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Abstract: The immune system consists of a dynamic network of cells, proteins, tissues, and organs that communicate to 
provide adequate defense responses against pathogenic agents. The immune system divide into the non-specific (innate) 
and the specific (adaptive) components, where the interactions between these two arms are intricately regulated. To deploy 
effective immune responses, immune systems comprise various cells and molecules that communicate with each other via 
signaling pathways coordinated by gene regulatory networks. The interferon regulatory factors (IRFs) are critical regulators 
of both the immune system’s development and activation of different cells. To better understand the essential components 
of the normal immune system, this review essentially aims to cover the current knowledge of individual components of the 
immune system and the important role of IRFs in regulating the immune system. 
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INTRODUCTION

An effective host defense system depends on prompt 
recognition and response against invaders. Thus, the 
immune system produces various cells and molecules 
that communicate with each other via signaling pathways 
coordinated by gene regulatory networks. In this regard, 
the immune system, which is the host defense mechanism, 
is controlled by transcription factors and other elements 
that activate or repress their target genes in determining 
cell fate or effector state to ensure effective immune 
responses[1]. This gene regulatory network is controlled 
by transcription factors such as Interferon Regulatory 
Factors (IRFs), comprised of 9 family members (IRF1-9) 
in mammals. Although this family was initially identified 
in the type I interferon system, subsequent studies have 
revealed much broader functions performed by IRF 
members in host defense. The IRFs play crucial roles 
in the regulation of immune responses[2]. IRFs function 
as central molecules that mediate different signaling 
pathways to induce the expression of interferons and 
inflammatory cytokines.

Furthermore, IRFs also regulate immune cells’ 
development and activation and act as a bridge between 
innate and adaptive responses. The IRFs family possesses 
a turn-helix turn motif that recognizes DNA consensus, 
known as the IFN sensitive response element (ISRE), 
which can be found in the promoters of many genes 

involved in immune responses[3]. The immune responses 
and pathogenesis of certain diseases correlate with the 
balance of Th1 and Th2 responses[4,5]. For instance, 
an imbalance of Th1/Th2 responses, with Th1 bias 
linked to autoimmune diseases such as systemic lupus 
erythematosus (SLE) and rheumatoid arthritis (RA). On 
the other hand, Th2-dominated responses are associated 
with allergic conditions such as asthma. Interestingly, 
many IRFs are involved in T helper (Th) differentiation. 
For instance, IRF1, IRF2, and IRF8 are mainly engaged 
in Th1 differentiation[6,7]. Meanwhile, IRF4 that shares 
several similar biological activities with IRF5 is critical 
for Th2 cell development [6, 7]. IRF4 and IRF5, which are 
both involved in MyD88-dependent Toll-like Receptor 
(TLR) signaling, found to interact with each other in 
the induction of proinflammatory cytokines and type I 
interferons[8]. Furthermore, both of these transcription 
factors are shown to directly regulate Blimp1, a master 
regulator of plasma differentiation[9,10]. Therefore, we 
aim to provide an overview of the current knowledge 
of their roles in immune responses and immune cell 
development.

THE HUMAN IMMUNE SYSTEM

Immune responses involve recognition of any “non-
self” substances, including pathogens. These foreign 
pathogens or modified particles present in the host 
body, resulting in activation of cascade complex events 
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known as the inflammatory process to eliminate the non-
self-substances[11]. Following the inflammatory process, 
the immune system initiates restoration mechanisms 
involving a series of cellular and molecular events that 
mitigate the restoration of tissue homeostasis and resolve 
the inflammatory process[12]. On that note, immune 
responses are tightly regulated, involving various 
mechanisms to ensure normal homeostasis. When there 

is an imbalance of the immune system activity, it can lead 
to diseases such as autoimmune, chronic inflammatory, 
and cancer that can potentially be life-threatening[13]. In 
general, the immune system can be subdivided into two 
forms of protection known as innate and adaptive immune 
responses that work closely together to provide effective 
host defenses (Figure 1).

An overview of the human...

Figure 1. The innate and adaptive immunity in human.

