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ABSTRACT: The transcription factor RUNX3 is a prominent regulator of multiple 

hematopoietic cell lineages. Gene loss of function studies demonstrated the unique and 

essential roles of this master regulator in differentiated lymphoid and myeloid cells. As a 

complementary approach, RUNX3 was upregulated in various leukocyte subsets to probe the 

instructive role of this ‘multi-lineage’ specific transcription factor. In this report, we overview 

the immunomodulatory functions of RUNX3 within the hematopoietic compartment to get 

insight to the consequences of Runx3 deletion or overexpression in committed immune cells. 

Genetic studies revealed the essential role of RUNX3 in Langerhans cell development, 

moreover, this transcription factor is necessary for the differentiation and maintenance of the 

cytotoxic CD8+ T cells, in addition, T helper, natural killer and B cells are also influenced by 

RUNX3. Importantly, the ectopic expression of Runx3 enhances the immunogenicity of 

cytotoxic T cells and pluripotent stem cell derived dendritic cells suggesting that this protein 

can be applied in cell based immunotherapies. 
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I. INTRODUCTION 

Runt-related transcription factors (RUNXs) represent an ancient protein family, which was 

detected in many metazoan animals.1 Three distinct mammalian RUNX proteins were 

identified, termed as RUNX1 (also known as AML1 or CBFα2), RUNX2 (AML3 or CBFα1) 

and RUNX3 (AML2 or CBFα3), each of them encoded by separate genes. RUNXs are 

orthologous to the Runt protein of Drosophila containing a conserved ‘runt domain’, which 

mediates DNA binding to a specific consensus sequence (TGt/cGGt/c) or its extended/altered 

versions of this core motif.1-3 RUNX binding elements are frequently located within gene 

regulatory regions (promoters and enhancers) and are implicated in transcriptional activation 

or repression. For example, RUNX proteins contribute to gene activation by recruiting histone 

acetyltransferase containing coactivator complexes such as p300, CBP, MOZ and MORF.4, 5 

On the other hand, RUNXs often elicit suppressive effects on gene expression via binding of 

the TLE or the mSIN3 corepressors.6-9 A specific peptide sequence (VWRPY) of the RUNX 

C-terminal part acts as a platform to recruit the TLE corepressor.9 Moreover, this transcription 

factor family contributes to gene silencing by recruiting the SUV39H1 histone 

methyltransferase which catalyzes the formation of the repressive H3K9 histone 

methylation.10, 11 Finally, histone deacetylase containing corepressor complexes also interact 

with the RUNX proteins and together they can elicit epigenetic silencing.12 

In addition to the coregulators, RUNX proteins interact with the core binding factor-β (CBF-

β), a non-DNA-binding RUNX partner, which increases the affinity and specificity of their 

DNA binding.13, 14 Moreover, RUNX proteins could collaborate with additional transcription 

factors to orchestrate gene expression on composite regulatory elements (e.g. ETS-RUNX or 

AP1-RUNX).15, 16 Thus, RUNX proteins have the potential to operate in numerous signaling 

events and lineage specific gene regulatory networks. Mammalian RUNX proteins have a 

distinct tissue-specific expression pattern, although overlapping expressions of the three 
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RUNXs have also been found.17 For example, RUNX1 can be detected in hematopoietic stem 

cells (HSCs) and hemogenic endothelial cells of arteries and aorta, in addition, RUNX1 is 

expressed in numerous blood cell lineages including myeloid, B- and T-lymphoid cells.17, 18 

RUNX2 is present in chondrocytes, osteoblasts and mesenchymal tissues, but this protein can 

also be detected in several blood cell lineages including T cells.19 RUNX3 is expressed in 

multiple hematopoietic lineages as well as in numerous tissues including cranial and dorsal 

root ganglia, thymus, chondrocytes, and the mesenchyme of epidermal appendages.17 Despite 

the overlapping expression pattern, RUNXs have their own well-defined functions in the 

course of lineage specification in mammals. RUNX1 is required for definitive hematopoiesis 

and represents the most frequent target of chromosomal translocations in leukemias.18, 20 

RUNX2 has been identified as a master regulator of bone differentiation, and its 

haploinsufficiency is able to cause abnormal bone formation (cleidocranial dysplasia).21, 22 

Runx3 null mice exhibit ataxia due to the loss of TrkC proprioceptive neurons in the dorsal 

root ganglia.23, 24 Of note, RUNX transcription factors also exhibit many additional functions. 

