETV1, 4 and 5 (258), JUN/FOS 

(258), SRY-Box transcription factor 9 (SOX9) (259), Hepatocyte Nuclear Factor 4 α 

(HNF4α) (260), estrogen receptor α (ERα) (261) and retinoic acid (RA)- bound retinoic 



 

 129 

acid receptor (RAR) (262). Interactions with these transcription factors promote the 

transcription of genes. It’s role in DCs is undescribed but given ΔMed25 MuTu DC1940 

cells exhibit elevated cell surface Flt3 which corresponds to elevated Flt3 transcription it 

is likely that Med25 promotes the transcription of a Flt3 negative regulator. For example, 

Med25 could bind to the transcription factor SOX9 (259), which in turn could bind to the 

promoter of Hes1 (263). As previously mentioned, Hes1 can bind to the promoter of Flt3 

in leukemia cells and repress Flt3 transcription (170). As mentioned for other 

transcription factors identified in this screen, future studies will have to rely on ChiP-seq 

and RNA-seq to identify where Med25 binds and which genes it is regulates. In addition, 

co-immunoprecipitation and mass spectrometry will be useful for revealing the 

transcription factors it binds to. Interestingly, Med25 has appeared in two other screens 

that investigated genes that regulate MHC II and PD-L1 (Haiyin Liu and Christophe 

Macri, Mintern Lab). In corroboration with the former, this chapter showed reduced MHC 

II expression in ΔMed25 MuTu DC1940 cells. Together, this suggests that Med25 may 

play an important role as a master regulator of DC function, regulating the expression of 

genes that are essential for survival and antigen presentation.  

 

An important question is why other Mediator subunits were not detected in the screen. 

One reason for this is that the complete loss of Mediator would lead to a widespread 

reduction in gene transcription and cell death. As such, any gene that impacts the structure 

or function of Mediator would not be detected in the screen. Given Med25 sits at the tail 

of Mediator and is only implicated in specific pathways, it is unlikely that it impacts the 

widespread transcription of genes in Mutu DC1940 cells and as a result cells lacking this 

gene were viable.  
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Figure 28. Med25 is a component of Mediator and controls transcription. Diagram depicting the role of Mediator 

in gene regulation. Mediator promotes the transcription of genes by bridging gene-specific transcription factors (TFs), 

general TFs, initiation factors and RNA polymerase II (Pol II). Med25 is a nonessential component that resides in the 

tail of Mediator and connects it to gene-specific TFs.    

Future prospects 

Moving forward, it will be essential to examine if manipulation of the genes identified in 

this chapter can improve immune outcomes. First, the proliferation and survival of the 

knockout cells need to be assessed in vitro. This can be done by quantitating cell growth 

over a certain number of days, in addition to looking at BrdU incorporation, Ki67 and/or 

CFSE/cell trace violet staining. To determine the impact on DC development, each gene 

can be knocked out in Cas9+ bone marrow cells by transducing the cells with gRNA. The 

impact of the loss of the gene on DC development can then be assessed in vitro or in vivo 

(264). It is expected that the loss of positive regulators, which have reduced Flt3 

expression, will lead to reduced DC developmental potential. Conversely, loss of negative 

regulators should increase differentiation of DCs. The impact on antigen presentation can 

also be assessed in vitro by incubating knockout MuTu DC1940 cells with ovalbumin 

antigen and cell-trace violet labelled T cells specific for OVA-antigen on MHC I or MHC 

II (OT cells).  Some genes, such as Med25 (265), have specific inhibitors which can be 
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utilized in vitro and in vivo. These could be useful for assessing the impact of the gene on 

Flt3 expression and immune responses in vivo. Finally, the function of these genes on 

Flt3 expression and DC function in vivo can be assessed with knockout mice. Importantly, 

the loss of several of the genes discussed in this chapter leads to unviable mice. Therefore, 

mice which allow targeted ablation of the gene in cDC1 (XCR1-cre), DCs (Zbtb46-cre or 

-DTR) and hematopoietic progenitors (Vav1-cre) should be used.
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Chapter 5 - Publication: MHC II ubiquitination 

regulates dendritic cell function and immunity.   

This chapter was published in The Journal of Immunology (2021). The specific 

contributions of authors are disclosed in the “Preface” and “Publications arising from this 

thesis” sections of this thesis. The published manuscript can be found in Appendix 6.  

 

ABSTRACT  

Major histocompatibility class II (MHC II) antigen presentation by dendritic cells (DCs) 

is critical for CD4+ T cell immunity. Cell surface levels of MHC II loaded with peptide 

is controlled by ubiquitination. Here we have examined how MHC II ubiquitination 

impacts immunity, using MHC IIKRKI/KI mice expressing mutant MHC II molecules that 

are unable to be ubiquitinated. Numbers of conventional DC (cDC)1, cDC2 and 

plasmacytoid DC (pDC) were significantly reduced in MHC IIKRKI/KI spleen, with the 

remaining MHC IIKRKI/KI DC expressing an altered surface phenotype. While antigen 

uptake, endosomal pH, and cathepsin protease activity were unaltered, MHC IIKRKI/KI 

cDC1 produced increased inflammatory cytokines and possessed defects in antigen 

proteolysis. Immunization of MHC IIKRKI/KI mice identified impairments in MHC II and 

MHC I presentation of soluble, cell-associated and/or DC-targeted ovalbumin via mAb 

specific for DC surface receptor Clec9A (anti-Clec9A-OVA mAb). Reduced T cell 

responses and impaired cytotoxic T lymphocyte killing was observed in MHC IIKRKI/KI 

mice following immunization with cell-associated and anti-Clec9A-OVA and 

immunization of MHC IIKRKI/KI mice failed to elicit significant follicular T helper (TFH) 



 

 128 

cell responses and generated barely detectable antibody to anti-Clec9A mAb-targeted 

antigen. In summary, MHC II ubiquitination in DCs impacts the homeostasis, phenotype, 

cytokine production and antigen proteolysis by DCs with significant consequences for 

antigen presentation, T cell and antibody-mediated immunity.  
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INTRODUCTION 

Major histocompatibility class II molecules (MHC II) present peptide antigens derived 

from the endosomal pathway to CD4+ T cells. This is essential for T cell activation during 

immune responses, but also in thymic T cell selection and T cell maintenance in 

peripheral lymphoid organs. The stability and abundance of peptide-loaded MHC II 

(pMHC II) at the cell surface of antigen presenting cells is regulated by ubiquitination. 

Ubiquitination occurs on lysine 225 (K225) in the β chain of MHC II (89–91). The E3 

ligase responsible for pMHC II ubiquitination in hematopoietic cells, including B cells 

and dendritic cells (DCs), is membrane associated RING-CH-type finger 1 (MARCH1)  

(92, 93, 95, 99) while MARCH8 is responsible for ubiquitination in thymic epithelial 

cells (95, 106, 107) and type II alveolar epithelial cells (95). Ubiquitination targets pMHC 

II for lysosomal degradation (100). As a result, DCs from mice lacking MARCH1 

(Marchf1-/-) (92, 95) or expressing MHC II molecules with Lys225 mutated to Arg (MHC 

IIKRKI/KI), which cannot be ubiquitinated, have increased surface MHC II expression (94). 

Despite surface MHC II being critical for T cell development, mice that lack MHC II 

ubiquitination have only minor alterations in their T cell compartments. We and others 

reported reduced regulatory T cells (Tregs) (12, 13, 14), but there is little impact on steady 

state conventional T cell populations (110). The functional consequences for immunity 

are unclear though, as little analysis has been carried out to address this question. This is 

surprising given the important role of antigen presenting cells, particularly DCs, in 

initiating immunity.  

 

An appealing hypothesis is that MHC II ubiquitination limits antigen presentation to 

prevent detrimental outcomes. In vitro antigen presentation assays that investigate this 
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scenario are inconclusive, showing increased (100), unaltered (112) or reduced (115–117) 

CD4+ T cell priming in response to MHC IIKRKI/KI DC antigen presentation. This 

inconsistency may be due to differences in cell types with some studies using bone 

marrow-derived DC (100, 112, 116) and others bulk CD11c+ DC (115, 117). Moreover, 

the impact of MHC II ubiquitination on MHC I presentation has largely been ignored. 

We have previously described that a lack of MHC II ubiquitination reduces MHC I 

surface expression and impairs cross-presentation in vitro (109). From these studies it is 

clear that an in-depth in vivo investigation is required to fully elucidate the impact of 

MHC II ubiquitination on DC antigen presentation and immunity.  

 

In this study, we have systematically investigated the role of MHC II ubiquitination on 

primary DC function and in vivo immune outcomes. We have identified that in mice 

lacking MHC II ubiquitination there is a significant decrease in the number of splenic 

DCs. The remaining DCs have an altered surface phenotype accompanied by defects in 

antigen proteolysis and cytokine secretion. Functionally, these changes reduce in vivo 

CD4+ and CD8+ T cell priming in response to soluble, cell-associated and DC-targeted 

antigen. Importantly, ex vivo T cell priming revealed these changes were not simply due 

to reduced DC numbers but an intrinsic defect in DC function. Additionally, significant 

impairment in cytotoxic T lymphocyte (CTL) killing, TFH cell generation and antibody 

responses were observed in MHC IIKRKI/KI mice following immunization. Our results 

demonstrate the importance of DC MHC II ubiquitination for effective immunity.  
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MATERIALS AND METHODS 

Mice 

C57BL/6, MHC IIKRKI/KI (94), IAα-/- (148), OT-II x Ly5.1 and OT-I x Ly5.1 mice were 

used at 6 - 12 weeks of age. All mice were bred and maintained in specific pathogen–free 

conditions at the Melbourne Bioresources Platform at Bio21 Molecular Science and 

Biotechnology Institute. Experimental procedures were approved by the Animal Ethics 

Committee of the University of Melbourne (1714375).  

 

Isolation of immune cells 

Primary splenic or thymic DCs were isolated as previously described (120). Splenic cDCs 

were stained with mAbs specific for CD11c (N418), CD8α (53-6.7) and CD11b (M1/70) 

(all BioLegend). pDC preparations were stained with BST-2 (927) and Siglec-H (551) 

(both BioLegend). Thymus DCs were identified with mAbs specific for CD11c (N418), 

CD8α (53-6.7), CD11b (M1/70), B220 (RA3-6B2), Sirpα (all BioLegend) and NK1.1 

(PK136, BD Biosciences). In some experiments, cDC1 (CD11c+ CD8+ CD11b-) and 

cDC2 (CD11c+ CD8- CD11b+) were sorted to purity by flow cytometry on a Becton 

Dickinson Influx (Murdoch Children’s Research Institute Flow Cytometry and Imaging 

facility). To obtain absolute cell numbers, an internal microsphere counting standard (BD 

Biosciences) was used.  

 

For determining the expression of cell surface markers, single cell suspensions were 

generated. Splenocytes were either treated with red blood cell removal buffer, or light 

cells were separated by density gradient separation in 1.077 g/cm3 Nycodenz (Nycomed 
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Pharma). Cells were stained with mAbs specific for CD3 (KT3-1.1), CD8α (53-6.7), 

CD11b (M1/70), CD11c (N418), CD19 (6D5), CD24 (M1/69), CD40 (FGK45.5), 

CD45R/B220 (RA3-6B2), CD80 (16-10A1), CD86 (GL1), CD135/Flt3 (A2F10), CD172 

(Sirpα), CD205/DEC205 (NLDC-145), CD274/PD-L1 (10F.9G2), CD317/BST2 (927), 

CD370/Clec9A (7H11), H-2Kb (AF6-8815), IgD (11-26c.2a), IgM (RMM-1), SiglecH 

(551), XCR1 (ZET) (all BioLegend), Ly6C.2 (5075-3.6) or Ly6G (1A8) (Walter and 

Eliza Hall antibody facility). Stained cells were acquired on the LSRFortessa (BD 

Biosciences) flow cytometer and analyzed on FlowJo software (Tree Star) with exclusion 

of cell doublets and dead cells in all cases, identified based on forward and side scatter 

(FSC and SSC), as well as staining with PI or DAPI. Statistical analysis was performed 

with Prism software.  

 

Cytokines 

Splenic cDC1 and cDC2 were isolated and sorted to purity. 1 x 105 DCs were cultured in 

completed medium (RPMI 1640 medium supplemented with 10% heat-inactivated FCS, 

1% penicillin/streptomycin, 50 nM 2-ME and 1% GlutaMAX) with or without 0.5 μM 

phosphorothioated CpG 1668 (Bioneer), 50 ng/mL interferon gamma (IFN)-γ (Peprotech) 

and 20 ng/mL granulocyte-macrophage colony-stimulating factor (Peprotech) or 0.5 μM 

CpG alone.  Supernatants were collected 18 hours later and stored at -20°C. Cytokine 

secretion was determined using the BD Cytometric Bead Array Mouse Inflammation kit 

according to the manufacturer’s instructions (BD Biosciences). 
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Antigen uptake, proteolysis and endosomal pH analyses 

To assess antigen uptake, 5 x 104 purified cDC1 or cDC2 were incubated with 50 μg/mL 

ovalbumin-Cy5 in complete medium for 0 – 90 minutes at 37°C. DCs were washed twice 

and the fluorescence was measured by flow cytometry. As a control, DCs were pulsed 

with ovalbumin-Cy5 for 90 min at 4°C. To assess antigen proteolysis and endosomal pH, 

2.5 x 105 purified DCs were incubated with 20 μg/mL DQ-OVA (Life Technologies) or 

with 20 μg/mL dextran-pHrodo (Life Technologies) for 15 min at 37°C. Cells were 

washed twice, resuspended in complete medium and chased for the indicated time. At 

each time point, cells were kept on ice and the fluorescence was measured by flow 

cytometry. As a control, DCs were pulsed with DQ-OVA or dextran-pHrodo for 15 min 

at 4°C, washed twice and analyzed by flow cytometry. The signal was calculated for the 

37°C chase time point by subtracting the gMFI at 4°C. To normalize for dextran-pHrodo 

internalization, we simultaneously measured uptake of dextran-A647. 

 

In vivo antigen presentation assays 

Single cell suspensions were generated from lymph nodes of OT-I x Ly5.1 or OT-II x 

Ly5.1 mice. Cells were stained with rat anti-mouse mAbs specific for: CD11b (M1/70), 

F4/80 (F4/80), red blood cells (TER119), Ly6G/-Ly6C (RB68C5), MHCII (M5/114), 

CD45R (RA36B2) and CD4 (GK1.5) for OT-I T cells or CD8α (53-6.7) for OT-II cells. 

Cells were washed and incubated with BioMag anti-rat IgG-coupled magnetic beads 

(Qiagen). After magnetic depletion, the CD4+ or CD8+ T cell-enriched supernatant was 

recovered. Cells were washed with phosphate-buffered saline (PBS) supplemented with 

0.1% bovine serum albumin (BSA) and labelled with CellTrace Violet (CTV, Thermo 

Fisher). To enable accurate quantification of the number of OT-II or OT-I cells, mice also 
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received transfer of a control population of carboxyfluorescein succinimidyl ester (CFSE, 

Thermo Fisher)-labelled splenocytes. Single cell suspensions were treated with red blood 

cell removal buffer. Cells were washed with PBS 0.1% BSA and labelled with CFSE. 

Equal numbers of CTV-labelled OT-II or OT-I cells and CFSE-labelled splenocytes were 

pooled and resuspended in RPMI 2% FCS at 1 x 107 cells/mL respectively and injected 

intravenously. 24 hours later, mice received 50 µg (for OT-II transferred mice) or 25 µg 

(for OT-I transferred mice) soluble ovalbumin  (sOVA; Sigma-Aldrich), 20 x 106 OVA-

coated splenocytes or 0.2 µg anti-Clec9A-OVA mAb (266) via intravenous injection. For 

OVA-coated splenocytes, single cell suspensions were generated from spleens of 

C57BL/6 mice, treated with red blood cell removal buffer, washed and incubated with 10 

mg/mL OVA protein (Sigma) in FCS-free RPMI at 37°C. 64 hours after immunization, 

spleens were harvested, single cell suspensions generated, and red blood cells lysed. Cells 

were stained with mAbs specific for CD8α (53-6.7, BioLegend) or CD4 (GK1.5; Walter 

and Eliza Hall Antibody Facility) and Ly5.1 (A20; BioLegend). The number of divided 

OT-II and OT-I was determined as the number of CD4+ or CD8+ Ly5.1+ cells that had 

undergone CTV dilution. The number of cells was normalized to the number of CFSE-

labelled splenocytes recovered.  

 

Ex vivo antigen presentation assays 

Mice were immunized intravenously with 1 μg anti-Clec9A-OVA mAb (266). One day 

later, spleens were harvested, and DC were isolated as previously described before sorting 

to purity. Sorted cDC1 (CD11c+ CD8+ CD11b-) or cDC2 (CD11c+ CD8- CD11b+) 

(numbers indicated in figures) were cultured in vitro with 2.5 x 104 CTV-labelled OT-II 
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or OT-I cells in complete medium. Four or five days later the number of divided OT cells 

was determined. 

 

In vitro antigen presentation assays 

DCs were isolated as previously described and cDC1 (CD11c+ CD8+ CD11b-) and cDC2 

(CD11c+ CD8- CD11b+) sorted to purity. 2.5 x 104 sorted cDC1 or cDC2 were cultured 

in vitro with 2.5 x 104 CTV-labelled OT-II cells and OVA323-339 peptide. 68 hours later, 

the number of divided OT-II cells was determined by flow cytometry.  

 

Cytotoxic T lymphocyte (CTL) assays 

Mice were injected with 2 x 107 OVA-coated splenocytes (prepared as previously 

described) or 1 mg anti-Clec9A-OVA mAb, both with 1 mg LPS as adjuvant. Six days 

later, single cell suspensions of target cells (splenocytes) were prepared from spleens of 

WT mice. Half of the suspension (OVA+ CTVhi) was pulsed and labelled with 1 mg 

OVA257-264 (Worthington) and 5 mM of CTV (Thermo Fischer). The other half of the 

suspension (OVA- CTVlo) was labelled with 0.5 mM CTV only. Equal number of OVA+ 

CTVhi and OVA- CTVlo were pooled and 10 x 106 target cells were injected intravenously. 

36-42 hours later spleens were harvested and the % of OVA-specific lysis was determined 

as follows:  

R= (% CTVlo / % CTVhi) 

% OVA-specific lysis = [1-(runprimed/rprimed) x 100 
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T cell characterization  

1 x 104 OT-II x Ly5.1 or OT-I x Ly5.1 were adoptively transferred into WT and MHC 

IIKRKI/KI mice. One day later, mice were immunized with 1 µg anti-Clec9A-OVA mAb 

and 1 µg LPS. Seven days later, spleens were harvested, single cell suspensions 

generated, and red blood cells lysed. Splenocytes were stained with mAbs specific for 

TCR Vα2 (B20.1; Walter and Eliza Hall Antibody Facility), Ly5.1 (A20) PD-1 

(29F.1A12), CD44 (IM7) and CD62L (MEL-14) (all BioLegend). For IFNg analysis, 

splenocytes were incubated with 1 mg/ml of OVA257-264 in the presence of BD Golgi 

PlugTM for five hours at 37oC. For intracellular staining of IFNg and T-bet, splenocytes 

were permeabilized and fixed with BD Cytofix/CytopermTM Kit or eBioscienceTM 

Foxp3/Transcription Factor Staining Buffer Set. Cells were stained for IFNg (XMG1.2) 

or T-bet (REA102, Miltenyi Biotec).  