Innate Immunity

Innate immune response acts as the first line of defense. 
It is also known as non-specific defense mechanism 
that responds immediately upon recognizing a diverse 
array of microbial or “danger” signals due to changes 
in the homeostasis via the pattern recognition receptors 
(PRRs) such as Toll-like receptors (TLRs), Nucleotide 
oligodimerization domain (NOD) -like receptors 
(NLRs) and Retinoic acid-inducible gene 1 (RIG-1) 
- like receptors (RLRs), which recognize pathogen-
associated molecular patterns (PAMPs) and danger-
associated molecular pattern (DAMPs)[14]. These 
recognition systems elicit distinct cellular responses 
depending on the nature of stimuli and responding cells. 
The significant roles of innate responses involve; a) 
prevent the entry of any foreign substances, b) initiate 
complement pathway for getting rid of pathogens, c) 
generation of local inflammatory responses, d) induce 
phagocytosis and cytotoxicity activities, e) facilitate 
wound healing and tissue repair and, f) activation of 
adaptive immune responses through antigen-presenting 
cells[11,15–17]. The innate immune system components 
consist of physical and chemical barriers, immune 
cells, and soluble factors that orchestrate rapid immune 
responses[18].  The physical barriers include epithelial 
layers of skin and the mucosal membrane that protect 
the external environment and exposure to foreign 
substances, including pathogens[18]. Any breakdown or 
defect in the physical barrier increases the susceptibility 

of infection and leads to immune responses. Chemical 
barriers consist of anti-microbial proteins and peptides, 
such as defensins permeable to microbes and induce cell 
death [18]. Thus, physical and chemical barriers both play 
a crucial role in preventing the entry of foreign substances 
and infection. When pathogens breach protective physical 
and chemical barriers, they are combated through innate 
immune cells and soluble proteins. Upon recognition 
of foreign molecules via the PPRs, innate cells are 
activated following a cascade of signaling pathways that 
trigger transcription factors and other proteins to regulate 
various soluble factors’ gene expression to mount defense 
responses against the pathogens[18,19].

One of the key soluble factors of immune responses is 
cytokines. Cytokines are peptides that act as mediators in 
cell communication and signaling. The role of cytokines 
is not isolated for innate immune responses, as they also 
play vital roles in adaptive immune responses. Cytokines 
are broadly classified based on their immune responses 
and often have overlapping functions[17]. Most cytokines 
are primarily but not exclusively produced by leukocytes 
called interleukin (IL)[20–22]. Interleukins can amplify their 
production in an autocrine or paracrine manner and induce 
or inhibit other cytokines’ production. They bind to their 
receptors on the cells that produce them (autocrine) or 
other cells (paracrine) and modulate the transcriptional 
program in determining the cells’ fate[20]. A distinct subset 
of cytokines named chemotactic cytokines or chemokines 
is predominantly involved in trafficking activation of 
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cytokines for modulating other immune cells’ function to 
mount against the antigens. 

The principal cells involved in the adaptive immune 
response are APCs, B, and T-lymphocytes[23]. APCs refers 
to the specialized cells that internalize and process antigen, 
concomitantly presenting the antigen as peptide within 
MHC (also known as human leukocyte antigen, HLA, the 
term designated for humans) on their cell surface[16,23]. There 
are two types of MHC complexes.  MHC class I is expressed 
on all nucleated cells and present peptide antigens derived 
from intracellular antigens (e.g., viral proteins, autologous 
proteins, and tumor antigens)[21,23,27]. On the contrary, MHC 
class II expression is predominantly restricted to APCs and 
presents peptide antigens synthesized from extracellular 
antigens (e.g., extracellular microbes, toxins, and allergens). 
Examples of prominent APCs are DCs, macrophages, B 
cells, and thymic epithelium[27]. Antigens processed by 
dendritic cells are displayed on their MHC class I and 
class II are capable of activating naïve T cells into helper 
T cells (CD4+) or cytotoxic T cells (CD8+)  subsets, 
respectively[15,26,27].  Macrophages and B cells can also serve 
as APCs, presenting antigens to T cells during different type 
of immune responses[26]. A subset of DCs known as follicular 
dendritic cells can present antigens to B cells to establish the 
humoral immune response[20].

As mentioned previously, B cells and T cells are the 
lymphocytes which developed from lymphoid lineage 
originated from the hematopoietic stem cells (HSCs) 
that share the same common lymphoid progenitors with 
innate lymphoid cells (e.g., NK cells). These lymphocytes 
undergo complex maturation by which they express surface 
receptors that dictate their functions and phenotypes. Upon 
recognizing and binding the antigen-specific to their surface 
receptors, B and T cells undergo activation, proliferation 
(clonal expansion), and differentiation to effector cells and 
memory cells[11]. Unlike B and T cells, innate lymphoid cells 
are not clonally expressed for specific antigens, serving the 
innate defense system[23].

