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Abstract

When Th cell polarization was initially described three decades ago, the Th cell universe grew
dramatically. New subsets were described based on their expression of few specific cytokines. Beyond
Th1 and Th2 cells, this led to the coining of various Th17 and Treg cell subsets as well as Th22, Th25,
Tth, Th3, ThS, and Th9 cells. High-dimensional single cell analysis revealed that a categorization of
Th cells into a single cytokine-based nomenclature fails to capture the complexity and diversity of Th
cells. We propose that Th cell polarization should be categorized in terms of the help they provide to
phagocytes (type 1), to B cells, eosinophils and mast cells (type 2) and to non-immune tissue cells,
including stroma and epithelium (type 3). Studying Th cells based on their helper function rather than
individual analysed cytokines or transcription factors better captures Th cell plasticity and conversion

as well as the breadth of immune responses in vivo.

Introduction

T helper (Th) cell polarization is primarily geared towards the responder cells that synergize, amplify
and cooperate towards a distinct type of response, while repressing alternative responses at a certain
time point of disease or infection. This is to a large part achieved by a complex and tightly regulated
network of activating and inhibiting cytokines. Besides the cytokine pattern captured, the helper
properties are further expressed through surface molecules, pattern of migration and the ability to enter
specific tissues. Here, we focus on what was traditionally used to define Th cells, namely the individual
cytokines proposed to categorize Th cells. The expression of cytokines by Th cells depends on upstream
signals from the encounter with antigen presenting cells (APCs). This combination of cytokines lays,
together with specific transcription factors (TFs) that control their expression, the foundation for the
current classification of Th cell subsets. With the emergence of new technologies enabling us to
simultaneously measure literally dozens of cytokines along with other markers such as TFs, integrins
or chemokine receptors at the single cell level (Galli et al., 2019a), it is no longer feasible to categorize
Th cells based on a dominant cytokine or even a family of cytokines (Tortola et al., 2020). Also, by
attempting to categorize every single Th cell based on individual cytokines or transcription factors, we
may overlook the actual complex biology of the differential responses and other involved cell types.
Here, we focus on how the expanding Th cell universe can be reorganized based on the actual help
provided towards the actual cellular targets, rather than on the momentary expression of certain

cytokines and TFs.
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Historical perspective

The categorization of T cells by their biological properties has provided us essentially with CD8*
cytotoxic killer and CD4" Th cells. The latter received a further bifurcation into Th1 and Th2 cells when
Mosmann and Coffman described in 1986 that Th cells can be polarized to produce either Interferon
(IFN)-y or Interleukin (IL)-4, depending on their environment and stimulatory context (Mosmann et al.,
1986). Later, dominant TFs were found to drive this polarization program, namely Tbet for Thl cells
and GATA-3 for Th2 cells (Szabo et al., 2000; Zhang et al., 1997; Zheng and Flavell, 1997).
Importantly, one subset actively suppresses the others’ ability to produce its characteristic cytokines

and transcription factors (Mosmann et al., 1986).

Another, now well-established Th subset comprises of regulatory T cells (Tregs). Already in the early
1970s, experiments with thymectomized mice showed the development of tissue damage in various
organs indicating the presence of a suppressive T cell subset developing in the thymus (Gershon and
Kondo, 1970; Nishizuka and Sakakura, 1969). However, due to lack of reliable markers to distinguish
these cells from other T cells, Tregs underwent a history from being defined as Tr1, when secreting the
suppressive cytokine IL-10 in vitro, to being termed Th3, when found to secrete TGF-beta upon
induction of oral tolerance (Chen et al., 1994; Groux et al., 1997). Nowadays, thymically hard-wired
Tregs are characterized by high expression of the high-affinity IL-2 receptor alpha-chain CD25
(Sakaguchi et al., 1995) and the transcription factor FoxP3 (Fontenot et al., 2003) and known to be of
particular importance for maintaining immune homeostasis and preventing autoimmunity (Fontenot et

al., 2003).

Whereas the simple Th1/Th2 paradigm provided an easy explanation of immune responses towards
intra- and extracellular pathogens, respectively, numerous open questions emerged in the context of
chronic inflammation and autoimmunity. The path for extending the Th family was cleared after it was
noted that the IFN-y inducing cytokine IL-12 was not the critical factor for the induction of autoimmune
pathology in preclinical models of chronic tissue inflammation, mimicking diseases such as Multiple
Sclerosis (MS), Rheumatoid Arthritis (RA) and others. Instead, IL-23, which shares the p40 subunit
with IL-12, was actually the main driver of the inflammatory response (Becher et al., 2002; Cua et al.,
2003; Murphy et al., 2003). Additionally to being pivotal for the development of pathogenic CD4" T
cells in neuro-inflammation, IL-23 also triggered IL-17 expression (Aggarwal et al., 2003; Langrish et
al., 2005). Thus, it was recognized that Thl cells were not the sole driving force for autoimmune
pathology, at least in the context of experimental autoimmune encephalomyelitis (EAE), and the call

was out for the identification of the true (pathogenic) T helper cell subset(s) in this disease.

In 2005, IL-17 producing Th cells were described as a new entity (Harrington et al., 2005; Park et al.,
2005). This subset was readily accepted as an independent Th subset, probably due to its clear

segregation from Thl and Th2 cells, whose induction seemed to antagonize the production of IL-17
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(Harrington et al., 2005). The definition of TGF- and IL-6 as differentiation factors for these T cells
in vitro (Bettelli et al., 2006; Mangan et al., 2006; Veldhoen et al., 2006), and the identification of RAR-
related orphan receptor gamma (RORyt) as critical transcription factor for IL.-17 secretion solidified the
standing of an independent Th17 subset (Ivanov et al., 2006). Even though the role of Th17 cells in
tissue inflammation in general has been heavily debated, IL-17 producing cells have been clearly
implicated in a number of chronic inflammatory diseases like Psoriasis, RA and Crohn’s Disease

(reviewed in (Zwicky et al., 2020)).