For example, RUNX3 is required for the proper development of cytotoxic T-lymphocytes and 

Langerhans cells as we will discuss in this paper. To define the specific role of RUNX3, loss 

of function studies were carried out by using Runx3-deficient mice (including tissue-specific 

knock out animals) or engineered cell lines. As a complementary genetic approach, Runx3 

was overexpressed in various cell lines as well as in transgenic animals. In this article we first 

overview the specific roles of RUNX3 in the hematopoietic compartment, followed by 

tackling the role of RUNX3 in committed immune cells. We also aimed to highlight the 

immunoregulatory potential of this ‘multi-lineage’ specific transcription factor in both 

lymphoid and myeloid cells. 

II. CONTRIBUTION OF RUNX3 TO STEADY STATE HEMATOPOIESIS 



5 
 

Before we start to discuss the specific functions of Runx3 in committed blood cell lineages, it 

is important to stress that this transcription factor also has a putative regulatory function 

during steady state hematopoiesis. HSCs have the potential to give rise to committed 

progenitors, which differentiate progressively to various blood cell types. Even though the 

origin of HSCs is still controversial, several transcription factors are able to regulate the 

development and the maintenance of this special stem cell type.25, 26 A large number of studies 

demonstrated that RUNX1 exerts a prominent role on HSC specification and on the onset of 

definitive hematopoiesis during embryogenesis.18, 27 However, RUNX3 plays only a marginal 

role at this stage, because it is barely expressed in the yolk-sack blood islands and in 

embryonic HSC precursor cells.28 In addition to this finding, embryonic lethality was 

observed in Runx1, but is absent in Runx3 null embryos due to impaired hematopoietic 

development.18 However, in contrast to early embryonic blood cells, Runx3 could readily be 

detected in fetal liver and also in adult HSCs and its expression pattern overlapped with 

Runx1.28 In agreement with these results, Wang et al. described that the concurrent 

elimination of Runx1 and Runx3 elicited a stronger hematopoietic phenotype in adult animals 

as compared to the Runx1 null mice. Runx1/Runx3 double knock out mice exhibited a lethal 

phenotypes due to bone marrow failure or to myeloproliferative disorder.29 Unexpectedly, the 

double KO cells showed mitomycin C hypersensitivity associated with some repair proteins 

defectively recruited to damaged DNA sites. This finding suggests that Runx1/Runx3 

composite gene deficiency leads to corrupted hematopoiesis due to the impaired DNA repair 

and genomic toxicity.29 An additional study also supported the role of RUNX3 in blood cell 

development: elevated number of hematopoietic progenitors as well as enhanced myeloid cell 

proliferation was detected in Runx3 (Mx1-Cre) single knockout mice leading to a 

myeloproliferative disorder in aged animals.30 Finally, reduced number of blood cells was 

observed in runx3-depleted Zebrafish embryos, whereas overexpression of runx3 led to the 
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enhanced formation of runx1 expressing blood cell precursors.31 In zebrafish, runx1 also acts 

as a key hematopoietic regulator, thus in this vertebrate model runx3 stimulates definitive 

hematopoiesis presumably indirectly via the activation of runx1.32 

In summary, the prevailing view suggests that RUNX1 is a master regulator of hematopoiesis, 

but in some cases RUNX3 may also participate in the modulation of steady state blood cell 

development presumably in cooperation with RUNX1. Considering that RUNX3 exhibits 

numerous unique functions in differentiated immune cells, in the following sections the 

regulatory roles of RUNX3 in committed myeloid and lymphoid cells will be described. 

III. RUNX3 MODULATED DENDRITIC CELL ACTIVATION AND LANGERHANS 

CELL DEVELOPMENT 

Runx3 is expressed in numerous myeloid cell types including dendritic cells (DCs), which can 

be classified as conventional and plasmacytoid DCs. In addition to this canonic function, DC 

like cells can also be generated ex vivo from monocytes (moDCs), bone marrow cells (BM-

DCs) or pluripotent embryonic stem cells (ES-DCs). Runx3 exerts an instructive role on the 

conventional CD4+ DC activation, while Runx3-deficient splenic DCs exhibit impaired major 

histocompatibility complex class II (MHCII) expression and T cell priming activity. 

Preferentially the Esam++ splenic DCs were underrepresented in Runx3-deleted animals 

suggesting that RUNX3 positively regulates the development and the immunogenicity of this 

particular DC subtype.33 Consistent with this view, we observed that ectopic expression of 

Runx3 was able to enhance the maturation potential of mouse ES cell-derived DCs (ES-DCs). 