B cells comprise several subsets classified based on their 
ontogeny and anatomical location in[28]. For example, B1 
and B2 B cells are associated with antibody productions 
and regulatory B cells (Bregs), which are essential for 
suppressing autoimmune and inflammatory responses. 
B cells’ developmental and maturation process involves 
structural and functional rearrangement of their receptors 
within the bone marrow[29]. B cells express membrane-
bound immunoglobulin (Ig) receptors on their surface and 
produce soluble antibodies of the receptor’s same antigenic 
specificity. Mature B cells (express membrane-bound IgM 
and IgD) migrate to peripheral lymphoid organs or lymph 
nodes via the circulatory, where they encounter antigens to 
establish humoral immunity[28,29]. Depending on the nature 
of antigens encountered and the subset of B cells involved. 
These B cells can be activated either with the involvement 
of activated helper T cells that express CD40L and the 
cytokines produced by them (T-dependent B cell activation) 
or without the involvement of helper T cells (T-independent 
B cell activation), which is usually facilitated by TLR 
stimulation[29,30].  

Following the activation of B cells, the B cells undergo 

leukocytes to inflammatory sites[17,22,23]. Concerning 
immune cells, the cells are developed from hematopoietic 
stem cells (HSCs) within the bone marrow[24].  As these 
cells mature, they can be differentiated into two main 
lineages, myeloid progenitor cells (neutrophils, basophils, 
eosinophils, monocytes, macrophages, mast cells, and 
dendritic cells) and lymphoid progenitor cells (B cells, T 
cells, and innate lymphoid cells)[24].  

Some of the primary innate immune cells include the 
granulocytes that contain granules sacs containing 
enzymes and inflammatory proteins (neutrophils, 
basophils, eosinophils, and mast cells)[24]. Among these 
cells, neutrophils are the most abundant leukocytes 
whose primary function in host defense is to patrol and 
guard the immune system against invaders[17,24]. While 
basophils and eosinophils are responsible for defense 
against helminth and allergic-related diseases through the 
degranulation process[20,24].  Mast cells primarily reside 
in the tissues rather than in the circulatory, unlike the 
other granulocytes[20]. Mast cells play an important role in 
triggering inflammatory response as well as participate in 
wound healing [24].

Meanwhile, another group of innate cells; monocytes, 
macrophages, and dendritic cells, belong to the 
mononuclear phagocyte system that plays multiple 
roles during inflammation[25]. Monocytes circulate in 
the circulatory with a rather short life span and may 
differentiate into tissue macrophages or dendritic 
cells depending on the surrounding stimuli[17,25]. Both 
macrophages and dendritic cells are also known as 
the antigen presenting cells (APCs), as they capable 
of processing and presenting foreign protein-based 
molecules (antigens) to lymphocytes[20,26]. In terms of 
protection against virally infected cells and tumor cells, 
other innate cells known as Natural Killer (NK) cells are 
well known for its function in killing infected and trans-
formed cells that managed to escape T cell recognition[24].

Adaptive Immunity

The adaptive immune response is highly specific. It 
involves recognizing antigens (foreign agents and 
particles) via the receptors bound to the surface of B 
lymphocytes and T lymphocytes, which are unique to 
different antigens[23]. This second defense mechanism is 
a contingent of the innate immune system and initiated in 
the later onset of infection. It provides excellent defense 
responses against persistent infection and, importantly, 
possesses immunological memory[15,23]. When the 
same or closely related antigens are encountered, the 
immunological memory program is activated, and the 
adaptive immune system provides rapid and enhanced 
protection. The adaptive immunity is broadly divided into 
humoral-mediated immune responses and cell-mediated 
immune responses coordinated by B cells and T cells, 
respectively[21,23]. Humoral mediated immune responses 
involve the production of antibodies by B cells against 
soluble antigens such as extracellular microbes and 
toxins. On the contrary, cell-mediated reactions involve 
activation of effector T cells such as cytotoxic T cells 
that kill intracellular microbes and tumor cells. These are 
inaccessible to antibodies and T helper cells that produce 
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clonal expansion and differentiate into plasma cells that 
produce IgM and IgD type antibodies designed to mount 
against the particular antigens[28]. Besides, most of the 
B cells become effector cells, plasma cells that further 
interact with other stimuli such as cytokines in the local 
microenvironment. While the plasma cells capable of 
producing different classes of antibodies other than IgM 
and IgD (IgA, IgG, and IgE) through the process called 
immunoglobulin class switching[28,29]. Some of the B cells 
become memory cells that preserve the “information” for 
those successful antibodies generated against the antigen 
and provide robust protection if the same antigens are 
encountered[29]. The functions of antibodies are to 
neutralize virulence factors of antigens and enhance 
the complement pathway and phagocytes’ activation to 
eliminate the antigens[11,18,23].  However, antibodies can 
also contribute to autoimmune diseases’ pathogenesis 
due to disrupted self-tolerance mechanisms leading to 
the generation of autoantibodies as a consequence of 
B cells reacting against self-antigens (particles of host 
body)[28]. Unlike B cells that can recognize antigens in 
the extracellular spaces, T lymphocytes have restricted 
specificity for antigens as they identify and respond to 
surface-bound antigens displayed on the MHC of APCs.