Already in 2000, another new subset was proposed, when two groups showed that B cell help in follicles
was provided by specific Th cells that reside close to the B cell zone in secondary lymphoid structures
(Breitfeld et al., 2000; Schaerli et al., 2000). These Th cells express the CXC chemokine receptor 5
(CXCRS5) that is also expressed on mature B cells and were termed follicular Th cells (Tth). However,
it was not until 2009 that Bcl-6 was identified as the transcription factor necessary for the generation of
Tth cells (Johnston et al., 2009). Even then, the acceptance of Tth cells as independent entity was
strongly debated. Partly, this was due to the observation that the expression of canonical Th1, Th2, or
Th17 cytokines like IFN-y, IL-4 and IL-17, respectively, was necessary to induce a proper class
switching reaction in B cells (Reinhardt et al., 2009). Although the regulation of the expression of these
cytokines in Tth cells is not yet clear, it has been proposed that Tth cells differentiate independently of
other Th subsets from naive CD4" T cells when interacting with B cells upon initial activation by
dendritic cells (DCs) (Crotty, 2011). Interestingly, the generation and retention of Tth cells appears to
depend on the presence of germinal center B cells and vice versa (Johnston et al., 2009), which may

hint towards a role of specific niches as drivers for T cell diversity and plasticity.

The addition of new cytokines in the analysis workflow of immunology labs led to the description of
additional Th subsets, such as Th9 (Dardalhon et al., 2008; Veldhoen et al., 2008), Th22 (Duhen et al.,
2009; Eyerich et al., 2009; Trifari et al., 2009) , and Th25 (Wu et al., 2015). To then adjust to this single
cytokine-based view on Th cells in immunity, even more subsets were coined. These include pathogenic
vs. non-pathogenic Th17, Th17.1 Th17.2 and Th5 cells, among others (Becher et al., 2016; Cosmi et
al., 2010; Ghoreschi et al., 2010; van Hamburg and Tas, 2018). During this expanding discovery phase
of new Th subsets, several voices warned against the idea that the identification of an individual
cytokine expressed by Th cells should not automatically deliver a newly coined subset and that
immunologists should keep an eye on the biology of these T cells and their role in immune responses
(Locksley, 2009; Zhou et al., 2009). The same holds true for the definition of dominating TF needed to
allow the ‘discovery’ of a new Th subset, especially as most of the subsequent findings were based on
in vitro studies where specific cytokine cocktails were applied to either naive or activated purified T

cells.

Furthermore, the distinction of subsets requires not only “private” master TFs, but also, and maybe

more importantly, stability and the ability to form memory. Stability is largely granted through
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epigenetic imprinting, which ensures the maintenance of the cells’ identity even after an extended
period of time and without persistent antigenic threat. Genetic stability has been best described in Tregs
(Huehn et al., 2009), and to some degree in Th1 and Th2 subsets (Avni et al., 2002; Fields et al., 2002),
however not so much for Th17 cells (Mukasa et al., 2010) or any of the other described subsets. At the
present day, it is needless to say that the diversity of coined Th subsets has become exceedingly complex
and also increasingly controversial among immunologists, as the designation of Th subsets beyond Th1,

Th2, and Th17 cells remains debated.

Limitations of the current Th classification

The current Th subset classification reaches its meaningful limits when trying to categorize Th cells
involved in the induction of pathologies. One prominent example is EAE, a preclinical model for the
neuroinflammatory disease MS, where the responsible Th subset was not fully elucidated despite
decades of research (reviewed in (Kunkl et al., 2020)). Initially, EAE was believed to be a Th1-mediated
disease model because of the abundant IFN-y expressing Th cell infiltration in the central nervous
system (Ando et al., 1989; Voskuhl et al., 1993). However, the observation that loss of IL-12 and IFN-
v signalling, respectively, led to EAE aggravation (Becher et al., 2002; Ferber et al., 1996) suggested
that Th1 cells were not required for encephalitogenicity, but may even have at least partly a protective

role.

Shortly after, it was discovered, that IL-23 signalling was pivotal for EAE induction and simultaneously
a potent inducer of numerous cytokines including IL-17 (Langrish et al., 2005). This observation
coincided with the claim that Th17 cells represent an independent Th cell subset (Harrington et al.,
2005; Park et al., 2005). This association in turn suggested that Th17 cells may represent the pathogenic,
disease-initiating population in EAE. However, there are contradicting reports on the effect of the
canonical Th 17 cytokines IL-17A and IL-17F on EAE. While one study described a milder course of
EAE upon the depletion of IL-17A (Komiyama et al., 2006), others failed to observe a tangible effect
on the progression of EAE upon loss of IL-17A or IL-17F (Haak et al., 2009), making conclusions on
the involvement of Th17 cells in EAE more difficult. Only recently, it was shown that the effects of IL-
17 on the disease course - besides direct effects on the blood brain barrier and perhaps astrocytes (Kang
et al., 2010; Kebir et al., 2007) - stem from its ability to shape the microbiome in the gut, thereby
indirectly acting on CNS inflammation by shaping the systemic immune compartment (Regen et al.,
2021). The same study showed that exclusive IL-17 production by neuro-antigen specific T cells was
dispensable for their pathogenic potential. Moreover, although the use of IL-17 fate-mapping mice
showed that the use of CFA as an adjuvant does favour the formation of IL-17 expressing Th cells,

upon the initiation of immunopathology, these cells showed a high degree of plasticity (Hirota et al.,
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2011). After tissue invasion, many of them produced high levels of IFN-y thereby raising the idea of an
intermediate Th17/Th1 phenotype covering the “pathogenic” Th cell subset.

An essential key-player cytokine of this pathogenic Th cell subset is the Granulocyte-Macrophage
Colony-Stimulation Factor (GM-CSF). In the context of EAE, GM-CSF is mainly produced by Th cells
(Komuczki et al., 2019) and has a dominant function in the development of the inflammatory cascade,
as GM-CSF deficient mice are completely resistant to EAE (Komuczki et al., 2019; McQualter et al.,
2001; Ponomareyv et al., 2007). Furthermore, patients suffering from MS have elevated frequencies of
GM-CSF expressing Th cells (Galli et al., 2019b). It appears that GM-CSF, similar to TNF, can be
transiently expressed by several Th subsets upon TCR-mediated stimulation (reviewed in (Sheng et al.,
2015)) making it difficult to allocate GM-CSF to one of the established Th subsets. Due to the inability
to clearly define Thl or Th17 cells as pathogenic entity in EAE, a new GM-CSF expressing Th subset
was discussed (Herndler-Brandstetter and Flavell, 2014; Komuczki et al., 2019; Sheng et al., 2014).
This idea was supported by the observation that while GM-CSF was clearly co-expressed with IFN-y,
co-expression with IL-17 was rarely observed (Noster et al., 2014). However, GM-CSF expression has
been shown to be regulated by a complex transcriptional network downstream of the TCR including
the activity of TFs such as RORyt, NFAT, NFkB, INK/AP-1, PU.1 and Bhlhe40 (reviewed in (Sheng
et al., 2015)), thus no individual dominant TF for GM-CSF expression has been identified so far. The
regulation by the different pathways might also indicate the need of tight control of GM-CSF expression
to avoid accidental activation of this potent pro-inflammatory cytokine. Regardless as to whether GM-
CSF expressing cells represent a new and independent cellular subset, the present categorization of Th
cells is not able to unravel the bundle of distinct and overlapping Th subsets, but rather limits the
possibilities to define specific (disease-related) processes without colliding with the established

nomenclature.