RUNX3-instructed ES-DCs exhibited elevated expression levels of MHCII/CD80 and CD86, 

and these ex vivo differentiated cells displayed enhanced migratory capacity and superior T 

cell priming activity.34 Remarkably, in human moDCs RUNX3 overexpression led to the 

elevated expression of CD11a/CD18 and CD49d and might contribute to the elevated 

migratory, antigen presenting and T-cell stimulatory capacities of these cells.35 In contrast to 
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these positive effects, TGF-β instructed, Runx3-null BM-DCs displayed accelerated 

maturation and enhanced potency to stimulate T-cells suggesting that RUNX3 could interfere 

with the TGF-β dependent DC maturation.36 In line with this result, the chemokine receptor 

CCR7 was upregulated in Runx3-null DCs, which led to increased accumulation of activated 

DCs in the lung draining lymph nodes, and this contributed to the enhanced allergic airway 

inflammation.37 Collectively, these findings indicate that DC maturation can either be 

accelerated or inhibited depending on the DC subtypes as well as the environmental cues (Fig. 

1). Further kinetic and genomic analyses are needed to define the exact molecular functions 

acting RUNX3 in the course of DC activation. 

The TGF-β pathway has previously been shown to get modulated by RUNX3, and this 

signaling pathway is also critical for the maintenance of the Langerhans cell (LC) 

compartment.38-40 LCs belong to mononuclear phagocytic cells localized to the epidermis and 

are classified as macrophages originated from yolk sac-derived myeloid precursors and/or 

fetal monocytes.41 However, unlike classical macrophages but similar to DCs, LCs are 

capable to migrate to lymph nodes and present antigens to T cells. Interestingly, Fainaru and 

his colleagues observed that LCs were missing completely from the epidermis of Runx3-null 

mice.36 An additional study confirmed this finding and observed that the forced expression of 

Runx3 rescues the differentiation of bone marrow-derived LCs even in the absence of Pu.1.42 

These results strongly suggest that RUNX3 is a critical regulator of the LC development, even 

though most of the mechanistic data were extracted from bone marrow derived ex vivo 

differentiated LC-like cells. In future experiments it would be interesting to probe other 

effects of Runx3 by using bona fide LC precursors. 

IV. RUNX3-DRIVEN CYTOTOXIC T CELL DEVELOPMENT 
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In mammals CD8+ T lymphocytes represent the key cytotoxic cell phenotype of the adaptive 

immune system. These effector T cells are derived from bi-potential CD4/CD8 double 

positive precursors, which undergo positive selection through T cell receptor (TCR) 

interactions with the MHC proteins in the thymus. Thereafter, the post-selected precursor T 

cells become diverted to CD4+ (helper) or CD8+ (cytotoxic) single positive T-cells. Those T 

cells, which receive signals from MHCII-restricted TCRs differentiate to CD4+, whereas T 

cells activated by MHCI-restricted TCRs differentiate to CD8+ T cells. Regardless of the 

specificity of the TCR, the selection of T cell fate can be compromised in the absence of some 

lineage specific transcription factors. In this context genetic studies demonstrated the central 

role of RUNX3 in the lineage commitment of CD8+ effector T cells. While the Runx3-null 

animals exhibited reduced number of CD8+ cytotoxic T cells and the recovered CD8+ cells 

possessed impaired proliferative and cytotoxic potential.43, 44 RUNX3 dependent lineage 

selection is mediated partially by the suppression of CD4+ T cell fate together with RUNX3 

acting as a direct transcriptional repressor on the CD4 gene via the binding to a specific 

silencer element.44 Consistent with this finding, a subset of the Runx3-null CD8+ positive T 

cells exhibited retained CD4 expression.43 To examine the molecular mechanism of the 

RUNX3 dependent CD4 regulation, it was found that the suppression of this gene was 

depended on the VWRPY motif of the RUNX3 protein.45 The VWRPY penta-peptide can act 

as a docking module for the TLE corepressor complex, and this interaction is essential for the 

