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CD4 T helper cells, including Thl, Th2, Thl7, Treg and Tfh, play a central role in orchestrating adaptive immune
responses.

Thl Th2 Thl7 Treg Tfh ILCs immunity and inflammation

immunological diseases

| 1. Introduction

To defend countless pathogen invasions, mammals have developed and evolved a rigorous and precise immune
system, which is built upon various kinds of cells, cytokines, chemokines, antibodies et al. L2, CD4 T helper cells,
as a key component of this system, play a critical role in defending infections throughout life by coordinating the
actions of other immune cells as well as non-immune cells. CD4 T cells originate from common lymphoid
progenitors in the bone marrow, develop in the thymus, and execute their functions mainly in peripheral tissues and
various lymphoid organs Bl. The developmental process is precisely regulated so that CD4 T cells may efficiently
recognize a very broad range of foreign antigens without eliciting auto-reactivity to self-antigens. For executing
their effector functions, naive CD4 T cells first need to be activated when receiving pathogen signals delivered by
antigen-presenting cells (APCs), such as dendritic cells (DCs), and then differentiate into distinct T effector (Teff)
populations based on the nature of infections. Effector CD4 T cells provide host defensive mechanisms against
pathogens through the production of effector cytokines, which activate other immune cells such as macrophages
and CD8 T cells in killing infected cells and help B cells in producing antibodies to mediate humoral immune
responses 4IRI6],

Based on the expression of signature cytokines and lineage-specific master transcription factors, CD4 T helper
(Th) cells are typically categorized into five major subsets (Eigure 1): Thl (interferon (IFN)-y and T-bet), Th2
(interleukin (IL)-4/1L-5/IL-13 and GATA3), Th17 (IL-17/IL-22 and RORyt), Tfh (IL-21 and Bcl6) and Treg (T
regulatory) (IL-10/transforming growth factor (TGF)-B/IL-35 and Foxp3) . Some labs have also described some
other subsets, such as Th3 (TGF-B) &, Tr1 (IL-10) &, Tho (1L-9) LY and Th22 (IL-22) 12,
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Figure 1. The development and functions of CD4 T helper (Th) and innate lymphoid cell (ILC) subsets. Naive CD4
T cells can differentiate into Thl, Th2, Th17, Tfth (follicular T helper), and Treg (T regulatory) subsets upon T cell
receptor (TCR) activation in different cytokine milieu. T cells may also become cytotoxic CD4 T cells (CD4-CTLs)
that kill their target cells in major histocompatibility complex class Il (MHCII)-restricted manner. ILC1, ILC2, and
ILC3 subsets are the innate counterparts of Thl, Th2, and Th17 cells and they are involved in type 1, type 2, and
type 3 immune responses, respectively. ILC1, ILC2, and ILC3 subsets develop from ILC progenitors (ILCPs), which

are distinct from progenitors that give rise to natural killer (NK) cells and lymphoid tissue inducers (LTis).

| 2. Functions of CD4 T Helper

Through thymic selection, CD4/CD8 double positive T cells develop into either mature CD4 (helper) or CD8
(cytotoxic) T cells, which recognize major histocompatibility complex (MHC) class II (MHCII)/peptide and
MHCl/peptide complexes, respectively (Figure 1). However, some mature CD4 T cells, cytotoxic CD4 T cells (CD4-
CTLs or Th-CTLs), may act similarly as cytotoxic CD8 T cells in Killing their target cells through the secretion of
granzyme B and perforin but in an MHCII-restricted manner 132415 The transcriptional factor Eomes (a T-box
transcription factor critical for the development of functional natural killer (NK) and CD8 T cells), T-bet, and Blimp1
are critical for inducing the expression of cytotoxicity-associated genes in CD4-CTLs REIL7I18] Similar to CD8 T
cells, CD4-CTLs display increased Runx3 but reduced ThPOK expression L220021122] - Fyrthermore, opposite to
Tth cells, CD4-CTLs express low levels of Bcl6 but high levels of Blimp-1 23], Two important markers for CD4-CTLs
are CRTAM [24l and NKG2C/E 23, It has been shown that the cytotoxicity executed through CD4-CTLs becomes
effective when CD8-CTL activity is impaired during infections in association with virus escape strategies 14151,
Interestingly, more CD4-CTLs have been identified in severe COVID-19 patients than in mild symptomatic patients
(28] suggesting a possible inefficient CD8 response in viral control in patients with severe disease, which is an
important question that needs to be tested in the future. In addition to protecting the host from viral infections, CD4-
CTLs are also involved in anti-tumor responses as well as in various autoimmune conditions 1271281 Strikingly,