The power of plasticity

There is evidence that all Th cells, with the exception perhaps of Tregs, retain a certain degree of
plasticity upon differentiation into effector cells. This is a fortuitous feature as it enables immune
responses to adapt to changing circumstances based on incoming stimulating or inhibitory cues.
Experiments regarding the stability of the single subsets showed that even fully differentiated Th1 and
Th2 cells were able to switch their transcriptional signature when challenged under the respective
conditions within the first five days of stimulation. Prolonged stimulation, however, induced a more
stabilized Thl or Th2 program (Murphy et al., 1996). This indicates that polarized Th cells retain
flexibility in regard to their transcriptional signature for several rounds of expansion, giving them
enough time to adjust their response to the stimulation. Especially Th17 cells have a particularly

unstable lineage commitment, thus readily converting into Th1-like or Treg-like phenotypes (reviewed
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in (Lee et al., 2009)). The conversion of Th17 into Thl-like cells has especially been associated with
the occurrence of organ-specific autoimmune diseases. Importantly, a high degree of Th flexibility
cannot only be observed in laboratory animals under strictly defined experimental conditions, but also
in the human immune system. One example is the development of different vaccine-specific Th subsets,
that were not only diverse directly upon immunisation but even able to change their “fate” with

following rounds of expansion (Becattini et al., 2015).

Taken together, the flexibility of Th cells makes their classification based on cytokine patterns alone
opaque and bulky. In a review article by O’Shea and Paul (O’Shea and Paul, 2010), the authors
acknowledged this challenge and proposed a continuum model where Th cells are positioned across an
orbital shape of states with the three transcription factors, RORyt, Tbet and GATA-3 as the three

extreme positions.

This ‘continuum model’ was certainly a step in the right direction, but with increasing numbers of
transcription factors and cytokines analysed simultaneously, the anchor points of this orbital model
extend into the multidimensional space and can no longer help the visualization and conceptualization
of T cell states. Therefore, we believe that the continual bifurcation of Th subsets no longer contributes
to the understanding of the plasticity and functionality these cells adduce, but rather unnecessarily
complicates our appreciation of dynamic immune responses. Current state-of the art methods such as
single cell RNA-sequencing, ATAC-sequencing, and high-dimensional cytometry also failed to capture
canonical polarized Th cells, particularly in vivo. Instead, the data support the notion that Th-cell driven
immune responses in mammals are highly diverse and complex. This apparent breadth of Th cell states
could be explained by a) Th cells are primed towards a certain lineage, but then retain a high level of
plasticity, or b) Th cells are primed towards a diverse continuum and that they are no dedicated
canonical lineages. Either way, dividing Th cells into increasing numbers of subsets, based on the
cytokine production measured, may only apply to specific experimental conditions at a certain time
point, but does not contribute significantly to a better understanding of Th cell biology. Hence, we
propose to take one step back and focus again on the actual helper function of Th cells and consider
their polarization based on the target cells they ‘help’, akin to the designation of Treg and Tth cells,

designations based on function rather than phenotype.

Reframing Th cell subsets

In 2018, Eberl and Pradeu proposed a unifying theory that is taking the bigger physiological picture
into account (Eberl and Pradeu, 2018). They started by picking up on the idea that the immune system
is not activated by recognizing non-self per se, but by the change in “normality” — the so called
“discontinuity theory” (Pradeu et al., 2013) (that builds upon the danger model that was proposed by
Polly Matzinger in the 1990s (Matzinger, 1994)). The new theory considers three levels of immune
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responses: activation of the immune system by different ways (e.g. intracellular, tissular, extracellular),
regulation of the immune response by cross-inhibition of the different types of immune response (Figure
1), and integration of the immune response into other vital processes necessary for maintaining
homeostasis at the level of the whole organism (Eberl and Pradeu, 2018). The three types of responses
they described are loosely associated with the known concept of type 1, 2, and 3 immunity (Annunziato
etal.,2015). Accordingly, type 1 responses are induced by intracellular discontinuities, type 2 responses
are involved in tissue repair mechanisms to prevent entrance of pathogens, and type 3 responses are
activated by discontinuities affecting the extracellular space, such as fungi and bacteria in barrier tissues

(Eberl, 2016).

We propose to extend this concept towards the initial definition of Th cells; namely their primary
function — to provide help. Th cells are not predominantly killers or cleaners, but as their name says,
they support and enable other cells in the execution of their tasks. Depending on the context of
activation, Th cells interact with different other cell types and produce a variety of cytokines, probably
in varying concentrations and for a certain duration. This in turn acts on a palette of cell types including
macrophages, DCs, monocytes, B cells or non-immune cell subsets that cross-regulate each other to
achieve the desirable/adequate type of response. Therefore, we propose to define Th cells by the type
of the responding cells they target (Figure 2). This classification based on function rather than
phenotype is then further refined by the continuum model of O’Shea and Paul (O’Shea and Paul, 2010),
to acknowledge the plastic nature of Th cell states. However, while plasticity can be extensive, it is also
limited by two major principles: First cross-inhibitory interaction between type 1, type 2, and type 3
responses (as also suggested by Eberl (Eberl and Pradeu, 2018)), and second auto-amplification of
established T helper cell responses. Auto-amplification loops have been described for type 1, type 2,
and type 3 responses - mostly based on T cell derived cytokines that directly add back on their sources,
re-enforcing their functional phenotype. IFN-y (Bradley et al., 1996), IL-4 (Kurtjones et al., 1987), and
IL-21 (Korn et al., 2007) are examples of such autocrine feed-forward loop drivers for type 1, type 2,

and type 3 responses, respectively.