 

Induction and detection of antibody responses 

For TFH induction, 1 x 106 OT-II x Ly5.1 cells were adoptively transferred into mice. One 

day later, mice were immunized with 0.5 µg anti-Clec9A-OVA mAb or PBS (no antigen 

control). Six days later, spleens were harvested, single cell suspensions generated, and 

red blood cells lysed. Cells were stained with mAbs specific for CD4 (GK1.5; Walter and 

Eliza Hall Antibody Facility), Ly5.1 (A20), PD-1 (29F.1A12), CD44 (IM7) (all 

BioLegend) and CXCR5 (2G8, BD Biosciences). The number of OT-II and TFH cells was 

determined as the number of CD4+ Ly5.1+ cells or CD4+ Ly5.1+CXCR5+ PD-1+. For anti-

rat Ig response, mice were injected intravenously with 2 μg of rat anti-Clec9A mAb 

(10B4) and serum samples obtained at 2 weeks post injection. Anti-rat Ig reactivity was 

determined by enzyme-linked immunosorbent assay (ELISA). Nunc MaxiSorp™ 
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(Thermo Fisher Scientific) plates were coated overnight at 4°C with 1.5 μg/mL of rat 

GL117 mAb (Walter and Eliza Hall antibody facility). Unbound antibody was removed 

by washing with PBS + 0.05% Tween-20, PBS, and MilliQ water. Serum samples were 

serially diluted in 5% skim milk powder in PBS and incubated at 4°C overnight. Captured 

mouse anti–rat Ig antibodies were detected using anti-mouse IgG-HRP and visualized 

using 1-Step Ultra 3,3′,5,5′-Tetramethylbenzidine (TMB) ELISA Substrate (Thermo 

Scientific). Absorbance at 440 nm was detected with a ClarioSTAR plate reader (BMG 

LABTECH). Titers were considered positive when the absorbance was above 0.1 

compared to blank.  

 

Protease activity assay and cystatin C immunoblot 

To generate a large number of DCs, WT and MHC IIKRKI/KI mice were injected 

subcutaneously with 5 x 106 Flt3L secreting B16 melanoma cells (267).  Nine days later, 

spleens were harvested and DCs isolated as previously described (120). cDC1 and cDC2 

were further separated by positive selection using MACS magnetic separation (Miltenyi 

Biotec). >90% purity was determined by flow cytometry. Cells were lysed in PBS 0.1% 

Triton X-100 on ice for 20 minutes. Post-nuclear supernatants equivalent to 80 μg of 

protein were acidified by adding 10x citrate buffer (final concentrations: 50 mM Citrate, 

pH 5.5, 0.5% 3- ((3-Cholamidopropyl) dimethylammonio)-1-Propanesulfonic Acid 

(CHAPS), 0.1% Triton X-100, 4 mM Dithiothreitol (DTT). Where indicated, lysates were 

pre-incubated with the pan-cysteine cathepsin inhibitor E-64 (25 μM; Sigma-Aldrich) or 

DMSO vehicle at 37˚C. 1 μM BMV109, a fluorescently quenched pan-cysteine cathepsin 

activity-based probe, was added and lysates were incubated at 37˚C. Labeling reactions 

were stopped by addition of 5x sample buffer (50% glycerol, 200 mM Tris-Cl, pH 6.8, 
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10% SDS, 0.05% bromophenol blue, 6.25% beta-mercaptoethanol) followed by heating 

at 95˚C for 5 minutes. Proteins were resolved on a 15% SDS-PAGE gel and the gel was 

scanned for Cy5 fluorescence using a Typhoon flatbed laser scanner (GE Healthcare). 

For cystatin C immunoblots, proteins were transferred to nitrocellulose membranes and 

probed with goat anti-cystatin C (R&D) and rabbit anti-actin (Sigma-Aldrich) antibodies. 

After washing with PBS + 0.05% Tween-20, blots were incubated with donkey anti-goat 

HRP (Novex Life Tech) and goat anti-rabbit IRDye 800CW (Li-Cor). IRDye 800CW 

immunoblots were scanned using Typhoon, and HRP labelling was visualized on a 

ChemiDoc MP imager (Bio-Rad) with the use of Amersham ECL Western blotting 

reagents (GE). Protease activity and cystatin C (band intensity) were measured by 

densitometry using ImageJ. Values were normalized to actin (band intensity). Statistical 

analyses were performed using GraphPad Prism 8. 
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RESULTS 

The inability to ubiquitinate MHC II impacts DC number and surface phenotype.  

To investigate the impact of MHC II ubiquitination on DC biology, we used mice 

harboring a mutant MHC II unable to undergo ubiquitination (MHC IIKRKI/KI) (94). First, 

we analyzed the number of splenic DCs. Conventional DC 1 (cDC1), 2 (cDC2) and 

plasmacytoid DCs (pDCs) were enriched by DNAse/collagenase digestion followed by 

density centrifugation. A reduction in the number of cDC1 (61% decrease), cDC2 (50% 

decrease) and pDC (30% decrease) was detected in MHC IIKRKI/KI mice compared to wild 

type (WT) mice (Figure 1A). The decreased cell number was specific for splenic cDC 

and pDC, with no significant changes observed for splenic B cells (Figure 1A) or thymic 

cDC1 and cDC2 (Figure 1B).  

 

Remaining cDC in MHC IIKRKI/KI spleen were profiled for their surface expression of 

characteristic DC markers (Figure 1C, Figure 2). As expected, significantly increased 

MHC II expression was observed on MHC IIKRKI/KI cDC1 (3.4-fold increase) and cDC2 

(2.4-fold increase) while no changes were observed in CD86, a well-known MARCH1 

substrate  (94, 112, 115). Increased MHC II expression was accompanied by significant 

decreases in MHC I, CD24 and CD8, which we and others have previously reported as 

being reduced in the absence of MHC II ubiquitination (109, 113, 115). In addition, we 

detected previously undescribed reductions in CD11b, Sirpα, CD40, CD80, Flt3, XCR1 

and DEC205. The only molecule besides MHC II to show increased expression was 

CD11c, most notably for MHC IIKRKI/KI cDC1 (Figure 1C, Figure 2). Similar patterns 

were observed in splenic B cells, with increased MHC II expression correlating with 
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small, but significant, decreases in the surface expression of IgM, PD-L1, CD19 and 

CD40 (Figure 2). These results indicate that impaired MHC II ubiquitination was 

sufficient to alter a variety of surface molecules including integrins, chemokine receptors 

and C-type lectin receptors.  
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Figure 1. MHC II ubiquitination controls splenic DC number and cell-surface phenotype. 

Quantification of (A) splenic cDC1 (CD11c+ CD8+ CD11b-), cDC2 (CD11c+ CD8- CD11b+), pDC (BST-

2+ Siglec-H+), B cells (CD19+ B220+) and (B) thymic cDC1 (XCR1+ Sirpα-) and cDC2 (XCR1- Sirpα+). 

Absolute numbers were determined as described in Materials and Methods. (C) WT and MHC IIKRKI/KI 

splenic cDC1 and cDC2 cell-surface marker expression determined by flow cytometry. gMFI has been 

normalized to the maximum gMFI signal. (A) and (B) Symbols represent individual mice, with data pooled 

from a minimum of 2 independent experiments, displayed as mean ± SD. **** P <0.0001*** P <0.001** 

P <0.01 * P <0.05, ns not significant, unpaired t test.  
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Figure 2. Lack of MHC II ubiquitination alters splenic DC and B cell cell-surface phenotype. WT and 

MHC IIKRKI/KI splenic (A) DC or (B) B cell surface marker expression determined by flow cytometry. 

Representative histograms are shown for fluorescence minus one (FMO, dashed line), WT (black line) and 

MHC IIKRKI/KI (blue filled). gMFI for B cell markers has been quantified by normalizing the gMFI signal 

to the maximum gMFI signal. Symbols represent individual mice, with data pooled from a minimum of 2 

independent experiments, displayed as mean ± SD. **** P <0.0001*** P <0.001 * P <0.05, ns not 

significant, unpaired t test. 
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An inability to ubiquitinate MHC II impacts dendritic cell function.  

For productive T cell activation, T cells require three signals from DCs – antigen 

presentation, costimulation and inflammatory cytokines. Given that we observed reduced 

costimulatory molecule expression (CD40 and CD80) on MHC IIKRKI/KI DCs we aimed 

to next assess other parameters of antigen presentation. For efficient presentation by DCs, 

antigen must undergo endocytic uptake and proteolytic degradation. First, we measured 

ovalbumin protein (OVA) uptake. WT and MHC IIKRKI/KI cDC were purified and 

incubated with fluorescent soluble OVA-Cy5 (OVA-Cy5). In agreement with previous 

studies (154), we found cDC1 and cDC2 captured similar amounts of OVA. Similar 

uptake was observed by MHC IIKRKI/KI and WT cDC, demonstrating a lack of MHC II 

ubiquitination does not alter uptake of OVA (Figure 3A).  

 

Once internalized, antigen is degraded and loaded onto MHC molecules. To investigate 

if antigen proteolysis was impacted by a loss of MHC II ubiquitination, we utilized DQ-

OVA, a self-quenched form of ovalbumin which fluoresces once degraded.  MHC 

IIKRKI/KI cDC1 and cDC2 were sorted to purity and equal numbers of DCs were incubated 

with DQ-OVA. After antigen pulsing, excess DQ-OVA was removed by washing and 

assessment of DQ-OVA fluorescence over time, as a read out of OVA proteolysis, was 

assessed by flow cytometry. In comparison to WT cDC1, MHC IIKRKI/KI cDC1, and to 

some extent cDC2, displayed significantly reduced DQ-OVA proteolysis (Figure 3B). 

The defect was specific to OVA, given that DQ-BSA, a self-quenched form of bovine-

serum albumin underwent similar proteolysis in MHC IIKRKI/KI DC as in WT DC (Figure 

3C). Impaired proteolysis of DQ-OVA could result from alterations in the endosomal 

environment in MHC IIKRKI/KI cDC. To investigate this, we assessed endosomal pH using 



 

 144 

dextran-pHrodo. This is a pH sensitive probe where fluorescence is only detected once 

the probe enters an acidic environment. Purified WT and MHC IIKRKI/KI cDC1 and cDC2 

were pulsed with dextran-pHrodo and chased for 120 minutes (Figure 3D). As expected, 

fluorescence increased with time, indicative of dextran-pHrodo accessing an acidic 

environment. No difference was observed between MHC IIKRKI/KI and WT cDC 

indicating no significant changes to endosomal pH in the absence of MHC II 

ubiquitination. 

 

To examine protease activity, a fluorescently quenched activity-based probe, BMV109, 

was used to measure the activity of four cysteine cathepsins, which are key antigen-

degrading enzymes (268, 269). BMV109 irreversibly binds to cathepsins in an activity-

dependent manner, giving rise to Cy5 fluorescence upon release of a QSY21 quenching 

group. As the binding is covalent, cathepsin binding can be detected by in-gel 

fluorescence as a surrogate measure of protease activity. A pan-cysteine cathepsin 

inhibitor, E-64, was first used to confirm the specificity of BMV109 for active papain-

fold cysteine proteases. As expected, BMV109 did not bind cathepsins in the presence of 

E-64, confirming its specificity (Figure 4A). In agreement with previous studies (270), 

cysteine protease inhibitor cystatin C (CTS3) could only be detected in cDC1 (Figure 

4B). Next, cysteine cathepsin protease activity was compared between MHC IIKRKI/KI DC 

and WT DC and no significant differences were observed (Figure 3E).  
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Figure 3. Lack of MHC II ubiquitination impairs antigen proteolysis and cytokine secretion without 

impacting antigen uptake, endosomal pH or protease activity. (A) MHC IIKRKI/KI and WT cDC1 and 

cDC2 were sorted to purity and incubated at 37ºC with 50 μg/mL OVA-Cy5 for the indicated times. Cells 

were washed before the Cy5 fluorescence was determined by flow cytometry. Data are from one 

experiment, carried out in technical triplicate. (B and C) MHC IIKRKI/KI and WT cDC1and cDC2 were 

sorted to purity and pulsed with 20 μg/mL (B) DQ-OVA or (C) DQ-BSA for 15 min at 37ºC. Cells were 

washed and chased for the indicated time before the DQ signal was measured by flow cytometry. **** P 

<0.0001*** P <0.001* P <0.05, 2-way ANOVA with Bonferroni’s test for multiple comparisons. (D) MHC 

IIKRKI/KI and WT cDC1and cDC2 were sorted to purity and pulsed with 20 μg/mL Dextran-pHrodo or 

Dextran-A647 for 15 min at 37ºC. Cells were washed and Dextran-pHrodo or Dextran-A647 signal was 

measured by flow cytometry at different chase time points. To account for any changes in uptake, the 
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Dextran-pHrodo gMFI was normalized to the Dextran-A647. Data are from one experiment, carried out in 

technical triplicate. (E) cDC1 (top panel) and cDC2 (lower panel) protease activity analysis. DC were 

isolated as described in Materials and Methods. Cells were lysed before incubation with the pan cathepsin 

(CTS) protease activity-based probe BMV109 (1 µM). Proteins were resolved on SDS-PAGE gel and Cy5 

fluorescence was determined. Representative in-gel fluorescence of three independent experiments for WT 

or MHC IIKRKI/KI is shown. Quantification of protease activity or total protein expression is normalized to 

actin, displayed as mean ± SD. For Cystatin C expression, blots were probed with goat anti-cystatin C and 

rabbit anti-actin (Sigma-Aldrich) antibodies. Data are representative of three biological replicates. Ns not 

significant, unpaired Welch’s t test. (F) Cytokine secretion. cDC1 and cDC2 were sorted to purity and 

incubated with 0.5 µM CpG, 50 ng/mL IFNγ and 20 ng/mL GM-CSF. Supernatants were collected 18 hours 

later, and cytokine secretion was determined using BD™ Cytometric Bead Array (CBA) Mouse 

Inflammation Kit. Bars display mean ± SD from two independent experiments with cells pooled from 8 

mice. ** P <0.01, ns not significant, unpaired t test with Holm-Sidak correction for multiple comparisons. 

 

Given the cathepsin activity was normal in MHC IIKRKI/KI DC, the reduction in antigen 

proteolysis, together with altered cell surface phenotype, suggest that a lack of MHC II 

ubiquitination could impact endocytic events. Since the production of cytokines is 

dependent on the endosomal trafficking of toll-like receptors (TLRs) and their recognition 

of toll-like receptor ligands, we next investigated the capacity of MHC IIKRKI/KI DC to 

produce inflammatory cytokines. Splenic cDC1 and cDC2 were sorted to purity and equal 

numbers were incubated in the presence of TLR9 ligand, CpG and inflammatory 

cytokines interferon gamma (IFN)-γ and granulocyte-macrophage colony-stimulating 

factor (GM-CSF), conditions that elicit maximal IL-12  production (153). Supernatants 

were harvested after 18 hours and the presence of IL-6, IL-10, IL-12p70, TNF-α and 

monocyte chemoattractant protein-1 (MCP-1) measured using BD Cytometric Bead 

Array Assay. IL-10 and MCP-1 were not produced by either cDC1 or cDC2. MHC 

IIKRKI/KI cDC1 produced significantly increased amounts of IL-6, IL-12 and TNFα 
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compared to WT cDC1, while the cytokine production of MHC IIKRKI/KI cDC2 was 

unaltered (Figure 3F). Similar patterns, albeit at lower concentrations, were observed 

when DCs were treated with CpG alone (Figure 4C).  

Figure 4. Protease activity and cytokine secretion. (A) WT cDC1 and cDC2 were isolated and lysed 

before being treated with (+) ir without (-) cysteine protease inhibitor, E64 (25 µM). They lysates were 

labelled with BMV109 (1 µM). Labelling of active cathepsins are shown by in-gel fluorescence. 

Immunoblot is from one experiment. (B) WT cDC1 and cDC2 were isolated and lysed. Proteins were 

resolved on SDS-PAGE and western transferred. Immunoblots were probed with goat anti-cystatin C and 

rabbit anti-actin (Sigma-Aldrich) antibodies. (C) DCs were isolated, sorted to purity and incubated with 0.5 

µM CpG. Supernatants were collected 18 hours later, and cytokine secretion was determined using BD 

Cytometric Bead Array (CBA) Mouse Inflammation Kit. Bars display mean ± SD from two experiments 

with cells pooled from eight mice. ** P <0.01 ns not significant, unpaired t test with Holm-Sidak correction 

for multiple comparisons.  
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In summary, an inability to ubiquitinate MHC II reduces DC numbers, alters their surface 

phenotype, reduces proteolysis of some forms of antigen and enhances cytokine 

production, in particular for the cDC1 subset, but does not impact DC endosomal pH or 

cysteine cathepsin protease activity.  

 

MHC II expression levels per se, rather than the extent of its ubiquitination, may regulate 

endosomal functions. If this were the case, such functions might also be affected in cells 

deficient in MHC II expression. To address this, we analyzed DC from IAα-/- mice. First, 

the cell surface phenotype was investigated. In contrast to the MHC IIKRKI/KI DC, no 

significant alterations were observed except for a slight increase in CD80 (Figure 5A). 

Next, we investigated the cytokine secretion of IAα-/- cDC1 and cDC2 (Figure 5B). In 

agreement with previous studies (52), DC lacking MHC II produced slightly less IL-6, 

IL-12 and TNFα than WT DC. Finally, we investigated antigen proteolysis using DQ-

OVA, which proceeded similarly in WT and IAα-/- DC (Figure 5C). Overall, the impact 

of MHC II deficiency was negligible compared to that caused by lack of MHC II 

ubiquitination, suggesting that the altered phenotype of MHC IIKRKI/KI DC is due to 

changes in MHC II trafficking rather than to altered MHC II surface expression.  
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Figure 5. DC lacking MHC II have altered function. (A) WT and IAα-/- splenic cDC1 and cDC2 cell-

surface marker expression determined by flow cytometry. gMFI has been normalized to the maximum 

gMFI signal. Symbols represent individual mice, bars display mean ± SD. Data are from one experiment.  

**** P <0.0001 ns, not significant, unpaired t test. (B) WT and IAα-/- splenic cDC1 and cDC2 cytokine 

secretion. DC were sorted to purity and incubated with 0.5 µM CpG, 50 ng/mL IFNγ and 20 ng/mL GM-

CSF. Supernatants were collected 18 hours later, and cytokine secretion was determined using BD 

Cytometric Bead Array (CBA) Mouse Inflammation Kit. Bars display mean ± SD from two experiments 

with cells pooled from eight mice, *** P <0.001 ** P <0.01 * P <0.05, ns not significant, unpaired t test. 

