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Abstract: As a major arm of the cellular immune response, CD4+ T cells are important in the control
and clearance of infections. Primarily described as helpers, CD4+ T cells play an integral role in the
development and activation of B cells and CD8+ T cells. CD4+ T cells are incredibly heterogeneous,
and can be divided into six main lineages based on distinct profiles, namely T helper 1, 2, 17 and 22
(Th1, Th2, Th17, Th22), regulatory T cells (Treg) and T follicular helper cells (Tfh). Recent advances
in structural biology have allowed for a detailed characterisation of the molecular mechanisms that
drive CD4+ T cell recognition. In this review, we discuss the defining features of the main human
CD4+ T cell lineages and their role in immunity, as well as their structural characteristics underlying
their detection of pathogens.

Keywords: CD4 T cell; Th1; Th2; Th17; Th22; Treg; Tfh; human leukocyte antigen (HLA); struc-
tural biology

1. Introduction

CD4+ T cells are key players in the adaptive immune response. Following selection
and maturation in the thymus, naïve CD4+ T cells migrate to the periphery where they
survey for antigens displayed by human leukocyte antigen class II (HLA-II) molecules
present on the surface of professional antigen presenting cells (APCs) [1], such as Den-
dritic cells (DCs) [2], B cells [3], macrophages [4], CD4+ T cells and airway and intestinal
epithelial cells [5]. HLA-II molecules are composed of an alpha (α) and beta (β) chain
(Figure 1), anchored into the cell membrane, that together form the peptide (p) binding
groove [1] (Figure 1A,B). HLA-II presents peptides that are longer (>11 residues) than HLA
class I molecules (8–10 residues) due to the open-ended conformation of their peptide
binding groove (Figure 1A). Circulating CD4+ T cells recognize peptide-HLA-II (pHLA-II)
complexes through their T cell receptors (TCRs), also comprising of an α and β chain
(Figure 1C) [6]. If the peptide presented by the HLA-II molecules is recognized as foreign,
then CD4+ T cells become activated.
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Figure 1. Structural insights into human CD4 TCR recognition. (A) Overview of the pHLA-II antigen binding cleft from the
top and (B) side. The HLA-II α-chain is in orange and the β-chain is in green. The peptide, in black, is bound in the open
cleft of HLA-II, with potential overhang residues at each end of the cleft. (C) Structure of a CD4 TCR-pHLA-II complex.
The F24 TCR is in pink (α-chain) and blue (β-chain), and binding atop the HLA-DR11 (β-chain in orange, HLA-DRα in
green) presenting the RQ13 HIV peptide (black). (D) Overlay of all known human CD4 TCR-pHLA-II complexes (except
GEM42 TCR-CD1b-GMM), further detailed in Table 1.

CD4+ T cells are predominantly known as helper cells. They provide help by produc-
ing cytokines, which can recruit other cells of the immune system to the site of infection to
help tackle invading pathogens. CD4+ T cells license dendritic cells to assist in the activa-
tion of naïve CD8+ T cells, which are the killers of the immune system [7]. Furthermore,
CD4+ T cells help B cells, which predominately make antibodies [8]. The help provided
by CD4+ T cells promotes somatic hypermutation and enables antibody class switching,
allowing for the generation of high affinity antibodies of the most effective isotype for
the given infection. Interestingly, recent studies have shown that CD4+ T cells can also
display cytotoxic capabilities [9–13], suggesting that they can play a more direct role in
pathogen clearance.

CD4+ T cells are extremely heterogeneous. The presence or absence of costimulatory
factors, and the cytokine environment during CD4+ T cell activation, drives the expression
of lineage specific transcription factors. This facilitates the differentiation of CD4+ T cells
into a range of subsets [14] characterised by unique cytokine profiles, specific transcrip-
tion factor expression, and a relatively distinct phenotypic profile (Figure 2). Although
initially characterised in mice, several CD4+ T cell subsets have been identified and well-
characterised in humans over the last 30 years; T helper 1 (Th1), T helper 2 (Th2), T helper
17 (Th17), T helper 22 (Th22), regulatory T cells (Treg), and T follicular helper cells (Tfh)
(Figure 3).
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Table 1. List of human CD4 TCR-antigen-HLA or HLA-like complex structure.

HLA or CD1 Peptide Sequence TCR TRAV TRBV Kd (µM) Role in Disease PBD Reference
HLA-DR1 PKYVKQNTLKLAT F11 8-4*01 24-1*01 26.7 Antiviral 6R0E [15]
HLA-DR1 PKYVKQNTLKLAT HA1.7 8-4*01 28*01 37 Antiviral 1FYT [16]
HLA-DR1 RFYKTLRAEQAS F24 24*01 2*01 10.56 Antiviral 6CQR [10]
HLA-DR11 RFYKTLRAEQAS F24 24*01 2*01 1.16 Antiviral 6CQL [10]
HLA-DR15 RFYKTLRAEQAS F24 24*01 2*01 6.9 Antiviral 6CQQ [10]

CD1b GMM-C32 GEM42 1-2*01 6-2*01 0.85 Anti-bacterial 5L2K [17]
HLA-DQ8 VEELYLVAGEEGC T1D-3 17*01 5-1*01 21.4 Diabetes 6DFX [18]
HLA-DQ2 PQPELPYPQ D2 26-1*01 7-2*01 15.8 Coeliac disease 4OZH [19]
HLA-DQ2 PQPELPYPQ JR5.1 26-1*01 7-2*01 79.4 Coeliac disease 4OZG [19]
HLA-DQ2 PQPELPYPQ S16 26-1*01 7-2*01 24.8 Coeliac disease 4OZF [19]
HLA-DQ2 PFPQPELPY S2 4*01 20-1*01 70 Coeliac disease 4OZI [19]

HLA-DQ2.2 PFSEQEQPV T1005.2.56 21*01 7-3*01 22.1 Coeliac disease 6PX6 [20]
HLA-DQ2.2 PFSEQEQPV T594 9-2*01 11-2*01 20.9 Coeliac disease 6PY2 [20]
HLA-DQ8 SGEGSFQPSQENP S13 26-2*01 9*01 1.05 Coeliac disease 4Z7U [21]
HLA-DQ8 SGEGSFQPSQENP L3-12 26-2*01 9*01 7 Coeliac disease 4Z7V [21]
HLA-DQ8 SGEGSFQPSQENP T316 8-3*01 6-1*01 2.1 Coeliac disease 4Z7W [21]
HLA-DQ8 SGEGSFQPSQENP Bel502 20*01 9*01 2.8 Coeliac disease 5KS9 [22]
HLA-DQ8 QPQQSFPEQEA Bel602 20*01 9*01 4.7 Coeliac disease 5KSA [22]
HLA-DQ8 SGEGSFQPSQENP SP3.4 26-2*01 9*01 11.4 Coeliac disease 4GG6 [23]

HLA-DQ8.5 GPQQSFPEQEA T15 20*01 9*01 2 Coeliac disease 5KSB [22]
HLA-DR1 GELIGILNAAKVPAD G4 22*01 5-8*01 low $ Cancer 4E41 [24]
HLA-DR1 GELIGILNAAKVPAD E8 22*01 6-6*01 low $ Cancer 2IAM [25]

HLA-DR3 # QHIRCNIPKRISA ANi2.3 8-3*01 19*01 38.3 Allergy 4H1L [26]
HLA-DP2 QAFWIDLFETIG AV22 9-2*01 5-1*01 6 Allergy 4P4K [27]
HLA-DR2 ENPVVHFFKNIVTP OB.1A12 17*01 20-1*01 47 Multiple sclerosis 1YMM [28]
HLA-DR2a VHFFKNIVTPRTPGG 3A6 9-2*02 5-1*01 low $ Multiple sclerosis 1ZGL [29]
HLA-DR2b DFARVHFISALHGSG OB.1A12 17*01 20-1*01 300 Anti-bacterial 2WBJ [30]
HLA-DR4 FSWGAEGQRPGFG MS2-3C8 26-2*01 20-1*01 5.5 Multiple sclerosis 3O6F [31]
HLA-DQ1 ENPVVHFFKNIVTPR Hy.1B11 13-1*02 7-3*01 14.3 Multiple sclerosis 3PL6 [32]
HLA-DQ2 APMPMPELPYP LS2.8/3.15 8-3*01 5-5*01 39.6 Anti-bacterial 6U3N [33]
HLA-DQ2 AVVQSELPYPEGS JR5.1 26-1*01 7-2*01 132 Anti-bacterial 6U3O [33]
HLA-DR4 GSLQPLALEGSLQKRGIV FS18 29/DV5*01 6-2*01 low $ Treg 4Y19 [34]

The α and β gene usage are reported accordingly to the IMGT nomenclature, with TRAV for TCR α variable domain and TRBV for the TCR β variable domain segments. The different colours highlight the CD4+

T cell subset within which the TCR fits accordingly to their role in immunity, with Th1 like responses in green, Th2 like responses in yellow, Th17 like responses in orange, and blue for the Treg like response.
# HLA-DR3 is short for HLA-DRB3*03:01. $ low refers to surface plasmon resonance performed for which the results show either no binding using a standard protocol (monomer) or very weak binding at a high
concentration of analyte.
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Figure 2. Summary of human CD4+ T cell subsets. CD4+ T cell helper subsets and their characteristics. Each T helper
subtype (Th1, Th2, Th17, Th22, Tfh and thymic/natural (t/n) Treg) is associated with different differentiation agonists, the
expression of different transcription factors, chemokine receptors and the secretion of specific cytokines. A CD4+ T cell
subset also displays a stable phenotype and may have cytotoxic potential. Some subsets have not been defined as having
certain characteristics (ND). Each of these characteristics contributes to the cell’s ability to respond in a range of different
diseases. Figure created using Biorender.com.
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Figure 3. Timeline for the discovery of CD4+ T cell subsets. Timeline of CD4+ T cell subset discovery
and major pHLA-TCR structures. Blue timepoints indicate major immunological discoveries in
the identification of the CD4+ T cell subsets and red timepoints indicate the publication of major
pHLA-TCR structures. The disease from which the peptide was derived or the type of helper subset
of the TCR is written in parentheses. Figure created using Biorender.com.

In this review, we outline the defining features of each of the six main CD4+ T cell
lineages. We discuss the CD4+ T cell subsets in the context of disease and highlight the
role of these CD4+ T cell subsets in the resulting immune response. Furthermore, recent
advances in structural biology have allowed insight into the interactions between CD4+ T
cell-derived TCRs and their pHLA-II antigens. To date, the structures of 32 unique TCR-
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pHLA-II complexes are available (Figure 1D, Table 1), 27 of which have been generated
in the last decade, and 13 of those in the last 5 years. Therefore, we can now correlate
the CD4+ T cell lineages with the available structures. This combination of molecular
and functional characterisation of provides a deep and thorough understanding of this
burgeoning family of immune cells.

2. T Helper 1 Cells (Th1)
2.1. Overview of Th1 Cell Features

T Helper 1 (Th1) cells were first described in 1986 [35], where two distinct populations
of murine CD4+ T cells were observed with distinct characteristics. The homologous Th1
lineage was subsequently identified in humans in 1990 [36] (Figure 3). Being one of the
first CD4+ T cell lineages characterised, it remains one of the best understood to date.
Th1 cells are predominately identified based on the expression of the transcription factor
T-bet and their production of IFNγ, which was first known as macrophage-activating
factor [37] (Figure 2), playing a central role in macrophage activation against intracellular
bacteria and cancer cells [38,39]. Although many studies have tried to clarify the exact
intracellular signalling pathways and epigenetic regulations that commit naïve CD4+ T
cells to the Th1 lineage [40–42], there is still some controversy in the field. None-the-less,
the most widely accepted paradigm is that during activation, the presence of IL-12 [43]
produced by APCs, drives the down-stream expression of STAT4, which regulates T-bet
expression in CD4+ T cells [44], subsequently facilitating the production of their signature
cytokine, IFNγ [35,45–47]. Additionally, Th1 CD4+ T cells may also produce IL-2 [35,48],
IL-10 [49,50], TNF-α [51] and lymphotoxin [35]. Th1 cells can be found circulating within
the periphery, and there is mounting evidence that Th1 CD4+ T cells can also express tissue
resident phenotypes [52,53] and be found in tissues. IL-2 is known to be important in the
generation of resident memory Th1 CD4+ T cells in the lungs of mice [52], and protective
tissue resident CD69+ CD4+ Th1 cells can be generated by perinatal vaccination and found
resident in the genital tract in humans [53]. Th1 CD4+ T cells are multifaceted, playing
important roles in antiviral, antibacterial, and anti-cancer immune responses. However,
they are also significant contributors to autoimmune diseases.

2.2. Antiviral Role of CD4+ Th1 Cells

Due to their production of potent antiviral cytokines, Th1 CD4+ T cells are impor-
tant in the protection of humans against a range of viruses including Epstein Barr Virus
(EBV) [54,55], Human cytomegalovirus (HCMV) [56], Human Immunodeficiency Virus
(HIV) [10], and others [57]. Human Th1 CD4+ T cells have been particularly well studied
in the context of influenza [48,58]. Studies have shown that IFNγ secreting influenza-
specific CD4+ T cells can be identified in humans following natural exposure to influenza
viruses [59] and the frequency of pre-existing CD4+ T cells correlated with decreased
viral shedding and decreased disease severity in humans challenged with live influenza
viruses [11]. IFNγ secreting CD4+ T cells can be generated against a range of influenza
proteins, with immunodominant responses towards the Matrix 1 (M1) and Nucleoprotein
(NP) of influenza viruses [60,61]. One immunogenic peptide generated from the surface
glycoprotein Haemagglutinin (HA), namely HA306–318, is able to be presented by multiple
HLA-DR alleles [62,63]. Numerous studies have characterised CD4+ T cell responses to-
wards this universal HA306–318 peptide [15,64,65] including their recognition of the pHLA-II
complex [15,16]. Two CD4+ TCR structures have been solved in complex with HA306–318
presented by HLA-II molecules (Table 1) offering insight on how CD4+ TCRs can recognise
influenza epitopes. Both structures comprise HLA-DR1 presenting the HA306–318 peptide.
The first structure was published in 2000 [16] and the second structure more recently in
2020 [15]. The two TCRs (HA1.7 and F11) share the same TRAV, but different TRBV genes
(Table 1), and both TCRs bind to HLA-DR1- HA306–318 in a canonical docking mode, with a
similar number of contacts with the pHLA-II. The CDR2α and CDR2β of both TCRs do not
make contact with the HA306–318 peptide, but the CDR2β is an important determinant of
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HLA-DRα specificity contacting the HLA-DR1 molecule. Conversely, the CDR1α of both
TCRs, which both are both TRAV8-4*01, contact the peptide, which might suggest a peptide
driven TCR bias. Another similarity between these two TCRs are their preferences for
acidic residues (Asp/Glu) within the non-germline encoded region of the CDR3α, which
interact with the P5-Lys of the peptide. This suggests that the charge specificity has a
structurally defined role in recognising the HA306–318 peptide.