Type 1 response

Type 1 responses are executed primarily by mononuclear myeloid cells, such as monocytes,
macrophages and DCs. The most canonical type 1 cytokines produced by Th cells are IFN-y and GM-
CSF. The IFN-y effects in responder cells depend on the nature of the responding cell type (de Veer et
al., 2001). The IFN-y receptor (IFNGR) is a tetramer of two ligand binding IFNGR1 chains and two
signal-transducing IFNGR2 chains. While IFNGR1 is constitutively expressed on the surface of most
cell types, IFINGR2 expression is more tightly regulated and predominantly found in phagocytes. More
than 2000 IFN-y responsive genes have been identified, including MHCI, MHCII, NOS2, various
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CAMs like VCAMI, and CD44, IRF1-9 and different TRIM genes (Hertzog et al., 2011). IFN-y is
particularly important for APCs, as it not only induces the upregulation of MHC-I and -II molecules
but also slows lysosomal function in macrophages in order to enhance antigen processing (Trost et al.,
2009; Yates et al., 2007). Interestingly, other pro-inflammatory stimuli like type I IFN, LPS, and TNF
can initiate a similar signalling cascade to IFN-y (Ahn et al., 1997; Kovarik et al., 1999), thereby
modulating the IFN-y response, but also possibly accounting for the mild phenotype of /FNG-/- and
IFNGR-/- mice (Snapper et al., 1987). However, loss of IFN-y signalling in mice led to impaired
clearance of several intracellular pathogens and a shift in the Th1/Th2 response (reviewed in (Tau and

Rothman, 1999)).

GM-CSF similarly acts as a potent communication conduit between T cells and myeloid cells (Croxford
et al., 2015; Darrieutort-Laffite et al., 2014; Kobayashi, 2005; Zhan et al., 2012). The GM-CSF receptor
is a heterodimer composed of the cytokine-specific a-chain and a B-chain that is shared with receptors
for IL-3 and IL-5 (reviewed in (Barreda et al., 2004)). Its cellular expression is even more restricted
than the expression of the IFNGR since the GM-CSF receptor is almost exclusively expressed by
myeloid cells. In vitro stimulation with GM-CSF initiates the differentiation of DCs, granulocytes, and
macrophages, depending on the concentration of the cytokine (Sun et al., 2018). The situation in vivo
is more complex, although there is evidence that also in vivo GM-CSF has dose- and time-dependent
effects (Guthridge et al., 2006). In general, GM-CSF is promoting survival, differentiation and
activation of monocytes, macrophages, and other phagocytes by engaging the JAK2/STATS and ERK
pathways (Guthridge et al., 1998). Under certain inflammatory conditions, GM-CSF can be regarded
as a pro-inflammatory mediator between Th cells and phagocytes (reviewed in (Becher et al., 2016))
and it can be speculated that blocking GM-CSF will alleviate type 1 driven inflammatory diseases.
Hence, it is not surprising that GM-CSF blocking antibodies are prominently used in clinical trials, e.g.

recently in the context of COVID-19 (Mehta et al., 2020).

Of note, among others, GM-CSF expression is induced by IL-23, which has also been shown to be
important for the modulation of “Th17” responses (Aggarwal et al., 2003; Komuczki et al., 2019), and
other type 3 immune responses (see below), making IL-23 both, a type 1 and type 3 response-inducing
cytokine depending on the circumstances (perhaps linked to its ability to signal through both STAT4
and STAT3). In this regard, it will be interesting to decipher the additional factors causing a mainly
destructive GM-CSF-driven type 1 response versus a protective IL-17-mediated type 3 response upon
IL-23 exposure. Although it was argued that GM-CSF might serve as a marker for “destructive, or
pathogenic” Th17 (or Th1/17, or Th17.1) cells, GM-CSF producing cells preferably co-express [FN-y
over IL-17 (Galli et al., 2019b; Herndler-Brandstetter and Flavell, 2014; Komuczki et al., 2019; Noster
et al., 2014). Nevertheless, the relationship with IFN- y appears to be a complex one, since both, IFN-
v and its driver, IL-12, effectively suppress GM-CSF production in T cells (Komuczki et al., 2019). Of

note, whereas T cells can sense IFN-y, which has long been considered to aid in the maintenance of the
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Thl phenotype, GM-CSF is not sensed by lymphocytes themselves. In spite of the apparent
contradictions which emerge, when Th cells are categorized by individual cytokines expression, the
categorization of Th cells by the target cells they help, alleviates that problem and permits a better

understanding of the actual properties of Th cells in type 1 immunity.

Taken together, in type 1 responses Th cells mainly target and activate phagocytic cells. While this
communication aids in the elimination of intracellular pathogens, aberrant (dysregulated) type 1

responses - through persistent recruitment of phagocytes - can be drivers of immunopathology.

Type 2 response

Type 2 immune responses have been initially described to primarily foster humoral immunity, and that
Th derived type 2 cytokines help predominantly the B cell compartment and the involved intricacies to
generate potent high-affinity antibodies. However, here again, the pure categorization of Th cell by
their cytokine profile makes it much harder to capture the function of IL-4 secreting Th2- and Tth cells
alike. As such, type 2 Th cells include not only Th2 and Tth, but also Thl cells, since all of them have
been shown to be necessary for humoral (type 2) immunity (Crotty, 2015; Smith et al., 2000). Typical
type 2 cytokines are 1L.4, IL-5 and IL-13. IL-4 was the first factor that was recognized to be crucial for
B cell maturation and class switching, therefore recognizing Th2 cells as main providers of B cell help
(Howard et al., 1982). However, the deletion of Th2 associated genes did not cause loss of germinal
centers and later, it became apparent that 1L-4 was solely needed for IgE class-switch recombination
(Kopfet al., 1995), and that additional factors like CD40L and IL-21 were needed for fully functional
B cell responses, which were attributed to Tth cells (reviewed in (Crotty, 2015)).

Another important function of type 2 immunity beyond the engagement of B lymphocytes is the
attraction and activation of eosinophils, mast cells and basophils during inflammatory responses. This
is mainly achieved by the cytokines IL-5 and IL-13, which induce Eosinophilia and Goblet cell
hyperplasia during helminth-infections (Koyasu and Moro, 2011). However, eosinophils, mast cells and
basophils are not only type 2 effector cells, but they are also involved in the amplification of type 2
immunity by producing IL-4 and other type 2 mediators themselves. Eosinophil-recruitment, for
instance can occur prior to the infiltration of Th cells, which in turn stimulates APCs to initiate a type
2 promoting Th phenotype (Shinkai et al., 2002; Yang et al., 2008). Although it is not fully understood
which cell types induce the initial attraction of eosinophils, tissue-resident group 2 innate lymphoid
cells (ILC2s) might be involved as they can react before the adaptive response is initiated (Gasteiger et
al., 2015) making them important early phase type 2 players. Furthermore, it has been shown that the
presence of ILC2s was required for a complete Th response, at least in the context of allergic

inflammation (Halim et al., 2014, 2016).