(C) WT and IAα-/- splenic cDC1 and cDC2 were isolated, sorted to purity and pulsed with 20 µg/mL DQ-

OVA for 15 min. Cells were washed twice and DQ-OVA signal was measured by flow cytometry at 

different chase time points. **** P <0.0001 *** P <0.001 * P <0.05, two-way ANOVA with Bonferroni’s 

test for multiple comparisons.  

 

An inability to ubiquitinate MHC II in antigen presenting cells impairs MHC II 

antigen presentation in vivo.  

Given the important role of MHC II in B cell and T cell immunity (271) and the 

dysregulation in antigen processing observed in MHC IIKRKI/KI DC, we next investigated 
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the impact of MHC II ubiquitination on adaptive immunity. To investigate antigen 

presentation in a physiologically relevant setting, WT or MHC IIKRKI/KI mice were 

injected intravenously with CellTrace Violet-labelled OT-II or OT-I. The following day, 

mice were immunized intravenously with one of three different forms of the model of 

antigen, ovalbumin (OVA): (i) OVA protein, (ii) cell-associated (splenocytes pre-

incubated in vitro with OVA protein); (iii) OVA protein genetically fused to mAb against 

Clec9A (anti-Clec9A-OVA) (266). Clec9A was chosen as a receptor to measure receptor-

mediated antigen uptake as it is highly expressed by cDC1 (272) and is not altered in DC 

with impaired MHC II ubiquitination (Figure 1C). T cell priming with OCS (273) and 

anti-Clec9A-OVA (143) is cDC1-dependent. The number of dividing OT-II and OT-I 

cells in spleen was determined by flow cytometry three days following intravenous 

immunization. For all antigens tested, MHC IIKRKI/KI mice displayed a significant 

reduction in the number of dividing OT-II and OT-I cells (Figure 6A). Therefore, a lack 

of MHC II ubiquitination impacts both MHC II and MHC I antigen presentation of 

soluble, cell-associated, and DC-targeted antigen in vivo. 

 

Changes in in vivo T cell priming could be due to intrinsic alterations in DC function 

and/or the observed reduction in DC numbers (Figure 1A). To control for the latter, ex 

vivo antigen presentation assays were performed using equivalent numbers of isolated 

WT and MHC IIKRKI/KI DC. In this case, WT or MHC IIKRKI/KI mice were immunized 

with anti-Clec9A-OVA (266) and 22 hours later, spleens were harvested and cDC1 sorted 

to purity before equal number of cells were incubated with CTV-labelled OT-II or OT-I 

cells. Proliferation was determined four or three days later for OT-II or OT-I respectively. 

In agreement with in vivo analysis, reduced OT-II and OT-I priming was observed for 
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MHC IIKRKI/KI cDC1 (Figure 6B). Second, we tested the capacity of WT and MHC 

IIKRKI/KI cDC1 to present ovalbumin peptide in vitro. WT and MHC IIKRKI/KI DC were 

incubated with OVA323-339 peptide and IAb-OVA323-339-specific OT-II T cells for 3 days. 

No significant change in OT-II proliferation was observed in-vitro (Figure 7). Previously, 

we have demonstrated reduced OT-I proliferation when MHC IIKRKI/KI DC are pulsed 

with OVA254-267 peptide (109). Together, these data demonstrate that a lack of MHC II 

ubiquitination causes DC-intrinsic impairments in antigen presentation. 

 

Figure 6. Lack of MHC II ubiquitination impairs DC antigen presentation in vivo and ex vivo. (A) 

Purified CellTrace Violet (CTV)-labelled OT-II or OT-I cells and CFSE-labelled BL6 mouse splenocytes 

were adoptively transferred into MHC IIKRKI/KI and WT mice. 24 hours later, mice were injected with 50 

µg (OT-II), 25 µg (OT-I) soluble ovalbumin (OVA protein), 20 x 106 OVA-coated splenocytes (cell-

associated OVA) or 0.2 µg anti-Clec9A-OVA mAb via intravenous injection (anti-Clec9A-OVA). Spleens 

were harvested 64 hours later and antigen presentation capacity was assessed by flow cytometry as 

described in Materials and Methods. Each symbol represents an individual mouse with data pooled from at 

least two independent experiments, displayed as mean ± SD. (B) WT and MHC IIKRKI/KI mice were 

intravenously injected with 1 µg of anti–Clec9A-OVA. 22 hours later, spleen cDC1 were isolated and cell-
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sorted to purity. DCs were cultured ex vivo with 2.5 × 104 OT-I for 64h, or OT-II for 84h and divided OT-

I cells were quantified by flow cytometry. Data are pooled from 2 independent experiments and graphs 

show mean ± SD. **** P <0.0001 *** P <0.001 ** P <0.01 * P <0.05, ns not significant, 2-way ANOVA 

with Bonferroni’s test for multiple comparisons. 

 

Figure 7. MHC II ubiquitination does not impact in vitro presentation of OVA323-339  peptide. 2.5 x 

104 sorted WT and MHC IIKRKI/KI cDC1 and cDC2 were incubated with increasing concentration of 

OVA323-339  peptide and 2.5 x 104 OT-II cells. 65 hours later, the number of divided OT cells was determined 

as described in Materials and Methods. Data is pooled from two independent experiments.  

 

An inability to ubiquitinate MHC II impairs CTL immune responses. 

We investigated if a lack of MHC II ubiquitination alters generation of effector cytotoxic 

lymphocytes (CTLs). WT and MHC IIKRKI/KI mice were immunized with cell-associated 

OVA or anti-Clec9A-OVA, with LPS used as an adjuvant. Six days later, mice were 

injected with target cells which comprised of an equal mix of syngeneic splenocytes 

pulsed with OVA257-264 peptide (labelled with high concentration of CTV, “CTVhi”) or 

without peptide (labelled with low concentration of CTV, “CTVlo”). Robust CTL 

responses were observed in WT mice immunized with cell-associated OVA (274) or anti-

Clec9A OVA mAb (266). In contrast, significantly reduced CTL killing was observed in 

MHC IIKRKI/KI mice in response to both immunogens (Figure 8).  
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Figure 8. Lack of MHC II ubiquitination impairs cytotoxic T cell responses. MHC IIKRKI/KI and WT 

mice were immunized intravenously with 2.5 × 107 OVA-coated splenocytes (cell-associated OVA) or 1 

µg anti-Clec9A-OVA mAb (anti-Clec9A-OVA) in the presence of lipopolysaccharide (LPS). 6 days later, 

mice were challenged with equal number of CTVhi (OVA257-264
+) and CTVlo (OVA-) target cells. 36-42 

hours later the spleens were harvested and the percentage lysis of CTVhi cells was determined by flow 

cytometry as described in Materials and Methods. Histograms are representative of killing in each group, 

including no antigen (unimmunized) negative control. Bars show mean ± SD and are data pooled from two 

independent experiments, with symbols representing individual mice. *** P <0.001 ** P <0.01, unpaired t 

test.  

 

To further investigate T cell responses in MHC IIKRKI/KI mice OT-II or OT-I cells were 

transferred into WT and MHC IIKRKI/KI mice before immunization with anti-Clec9A-

OVA, together with LPS as an adjuvant. Six days later, their number and phenotype were 

examined (Figure 9). In response to immunization, MHC IIKRKI/KI mice had significantly 

reduced numbers of OT-II cells accompanied by reduced PD-1 expression, a marker 

expressed by activated T cells (275), and a reduction in the percentage of CD62L-CD44+ 

OT-II cells. Expression of T-bet, indicative of Th1 differentiation, was unaltered (Figure 
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9A). Significantly reduced OT-I numbers were also observed in MHC IIKRKI/KI mice 

following immunization. These cells expressed lower PD-1, but did not differ in their 

expression of CD62L and CD44, or IFNg production when re-stimulated with antigen 

(Figure 9B).  

 

Figure 9. Lack of MHC II ubiquitination impairs CD4+ and CD8+ T cell responses. 1 x 104 OT-II (A) 

or OT-I (B) were adoptively transferred into MHC IIKRKI/KI and WT mice. One day later, mice were 

immunized with 1 µg anti-Clec9A-OVA mAb and 1 µg LPS. Seven days later, spleens were harvested, and 

the number of OT-II and OT-I cells, surface PD-1, CD44 and CD62L and intracellular IFN and T-bet 

expression determined. For IFNγ analysis, cells were incubated with 1 g/ml of OVA257-264 in the presence 

of BD Golgi PlugTM for five hours at 37oC before intracellular staining as described in Materials and 

Methods. Data are from two independent experiments with symbols representing individual mice. **** P 

<0.0001 *** P <0.001 ** P <0.01 * P <0.05, ns not significant, unpaired t test.  
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An inability to ubiquitinate MHC II impairs antibody responses.  

Finally, a role for MHC II ubiquitination in humoral immunity was assessed. WT and 

MHC IIKRKI/KI mice were immunized with rat anti-mouse Clec9A mAb which elicits anti-

rat Ig reactive antibodies (266, 272). Generating germinal centers and antibody responses 

requires CD4+ follicular T helper (TFH) cells. To investigate TFH cell induction, OT-II 

cells were transferred into WT and MHC IIKRKI/KI mice, and 1 day later mice were 

immunized with anti-Clec9A-OVA mAb. Six days later we examined production of TFH, 

which upregulate PD-1 and CXCR5. WT mice injected with anti-Clec9A-OVA mAb had 

robust expansion of OT-II cells with increased PD-1 and CXCR5 expression (266, 276). 

In contrast, significantly reduced TFH cells were detected in MHC IIKRKI/KI mice (Figure 

10A). The reduction in TFH cells was associated with a barely detectable antibody 

response. While a robust anti-rat Ig response was detected in WT mice, MHC IIKRKI/KI 

mice failed to generate significant serum anti-rat Ig in response to anti-Clec9A (Figure 

10B). Therefore, MHC IIKRKI/KI mice display significant impairments in humoral 

immunity. 
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Figure 10. Lack of MHC II ubiquitination impairs antibody responses. (A) TFH induction. 1 x 106 OT-

II x Ly5.1 cells were adoptively transferred into MHC IIKRKI/KI and WT mice. 24 hours later, mice were 

injected with PBS (no antigen) or 1 μg anti-Clec9A-OVA mAb (αClec9A-OVA). 6 days later, spleens were 

harvested and the number of OT-II cells and OT-II CXCR5+ PD1+ (TFH) cells was determined. The 

activation status of OT-II cells was assessed by staining for CD44. gMFI has been normalized to the 

maximum gMFI signal. Data are from 2 independent experiments with n = 6 mice. **** P <0.0001 ** P 

<0.01 * P <0.05, ns not significant, 2-way ANOVA with Sidak’s test for multiple comparisons. (B) 

Antibody production. WT and MHC IIKRKI/KI mice were injected intravenously with 2 μg anti-Clec9A mAb 

(10B4), and serum anti-rat reactivity was measured by ELISA 14 days after injection. Representative anti-

rat Ig response is shown (left).  Bars show mean titers ± SD with n = 10 mice, data are pooled from two 

independent experiments performed in duplicate. **** p <0.0001, Mann-Whitney test.  
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Discussion 

Ubiquitination of MHC II plays an important role in regulating cell surface MHC II; 

however, the biological consequences of this post-translational modification are unclear. 

Here we conduct the first comprehensive analysis in vivo and show that an absence of 

MHC II ubiquitination reduces splenic DC numbers, alters DC cytokine production, 

impairs DC antigen proteolysis, and ultimately reduces in vivo antigen presentation, 

cytotoxic T cell and humoral immunity. 

 

Previously, different in vitro antigen presentation studies have yielded disparate outcomes 

and have focused on CD4+ T cell priming only (100, 109, 112, 115–117). Here, for the 

first time, we demonstrate a significant reduction in MHC II and MHC I antigen 

presentation in response to soluble, cell-associated and anti-Clec9A mAb-targeted 

antigen following immunization of MHC IIKRKI/KI mice. This data is in agreement with a 

recent study identifying MHC IIKRKI/KI  mice have reduced CD4+ T cell priming 

following immunization with OVA in the presence of CFA (117). Our study extends this 

work to different forms of antigen including soluble, cell associated and Clec9A-targeted 

antigen, demonstrating that MHC II ubiquitination impacts MHC II presentation of 

antigen acquired via different intracellular routes. In addition, we have demonstrated for 

the first time that MHC II ubiquitination impacts MHC I presentation in vivo. Reduced 

splenic DC numbers may contribute to this impairment, and in addition, ex vivo antigen 

presentation assays demonstrate a cell-intrinsic defect in DC function. In agreement with 

this, MHC IIKRKI/KI DC isolated from mixed bone marrow chimeric mice generated from 

MHC IIKRKI/KI bone marrow have reduced in vitro CD4+ T cell priming in comparison to 

the WT DC from the same mouse (117). Several parameters of DC biology are likely 
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involved including reduced costimulatory molecule and MHC I cell surface expression, 

altered cytokine secretion and altered antigen proteolysis. Altered cell surface phenotype 

has previously been observed in cells lacking MHC II ubiquitination. Indeed, altered 

expression of CD80, CD40, CD71, PD-L1 ICOS-L (95), CD4 and CD8 (115) is detected 

on APCs lacking Marchf1 and MHC IIKRKI/KI bone marrow derived DCs (BMDC) have 

reduced tetraspanin expression (113).  

  

Elevated IL-6, IL-12 and TNF-α secretion described here is in contrast to other studies 

demonstrating MHC IIKRKI/KI  and Marchf1-/- DC have reduced IL-12 and TNF-α 

production (115, 117). This difference is likely due to differences in stimuli tested, with 

CpG (TLR9 agonist), IFN-γ and GM-CSF used here in contrast to LPS (TLR4 agonist). 

This study also shows that MHC IIKRKI/KI cDC1 have reduced OVA degradation, but 

overall MHC IIKRKI/KI cDC1 or cDC2 do not exhibit a global antigen proteolysis defect. 

BSA degradation was similar to WT and likewise no defects in endosomal acidification 

or cathepsin activity were detected.   

 

Impairments in DC antigen presentation in the absence of MHC II ubiquitination are 

likely due to excessive MHC II accumulation on the plasma membrane, which disrupt 

plasma membrane and lipid raft structure (113). Lipid rafts are important for antigen 

presentation, and if disrupted can lead to reduced APC: T cell conjugate formation and 

reduced T cell activation (277, 278). In agreement with this, Marchf1 deficient and MHC 

IIKRKI/KI BMDC engage thymocytes at a lower frequency (113) and when pulsed with 

OVA, Marchf1 deficient and MHC IIKRKI/KI spleen CD11c+ DC are unable to form stable 

conjugates with CD4+ T cells to the same extent as WT DC (117). Altered MHC II 
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trafficking in the absence of its ubiquitination has been previously described with reduced 

pMHC II degradation (100), MHC II internalization (109, 110) and increased recycling 

(100). The downstream consequences for T cell priming were examined and reduced 

numbers and impaired phenotype of CD4+ (OT-II) and CD8+ (OT-I) T cells following 

Clec9A-OVA immunization was identified. This likely accounts for impaired CTL 

immunity following immunization with cell-associated or Clec9A-targeted antigen and 

similarly, poor antibody responses. Indeed, we also observe reduced induction of CD4+ 

follicular T helper (TFH) cells in MHC IIKRKI/KI mice, in accordance with longer 

TCR:pMHC II interactions being required to promote their differentiation (279, 280).  

 

MHC IIKRKI/KI mice failed to generate antibody responses to DC-targeted antigen. This is 

in conflict to previous studies that show normal antibody responses for MHC IIKRKI/KI 

mice (112). The discrepancy could stem from the different mouse models, with MHC 

IIKRKI/KI mice used here as opposed to MHC IIKR-GFP mice, or differences in 

immunization timing and antigen. Our study immunized with rat anti-Clec9A mAb which 

specifically relies on cDC1 presentation, whereas the previous analysis used protein 

(OVA and HEL) and influenza A virus infection, all of which will engage other DC 

subsets, including cDC2, that we show here are less impacted by a lack of MHC II 

ubiquitination. Importantly, changes in antibody production could also be due to 

alterations in B cell biology. Indeed, MHC II is regulated by MARCH1-mediated 

ubiquitination in B cells. In germinal center B cells in particular, MHC II expression is 

dynamically regulated by ubiquitination as the cells cycle between the light and dark 

zones (281). A lack of MHC II ubiquitination in germinal center B cells leads to 

prolonged peptide presentation which may impact the presented peptide repertoire and in 
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turn delay affinity maturation (281). Therefore, it is possible that this too contributes to 

the decreased antibody production observed in MHC IIKRKI/KI mice.  

 

Here we identify the importance of MHC II ubiquitination in DC, T cell and B cell 

responses. Evolutionary conservation of MARCH ligases and the target residue of 

ubiquitination in MHC II (Lys225), may therefore have been driven not by a simple 

requirement to regulate MHC II surface expression, but to prevent secondary effects 

induced by the excessive deposition of MHC II on the cell surface.  
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Chapter 6 - Final discussion  

This thesis has interrogated two key molecules necessary for the generation and function 

of dendritic cells (DCs) – FMS-like tyrosine kinase 3 (Flt3) and major histocompatibility 

complex class II (MHC II). The main aim was to increase the understanding of DC 

biology such that DCs can be more easily manipulated to improve immune responses to 

vaccines against infection and cancer.  

 

It is becoming increasingly apparent that DCs play a critical role in immunotherapy. 

cDC1 are required for tumor rejection (38, 39, 273), and expression of cDC1-related 

genes correlates with improved overall survival (5, 282). Additionally, cDC1 are required 

for efficient adoptive T cell therapy (39). Recently it has been demonstrated that cDC2 

are required for anti-tumoral CD4+ T cell responses (283). Manipulation of the number 

of DCs via Flt3/Flt3L signaling cascade improves tumor clearance (41, 42, 284, 285). 

Currently, clinical strategies rely upon administration of Flt3L, however, improved 

understanding of the expression and regulation of Flt3 could lead to more sophisticated 

and long-lasting approaches.  

 

In this thesis we have demonstrated that splenic cDC1, cDC2 and pDC express both 

surface and intracellular Flt3 and regulate its expression at the cell surface. Expression of 

the receptor varies between the subsets, with pDC expressing a larger form of Flt3 at the 

cell surface. Flt3 is N-linked glycosylated (151, 152) and the larger form observed in pDC 

likely represents Flt3 that is more heavily decorated with carbohydrate moieties. Flt3 

glycosylation has not been studied in DCs yet, in fact, this thesis is the first study to 
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demonstrate different forms of Flt3 in DC subsets. Given glycosylation impacts the 

trafficking, interactions, ligand binding, internalization and signaling of receptors (286), 

if the glycosylation status of Flt3 differs in pDC it is possible that these aspects of Flt3 

biology are also altered. Further experiments will be necessary to investigate not only the 

glycosylation status of Flt3 in DC subsets but also the immunological impact on DC 

function. These studies may be difficult to perform with primary cDC1 and pDC given 

their rarity, though this could be overcome with the use of bone marrow-derived DCs, 

assuming the same pattern of Flt3 expression is observed.  