2.3. Antibacterial Role of CD4+ Th1 Cells

Th1 CD4+ T cells play a role in the immune response against bacteria [66] and this has
been largely investigated in various mouse models. However, human Th1 CD4+ T cells
have been identified in response to pathogens including Mycobacterium Tuberculosis [67],
Coxiella burnetti [68], and Staphylococcus aureus [69]. Interestingly, studies of M. tuberculosis
identified a population of CD4+ T cells that could recognise M. tuberculosis-derived lipid-
based antigens presented by the HLA-like molecule CD1b [70]. These T cells, referred to as
germline-encoded mycolyl-reactive (GEM) T cells, are characterised by the expression of
the CD4 co-factor, and TRAV1-2/TRAJ9 segments in their TCR. GEM T cells can produce
IFNγ upon recognition of the glucose monomycolate (GMM) lipid. The structure of a GEM
TCR (GEM42) in complex with CD1b-GMM revealed that the glucose moiety of the lipid
was wrapped by the CDR3 loops of the TCR (Figure 4A) leading to high specificity and
affinity for the antigen [17].

Figure 4. Structural highlights of some human CD4 TCR-pHLA-II complexes. (A) GEM42 TCR CDR3α loop in pink, and
CDR3β loop in blue, wrapping the GMM lipid-based antigen (white stick and spheres) presented by the HLA-like molecule
CD1b (yellow). (B) Structural overlay of all gluten-specific TCRs bound to their antigen, alignment made on the antigen
binding cleft. The molecules are represented as cartoons, and the characteristic Arginine residue from TCRs is shown as a
stick. The complexes are coloured in green (PDB code: 4Z7U), cyan (PDB code: 4Z7V), pink (PDB code: 4Z7W), yellow
(PDB code: 5K9S), salmon (PDB code: 5KSA), white (PDB code: 5KSB), purple (PDB code: 4OZH), pale yellow (PDB code:
4OZG), blue (PDB code: 4OZF) and orange (PDB code: 4GG6). (C) AV22 TCR (α-chain in pink and β-chain in blue) binding
to the HLA-DP2 molecule (α-chain in yellow and β-chain in orange) complexed with the mimotope M2 peptide (grey) and
Be (green sphere) and Na (purple sphere). The bonds formed between the pHLA and the Na or Be are represented by red or
green dashed lines, respectively. (D) Representative docking topology of the majority of CD4 Th17 TCRs binding towards
the N-terminus of the pHLA, represented by the 3A6 TCR in light pink [29]. (E) CD4 Treg FS18 TCR in complex with the
proinsulin-HLA-DR4 (HLA-DRβ chain in green, HLA-DRα in yellow, peptide in black). The TCRα chain is in pink and over
the HLA-DRα chain, while the TCRβ chain is coloured in blue and docks over the HLA-DRβ chain, exhibiting a reversed
topology. The bottom panel show a schematic of canonical and reversed docking topology for αβTCRs, respectively.
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2.4. Role of Th1 CD4+ T Cells in Autoimmunity

In the absence of effective regulation, Th1 CD4+ T cell responses can target self-
peptides, resulting in autoimmune diseases such as Type 1 diabetes (T1D) [71], Rheumatoid
Arthritis (RA) [72], and Systemic Lupus Erythematosus (SLE) [72]. Since CD4+ T cells
predominately recognise peptides presented by HLA-II, and are key players in the develop-
ment of T1D, it is not surprising that there is a strong association with T1D and particular
HLA-II alleles, namely HLA-DR3/4 and HLA-DQ2/8 [73,74]. As such, particular T1D
epitopes specific for these HLA-II alleles have been identified and characterised. Th1 T cells
in individuals with acute onset T1D are specific for GAD (glutamic acid decarboxylase)
and PPI (preproinsulin) epitopes [71]. An insulin derived epitope, namely B9–23, has been
particularly well characterised in humans. One study has shown that individuals with
recent onset T1D produce IFNγ in a dose dependant manner towards the B9–23 peptide,
and that blocking HLA-II molecules prevented T cell proliferation in a single donor [75].
Others utilised HLA-DQ8-B9–23 tetramers to identify CD4+ T cells in the peripheral blood of
individuals with T1D [76]. To further characterise this epitope, structural studies have been
undertaken with one TCR bound to HLA-DQ8 presenting the B9–23 peptide [18]. The focus
and recognition of CD4+ T cells in both human and mouse bear some similarity [18], which
is important since understanding the role of CD4+ T cells in T1D has been largely focused
on the non-obese diabetic (NOD) mouse model. The structure of an insulin peptide in
complex with HLA-DQ8 shows similarities with the mouse MHC IAg7 in peptide binding,
and similar to MHC IAg7, it has a preference for an acidic residue at position 9 (P9) [18].

Coeliac disease is another autoimmune disease caused by circulating Th1 CD4+ T
cells which respond to gliadin derived peptides from oral food-derived gluten, and induce
inflammation within the mucosa of the gastrointestinal tract [77,78]. Similar to T1D,
the expression of particular HLA-II alleles, namely HLA-DQ2 and HLA-DQ8 [79,80],
determines susceptibility to the development of coeliac disease. Molecular and structural
studies have helped further our understanding of CD4+ T cell responses to various gluten
antigens. Interestingly, deaminated gluten leads to epitopes with stronger binding to
HLA-DQ2/DQ8 as well as to T cells. A total of 13 TCR-gluten-HLA-DQ structures have
been solved with different gluten epitopes (Table 1, Figure 4B) [19–23]. The structures show
that the TCRs display different docking and recognition mechanisms, even amongst the
HLA-DQ2- or HLA-DQ8-restricted TCRs. One interesting and common feature of 10 of
these TCRs (D2, JR5.1, S16, T15, SP3.4, S13, L3-12, T316, Bel502, Bel602) is a common Arg in
the CDR3 α or β (typically the non-germline section), or in the CDR1α (Figure 4, Table 1).
This Arg, from different TCR segments, uses its side chain to recognise the peptide, or
to bind in between the peptide and the HLA α-helix (Figure 4B). However, this common
feature was not associated with higher TCR affinity (Table 1). Strikingly, there is a 10-fold
difference in the affinity of the CD4+ TCRs restricted to HLA-DQ2/DQ2.2 (average affinity
of 39 µM) than the one restricted to HLA-DQ8/8.5 (average affinity of 4 µM). This might
be due to the TRBV9*01 gene bias observed in HLA-DQ8+ patients, while there is no bias
observed in HLA-DQ2+ patients [20].

2.5. Role of CD4+ Th1 Cells in Cancer

Despite the growing number of studies showing an important role of CD4+ T cells in
cancer [81], the data available on how their TCRs can recognise tumour antigens is limited
to two TCRs (E8 and G4 [24,25]) recognising the same human melanoma epitope from the
glycolytic enzyme triosephosphate isomerase presented by HLA-DR1 (TPI, Table 1). Strik-
ingly, despite a 100,000-fold increase in the production of GM-CSF by T cells recognising
the mutant TPI peptide (Ile28) compared to the wild-type (wt) TPI peptide (Thr28), no
detectable affinity for the G4 or E8 TCRs was detected by surface plasmon resonance [25].
The structure of the E8 TCR in complex with both wt and mutant TPI peptide revealed
that the increased recognition of the mutant TPI peptide was due to an increase in bonds
formed with the CDR3α loop [25]. In 2012, the structure of the G4 TCR in complex with
the mutant TPI peptide presented by the HLA-DR1 molecule showed that despite using
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the same TRAV22 chain, the two TCRs bound with a different footprint [24]. Especially
the CDR1α of the E8 and G4 TCRs adopted different conformation, due to differences of
length and sequence in the CDR3α loops in the TCRs.

2.6. CD4+ Th1 Cells with Cytotoxic Properties

Although typically described as helpers, there is mounting evidence that many an-
tiviral IFNγ secreting CD4+ T cells can also contribute directly to antiviral immunity
and display cytotoxic properties when recognising and responding to peptides presented
by HLA-II molecules. Similar to CD8+ T cells, cytotoxic CD4+ T cells utilise two main
cytotoxic pathways; Fas/FasL and Granzyme/Perforin to carry out their cytotoxic mech-
anisms [13,82]. Protective cytotoxic CD4+ T cells have been described in response to a
range of viral infections including HIV [9,10], Influenza [11] and HCMV [12]. HIV-specific
cytotoxic CD4+ T cells are well studied, and were described as early as 2002, where they
were detected directly ex vivo and found to be expanded early in HIV infection [9]. Many
studies have since expanded upon this, identifying and characterising HIV-specific CD4+ T
cell responses. Of particular interest are CD4+ T cells that recognise the Gag293 peptide,
which are polyfunctional, cytotoxic, and display a TCRs gene bias for TRAV24/TRBV2.
Additionally, a public TCR with high affinity (TRAV24/TRBV2) has been identified in
individuals who effectively control HIV infection (HIV controllers) but not in those who
cannot [10,83]. Interestingly, despite the critical role of CD4+ T cells in HIV infection, it was
only in 2018 that a structure of an HIV-specific TCR isolated from a CD4+ T cell was solved
in complex with the Gag293 peptide presented by HLA-II (Table 1). The structure of the
public TCR, termed F24 TCR, was solved in complex with the HIV epitope presented by
three different HLA-IIs, namely HLA-DR11, -DR1 and -DR15 [10]. The structures revealed
how the F24 TCR focused its recognition towards the HIV peptide and conserved parts
of the HLA-II molecules (invariant HLA-DRα chain), allowing it to recognise multiple
HLA-II molecules.

3. T Helper 2 Cells (Th2)
3.1. Defining Features of Th2 Cells

Th2 cells were first discovered in mice alongside Th1 cells in 1986 [35], then later
in humans, through stimulation of peripheral blood mononuclear cells (PBMCs) with
Toxocara canis and excretory/secretory antigen [84] (Figure 3). Similarly, activated cells
from patients with allergic reactions to timothy grass pollen extract were found to produce
IL-4 and IL-5, and low or no IL-2 or IFNγ, and were described as being similar to murine
Th2 cells [85]. The primary cytokines secreted by human Th2 cells include IL-4, IL-5, L-13
and, in some cases IL-9 [86]. IL-4 is critical for Th2 differentiation and IL-2 plays a central
role in this process [87]. The functions of these cytokines include promoting antibody
isotype switching to IgE [88], differentiation, migration and survival of eosinophils [89–91],
promoting macrophages to adopt an M2 phenotype [92] and the promotion of mucous
secretion and fibrosis [93]. Th2 cytokine expression is regulated through the upregulation
of the transcription factor GATA3 and the activation of STAT5 along with YY1 [94,95].

3.2. Role of Th2 Cells in Atopic Disease

In the normal immune response, Th2 cells play a primary role in combatting infections
involving large parasites, such as helminths [96,97]. However, they are also involved in
intestinal inflammation and atopic disease [98,99]. Pathogenic Th2 cells (Th2path) are Th2
cells able to secrete IFNγ, IL-17 or TNF, along with the regular Th2 cytokines (Figure 2) [100].
Th2path are memory cells with markers including IL-25, IL-33 and CRTH2, although non-
pathogenic Th2 cells also express CRTH2 but to lower levels [101]. The transcriptional
profile of human CRTH2+ CD4+ T cells was studied in the context of asthma, where it was
found that IL17RB, which encodes for the IL-25R, had a ~3.35-fold increase in transcripts
in asthma patients compared to healthy controls [102]. Interestingly, this study found
that genes associated with negative regulation of T cell activation were downregulated
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in Th2 cells from asthma patients compared with healthy individuals [102]. Moreover,
it has been found that TCR signalling correlates with the development of asthma [103].
Furthermore, polymorphisms in Differentially Expressed Normal and Neoplastic cells
Domain-containing protein 1B (DENND1B) have been associated with asthma and atopic
disease in Brazilian children, and DENNI1B knockout in mice has been shown to result
in prolonged Th2 signalling and over-secretion of Th2 cytokines [103,104]. DENND1B
functions by promoting degradation and internalisation of the TCR, which is necessary
during a non-diseased state. This factor functions specifically in Th2 cells in attenuating
TCR signalling [103].

Recently, Th2path cells were identified that had the phenotype CD27-CD45RB-CRTH2+

CD161+CD49d+ in individuals with numerous allergies, which were absent in individuals
with no known allergies [105]. Pathogenic Th2 cells recognise and respond to epitopes
which are not pathogen-derived but are from foods, metals or other substances which
are not harmful. The superseding CD4+ T cell response is known as a hypersensitivity or
allergy. Approximately 10–15% of the population suffer from a hypersensitivity to metals;
one of the most common hypersensitivities [106,107]. Two Th2 CD4+ TCR structures in
complex with pHLA-II reveal how T cells can recognise metal ions (nickel and beryllium)
involved in acute contact sensitivity [26,27] (Table 1). It was shown that a CD4+ TCR from
an allergic patient recognises Ni2+ bound to an HLA-II molecule containing an unknown
self-peptide. Furthermore, mimotope peptides that can replace both the self-peptide and
Ni2+ in this ligand have been identified and they share a Lysine at position P7 (mimicking
the Ni2+ ion) that results in the same effect on CD4+ T cells as the Ni2+ ion. The structure
of the Ani2.3 TCR in complex with the HLA-DRB3*03:01 (HLA-DR3) revealed how the
non-germline CDR3β loop interacts with the amine group of the P7-Lys side chain [26],
which is potentially the binding site of the Ni2+ cation. Similar to nickel, beryllium (Be)
can also lead to CD4+ T cell hypersensitivity in lung inflammatory diseases [108]. The
structure revealed that the HLA-DP2 cleft has a large acidic pocket within the antigen
binding cleft that favoured the coordination of the Be ion. In 2014, the structure of a Be
reactive TCR (AV22) was solved in complex with HLA-DP2 binding the M2 peptide and
a Be ion [27]. The structure revealed how the Be ion was buried in the cleft of HLA-DP2.
The affinity measurement shows that the AV22 TCR has a high affinity (Kd of 6 µM) for
the HLA-DP2-M2 only in the presence of Be. Despite the high affinity of the TCR in the
presence of the Be ion, the TCR did not make direct contact with the metal (Figure 4C).
Instead, the stable binding of the Be ion changes the surface of the pHLA complex, most
likely stabilising the M2 peptide, triggering CD4+ T cell recognition and activation [27].