346
347
348
349
350
351
352

353
354
355
356
357
358
359
360

361
362
363
364
365

366
367
368

369

370

371
372
373
374
375
376
377
378
379
380

Deregulated expression of type 2 cytokines, especially IL-4 and IL.-13 may contribute to inflammatory
diseases, one of the most prominent being atopic dermatitis (Brunner et al., 2017). Thereby, 1L-4
suppresses the expression of genes involved in barrier function in keratinocytes (Sehra et al., 2010),
and alarmins (i.e. IL-25 and IL-33) produced by keratinocytes, which trigger an ILC2 mediated
expression of IL-13 which attracts Th cells into the irritated skin, thereby amplifying the inflammation
(reviewed in (Bieber, 2020)). Hence, it is not surprising that blocking IL-4 and IL-13 significantly

improves clinical symptoms in atopic dermatitis patients (Beck et al., 2014).

The alarmin IL-25, also known as IL-17E, was first reported to be secreted by Th2 cells and
subsequently led to the coining of Th25 cells as IL-25 producing entity that is boosting type 2 responses
by enhancing IL-4, IL-5 and IL-9 production via STAT-5 activation (Fort et al., 2001). Now we know
that it can be produced by many different hematopoietic and non-hematopoietic cell types, such as mast
cells, alveolar epithelial cells, brain capillary endothelial cells and others (reviewed in (Liu et al., 2018)).
The exact mechanisms by which these cells induce and enhance type 2 responses are not fully
understood yet, however, there is strong evidence that ILC2s act as type 2 response amplifiers (Moro

et al., 2010; Neill et al., 2010; Price et al., 2010).

Another type 2 cytokine that has defined an independent Th subset is IL-9 (Dardalhon et al., 2008;
Veldhoen et al., 2008). Initially believed to be a T cell growth factor (Renauld et al., 1993), IL-9 was
soon recognized to be crucial for mast cell expansion and recruitment (Townsend et al., 2000). In this
context, it is involved in the clearance of parasitic infections but may also play a role in promoting

allergic inflammation (reviewed in (Noelle and Nowak, 2010)).

Taken together, type 2 T cells including Tth cells target primarily B cells to aid in GC formation and
class switch, whereas dysregulated type 2 immunity leads to allergic inflammation involving

eosinophils, mast cells and basophils.

Type 3 response

Type 3 responses have been very well defined as barrier-tissue specific reactions to extracellular
disturbances. Receptors for the critical cytokines IL-17 and IL-22 are expressed throughout the stromal
and immune compartment, but dysregulated expression of these cytokines (IL-17A, IL-17F, IL-22 etc.)
leads to dramatic immunopathology across barrier tissues (skin, lung, gut) with little to no signs of
internal organ specific effects (Conti et al., 2009; Haak et al., 2009; O’Connor et al., 2009; Sonnenberg
etal., 2010). Ectopic IL-17 expression has the most dramatic effect upon the engagement of the IL-17R
complex in epithelial cells of the skin. Apart from the production of anti-microbial peptides, IL-17
activated keratinocytes produce a set of chemokines and cytokines that in turn attract neutrophils into
the skin (reviewed in (Perera et al.,, 2012)). Dysregulation of IL-17 in mammals also triggers

psoriasiform inflammation, characterized by the cellular expansion of keratinocytes, and the influx of
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neutrophils. Targeting the type 3 immune response in patients suffering from psoriasis through
neutralization of IL-17 or IL-23 dramatically alleviates the clinical symptoms (reviewed in (Zwicky et
al., 2020)). Strikingly, IL-23 is critical for both, GM-CSF and IL-17 production in inflammatory
conditions (as discussed above). This poses interesting questions about the regulation of IL-23R
signalling within different inflammatory conditions and cell types. In line with this, IL-23 has also been
shown to be released in response to nociceptor activation (Kashem et al., 2015; Riol-Blanco et al.,
2014), linking the immune system with the neuronal network. The notion that there is more to the
immune system than simple host defence is applying not only for type 3 immunity and pain sensation.
A growing scientific field tries to decipher the interplay of the immune system and other physiological

processes like the neuronal network and the enteric system (reviewed in (Rankin and Artis, 2018)).

In line with the notion that type 3 immune responses predominantly involve barrier tissues,
physiological amounts of type 3 cytokines (such as IL-17A, IL-17F and IL-22) are involved in the
control of mucosal pathogens, in particular fungi (reviewed in (Sparber and Leibundgut-Landmann,
2019)). Hence, the most dramatic side effect of IL-17 neutralization is the development of uncontrolled

fungal infections.

IL-22 producing cells can be easily “reprogrammed” into IFN-y, or IL-4 expressing Th cells illustrating
one more time the dynamics of Th cell plasticity and indicates the importance of a flexible and
collaborative environment for a functional immune system (Plank et al., 2017). Furthermore, it was
shown recently that Th cells isolated from the lamina propria could not be attributed to the “classical”
Thl or 17 subsets but rather expressed a continuum of different (signature) cytokines (Kiner et al.,
2021). In support of the idea that type 3 immunity is an evolutionary hard-wired mechanism of barrier-
protection, is the source of type 3 cytokines outside of Th cells. The production of IL-17 and IL-22 for
instance is readily observed in y&-T cells and ILC3 cells, which are prominent and early responders in

barrier tissue immunity.

In summary, in contrast to type 1 and type 2 responses, type 3 responses are less targeted to distinct
immune effector cells but activate and regulate non-immune cells. The code, which is used by type I1I
responses (including e.g. IL-17 and the IL-20 family of cytokines) is a code which likely is
phylogenetically old that is used by tissue resident immune cells (like ILC3s and y5-T cells) to
communicate with their non-hematopoietic environment and has been co-opted by the adaptive immune

system for host defence at lining tissues.

