Chapter 3: Cytokines
The development of the immune response involves lymphoid cells, inflammatory cells, as well as hematopoietic and non-hematopoietic cells.
The interactions between these cells are complex and are mediated by a group of proteins collectively known as cytokines, which play a role in cell-to-cell communication and in the regulation of the development of immune effector cells.
In this chapter, we will focus on the biological activities of cytokines, their structures, their receptors, the signal transduction pathways activated by cytokines, the role of cytokines in the pathogenesis of certain diseases, and their therapeutic applications.
We will also highlight the role of cytokines in the inflammatory response.
1. Definition
Cytokines constitute an extremely complex network of about one hundred low-molecular-weight protein or glycoprotein molecules (MW: 15–60 kDa). The first cytokine was discovered in 1957 by Isaacs and Lindenmann (interferon).
These molecules can be either soluble or membrane-bound. They are secreted by leukocytes and by various other cell types in response to numerous stimuli. They act on multiple target cells and induce a wide range of biological effects.
· Cytokines are protein in nature, most often glycosylated, and their synthesis is inducible. They act on target cells through interaction with specific receptors expressed on the cell surface.
· It should be emphasized that cytokines act in a non-antigen-specific manner. They are involved in a wide range of biological activities, including innate and adaptive immunity, inflammation, and hematopoiesis.
· Overall, the number of proteins with cytokine activity easily exceeds 100, and ongoing research continues to identify new ones.
· Cytokines share many properties with hormones and growth factors, and the distinction between these three classes of mediators is often difficult.
Cytokines differ from hormones according to four fundamental principles:
	
	Les cytokines 
	Les hormones 

	Sources:
	Several cell types
	A single specialized and localized cell type

	Target cells:
	Numerous and include hematopoietic cells
	More specific

	Activities
	Broad spectrum of activities, with a high degree of redundancy
	Single or more restricted activity

	Mode of action :
	Autocrine, juxtacrine, paracrine and endocrine
	Endocrine only



2. Nomenclature
Different cytokines were discovered by several independent research groups, and each group proposed a different name, which explains the existence of multiple designations.
The term cytokine is a general term proposed by Cohen et al. in 1974. The term cytokine includes:
· Cytokines secreted by lymphocytes, formerly known as lymphokines.
· Cytokines secreted by monocytes, previously called monokines.
· Interleukins: structurally diverse molecules with varied functions.
3. Characteristics
3.1. General characteristics
Very short half-life (about 30 minutes).
Produced de novo in response to antigenic stimulation.
They exert their effects at very low concentrations (pg/mL).
A single cell can produce several cytokines.
Example – Th1 cells produce: IFN-γ, IL-2, IL-3, IL-20, IL-21, TNF-α, FasL, LT-α, CD40L, CXCL2 and GM-CSF.
Cytokines bind to specific receptors on the membrane of target cells, which triggers intracellular signaling pathways.
These signaling pathways modify the expression of certain genes in the target cells.
The sensitivity of target cells to particular cytokines is determined by the presence of specific membrane receptors.
Cytokines regulate the intensity and the duration of the immune response by stimulating or inhibiting the activation, proliferation and/or differentiation of various cells, and by regulating the secretion of antibodies or other cytokines.