RUNX3-dependent CD4 silencing. In addition to CD4 suppression, Th-POK, the master 

regulator of CD4+ T cell development, is also repressed by RUNX3.46 Strikingly, Runx3 is 

suppressed by Th-POK indicating that these two key T-cell regulators antagonize with each 

other mutually.47, 48 These results suggest that post selected T cells, which express Runx3, 

repress the CD4+ T cell specific pathway and remain committed to the CD8+ cytotoxic T cell 

program. In agreement with this, RUNX3 is readily detected in CD8+ but not in CD4+ T 
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cells. However, it is still poorly defined which signaling pathways initiate the Runx3 

expression upon the commitment of the cytotoxic T cells. The prevailing view is consistent 

with the kinetic signaling model, which suggests that TCR signaling of CD4/CD8 double 

positive thymocytes terminates CD8 expression and thus allows CD8-dependent TCR 

signaling to cease. Termination of TCR signaling allows the releases of intra-thymic 

cytokines such as IL-7, while induces Runx3 expression, which specifies the CD8+ lineage 

fate.49 In addition to the aforementioned RUNX3 regulated genes (CD4 and Th-POK), many 

other putative RUNX3 target genes could also be operative in CD8+ T cells. A genome-scale 

gene expression analysis revealed that several hundred genes exhibited altered expression in 

both the Runx3-null resting and the cytokine activated T cells.16 Moreover, many follicular 

helper T cell (Tfh) affiliated genes (Tcf7, Bcl6, Maf, Il6ra, Cxcr5 and Il21) were turned on in 

Runx3-deficient CD8+ T cells suggesting that RUNX3 can mediate a general suppressive 

activity on the Tfh developmental program in committed cytotoxic T cells.50 This study 

revealed that Runx3 can establish a repressive trimethylated H3K27 chromatin mark in the 

regulatory regions of the Tfh specific genes. This Runx3 dependent epigenetic silencing 

contributes for the suppression of the Tfh program in cytotoxic T cells. In summary, loss of 

function genetic analyses demonstrated the critical role of RUNX3 during the selection of 

CD8+ T cell lineage integrity (Fig. 2). This set of data altogether marked that RUNX3 is able 

to exert broad suppressive effects on the T-helper and Tfh specific transcriptional programs in 

developing T cells. 

Interestingly, RUNX3 also activates the cytotoxic machinery in CD8+ T cells, and some of 

these positive effects were identified and characterized by gain of function studies. As an 

example, overexpression of RUNX3 positively regulated the CD103 expression in T cells.51 

In addition, the number of CD8+ T cells was elevated in Runx3 transgenic thymus 

demonstrating, that ectopic expression of this protein forced thymocytes to select the CD8+ 
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developmental pathway.52 Moreover, RUNX3 can directly stimulate this gene via the 

regulation of the stage specific enhancers of CD8.53 To carry on this study Sato and his 

colleagues have engineered a Runx3 transgenic, as well as a dominant negative Runt domain 

expressing mouse strain. As expected, the presence of a dominant negative RUNX resulted in 

less CD8+ T cells from the CD4+CD8low post-selected cells, while the expression of the 

CD8 marker remained high in the committed T cells. Activation of naive CD8+ T cells, 

together with various peripheral antigens promoted the differentiation of these cells into 

cytolytic effector killer T cells. To characterize this process further, Runx3 was re-expressed 

retrovirally in CD8+ T cells derived from Runx3-null mice, and as expected, RUNX3 restore 

the expression of several cytotoxic T cell specific genes (Eomes, perforin, granzyme B, and 

IFNg).54 Moreover, this study revealed that Runx3 can bind to the putative regulatory 

elements of genes encoding perforin, granzyme B, and IFN-γ suggesting that these T cell 

specific genes are regulated by RUNX3 in effector T cells directly. Finally, overexpression of 

Runx3 was found to accelerate CD69+ CD103+ tissue resident memory T cell differentiation 

in vivo indicating that CD8+ memory T cell development is also modulated by this 

transcription factor.55 In conclusion, several gain of function studies confirmed that the 

RUNX3 mediated transcriptional program is necessary for the maintenance of effector and 

memory functions of cytotoxic T cells (Fig. 2). 