Summary and conclusion

The establishment of advanced single cell analysis tools such as sc-RNAseq and high-dimensional
cytometry revealed that the hitherto known classification of the Th cell universe based on previously

established cytokine patterns (Galli et al., 2019a; Tortola et al., 2020), does not adequately capture the
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diversity and complexity of the mammalian immune system. Here, we aimed to take a step back in
order to acknowledge the bigger picture instead of focusing on small Th subsets that might simply
represent an intermediate stage within their differentiation. By expanding the concept initially proposed
by Eberl and Pradeu (Eberl and Pradeu, 2018) and integration of the until now described subsets into a
more comprehensive capture of immunity based on the target cells of the Th response (Figure 2), we

propose the following nomenclature:

Type 1 Th cells that primarily activate and attract mononuclear phagocytes such as monocytes,

macrophages and DCs

Type 2 Th cells targeting B cells and polymorphonucleated granulocytes such as mast cells, basophils,

and eosinophils

Type 3 Th cells acting on non-hematopoietic cells at barrier tissue sites, including epithelial cells and

stromal cells.

This categorization is in our opinion superior to the coining of ever new subsets and sub-subsets. We
acknowledge that this concept is also imperfect in that it does not capture all the possible cellular states
and their individual role in immune responses. Furthermore, we would hope to have solid molecular
markers of Th cell states to better describe their biology. In lieu of such a ‘super-marker’ or molecular
pattern of Th cell states, this simplified contextual ‘help’ framework proposed here is also not overly
rigid. While polarized Th cells will in general fall into one of the three categories, this does not mean
that their role in immunity is by any means inflexible. There is solid evidence of plasticity in memory
T cells and the ability to respond to different challenges with speed and agility. Hence, all attempts to
categorize single Th cells observed during a snapshot within a complex immune response cannot truly
give an account of the actual function and the role of individual Th cell in the development of a dynamic
immune response. The physiological importance of Th differentiation must be the outcome of the
response — the activation/attraction/modulation of responder cells. We hope that this perspective may
help to establish a more intuitive classification of Th cell function, which will help to understand the

growing complexity in this field.
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Figure legends

Figure 1: Cross-inhibition model. From the perspective of a pathogenic insult type 1 immune
responses are typically triggered by intracellular pathogens. Multicellular organisms that cannot easily
be phagocytosed induce type 2 responses which support the development of humoral immunity. Type
3 responses are initiated upon extracellular activation at barrier sites like the skin, gut and other mucosal
tissue. In this model, the three types of immune response inhibit each other and are strengthened by

auto-amplification.

Figure 2: Orbital model based on Th cell targets. Th cells can be classified by the primary target
cells engaged. Type 1 responses target mononuclear phagocytes including macrophages and monocytes.
The responding cells of type 2 immunity are predominantly mast cells, eosinophils and basophils, as
well as B cells (in particular in germinal centers). Type 3 cytokines engage predominantly non-immune
cells, such as epithelial cells across barrier tissues. In this model, the three types of immunity are

interconnected, plastic and allow cross-talk when necessary.



477

478
479
480

481
482
483
484

485
486
487

488
489

490
491
492

493
494

495
496
497

498
499

500
501

502
503
504

505
506
507

508
509

510
511

512

References

Aggarwal, S., Ghilardi, N., Xie, M.H., De Sauvage, F.J., and Gurney, A.L. (2003).
Interleukin-23 promotes a distinct CD4 T cell activation state characterized by the production
of interleukin-17. J. Biol. Chem. 278, 1910-1914.

Ahn, H.J., Maruo, S., Tomura, M., Mu, J., Hamaoka, T., Nakanishi, K., Clark, S., Kurimoto,
M., Okamura, H., and Fujiwara, H. (1997). A mechanism underlying synergy between 1L-12
and IFN-gamma-inducing factor in enhanced production of [IFN-gamma. J. Immunol. 759,
2125-2131.

Ando, D.G., Clayton, J., Kono, D., Urban, J.L., and Sercarz, E.E. (1989). Encephalitogenic T
cells in the B10.PL model of experimental allergic encephalomyelitis (EAE) are of the Th-1
lymphokine subtype. Cell. Inmunol. 724, 132—-143.

Annunziato, F., Romagnani, C., and Romagnani, S. (2015). The 3 major types of innate and
adaptive cell-mediated effector immunity. J. Allergy Clin. Immunol. 735, 626—635.

Avni, O., Lee, D., Macian, F., Szabo, S.J., Glimcher, L.H., and Rao, A. (2002). Th cell
differentiation is accompanied by dynamic changes in histone acetylation of cytokine genes.
Nat. Immunol. 3, 643-651.

Barreda, D.R., Hanington, P.C., and Belosevic, M. (2004). Regulation of myeloid
development and function by colony stimulating factors. Dev. Comp. Immunol. 28, 509-554.

Becattini, S., Latorre, D., Mele, F., Foglierini, M., De Gregorio, C., Cassotta, A., Fernez, B.,
Kelderman, S., Schumacher, T.N., Corti, D., et al. (2015). Functional heterogeneity of human
memory CD4+ T cell clones primed by pathogens or vaccines. Science (80-. ). 347, 400—406.

Becher, B., Durell, B.G., and Noelle, R.J. (2002). Experimental autoimmune encephalitis and
inflammation in the absence of interleukin-12. J. Clin. Invest. 7110, 493-497.

Becher, B., Tugues, S., and Greter, M. (2016). GM-CSF: From Growth Factor to Central
Mediator of Tissue Inflammation.

Beck, L.A., Thagi, D., Hamilton, J.D., Graham, N.M., Bieber, T., Rocklin, R., Ming, J.E.,
Ren, H., Kao, R., Simpson, E., et al. (2014). Dupilumab Treatment in Adults with Moderate-
to-Severe Atopic Dermatitis. N. Engl. J. Med. 3717, 130-139.

Bettelli, E., Carrier, Y., Gao, W., Korn, T., Strom, T.B., Oukka, M., Weiner, H.L., and
Kuchroo, V.K. (2006). Reciprocal developmental pathways for the generation of pathogenic
effector TH17 and regulatory T cells. Nature 441, 235-238.

Bieber, T. (2020). Interleukin-13: Targeting an underestimated cytokine in atopic dermatitis.
Allergy Eur. J. Allergy Clin. Immunol. 75, 54-62.

Bradley, L.M., Dalton, D.K., and Croft, M. (1996). A direct role for IFN-gamma in
regulation of Thl cell development. J. Immunol. /57.

Breitfeld, D., Ohl, L., Kremmer, E., Ellwart, J., Sallusto, F., Lipp, M., and Forster, R. (2000).



513
514

515
516
517

518
519
520

521
522
523

524
525
526
527

528
529

530
531
532
533

534
535
536

537
538
539
540

541
542
543
544

545
546
547

548

Follicular B helper T cells express CXC chemokine receptor 5, localize to B cell follicles,
and support immunoglobulin production. J. Exp. Med. 7192, 1545-1551.