3.2. Pleiotropy
Cytokines can exert different biological effects on different target cells.
This property is referred to as pleiotropic action.
Example:
IL-6 activates cells of the innate immune system, cells of the adaptive immune system, and non-hematopoietic cells (hepatic cells, nerve cells, keratinocytes, etc.).
[image: ]
3.3. Redundancy
Redundancy refers to the situation in which two or more cytokines have similar functions.
This is explained by the fact that they share a common receptor (or a receptor subunit).
Example: IL-1β, IFN-α and IL-32 stimulate macrophages.
This property makes it difficult to attribute a specific action to a single cytokine.
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3.4. Synergy
Cytokine synergy occurs when the combined effect of two or more cytokines on cellular activity is greater than the effect of each cytokine acting alone.
Example: IL-4 and IL-5 activate B lymphocytes and promote class switching.
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3.5. Antagonism
Cytokine antagonism refers to the situation in which the effect of one cytokine inhibits or counteracts the effect of another.
Example: IFN-γ blocks the activity of IL-4.
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4. Mode of action
The action of different cytokines, through their cellular receptors, can be:
· Autocrine: the cytokine acts on the producing cell itself (IL-2).
· Juxtacrine: the cytokine acts locally on cells adjacent to the producing cell.
· Paracrine: the cytokine acts locally in the vicinity of the site where it was produced.
· Endocrine: the cytokine acts at a distance and is transported through the blood (IL-6, IL-1).
5. Classification
5.1 Classification by biological activity:
Cytokines can be classified in several ways according to different criteria, but most often they are categorized based on their biological role:
· Immune response cytokines: all interleukins, TNF, IFNs.
· Inflammatory cytokines:
· Pro-inflammatory: IL-1, IL-6, TNF
· Anti-inflammatory: IL-4, IL-10, TGF
· Hematopoietic cytokines: CSFs (Colony-Stimulating Factors)
· Chemokines: IL-8, MCF, HANTES
5.2 Classification by family:
· Interleukins: structurally diverse cytokines with varied functions.
· Interferons: antiviral cytokines.
· Colony Stimulating Factors (CSF): growth factors for hematopoietic cells.
· Leukemia Inhibitory Factor (LIF).
· Tumor Necrosis Factor (TNF): induces necrosis in tumor cells.
5.3 Classification by receptors
a. Type I cytokine receptors:
Also called hematopoietin receptors. These characteristics are shared by all cytokine receptors of this type, including IL-2, IL-3, IL-4, IL-5, IL-6, IL-7, IL-9, IL-12, G-CSF, GM-CSF, etc.
b. Type II cytokine receptors:
This family includes interferon receptors (IFN-α, IFN-β, IFN-γ) and the IL-10 receptor.
c. Type III cytokine receptors:
The main members of this family are the receptors for TNF (Tumor Necrosis Factor).
d. Type IV cytokine receptors: (belonging to the immunoglobulin superfamily)
This includes, among others, the IL-1 receptor and the IL-18 receptor.