 

Differences in Flt3 expression suggest differential requirements for Flt3/Flt3L signaling 

in DC subsets. In line with this hypothesis, cDC2-produced Flt3L is essential for the 

maintenance of splenic cDC2 suggesting that this DC subset requires preferential 

autocrine access to Flt3L and as a result, Flt3 signaling (20). While it is well known that 

Flt3 signaling regulates cDC and pDC development, the role for Flt3 in terminally 

differentiated DC is less clear. It has been suggested that Flt3 signaling regulates the 

division of terminally differentiated peripheral cDC, with Flt3-/- cDC incorporating less 

BrdU in comparison to wildtype cDC (3). In contrast, Flt3-/- pDC proliferate to the same 

extent as their wild type counterpart (3). This again hints towards differential 

requirements of Flt3 signaling in DC subsets. Further to this, when bone marrow-derived 

DCs are treated with a Flt3 tyrosine kinase inhibitor (CEP-701) they undergo apoptosis 

to a greater extent than untreated DCs (159). This suggesting Flt3 promotes the survival 

of differentiated DCs, though further experiments are required to assess the impact on 

primary cDC and pDC. Therefore, the differences in Flt3 expression we observed in this 

thesis may allow DCs to finetune signaling and regulate DC numbers in the periphery.  
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Besides differential Flt3 expression at steady state, our work also indicates Flt3 is 

regulated during DC activation. DC undergo many changes during their activation to 

promote relevant antigen peptide presentation and T cell activation (9). It is possible that 

changes in Flt3 expression could increase DC responsiveness to Flt3L which could 

promote their survival and T cell priming potential. In support of this, increased Flt3L 

responsiveness has been observed in Flt3+ and Flt3- progenitor cells overexpressing Flt3 

(1). Similarly, when Flt3 signaling is inhibited reduced T cell stimulation is observed in 

mixed leukocyte reactions (159).  

 

At the time of writing this, 7 clinical trials utilizing Flt3L were underway (as registered 

on ClinicalTrials.gov). Despite the strong interest in exploiting the Flt3/Flt3L signaling 

pathway for immunotherapy and vaccination, the regulation of Flt3 in DCs has largely 

been neglected. Besides characterizing the expression of Flt3, this thesis used 

CRISPR/Cas9 genome-wide screens to identify novel Flt3 regulators. These regulators 

could be targeted to finetune Flt3 expression and potentially increase the efficacy of Flt3L 

treatment or alternatively decrease the impact of Flt3 signaling. The former will be 

particularly helpful where a boost in DC numbers is required to improve immune 

outcomes, such as patients with solid tumors. In support of this, improved tumor clearance 

is observed in advanced stages of indolent non-Hodgkin’s lymphoma patients treated with 

Flt3L, radiotherapy and poly I:C (40). Similarly, improved tumor clearance has been 

demonstrated in tumor bearing mice treated with Flt3L-secreting CAR-T cells (41). On 

the other hand, reducing Flt3 signaling may be useful where a reduction in DC numbers 

is required, for example in autoimmune diseases where elevated DCs are observed at sites 
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of inflammation, such as rheumatoid arthritis (287, 288). Indeed, mice with reduced Flt3 

signaling (due to a lack of Flt3L) are better protected from collagen-induced arthritis, a 

model for rheumatoid arthritis (289). Similarly, mice with experimental autoimmune 

encephalomyelitis (a model for multiple sclerosis) have reduced disease progression 

when treated with a Flt3 tyrosine kinase inhibitor (159). 

 

It is currently unclear how the new Flt3 regulators identified here impact Flt3 expression. 

Since Med25 has a described role in the Mediator Complex and USP22, along with 

ATXN7L3, are part of the SAGA complex, it is likely these two proteins regulate Flt3 at 

the transcriptional level. In agreement with this, we observed altered Flt3 mRNA in cells 

lacking Med25 or USP22. However, several questions remain to be answered: do Med25 

and USP22 regulate Flt3 transcription directly or indirectly? Which transcription factors 

recruit them to DNA? Given that we observe changes in other immunoreceptors in their 

absence, are they so-called “master regulators” of DC function? Since we observed 

changes in Flt3 expression during DC activation, do the expression of these genes differ 

during DC activation? Finally, the most important question remaining is the function of 

these genes in immunity. It is unlikely that the altered Flt3 expression observed in Med25 

and USP22 knockout DCs will impact DC function in vitro given Flt3-/-  cDC1 and cDC2 

prime CD8+ T cells to a similar extent as wild type DCs (290). It has recently been 

demonstrated that Flt3 signaling promotes the expression of activation related genes in 

tumor-infiltrating cDC1 (291). This is thought to improve cDC1 and CD8+ T cell 

infiltration and anti-tumor responses (291). Therefore, future studies exploring the role 

of Med25 and USP22 should rely not only on in vitro assays but also on in vivo assays in 

conditional knockout mice to fully elucidate the role of these genes in T cell priming and 
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anti-tumor responses. Together, these studies could reveal novel tools for the 

manipulation of DCs.  

 

Flt3 mutations occur in ~30% of acute myeloid leukemia (AML) patients, making it one 

of the most common perturbations in hematological malignancies (6). The most common 

mutation is Flt3-internal tandem duplication (ITD). Flt3-ITD+ patients have poorer 

prognosis, overall survival, and increased risk of relapse in comparison to AML patients 

without the mutation (6). This suggests the mutation confers a leukemogenic advantage 

to cells. In cancer, DC function is usually altered to allow for immune evasion (7) 

therefore the impact of Flt3-ITD on DC function was investigated. We demonstrated 

elevated number of DCs in mice harboring Flt3-ITD, in agreement with previous studies 

(35). This is in contrast to studies which have demonstrated AML patients have reduced 

number of blood DC at diagnosis, though increased numbers are observed following 

remission (292). It has been suggested that Flt3-ITD promotes DC tolerance, due to Flt3-

ITD+ DCs inducing strong allogeneic T cell proliferation in addition to the elevated Tregs 

observed in Flt3-ITD bearing mice (35). To further investigate the impact of Flt3-ITD on 

DC function, we extended the analysis of previous studies to assess the ability of Flt3-

ITD expressing DC to stimulate antigen-specific T cells. This is particularly important 

given improved outcomes are correlated with increased leukemia-associated antigen 

specific CD8+ T cells in AML (293).   We found the mutation does not impact MHC I 

cross presentation of soluble or cell associated antigen. It does, however, significantly 

improve MHC II antigen presentation of soluble and cell-associated antigen. One caveat 

to this analysis is that due to rarity of WT cDC1, we were unable to compare WT cDC1 

subsets with Flt3-ITD cDC1 subsets. Therefore, we cannot directly delineate differences 
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that are due to the Flt3-ITD mutation from inherent differences in cDC1 subsets. One 

potential way to circumvent this issue in future, is to treat WT mice with Flt3L prior to 

isolating DCs. However, given Flt3L does not expand NC cDC1 to the same extent as 

Flt3-ITD it is unclear if similar numbers would be achievable. Furthermore, assessment 

of antigen presentation in this study was carried out in vitro and as such may not reflect 

in vivo immune responses. Future experiments could benefit from using a more relevant 

setting. For example, AML development requires two mutations and therefore DC 

function could be investigated in mice harboring Flt3-ITD in addition to a second 

mutation such as the AML/ETO fusion protein (294). Even better would be the 

characterization of Flt3-ITD+ DCs from AML patients in remission.  

 

 

 

Together, this will improve our understanding of how Flt3-ITD impacts DC function and 

assist in the therapeutically exploiting DCs for immunotherapy.  

 

Our investigations also led to new insights about the recently discovered noncanonical 

cDC1, also known as “CX3CR1+ CD8+” (35, 142), “CD8 look-alike”(143), “Axl+ 

Siglec6+ (AS DC/DC5)” (144, 295), “pre-DC” (145), and more recently “transitional DCs 

(tDCs)” (296). Gene expression analysis has demonstrated noncanonical cDC1 share 

features with both pDC and cDC (142, 144, 145, 295, 296). In this study, and in others 

(35), it was shown that noncanonical cDC1 are significantly expanded in Flt3-ITD mice. 

This presented us with the opportunity to extend their characterization. We found 

noncanonical cDC1 are unable to produce IL-12, in accordance with previous studies 
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(142, 296). In addition, for the first time, we demonstrated noncanonical cDC1 have 

reduced capacity to produce TNFα and IL-6 in comparison to canonical cDC1. Previous 

studies have shown noncanonical cDC1 are robust at stimulating allogeneic CD4+ T cell 

proliferation (142, 144, 145, 296), however, their role in antigen-specific T cell priming 

was unclear. Here, we show noncanonical cDC1 have elevated MHC II antigen 

presentation and while they can cross present soluble antigen, they have impaired cross 

presentation of cell-associated antigen.  

 

Given their recent discovery, the immunological function of noncanonical DCs remains 

elusive. It was initially suggested that noncanonical DCs are progenitor DCs (145), 

however, more recent analysis has demonstrated this is unlikely due to their dissimilarity 

with described progenitors in addition to their lymphoid features (296). It has been 

demonstrated that along with pDC, noncanonical DC accumulate in influenza-infected 

lungs (296). This, in addition to their unique phenotype, has led to the hypothesis that 

they may cooperate with pDC in antiviral immunity (296). Further work, possibly with 

mouse models specifically lacking noncanonical DC (296), is required to fully elucidate 

the function of these cells in immunity. This may reveal a new DC subset that can be 

targeted and manipulated for improved immunity. 

 

An alternative angle for DC manipulation is to target DC function. Given the central role 

of cross-presenting cDC1 in tumor clearance, it is unsurprising that most work has 

focused on MHC I-dependent CD8+ T cell priming. However, it is becoming increasingly 

apparent that effective immunotherapy also requires MHC II-dependent CD4+ T cell 

priming (297, 298). In contrast with its immunoprotective role, MHC II is also implicated 
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in autoimmunity (299, 300). In this thesis, the impact of MHC II ubiquitination on DC 

function and immunity was investigated. It is well known that the surface expression of 

MHC II in DCs is regulated by MARCH1-mediated ubiquitination (90, 93, 94, 100), 

therefore manipulation of this pathway could potentially alter immunity.  

 

Prior to this study, the impact of MHC II ubiquitination on immunity was controversial. 

We, and others, demonstrated MHC II ubiquitination impacts Treg development (110, 

113, 114) however conventional T cell are unaffected (110). In vitro antigen presentation 

studies had disparate outcomes and only focused on CD4+ T cell priming (100, 112, 115–

117). An irregular cell surface phenotype was observed in DCs lacking MHC II 

ubiquitination (95, 109, 115), which hinted these DCs may have an altered function. At 

the time of publishing this study, DCs lacking MHC II ubiquitination (MHC IIKRKI/KI) 

were reported to have impaired function (117). Kim et al., demonstrated reduced MHC II 

in vivo antigen presentation in response to OVA-CFA immunization, in addition to altered 

cytokine secretion (117). Importantly, this study did not investigate other aspects of DC 

biology, such as antigen uptake or proteolysis. Further to this, it was unclear if the defect 

in CD4+ T cell priming was specific to one form of antigen (OVA-CFA), or if there was 

a global defect in antigen presentation which affects all forms of antigen presentation to 

CD4+ and CD8+ T cells.  

 

In this thesis, we showed that MHC IIKRKI/KI mice have impaired CD4+ and CD8+ T cell 

priming to soluble, cell-associated, and DC-targeted antigen. In addition, we 

demonstrated that mice lacking MHC II ubiquitination have reduced CTL killing, 

follicular T helper (TFH) cell generation and antibody responses. This failed immunity 
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likely stems from MHC IIKRKI/KI mice having a reduced number of DCs which exhibit a 

dysfunctional phenotype. Indeed, in this thesis we showed altered cell surface phenotype, 

defective antigen proteolysis and cytokine secretion. Altered gene expression profile has 

also recently been demonstrated (117). We suggest these changes may be due to the 

excessive accumulation of MHC II at the cell surface, which leads to the disruption of 

plasma membrane and lipid raft structures (113), which are known to be important for 

antigen presentation (277, 278). Impaired immune responses could also be amplified by 

impaired B cell function, given B cell MHC II is also regulated by MARCH1 (92). 

Furthermore, while not yet investigated, it is possible that the MHC IIKRKI/KI  exhibit 

defects in antigen turnover or exchange which could contribute to impaired antigen 

presentation. While the mechanism behind these abnormalities remains to be uncovered, 

these studies demonstrate the importance of MHC II ubiquitination in regulating DC 

homeostasis. A therapeutic agent capable of interfering with MHC II ubiquitination might 

recapitulate the effects described in MHC IIKRKI/KI mice and dampen autoimmunity. 

Importantly, given MHC IIKRKI/KI mice have altered MHC I expression and function, it 

suggests that in addition to directly regulating MHC II, MARCH1 also indirectly 

regulates MHC I – a hypothesis we previously proposed (109). Therefore, any therapy 

targeting MHC II may also impact MHC I induced immunity.  

 

The concept of targeting the ubiquitin system to alter immunity is not new. In fact, 

numerous molecules that target the proteasome, E1 ubiquitin-activating enzymes, E2 

ubiquitin-conjugating enzymes, E3 ubiquitin ligases and deubiquitinating enzymes 

(DUBs) are in development or in use already (301, 302). For example, lenalidomide is a 

drug that has been approved for the treatment of multiple myeloma (303). It binds to and 
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activates cereblon (CRBN) E3 ligase complex (304), which targets transcription factors 

to the proteasome and promotes multiple myeloma cell cytotoxicity (305, 306). 

Interestingly, lenalidomide has been implicated in the regulation of MARCH1 in DCs 

(307). Monocyte-derived DCs generated in the presence of the drug have elevated MHC 

II and CD86 in addition to reduced Marchf1 transcription (307). This phenotype leads to 

reduced T cell proliferation in mixed leukocyte reactions, similar to the reduced T cell 

priming we observed in this thesis with MHC IIKRKI/KI DC. Due to its pleiotropic effects, 

lenalidomide may not be the best drug to specifically target MHC II ubiquitination, 

however, it does clearly illustrate the therapeutic potential of targeting ubiquitination for 

immunity.  

 

In conclusion, this thesis has utilized biochemical, immunological and advanced genomic 

analyses to advance the understanding of DC biology. We have characterized the 

expression of Flt3 and Flt3-ITD and have demonstrated the latter alters DC function. In 

addition, novel genetic machinery responsible for regulating Flt3 expression was 

identified. Finally, using mice lacking MHC II ubiquitination, we clearly demonstrated 

that MHC II ubiquitination controls DC function and shapes immune responses. Together 

this work will assist in the manipulation of DCs in vaccines for infection and cancer.  
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Abstract
Dendritic cells (DCs) are essential for initiating immune responses. Depending on the 

environment, the type of DC and the way in which it interacts with T cells; these immune 

responses can be beneficial or detrimental. DCs can be exploited as cellular vectors for 

vaccines against infection and cancer. The development and maintenance of DCs is 

dependent on the FMS-like tyrosine kinase 3 (Flt3)/Flt3 ligand (Flt3L) signaling cascade. 

Flt3 is also one of the most commonly mutated genes in leukemia and as such 

represents an attractive drug target. In this review, Flt3 is discussed with a particular A
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focus on DCs. We detail the lifecycle of Flt3, from transcription to degradation, and 

interrogate recent studies as to how this pathway can be manipulated for immunotherapy, 

vaccination and treatment of autoimmune disease. 

Introduction 
An exciting advance to immunotherapy against infection, cancer and autoimmunity is to 

exploit the biology of dendritic cells (DCs).1 DCs are unrivalled in their ability to acquire, 

process and present antigenic peptide to T cells. Discovered in 1973,2 they are a 

functionally and phenotypically heterogenous population of cells that are widely 

distributed throughout the body. Under steady state conditions, DCs are well-equipped at 

acquiring and processing antigen but poor at inducing immunity. Interactions between 

immature DCs and naïve T cells can lead to tolerance, are important in shaping T cell 

development in the thymus and maintaining T cell populations in the peripheral lymphoid 

organs. Upon encounter with inflammatory stimuli DCs undergo maturation. Inflammatory 

stimuli include pathogen associated molecular patterns (PAMPs) which are recognized 

by pattern recognition receptors (PRRs) on DCs in addition to inflammatory cytokines.3 

Mature DCs have elevated MHC, costimulatory molecules and inflammatory cytokines 

and migrate to T cell zones of secondary lymphoid organs where they can initiate 

immune responses. DC interaction with T cells can be a double-edged sword, with DCs 

capable of not only initiating immune responses against non-self but also initiating 

autoimmunity.  

To manipulate DCs in clinical settings, it is important to understand the major signaling 

cascade that generates these cells - FMS-like tyrosine kinase 3 (Flt3)/Flt3 ligand (Flt3L). 

Indeed, years of studies into Flt3 have revealed it is essential in DC development and 

maintenance and is a tool commonly employed to manipulate the number of DCs in vitro 

and in vivo. More recently, focus has shifted to how this pathway can be manipulated for 

effective immunotherapy. In this review, we discuss the lifecycle of Flt3, including its 

transcription, intracellular trafficking, signaling and degradation. Understanding the 

biology of Flt3/Flt3L is important to create new avenues for the clinical manipulation of 

this pathway and exploitation of DCs. Finally, we highlight recent efforts that exploit Flt3 

in immunotherapy and vaccination. A
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FMS-like tyrosine kinase 3 (Flt3) receptor 
The Flt3 gene encodes a type III receptor tyrosine kinase in the same family as 

macrophage colony-stimulating factor (M-CSF) receptor (M-CSFR), mast/stem cell 

growth factor receptor (SCFR/c-KIT/CD117) and platelet-derived growth factor receptors 

A and B (PDGFR-A and -B). These receptors share a similar structure with five 

extracellular immunoglobulin-like domains, one transmembrane domain, one 

juxtamembrane domain and two tyrosine kinase domains (Figure 1). Flt3 expression is 

restricted to hematopoietic stem cells and DCs.4 

Flt3 ligand (Flt3L) 
The ligand for Flt3 is Flt3 ligand (Flt3L), a type I transmembrane protein in the same 

family as the ligands for SCFR and M-CSFR. It comprises five extracellular domains, a 

transmembrane domain and a cytosolic tail (Figure 1). There are three main isoforms of 

Flt3L. The first isoform, found in both humans5,6 and mice,7 is cleavable membrane-

bound Flt3L which can form soluble Flt3L. Flt3L can also be generated as a soluble 

protein which lacks a membrane anchor.5–7 This occurs due to an early stop-codon which 

is introduced into Flt3L due to exon skipping. The last isoform is membrane-tethered and 

cannot be cleaved.8 Similar to soluble Flt3L, membrane-tethered Flt3L occurs due to 

alternative splicing and results in a protein that lacks the cleavage site. While all forms 

are biologically active, the abundance of each differs between species. In humans, the 

most common form is the cleavable membrane-bound Flt3L,8 whereas in mice the most 

common form is the membrane-tethered Flt3L.5,8 It is currently unclear whether the 

different isoforms perform different functions. 