3.3. IL-9 Producing Th2 Cells

Pathogenic Th2 cells can secrete high levels of IL-9, a pro-inflammatory cytokine
shown to affect different cell types including CD4+ T cells, mast cells, B cells, haematopoietic
progenitor cells, along with epithelial and smooth muscle cells of the airways [109]. IL-9
producing Th2 CD4+ T cells were first identified as being an independent subset of CD4+ T
cells in mice [110,111] and were referred to as “Th9” cells, which have subsequently been
described in multiple reviews which primarily focus on murine research. Prior to this, IL-9
production in mice was associated with CD4+ T cells displaying the Th2 phenotype [112].
In 2015, IL-9 producing CD4+ T cells were controversially described as an independent
subset in humans [113]. Recently, Micosse et al. (2019) identified that IL-9 production
was dependent on PPARγ expression, and that all IL-9 producing cells had expression
of the Th2 transcription factors GATA3 [114] and PU.1 [115]. Under in vitro conditions,
IL-9 producing CD4+ T cells, did not display a stable phenotype and when grown under
different polarising conditions the cells displayed a Th2 phenotype [114]. Whilst IL-9
producing CD4+ T cells do play an important role in human immunity; more research is
needed before these cells can be classified as a bona-fide CD4+ T cell subset in humans.

IL-9 producing CD4+ T cells have been determined to play both a positive and
pathogenic role in the adaptive immune response. The population of cells producing IL-9 in
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humans has been found to primarily consist of skin and gut tropic CD4+ T cells [116]. IL-9
producing CD4+ T cells have been associated with a number of different diseases including
bacterial and fungal skin infections, inflammatory bowel disease (IBD) including ulcerative
colitis and Crohn’s disease, autoimmune disorders and allergies affecting the skin including
psoriasis and acute contact dermatitis and cancers such as metastatic melanoma [117–119]).
They have more recently become a major point of interest in the context of IBD due to their
role in mediation and progression of the disease [119]. Approximately 41% of individuals
with IBD had detectable levels of serum IL-9, and the level of IL-9 in the serum of indi-
viduals with Crohn’s disease correlated with disease severity and poor prognosis [120].
However, it should be noted that IL-9 can produced by many other cell types, therefore IL-9
observed in serum does not necessarily originate from IL-9 producing Th2 cells. Despite
the involvement of IL-9 producing CD4+ T cells in many diseases, no TCR repertoire, and
therefore no TCR-pHLA-II structures are available.

4. T Helper 17 Cells (Th17)
4.1. Defining Features of Th17 Cells

Th17 cells were discovered in 2005 [121] (Figure 3). They produce IL-17A, IL-17F,
IL-22, and TNFα making them efficient helpers in eliminating extracellular bacteria and
fungi. They preferentially express chemokine receptors CCR6 and CCR4 (CCR6+CCR4+

CXCR3−) [122,123]. IL6, IL21, IL23, and TGF-β are the major signalling cytokines involved
in Th17 cells differentiation, and the master regulator is retinoic acid receptor-related
orphan receptor γ-T (RORγt in humans) [124–126]. IL-27 is an important negative regulator
of Th17 differentiation [127]. They play an essential role in mucosal immunity in addition
to inducing tissue inflammation, Th17 cells also promote B cell responses and the formation
of ectopic lymphoid follicles in the tissues [128,129].

Th17 cells are a particularly heterogeneous population with functional states ranging
from non-pathogenic to pathogenic, but little is known about these two categories and
certain key issues remain to be answered. Non-pathogenic Th17 cells, generated in response
to infections with extracellular bacteria [130] are induced by IL-6 and TGF-β1. These
cells can produce IL-10 and therefore have significant anti-inflammatory and regulatory
properties as well [131–133]. Conversely, pathogenic Th17 cells are induced in the presence
of IL-6, IL-1β, and IL-23 and can produce pro-inflammatory cytokines and chemokines
such as IL-3, IL-22, CXCl3, CCL4 and CCL5 [134].

4.2. Role of Th17 Cells in Autoimmune Diseases

Pathogenic Th17 cells have critical roles in the pathogenesis of human autoimmune
diseases including RA, Crohn’s disease, IBD, chronic lung inflammation, asthma, pso-
riasis, and MS [135–137]. MS is a chronic inflammatory disease of the central nervous
system (CNS). Th17 pathogenicity in MS has been correlated with the dysregulation of
the expression of microRNAs (miRNAs), and specific miRNAs promote the pathogenic
phenotype [138]. In MS, autoreactive Th17 cells, generated by IL-23 and IL-1β, migrate
to the CNS and cross the blood–brain barrier. In encephalitogenic Th17 cells, the Bhlhe40
transcription factor, which is induced by IL-1β signalling, positively regulates the secretion
of GM-CSF and consequently, GM-CSF-stimulated glial and dendritic cells reinforce the
differentiation and maintenance of pathogenic Th17 cells, by secreting IL-6 and IL-23 [138].

In 2005, the first structures of a TCR bound to HLA-II presenting a myelin basic
protein (MBP) derived peptide, which is an autoantigen, were published [28,29] (Table 1,
Figure 4D). The first structure showed an MBP derived peptide, MBP89–101, presented
by HLA-DR2a bound to the 3A6 TCR, revealing that the TCR binds onto the peptide
towards the N-terminus, unlike microbial and alloreactive TCRs which bind at the centre
of the peptide [29]. The structure of an overlapping MBP peptide, MBP85–99, presented by
HLA-DR2, was solved bound to the OB.1A12 TCR [28]. The OB.1A12 TCR also contacted
only the N-terminus of the peptide, and the interaction was dominated by the CDR3
loops. This binding mode reduces interactions between the TCR and the peptide, and
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also results in lower binding affinity potentially due to the altered geometry for CD4
coreceptor association [31]. In 2010, another structure was published with the MBP85–99
peptide presented by HLA-DQ1, bound to a different TCR (Hy.1B11) [32]. This structure
displayed limited interactions between the TCR and the HLA-II due to the unusually small
crossing angle of 40◦ and the strong tilt of 14.5◦. The TCR interacted with the peptide
using the CDR3α due to the unusually short CDR3β (10 residues long). The remaining
MS-related structure was published in 2011 [31] and is of HLA-DR4 presenting a different
MBP derived peptide, MBP114–126. Interestingly, this MBP peptide is loosely accommodated
in the cleft of HLA-DR4 with low affinity (Table 1) to the pHLA, yet the MS2-3C8 TCR has
a high affinity of 5.5 µM for the MBP-HLA-DR4 complex. Unlike TCRs 3A6 and OB.1A12,
the MS2-3C8 TCR docks onto the MBP-HLA-DR4 complex in a canonical fashion. With the
addition of the MS2-3C8- MBP-HLA-DR4 structure, Yin et al. were able to propose two
categories of binding topologies for self-reactive TCRs. TCRs that bind in the canonical
orientation with structural defects that did not affect their high affinity, and TCRs that
bound in altered topologies (ie tilted towards the N terminus) to the pHLA-II and therefore
at lower affinity (Figure 4D) [31].

4.3. Role of Th17 Cells in Infectious Diseases

Th17 cells have been shown to play a role in the immune response against viral
infections in humans including Hepatitis C Virus (HCV), Hepatitis B Virus (HBV) and
HIV [136,139–141]. In addition, Th17 cells are also required for host defence against
intracellular bacterial infection, such as M. tuberculosis, Listeria monocytogenes, Chlamydia
trachomatis, Salmonella enterica, Mycoplasma pneumoniae, Leishmania donovani, Francisella
tularensis, and Toxoplasma gondii [142].

Interestingly, bacterial peptides share structural homology with auto-antigens, which
might provide a molecular basis for bacterial infection as an onset of autoimmune disease.
This is thought to be one of the driving factors of coeliac disease initiation, in which
peptides derived from E. coli or Pseudomonas fluorescens activate Th17 cells that can recognise
deamidated gluten by molecular mimicry, resulting in severe inflammation [33]. This is
evidenced by three structures of HLA-II presenting a bacterial derived peptide complexed
with a TCR (Table 1). All three peptides are unique, and share a common feature permitting
molecular mimicry to occur [30,33]. The first structure was HLA-DR2b presenting an
E. coli derived peptide in complex with the OB.1A12 TCR [30], and the same TCR was
initially published bound to HLA-DR2 presenting the MBP85–99 peptide [28]. Overlay of the
two structures with the MBP85–99 peptide [28] and the E. coli346–360 peptide (GTP-binding
protein engA346–360) [30] revealed that, despite the lack of sequence homology, the two
peptides being presented by different HLA-II molecules were structurally homologous,
resulting in molecular mimicry [30]. Importantly, it was noted that the shared sequence
motif of P2-His and P3-Phe at the centre of the peptide is considered a hotspot for the
OB.1A12 TCR-peptide binding interactions, and this motif along with P1-Val, is shared
between both the E. coli346–360 and MBP85–99 peptides. The side chains of these two residues
mediate conserved interactions between the OB.1A12 TCR and HLA-II presenting the MBP
or E. coli peptides [143,144]. Overall, the OB.1A12 TCR docks towards the N-terminus
of the E. coli peptide-HLA-DR2a complex, and of the MBP-HLA-DR2 structure [28]. The
structures of HLA-DQ2-peptide-TCR involving two distinct microbial peptides are mimics
of the deamidated gliadin epitopes associated with coeliac disease [33]. Indeed, structural
superimposition of HLA-DQ2.5–P. fluor-α1a (bacterial peptide) and of the HLA-DQ2.5-glia-
α1 (gliadin peptide) revealed similarity between the both pHLA-II complexes. In addition,
the structures of the LS2.8/3.15 TCR-HLA-DQ2.5-P.fluor-α1a [33] and S2 TCR-HLA-DQ2.5-
glia-α1 complex [19] show similar distribution of TCR CDR3 loop interactions with the
pHLA-II complex [33]. The same observation was made for the structures of HLA-DQ2.5-P.
aeru-α2a (bacterial epitope) and HLA-DQ2.5-glia-α2 (gliadin epitope) free or bound with
the JR5.1 TCR despite minor variations in docking angle [33].
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4.4. The Role of Th17 Cells in Other Types of Disease

Th17 cells are also implicated in Graft-versus-host disease (GVHD). In both mice and
patients with chronic GVHD, Th17 cell frequencies correlate with disease severity, and
strategies that deplete Th17 cells can reverse disease [145]. Moreover, resident memory
Th17 cells have been very recently found to be induced by microbial infections in the
kidneys and to amplify renal autoimmunity [146].

5. T Helper 22 Cells (Th22)
5.1. Features of Th22 Cells

Th22 cells were first identified as being a unique subset of CD4+ T cells in 2009 [147,148]
(Figure 3), and are now classified through the expression of the chemokine receptors CCR6,
CCR4 and CCR10, the production of IL-22 and the transcription factors BNC-2, FOXO4,
and to a lesser extent AHR [147–149] (Figure 2). Expression of CCR10 and IL-22 have been
the most common features used to characterise human Th22 cells after activation. Human
Th22 cells are tissue-homing CD4+ T cells which have been shown to play an important role
in skin and gut disease, autoimmunity and allergy [150–152]. Skin-tropic Th22 cells localise
in higher numbers in the epidermis compared with the dermis, and have also been shown
to play a direct role in epidermal wound healing in an IL-22 dependent manner [153]. In
culture, human keratinocytes express the IL-22 receptor, which binds IL-22 to increase
keratinocyte migration, thickness of the reconstituted epidermis, and downregulation of
proteins involved in differentiation [153].

5.2. Role of Th22 Cells in the Immune System

The primary disease in which Th22 cells have been studied is RA. Increased IL-22
single-producers were isolated from synovial tissue of patients with RA [154]. In com-
parison, low levels of infiltration in patients with osteoarthritis were observed compared
with patients with RA. The infiltration of Th22 cells was linked with CCL28 secretion,
as patients with RA have higher levels of secreted CCL28 than healthy individuals [155].
During RA, Th22 cells act by promoting osteoclast differentiation in an IL-22 dependent
manner [155]. Individuals with RA have more Th22 cells and the number of circulating
Th22 cells correlates with disease severity, with IL-22 levels increased in patients with
RA [150]. Furthermore, skin-tropic Th22 cells were found to be autoreactive to the molecule
CD1a [156]. Although there is a structure of a CD8+ T cell TCR restricted to CD1a isolated
from a patient with SLE [157], no structure has been solved involving a Th22 CD4+ TCR.

6. Regulatory T Cells (Tregs)
6.1. Defining Features of TREGS

The idea of “suppressor T cells” was first established in the 1970′s [158,159] (Figure 3).
However, Tregs in humans were not identified until 2001, when multiple groups identified
CD4+CD25+ cells from the thymus and peripheral blood of humans [160–163]. Tregs
account for 1–17% of circulating human CD4+ T cells [161–163], and are typically identified
by the surface expression of the IL-2 receptor α-chain (CD25) [164,165] and the intracellular
expression of FoxP3 [166–168]. However, the expression of both CD25 and FoxP3, is not
restricted to Tregs as CD25 is an activation marker for all T cells and both CD4+ and CD8+
T cells seem to transiently express FoxP3 upon activation [169,170]. As such, the accurate
identification of Tregs, particularly in humans, is continually debated. Some studies use
additional markers such as CD39, CD28 and CD45RA/RO expression [171,172], or the lack
of CD127 expression [173] for further identification and classification. Indeed, a recent
study, using mass cytometry, utilised multiple markers to identify a staggering 22 sub-
populations of Tregs [174]. To add to the complexity, there are subsets of FoxP3- CD4+ T
cells found in the periphery, namely Tr1 and Th3 cells, that display Treg like suppressive
functions despite being FoxP3 negative [175]. As such, the characterisation of Tregs is a
complicated and evolving field of research.
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The majority of circulating Tregs are generated in the thymus and are referred to as
thymic Tregs (tTregs) or natural Tregs (nTregs) [176]. However, a small subset, referred to
as peripheral Tregs (pTregs) develop in the periphery from conventional CD4+CD25-FoxP3-

Tregs if they are activated in the presence of various signals, of particular importance
is the presence of transforming growth factor TGF-β which induces the expression of
FoxP3 [176,177]. Interestingly, this phenomenon can be manipulated in vitro, and these are
referred to as induced/inducible Tregs (iTregs) [176,178,179].