CD4-CTLs are increased in people of exceptional longevity [22. The development and functions of CD4-CTLs have
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been recently reviewed 12, In consideration of the scope of this review, we will not further discuss this interesting

population below in great detail.

Among the CD4 T subsets possessing helper functions (Eigure 1), Thl cells induce type 1 responses to protect
against intracellular pathogens such as bacteria, viruses, and protozoa by activating type 1 macrophages (M1) &,
Th2 cells are involved in type 2 responses to fight infections by parasites such as helminths by activating type 2
microphages (M2), as well as the recruitment of eosinophils, basophils, and mast cells to the sites of infections 2,
Th1l7 cells mediate type 3 responses for the clearance of extracellular bacteria and fungi by orchestrating
sustained neutrophil recruitment and an induction of antimicrobial peptide production by epithelial cells of barrier
tissues such as intestines, lungs, and skin 1. Tfh cells are found to be important in helping B cells make antibody
responses by promoting germinal center formation, affinity maturation, and possibly immunoglobulin class switch
recombination 32, although Tfh-independent antibody responses have also been reported 3. Treg cells are

critical for the preservation of immune tolerance and involved in preventing autoimmune diseases 34132],

Innate lymphoid cells (ILCs) [B8IE7 that do not express antigen receptors have been recently identified as the
counterparts of T helper subsets within the innate arm of the immune system. While progenitors of ILCs are found
both in bone marrow and tissue, mature ILCs are largely tissue-resident 8. Therefore, ILCs can act earlier and
more quickly than CD4 T cells during an immune response and thus provide the first line of protection against
pathogens through a rapid and local secretion of effector cytokines, which were previously thought to be largely
produced by CD4 T helper cells. Similar to the classification of CD4 T effector subsets into three major subsets,
Th1/Th2/Th17 cells, ILCs can also be categorized into three major groups (Figure 1), which produce similar
effector cytokines and lineage-defining transcription factors. Thus, group 1 ILCs (ILC1s) secret IFN-y and express
T-bet; group 2 ILCs (ILC2s) secret IL-5 and IL-13, and express GATAS; group 3 ILCs (ILC3s) secret IL-17 and IL-
22, and express RORyt . Functionally, group 1 ILCs, similar to Th1 cells, may participate in defending intracellular
pathogens, such as bacteria, viruses, and protozoa; group 2 ILCs, just as Th2 cells, respond to large extracellular
pathogens, such as parasites and allergens; group 3 ILCs, like Th17 cells, combat extracellular microbes, such as
bacteria and fungi BZ. ILCs, similar to Th cells, are also involved in many inflammatory diseases including
autoimmunity, allergy, and asthma B2, It is worth pointing out that within the RORyt-expressing ILCs, there is a
lymphoid tissue inducer (LTi) population, and they are involved in the formation of lymphoid structures as well as in
host defense 49, Recently, ILCs were also found to be involved in non-immunological functions including tissue

repair, metabolism regulation, and immune-neuronal interactions [2€l.