In contrast to the Flt3 receptor, Flt3L mRNA is expressed by most hematopoietic and 

non-hematopoietic tissues.5,7 Even so, in healthy individuals serum Flt3L levels are low.9 

The non-hematopoietic sources have not been studied extensively; however, for the 

hematopoietic source it has been shown that CD4+ T cells secrete Flt3L.10 When lethally 

irradiated Flt3L-/- mice are reconstituted with bone marrow from mice lacking T cells 

(CD3ɛ-/-) there is a significant reduction in serum Flt3L in comparison to Flt3L-/- mice 

reconstituted with wild type bone marrow.10 In particular, CD4+ T cells were found to A
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secrete higher amounts of Flt3L than CD8+ T cells when stimulated ex vivo with anti-

CD3ɛ and anti-CD28 antibodies.10 In T cells, Flt3L is stored intracellularly and colocalizes 

with Golgi-resident proteins.9,11 Trafficking to the cell surface can be induced by cytokines 

which signal through the common γ receptor chain though the mechanism involved is 

unclear.11 The metalloprotease TNFα converting enzyme (TACE/ADAM17) cleaves 

membrane-bound Flt3L to soluble Flt3L.12 

Recently, there has been evidence of additional hematopoietic sources of Flt3L during 

steady-state conditions. Whilst not as highly expressed as in T cells, Flt3L is detected in 

conventional DC (cDC) subset 2 (cDC2) with low levels of soluble Flt3L detected in 

primary murine cDC2 cultures. The metalloprotease responsible for cleaving cDC2 Flt3L 

is a disintegrin and metalloproteinase 10 (ADAM10).13 Mice lacking ADAM10 specifically 

in DCs have increased surface cDC2 Flt3L, reduced serum Flt3L and significantly 

reduced splenic cDC2 (defined as CD11b+ CD4+ ESAM+).13 This is the first paper to 

provide evidence for differential roles of Flt3L isoforms, with cleaved soluble Flt3L, not 

membrane-bound or tethered, required for the development and maintenance of ESAM+ 

cDC2. It is currently unclear why splenic cDC2 preferentially require soluble Flt3L, though 

it has been suggested this improves accessibility of the ligand.13

The lifecycle of Flt3 
Transcription

Flt3 is regulated by a number of transcription factors. In DC progenitors, including 

common myeloid, lymphoid and DC progenitors, the transcription factor PU.1 (Sfpi1) 

promotes Flt3 expression by directly binding to the Flt3 promoter.14 As a result, 

progenitors lacking this transcription factor have reduced DC developmental potential. 

Flt3 expression is also enhanced by the transcription factor homeobox A9 (HOXA9), 

which has been shown to bind directly to the promoter of Flt3.15 While mice lacking 

HOXA9 have reduced Flt3+ progenitors, there are no changes to the DC lineage, indeed 

the number of bone marrow cDC and plasmacytoid DC (pDC) are unaltered.16 It is 

unknown if HOXA9 maintains the steady-state level of Flt3 in terminally differentiated 

DCs. Flt3 is also enhanced by CCATT/enhancer binding protein alpha (C/EBPα) and Myb 

in acute myeloid leukemia cells, with their knockdown decreasing Flt3 expression. 17 DC A
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development is dependent on C/EBPα; however, it is not a requirement for survival or 

function of terminally differentiated DCs. Similarly, Myb regulates hematopoiesis and 

conditional deletion of this transcription factor in haematopoietic stem cells ablates bone 

marrow cellularity. Reduced Flt3 on progenitor cells has been observed in Myb 

conditional deletion mice.18 It is unclear whether C/EBPα and Myb regulate Flt3 in DCs. 

In contrast, Flt3 transcription is repressed by the transcription repressor Hes family BHLH 

transcription factor 1 (Hes1) which binds to the Flt3 promoter.19 Mice lacking Hes1 have 

impaired T cell development and lack a thymus.20 It is unclear whether Flt3 is regulated 

by Hes1 in DCs; however, progenitor cells lacking this transcription factor have a 

developmental bias towards myeloid and DC development.20 Flt3 suppression also 

occurs due to paired box protein 5 (Pax5), which binds the Flt3 promoter in pro-B cells.21 

This is critical for B cell development.21 It is unclear whether Pax5 regulates steady-state 

expression of Flt3 in DCs.

Trafficking to the cell surface 

Given that endogenous expression of Flt3 in terminally differentiated cells is restricted to 

DCs, surprisingly little is known about its intracellular biology in this cell type. Most of 

these studies have been carried out in irrelevant cell lines, often over expressing Flt3. 

Nevertheless, once transcribed and translated the Flt3 receptor behaves similar to other 

receptor tyrosine kinases (Figure 2). It transits to the cell surface as a monomer which is 

N-linked glycosylated as confirmed by N-glycosidase F (PNGase F) digestion.22 Once at 

the cell surface, and bound to the ligand, dimerization occurs. In support of this, when 

cells are treated with Flt3L, Flt3 can be detected as a species of ~360kDa (representative 

of 2 monomers bound to the 30kDa Flt3L).23 Flt3L stimulation promotes Flt3 

phosphorylation, indicative of activation.24

Flt3/Flt3L signaling 

Once activated, Flt3 signals via mitogen-activated protein kinase (MAPK), 

phosphatidylinositol 3 kinase (PI3K) and signal transducers and activators of transcription 

3 (STAT3) pathways (Figure 3). Flt3 signaling is also implicated in the indirect regulation 

of other signaling pathways given that in the absence of Flt3, DCs and their progenitors 

are more responsive to other growth factors (such as M-CSF and stem cell factor) and 

can activate additional pathways.25 The MAPK pathway is implicated in Flt3 signaling in A
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different cell lines overexpressing wild type Flt3. Once stimulated with Flt3L, increased 

activation of SHC adaptor protein 1 (SHC) and extracellular signal-related kinase 

(ERK)1/2 is observed.26 While this likely occurs in DCs, it has yet to be shown. The PI3K 

pathway is also implicated in Flt3 signaling. Flt3-mediated PI3K activation has been 

demonstrated in DCs.27 Indeed, in vivo administration of Flt3L leads to increased 

phosphorylation of ribosomal protein S6 kinase beta-1 (S6K) in splenic cDCs. Congruent 

to this, global or DC-specific deletion of phosphatase and tensin homolog (PTEN), an 

inhibitor of AKT and downstream of PI3K signaling, leads to an increase in the number of 

DCs suggesting an important role of Flt3L-induced PI3K signaling in DC regulation.27 

Finally, activation of STAT3 is critical for DC development and occurs following Flt3L 

stimulation.28 Consequently, mice lacking STAT3 in hematopoietic cells have fewer DCs 

which cannot be rescued by Flt3L treatment.28 Similarly, forced expression of STAT3 

leads to increased DC developmental potential.29  

Flt3 degradation 

Once activated, Flt3 internalizes and degrades as quickly as 5 and 20 minutes 

respectively.23 Internalization of Flt3 from the cell surface is likely regulated by 

ubiquitination. Much of our current understanding of Flt3 ubiquitination has come from 

studies in transformed cell lines overexpressing Flt3, with little information for DCs. 

Nevertheless, these studies have revealed an attractive candidate for Flt3 ubiquitination – 

the Casitas B-lineage lymphoma (Cbl) family. Cbl was first implicated in Flt3 signaling 

when their phosphorylation was increased in transformed cell lines stimulated with 

Flt3L.30 Studies using c-Cbl and Cbl-b mutant mice have further implicated these E3 

ligases in Flt3 regulation. Mice harboring a mutation in the RING domain of c-Cbl (c-CblA/-

) have increased Flt3 expression and signaling in LSK (Lin- SCA-1+ c-Kit+) cells and 

develop lethal myeloid leukemia.31 Increased Flt3 expression and signaling is lost when 

c-CblA/- mice are crossed to Flt3L-/- mice.31 It is currently unclear as to whether the Cbl 

family regulates DC development and/or Flt3 expression in DCs. Once internalized, 

sorting of Flt3 into late endosomes is dependent on late endosomal/lysosomal adaptor 

and MAPK and mTOR activator 2 (LAMTOR2).32 As a result, mice lacking LAMTOR2 

have increased Flt3 expression and signaling in DCs and increased DC progenitors.32 A
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Flt3 and DC development 
Single cell analysis has revealed the development of terminally differentiated DCs is a 

continuous process whereby progenitor cells progressively differentiate.33 DC 

development is dependent on Flt3/Flt3L signaling. As such, all cells that differentiate into 

cDCs and pDCs express Flt3.34,35 Surface expression of Flt3 differs, with the highest 

expression observed for splenic cDC1 and the lowest for pre-cDC1 and pre-cDC2.36 It 

should be noted that not all DCs rely on Flt3. Indeed, Langerhans cells, an epidermal-

resident DC, are unaffected by loss of Flt3 signalling,37 indicating their establishment and 

maintenance is Flt3-independent. The critical role of Flt3 in cDC and pDC development 

has been reinforced by studies overexpressing Flt3.29 Onai and colleagues showed Flt3- 

hematopoietic progenitors, such as the megakaryocyte erythrocyte progenitor, MEP, 

cannot produce cDC or pDC irrespective of Flt3L stimulation. However, upon Flt3 

introduction, these progenitors can give rise to cDC and pDC.29 Further to this, lethally 

irradiated mice have reduced cDCs and pDCs following reconstitution with Flt3L-/- bone 

marrow. Similarly, lethally irradiated Flt3L-/- mice reconstituted with wild type bone 

marrow have reduced cDCs and pDCs.10 This not only demonstrates the importance of 

Flt3 signaling in DC development but also highlights the importance of hematopoietic 

sources of Flt3L, particularly CD4+ T cells. Further evidence of the critical role of Flt3 in 

haematopoietic development comes from studies showing an increase in DC and 

progenitor number when Flt3L is administered to mice35,38,39 or humans.40 Other growth 

factors, such as granulocyte colony-stimulating factor (G-CSF) increase DC numbers; 

however, they are incapable of expanding DCs to the same extent as Flt3L.38 Although 

increased cellularity is not observed in the bone marrow of Flt3L treated mice, there is an 

increase in the number of B cell and DC precursors and their mobilization.39 In support of 

this, when Flt3L-treated and untreated splenocytes are depleted of cDCs and transferred 

into irradiated recipients there is an increase in DCs originating from Flt3L-treated 

splenocytes.39 This is indicative of increased DC progenitors in Flt3L-treated spleens.

A greater understanding of Flt3 signaling on hematopoiesis has been gained from mice 

lacking Flt3 (Flt3-/-)41 or Flt3L (Flt3L-/-).42 Initially Flt3-/- mice were described to have no 

changes in cellularity with the exception of reduced bone marrow B cell progenitors.41 

However, more recent analysis using complex multicolor immunophenotyping has A
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revealed additional decreases in lymphoid39 and nonlymphoid37 DCs. A similar, albeit 

more severe, phenotype is observed in Flt3L-/- mice. Mice lacking Flt3L-/- have reduced 

DC progenitors.42 In addition, significant reductions in lymphoid25,39,42 and non-lymphoid 

DCs37 are observed. Flt3L-/- mice also have reduced natural killer (NK) cells.42 This 

indicates Flt3 signaling regulates early progenitor cells involved in the differentiation of a 

number of lineages. In competitive bone marrow transplantation experiments Flt3-/- bone 

marrow cells are unable to reconstitute DCs39 and other lineages39,41 to the same extent 

as wild type bone marrow. In addition, by assessing bromodeoxyuridine (BrdU) 

incorporation into Flt3-/- and wild type splenic DCs, Waskow et al. demonstrated that Flt3-/- 

DCs in the periphery are unable to proliferate to the same extent as their wild type 

counterparts.39 Therefore, Flt3 signaling regulates not only the differentiation and 

mobilization of progenitor DCs, but also plays a role in the homeostatic division of cDCs 

in peripheral lymphoid organs. More recent analysis suggests that while the earlier 

stages of cDC1 development require Flt3 signalling, the final stage is independent of this 

pathway.36 Similar proportions of cDC1 are generated when purified splenic pre-cDCs 

(CD11c+ MHC IIint Flt3+ SiRPαint) were cultured in vitro with feeder cells with and without 

Flt3L. This is in contrast to cDC2, that are significantly reduced in the absence of Flt3L.36 

This is surprising given cDC1 express higher Flt3 than cDC2,36 and suggests Flt3 may 

play other important roles in cDC1.

Flt3 and immune responses 
Flt3-mediated DC homeostasis is important for regulating normal immune responses, 

mainly due to its indirect effect on T cell homeostasis. DC numbers highly correlate with 

regulatory T cell (Treg) numbers. Flt3L administration increases Tregs and Flt3 depletion 

reduces Tregs.43,44 This relationship is observed in humans, with Flt3L treatment causing 

significant expansion of Tregs.45 Alterations to T cell compartments are independent of 

thymic Treg production as Flt3L administration increases splenic Tregs in thymectomized 

mice.43 DCs regulate Treg proliferation in the periphery.43–45 Given the relationship 

between DCs and Tregs, aberrant DC Flt3 signaling may alter immunosurveillance in 

cancer.46
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Serum Flt3L levels, and as a result DC and T cell numbers, vary during different diseased 

states. Dramatic increases in serum Flt3L is often observed in conditions of decreased 

progenitors, for example patients undergoing high-dose chemotherapy.9 Increased Flt3L 

is also evident at inflammation sites, such as following Plasmodium infection.47 While 

CD4+ T cells and cDC2 may be responsible for steady-state levels of Flt3L, this may not 

be the case in the presence of reduced hematopoietic progenitors, inflammation or 

infection. Indeed, mast cells, not CD4+ T cells, are a major source of Flt3L during 

Plasmodium infection.47 Similarly, in cancer, natural killer (NK) cells produce Flt3L at the 

tumor site.48 Increases in Flt3L during infection and cancer play important protective roles 

by expanding DCs capable of presenting exogenous antigen by MHC I (cross-presenting 

cDC1) and improving CD8+ T cell responses.

Exploiting Flt3/Flt3L signaling in immunotherapy and vaccination
There is significant interest in exploiting DCs in tumor immunotherapy. This is because of 

their excellent ability to capture and present antigen, in addition to trafficking to T cell 

zones. Unfortunately, harnessing the power of DCs has proved difficult due to their rare 

number in healthy and malignant tissues. Indeed, assessment of tumor infiltrating 

immune cells shows DCs to be the rarest cell type.49,50 Whilst the number of tumor 

infiltrating DCs (TIDs) may be small, the role they play in tumor clearance is anything but. 

Cross-presenting cDC1 (CD141+/BDCA3+ in humans and CD103+ in mice) are essential 

in solid tumor clearance. Mice lacking cross-presenting DCs (Batf3-/-) have decreased 

CD8+ T cell recruitment and increased tumor burden following tumor inoculation.50,51 

Similarly, high expression of BDCA3+-related gene expression in melanoma correlates 

with increased overall patient survival.48 This dramatic phenotype is due to an increase in 

CD8+ T cell activation and infiltration.51 Indeed, while a number of tumor-infiltrating 

immune cells, such as macrophages, can capture tumor-associated antigen, only cross-

presenting TIDs are able to traffic to, and activate, CD8+ T cells in the tumor and at tumor 

draining lymph nodes.49,50 The normal number of TIDs is reliant on Flt3L production by 

NK cells, with a decrease in cross-presenting TIDs in mice lacking NK cells.48 In 

agreement with this, the number of NK cells correlates with Flt3L gene expression and 

BDCA3+ DC numbers in human melanoma.48A
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The Flt3/Flt3L signaling cascade is being targeted to manipulate the number of cross-

presenting TIDs to improve anti-tumor immune responses. Administration of Flt3L to mice 

and humans significantly expands cross-presenting TIDs and their progenitors.49,50,52,53 

This promotes anti-tumor immunity in mice with solid tumors.53,54 Improved outcomes 

occur when Flt3L is used together with a stimulatory agent and checkpoint inhibitors. 

Mice treated with Flt3L in combination with poly I:C (TLR3 agonist), mAb specific for 

programmed cell death-1 (PD1) with and without irradiation have significantly reduced 

primary and secondary tumor growth and increased survival.49,52,55 This phenotype is 

reliant on cross-presenting CD103+ DC and CD8+ T cells.49,52 The former is essential for 

anti-PD1 therapy.55 Including Flt3L in combination therapy appears promising in clinical 

trials, with increased tumor regression in B cell lymphoma patients treated with Flt3L, 

irradiation and poly I:C.52

Adoptive T cell transfer (ACT) is an immunotherapy where patients are infused with T 

cells that are expanded in vitro. Importantly, these T cells can be genetically modified to 

improve their anti-cancer efficacy. For example, chimeric antigen receptor (CAR) T cells 

are engineered to express receptors specific for tumor antigens. In mice reconstituted 

with Batf3-/- bone marrow, adoptively transferred T cells were unable to migrate to the 

tumor site.51 However, once reconstituted with activated DCs, this phenotype was 

rescued.51 It is therefore possible that Flt3L, in combination with a TLR agonist, could 

potentiate ACT. Indeed, increased proliferation of adoptively transferred OT-I cells occurs 

in B16-OVA bearing mice treated with Flt3L and poly I:C.49 CAR T cells have been 

engineered to express and secrete Flt3L.53 Lai and colleagues demonstrate Flt3L-CAR T 

cells improve tumor clearance, especially in combination with poly I:C and anti-4-IBB. 

This is dependent on cDC1, with no significant reduction in tumor size observed in Batf3-/- 

mice. Importantly, Flt3L-CAR T cell therapy increases the host anti-tumor response with 

an increase in endogenous DC and T cells. In addition, improved host TCR diversity is 

observed. As a result, when mice are rechallenged with tumors lacking antigen, anti-

tumor responses are improved.  