V. RUNX3 DEPENDENT TH1 POLARIZATION AND ENHANCED SUPPRESSIVE T 

CELL DEVELOPMENT 

Despite the general suppressive role of RUNX3 on CD4+ T cell development, curiously, this 

transcription factor is also involved in T helper cell polarization. Upon encountering and 

capturing antigen, naive CD4+ T helper (Th) cells become polarized to effector cell subsets, 

which exhibit distinct cytokine profiles. Non-polarized CD4+ T cells have the potential to 

differentiate into Th1, Th2, Th9, Th17 or follicular helper T cells in the periphery. 
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Furthermore, CD4+ T lymphocytes can give rise to immunosuppressive regulatory T (Treg) 

cells. The Th1 cells release IFN-γ and activate macrophages as well as CD8+ T cells to 

induce immunity against intracellular pathogens. Whereas, Th2 cells secrete IL-4, IL-5, IL-13 

and stimulate humoral responses against extracellular pathogens concomitant with isotype 

switching to immunoglobulin E (IgE).56 An early study demonstrated that ectopic expression 

of Runx1 negatively regulates Th2 polarization of splenic CD4+ T cells by suppressing Gata3 

expression while maintaining Th1 idendity.57 In contrast to these data, later it was suggested 

that Runx3 represents the principal RUNX component in Th1 cells, because this gene was 

upregulated during Th1 polarization, while Runx1 remained barely expressed in Th1 primed 

cells.58 Consistent with this, impaired IFN-γ production was detected in Runx3-null Th1 cells, 

whereas ectopically expressed Runx3 markedly potentiated T-bet dependent IFN-γ 

production. Curiously, RUNX3 also interfered with the Th2 expression of IL-4 via binding to 

the IL4 silencer (DNase I hypersensitivity site IV in the mouse IL4 locus).58 Furthermore, in 

the absence of Runx3 IL-4 was reactivated in non-polarized or Th1 skewed T helper cells, 

which provoked asthma-like symptoms due to accelerated Th2 responses.59 Several additional 

studies confirmed the instructive role of RUNX3 during Th1 polarization. For example, 

overexpression of Runx3 in CD4+ T-cells led to polarization to the Th1 phenotype even under 

conditions that promote Th2 differentiation via suppression of GATA3 transcriptional 

activity.60, 61 Opposing to these findings, the forced expression of Gata3 redirect CD4+ T cell 

development into IL-4 producing Th2 type cells via repressing the capacity of RUNX3 to 

induce Ifng expression. Finally, the transcription factor TWIST1 has the potential to regulate 

Th1 polarization negatively via interfering with RUNX3, while the forced expression of 

RUNX3 could revert the suppressive effect of TWIST1 exerted on IFN-γ production.62 In 

conclusion, RUNX3 acts as a positive regulator of murine Th1 polarization via the 

transcriptional stimulation of Ifng expression and the suppression of IL-4 production (Fig. 3). 
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Interestingly, RUNX3 resides in the human chromosome 1p36.1, a genomic region containing 

putative susceptibility genes for asthma, hence RUNX3 dysfunction might provoke 

accelerated Th2 responses in these patients.63 

In addition to Th1/Th2 polarization, RUNX3 also exhibits diverse roles on Th17 

development. Committed Th17 cells produce IL-17 and IL-22 cytokines to protect mucosal 

surfaces against extracellular pathogens; moreover, these cells are implicated in the 

development of various autoimmune diseases.64 Forced expression of Runx1 or Runx3 in 

differentiated Th17 cells were found to enhance the development of IL-17A and IFN-γ 

producing Th17 cells, conversely, Runx1 or Runx3 deficiency impaired the formation of IFN-

γ producing cells.65 These findings imply that both RUNX1 and RUNX3 have the potential to 

reprogram Th17 cells into pathogenic IL17/IFN-γ releasing cells, which are implicated in 

various autoimmune diseases. Contrary to these results, upregulation of Runx3 suppress Th17 

polarization, whereas Runx3-deleted CD4+ T cells conferred enhanced Th17 differentiation 

capacity suggesting that Runx3-instructed CD4+ T cells are highly tolerogenic and thus are 

able to deal with gut specific antigens without provoking inflammation.66 In agreement with 

the putative tolerogenic effects of this factor, several lines of evidence suggest that RUNX 

proteins facilitate the conversion of CD4+ T cells into immunosuppressive Treg cells. The 

RUNX1-Cbfβ heterodimer is a putative regulator of Treg cell functions because Cbfb-deleted 

Treg cells exhibit impaired T cell suppressive capacity; in addition, RUNX1 silenced human 

Treg cells expressed less FOXP3.67, 68 Despite of these findings, later studies also suggested 

the central role of RUNX3 in Treg cell generation. For example, ectopically expressed Runx3 

more consistently regulated the Foxp3 expression in Treg cells compared with Runx1.69 In 

addition, RUNX3 and FOXP3 were highly expressed in circulating human CD4+ CD25++ 

Treg cells.70 
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The possibility that RUNX3 promotes the differentiation of additional suppressive cell types, 

i.e. the intraepithelial lymphocytes (IELs) was also emerged. Retinoic acid and TGF-β could 

elicit the differentiation of CD8αα IEL cells in CD4+ T cells in a RUNX3-dependent 

manner.71 Furthermore, T-bet and RUNX3 together repressed CD4+ T helper cell functions 

and elicited the IEL program including the expression of CD8αα.72 These observations 

altogether suggest that the intestinal environment provides cues for RUNX3 dependent Treg 

and/or IEL cell differentiation. 