Brunner, P.M., Guttman-Yassky, E., and M Leung, D.Y. (2017). The immunology of atopic
dermatitis and its reversibility with broad-spectrum and targeted therapies. J. Allergy Clin.
Immunol. 739, S65-S76.

Chen, Y., Kuchroo, V.K., Inobe, J.I., Hafler, D.A., and Weiner, H.L. (1994). Regulatory T
cell clones induced by oral tolerance: Suppression of autoimmune encephalomyelitis. Science
(80-.). 265, 1237-1240.

Conti, H.R., Shen, F., Nayyar, N., Stocum, E., Sun, J.N., Lindemann, M.J., Ho, A.W., Hai,
J.H., Yu, J.J., Jung, J.W., et al. (2009). Th17 cells and IL-17 receptor signaling are essential
for mucosal host defense against oral candidiasis. J. Exp. Med. 206, 299-311.

Cosmi, L., Maggi, L., Santarlasci, V., Capone, M., Cardilicchia, E., Frosali, F., Querci, V.,
Angeli, R., Matucci, A., Fambrini, M., et al. (2010). Identification of a novel subset of human
circulating memory CD4+ T cells that produce both IL-17A and IL-4. J. Allergy Clin.
Immunol. 725.

Crotty, S. (2011). Follicular Helper CD4 T Cells (T FH ). Annu. Rev. Immunol. 29, 621-663.
Crotty, S. (2015). A brief history of T cell help to B cells. Nat. Rev. Immunol. 75, 185-189.

Croxford, A.L., Lanzinger, M., Hartmann, F.J., Schreiner, B., Mair, F., Pelczar, P., Clausen,
B.E., Jung, S., Greter, M., and Becher, B. (2015). The Cytokine GM-CSF Drives the
Inflammatory Signature of CCR2+ Monocytes and Licenses Autoimmunity. Immunity 43,
502-514.

Cua, D.J., Sherlock, J., Chen, Y., Murphy, C.A., Joyce, B., Seymour, B., Lucian, L., To, W.,
Kwan, S., Churakova, T., et al. (2003). Interleukin-23 rather than interleukin-12 is the critical
cytokine for autoimmune inflammation of the brain. Nature 42/, 744-748.

Dardalhon, V., Awasthi, A., Kwon, H., Galileos, G., Gao, W., Sobel, R.A., Mitsdoerffer, M.,
Strom, T.B., Elyaman, W., Ho, 1.C., et al. (2008). IL-4 inhibits TGF-B-induced Foxp3+ T
cells and, together with TGF-f, generates IL-9+ IL-10+ Foxp3- effector T cells. Nat.
Immunol. 9, 1347-1355.

Darrieutort-Laffite, C., Boutet, M.A., Chatelais, M., Brion, R., Blanchard, F., Heymann, D.,
and Le Goff, B. (2014). IL-1 B and TNF a promote monocyte viability through the induction
of GM-CSF expression by rheumatoid arthritis synovial fibroblasts. Mediators Inflamm.
2014.

Duhen, T., Geiger, R., Jarrossay, D., Lanzavecchia, A., and Sallusto, F. (2009). Production of
interleukin 22 but not interleukin 17 by a subset of human skin-homing memory T cells. Nat.
Immunol. 10, 857-863.

Eberl, G. (2016). Immunity by equilibrium. Nat. Rev. Immunol. /6, 524-532.



549
550

551
552
553
554

555
556
557
558

559
560
561

562
563

564
565
566

567
568
569

570
571
572

573
574

575
576

577
578
579

580
581
582

583
584
585

Eberl, G., and Pradeu, T. (2018). Towards a General Theory of Immunity? Trends Immunol.
39,261-263.

Eyerich, S., Eyerich, K., Pennino, D., Carbone, T., Nasorri, F., Pallotta, S., Cianfarani, F.,
Odorisio, T., Traidl-Hoffmann, C., Behrendt, H., et al. (2009). Th22 cells represent a distinct
human T cell subset involved in epidermal immunity and remodeling. J. Clin. Invest. /79,
3573-3585.

Ferber, I.A., Brocke, S., Taylor-Edwards, C., Ridgway, W., Dinisco, C., Steinman, L.,
Dalton, D., and Fathman, C.G. (1996). Mice with a disrupted IFN-gamma gene are
susceptible to the induction of experimental autoimmune encephalomyelitis (EAE). J.
Immunol. 756.

Fields, P.E., Kim, S.T., and Flavell, R.A. (2002). Cutting Edge: Changes in Histone
Acetylation at the IL-4 and IFN-y Loci Accompany Th1/Th2 Differentiation . J. Immunol.
169, 647-650.

Fontenot, J.D., Gavin, M.A., and Rudensky, A.Y. (2003). Foxp3 programs the development
and function of CD4+CD25+ regulatory T cells. Nat. Immunol. 4, 330-336.

Fort, M.M., Cheung, J., Yen, D., Li, J., Zurawski, S.M., Lo, S., Menon, S., Clifford, T.,
Hunte, B., Lesley, R, et al. (2001). IL-25 Induces IL-4, IL-5, and IL-13 and Th2-associated
pathologies in vivo. Immunity 75, 985-995.

Galli, E., Friebel, E., Ingelfinger, F., Unger, S., Nufiez, N.G., and Becher, B. (2019a). The
end of omics? High dimensional single cell analysis in precision medicine. Eur. J. Immunol.
49, 212-220.

Galli, E., Hartmann, F.J., Schreiner, B., Ingelfinger, F., Arvaniti, E., Diebold, M., Mrdjen, D.,
van der Meer, F., Krieg, C., Nimer, F. Al, et al. (2019b). GM-CSF and CXCR4 define a T
helper cell signature in multiple sclerosis. Nat. Med. 25, 1290-1300.

Gasteiger, G., Fan, X., Dikiy, S., Lee, S.Y., and Rudensky, A.Y. (2015). Tissue residency of
innate lymphoid cells in lymphoid and nonlymphoid organs. Science (80-. ). 350, 981-985.

Gershon, R.K., and Kondo, K. (1970). Cell interactions in the induction of tolerance: the role
of thymic lymphocytes. Immunology /8, 723-737.

Ghoreschi, K., Laurence, A., Yang, X.P., Tato, C.M., McGeachy, M.J., Konkel, J.E., Ramos,
H.L., Wei, L., Davidson, T.S., Bouladoux, N., et al. (2010). Generation of pathogenic TH 17
cells in the absence of TGF-P 2 signalling. Nature 467, 967-971.