Flt3/Flt3L signaling has been exploited for vaccines against infection. Incorporation of 

Flt3L into vaccines against infectious agents can enhance immunity by increasing DC A
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numbers and infiltration. Following subcutaneous immunization with DC-targeted antigen 

there is an increase in serum Flt3L alongside alterations in DC composition in skin-

draining LNs.56 Mice treated with Flt3L during immunization display increased antigen 

uptake, and upon antigen recall, improved CD4+ T cell interferon gamma (IFN 

production, CD4+ T cell expansion and increased serum IgG. In addition, Flt3L treatment 

expands CD8- CD24+ precursors of cDC1.57 Mice vaccinated with these DC precursors 

prior to viral infection have increased specific memory T cell expansion and decreased 

viral load in comparison to mice vaccinated with cDC1.57 During early stages of influenza 

A virus infection, there is a decrease in Flt3L and cDCs, impacting immune outcomes.58 

By treating mice with a Flt3L-encoding plasmid prior to infecting with influenza, Beshara 

and colleagues exploited the Flt3/Flt3L signaling pathway and effectively increased the 

number of DC progenitors and lung DCs, in addition to reducing the number of tissue-

damaging inflammatory monocytes. This strategy protected mice against secondary 

bacterial infections.58 

Flt3 and autoimmunity 
While increased Flt3/Flt3L signaling may be desirable during infection and cancer, a 

genome-wide association study of more than 30,000 autoimmune thyroid disease (AITD) 

cases highlights this pathway can also elicit autoimmune disease.59 Saevarsdottir and 

colleagues identified an intron variant of Flt3 impacting AITD, systemic lupus, rheumatoid 

arthritis (RA) and coeliac disease risk.59 The intron variant has a premature stop codon 

predicted to generate a truncated non-functional protein. The reduction in Flt3 correlates 

with increased serum Flt3L and expansion of myeloid cells, indicative of a positive 

feedback loop between Flt3 receptor and ligand.59 This is the first study to detail a 

germline mutation in Flt3 leading to increased risk of autoimmunity. Increased Flt3L is a 

well-established hallmark of autoimmunity. Indeed, RA patients not only exhibit increased 

serum Flt3L but also significantly increased Flt3L in the synovial fluid of their joints, where 

most inflammation and tissue damage is observed.60 It is hypothesized that increased 

Flt3L exacerbates autoimmunity in RA. In support of this, increased arthritis pathogenesis 

is observed in mice administered with Flt3L.60 
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In contrast, Flt3/Flt3L signaling can dampen autoimmunity via expansion of Tregs. Flt3L 

pre-treatment prevents death due to graft-versus-host-disease (GVHD) and protects mice 

against type 1 diabetes and inflammatory bowel disease.43,44 In part this is due to 

increased cDC1s with protection lost when Tregs are depleted.44 Unsurprisingly, the 

relationship between Tregs and DCs is also observed in mice harboring Flt3-ITD 

mutations, with progressively increased Tregs in Flt3ITD/+ and Flt3ITD/ITD mice.46 Indeed, 

when Tregs are selectively depleted with diphtheria toxin in Flt3ITD/+FoxP3DTR-GFP or 

Flt3+/+FoxP3DTR-GFP mice, there was faster reconstitution of Tregs in Flt3ITD/+ mice.46 

Conclusion
Since its discovery, the Flt3/Flt3L signaling cascade has proved to be one of the most 

important pathways for the development and maintenance of DCs. Recent clinical 

strategies aim to use this pathway to exploit DCs to shape immune responses for desired 

outcomes. This is proving particularly useful in cancer treatment as our understanding of 

tumor infiltrating immune cells and their role in cancer progression and clearance grows. 

Given the relationship between DCs and Tregs, manipulating the Flt3/Flt3L cascade may 

also prove useful in the context of autoimmune disease. Currently, clinical strategies rely 

upon administration of recombinant Flt3L. Improving understanding of the biology of Flt3 

in DCs would enable more sophisticated approaches, including the use of small molecule 

pharmaceuticals. To do this, further understanding of the transcription, trafficking and 

regulation of Flt3 in DCs, and their progenitors, is required, research that to date, has 

largely been neglected. Attention to this important aspect of DC biology will reveal novel 

targets for regulating DCs in healthy and malignant settings. 
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Figure Captions 
Figure 1. Schematic of the structure of Flt3 and Flt3L. Flt3 comprises five extracellular 

immunoglobulin (Ig)-like domains at the N-terminus. These are followed by one 

transmembrane (TM) domain and a juxtamembrane (JM) domain. The C-terminus 

comprises 2 tyrosine kinase domains. The most common mutation in the Flt3 gene is the 

internal tandem duplication (ITD), where an in-frame duplication of exons 14 and 15 is 

present in the JM domain. Membrane-bound Flt3L comprises of 5 extracellular domains, 

one TM domain and one cytosolic tail (CT). The arrow indicates cleavage site to form 

soluble Flt3L.

Figure 2. Schematic of the trafficking of Flt3. Flt3 is transcribed and translated as a 

monomer which traffics to the cell surface. During this journey it is glycosylated. Once at 

the surface, it binds to Flt3L which promotes dimerization and phosphorylation of Flt3. A
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Flt3 internalizes quickly and is degraded by either/or both the lysosomal and proteasomal 

degradation pathways.

Figure 3. Signaling pathways induced by activated Flt3. Flt3 signals through 3 pathways 

–MAPK (pink), STAT3 (blue) and PI3K (green). Dashed arrows indicate pathways that 

have only been demonstrated using transformed cell lines (not DCs) whereas solid lines 

indicate pathways confirmed in DCs or DC progenitors. 
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Appendix 2 

Genes enriched in Brie CRISPR/Cas9 genome wide screen Flt3lo samples sort 1.  

 
#  gene FDR p value LFC 

1 Flt3 0.000309 2.52E-07 2.887 

2 Cbfb 0.000309 2.52E-07 2.3517 

3 Arih1 0.000309 2.52E-07 2.1677 

4 Pagr1a 0.000309 2.52E-07 1.8764 

5 Ep300 0.000309 2.52E-07 1.8003 

6 Kmt2c 0.000309 2.52E-07 1.7347 

7 Runx3 0.000309 2.52E-07 1.6758 

8 Nf1 0.000309 2.52E-07 1.6627 

9 Mau2 0.000309 2.52E-07 1.6439 

10 Paxip1 0.00409 4.78E-06 1.5959 

11 Flcn 0.000309 2.52E-07 1.54 

12 Adnp 0.003825 4.28E-06 1.5065 

13 Fbxl14 0.000309 2.52E-07 1.4652 

14 Ahr 0.000309 2.52E-07 1.4184 

15 Cnot11 0.000309 2.52E-07 1.4112 

16 Nmt1 0.000309 2.52E-07 1.3751 

17 Atxn7l3 0.045455 7.62E-05 1.3598 

18 Runx1 0.000309 2.52E-07 1.29 

19 Usp22 0.012907 1.84E-05 1.2061 

20 Tnfrsf8 0.004332 5.28E-06 1.1253 

21 Gnai2 0.002723 2.77E-06 1.1155 

22 Fam49b 0.000309 2.52E-07 1.1059 

23 Klhl10 0.031848 4.86E-05 1.0883 

24 Keap1 0.000874 7.55E-07 1.0449 

25 Bcor 0.011918 1.59E-05 1.0182 

26 Fam193a 0.033057 5.21E-05 1.0146 

27 Asxl2 0.020997 3.09E-05 1.0077 
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Appendix 3 

Genes enriched in Brie CRISPR/Cas9 genome wide screen Flt3lo samples sort 2.  
# gene FDR p value  LFC 

1 Flt3 0.00033 2.52E-07 4.1242 

2 Cbfb 0.00033 2.52E-07 2.9796 

3 Arih1 0.00033 2.52E-07 2.7213 

4 Pagr1a 0.00033 2.52E-07 2.6398 

5 Paxip1 0.000928 7.55E-07 2.4543 

6 Flcn 0.00033 2.52E-07 2.3511 

7 Mau2 0.00033 2.52E-07 2.2275 

8 Kmt2c 0.00033 2.52E-07 2.1618 

9 Runx3 0.00033 2.52E-07 2.0864 

10 Ube2m 0.002038 1.76E-06 2.084 

11 Adnp 0.00033 2.52E-07 2.0729 

12 Fbxl14 0.00033 2.52E-07 1.9433 

13 Ep300 0.017777 1.99E-05 1.9222 

14 Nf1 0.00033 2.52E-07 1.9181 

15 Ahr 0.00033 2.52E-07 1.7693 

16 Cnot11 0.005472 5.28E-06 1.7075 

17 Lamtor4 0.011634 1.18E-05 1.7047 

18 Runx1 0.00033 2.52E-07 1.6803 

19 Asxl2 0.005472 5.28E-06 1.6049 

20 Nmt1 0.00033 2.52E-07 1.5029 

21 Fam193a 0.015323 1.64E-05 1.3993 

22 Fam49b 0.00033 2.52E-07 1.2504 
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Appendix 4 

Genes enriched in Brie CRISPR/Cas9 genome wide screen Flt3hi samples sort 1.  

 
#  gene FDR P value  LFC 

1 Carm1 0.00099 2.52E-07 1.2669 

2 Rhog 0.00099 2.52E-07 1.5257 

3 Tcf7l2 0.00099 2.52E-07 1.6618 

4 Med25 0.00099 2.52E-07 2.1183 

5 Trp53 0.010608 3.77E-06 1.2054 

6 Hes1 0.019183 7.80E-06 1.1008 

7 Prex1 0.038119 1.94E-05 1.1775 
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Appendix 5 

Genes enriched in Brie CRISPR/Cas9 genome wide screen Flt3hi samples sort 2.  
# gene FDR P value LFC 

1 Med25 0.000165 2.52E-07 3.4241 

2 Tcf7l2 0.000165 2.52E-07 2.3448 

3 Rhog 0.000165 2.52E-07 2.3313 

4 Arpc5 0.000165 2.52E-07 2.2988 

5 Trp53 0.000165 2.52E-07 2.2367 

6 Rcor1 0.000165 2.52E-07 2.1369 

7 Carm1 0.000165 2.52E-07 1.5874 

8 Dek 0.000165 2.52E-07 1.3919 

9 Elf4 0.000165 2.52E-07 1.2765 

10 Epc1 0.000165 2.52E-07 1.7871 

11 Hes1 0.000165 2.52E-07 1.955 

12 Jmjd6 0.000165 2.52E-07 1.6495 

13 Kmt2d 0.000165 2.52E-07 1.1122 

14 Marcks 0.000165 2.52E-07 1.0614 

15 Mbd2 0.000165 2.52E-07 1.567 

16 Mta2 0.000165 2.52E-07 1.4052 

17 Mxi1 0.000165 2.52E-07 1.2518 

18 Nckap1l 0.000165 2.52E-07 1.2602 

19 Pcnxl3 0.000165 2.52E-07 1.3463 

20 Prex1 0.000165 2.52E-07 1.7346 

21 Rara 0.000165 2.52E-07 1.3856 

22 Rxra 0.000165 2.52E-07 1.4642 

23 Ssr2 0.000165 2.52E-07 1.2364 

24 Suv39h1 0.000165 2.52E-07 1.59 

25 Suv420h1 0.000165 2.52E-07 1.5461 

26 Tm2d3 0.000165 2.52E-07 1.4425 

27 Tsc22d2 0.000165 2.52E-07 1.3297 

28 Ube2a 0.000165 2.52E-07 1.4698 

29 Actr2 0.000437 7.55E-07 1.1965 

30 Dot1l 0.000437 7.55E-07 1.1488 

31 Maea 0.000437 7.55E-07 1.1661 

32 Gid8 0.000688 1.26E-06 1.3039 

33 Jmjd1c 0.000889 1.76E-06 1.2068 
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34 Setd5 0.000889 1.76E-06 1.2419 

35 Ccar1 0.001114 2.26E-06 1.2712 

36 Mafb 0.001266 2.77E-06 1.0238 

37 Ncstn 0.001266 2.77E-06 1.1446 

38 Ssr3 0.001266 2.77E-06 1.2361 

39 Wipf1 0.00143 3.27E-06 1.2092 

40 Fbxo42 0.001515 3.77E-06 1.3577 

41 Ncoa6 0.001515 3.77E-06 1.1937 

42 Rarb 0.001515 3.77E-06 1.1368 

43 Zfp148 0.001515 3.77E-06 1.2629 

44 Unc119b 0.001809 4.78E-06 1.0119 

45 Tecr 0.002842 7.80E-06 1.0887 

46 Setd3 0.00297 8.30E-06 1.2151 

47 Arpc4 0.00344 1.03E-05 1.2374 

48 Epc2 0.00344 1.03E-05 1.3982 

49 Gatad2a 0.00349 1.08E-05 1.1549 

50 Rbm12 0.00358 1.18E-05 1.2697 

51 Fam122a 0.005985 2.04E-05 1.1711 

52 Tm2d2 0.007677 2.69E-05 1.3381 

53 Zranb1 0.01052 3.85E-05 1.1365 

54 Psenen 0.013663 5.21E-05 1.1704 

55 Chd2 0.01408 5.51E-05 1.2682 

56 Slc35a2 0.016606 6.67E-05 1.0476 

57 Dock5 0.019138 7.98E-05 1.1312 

58 Dpm3 0.021532 9.08E-05 1.0395 

59 Ski 0.023122 9.99E-05 1.0636 

60 Dpm2 0.026421 0.00011952 1.062 

61 Rasgrp4 0.027228 0.00012455 1.3336 

62 P2ry12 0.031172 0.00014417 1.0725 

63 Zbtb14 0.033163 0.00015575 1.0527 

64 Zfp384 0.036149 0.00017588 1.1869 

65 Scaf1 0.036149 0.00017638 1.0687 

66 Rap1gds1 0.049955 0.00025136 1.0083 
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MHC Class II Ubiquitination Regulates Dendritic Cell Function
and Immunity

Kayla R. Wilson,* Devi Jenika,* Annabelle B. Blum,* Christophe Macri,* Bangyan Xu,*
Haiyin Liu,* Patrick Schriek,* Dominik Schienstock,† Lauren Francis,* F. Victor Makota,*
Satoshi Ishido,‡ Scott N. Mueller,† Mireille H. Lahoud,§ Irina Caminschi,†,§

Laura E. Edgington-Mitchell,*,{,‖,# Jose A. Villadangos,*,† and Justine D. Mintern*

MHC class II (MHC II) Ag presentation by dendritic cells (DCs) is critical for CD4+ T cell immunity. Cell surface levels of MHC 
II loaded with peptide is controlled by ubiquitination. In this study, we have examined how MHC II ubiquitination impacts 
immunity using MHC IIKRKI/KI mice expressing mutant MHC II molecules that are unable to be ubiquitinated. Numbers of 
conventional DC (cDC) 1, cDC2 and plasmacytoid DCs were significantly reduced in MHC IIKRKI/KI spleen, with the remaining 
MHC IIKRKI/KI DCs expressing an altered surface phenotype. Whereas Ag uptake, endosomal pH, and cathepsin protease activity 
were unaltered, MHC IIKRKI/KI cDC1 produced increased inflammatory cytokines and possessed defects in Ag proteolysis. 
Immunization of MHC IIKRKI/KI mice identified impairments in MHC II and MHC class I presentation of soluble, cell-associated 
and/or DC-targeted OVA via mAb specific for DC surface receptor Clec9A (anti-Clec9A-OVA mAb). Reduced T cell responses 
and impaired CTL killing was observed in MHC IIKRKI/KI mice following immunization with cell-associated and anti-Clec9A-
OVA. Immunization of MHC IIKRKI/KI mice failed to elicit follicular Th cell responses and generated barely detectable Ab to anti-
Clec9A mAb-targeted Ag. In summary, MHC II ubiquitination in DCs impacts the homeostasis, phenotype, cytokine production, 
and Ag proteolysis by DCs with consequences for Ag presentation and T cell and Ab-mediated immunity. The Journal of 
Immunology, 2021, 207: 1�10.

Major histocompatibility class II (MHC II) molecules pre-
sent peptide Ags derived from the endosomal pathway to
CD41 T cells. This is essential for T cell activation during

immune responses, but is also essential in thymic T cell selection and
T cell maintenance in peripheral lymphoid organs. The stability and
abundance of peptide-loaded MHC II (pMHC II) at the cell surface of
APCs is regulated by ubiquitination. Ubiquitination occurs on lysine
225 (K225) in theb-chain ofMHC II (1�3). The E3 ligase responsible
for pMHC II ubiquitination in hematopoietic cells, including B cells
and dendritic cells (DCs), is membrane-associated RING-CH-type fin-
ger (MARCH) 1 (4�6 and P. Schriek, H. Liu, A. C. Ching, P. Huang,
N. Gupta, K. R. Wilson, M. Tsai, Y. Yan, C. F. Macri, L. F. Dagley,
et al., manuscript posted on bioRxiv, DOI: 2021.04.15.439921),
whereas MARCH8 is responsible for ubiquitination in thymic

epithelial cells (7, 8, and P. Schriek et al., manuscript posted on bio-
Rxiv, DOI: 2021.04.15.439921) and type II alveolar epithelial cells
(P. Schriek et al., manuscript posted on bioRxiv, DOI: 2021.04.15.
439921). Ubiquitination targets pMHC II for lysosomal degradation
(9). As a result, DCs from mice lacking MARCH1 (Marchf1�/�) (6,
and P. Schriek et al., manuscript posted on bioRxiv, DOI:
2021.04.15.439921) or expressing MHC II molecules with K225
mutated to R (MHC IIKRKI/KI), which cannot be ubiquitinated, have
increased surface MHC II expression (10). Despite surface MHC II
being critical for T cell development, mice that lack MHC II ubiquiti-
nation have only minor alterations in their T cell compartments. We
and others reported reduced regulatory T cells (11�13), but there is lit-
tle impact on steady-state conventional T cell populations (11�13).
The functional consequences for immunity are unclear, although little
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analysis has been carried out to address this question. This is surpris-
ing, given the important role of APCs, particularly DCs, in initiating
immunity.
An appealing hypothesis is that MHC II ubiquitination limits Ag

presentation to prevent detrimental outcomes. In vitro Ag-presenta-
tion assays that investigate this scenario are inconclusive, showing
increased (9), unaltered (14), or reduced (15�17) CD41 T cell prim-
ing in response to MHC IIKRKI/KI DC Ag presentation. This incon-
sistency may be due to differences in cell types, with some studies
using bone marrow�derived DC (BMDC) (9, 14, 16) and others
using bulk CD11c1 DC (15, 17). Moreover, the impact of MHC II
ubiquitination on MHC class I (MHC I) presentation has largely
been ignored. We have previously described that a lack of MHC II
ubiquitination reduces MHC I surface expression and impairs cross-
presentation in vitro (18). From these studies, it is clear that an in-
depth in vivo investigation is required to fully elucidate the impact
of MHC II ubiquitination on DC Ag presentation and immunity.
In this study, we have systematically investigated the role of MHC

II ubiquitination on primary DC function and in vivo immune out-
comes. We have identified that in mice lacking MHC II ubiquitina-
tion there is a decrease in the number of splenic DCs. The remaining
DCs have an altered surface phenotype accompanied by defects in
Ag proteolysis and cytokine secretion. Functionally, these changes
reduce in vivo CD41 and CD81 T cell priming in response to solu-
ble, cell-associated and DC-targeted Ag. Importantly, ex vivo T cell
priming revealed these changes were not simply due to reduced DC
numbers but an intrinsic defect in DC function. Additionally, impair-
ment in CTL killing, T follicular helper (TFH) cell generation, and
Ab responses were observed in MHC IIKRKI/KI mice following
immunization. Our results demonstrate the importance of DC MHC
II ubiquitination for effective immunity.