INTERFERON REGULATORY FACTORS
(IRFs) FAMILY

Transcription factors are key players during gene 
expression as they facilitate when and what gene is “turn 
on or off” by binding to DNA sequences, acting as co-
activator or co-repressor of the gene response to various 
signals[31]. Structurally they comprise of two domains: 
a) DNA binding domain that recognizes and bind to 
DNA sequences,  b) activation (effector) domain which 
interacts with cofactors or other transcription factors[32–34]. 
Some of them also have an additional domain (signal-
sensing domain) that binds to ligands to modulate their 
activity response to environmental cues[32,33]. 

Transcription factors are categorized into several groups 
based on their DNA binding domain structures and their 
interaction with DNA sequences[33–35].  Some of these 
transcription factors are known as general transcription 
factors (GTFs), which are ubiquitous and essential for 
initiating transcription in the protein-coding gene[31,34]. 
Other transcription factors are either constitutive or 
inducible and are specific to certain cell types and 
stages of organism development[31,34]. Several of these 
transcription factors function as master transcriptional 
regulators in controlling signal responses and specifying 
cells’ lineage[31,36]. Also, transcription factors play a 
crucial role in interacting with histone proteins, which 
influence chromatin state and establish the environment 
that allows interactions for activation or repression of 
gene transcription[33,37]. One group of transcription factors 
that have been extensively studied for their crucial role 
in regulating gene networks in the immune system is the 
Interferon Regulatory Factors (IRFs), which possess the 
turn-helix turn motif[38].

The first IRFs member, IRF1, was initially identified 
as a factor that binds to the human interferon’s 
upstream regulatory region (IFN) β gene and induced 

its expression[39]. Over decades, the family of IRFs has 
been expanded to ten members, to which IRF1 to 9 are 
found in mice and humans, whereas IRF10 is only found 
in chickens[2]. Also, several viral IRFs that interact with 
cellular IRFs have been identified[40]. All IRFs consist of 
two domains, the N-terminal (DNA binding domain) and 
C-terminal (regulatory domain). The N-terminal binding 
domain is enriched with five tryptophan repeats that are 
well conserved among all IRF. This region recognizes a 
DNA consensus, known as IFN sensitive response element 
(ISRE) found in the promoters of type 1 IFN, IFN-
inducible genes, and many other genes involved in immune 
responses[3]. On the other hand, the C-terminal consists of 
the IRF association domain (IAD) responsible for homo- 
and heteromeric interaction with other family members or 
transcription factors[38,41]. IRFs functions are not limited to, 
regulating innate and adaptive immune responses. These 
transcription factors also play a crucial role in controlling 
type 1 IFN induced by viruses and pathogens involved in 
the cell cycle, apoptosis, and oncogenesis[2,3,38,41]. Some 
of these IRFs regulate immune cell development and 
functions[2,6,7,42].

Accumulating data from several studies has shown that 
IRF5 is a critical mediator in developing Th1 responses 
associated with the pathogenesis of various diseases, 
including autoimmune, metabolic, and infectious 
diseases[43]. Conversely, studies have also demonstrated 
that IRF5 plays a role in inducing Th2 responses[44,45].   
Strikingly, most studies have attributed IRF5 in regulating 
Th1/Th2 reactions by altering antigen-presenting cells 
(e.g., macrophages and dendritic cells) rather than IRF5 
intrinsic properties in T cells. Perhaps because early studies 
reported that expression of IRF5 is barely detected in T 
cell[46]. Nonetheless, recent studies have detected elevated 
IRF5 expression in parasitic and viral infected T cells[47,48]

and have highlighted its direct role in a T cell subset 
during chronic parasitic infection[49]. Fabié et al. (2018)
[49] demonstrated that TLR-7 mediated activation of IRF5 
promoted IFNγ+ CD4 T cell death because of its ability to 
enhance death receptor 5 (DR5)-induction cell apoptosis 
in CD4 T, thus promoting persistent L. donovani infection. 
However, the role of T cell-intrinsic dependent on IRF5 
in modulating Th cytokine production remains uncertain.