A proper and effective response to a particular microorganism invasion through the activation and differentiation of
T helper subsets and ILCs protects host from that pathogen without causing excessive inflammation that damages
host tissues. However, when an immune response is out of balance, either too weak or too strong, it can cause
chronic infection or inflammatory diseases [RIBIB241NA2  |nappropriate immune responses to harmless
environmental agents or self-antigens may also lead to inflammation, allergy, and autoimmunity, such as
inflammatory bowel disease (IBD). Immunodeficiency with reduced ILC and CD4 T cell numbers and/or diminished
ILC and CD4 T cell functions can result in insufficient immune response, which may cause chronic or repeated

infections. In fact, in human immunodeficiency virus (HIV)-infected patients, the CD4 T cell number is drastically
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reduced, which is the main cause of acquired immunodeficiency syndrome (AIDS). X-linked severe combined
immune deficiency (SCID) patients have mutations in the IL2RG gene 43, which results in a lack of T cells and
ILCs; these boys suffer from severe infections of bacteria, viruses, and fungi, and they do not survive beyond
infancy without treatment. In this review, we will discuss the differentiation and functions of major T helper subsets

and their involvement in host defense and diseases in the context of ILCs.

In order to protect a host from the invasion of various pathogens, the immune system has evolved a series of
mechanisms to respond rapidly and effectively. CD4 T helper subsets mediate effective adaptive immune
responses particularly when innate immune responses fail to eliminate pathogens; CD4 T cell responses also
generate memory, which can quickly respond to the second infection of the same or similar pathogens. Different
types of adaptive immune responses are executed by Th1/Th2/Th17 cells, respectively, with each subset of T
helper cells possessing their unique properties in producing their signature cytokines. Interestingly, before adaptive
responses take place, innate lymphoid cells, which can also be divided into ILC1/ILC2/ILC3 subsets, may provide
early protection and allow time for adaptive responses, whereas memory and/or memory-phenotype CD4 T cells,
by possessing some similar features of ILCs (i.e., a completed differentiation process allowing a rapid response,
capable of responding to inflammatory cytokines and tissue residency), may behave similarly as ILCs, to a certain

extent, during a subsequent infection 241451,

Thl, Th2, and Th17 cells can be categorized as non-Tfh Teff cells in parallel with Tfh and Treg cells, since both Tfh
cells and Treg cells may be further divided into Th1-, Th2-, and Th17-like subpopulations [JX€I47]48]  Cel| plasticity
may exist between non-Tfh and Tfh cells, and between Teff cells and Treg cells BBIBL However, even within Teff
cells, particularly for Th17 cells, cell plasticity has been well documented. Thl-like Th17 cells have been found
during infections and in autoimmune settings. The heterogeneity and plasticity of CD4 T cell subsets are largely
determined by the temporal and quantitative co-expression of multiple master transcription factors during the
differentiation of these cell subsets 4. Between non-Tfh and Ttfh cells, their balance may determine the magnitude
of cellular versus humoral responses. In contrast, the balance between Teff and Treg cells reveals the yin and yang
sides of the immune system. Understanding such balances is not only important for gaining our knowledge in basic
immunology in infections and inflammations, but also for providing great opportunities in treating different types of
immunological diseases. In fact, more and more attention is being paid to Treg-based therapies 22, because Treg

cells play critical roles in anti-inflammation, autoimmunity prevention, and cancer promotion.

With the rapid development of modern technologies, such as single-cell RNA sequencing 23, CRISPR (clustered
regularly interspaced short palindromic repeats)-mediated genome editing 2453 Cryo-EM (cryogenic electron
microscopy) structure analysis 8 single-cell mass spectrometry B4 and immunoimaging B85BIEA  many
important findings are being made in the identification, development, and regulation of new CD4 T cell and ILC
subsets, as well as their relationship and crosstalks in diseases. In the future, it is also important to investigate how
CD4 T cell memory for each subset is formed and maintained [l and whether the plasticity of antigen cross-

reactive CD4 T cell memory cells may shape the primary response to a new infection 82, With exciting new
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findings in basic immunology, our better and deeper understanding of this powerful system will help us uncover

innovative measures for diseases treatment, thereby improving human health.
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