6.2. Tregs Are Critical to the Immune System

Tregs are critical to the regulation of the immune system, and their absence leads
to autoimmunity. This is highly evident in individuals with IPEX (immune dysregula-
tion, polyendocrinopathy, enteropathy, X-linked) syndrome, where a mutation within
FoxP3 [180,181] prevents the generation of Tregs and causes systemic autoimmunity [182].
It is proposed that Tregs manipulate and control immune responses using a variety of mech-
anisms [183–185]. Absent, reduced or suboptimal Treg responses have been implicated in
many human autoimmune diseases including Psoriasis [186–189], MS [190–192], Systemic
Sclerosis and Morphoea [193,194], SLE [195] and RA [196,197]. Additionally, the role of
Tregs have been extensively studied in the development of T1D [198–204]. Interestingly,
the majority of studies demonstrate that individuals suffering with T1D do not have a
reduction of Tregs compared to healthy individuals [201,205]; however, there is conflicting
evidence about the functional ability of these Tregs [199,200,205]. The mechanisms of Treg
dysregulation during T1D are still being uncovered.

In 2015, the first structure of a human CD4+ iTreg TCR was solved in complex with a
pro-insulin peptide presented by HLA-DR4 [34]. The structure revealed for the first time
how a TCR can bind with pHLA in a new and reverse polarity, whereby the TCR adopts a
180◦ flipped docking (Figure 4E). The reverse topology of the complex, where the α- and
β-chains of the TCR are swapped around and dock over the HLA α- and β-chains, imposes
constraints for the co-factor binding which would have downstream impacts on T cell
signalling. Since this was the first Treg-TCR-pHLA complex and the first TCR shown to
adopt a reversed orientation compared to the dogma [1], it was speculated that this unusual
topology might be specific to Tregs. However, in 2016, the structure of a naïve murine CD8+

TCR was solved showing a reverse docking topology [206]. Furthermore, recent work
by Stadinski and colleagues showed that murine Tregs can also dock canonically [207].
Without more Treg-TCR-pHLA structures, it remains unclear if Tregs mostly dock with a
reversed polarity, and how this reversed docking impacts on T cell signalling.

6.3. Tregs Are an Attractive Target for Immunotherapy

Due to the inducible nature of Tregs in vitro, they are potential targets for immunother-
apy, such as targeting of miRNAs to regulate specific Treg populations [208]. Others are
trialling the use of low doses of cytokines to selectively enhance Tregs for the treatment
of T1D [209] and other autoimmune and inflammatory diseases [210,211]. However, one
of the largest areas of research appears to be the use of chimeric receptor antigen (CAR)
regulatory T cells [212–214]. This involves the ex vivo expansion or in vitro generation of
polyclonal [213] and/or epitope-specific [212] CAR Tregs which can subsequently be ad-
ministered into patients with various autoimmune and inflammatory diseases to enhance
their natural Treg levels [215].

6.4. The Dark Side of TREGS, How Much Is too Much?

Although Tregs are undoubtedly important in the human immune response, their
suppressive nature can actually inhibit immune responses towards some tumours [216].
Tregs can be induced by cytokines and signals present in the tumour microenvironment
and as such, can be found in high numbers. This results in an immunosuppressive state,
which can reduce the cellular anti-tumour immune response, allowing tumour progression.
High numbers of Tregs within the peripheral blood or tumour microenvironment is linked
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with poor clinical outcomes in some cancers, including Breast cancer [217], Prostate can-
cer [218], Gastric cancer [219], Lung cancer [220], Renal cancer [221], Ovarian cancer [222],
and Cervical cancer [223]. In this instance, it is suggested that Tregs are targeted for im-
munotherapies to suppress their function, allowing the immune response to infiltrate the
tumour microenvironment to enhance cellular anti-cancer immunity.

7. T Follicular Helper Cells (Tfh)
7.1. Defining Features of Tfh Cells

T follicular helper (Tfh) cells were discovered in 2000, and they contribute to both
host protection and inflammatory diseases by providing B-cell help and antibody produc-
tion [224–226] (Figure 3). Tfh cells stay resident in lymph nodes (LNs), in the Germinal
Centres (GC) and spleen, and both the upregulation of specific chemokine receptors as
well as the direct interaction with B cells in secondary lymphoid organs, are needed for
their differentiation [127,132]. Their master regulator is the transcription factor B-cell lym-
phoma 6 (Bcl-6), and they are also characterized by the expression of the surface receptors
CXCR5, ICOS, and PD-1 [227]. In humans, Tfh generation relies on TGF-β, IL-12, IL-23,
and Activin A signalling [228–233] whereas IL-2 is the most potent inhibitor of their differ-
entiation [234,235]. According to the predominant cytokine secreted, Tfh can be further
classified into Tfh1, Tfh2, and Tfh10 cells [126]. Tfh1 secretes IFNγ and promotes IgG2a
production; Tfh2 secretes IL-4 and produces IgG1 and IgE; and Tfh10 promotes IgA secre-
tion through the secretion of IL-10 [126]. Tfh cells depend on B cells in most contexts, and
GC B and plasma cells depend on Tfh cells. The help provided to GC-B cells by GC-Tfh
cells mainly consists of IL-21, IL-4, IL-2, CD40L, CXCL13, and TNF [236].

7.2. Role of Tfh Cells in Autoimmune Diseases

Tfh cells have been strongly associated with several autoimmune diseases including;
MS [237], SLE [238], RA [236], and T1D [236]). In T1D, it has been found that antigen-
specific circulating Tfh (cTfh, in blood) and activated cTfh (PD1hi) cells have been observed
in children at risk for T1D or with recent onset T1D [236,239,240]. In RA, ectopic lym-
phoid structures (ELS) in joints, contain B cells, CD4+ T cells, and GCs, and are often
associated with more severe disease [241]. Tfh cells are implicated in the development or
support of ELSs, as Tfh cells produce substantial amounts of CXCL13 in humans, which
is required (along with B cells) for ELS development and maintenance [241]. Also, Tfh
cells may directly support autoantibody responses by B cells. It has been shown that
IL-21-Tfh cells are important in multiple RA animal models, and blocking IL-6 signalling
can provide therapeutic benefits in humans with RA [238,242]. Moreover, high numbers
of human peripheral blood Tfh cells and enhanced GC formation positively correlates
with autoantibody titre and severity of the primary Sjögren’s syndrome [243]. In patients
with Autoimmune Myasthenia Gravis, the numbers of cTfh cells are also elevated, and
they support autoantibody production, contributing to the development of disease. Tfh
cells are also implicated in Ab-mediated allergies, as Tfh cell-derived IL-4 promotes IgE
production [228]. Finally, increased frequencies of activated cTfh cells in blood have been
reported in SLE patients [238]. Tfh regulates, IL-21 and CD40L, which are both associated
with SLE disease [244,245]. One of the most severe manifestations of human SLE is Lupus
nephritis, and ectopic GCs and Tfh cells are frequently found in lupus nephritis patient
kidneys [236].

7.3. Role of Tfh Cells in Infectious Diseases

Tfh cells facilitate Ab responses to bacterial, parasite, fungal, and viral infections.
Streptococcus pyogenes infection induces an aberrant GC-Tfh cell population with cytotoxic
properties (expressing granzyme B) that can directly kill B cells [246]. Tfh cells also play an
important role in the control of chronic lymphocytic choriomeningitis (LCMV) infection
via the slow development of neutralizing antibodies (nAb) and support of GCs, as well as
promoting the secretion of protective Abs for chronic malarial infections [236]. Interestingly,
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HIV can directly infect Tfh cells [247] and Tfh cells are associated with broad HIV nAb
responses [248]. In SIV infection, Env-specific GC-Tfh cells develop and are associated with
Env-specific IgG responses [249].

7.4. Role of Tfh Cells in Cancer

During the last decade, the role of Tfh cells in cancer has emerged. Tfh-related cells
have been found to have immunoprotective functions in breast or colorectal cancer probably
via CXCL13 expression [250–252]. In tumours, Tfh may help support ELSs, which are a
site of recruitment for macrophages, Natural Killer and CD8+ T cells, engaging in anti-
tumour immunity, or they may promote anti-tumour antibody responses by B cells [253].
Moreover, given that GC-Tfh cells express very high levels of PD1 and are present in
lymphoid organs throughout the human body, there can be potential impact of PD1 and
PDL1 immunotherapy on Tfh cells [236].

8. Conclusions

CD4+ T cells assist the immune response in a wide variety of diseases and represent
a unique and complex arm of the adaptive immune system, critical for survival. The
six distinct CD4+ T cell subsets are unique, encompassing different roles and functions.
However, it is evident that many of the subsets work in synergy, with some overlap and all
have an important role towards infection. Despite the success of the CD4+ T cell response,
the breakdown of effective regulation can cause significant damage and autoimmunity. To
entirely understand and characterise CD4+ T cell populations, it is important to consider
both the functional and structural characteristics. Currently, there is a lack of diversity of
structures solved within the Protein Data Bank with only 14 human allomorphs solved in
complex with a TCR, and multiple structures with the same epitope. In order to have a
better understanding of the unique molecular mechanisms of the different subsets of CD4+

T cells, we hope that future studies will focus on a broader range of epitopes and HLA-II
allomorphs, and alongside binding data, we can further define correlates within the subsets
that link both the biochemical and functional data. However, by comparing the phenotypes
and functions with the known structural data, we have been able to provide detailed
insights into the breadth of scope of each of the distinct CD4+ T cell lineages. The rapid
development of technologies, such as single-cell RNA sequencing, CRISPR genome editing,
structural biology (cryo-EM and X-ray crystallography), may lead to the identification of
new CD4+ T cell subsets. In turn, contributing to a deeper understanding of their molecular
requirement, relationship and cross-talks in diseases. Through continued research, we
can gain a more thorough understanding about the interactions of CD4+ T cells in the
broader immune response. This will allow to harness their capabilities to develop new
immunotherapies. With exciting new findings in basic CD4+ T cell immunology, a deeper
understanding will help uncover innovative measures for diseases treatment, thereby
improving human health.
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57. Beňová, K.; Hancková, M.; Koči, K.; Kúdelová, M.; Betáková, T. T cells and their function in the immune response to viruses. Acta
Virol. 2019, 64, 131–143. [CrossRef] [PubMed]

58. Cassotta, A.; Paparoditis, P.; Geiger, R.; Mettu, R.R.; Landry, S.J.; Donati, A.; Benevento, M.; Foglierini, M.; Lewis, D.J.;
Lanzavecchia, A.; et al. Deciphering and predicting CD4+ T cell immunodominance of influenza virus hemagglutinin. J. Exp.
Med. 2020, 217. [CrossRef]

59. Weaver, J.M.; Yang, H.; Roumanes, D.; Lee, F.E.; Wu, H.; Treanor, J.J.; Mosmann, T.R. Increase in IFNgamma(-)IL-2(+) cells in
recent human CD4 T cell responses to 2009 pandemic H1N1 influenza. PLoS ONE 2013, 8, e57275. [CrossRef]

60. Chen, L.; Zanker, D.; Xiao, K.; Wu, C.; Zou, Q.; Chen, W. Immunodominant CD4+ T-cell responses to influenza A virus in healthy
individuals focus on matrix 1 and nucleoprotein. J. Virol. 2014, 88, 11760–11773. [CrossRef]

61. Chen, L.; Anthony, A.; Oveissi, S.; Huang, M.; Zanker, D.; Xiao, K.; Wu, C.; Zou, Q.; Chen, W. Broad-Based CD4(+) T Cell
Responses to Influenza A Virus in a Healthy Individual Who Lacks Typical Immunodominance Hierarchy. Front. Immunol. 2017,
8, 375. [CrossRef] [PubMed]

62. Roche, P.A.; Cresswell, P. High-affinity binding of an influenza hemagglutinin-derived peptide to purified HLA-DR. J. Immunol.
1990, 144, 1849–1856. [PubMed]

63. O’Sullivan, D.; Arrhenius, T.; Sidney, J.; Del Guercio, M.F.; Albertson, M.; Wall, M.; Oseroff, C.; Southwood, S.; Colón, S.M.; Gaeta,
F.C.; et al. On the interaction of promiscuous antigenic peptides with different DR alleles. Identification of common structural
motifs. J. Immunol. 1991, 147, 2663–2669. [PubMed]

64. Holland, C.J.; Rizkallah, P.J.; Vollers, S.; Calvo-Calle, J.M.; Madura, F.; Fuller, A.; Sewell, A.K.; Stern, L.J.; Godkin, A.; Cole, D.K.
Minimal conformational plasticity enables TCR cross-reactivity to different MHC class II heterodimers. Sci. Rep. 2012, 2, 629.
[CrossRef] [PubMed]

65. Uchtenhagen, H.; Rims, C.; Blahnik, G.; Chow, I.-T.; Kwok, W.W.; Buckner, J.H.; James, E. Efficient ex vivo analysis of CD4+ T-cell
responses using combinatorial HLA class II tetramer staining. Nat. Commun. 2016, 7, 12614. [CrossRef] [PubMed]

66. Shepherd, F.R.; McLaren, J.E. T Cell Immunity to Bacterial Pathogens: Mechanisms of Immune Control and Bacterial Evasion. Int.
J. Mol. Sci. 2020, 21, 6144. [CrossRef]

67. Green, A.M.; Difazio, R.; Flynn, J.L. IFN-gamma from CD4 T cells is essential for host survival and enhances CD8 T cell function
during Mycobacterium tuberculosis infection. J. Immunol. 2013, 190, 270–277. [CrossRef]

68. Wang, Y.; Xiong, X.; Wu, D.; Wang, X.; Wen, B. Efficient activation of T cells by human monocyte-derived dendritic cells (HMDCs)
pulsed with Coxiella burnetii outer membrane protein Com1 but not by HspB-pulsed HMDCs. BMC Immunol. 2011, 12, 52.
[CrossRef]

69. Brown, A.F.; Murphy, A.G.; Lalor, S.J.; Leech, J.M.; O’Keeffe, K.M.; Mac Aogáin, M.; O’Halloran, D.P.; Lacey, K.A.; Tavakol, M.;
Hearnden, C.H.; et al. Memory Th1 Cells Are Protective in Invasive Staphylococcus aureus Infection. PLoS Pathog. 2015, 11,
e1005226. [CrossRef]