6. Cellular cytokine receptors
Cytokines bind to specific receptors located on the plasma membrane. Once the ligand interacts with its receptor, it triggers a signaling cascade. This cascade affects the genome and leads to the activation of a number of genes. Cytokines can act at very low concentrations due to their high affinity for their receptors.
- Based on the structure of the extracellular domain, cytokine receptors are grouped into several families:
a. Hematopoietin receptor family (Class I):
These receptors are characterized by:
· A single transmembrane junction.
· A conserved motif in the extracellular region consisting of four cysteine domains (CCCC) at the N-terminal end.
· A WSXWS motif near the transmembrane junction.
· A BOX 1 motif rich in proline in the intracellular region, which plays a role in signal transduction.
· This group does not have intrinsic tyrosine kinase activity; ligand binding to its receptor induces phosphorylation of intracellular tyrosine residues.
· Several variants of these receptors exist.
[image: ]
b. Interferon receptor family (Class II):
These receptors are characterized by:
· A single transmembrane junction.
· Two cysteine residues at the N-terminal end and two more near the transmembrane junction.
· No WSXWS motif in this receptor group.
· A BOX1 motif rich in proline.
· This group lacks intrinsic tyrosine kinase activity.
· Several variants exist.
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c. TNF receptor family (Class III):
These receptors are characterized by:
· A single transmembrane junction.
· Repeated cysteine-rich domains.
· Absence of the BOX1 motif.
· Presence of an intracellular Death Domain (DD), which recruits cytoplasmic DISC molecules responsible for triggering programmed cell death (apoptosis).
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d. Immunoglobulin superfamily (Class IV):
This class is characterized by:
· A single transmembrane junction.
· Includes variants such as IL-1R.
· Five repeated Ig-like domains in the extracellular region (three domains for IL-1R).
· Some variants, like IL-1R, lack intrinsic kinase activity.
· Activates the kinase IRAK, which phosphorylates IκB, leading to the release and activation of NF-κB.
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e. Chemokine receptor family:
These receptors are characterized by:
· Seven transmembrane domains.
· Coupled to a G protein, which is responsible for signal transduction.
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7 – CYTOKINES AND IMMUNE REACTIONS
The immune system defends the body through complex mechanisms that can be grouped into two categories: humoral immunity and cell-mediated immunity.
This distinction is determined by several factors, the most important of which is the type of antigen.
a – T helper lymphocyte (CD4):
CD4⁺ T cells play a central role in all immune reactions.
Once activated by an antigen or by cytokines, a CD4⁺ T cell can proliferate and differentiate into a T helper lymphocyte, releasing a wide range of cytokines (IL-2, IL-3, IL-4, IL-5, IL-6, IL-9, IL-10, IL-13, TNF, IFN).
Helper T lymphocytes are classified into subsets according to the profile of cytokines they secrete:
· TH1: IL-2, IL-3, IFN, TNF
· TH2: IL-4, IL-5, IL-6, IL-9, IL-10, IL-13
The development of the cell-mediated immune response requires a TH1-type cytokine profile, whereas the development of the humoral immune response requires a TH2-type cytokine profile.
Both cell types originate from the same precursor cell, TH0, which secretes IL-2, IFN, IL-4, IL-5, etc.
This differentiation is also influenced by cytokines present in the microenvironment.
b – CELL-MEDIATED IMMUNITY
It is expressed in two complementary forms, depending on whether the T helper cell cooperates with CD8 T cells and NK cells, or with macrophages.
1 – CYTOTOXIC CELL-MEDIATED IMMUNITY
This form of immunity enables the body to eliminate virus-infected cells and tumor cells.
This function is carried out mainly by two cell types: CD8 T cells (T8) and NK cells.
The first act in an antigen-specific manner, whereas the second are non-specific for the antigen.
However, for these cells to accomplish their function, they require cellular cooperation mediated by cytokines, which are necessary for the generation and activation of these immune effector cells.
· CD8 T cells (T8) are activated by: IL-2, IFN-γ, TNF, IL-12.
· NK cells are activated by: IL-2, IL-12, IL-15, IFN, TNF, etc.
2 – MACROPHAGE-MEDIATED CELLULAR IMMUNITY
Activation of monocytes/macrophages enables them to eliminate the pathogens they have phagocytosed.
These cells are activated both by the pathogens themselves and by cytokines secreted by Th1 cells.
Macrophages are able to produce reactive oxygen derivatives only after activation by IFN-γ, which is also called MAF (macrophage-activating factor).
Furthermore, the production of nitric oxide (NO) by these cells requires activation by IFN-γ and TNF-α.
The main cytokines that can activate monocytes/macrophages are:
· IFN
· TNF
· GM-CSF
· IL-2
· RANTES
· M-CSF
Cytokines that negatively regulate macrophage function are:
· IL-4
· IL-10
Activated monocytes/macrophages produce:
· IL-1
· IL-6
· IL-8
· IL-12
· IL-15
· IL-18
· TGF-β
· TNF-α
· type I IFNs, etc.
c – HUMORAL IMMUNITY
The activation of B lymphocytes and their differentiation into plasma cells require several signals.
The three main signals are:
· the antigen–BCR interaction,
· the direct contact between CD4 T cells and B lymphocytes through CD40–CD40L,
· and cytokines.
These cytokines play multiple roles in the humoral immune response, including:
· the generation of B cells,
· the activation and differentiation of B lymphocytes,
· and isotype (class) switching.
8 – CYTOKINES AND INFLAMMATORY RESPONSE
The initial mechanisms involved in combating endogenous or exogenous aggressors are grouped under the term “inflammatory response”, whose purpose is to:
· eliminate the pathogen,
· prevent tissue damage, and
· repair tissue lesions.
This defense involves several cellular and humoral factors. Among the humoral factors, cytokines are synthesized in situ by monocytes/macrophages, fibroblasts, mast cells, and/or endothelial cells, and can be classified as follows:
Chemokines
Play a role in chemotaxis (cell movement toward the site of infection).
Examples:
· IL-8 → attracts neutrophils (polymorphonuclear cells, PN)
· MCP → attracts monocytes
· RANTES → attracts monocytes/macrophages and lymphocytes
 Pro-inflammatory cytokines
Have both local and systemic effects:
· Local effects:
· Activation of various nearby cells
· Enhancement of cell-mediated immune responses
· Systemic effects:
· Fever
· Induction of synthesis of inflammatory proteins by hepatocytes
Examples: IL-1, IL-6, TNF
Anti-inflammatory cytokines
Produced in situ initially, and later by macrophages, to limit the inflammatory response.
Examples: IL-10, TGF-β, IL-4, IL-1RA
9 – Different Families of Cytokines
a. nterleukins
(inter = communication between cells, leukine = leukocytes)
IL-1
This cytokine is a key example of pleiotropy (multiple effects) and redundancy.
Produced by:
Monocytes, macrophages, dendritic cells, T cells, B cells, polymorphonuclear cells, epithelial cells, endothelial cells, and fibroblasts.
Functions:
· Central mediator of immunity and inflammation
· Activates T, B, NK cells, monocytes/macrophages (enhances phagocytosis), and endothelial cells (procoagulant effect)
· Promotes proliferation of fibroblasts, muscle cells, and keratinocytes
· Stimulates hepatocytes to produce acute-phase proteins
· Acts as a pyrogen (induces fever via CNS)
· Induces production of other cytokines (e.g., IL-6) → indirect effects
· Exhibits anti-tumor and anti-microbial activities
IL-2 (T Cell Growth Factor, TCGF)
· Restricted to T lymphocytes
· Promotes T cell growth and production of other cytokines by T cells
· Supports differentiation into mature CD8⁺ effector T cells
· Enhances NK cell activity
· Stimulates B cell proliferation and antibody production by antigen-stimulated B cells
· Does not affect isotype switching
· Initiates the cytokine cascade in cell-mediated immune responses
· Stimulates anti-tumor, cytotoxic, and bactericidal activities of monocytes
IL-4
· Produced by T cells, NKT cells, basophils, and mast cells
· Acts as a growth factor for B cells
· Stimulates expression of IgE receptor (CD23) and MHC molecules on B cells
· Promotes isotype switching to IgG1 and IgE
· Stimulates proliferation and differentiation of certain T cell subsets (TH2) and NK cells
IL-10
· Produced by TH2 cells, B cells, and macrophages
· Inhibits production of other cytokines (e.g., IFN-γ) by TH1 cells
· Reduces antigen presentation and MHC II expression by macrophages
· Decreases production of IL-6, IL-1, and TNF-α by monocytes
· Promotes B cell proliferation and differentiation
· Can enhance production of IgM, IgG, and IgA
b. Tumor Necrosis Factor (TNF)
Production:
· TNF-α: produced by multiple cell types, including monocytes and macrophages
· TNF-β: produced by T lymphocytes
· Similar structures → bind the same receptors
Functions:
· Induces lysis of tumor cells via necrosis or apoptosis → responsible for the tumoricidal activity of macrophages
· Cytotoxic actions are enhanced by IFN-γ and IL-4
· Pro-inflammatory activity: affects vascular endothelium, liver, and central nervous system
· Stimulates production of various cytokines by different cell types
· Activates macrophages, T cells, and B cells (cofactor effect)
c. Interferons (IFNs)
Interferons are classified into three groups based on biochemical characteristics and antigenic determinants:
· IFN-α: produced by leukocytes (monocytes) and B cells
· IFN-β: produced by fibroblasts
· IFN-γ: mainly produced by activated T lymphocytes
Functions:
· Antiviral activity: prevents viral replication in infected cells → activates immune cells, especially cytotoxic T cells
· Immunomodulatory and antitumor activity
Actions of IFN-α and IFN-β (TypeI IFNs):
· Play a key role in innate immune responses
Actions of IFN-γ (Type II IFN):
· Inhibits growth of normal and transformed cells
· Activates macrophage cytotoxic capacity → antitumor activity (via induction of nitric oxide synthase)
· Activates cytotoxicity of T lymphocytes and NK cells
· Increases expression of Fc receptors for IgG on myelomonocytic cells
· Enhances MHC expression (Class II on macrophages, B cells, and T-dependent mast cells)
· Influences TH1/TH2 polarization: IFN-γ produced by TH1 cells inhibits TH2 cell proliferation and differentiation
d. Hematopoietin
GM-CSF (Granulocyte-Macrophage Colony-Stimulating Factor)
· Type: Glycoprotein
· Produced by: T lymphocytes, macrophages, endothelial cells
Functions:
· Stimulates proliferation and differentiation of macrophages, neutrophils, and eosinophils from bone marrow precursors
· Increases histamine synthesis in hematopoietic cells
· Activates polymorphonuclear cells (neutrophils) and macrophages
· Induces macrophage cytotoxicity against tumor cells and parasites
· Enhances phagocytic capacity
· Induces IL-1 production by neutrophils
10 – Cytokines and Pathologies
Several cytokines are involved in pathological conditions due to their pathogenic effects, which may result from:
· Excessive cytokine production
· Lack of suppressive (anti-inflammatory) cytokines → defective negative feedback
· Excessive production of a cytokine by cells that normally should not produce it
The following examples illustrate the link between cytokines and diseases:
1⃣ Chronic inflammation:
Increased activity of inflammatory cytokines such as TNF-α and IL-6 can lead to various chronic inflammatory diseases, e.g., rheumatoid arthritis and Crohn’s disease.
2⃣ Inflammatory skin diseases:
Cytokines play a key role in psoriasis and eczema.
3⃣ Respiratory diseases:
Cytokines contribute to conditions such as asthma and chronic bronchitis.
4⃣ Metabolic diseases:
Altered cytokine levels may be associated with diabetes and obesity.
5️ Cancer:
Certain cytokines can influence tumor development either by promoting cancer cell growth or by stimulating the immune system to eliminate tumors.
6⃣ Infectious diseases:
Cytokines are crucial for the immune response to infections caused by viruses, bacteria, and parasites.
	cytokines
	Pathologies