VI. RUNX3 INSTRUCTED NK CELL PROLIFERATION AND MATURATION 

Natural killer (NK) cells provide cytotoxic innate cell defense against virus-infected as well as 

transformed cells. Similarly to CD8+ cytotoxic T cells, RUNX3 is highly expressed in mouse 

and human NK cells and is able to modulate the activity of this blood cell lineage.73-75 It was 

documented that overexpression of a dominant negative RUNX protein reduced NK cell 

numbers in ex vivo differentiated cells. Furthermore, semimature (CD43highMac-1high) splenic 

NK cells were obtained from the dominant negative Runx gene carrying transgenic mice.73 A 

loss of function study confirmed the regulatory role of Runx3 on NK cell activation. Lower 

percentage of mature NK cells was detected in Runx3-null spleen, moreover, defective IL-15-

dependent NK cell proliferation and expansion was observed in the Runx3-deficient animals, 

preferentially in the uterus.75 Despite of these alterations, the remaining Runx3-deficient NK 

cells still exhibited normal cytotoxic activity. In agreement with these findings, forced 

expression of Runx3 was sufficient to preserve NK cell responses upon induction of brain 

ischemia suggesting that the sustained expression of Runx3 contributed to the maintenance of 

NK cell function in vivo.76 

RUNX3 can directly modulates the transcription of Ncr1 (also known as NKp46) an NK cell 

affiliated gene via binding to promoter specific RUNX response elements.77 This study also 

described that a dominant negative form of RUNX was able to repress Ncr1 expression, 



14 
 

whereas, overexpression of RUNX3 positively regulated the NKp46 level in a murine NK cell 

line (KY-2). To further characterize the genomic impact of RUNX3 on NK cells a genome-

wide gene expression analysis was employed. This study revealed that 891 genes exhibited 

altered expression in Runx3-deleted splenic NK cells.75 More importantly, 73% of the altered 

genes could regulate this factor directly, since RUNX3 occupancy was detected in the 

regulatory regions of these genes. However, further studies are needed to characterize the 

contribution of these putative RUNX3 regulated genes on NK cell development and activity. 

Moreover, it will be important to probe those common targets, which are modulated by 

RUNX3 similarly to cytotoxic CD8+ T cells as compared to NK cells.16 In summary, NK cell 

maturation and proliferation can be modified with RUNX3 (Fig. 4), however the genomic 

targets of these factors is still poorly characterized in NK cells. 

Finally it is worth mentioning that RUNX3 regulates the development of two additional innate 

lymphoid cell types. Deletion of Runx3 from NKp46-expressing cells, results in innate 

lymphoid cell type 1 (ILC1) and cell type 3 (ILC3) deficiency. It seems that RUNX3 can 

maintain the survival of ILC1 cells, and this factor also governs the differentiation of ILC3 

via regulation of RORγ expression.78 

VII. RUNX3 DEPENDENT B CELL PROLIFERATION AND IMMUNGLOBULIN-A 

CLASS SWITCH 

Accumulating evidence indicates that the Epstein-Barr virus (EBV) provoked B cell 

proliferation is influenced by RUNX3. In the course of EBV infection, the viral transcription 

factor EBNA2 activates RUNX3 expression through a specific DNA element within a super-

enhancer.79, 80 In addition to this observation, virus induced RUNX3 can downregulate the 

expression of RUNX1 via the P1 promoter specific response element in B lymphoid cells.81 

Of note, the impaired RUNX1 expression is correlated with the enhanced B cell proliferation. 
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The authors of these reports suggested that RUNX3 positively regulates the EBV-mediated B 

cell expansion and immortalization (Fig. 4) probably via the repression of RUNX1 

expression. 