Materials and Methods
Mice

C57BL/6, MHC IIKRKI/KI (12), IAa�/� (19), OT-II � Ly5.1 and OT-I �
Ly5.1 mice were used at 6�12 wk of age. All mice were bred and main-
tained in specific pathogen�free conditions at the Melbourne Bioresources
Platform at Bio21 Molecular Science and Biotechnology Institute. Experi-
mental procedures were approved by the Animal Ethics Committee of the
University of Melbourne (1714375).

Isolation of immune cells

Primary splenic or thymic DCs were isolated as previously described (20).
Splenic conventional DCs (cDCs) were stained with mAbs specific for
CD11c (N418), CD8a (53-6.7), and CD11b (M1/70) (all BioLegend). Plas-
macytoid DC (pDC) preparations were stained with BST-2 (927) and Siglec-
H (551) (both BioLegend). Thymus DCs were identified with mAbs specific
for CD11c (N418), CD8a (53-6.7), CD11b (M1/70), B220 (RA3-6B2),
Sirpa (all BioLegend), and NK1.1 (PK136; BD Biosciences). In some
experiments, cDC1 (CD11c1 CD81 CD11b�) and cDC2 (CD11c1 CD8�

CD11b1) were sorted to purity by flow cytometry on a BD Influx (Murdoch
Children’s Research Institute Flow Cytometry and Imaging Facility). To
obtain absolute cell numbers, an internal microsphere counting standard (BD
Biosciences) was used.

For determining the expression of cell surface markers, single-cell suspen-
sions were generated. Splenocytes were either treated with RBC removal
buffer, or light cells were separated by density gradient separation in 1.077
g/cm3 Nycodenz (Nycomed). Cells were stained with mAbs specific for
CD3 (KT3-1.1), CD8a (53-6.7), CD11b (M1/70), CD11c (N418), CD19
(6D5), CD24 (M1/69), CD40 (FGK45.5), CD45R/B220 (RA3-6B2), CD80
(16-10A1), CD86 (GL1), CD135/Flt3 (A2F10), CD172 (Sirpa), CD205/
DEC205 (NLDC-145), CD274/PD-L1 (10F.9G2), CD317/BST2 (927),
CD370/Clec9A (7H11), H-2Kb (AF6-8815), IgD (11-26c.2a), IgM (RMM-
1), Siglec-H (551), XCR1 (ZET) (all BioLegend), Ly-6C.2 (5075-3.6), or
Ly-6G (1A8) (Walter and Eliza Hall Antibody Facility). Stained cells were
acquired on the LSRFortessa (BD Biosciences) flow cytometer and analyzed
on FlowJo software (Tree Star), with exclusion of cell doublets and dead
cells in all cases identified based on forward and side scatter as well as

staining with propidium iodide or DAPI. Statistical analysis was performed
with Prism software.

Cytokines

Splenic cDC1 and cDC2 were isolated and sorted to purity. A total of 1 �
105 DCs were cultured in completed medium (RPMI 1640 medium supple-
mented with 10% heat-inactivated FCS, 1% penicillin/streptomycin, 50 nM
2-ME, and 1% GlutaMAX) with or without 0.5 mM phosphorothioated CpG
1668 (Bioneer), 50 ng/ml IFN-g (PeproTech), and 20 ng/ml GM-CSF
(PeproTech) or 0.5 mM CpG alone. Supernatants were collected 18 h later
and stored at �20�C. Cytokine secretion was determined using the BD Cyto-
metric Bead Array Mouse Inflammation Kit according to the manufacturer’s
instructions (BD Biosciences).

Ag uptake, proteolysis, and endosomal pH analyses

To assess Ag uptake, 5 � 104 purified cDC1 or cDC2 were incubated with
50 mg/ml OVA-Cy5 in complete medium for 0�90 min at 37�C. DCs were
washed twice, and the fluorescence was measured by flow cytometry. As a
control, DCs were pulsed with OVA-Cy5 for 90 min at 4�C. To assess Ag
proteolysis and endosomal pH, 2.5 � 105 purified DCs were incubated with
20 mg/ml DQ-OVA (Life Technologies) or with 20 mg/ml dextran-pHrodo
(Life Technologies) for 15 min at 37�C. Cells were washed twice, resus-
pended in complete medium and chased for the indicated time. At each time
point, cells were kept on ice, and the fluorescence was measured by flow
cytometry. As a control, DCs were pulsed with DQ-OVA or dextran-pHrodo
for 15 min at 4�C, washed twice, and analyzed by flow cytometry. The signal
was calculated for the 37�C chase time point by subtracting the geometric
mean fluorescence intensity (gMFI) at 4�C. To normalize for dextran-pHrodo
internalization, we simultaneously measured uptake of dextran-A647.

In vivo Ag-presentation assays

Single-cell suspensions were generated from lymph nodes of OT-I � Ly5.1
or OT-II � Ly5.1 mice. Cells were stained with rat anti-mouse mAbs spe-
cific for CD11b (M1/70), F4/80 (F4/80), RBCs (TER119), Ly-6G/Ly-6C
(RB68C5), MHC II (M5/114), CD45R (RA36B2), and CD4 (GK1.5) for
OT-I T cells or CD8a (53-6.7) for OT-II cells. Cells were washed and incu-
bated with BioMag anti-rat IgG-coupled magnetic beads (QIAGEN). After
magnetic depletion, the CD41 or CD81 T cell�enriched supernatant was
recovered. Cells were washed with PBS supplemented with 0.1% BSA and
labeled with CellTrace Violet (CTV; Thermo Fisher Scientific). To enable
accurate quantification of the number of OT-II or OT-I cells, mice also
received transfer of a control population of CFSE (Thermo Fisher Scienti-
fic)�labeled splenocytes. Single-cell suspensions were treated with RBC
removal buffer. Cells were washed with PBS, 0.1% BSA, and labeled with
CFSE. Equal numbers of CTV-labeled OT-II or OT-I cells and CFSE-
labeled splenocytes were pooled and resuspended in RPMI 1640, 2% FCS at
1 � 107 cells/ml, respectively, and injected i.v. Twenty-four hours later,
mice received 50 mg (for OT-II�transferred mice) or 25 mg (for OT-
I�transferred mice) soluble OVA (Sigma-Aldrich), 20 � 106 OVA-coated
splenocytes, or 0.2 mg anti-Clec9A-OVA mAb (21) via i.v. injection. For
OVA-coated splenocytes, single-cell suspensions were generated from
spleens of C57BL/6 mice treated with RBC removal buffer, washed, and
incubated with 10 mg/ml OVA protein (Sigma-Aldrich) in FCS-free RPMI
1640 at 37�C. Sixty-four hours after immunization, spleens were harvested,
single-cell suspensions were generated, and RBCs were lysed. Cells were
stained with mAbs specific for CD8a (53-6.7, BioLegend) or CD4 (GK1.5;
Walter and Eliza Hall Antibody Facility) and Ly-5.1 (A20; BioLegend). The
number of divided OT-II and OT-I was determined as the number of CD41

or CD81 Ly-5.11 cells that had undergone CTV dilution. The number of
cells was normalized to the number of CFSE-labeled splenocytes recovered.

Ex vivo Ag-presentation assays

Mice were immunized i.v. with 1 mg of anti-Clec9A-OVA mAb (22). One
day later, spleens were harvested, and DC were isolated, as previously
described, before sorting to purity. Sorted cDC1 (CD11c1 CD81 CD11b�)
or cDC2 (CD11c1 CD8� CD11b1) (numbers indicated in figures) were cul-
tured in vitro with 2.5 � 104 CTV-labeled OT-II or OT-I cells in complete
medium. Four or five days later, the number of divided OT cells was
determined.

In vitro Ag-presentation assays

DCs were isolated as previously described, and cDC1 (CD11c1 CD81

CD11b�) and cDC2 (CD11c1 CD8� CD11b1) were sorted to purity. A
total of 2.5 � 104 sorted cDC1 or cDC2 were cultured in vitro with 2.5 �
104 CTV-labeled OT-II cells and OVA(323�339) peptide. Sixty-eight hours
later, the number of divided OT-II cells was determined by flow cytometry.
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CTL assays

Mice were injected with 2 � 107 OVA-coated splenocytes (prepared as pre-
viously described) or 1 mg of anti-Clec9A-OVA mAb, both with 1 mg of
LPS as adjuvant. Six days later, single-cell suspensions of target cells (sple-
nocytes) were prepared from spleens of wild-type (WT) mice. Half of the
suspension (OVA1 splenocytes pulsed with OVA257�264 labeled with a high
concentration of CTV [CTVhi]) was pulsed with 1 mg of OVA257�264 (Wor-
thington Biochemical) and labeled with 5 mM CTV (Thermo Fisher Scien-
tific). The other half of the suspension (OVA� splenocytes labeled with a
low concentration of CTV [CTVlo]) was labeled with 0.5 mM CTV only.
An equal number of OVA+ CTVhi and OVA� CTVlo target cells were
pooled, and 10 � 106 target cells were injected i.v.; 36�42 h later, spleens
were harvested and the percentage of OVA-specific lysis was determined as
follows:

R 5 (% CTV lo/% CTV hi)
% OVA-specific lysis 5 [1 � (runprimed/rprimed)] � 100.

T cell characterization

A total of 1 � 104 OT-II � Ly-5.1 or OT-I � Ly-5.1 cells were adoptively
transferred into WT and MHC IIKRKI/KI mice. One day later, mice were
immunized with 1 mg of anti-Clec9A-OVA mAb and 1 mg of LPS. Seven
days later, spleens were harvested, single-cell suspensions were generated,
and RBCs were lysed. Splenocytes were stained with mAbs specific for
TCR Va2 (B20.1; Walter and Eliza Hall Antibody Facility), Ly-5.1 (A20),
PD-1 (29F.1A12), CD44 (IM7), and CD62L (MEL-14) (all BioLegend). For
IFN-g analysis, splenocytes were incubated with 1 mg/ml OVA257�264 in the
presence of BD GolgiPlug for 5 h at 37�C. For intracellular staining of IFN-
g and T-bet, splenocytes were permeabilized and fixed with a BD Cytofix/
Cytoperm Kit or an eBioscience Foxp3/Transcription Factor Staining Buffer
Set. Cells were stained for IFN-g (XMG1.2) or T-bet (REA102; Miltenyi
Biotec).

Induction and detection of Ab responses

For TFH induction, 1 � 106 OT-II � Ly-5.1 cells were adoptively trans-
ferred into mice. One day later, mice were immunized with 0.5 mg anti-
Clec9A-OVA mAb or PBS (no Ag control). Six days later, spleens
were harvested, single-cell suspensions were generated, and RBCs were
lysed. Cells were stained with mAbs specific for CD4 (GK1.5; Walter
and Eliza Hall Antibody Facility), Ly-5.1 (A20), PD-1 (29F.1A12),
CD44 (IM7) (all BioLegend), and CXCR5 (2G8; BD Biosciences). The
number of OT-II and TFH cells was determined as the number of CD41

Ly-5.11 cells or CD41 Ly-5.11CXCR51 PD-11. For anti-rat Ig
response, mice were injected i.v. with 2 mg of rat anti-Clec9A mAb
(10B4), and serum samples were obtained at 2 wk postinjection. Anti-
rat Ig reactivity was determined by ELISA. Nunc MaxiSorp (Thermo
Fisher Scientific) plates were coated overnight at 4�C with 1.5 mg/ml
rat GL117 mAb (Walter and Eliza Hall Antibody facility). Unbound
Ab was removed by washing with PBS plus 0.05% Tween 20, PBS,
and Milli-Q water. Serum samples were serially diluted in 5% skim
milk powder in PBS and incubated at 4�C overnight. Captured mouse
anti-rat Ig Abs were detected using anti-mouse IgG-HRP and visualized
using 1-Step Ultra 3,39,5,59-Tetramethylbenzidine ELISA Substrate
(Thermo Fisher Scientific). Absorbance at 440 nm was detected with a
CLARIOstar plate reader (BMG LABTECH). Titers were considered
positive when the absorbance was above 0.1 compared with blank.

Protease activity assay and cystatin C immunoblot

To generate a large number of DCs, WT and MHC IIKRKI/KI mice were
injected s.c. with 5 � 106 Flt3L-secreting B16 melanoma cells (22). Nine
days later, spleens were harvested, and DCs were isolated as previously
described (20). cDC1 and cDC2 were further separated by positive selection
using MACS magnetic separation (Miltenyi Biotec). Purity >90% was deter-
mined by flow cytometry. Cells were lysed in PBS 0.1% Triton X-100 on
ice for 20 min. Postnuclear supernatants equivalent to 80 mg of protein were
acidified by adding 10� citrate buffer (final concentrations were 50 mM cit-
rate [pH 5.5], 0.5% CHAPS, 0.1% Triton X-100, and 4 mM DTT). Where
indicated, lysates were preincubated with the pan-cysteine cathepsin inhibitor
E-64 (25 mM; Sigma-Aldrich) or DMSO vehicle at 37�C. A total of 1 mM
BMV109, a fluorescently quenched pan-cysteine cathepsin activity-based
probe, was added, and lysates were incubated at 37�C. Labeling reactions
were stopped by addition of 5� sample buffer (50% glycerol, 200 mM Tris-
Cl [pH 6.8], 10% SDS, 0.05% bromophenol blue, 6.25% 2-ME) followed
by heating at 95�C for 5 min. Proteins were resolved on a 15% SDS-PAGE
gel, and the gel was scanned for Cy5 fluorescence using a Typhoon flatbed

laser scanner (GE Healthcare). For cystatin C immunoblots, proteins were
transferred to nitrocellulose membranes and probed with goat anti-cystatin C
(R&D Systems) and rabbit anti-actin (Sigma-Aldrich) Abs. After washing
with PBS plus 0.05% Tween 20, blots were incubated with donkey anti-goat
HRP (Novex; Life Technologies) and goat anti-rabbit IRDye 800CW (LI-
COR Biosciences). IRDye 800CW immunoblots were scanned using
Typhoon, and HRP labeling was visualized on a ChemiDoc MP Imaging
System (Bio-Rad Laboratories) with the use of Amersham ECL Western
blotting reagents (GE Healthcare). Protease activity and cystatin C (band
intensity) were measured by densitometry using ImageJ. Values were nor-
malized to actin (band intensity). Statistical analyses were performed using
GraphPad Prism 8.

Results
The inability to ubiquitinate MHC II impacts DC number and
surface phenotype

To investigate the impact of MHC II ubiquitination on DC biology,
we used mice harboring a mutant MHC II unable to undergo ubiquiti-
nation (MHC IIKRKI/KI) (12). First, we analyzed the number of
splenic DCs. cDC1, cDC2, and pDCs were enriched by DNAse/colla-
genase digestion, followed by density centrifugation. A reduction in
the number of cDC1 (61% decrease), cDC2 (50% decrease), and
pDC (30% decrease) was detected in MHC IIKRKI/KI mice compared
with WT mice (Fig. 1A). The decreased cell number was specific for
splenic cDC and pDC, with no changes observed for splenic B cells
(Fig. 1A) or thymic cDC1 and cDC2 (Fig. 1B).
The remaining cDC in MHC IIKRKI/KI spleen were profiled for

their surface expression of characteristic DC markers (Fig. 1C,
Supplemental Fig. 1). As expected, increased MHC II expression
was observed on MHC IIKRKI/KI cDC1 (3.4-fold increase) and
cDC2 (2.4-fold increase), whereas no changes were observed in
CD86, a well-known MARCH1 substrate (15). Increased MHC II
expression was accompanied by decreases in MHC I, CD24, and
CD8, which we and others have previously reported as being
reduced in the absence of MHC II ubiquitination (11, 15, 18). In
addition, we detected previously undescribed, to our knowledge,
reductions in CD11b, Sirpa, CD40, CD80, Flt3, XCR1, and
DEC205. The only molecule besides MHC II to show increased
expression was CD11c, most notably for MHC IIKRKI/KI cDC1
(Fig. 1C, Supplemental Fig. 1). Similar patterns were observed in
splenic B cells, with increased MHC II expression correlating with
small but significant decreases in the surface expression of IgM,
PD-L1, CD19, and CD40 (Supplemental Fig. 1). These results indi-
cate that impaired MHC II ubiquitination was sufficient to alter a
variety of surface molecules, including integrins, chemokine recep-
tors, and C-type lectin receptors.