	IFN and chemokines
	Autoimmune diseases

	IL-2, IL-4, IL-7, IL-9, IL-15, and IL-21
	X-linked immunodeficiency (mutation affecting their receptors)

	IL-6
	Cancers: lymphomas, myelomas, colon cancer, … Growth factor for myeloma cells (multiple myeloma)

	TNF
	Cancers

	IL-10
	Viral infection (70% homology with an Epstein-Barr virus gene)

	IL-7
	Immunodeficiency due to inactivation of its gene

	Chemokines
	Viral infections (receptors used by several pathogens: HIV, herpes virus, …) Transplant rejection (CCL2, CCL3, CXCL1-3, …)


11- Use of Cytokines in Therapy
Cytokines are powerful pharmacological agents. A large number of cytokines have been characterized and are currently available.
Cytokine immunotherapy consists of:
1. Administering anti-cytokine antibodies
2. Injecting deficient cytokines
	cytokines
	Therapeutic Use

	Interferon
	Antiviral and cancer treatment

	IFNγ, IL-2, and TNFα
	Enhancement of T cell activation in immunodeficiencies

	IL-2
	In anticancer therapies; certain viral infectious diseases (HIV)

	GM-CSF
	After cytotoxic chemotherapy; after bone marrow transplantation; leukopenia associated with AIDS

	Anti-TNF
	Rheumatoid arthritis (etanercept or Enbrel: soluble TNFα receptor (type 2) coupled to an IgG1 Fc fragment)

	Anti-CCR5
	Immunosuppression after transplantation

	Anti-IL-2R
	Immunosuppressive therapy after organ transplantation; treatment of certain autoimmune diseases

	LAK8
	Antitumor therapy



Here are some examples of the therapeutic use of cytokines:
1. Cancer treatment: Certain cytokines, such as interferon and interleukin-2, are used in cancer therapy. They can stimulate the immune system to fight cancer cells or modify the tumor microenvironment to make cancer cells more sensitive to treatments.
2. Treatment of autoimmune diseases: Cytokines such as tumor necrosis factor (TNF) are targeted in the treatment of autoimmune diseases, such as rheumatoid arthritis and Crohn's disease. By blocking the action of certain pro-inflammatory cytokines, inflammation and associated tissue damage can be reduced.
3. Antiviral therapy: Some types of interferons are used in the treatment of viral infections, such as viral hepatitis and certain virus-associated cancers. Interferons can stimulate the body’s immune response to combat viruses.
4. Treatment of immunodeficiency: Cytokines can also be used to strengthen the immune system in individuals with immunodeficiency, such as in the treatment of HIV/AIDS.
5. Regenerative therapy: Some cytokines are involved in tissue regeneration and repair. They can be used in regenerative therapies to promote wound healing or the regeneration of damaged tissues.
The therapeutic use of cytokines remains challenging due to their multiple functions, redundancy, and pleiotropy. Indeed, administering a cytokine may induce other biological effects, or its inhibition may block other essential functions necessary for the proper functioning of the immune system.
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