In addition to cell proliferation, RUNX3 can also regulate the immunoglobulin A (IgA) class 

switch recombination in B cells. IgA antibodies are preferentially produced by gut associated 

B cells, protect against mucosal pathogens and modulate the size and composition of the 

intestinal microbiome. B cells can undergo IgA class switch recombination upon CD40-

CD40L ligation promoted by TGF-β signaling.82 Remarkably, RUNX3 is part of the TGF-β 

dependent complex, and binds to the promoter of the mouse germline Ig α gene thus 

stimulating the transcription of Ig α in splenic B and I.29µ cells.83 It is worth mentioning that 

the transcription of germline Ig α is a pre-requisite for the IgA class switch recombination.84 

Additional studies also confirmed that TGF-β activated SMAD2, 3 and RUNX3 can 

cooperate at the promoter of the germline Ig α gene and together they stimulate Ig α 

transcription.85-87 In accord with these results, impaired IgA class switch recombination was 

detected in Runx3-deleted splenic B cells in vitro.36 Unexpectedly, Runx3-null mice were 

found to produced more IgA in vivo suggesting that other RUNX proteins might compensate 

for Runx3-deficiency upon IgA class switch recombination36. In agreement with this, impaired 

IgA production was detected in Runx2/Runx3 double-deficient animals, and the retinoic acid- 

or the TGF-β-dependent inductions of germline Ig α transcription were also blocked in the 

absence of Runx2/Runx3. Moreover, re-expression of either Runx2 or Runx3 retained the IgA 

producing capacity of these B cells suggesting that both RUNX2 and RUNX3 modulate the 

TGF-β-dependent IgA class switch recombination in murine B cells.88 

VIII. RUNX-DRIVEN LINEAGE CONVERSIONS AND IMMUNE CELL 

MATURATION 
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In this report we presented several examples for functional alterations in immune cells due to 

the overexpression or deletion of RUNX3. These cell type specific genetic modifications 

helped us to define the steady state and the pathological roles of this important regulatory 

protein. Of note, nowadays overexpression of transcription factors has become a feasible and 

robust tool to manipulate cell fate choices especially after the discovery that exogenously 

added factors could reprogram differentiated cells into induced pluripotent stem (iPS) cells.89 

This seminal discovery has altered fundamental ideas on the stability of cellular identity, 

stimulating novel cell reprogramming strategies including direct lineage conversions.90, 91 In 

this context, fibroblasts could successfully be transdifferentiated to cardiomyocytes or 

neurons with a cocktail of cardiac or neuronal specific transcription factors, respectively.92, 93 

Moreover, fibroblasts were reconverted to hematopoietic cells with transcription factor 

mediated lineage reporgramming.94-97 In addition, pluripotent stem cell-derived blood cell 

differentiation was improved with ectopically expressed transcription factors.34, 98-103  

To modify cellular identity, the core gene regulatory networks need proper reactivation with 

lineage determining (pioneer) transcription factors.104 In case of neuronal reprogramming 

Ascl1 acts as a lineage determining transcription factor, while engineering fibroblast derived 

liver cells Foxa1-3 were considered as pioneer transcription factors.105, 106 Importantly, 

lineage determining transcription factors by themselves are usually not sufficient to generate 

functional target cells, additional maturation promoting transcription factors are required to 

stimulate the formation of fully mature cells.90 Interestingly, RUNX1 is an active component 

of several transcription factor cocktails, which have previously been used to engineer 

hematopoietic cells derived from fibroblasts, endothelial cells or pluripotent stem cells.94, 101, 

107, 108 Until now, the hierarchy of the selected transcription factors has not been determined in 

these blood cell conversion studies. However, it is well known that RUNX1 plays a pivotal 

role in transforming the hemogenic endothelium to hematopoietic cells, suggesting that 
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RUNX1 acts as a blood lineage determining transcription factor.18 In contrast to RUNX1, our 

analysis suggested that RUNX3 can be classified as a maturation promoting factor in the 

course of ES-DC development. During the ex vivo differentiation process, PU.1 and Irf8 were 

identified as highly expressed genes in ES-DCs, and these two pioneer transcription factors 

might be able to drive the development of these cells.34 Even though ex vivo differentiated 

DCs had a limited T cell activating potential, the enforced expression of RUNX3 still could 

facilitate strong DC dependent immunogenicity suggesting that RUNX3 acts as a bona fide 

maturation factor in this pluripotent stem cell derived DC differentiation model. Of note, 

RUNX3 also stimulates the differentiation and the cytotoxic activity of CD8+ T and NK cells. 