70. Van Rhijn, I.; Kasmar, A.; De Jong, A.; Gras, S.; Bhati, M.; Doorenspleet, M.E.; De Vries, N.; Godfrey, D.I.; Altman, J.D.; De Jager,
W.; et al. A conserved human T cell population targets mycobacterial antigens presented by CD1b. Nat. Immunol. 2013, 14,
706–713. [CrossRef]

http://dx.doi.org/10.1016/j.immuni.2009.05.012
http://dx.doi.org/10.1038/s41598-017-11803-y
http://dx.doi.org/10.1046/j.1523-1747.1999.00749.x
http://www.ncbi.nlm.nih.gov/pubmed/10571730
http://dx.doi.org/10.1002/eji.201746928
http://dx.doi.org/10.1038/s41541-020-0157-x
http://www.ncbi.nlm.nih.gov/pubmed/31993218
http://dx.doi.org/10.1097/CJI.0b013e31824d72c5
http://dx.doi.org/10.4049/jimmunol.1900377
http://www.ncbi.nlm.nih.gov/pubmed/31308093
http://dx.doi.org/10.1128/JVI.02128-16
http://www.ncbi.nlm.nih.gov/pubmed/28053099
http://dx.doi.org/10.4149/av_2020_203
http://www.ncbi.nlm.nih.gov/pubmed/32551782
http://dx.doi.org/10.1084/jem.20200206
http://dx.doi.org/10.1371/journal.pone.0057275
http://dx.doi.org/10.1128/JVI.01631-14
http://dx.doi.org/10.3389/fimmu.2017.00375
http://www.ncbi.nlm.nih.gov/pubmed/28421076
http://www.ncbi.nlm.nih.gov/pubmed/2307844
http://www.ncbi.nlm.nih.gov/pubmed/1717570
http://dx.doi.org/10.1038/srep00629
http://www.ncbi.nlm.nih.gov/pubmed/22953050
http://dx.doi.org/10.1038/ncomms12614
http://www.ncbi.nlm.nih.gov/pubmed/27571776
http://dx.doi.org/10.3390/ijms21176144
http://dx.doi.org/10.4049/jimmunol.1200061
http://dx.doi.org/10.1186/1471-2172-12-52
http://dx.doi.org/10.1371/journal.ppat.1005226
http://dx.doi.org/10.1038/ni.2630


Int. J. Mol. Sci. 2021, 22, 73 20 of 27

71. Chujo, D.; Kawabe, A.; Matsushita, M.; Takahashi, N.; Tsutsumi, C.; Haseda, F.; Imagawa, A.; Hanafusa, T.; Ueki, K.; Kajio, H.;
et al. Distinct Phenotypes of Islet Antigen-Specific CD4+ T Cells Among the 3 Subtypes of Type 1 Diabetes. J. Clin. Endocrinol.
Metab. 2020, 105, 3141–3151. [CrossRef] [PubMed]

72. Li, M.; Yang, C.; Wang, Y.; Song, W.; Jia, L.; Peng, X.; Zhao, R. The Expression of P2X7 Receptor on Th1, Th17, and Regulatory
T Cells in Patients with Systemic Lupus Erythematosus or Rheumatoid Arthritis and Its Correlations with Active Disease. J.
Immunol. 2020, ji2000222. [CrossRef] [PubMed]

73. Todd, J.A.; Bell, J.I.; McDevitt, H.O. HLA-DQ beta gene contributes to susceptibility and resistance to insulin-dependent diabetes
mellitus. Nature 1987, 329, 599–604. [CrossRef] [PubMed]

74. Hitman, G.A. The immunogenetics of insulin-dependent diabetes. Eye 1993, 7, 209–213. [CrossRef] [PubMed]
75. Alleva, D.G.; Crowe, P.D.; Jin, L.; Kwok, W.W.; Ling, N.; Gottschalk, M.; Conlon, P.J.; Gottlieb, P.A.; Putnam, A.L.; Gaur, A. A

disease-associated cellular immune response in type 1 diabetics to an immunodominant epitope of insulin. J. Clin. Investig. 2001,
107, 173–180. [CrossRef] [PubMed]

76. Yang, J.; Chow, I.T.; Sosinowski, T.; Torres-Chinn, N.; Greenbaum, C.J.; James, E.A.; Kappler, J.W.; Davidson, H.W.; Kwok, W.W.
Autoreactive T cells specific for insulin B:11-23 recognize a low-affinity peptide register in human subjects with autoimmune
diabetes. Proc. Natl. Acad. Sci. USA 2014, 111, 14840–14845. [CrossRef] [PubMed]

77. Mazzarella, G. Effector and suppressor T cells in celiac disease. World J. Gastroenterol. 2015, 21, 7349–7356. [CrossRef]
78. Festen, E.A.M.; Szperl, A.M.; Weersma, R.K.; Wijmenga, C.; Wapenaar, M.C. Inflammatory bowel disease and celiac disease:

Overlaps in the pathology and genetics, and their potential drug targets. Endocr. Metab. Immune Disord. Drug Targets 2009, 9,
199–218. [CrossRef]

79. Spurkland, A.; Sollid, L.M.; Polanco, I.; Vartdal, F.; Thorsby, E. HLA-DR and -DQ genotypes of celiac disease patients serologically
typed to be non-DR3 or non-DR5/7. Hum. Immunol. 1992, 35, 188–192. [CrossRef]

80. Karell, K.; Louka, A.S.; Moodie, S.J.; Ascher, H.; Clot, F.; Greco, L.; Ciclitira, P.J.; Sollid, L.M.; Partanen, J. European Genetics
Cluster on Celiac, D. HLA types in celiac disease patients not carrying the DQA1*05-DQB1*02 (DQ2) heterodimer: Results from
the European Genetics Cluster on Celiac Disease. Hum. Immunol. 2003, 64, 469–477. [CrossRef]

81. Tay, R.E.; Richardson, E.K.; Toh, H.C. Revisiting the role of CD4(+) T cells in cancer immunotherapy-new insights into old
paradigms. Cancer Gene Ther. 2020, 1–13. [CrossRef]

82. Kagi, D.; Vignaux, F.; Ledermann, B.; Burki, K.; Depraetere, V.; Nagata, S.; Hengartner, H.; Golstein, P. Fas and perforin pathways
as major mechanisms of T cell-mediated cytotoxicity. Science 1994, 265, 528–530. [CrossRef] [PubMed]

83. Benati, D.; Galperin, M.; Lambotte, O.; Gras, S.; Lim, A.; Mukhopadhyay, M.; Nouël, A.; Campbell, K.-A.; Lemercier, B.; Claireaux,
M.; et al. Public T cell receptors confer high-avidity CD4 responses to HIV controllers. J. Clin. Investig. 2016, 126, 2093–2108.
[CrossRef] [PubMed]

84. Del Prete, G.F.; De Carli, M.; Mastromauro, C.; Biagiotti, R.; Macchia, D.; Falagiani, P.; Ricci, M.; Romagnani, S. Purified protein
derivative of Mycobacterium tuberculosis and excretory-secretory antigen(s) of Toxocara canis expand in vitro human T cells
with stable and opposite (type 1 T helper or type 2 T helper) profile of cytokine production. J. Clin. Investig. 1991, 88, 346–350.
[CrossRef] [PubMed]

85. Kay, A.B.; Ying, S.; Varney, V.; Gaga, M.; Durham, S.R.; Moqbel, R.; Wardlaw, A.J.; Hamid, Q. Messenger RNA expression of the
cytokine gene cluster, interleukin 3 (IL-3), IL-4, IL-5, and granulocyte/macrophage colony-stimulating factor, in allergen-induced
late-phase cutaneous reactions in atopic subjects. J. Exp. Med. 1991, 173, 775–778. [CrossRef]

86. Walker, J.A.; McKenzie, A.N.J. TH2 cell development and function. Nat. Rev. Immunol. 2018, 18, 121–133. [CrossRef]
87. Cote-Sierra, J.; Foucras, G.; Guo, L.; Chiodetti, L.; Young, H.A.; Hu-Li, J.; Zhu, J.; Paul, W.E. Interleukin 2 plays a central role in

Th2 differentiation. Proc. Natl. Acad. Sci. USA 2004, 101, 3880–3885. [CrossRef]
88. Morawetz, R.A.; Gabriele, L.; Rizzo, L.V.; Noben-Trauth, N.; Kühn, R.; Rajewsky, K.; Müller, W.; Doherty, T.M.; Finkelman, F.;

Coffman, R.L.; et al. Interleukin (IL)-4-independent immunoglobulin class switch to immunoglobulin (Ig)E in the mouse. J. Exp.
Med. 1996, 184, 1651–1661. [CrossRef]

89. Sehmi, R.; Wood, L.J.; Watson, R.; Foley, R.; Hamid, Q.; O’Byrne, P.M.; A Denburg, J. Allergen-induced increases in IL-5 receptor
alpha-subunit expression on bone marrow-derived CD34+ cells from asthmatic subjects. A novel marker of progenitor cell
commitment towards eosinophilic differentiation. J. Clin. Investig. 1997, 100, 2466–2475. [CrossRef]

90. Robinson, D.S.; Damia, R.; Zeibecoglou, K.; Molet, S.; North, J.; Yamada, T.; Kay, A.B.; Hamid, Q. CD34(+)/interleukin-5Ralpha
messenger RNA+ cells in the bronchial mucosa in asthma: Potential airway eosinophil progenitors. Am. J. Respir. Cell Mol. Biol.
1999, 20, 9–13. [CrossRef]

91. Fulkerson, P.C.; Schollaert, K.L.; Bouffi, C.; Rothenberg, M.E. IL-5 triggers a cooperative cytokine network that promotes
eosinophil precursor maturation. J. Immunol. 2014, 193, 4043–4052. [CrossRef] [PubMed]

92. Zhang, M.Z.; Wang, X.; Wang, Y.; Niu, A.; Wang, S.; Zou, C.; Harris, R.C. IL-4/IL-13-mediated polarization of renal
macrophages/dendritic cells to an M2a phenotype is essential for recovery from acute kidney injury. Kidney Int. 2017, 91, 375–386.
[CrossRef] [PubMed]

93. Zhu, Z.; Homer, R.J.; Wang, Z.; Chen, Q.; Geba, G.P.; Wang, J.; Zhang, Y.; Elias, J.A. Pulmonary expression of interleukin-13 causes
inflammation, mucus hypersecretion, subepithelial fibrosis, physiologic abnormalities, and eotaxin production. J. Clin. Investig.
1999, 103, 779–788. [CrossRef] [PubMed]

http://dx.doi.org/10.1210/clinem/dgaa447
http://www.ncbi.nlm.nih.gov/pubmed/32652026
http://dx.doi.org/10.4049/jimmunol.2000222
http://www.ncbi.nlm.nih.gov/pubmed/32868411
http://dx.doi.org/10.1038/329599a0
http://www.ncbi.nlm.nih.gov/pubmed/3309680
http://dx.doi.org/10.1038/eye.1993.50
http://www.ncbi.nlm.nih.gov/pubmed/7607336
http://dx.doi.org/10.1172/JCI8525
http://www.ncbi.nlm.nih.gov/pubmed/11160133
http://dx.doi.org/10.1073/pnas.1416864111
http://www.ncbi.nlm.nih.gov/pubmed/25267644
http://dx.doi.org/10.3748/wjg.v21.i24.7349
http://dx.doi.org/10.2174/187153009788452426
http://dx.doi.org/10.1016/0198-8859(92)90104-U
http://dx.doi.org/10.1016/S0198-8859(03)00027-2
http://dx.doi.org/10.1038/s41417-020-0183-x
http://dx.doi.org/10.1126/science.7518614
http://www.ncbi.nlm.nih.gov/pubmed/7518614
http://dx.doi.org/10.1172/JCI83792
http://www.ncbi.nlm.nih.gov/pubmed/27111229
http://dx.doi.org/10.1172/JCI115300
http://www.ncbi.nlm.nih.gov/pubmed/1829097
http://dx.doi.org/10.1084/jem.173.3.775
http://dx.doi.org/10.1038/nri.2017.118
http://dx.doi.org/10.1073/pnas.0400339101
http://dx.doi.org/10.1084/jem.184.5.1651
http://dx.doi.org/10.1172/JCI119789
http://dx.doi.org/10.1165/ajrcmb.20.1.3449
http://dx.doi.org/10.4049/jimmunol.1400732
http://www.ncbi.nlm.nih.gov/pubmed/25230753
http://dx.doi.org/10.1016/j.kint.2016.08.020
http://www.ncbi.nlm.nih.gov/pubmed/27745702
http://dx.doi.org/10.1172/JCI5909
http://www.ncbi.nlm.nih.gov/pubmed/10079098


Int. J. Mol. Sci. 2021, 22, 73 21 of 27

94. Hwang, S.S.; Kim, Y.U.; Lee, S.; Jang, S.W.; Kim, M.K.; Koh, B.H.; Lee, W.; Kim, J.; Souabni, A.; Busslinger, M.; et al. Transcription
factor YY1 is essential for regulation of the Th2 cytokine locus and for Th2 cell differentiation. Proc. Natl. Acad. Sci. USA 2012,
110, 276–281. [CrossRef] [PubMed]

95. Zhu, J. Transcriptional regulation of Th2 cell differentiation. Immunol. Cell Biol. 2010, 88, 244–249. [CrossRef] [PubMed]
96. Allen, J.E.; Sutherland, T.E. Host protective roles of type 2 immunity: Parasite killing and tissue repair, flip sides of the same coin.

Semin. Immunol. 2014, 26, 329–340. [CrossRef] [PubMed]
97. Zaiss, M.M.; Maslowski, K.M.; Mosconi, I.; Guenat, N.; Marsland, B.J.; Harris, N.L. IL-1beta suppresses innate IL-25 and IL-33

production and maintains helminth chronicity. PLoS Pathog. 2013, 9, e1003531. [CrossRef]
98. Bamias, G.; Cominelli, F. Role of type 2 immunity in intestinal inflammation. Curr. Opin. Gastroenterol. 2015, 31, 471–476.

[CrossRef]
99. Harris, N.L.; Loke, P. Recent Advances in Type-2-Cell-Mediated Immunity: Insights from Helminth Infection. Immunity 2017, 47,

1024–1036. [CrossRef]
100. Nakayama, T.; Hirahara, K.; Onodera, A.; Endo, Y.; Hosokawa, H.; Shinoda, K.; Tumes, D.J.; Okamoto, Y. Th2 Cells in Health and

Disease. Annu. Rev. Immunol. 2017, 35, 53–84. [CrossRef]
101. Mutalithas, K.; Guillen, C.; Day, C.; Brightling, C.; Pavord, I.D.; Wardlaw, A.J. CRTH2 expression on T cells in asthma. Clin. Exp.

Immunol. 2010, 161, 34–40. [CrossRef] [PubMed]
102. Seumois, G.; Zapardiel-Gonzalo, J.; White, B.; Singh, D.; Schulten, V.; Dillon, M.; Hinz, D.; Broide, D.H.; Sette, A.; Peters, B.; et al.