Roles of IRFs in T helper differentiation 

Over the years, many IRFs are involved in T helper 
differentiation either by modulating the functions 
of antigen presenting cells or directly altering the 
transcription of cytokine genes of Th cells[7].  IRF1 is a 
crucial factor in promoting Th1 differentiation and its 
absence results in predominant Th2 responses as best 
characterized using experimental mice disease model. For 
example, IRF1 deficient mice (Irf1-/-) were vulnerable to 
Leishmania major (L. major) and Listeria monocytogenes
(L. monocytogenes) because the host could not control the 
parasitic infection due to a lack of Th1 responses, which 
is needed for protection against the intracellular parasitic 
infections[50,51]. Collectively, IRF1, IRF2, and IRF8 
directly participated in Th1 differentiation predominantly 
by regulating the production of IL-12, the Th1 signature 
cytokine. 

An overview of the human...
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On the other hand, IRF4 is critical for Th2 cell 
development. Mice lacking IRF4 showed to be able to 
mount Th1 immune response against L. major, but the 
Th2 development was impaired[59]. Also, CD4+ T cells of 
Irf4-/- mice were unable to differentiate into Th2 cells and 
displayed impaired production of Th2 cytokines; IL-4, 
IL-5, and IL-13[60]. Moreover,  overexpression of IRF4 in 
human Jurkat T cells activated Th2 cytokines’ expression 
in response to mitogenic stimulation[61].  Consistently, in 
the absence of IRF4, IL-4 failed to induce Th2 cytokine, 
instead induced Th1 response by upregulating IFNγ and 
TNF expression, thereby implying the importance of IRF4 
in Th2 differentiation[62]. In accordance with the role of IRF4 
in Th2 differentiation, Honma et al. (2008)[63] reported that 
IRF4 plays a dual role in different stages of CD4+ T cells. 
IRF4 inhibited Th2 cytokine production in naïve CD4+T 
cells but induced Th2 cytokine production in effector/
memory CD4+ cells.  However, IRF4 function is restricted 
to Th2 cell differentiation since several studies have shown 
that IRF4 is vital in generating Th9, Th17 and Tregs cells[6]. 
Taken together, IRF4 is able to differentially control the 
Th subsets and act as Th modulator. On the other hand, 
IRF5 plays a pivotal role in modulating T helper responses 
by altering the functions of antigen-presenting cells such 
as macrophages and dendritic cells and influencing the 
cytokine production drives the Th differentiation as well 
as participates in activation downstream of TLR-mediated 
signaling[3,64].

CONCLUSION

The immune system protects against invaders such as 
microbial pathogens, toxic agents, and transformed 
malignant cells. The crosstalk between innate and adaptive 
immunity ensures an effective host defense system, 
mediated by various cells and molecules that work 
dynamically. In terms of T cells, upon activation, naïve 
CD4+ T cells acquire the ability to differentiate into several 
subsets, including T helper 1 and T helper 2 cells mediated 
by specific cytokine signaling and transcription factor. The 
positive vital regulators involve in Th1 differentiation are 
T-bet, IFNγ/STAT1, and IL-12/STAT4; meanwhile, for 
Th2 differentiation are GATA3 and IL-4/STAT6. Besides 
the master transcription factor, several other transcription 
factors such as the RUNX3, Hlx, IRF1, Dec2, IRF4, NFAT, 
Gif-1, c-Maf, and Jun-B are known to cooperate with the 
subset specific master transcription factor that collectively 
involved in establishing Th1/Th2 differentiation. Although 
specific cytokines expressions and transcription factors 
of T helper subsets are exclusive to each subset, they can 
still present in both states and fine-tune the T helper cells 
capabilities for polarization when the situation requires. 
This can be exemplified clearly by IL-2, which is essential 
for both Th1 and Th2 differentiation. Collectively, the 
immune cells orchestrate a complex network made of 
transcription factors, in cooperation with other proteins 
involved in cytokine signaling. In which subsequently 
influences the chromatin state of the targeted genes, 
resulting in activation or repression of the genes, thereby 
eliciting the required immune responses in a given state. 
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