Thus it seems feasible, that the forced expression of RUNX3 could facilitate the maturation of 

the cytolytic effector cells. Importantly, fully mature immune cells could be harnessed for 

cell-based immunotherapies. 

Immunotherapy represents a powerful weapon against many cancer types. For example, ex 

vivo generated autologous DCs, were pulsed with tumor antigens and injected back into 

cancer patients to boost antitumor adaptive immune response. Some of these DC-based 

vaccines have been shown promising clinical outcomes.109 In addition, immune checkpoint 

inhibitor antibodies were applied to facilitate T-cell response by antagonizing co-inhibitory 

signals (for example, CTLA-4 or PD1/PD-L1). Strikingly, durable responses were observed in 

increasing numbers of tumors upon the application of these checkpoint blockers.110, 111 

Finally, adoptive cell therapies were employed using tumor infiltrating lymphocytes or the 

patient’s peripheral T cells were engineered to target cancer specific antigens, via 

physiological T cell receptors or chimeric antigen receptors (CARs).112 Importantly, recent 

clinical trials with CD19 targeting CAR T cells has shown a remarkable, 90% remission in 

patients with acute B lymphoblastic leukemia, underscoring the great potential of this cell-

based therapeutic strategy.113 However, despite the high rate of response observed with these 
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novel methods, unfortunately, a few patients failed to response to these treatments and many 

responders relapsed after a longer period of time suggesting that these protocols must be 

further optimized.114 Genetically encoded tools like ectopically expressed transcription factors 

may allow cell engineers to boost the survival and the immunogenicity of the ex vivo 

manufactured immune cells. 

RUNX3 has a critical regulatory role in cytotoxic T cells, raising the possibility that this 

particular transcription factor could be harnessed for cellular therapy. In agreement with this, 

overexpression of RUNX3 in adoptively transferred murine T cells enhanced the abundance 

of tumor infiltrating lymphocytes and impacted tumor growth negatively suggesting, that 

RUNX3 activation or overexpression can be used to ameliorate the anticancer response.55 In 

addition, our results indicated that RUNX3-instructed ES-DCs exhibited a superior T cell 

activation capacity which may be beneficial to provoke antitumor response.34 In the future, 

these murine data must be extended with human studies to prove or disprove the therapeutic 

potential of the RUNX3-primed antigen presenting or cytotoxic T cells. 

IX. CONCLUSIONS 

In this review we have analyzed the immunoregulatory functions of RUNX3 in various 

lymphocyte and dendritic cell subsets. Genetic perturbation of Runx3 helped us to understand 

the diverse roles of this transcriptional regulator in both lymphoid and myeloid cells. In many 

cases RUNX3 exhibits overlapping functions with RUNX1 but RUNX3 also exerts several 

unique and essential roles in committed immune cells. To understand the diverse molecular 

functions of this important factor, numerous RUNX3 target genes and pathways have already 

been identified in various immune cell types and transgenic models but the RUNX3 

dependent genome-wide transcriptional and epigenetic program is just beginning to be 

elucidated. Additional ChIP-seq analyses of RUNX3 binding and histone modifications would 

be needed for the identification and characterization of novel immune cell-specific RUNX 
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genomic regulatory elements. Moreover, these gene expression analyses must be expanded 

with single cell genomic approaches to further elucidate the cell type specific roles of this 

master gene. In addition, increased number of human data would be needed to uncover the 

possible pathological roles of RUNX3 in immune cell disorders. Finally, RUNX3 can 

facilitate the terminal differentiation and/or the maturation of cytotoxic T lymphocytes and 

some DC subsets. Based on this, the forced expression or the reactivation of RUNX3 might be 

applied for developing immunotherapeutic approaches to provoke relevant immune cell 

responses able to be used in clinical settings. 
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FIGURE LEGEND 

FIGURE 1. The major effects of RUNX3 on the phenotype of various dendritic cell (DC) 

subsets. The impacts of RUNX3 in TGF-β activated monocyte-derived DCs, in CD4+ splenic 

DCs and in embryonic stem cell derived dendritic cells (ES-DCs). 

FIGURE 2. RUNX3 stimulated CD8+ T cell development. Here, we summarize the effects of 

RUNX3 on cytotoxic T cells. 
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FIGURE 3. RUNX3 instructed Th1 polarization. Here, we summarize the effects of RUNX3 

upon the development of Th1/Th2 cells. 

FIGURE 4. The major effects of RUNX3 on the phenotype of B and NK cells. 
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