Transcriptional Profiling of Th2 Cells Identifies Pathogenic Features Associated with Asthma. J. Immunol. 2016, 197, 655–664.
[CrossRef] [PubMed]

103. Yang, C.W.; Hojer, C.D.; Zhou, M.; Wu, X.; Wuster, A.; Lee, W.P.; Yaspan, B.L.; Chan, A.C. Regulation of T Cell Receptor Signaling
by DENND1B in TH2 Cells and Allergic Disease. Cell 2016, 164, 141–155. [CrossRef] [PubMed]

104. Fiuza, B.S.; Silva, M.D.J.; Alcântara-Neves, N.M.; Costa, R.D.S.; Figueiredo, C.A.; Barreto, M.L. Polymorphisms in DENND1B
gene are associated with asthma and atopy phenotypes in Brazilian children. Mol. Immunol. 2017, 90, 33–41. [CrossRef] [PubMed]

105. Wambre, E.; Bajzik, V.; DeLong, J.H.; O’Brien, K.; Nguyen, Q.A.; Speake, C.; Gersuk, V.H.; DeBerg, H.A.; Whalen, E.; Ni, C.; et al.
A phenotypically and functionally distinct human TH2 cell subpopulation is associated with allergic disorders. Sci. Transl. Med.
2017, 9, 401. [CrossRef] [PubMed]

106. Ahlström, M.G.; Thyssen, J.P.; Wennervaldt, M.; Menné, T.; Johansen, J.D. Nickel allergy and allergic contact dermatitis: A clinical
review of immunology, epidemiology, exposure, and treatment. Contact Dermat. 2019, 81, 227–241. [CrossRef] [PubMed]

107. Diepgen, T.L.; Ofenloch, R.F.; Bruze, M.; Bertuccio, P.; Cazzaniga, S.; Coenraads, P.J.; Elsner, P.; Goncalo, M.; Svensson, A.; Naldi,
L. Prevalence of contact allergy in the general population in different European regions. Br. J. Dermatol. 2016, 174, 319–329.
[CrossRef]

108. Dai, S.; Falta, M.T.; Bowerman, N.A.; McKee, A.S.; Fontenot, A.P. T cell recognition of beryllium. Curr. Opin. Immunol. 2013, 25,
775–780. [CrossRef]

109. Goswami, R.; Kaplan, M.H. A brief history of IL-9. J. Immunol. 2011, 186, 3283–3288. [CrossRef]
110. Dardalhon, V.; Awasthi, A.; Kwon, H.; Galileos, G.; Gao, W.; Sobel, R.A.; Mitsdoerffer, M.; Strom, T.B.; Elyaman, W.; Ho, I.C.; et al.

IL-4 inhibits TGF-beta-induced Foxp3+ T cells and, together with TGF-beta, generates IL-9+ IL-10+ Foxp3(−) effector T cells. Nat.
Immunol. 2008, 9, 1347–1355. [CrossRef]

111. Veldhoen, M.; Uyttenhove, C.; Snick, J.V.; Helmby, H.; Westendorf, A.; Buer, J.; Martin, B.; Wilhelm, C.; Stockinger, B. Transforming
growth factor-beta ‘reprograms’ the differentiation of T helper 2 cells and promotes an interleukin 9-producing subset. Nat.
Immunol. 2008, 9, 1341–1346. [CrossRef] [PubMed]

112. Gessner, A.; Blum, H.; Röllinghoff, M. Differential regulation of IL-9-expression after infection with Leishmania major in
susceptible and resistant mice. Immunobiology 1993, 189, 419–435. [CrossRef]

113. Schlapbach, C.; Gehad, A.; Yang, C.; Watanabe, R.; Guenova, E.; Teague, J.E.; Campbell, L.; Yawalkar, N.; Kupper, T.S.; Clark, R.A.
Human TH9 cells are skin-tropic and have autocrine and paracrine proinflammatory capacity. Sci. Transl. Med. 2014, 6, 219ra8.
[CrossRef] [PubMed]

114. Micosse, C.; Meyenn, L.V.; Steck, O.; Kipfer, E.; Adam, C.; Simillion, C.; Jafari, S.M.S.; Olah, P.; Yawlkar, N.; Simon, D.; et al.
Human “TH9” cells are a subpopulation of PPAR-gamma(+) TH2 cells. Sci. Immunol. 2019, 4, eaat5943. [CrossRef]

115. Chang, H.C.; Sehra, S.; Goswami, R.; Yao, W.; Yu, Q.; Stritesky, G.L.; Jabeen, R.; McKinley, C.; Ahyi, A.N.; Han, L.; et al. The
transcription factor PU.1 is required for the development of IL-9-producing T cells and allergic inflammation. Nat. Immunol. 2010,
11, 527–534. [CrossRef]

116. Neurath, M.F.; Kaplan, M.H. Th9 cells in immunity and immunopathological diseases. Semin. Immunopathol. 2016, 39, 1–4.
[CrossRef]

117. Nonomura, Y.; Otsuka, A.; Nakashima, C.; Seidel, J.A.; Kitoh, A.; Dainichi, T.; Nakajima, S.; Sawada, Y.; Matsushita, S.; Aoki,
M.; et al. Peripheral blood Th9 cells are a possible pharmacodynamic biomarker of nivolumab treatment efficacy in metastatic
melanoma patients. OncoImmunology 2016, 5, e1248327. [CrossRef]

118. Diani, M.; Altomare, G.; Reali, E. T Helper Cell Subsets in Clinical Manifestations of Psoriasis. J. Immunol. Res. 2016, 2016, 1–7.
[CrossRef]

119. Vyas, S.P.; Goswami, R. A Decade of Th9 Cells: Role of Th9 Cells in Inflammatory Bowel Disease. Front. Immunol. 2018, 9, 1139.
[CrossRef]

http://dx.doi.org/10.1073/pnas.1214682110
http://www.ncbi.nlm.nih.gov/pubmed/23248301
http://dx.doi.org/10.1038/icb.2009.114
http://www.ncbi.nlm.nih.gov/pubmed/20065998
http://dx.doi.org/10.1016/j.smim.2014.06.003
http://www.ncbi.nlm.nih.gov/pubmed/25028340
http://dx.doi.org/10.1371/journal.ppat.1003531
http://dx.doi.org/10.1097/MOG.0000000000000212
http://dx.doi.org/10.1016/j.immuni.2017.11.015
http://dx.doi.org/10.1146/annurev-immunol-051116-052350
http://dx.doi.org/10.1111/j.1365-2249.2010.04161.x
http://www.ncbi.nlm.nih.gov/pubmed/20491797
http://dx.doi.org/10.4049/jimmunol.1600397
http://www.ncbi.nlm.nih.gov/pubmed/27271570
http://dx.doi.org/10.1016/j.cell.2015.11.052
http://www.ncbi.nlm.nih.gov/pubmed/26774822
http://dx.doi.org/10.1016/j.molimm.2017.06.030
http://www.ncbi.nlm.nih.gov/pubmed/28668455
http://dx.doi.org/10.1126/scitranslmed.aam9171
http://www.ncbi.nlm.nih.gov/pubmed/28768806
http://dx.doi.org/10.1111/cod.13327
http://www.ncbi.nlm.nih.gov/pubmed/31140194
http://dx.doi.org/10.1111/bjd.14167
http://dx.doi.org/10.1016/j.coi.2013.07.012
http://dx.doi.org/10.4049/jimmunol.1003049
http://dx.doi.org/10.1038/ni.1677
http://dx.doi.org/10.1038/ni.1659
http://www.ncbi.nlm.nih.gov/pubmed/18931678
http://dx.doi.org/10.1016/S0171-2985(11)80414-6
http://dx.doi.org/10.1126/scitranslmed.3007828
http://www.ncbi.nlm.nih.gov/pubmed/24431112
http://dx.doi.org/10.1126/sciimmunol.aat5943
http://dx.doi.org/10.1038/ni.1867
http://dx.doi.org/10.1007/s00281-016-0611-z
http://dx.doi.org/10.1080/2162402X.2016.1248327
http://dx.doi.org/10.1155/2016/7692024
http://dx.doi.org/10.3389/fimmu.2018.01139


Int. J. Mol. Sci. 2021, 22, 73 22 of 27

120. Defendenti, C.; Sarzi-Puttini, P.; Saibeni, S.; Bollani, S.; Bruno, S.; Almasio, P.L.; Declich, P.; Atzeni, F. Significance of serum Il-9
levels in inflammatory bowel disease. Int. J. Immunopathol. Pharmacol. 2015, 28, 569–575. [CrossRef]

121. Harrington, L.E.; Hatton, R.D.; Mangan, P.R.; Turner, H.; Murphy, T.L.; Murphy, K.M.; Weaver, C.T. Interleukin 17-producing
CD4+ effector T cells develop via a lineage distinct from the T helper type 1 and 2 lineages. Nat. Immunol. 2005, 6, 1123–1132.
[CrossRef] [PubMed]

122. Gagliani, N.; Huber, S.; Flavell, R. Chapter 38: Intestinal Regulatory CD4+ T cells. Mucosal Immunol. 2015, 4, 777–785. [CrossRef]
123. Sallusto, F. Heterogeneity of Human CD4(+) T Cells Against Microbes. Annu. Rev. Immunol. 2016, 34, 317–334. [CrossRef]

[PubMed]
124. Veldhoen, M.; Hocking, R.J.; Atkins, C.J.; Locksley, R.M.; Stockinger, B. TGFbeta in the context of an inflammatory cytokine milieu

supports de novo differentiation of IL-17-producing T cells. Immunity 2006, 24, 179–189. [CrossRef]
125. Yang, X.O.; Panopoulos, A.D.; Nurieva, R.; Chang, S.H.; Wang, D.; Watowich, S.S.; Dong, C. STAT3 regulates cytokine-mediated

generation of inflammatory helper T cells. J. Biol. Chem. 2007, 282, 9358–9363. [CrossRef]
126. Luckheeram, R.V.; Zhou, R.; Verma, A.D.; Xia, B. CD4(+)T cells: Differentiation and functions. Clin. Dev. Immunol. 2012, 2012,

925135. [CrossRef]
127. Hirahara, K.; Nakayama, T. CD4+ T-cell subsets in inflammatory diseases: Beyond the Th1/Th2 paradigm. Int. Immunol. 2016, 28,

163–171. [CrossRef]
128. Peters, A.; Pitcher, L.A.; Sullivan, J.M.; Mitsdoerffer, M.; Acton, S.E.; Franz, B.; Wucherpfennig, K.; Turley, S.; Carroll, M.C.; Sobel,

R.A.; et al. Th17 cells induce ectopic lymphoid follicles in central nervous system tissue inflammation. Immunity 2011, 35, 986–996.
[CrossRef]

129. Kolls, J.K.; Khader, S.A. The role of Th17 cytokines in primary mucosal immunity. Cytokine Growth Factor Rev. 2010, 21, 443–448.
[CrossRef]

130. Zielinski, C.E.; Mele, F.; Aschenbrenner, D.; Jarrossay, D.; Ronchi, F.; Gattorno, M.; Monticelli, S.; Lanzavecchia, A.; Sallusto, F.
Pathogen-induced human TH17 cells produce IFN-gamma or IL-10 and are regulated by IL-1beta. Nature 2012, 484, 514–518.
[CrossRef]

131. McGeachy, M.J.; Bak-Jensen, K.S.; Chen, Y.; Tato, C.M.; Blumenschein, W.; McClanahan, T.; Cua, D.J. TGF-beta and IL-6 drive
the production of IL-17 and IL-10 by T cells and restrain T(H)-17 cell-mediated pathology. Nat. Immunol. 2007, 8, 1390–1397.
[CrossRef] [PubMed]

132. Schorer, M.; Kuchroo, V.K.; Joller, N. Role of Co-stimulatory Molecules in T Helper Cell Differentiation. Adv. Exp. Med. Biol. 2019,
1189, 153–177. [CrossRef] [PubMed]

133. Sharma, M.; Kaveri, S.V.; Bayry, J. Th17 cells, pathogenic or not? TGF-beta3 imposes the embargo. Cell. Mol. Immunol. 2013, 10,
101–102. [CrossRef] [PubMed]

134. Wu, X.; Tian, J.; Wang, S. Insight Into Non-Pathogenic Th17 Cells in Autoimmune Diseases. Front. Immunol. 2018, 9, 1112.
[CrossRef]

135. Ramesh, R.; Kozhaya, L.; McKevitt, K.; Djuretic, I.M.; Carlson, T.J.; Quintero, M.A.; McCauley, J.L.; Abreu, M.T.; Unutmaz, D.;
Sundrud, M.S. Pro-inflammatory human Th17 cells selectively express P-glycoprotein and are refractory to glucocorticoids. J.
Exp. Med. 2014, 211, 89–104. [CrossRef]

136. Zambrano-Zaragoza, J.F.; Romo-Martinez, E.J.; Durán-Avelar, M.D.J.; García-Magallanes, N.; Vibanco-Pérez, N. Th17 cells in
autoimmune and infectious diseases. Int. J. Inflamm. 2014, 2014, 1–12. [CrossRef]

137. Patel, D.D.; Kuchroo, V.K. Th17 Cell Pathway in Human Immunity: Lessons from Genetics and Therapeutic Interventions.
Immunity 2015, 43, 1040–1051. [CrossRef]

138. Angelou, C.C.; Wells, A.C.; Vijayaraghavan, J.; Dougan, C.E.; Lawlor, R.; Iverson, E.; Lazarevic, V.; Kimura, M.Y.; Peyton, S.R.;
Minter, L.M.; et al. Differentiation of Pathogenic Th17 Cells Is Negatively Regulated by Let-7 MicroRNAs in a Mouse Model of
Multiple Sclerosis. Front. Immunol. 2020, 10, 3125. [CrossRef]

139. Falivene, J.; Ghiglione, Y.; Laufer, N.; Socías, M.E.; Holgado, M.P.; Ruiz, M.J.; Maeto, C.; Figueroa, M.I.; Giavedoni, L.D.;
Cahn, P.; et al. Th17 and Th17/Treg ratio at early HIV infection associate with protective HIV-specific CD8(+) T-cell responses
and disease progression. Sci. Rep. 2015, 5, 11511. [CrossRef]

140. Caruso, M.P.; Falivene, J.; Holgado, M.P.; Zurita, D.H.; Laufer, N.; Castro, C.; Nico, Á.; Maeto, C.; Salido, J.; Pérez, H.; et al. Impact
of HIV-ART on the restoration of Th17 and Treg cells in blood and female genital mucosa. Sci. Rep. 2019, 9, 1–16. [CrossRef]

141. Pandrea, E.; Landay, A.L. Chapter 3: Implications for Therapy. In Models of Protection Against HIV/SIV; Elsevier: Amsterdam,
The Netherlands, 2012; pp. 81–132.