An inability to ubiquitinate MHC II impacts DC function

Given that we observed reduced costimulatory molecule expression
(CD40 and CD80) on MHC IIKRKI/KI DCs, we next aimed to assess
other parameters of Ag presentation. For efficient presentation by
DCs, Ag must undergo endocytic uptake and proteolytic degrada-
tion. First, we measured OVA protein uptake. WT and MHC
IIKRKI/KI cDC were purified and incubated with fluorescent soluble
OVA-Cy5. In agreement with previous studies (23), we found
cDC1 and cDC2 captured similar amounts of OVA. Similar uptake
was observed by MHC IIKRKI/KI and WT cDC, demonstrating that
a lack of MHC II ubiquitination does not alter uptake of OVA
(Fig. 2A).
Once internalized, Ag is degraded and loaded onto MHC mole-

cules. To investigate whether Ag proteolysis was impacted by a loss
of MHC II ubiquitination, we used DQ-OVA, a self-quenched form
of OVA that fluoresces once degraded. MHC IIKRKI/KI cDC1 and
cDC2 were sorted to purity, and equal numbers of DCs were incu-
bated with DQ-OVA. After Ag pulsing, excess DQ-OVA was

The Journal of Immunology 3
 at U

niversity of M
elbourne L

ibrary on O
ctober 4, 2021

http://w
w

w
.jim

m
unol.org/

D
ow

nloaded from
 

http://www.jimmunol.org/lookup/suppl/doi:10.4049/jimmunol.2001426/-/DCSupplemental
http://www.jimmunol.org/lookup/suppl/doi:10.4049/jimmunol.2001426/-/DCSupplemental
http://www.jimmunol.org/lookup/suppl/doi:10.4049/jimmunol.2001426/-/DCSupplemental
http://www.jimmunol.org/


removed by washing, and assessment of DQ-OVA fluorescence
over time, as a read out of OVA proteolysis, was assessed by flow
cytometry. In comparison with WT cDC1, MHC IIKRKI/KI cDC1,
and to some extent cDC2 displayed reduced DQ-OVA proteolysis
(Fig. 2B). The defect was specific to OVA, given that DQ-BSA, a
self-quenched form of BSA underwent similar proteolysis in MHC
IIKRKI/KI DC as in WT DC (Fig. 2C). Impaired proteolysis of

DQ-OVA could result from alterations in the endosomal envi-
ronment in MHC IIKRKI/KI cDC. To investigate this, we
assessed endosomal pH using dextran-pHrodo. This is a pH-sen-
sitive probe for which fluorescence is only detected once the
probe enters an acidic environment. Purified WT and MHC
IIKRKI/KI cDC1 and cDC2 were pulsed with dextran-pHrodo
and chased for 120 min (Fig. 2D). As expected, fluorescence
increased with time, indicative of dextran-pHrodo accessing an
acidic environment. No difference was observed between MHC
IIKRKI/KI and WT cDC, indicating no changes to endosomal pH
in the absence of MHC II ubiquitination.
To examine protease activity, a fluorescently quenched activity-

based probe, BMV109, was used to measure the activity of four
cysteine cathepsins, which are key Ag-degrading enzymes (24�26).
BMV109 irreversibly binds to cathepsins in an activity-dependent
manner, giving rise to Cy5 fluorescence upon release of a QSY21-
quenching group. As the binding is covalent, cathepsin binding can
be detected by in-gel fluorescence as a surrogate measure of prote-
ase activity. A pan-cysteine cathepsin inhibitor, E-64, was first used
to confirm the specificity of BMV109 for active papain-fold cysteine
proteases. As expected, BMV109 did not bind cathepsins in the
presence of E-64, confirming its specificity (Supplemental Fig. 2A).
In agreement with previous studies (27), cysteine protease inhibitor
cystatin C (CTS3) could only be detected in cDC1 (Supplemental
Fig. 2B). Next, cysteine cathepsin protease activity was compared
between MHC IIKRKI/KI DC and WT DC, and no differences were
observed (Fig. 2E).
Given that cathepsin activity was normal in MHC IIKRKI/KI DCs,

the reduction in Ag proteolysis together with altered cell surface
phenotype suggest that a lack of MHC II ubiquitination could
impact endocytic events. Because the production of cytokines is
dependent on the endosomal trafficking of TLRs and their recogni-
tion of TLR ligands (28), we next investigated the capacity of MHC
IIKRKI/KI DC to produce inflammatory cytokines. Splenic cDC1 and
cDC2 were sorted to purity, and equal numbers were incubated in
the presence of TLR9 ligand, CpG, and inflammatory cytokines
IFN-g and GM-CSF, conditions that elicit maximal IL-12 produc-
tion (29). Supernatants were harvested after 18 h, and the presence
of IL-6, IL-10, IL-12p70, TNF-a, and MCP-1 were measured using
a BD Cytometric Bead Array assay. IL-10 and MCP-1 were not
produced by either cDC1 or cDC2. MHC IIKRKI/KI cDC1 produced
increased amounts of IL-6, IL-12, and TNF-a compared with WT
cDC1, whereas the cytokine production of MHC IIKRKI/KI cDC2
was unaltered (Fig. 2F). Similar patterns, albeit at lower concentra-
tions, were observed when DCs were treated with CpG alone
(Supplemental Fig. 2C).
In summary, an inability to ubiquitinate MHC II reduces DC

numbers, alters their surface phenotype, reduces proteolysis of some
forms of Ag, and enhances cytokine production, in particular for the
cDC1 subset, but does not impact DC endosomal pH or cysteine
cathepsin protease activity.
MHC II expression levels, per se, rather than the extent of its

ubiquitination, may regulate endosomal functions. If this were the
case, such functions might also be affected in cells deficient in
MHC II expression. To address this, we analyzed DCs from IAa�/�

mice. First, the cell surface phenotype was investigated. In contrast
to the MHC IIKRKI/KI DCs, no alterations were observed, except for
a slight increase in CD80 (Supplemental Fig. 3A). Next, we investi-
gated the cytokine secretion of IAa�/� cDC1 and cDC2
(Supplemental Fig. 3B). In agreement with previous studies (30),
DCs lacking MHC II produced slightly less IL-6, IL-12, and TNF-a
than WT DCs. Finally, we investigated Ag proteolysis using
DQ-OVA, which proceeded similarly in WT and IAa�/� DCs
(Supplemental Fig. 3C). Overall, the impact of MHC II deficiency
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FIGURE 1. MHC II ubiquitination controls splenic DC number and cell-
surface phenotype. Quantification of (A) splenic cDC1 (CD11c1 CD81

CD11b�), cDC2 (CD11c1 CD8� CD11b1), pDC (BST-21 Siglec-H1), B
cells (CD191 B2201), and (B) thymic cDC1 (XCR11 Sirpa�) and cDC2
(XCR1� Sirpa1). Absolute numbers were determined as described in
Materials and Methods. (C) WT and MHC IIKRKI/KI splenic cDC1 and
cDC2 cell surface marker expression determined by flow cytometry. gMFI
has been normalized to the maximum gMFI signal. (A�C) Symbols repre-
sent individual mice, with data pooled from a minimum of two independent
experiments, displayed as mean ± SD. ****p < 0.0001, ***p < 0.001,
**p < 0.01, *p < 0.05 by unpaired t test. ns, not significant.
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was negligible compared with that caused by lack of MHC II ubiq-

uitination, suggesting that the altered phenotype of MHC IIKRKI/KI

DCs is due to changes in MHC II trafficking rather than to altered

MHC II surface expression.

An inability to ubiquitinate MHC II in APCs impairs MHC II Ag
presentation in vivo

Given the important role of MHC II in B cell and T cell immunity
(31) and the dysregulation in Ag processing observed in MHC
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FIGURE 2. Lack of MHC II ubiquitination impairs Ag proteolysis and cytokine secretion without impacting Ag uptake, endosomal pH, or protease activ-
ity. (A) MHC IIKRKI/KI and WT cDC1 and cDC2 were sorted to purity and incubated at 37�C with 50 mg/ml OVA-Cy5 for the indicated times. Cells were
washed before the Cy5 fluorescence was determined by flow cytometry. Data are from one experiment carried out in technical triplicate. (B and C) MHC
IIKRKI/KI and WT cDC1 and cDC2 were sorted to purity and pulsed with 20 mg/ml (B) DQ-OVA or (C) DQ-BSA for 15 min at 37�C. Cells were washed
and chased for the indicated time before the DQ signal was measured by flow cytometry. ****p < 0.0001, ***p < 0.001, *p < 0.05, two-way ANOVA
with Bonferroni test for multiple comparisons. (D) MHC IIKRKI/KI and WT cDC1and cDC2 were sorted to purity and pulsed with 20 mg/ml dextran-pHrodo
or dextran-A647 for 15 min at 37�C. Cells were washed, and dextran-pHrodo or dextran-A647 signal was measured by flow cytometry at different chase
time points. To account for changes in uptake, dextran-pHrodo gMFI was normalized to dextran-A647. Data are from one experiment carried out in technical
triplicate. (E) cDC1 (top panel) and cDC2 (lower panel) protease activity analysis. DCs were isolated as described in Materials and Methods. Cells were lysed
before incubation with the pan-cathepsin (CTS) protease activity-based probe BMV109 (1 mM). Proteins were resolved on SDS-PAGE gel and Cy5 fluores-
cence was determined. Representative in-gel fluorescence of three independent experiments for WT or MHC IIKRKI/KI is shown. Quantification of protease
activity or total protein expression is normalized to actin and displayed as mean ± SD. For cystatin C expression, blots were probed with goat anti-cystatin C
and rabbit anti-actin (Sigma-Aldrich) Abs. Data are representative of three biological replicates. ns by unpaired Welch t test. (F) Cytokine secretion. cDC1
and cDC2 were sorted to purity and incubated with 0.5 mM CpG, 50 ng/ml IFN-g, and 20 ng/ml GM-CSF. Supernatants were collected 18 h later, and cyto-
kine secretion was determined using BD Cytometric Bead Array Mouse Inflammation Kit. Bars display mean ± SD from two independent experiments with
cells pooled from eight mice. **p < 0.01, unpaired t test with Holm-Sidak correction for multiple comparisons. ns, not significant.
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IIKRKI/KI DCs, we next investigated the impact of MHC II ubiquiti-
nation on adaptive immunity. To investigate Ag presentation in a
physiologically relevant setting, WT or MHC IIKRKI/KI mice were
injected i.v. with CTV-labeled OT-II or OT-I. The following day,
mice were immunized i.v. with one of three different forms of the
model Ag OVA: 1) OVA protein, 2) cell-associated (splenocytes pre-
incubated in vitro with OVA protein), and 3) OVA protein geneti-
cally fused to mAb against Clec9A (anti-Clec9A-OVA) (21). Clec9A
was chosen as a receptor to measure receptor-mediated Ag uptake, as
it is highly expressed by cDC1 (32) and is not altered in DCs with
impaired MHC II ubiquitination (Fig. 1C). T cell priming with OCS
(33) and anti-Clec9A-OVA (34) is cDC1 dependent. The number of
dividing OT-II and OT-I cells in spleen was determined by flow
cytometry 3 d following i.v. immunization. For all Ags tested, MHC
IIKRKI/KI mice displayed a significant reduction in the number of
dividing OT-II and OT-I cells (Fig. 3A). Therefore, a lack of MHC II
ubiquitination impacts both MHC II and MHC I Ag presentation of
soluble, cell-associated, and DC-targeted Ag in vivo.
Changes in in vivo T cell priming could be due to intrinsic altera-

tions in DC function and/or the observed reduction in DC numbers
(Fig. 1A). To control for the latter, ex vivo Ag-presentation assays
were performed using equivalent numbers of isolated WT and MHC
IIKRKI/KI DC. In this case, WT or MHC IIKRKI/KI mice were immu-
nized with anti-Clec9A-OVA (21); 22 h later, spleens were har-
vested, and cDC1 were sorted to purity before an equal number of
cells were incubated with CTV-labeled OT-II or OT-I cells. Prolifer-
ation was determined 4 or 3 d later for OT-II or OT-I, respectively.

In agreement with in vivo analysis, reduced OT-II and OT-I priming
was observed for MHC IIKRKI/KI cDC1 (Fig. 3B). Second, we tested
the capacity of WT and MHC IIKRKI/KI cDC1 to present OVA pep-
tide in vitro. WT and MHC IIKRKI/KI DCs were incubated with
OVA323�339 peptide and IAb-OVA323�339�specific OT-II T cells for
3 d. No change in OT-II proliferation was observed in vitro
(Supplemental Fig. 4). Previously, we have demonstrated reduced
OT-I proliferation when MHC IIKRKI/KI DC are pulsed with
OVA254�267 peptide (18). Together, these data demonstrate that a
lack of MHC II ubiquitination causes DC-intrinsic impairments in
Ag presentation.

An inability to ubiquitinate MHC II impairs CTL immune responses

We investigated whether a lack of MHC II ubiquitination alters gen-
eration of effector CTL. WT and MHC IIKRKI/KI mice were immu-
nized with cell-associated OVA or anti-Clec9A-OVA, with LPS
used as an adjuvant. Six days later, mice were injected with target
cells that comprised an equal mix of syngeneic splenocytes pulsed
with CTVhi or without CTVlo.” Robust CTL responses were
observed in WT mice immunized with cell-associated OVA (35) or
anti-Clec9A OVA mAb (21). In contrast, reduced CTL killing was
observed in MHC IIKRKI/KI mice in response to both immunogens
(Fig. 4).
To further investigate T cell responses in MHC IIKRKI/KI mice,

OT-II or OT-I cells were transferred into WT and MHC IIKRKI/KI

mice before immunization with anti-Clec9A-OVA together with
LPS as an adjuvant. Six days later, their number and phenotype
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were examined (Fig. 5). In response to immunization, MHC
IIKRKI/KI mice had reduced numbers of OT-II cells accompanied by
reduced PD-1 expression, a marker expressed by activated T cells
(36), and a reduction in the percentage of CD62L�CD441 OT-II
cells. Expression of T-bet, indicative of Th1 differentiation, was
unaltered (Fig. 5A). Reduced OT-I numbers were also observed in
MHC IIKRKI/KI mice following immunization. These cells expressed
lower PD-1, but did not differ in their expression of CD62L and
CD44 or IFN-g production when restimulated with Ag (Fig. 5B).

An inability to ubiquitinate MHC II impairs Ab responses

Finally, a role for MHC II ubiquitination in humoral immunity was
assessed. WT and MHC IIKRKI/KI mice were immunized with rat
anti-mouse Clec9A mAb, which elicits anti-rat Ig reactive Abs (21,
32). Generating germinal centers and Ab responses requires CD41

TFH cells. To investigate TFH cell induction, OT-II cells were trans-
ferred into WT and MHC IIKRKI/KI mice, and 1 d later, mice were
immunized with anti-Clec9A-OVA mAb. Six days later, we exam-
ined production of TFH, which upregulates PD-1 and CXCR5. WT
mice injected with anti-Clec9A-OVA mAb had robust expansion of
OT-II cells, with increased PD-1 and CXCR5 expression (21, 37).
In contrast, reduced numbers of TFH cells were detected in MHC
IIKRKI/KI mice (Fig. 6A). The reduction in TFH cells was associated
with a barely detectable Ab response. Although a robust anti-rat Ig
response was detected in WT mice, MHC IIKRKI/KI mice failed to
generate serum anti-rat Ig in response to anti-Clec9A (Fig. 6B).
Therefore, MHC IIKRKI/KI mice display significant impairments in
humoral immunity.

Discussion
Ubiquitination of MHC II plays an important role in regulating cell
surface MHC II; however, the biological consequences of this post-
translational modification are unclear. In this study we conduct, to
our knowledge, the first comprehensive analysis in vivo and show
that an absence of MHC II ubiquitination reduces splenic DC num-
bers, alters DC cytokine production, impairs DC Ag proteolysis, and
ultimately reduces in vivo Ag presentation, CTL, and humoral
immunity.
Previously, different in vitro Ag-presentation studies have yielded

disparate outcomes and have focused on CD41 T cell priming only

(9, 14�18). To our knowledge, this is the first study to demonstrate
a reduction in MHC II and MHC I Ag presentation in response to
soluble, cell-associated and anti-Clec9A mAb-targeted Ag following
immunization of MHC IIKRKI/KI mice. These data are in agreement
with a recent study identifying that MHC IIKRKI/KI mice have
reduced CD41 T cell priming following immunization with OVA in
the presence of CFA (17). Our study extends this work to different
forms of Ag, including soluble, cell-associated, and Clec9A-targeted
Ag, demonstrating that MHC II ubiquitination impacts MHC II pre-
sentation of Ag acquired via different intracellular routes. In addition,
we demonstrated that MHC II ubiquitination impacts MHC I presen-
tation in vivo. Reduced splenic DC numbers may contribute to this
impairment, and in addition, ex vivo Ag-presentation assays demon-
strate a cell-intrinsic defect in DC function. In agreement with this,
MHC IIKRKI/KI DC isolated from mixed bone marrow chimeric mice
generated from MHC IIKRKI/KI bone marrow have reduced in vitro
CD41 T cell priming in comparison with the WT DC from the same
mouse (17). Several parameters of DC biology are likely involved,
including reduced costimulatory molecule and MHC I cell surface
expression, altered cytokine secretion, and altered Ag proteolysis. An
altered cell surface phenotype has previously been observed in cells
lacking MHC II ubiquitination. Indeed, altered expression of CD80,
CD40, CD71, PD-L1, ICOS-L (P. Schriek et al., manuscript posted
on bioRxiv, DOI: 2021.04.15.439921), CD4, and CD8 (15) is
detected on APCs lacking Marchf1, and MHC IIKRKI/KI BMDCs
have reduced tetraspanin expression (11).
Elevated IL-6, IL-12, and TNF-a secretion described in this study

is in contrast to other studies demonstrating that MHC IIKRKI/KI and
Marchf1�/� DC have reduced IL-12 and TNF-a production (15, 17).
This difference is likely due to differences in stimuli tested, with CpG
(TLR9 agonist), IFN-g, and GM-CSF used in this study, in contrast
to LPS (TLR4 agonist). This study also shows that MHC IIKRKI/KI

cDC1 have reduced OVA degradation, but overall, MHC IIKRKI/KI

cDC1 or cDC2 do not exhibit a global Ag proteolysis defect. BSA
degradation was similar to WT and, likewise, no defects in endosomal
acidification or cathepsin activity were detected.
Impairments in DC Ag presentation in the absence of MHC II

ubiquitination are likely due to excessive MHC II accumulation on
the plasma membrane, which disrupts plasma membrane and lipid
raft structure (11). Lipid rafts are important for Ag presentation and
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Clec9A-OVA) in the presence of LPS. Six days
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in Materials and Methods. Histograms are rep-
resentative of killing in each group, including
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show mean ± SD and are data pooled from two
independent experiments, with symbols repre-
senting individual mice. ***p < 0.001, **p <
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if disrupted can lead to reduced APC and T cell conjugate forma-
tion, and reduced T cell activation (38, 39). In agreement with this,
Marchf1-deficient and MHC IIKRKI/KI BMDC engage thymocytes at
a lower frequency (11), and when pulsed with OVA, Marchf1-defi-
cient and MHC IIKRKI/KI spleen CD11c1 DCs are unable to form
stable conjugates with CD41 T cells to the same extent as WT DCs
(17). Altered MHC II trafficking in the absence of its ubiquitination
has been previously described, with reduced pMHC II degradation
(9), MHC II internalization (13, 18), and increased recycling (9).
The downstream consequences for T cell priming were examined,
and reduced numbers and impaired phenotype of CD41 (OT-II) and
CD81 (OT-I) T cells following Clec9A-OVA immunization was
identified. This likely accounts for impaired CTL immunity follow-
ing immunization with cell-associated or Clec9A-targeted Ag and,
similarly, poor Ab responses. Indeed, we also observe reduced
induction of CD41 TFH cells in MHC IIKRKI/KI mice, in accordance
with longer TCR:pMHC II interactions being required to promote
their differentiation (40, 41).

MHC IIKRKI/KI mice failed to generate Ab responses to DC-tar-
geted Ag. This is in conflict to previous studies that show normal
Ab responses for MHC IIKRKI/KI mice (14). The discrepancy could
stem from the different mouse models, with MHC IIKRKI/KI mice
used in this study as opposed to MHC IIKR-GFP mice, or differ-
ences in immunization timing and Ag. Our study immunized with
rat anti-Clec9A mAb, which specifically relies on cDC1 presenta-
tion, whereas the previous analysis used protein (OVA and hen egg
lysozyme) and influenza A virus infection, all of which will engage
other DC subsets, including cDC2, that we show in this study are
less impacted by a lack of MHC II ubiquitination. Importantly,
changes in Ab production could also be due to alterations in B cell
biology. Indeed, MHC II is regulated by MARCH1-mediated ubiq-
uitination in B cells. In germinal center B cells, in particular, MHC
II expression is dynamically regulated by ubiquitination as the cells
cycle between the light and dark zones (42). A lack of MHC II
ubiquitination in germinal center B cells leads to prolonged peptide
presentation that may impact the presented peptide repertoire and, in
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turn, delay affinity maturation (42). Therefore, it is possible that this
too contributes to the decreased Ab production observed in MHC
IIKRKI/KI mice.

In this study we identify the importance of MHC II ubiquitination
in DC, T cell, and B cell responses. Evolutionary conservation of
MARCH ligases and the target residue of ubiquitination in MHC II
(K225), may therefore have been driven not by a simple require-
ment to regulate MHC II surface expression but to prevent second-
ary effects induced by the excessive deposition of MHC II on the
cell surface.
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