142. Li, Y.; Wei, C.; Xu, H.; Jia, J.; Wei, Z.; Guo, R.; Jia, Y.; Wu, Y.; Li, Y.; Qi, X.; et al. The Immunoregulation of Th17 in Host against
Intracellular Bacterial Infection. Mediat. Inflamm. 2018, 2018, 1–13. [CrossRef] [PubMed]

143. Wucherpfennig, K.W.; Strominger, J.L. Molecular mimicry in T cell-mediated autoimmunity: Viral peptides activate human T cell
clones specific for myelin basic protein. Cell 1995, 80, 695–705. [CrossRef]

144. Hausmann, S.; Martin, M.; Gauthier, L.; Wucherpfennig, K.W. Structural features of autoreactive TCR that determine the degree
of degeneracy in peptide recognition. J. Immunol. 1999, 162, 338–344. [PubMed]

145. Socie, G.; Zeiser, R.; Blazar, B.R. Chapter 1: Overview of the Immune Biology of Allogenic HSCT. In Immune Biology of Allogeneic
Hematopoietic Stem Celll Transplantation, 2nd ed.; Academic Press: Cambridge, MA, USA, 2019; pp. 1–14.

146. Buggert, M. Resident TH17 cells "break bad" in kidney autoimmunity. Sci. Immunol. 2020, 5, eabd3638. [CrossRef]

http://dx.doi.org/10.1177/0394632015600535
http://dx.doi.org/10.1038/ni1254
http://www.ncbi.nlm.nih.gov/pubmed/16200070
http://dx.doi.org/10.1016/B978-0-12-415847-4.00038-0
http://dx.doi.org/10.1146/annurev-immunol-032414-112056
http://www.ncbi.nlm.nih.gov/pubmed/27168241
http://dx.doi.org/10.1016/j.immuni.2006.01.001
http://dx.doi.org/10.1074/jbc.C600321200
http://dx.doi.org/10.1155/2012/925135
http://dx.doi.org/10.1093/intimm/dxw006
http://dx.doi.org/10.1016/j.immuni.2011.10.015
http://dx.doi.org/10.1016/j.cytogfr.2010.11.002
http://dx.doi.org/10.1038/nature10957
http://dx.doi.org/10.1038/ni1539
http://www.ncbi.nlm.nih.gov/pubmed/17994024
http://dx.doi.org/10.1007/978-981-32-9717-3_6
http://www.ncbi.nlm.nih.gov/pubmed/31758534
http://dx.doi.org/10.1038/cmi.2012.72
http://www.ncbi.nlm.nih.gov/pubmed/23396473
http://dx.doi.org/10.3389/fimmu.2018.01112
http://dx.doi.org/10.1084/jem.20130301
http://dx.doi.org/10.1155/2014/651503
http://dx.doi.org/10.1016/j.immuni.2015.12.003
http://dx.doi.org/10.3389/fimmu.2019.03125
http://dx.doi.org/10.1038/srep11511
http://dx.doi.org/10.1038/s41598-019-38547-1
http://dx.doi.org/10.1155/2018/6587296
http://www.ncbi.nlm.nih.gov/pubmed/29743811
http://dx.doi.org/10.1016/0092-8674(95)90348-8
http://www.ncbi.nlm.nih.gov/pubmed/9886404
http://dx.doi.org/10.1126/sciimmunol.abd3638


Int. J. Mol. Sci. 2021, 22, 73 23 of 27

147. Trifari, S.; Kaplan, C.D.; Tran, E.H.; Crellin, N.K.; Spits, H. Identification of a human helper T cell population that has abundant
production of interleukin 22 and is distinct from T(H)-17, T(H)1 and T(H)2 cells. Nat. Immunol. 2009, 10, 864–871. [CrossRef]

148. Duhen, T.; Geiger, R.; Jarrossay, D.; Lanzavecchia, A.; Sallusto, F. Production of interleukin 22 but not interleukin 17 by a subset of
human skin-homing memory T cells. Nat. Immunol. 2009, 10, 857–863. [CrossRef]

149. Yang, X.; Jiang, H.; Lei, R.; Lu, W.; Tan, S.; Qin, S. Recruitment and significance of Th22 cells and Th17 cells in malignant ascites.
Oncol. Lett. 2018, 16, 5389–5397. [CrossRef]

150. Zhang, L.; Li, Y.-G.; Li, Y.-H.; Qi, L.; Liu, X.-G.; Yuan, C.-Z.; Hu, N.-W.; Ma, D.-X.; Li, Z.-F.; Yang, Q.; et al. Increased frequencies
of Th22 cells as well as Th17 cells in the peripheral blood of patients with ankylosing spondylitis and rheumatoid arthritis.
PLoS ONE 2012, 7, e31000. [CrossRef]

151. Gittler, J.K.; Shemer, A.; Suarez-Farinas, M.; Fuentes-Duculan, J.; Gulewicz, K.J.; Wang, C.Q.; Mitsui, H.; Cardinale, I.; De Guzman,
C.S.; Krueger, J.G.; et al. Progressive activation of T(H)2/T(H)22 cytokines and selective epidermal proteins characterizes acute
and chronic atopic dermatitis. J. Allergy Clin. Immunol. 2012, 130, 1344–1354. [CrossRef]

152. Nograles, K.E.; Zaba, L.C.; Shemer, A.; Fuentes-Duculan, J.; Cardinale, I.; Kikuchi, T.; Ramon, M.; Bergman, R.; Krueger,
J.G.; Guttman-Yassky, E. IL-22-producing “T22” T cells account for upregulated IL-22 in atopic dermatitis despite reduced
IL-17-producing TH17 T cells. J. Allergy Clin. Immunol. 2009, 123, 1244–1252. [CrossRef]

153. Eyerich, S.; Eyerich, K.; Pennino, D.; Carbone, T.; Nasorri, F.; Pallotta, S.; Cianfarani, F.; Odorisio, T.; Traidl-Hoffmann, C.;
Behrendt, H.; et al. Th22 cells represent a distinct human T cell subset involved in epidermal immunity and remodeling. J. Clin.
Investig. 2009, 119, 3573–3585. [CrossRef] [PubMed]

154. Li, S.; Yin, H.; Zhang, K.; Wang, T.; Yang, Y.; Liu, X.; Chang, X.; Zhang, M.; Yan, X.; Ren, Y.; et al. Effector T helper cell populations
are elevated in the bone marrow of rheumatoid arthritis patients and correlate with disease severity. Sci. Rep. 2017, 7, 1–11.
[CrossRef] [PubMed]

155. Miyazaki, Y.; Nakayamada, S.; Kubo, S.; Nakano, K.; Iwata, S.; Miyagawa, I.; Ma, X.; Trimova, G.; Sakata, K.; Tanaka, Y. Th22 Cells
Promote Osteoclast Differentiation via Production of IL-22 in Rheumatoid Arthritis. Front. Immunol. 2018, 9, 2901. [CrossRef]
[PubMed]

156. De Jong, A.; Pena-Cruz, V.; Cheng, T.Y.; Clark, R.A.; Van Rhijn, I.; Moody, D.B. CD1a-autoreactive T cells are a normal component
of the human alphabeta T cell repertoire. Nat. Immunol. 2010, 11, 1102–1109. [CrossRef] [PubMed]

157. Birkinshaw, R.W.; Pellicci, D.G.; Cheng, T.Y.; Keller, A.N.; Sandoval-Romero, M.; Gras, S.; de Jong, A.; Uldrich, A.P.; Moody, D.B.;
Godfrey, D.I.; et al. Alphabeta T cell antigen receptor recognition of CD1a presenting self lipid ligands. Nat. Immunol. 2015, 16,
258–266. [CrossRef]

158. Gershon, R.K.; Kondo, K. Cell interactions in the induction of tolerance: The role of thymic lymphocytes. Immunology 1970, 18,
723–737.

159. Taussig, M.J. Demonstration of suppressor T cells in a population of ‘educated’ T cells. Nature 1974, 248, 236–238. [CrossRef]
160. Stephens, L.A.; Mottet, C.; Mason, D.; Powrie, F. Human CD4(+)CD25(+) thymocytes and peripheral T cells have immune

suppressive activity in vitro. Eur J. Immunol. 2001, 31, 1247–1254. [CrossRef]
161. Baecher-Allan, C.; Brown, J.A.; Freeman, G.J.; Hafler, D.A. CD4+CD25high regulatory cells in human peripheral blood. J. Immunol.

2001, 167, 1245–1253. [CrossRef]
162. Dieckmann, D.; Plottner, H.; Berchtold, S.; Berger, T.; Schuler, G. Ex vivo isolation and characterization of CD4(+)CD25(+) T cells

with regulatory properties from human blood. J. Exp. Med. 2001, 193, 1303–1310. [CrossRef]
163. Jonuleit, H.; Schmitt, E.; Stassen, M.; Tuettenberg, A.; Knop, J.; Enk, A.H. Identification and functional characterization of human

CD4(+)CD25(+) T cells with regulatory properties isolated from peripheral blood. J. Exp. Med. 2001, 193, 1285–1294. [CrossRef]
[PubMed]

164. Sakaguchi, S.; Sakaguchi, N.; Asano, M.; Itoh, M.; Toda, M. Immunologic self-tolerance maintained by activated T cells expressing
IL-2 receptor alpha-chains (CD25). Breakdown of a single mechanism of self-tolerance causes various autoimmune diseases. J.
Immunol. 1995, 155, 1151–1164. [PubMed]

165. Sakaguchi, S.; Sakaguchi, N.; Asano, M.; Itoh, M.; Toda, M. Pillars article: Immunologic self-tolerance maintained by activated T
cells expressing IL-2 receptor alpha-chains (CD25). Breakdown of a single mechanism of self-tolerance causes various autoimmune
diseases. J. Immunol. 2011, 186, 3808–3821. [PubMed]

166. Fontenot, J.D.; Gavin, M.A.; Rudensky, A.Y. Foxp3 programs the development and function of CD4+CD25+ regulatory T cells.
Nat. Immunol. 2003, 4, 330–336. [CrossRef]

167. Fontenot, J.D.; Gavin, M.A.; Rudensky, A.Y. Pillars Article: Foxp3 Programs the Development and Function of CD4+CD25+
Regulatory T Cells. Nat. Immunol. 2003. 4: 330–336. Nat. Immunol. 2017, 198, 986–992, reprinted.

168. Hori, S.; Nomura, T.; Sakaguchi, S. Control of regulatory T cell development by the transcription factor Foxp3. Science 2003, 299,
1057–1061. [CrossRef]

169. Roncador, G.; Brown, P.J.; Maestre, L.; Hue, S.; Martinez-Torrecuadrada, J.L.; Ling, K.L.; Pratap, S.; Toms, C.; Fox, B.C.; Cerundolo,
V.; et al. Analysis of FOXP3 protein expression in human CD4+CD25+ regulatory T cells at the single-cell level. Eur. J. Immunol.
2005, 35, 1681–1691. [CrossRef]

170. Pillai, V.; Ortega, S.B.; Wang, C.K.; Karandikar, N.J. Transient regulatory T-cells: A state attained by all activated human T-cells.
Clin. Immunol. 2007, 123, 18–29. [CrossRef]

http://dx.doi.org/10.1038/ni.1770
http://dx.doi.org/10.1038/ni.1767
http://dx.doi.org/10.3892/ol.2018.9316
http://dx.doi.org/10.1371/journal.pone.0031000
http://dx.doi.org/10.1016/j.jaci.2012.07.012
http://dx.doi.org/10.1016/j.jaci.2009.03.041
http://dx.doi.org/10.1172/JCI40202
http://www.ncbi.nlm.nih.gov/pubmed/19920355
http://dx.doi.org/10.1038/s41598-017-05014-8
http://www.ncbi.nlm.nih.gov/pubmed/28684770
http://dx.doi.org/10.3389/fimmu.2018.02901
http://www.ncbi.nlm.nih.gov/pubmed/30619268
http://dx.doi.org/10.1038/ni.1956
http://www.ncbi.nlm.nih.gov/pubmed/21037579
http://dx.doi.org/10.1038/ni.3098
http://dx.doi.org/10.1038/248236a0
http://dx.doi.org/10.1002/1521-4141(200104)31:4&lt;1247::AID-IMMU1247&gt;3.0.CO;2-M
http://dx.doi.org/10.4049/jimmunol.167.3.1245
http://dx.doi.org/10.1084/jem.193.11.1303
http://dx.doi.org/10.1084/jem.193.11.1285
http://www.ncbi.nlm.nih.gov/pubmed/11390435
http://www.ncbi.nlm.nih.gov/pubmed/7636184
http://www.ncbi.nlm.nih.gov/pubmed/21422251
http://dx.doi.org/10.1038/ni904
http://dx.doi.org/10.1126/science.1079490
http://dx.doi.org/10.1002/eji.200526189
http://dx.doi.org/10.1016/j.clim.2006.10.014


Int. J. Mol. Sci. 2021, 22, 73 24 of 27

171. Mandapathil, M.; Lang, S.; Gorelik, E.; Whiteside, T.L. Isolation of functional human regulatory T cells (Treg) from the peripheral
blood based on the CD39 expression. J. Immunol. Methods 2009, 346, 55–63. [CrossRef]

172. Klein, S.; Kretz, C.C.; Krammer, P.H.; Kuhn, A. CD127(low/-) and FoxP3(+) expression levels characterize different regulatory
T-cell populations in human peripheral blood. J. Investig. Dermatol. 2010, 130, 492–499. [CrossRef]

173. Yu, N.; Li, X.; Song, W.; Li, D.; Yu, D.; Zeng, X.; Li, M.; Leng, X.; Li, X. CD4(+)CD25 (+)CD127 (low/-) T cells: A more specific Treg
population in human peripheral blood. Inflammation 2012, 35, 1773–1780. [CrossRef] [PubMed]

174. Mason, G.M.; Lowe, K.; Melchiotti, R.; Ellis, R.; De Rinaldis, E.; Peakman, M.; Heck, S.; Lombardi, G.; Tree, T.I.M. Phenotypic
Complexity of the Human Regulatory T Cell Compartment Revealed by Mass Cytometry. J. Immunol. 2015, 195, 2030–2037.
[CrossRef] [PubMed]

175. Krop, J.; Heidt, S.; Claas, F.H.J.; Eikmans, M. Regulatory T Cells in Pregnancy: It Is Not All About FoxP3. Front. Immunol. 2020,
11, 1182. [CrossRef] [PubMed]

176. Shevach, E.M.; Thornton, A.M. tTregs, pTregs, and iTregs: Similarities and differences. Immunol. Rev. 2014, 259, 88–102. [CrossRef]
177. Chen, W.; Jin, W.; Hardegen, N.; Lei, K.J.; Li, L.; Marinos, N.; McGrady, G.; Wahl, S.M. Conversion of peripheral CD4+CD25-

naive T cells to CD4+CD25+ regulatory T cells by TGF-beta induction of transcription factor Foxp3. J. Exp. Med. 2003, 198,
1875–1886. [CrossRef]

178. Atwany, N.Z.; Hashemi, S.-K.; Jayakumar, M.N.; Nagarkatti, M.; Nagarkatti, P.; Hassuneh, M.R. Induction of CD4(+)CD25(+)
Regulatory T Cells from In Vitro Grown Human Mononuclear Cells by Sparteine Sulfate and Harpagoside. Biology 2020, 9, 211.
[CrossRef]

179. Zhao, L.; Zhou, X.; Zhou, X.; Wang, H.; Gu, L.; Ke, Y.; Zhang, M.; Ji, X.; Yang, X. Low expressions of PD-L1 and CTLA-4 by
induced CD4(+)CD25(+) Foxp3(+) Tregs in patients with SLE and their correlation with the disease activity. Cytokine 2020, 133,
155119. [CrossRef]

180. Bennett, C.L.; Christie, J.; Ramsdell, F.; Brunkow, M.E.; Ferguson, P.J.; Whitesell, L.; Kelly, T.E.; Saulsbury, F.T.; Chance, P.F.; Ochs,
H.D. The immune dysregulation, polyendocrinopathy, enteropathy, X-linked syndrome (IPEX) is caused by mutations of FOXP3.
Nat. Genet. 2001, 27, 20–21. [CrossRef]

181. Agakidis, C.; Agakidou, E.; Sarafidis, K.; Papoulidis, I.; Xinias, I.; Farmaki, E. Immune Dysregulation, Polyendocrinopathy,
Enteropathy, X-Linked Syndrome Associated With a Novel Mutation of FOXP3 Gene. Front. Pediatr. 2019, 7. [CrossRef]

182. Bennett, C.L.; Ochs, H.D. IPEX is a unique X-linked syndrome characterized by immune dysfunction, polyendocrinopathy,
enteropathy, and a variety of autoimmune phenomena. Curr. Opin. Pediatr. 2001, 13, 533–538. [CrossRef]

183. Vignali, D.A.A.; Collison, L.W.; Workman, C.J. How regulatory T cells work. Nat. Rev. Immunol. 2008, 8, 523–532. [CrossRef]
184. Sakaguchi, S.; Yamaguchi, T.; Nomura, T.; Ono, M. Regulatory T cells and immune tolerance. Cell 2008, 133, 775–787. [CrossRef]

[PubMed]
185. Josefowicz, S.Z.; Lu, L.-F.; Rudensky, A.Y. Regulatory T cells: Mechanisms of differentiation and function. Annu Annu. Rev.

Immunol. 2012, 30, 531–564. [CrossRef] [PubMed]
186. Ma, L.; Xue, H.; Gao, T.; Gao, M.; Zhang, Y. Notch1 Signaling Regulates the Th17/Treg Immune Imbalance in Patients with

Psoriasis Vulgaris. Mediat. Inflamm. 2018, 2018, 1–10. [CrossRef] [PubMed]
187. Karamehic, J.; Zecevic, L.; Resic, H.; Jukic, M.; Jukic, T.; Ridjic, O.; Panjeta, M.; Coric, J. Immunophenotype lymphocyte of

peripheral blood in patients with psoriasis. Med Arch. 2014, 68, 236–238. [CrossRef]
188. Zhang, L.; Li, Y.; Yang, X.; Wei, J.; Zhou, S.; Zhao, Z.; Cheng, J.; Duan, H.; Jia, T.; Lei, Q.; et al. Characterization of Th17 and

FoxP3(+) Treg Cells in Paediatric Psoriasis Patients. Scand. J. Immunol. 2016, 83, 174–180. [CrossRef]
189. Nussbaum, L.; Chen, Y.; Ogg, G.S. Role of regulatory T cells in psoriasis pathogenesis and treatment. Br. J. Dermatol. 2020.

[CrossRef]
190. Huan, J.; Culbertson, N.; Spencer, L.; Bartholomew, R.; Burrows, G.G.; Chou, Y.K.; Bourdette, D.; Ziegler, S.F.; Offner, H.;

Vandenbark, A.A. Decreased FOXP3 levels in multiple sclerosis patients. J. Neurosci. Res. 2005, 81, 45–52. [CrossRef]
191. Ciccocioppo, F.; Lanuti, P.; Pierdomenico, L.; Simeone, P.; Bologna, G.; Ercolino, E.; Buttari, F.; Fantozzi, R.; Thomas, A.; Onofrj,

M.; et al. The Characterization of Regulatory T-Cell Profiles in Alzheimer's Disease and Multiple Sclerosis. Sci. Rep. 2019, 9, 1–9.
[CrossRef]

192. Álvarez-Sánchez, N.; Cruz-Chamorro, I.; Díaz-Sánchez, M.; Lardone, P.J.; Guerrero, J.M.; Carrillo-Vico, A. Peripheral CD39-
expressing T regulatory cells are increased and associated with relapsing-remitting multiple sclerosis in relapsing patients.
Sci. Rep. 2019, 9, 2302. [CrossRef]

193. Antiga, E.; Quaglino, P.; Bellandi, S.; Volpi, W.; Del Bianco, E.; Comessatti, A.; Osella-Abate, S.; De Simone, C.; Marzano, A.;
Bernengo, M.; et al. Regulatory T cells in the skin lesions and blood of patients with systemic sclerosis and morphoea. Br. J.
Dermatol. 2010, 162, 1056–1063. [CrossRef] [PubMed]

194. Liu, X.; Gao, N.; Li, M.; Xu, D.; Hou, Y.; Wang, Q.; Zhang, G.; Sun, Q.; Zhang, H.; Zeng, X. Elevated levels of
CD4(+)CD25(+)FoxP3(+) T cells in systemic sclerosis patients contribute to the secretion of IL-17 and immunosuppres-
sion dysfunction. PLoS ONE 2013, 8, e64531. [CrossRef] [PubMed]

195. Miyara, M.; Amoura, Z.; Parizot, C.; Badoual, C.; Dorgham, K.; Trad, S.; Nochy, D.; Debré, P.; Piette, J.-C.; Gorochov, G. Global
natural regulatory T cell depletion in active systemic lupus erythematosus. J. Immunol. 2005, 175, 8392–8400. [CrossRef] [PubMed]

http://dx.doi.org/10.1016/j.jim.2009.05.004
http://dx.doi.org/10.1038/jid.2009.313
http://dx.doi.org/10.1007/s10753-012-9496-8
http://www.ncbi.nlm.nih.gov/pubmed/22752562
http://dx.doi.org/10.4049/jimmunol.1500703
http://www.ncbi.nlm.nih.gov/pubmed/26223658
http://dx.doi.org/10.3389/fimmu.2020.01182
http://www.ncbi.nlm.nih.gov/pubmed/32655556
http://dx.doi.org/10.1111/imr.12160
http://dx.doi.org/10.1084/jem.20030152
http://dx.doi.org/10.3390/biology9080211
http://dx.doi.org/10.1016/j.cyto.2020.155119
http://dx.doi.org/10.1038/83713
http://dx.doi.org/10.3389/fped.2019.00020
http://dx.doi.org/10.1097/00008480-200112000-00007
http://dx.doi.org/10.1038/nri2343
http://dx.doi.org/10.1016/j.cell.2008.05.009
http://www.ncbi.nlm.nih.gov/pubmed/18510923
http://dx.doi.org/10.1146/annurev.immunol.25.022106.141623
http://www.ncbi.nlm.nih.gov/pubmed/22224781
http://dx.doi.org/10.1155/2018/3069521
http://www.ncbi.nlm.nih.gov/pubmed/29686529
http://dx.doi.org/10.5455/medarh.2014.68.236-238
http://dx.doi.org/10.1111/sji.12404
http://dx.doi.org/10.1111/bjd.19380
http://dx.doi.org/10.1002/jnr.20522
http://dx.doi.org/10.1038/s41598-019-45433-3
http://dx.doi.org/10.1038/s41598-019-38897-w
http://dx.doi.org/10.1111/j.1365-2133.2010.09633.x
http://www.ncbi.nlm.nih.gov/pubmed/20105169
http://dx.doi.org/10.1371/journal.pone.0064531
http://www.ncbi.nlm.nih.gov/pubmed/23776439
http://dx.doi.org/10.4049/jimmunol.175.12.8392
http://www.ncbi.nlm.nih.gov/pubmed/16339581


Int. J. Mol. Sci. 2021, 22, 73 25 of 27

196. Meyer, A.; Wittekind, P.S.; Kotschenreuther, K.; Schiller, J.; Tresckow, J.V.; Haak, T.H.; Kofler, D.M. Regulatory T cell frequencies in
patients with rheumatoid arthritis are increased by conventional and biological DMARDs but not by JAK inhibitors. Ann. Rheum
Dis. 2019, 19. [CrossRef] [PubMed]

197. Wang, T.; Sun, X.; Zhao, J.; Zhang, J.; Zhu, H.; Li, C.; Gao, N.; Jia, Y.; Xu, D.; Huang, F.-P.; et al. Regulatory T cells in rheumatoid
arthritis showed increased plasticity toward Th17 but retained suppressive function in peripheral blood. Ann. Rheum. Dis. 2014,
74, 1293–1301. [CrossRef] [PubMed]

198. Viisanen, T.; Gazali, A.M.; Ihantola, E.-L.; Ekman, I.; Näntö-Salonen, K.; Veijola, R.; Toppari, J.; Knip, M.; Ilonen, J.; Kinnunen, T.
FOXP3+ Regulatory T Cell Compartment Is Altered in Children With Newly Diagnosed Type 1 Diabetes but Not in Autoantibody-
Positive at-Risk Children. Front. Immunol. 2019, 10, 19. [CrossRef]

199. Lindley, S.; Dayan, C.M.; Bishop, A.; Roep, B.O.; Peakman, M.; Tree, T.I. Defective suppressor function in CD4(+)CD25(+) T-cells
from patients with type 1 diabetes. Diabetes 2005, 54, 92–99. [CrossRef]

200. Putnam, A.L.; Vendrame, F.; Dotta, F.; Gottlieb, P.A. CD4+CD25high regulatory T cells in human autoimmune diabetes. J.
Autoimmun. 2005, 24, 55–62. [CrossRef]

201. Brusko, T.; Wasserfall, C.H.; McGrail, K.; Schatz, R.; Viener, H.L.; Schatz, D.A.; Haller, M.; Rockell, J.; Gottlieb, P.; Clare-Salzler, M.;
et al. No alterations in the frequency of FOXP3+ regulatory T-cells in type 1 diabetes. Diabetes 2007, 56, 604–612. [CrossRef]

202. Ferraro, A.; Socci, C.; Stabilini, A.; Valle, A.; Monti, P.; Piemonti, L.; Nano, R.; Olek, S.; Maffi, P.; Scavini, M.; et al. Expansion
of Th17 cells and functional defects in T regulatory cells are key features of the pancreatic lymph nodes in patients with type 1
diabetes. Diabetes 2011, 60, 2903–2913. [CrossRef]

203. Okubo, Y.; Torrey, H.; Butterworth, J.; Zheng, H.; Faustman, D.L. Treg activation defect in type 1 diabetes: Correction with TNFR2
agonism. Clin. Transl. Immunol. 2016, 5, e56. [CrossRef] [PubMed]

204. Hamari, S.; Kirveskoski, T.; Glumoff, V.; Kulmala, P.; Simell, O.; Knip, M.; Veijola, R. Analyses of regulatory CD4+ CD25+ FOXP3+
T cells and observations from peripheral T cell subpopulation markers during the development of type 1 diabetes in children.
Scand. J. Immunol. 2016, 83, 279–287. [CrossRef] [PubMed]

205. El Essawy, B.; Li, X.C. Type 1 diabetes and T regulatory cells. Pharmacol. Res. 2015, 98, 22–30. [CrossRef] [PubMed]
206. Gras, S.; Chadderton, J.; Del Campo, C.M.; Farenc, C.; Wiede, F.; Josephs, T.M.; Sng, X.Y.; Mirams, M.; Watson, K.A.; Tiganis,

T.; et al. Reversed T Cell Receptor Docking on a Major Histocompatibility Class I Complex Limits Involvement in the Immune
Response. Immunity 2016, 45, 749–760. [CrossRef]

207. Stadinski, B.D.; Blevins, S.J.; Spidale, N.A.; Duke, B.R.; Huseby, P.G.; Stern, L.J.; Huseby, E.S. A temporal thymic selection switch
and ligand binding kinetics constrain neonatal Foxp3(+) Treg cell development. Nat. Immunol. 2019, 20, 1046–1058. [CrossRef]

208. Scherm, M.G.; Daniel, C. miRNA Regulation of T Cells in Islet Autoimmunity and Type 1 Diabetes. Curr. Diabetes Rep. 2020, 20,
1–12. [CrossRef]

209. Rosenzwajg, M.; Salet, R.; Lorenzon, R.; Tchitchek, N.; Roux, A.; Bernard, C.; Carel, J.-C.; Storey, C.; Polak, M.; Beltrand, J.; et al.
Low-dose IL-2 in children with recently diagnosed type 1 diabetes: A Phase I/II randomised, double-blind, placebo-controlled,
dose-finding study. Diabetology 2020, 63, 1808–1821. [CrossRef]

210. Rosenzwajg, M.; Lorenzon, R.; Cacoub, P.; Pham, H.P.; Pitoiset, F.; El Soufi, K.; Bernard, C.; Aractingi, S.; Banneville, B.;
Beaugerie, L.; et al. Immunological and clinical effects of low-dose interleukin-2 across 11 autoimmune diseases in a single, open
clinical trial. Ann. Rheum Dis. 2019, 78, 209–217. [CrossRef]

211. Tahvildari, M.; Dana, R. Low-Dose IL-2 Therapy in Transplantation, Autoimmunity, and Inflammatory Diseases. J. Immunol.
2019, 203, 2749–2755. [CrossRef]

212. Hull, C.M.; Nickolay, L.E.; Estorninho, M.; Richardson, M.W.; Riley, J.L.; Peakman, M.; Maher, J.; Tree, T. Generation of human
islet-specific regulatory T cells by TCR gene transfer. J. Autoimmun. 2017, 79, 63–73. [CrossRef]
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