Groux, H., O’Garra, A., Bigler, M., Rouleau, M., Antonenko, S., De Vries, J.E., and
Roncarolo, M.G. (1997). A CD4+ T-cell subset inhibits antigen-specific T-cell responses and
prevents colitis. Nature 389, 737-742.

Guthridge, M. A., Stomski, F.C., Thomas, D., Woodcock, J.M., Bagley, C.J., Berndt, M.C.,
and Lopez, A.F. (1998). Mechanism of activation of the GM-CSF, IL-3, and IL-5 family of
receptors. Stem Cells /6, 301-313.



586
587
588

589
590
591

592
593
594
595

596
597
598

599
600

601
602
603

604
605

606
607

608
609
610

611
612
613

614
615

616
617
618

619
620
621

Guthridge, M. A., Powell, J.A., Barry, E.F., Stomski, F.C., McClure, B.J., Ramshaw, H.,
Felquer, F.A., Dottore, M., Thomas, D.T., To, B., et al. (2006). Growth factor pleiotropy is
controlled by a receptor Tyr/Ser motif that acts as a binary switch. EMBO J. 25, 479-485.

Haak, S., Croxford, A.L., Kreymborg, K., Heppner, F.L., Pouly, S., Becher, B., and
Waisman, A. (2009). IL-17A and IL-17F do not contribute vitally to autoimmune neuro-
inflammation in mice. J. Clin. Invest. /79, 61-69.

Halim, T.Y.F., Steer, C.A., Mathi, L., Gold, M.J., Martinez-Gonzalez, 1., McNagny, K.M.,
McKenzie, A.N.J., and Takei, F. (2014). Group 2 innate lymphoid cells are critical for the
initiation of adaptive T helper 2 cell-mediated allergic lung inflammation. Immunity 40, 425—
435.

Halim, T.Y.F., Hwang, Y.Y., Scanlon, S.T., Zaghouani, H., Garbi, N., Fallon, P.G., and
Mckenzie, A.N.J. (2016). Group 2 innate lymphoid cells license dendritic cells to potentiate
memory TH2 cell responses. Nat. Immunol. /7, 57—64.

van Hamburg, J.P., and Tas, S.W. (2018). Molecular mechanisms underpinning T helper 17
cell heterogeneity and functions in rheumatoid arthritis. J. Autoimmun. 87, 69-81.

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

Herndler-Brandstetter, D., and Flavell, R.A. (2014). Producing GM-CSF: A unique T helper
subset? Cell Res. 24, 1379-1380.

Hertzog, P., Forster, S., and Samarajiwa, S. (2011). Systems biology of interferon responses.
J. Interf. Cytokine Res. 37, 5-11.

Hirota, K., Duarte, J.H., Veldhoen, M., Hornsby, E., Li, Y., Cua, D.J., Ahlfors, H., Wilhelm,
C., Tolaini, M., Menzel, U., et al. (2011). Fate mapping of IL-17-producing T cells in
inflammatory responses. Nat. Immunol. /2, 255-263.

Howard, M., Farrar, J., Hilfiker, M., Johnson, B., Takatsu, K., Hamaoka, T., and Paul, W.E.
(1982). Identification of a T cell-derived B cell growth factor distinct from interleukin 2. J.
Exp. Med. 155, 914-923.

Huehn, J., Polansky, J.K., and Hamann, A. (2009). Epigenetic control of FOXP3 expression:
The key to a stable regulatory T-cell lineage? Nat. Rev. Immunol. 9, 83—89.

Ivanov, L.I., McKenzie, B.S., Zhou, L., Tadokoro, C.E., Lepelley, A., Lafaille, J.J., Cua, D.J.,
and Littman, D.R. (2006). The Orphan Nuclear Receptor RORyt Directs the Differentiation
Program of Proinflammatory IL-17+ T Helper Cells. Cell 126, 1121-1133.

Johnston, R.J., Poholek, A.C., DiToro, D., Yusuf, 1., Eto, D., Barnett, B., Dent, A.L., Craft,
J., and Crotty, S. (2009). Bcl6 and Blimp-1 are reciprocal and antagonistic regulators of T
follicular helper cell differentiation. Science (80-. ). 325, 1006-1010.



622
623
624
625

626
627
628

629
630
631
632

633
634
635

636
637

638
639
640

641
642
643
644

645
646

647
648
649

650
651
652
653

654
655

656
657

658

Kang, Z., Altuntas, C.Z., Gulen, M.F., Liu, C., Giltiay, N., Qin, H., Liu, L., Qian, W.,
Ransohoff, R.M., Bergmann, C., et al. (2010). Astrocyte-Restricted Ablation of Interleukin-
17-Induced Actl-Mediated Signaling Ameliorates Autoimmune Encephalomyelitis.
Immunity 32, 414-425.

Kashem, S.W., Riedl, M.S., Yao, C., Honda, C.N., Vulchanova, L., and Kaplan, D.H. (2015).
Nociceptive Sensory Fibers Drive Interleukin-23 Production from CD301b+ Dermal
Dendritic Cells and Drive Protective Cutaneous Immunity. Immunity 43, 515-526.

Kebir, H., Kreymborg, K., Ifergan, 1., Dodelet-Devillers, A., Cayrol, R., Bernard, M.,
Giuliani, F., Arbour, N., Becher, B., and Prat, A. (2007). Human TH17 lymphocytes promote
blood-brain barrier disruption and central nervous system inflammation. Nat. Med. /3, 1173—
1175.

Kiner, E., Willie, E., Vijaykumar, B., Chowdhary, K., Schmutz, H., Chandler, J., Schnell, A.,
Thakore, P.1., LeGros, G., Mostafavi, S., et al. (2021). Gut CD4+ T cell phenotypes are a
continuum molded by microbes, not by TH archetypes. Nat. Immunol. 22, 216-228.

Kobayashi, S.D. (2005). Spontaneous neutrophil apoptosis and regulation of cell survival by
granulocyte macrophage-colony stimulating factor. J. Leukoc. Biol. 78, 1408—1418.

Komiyama, Y., Nakae, S., Matsuki, T., Nambu, A., Ishigame, H., Kakuta, S., Sudo, K., and
Iwakura, Y. (2006). IL-17 Plays an Important Role in the Development of Experimental
Autoimmune Encephalomyelitis. J. Immunol. /77, 566-573.

Komuczki, J., Tuzlak, S., Friebel, E., Hartwig, T., Spath, S., Rosenstiel, P., Waisman, A.,
Opitz, L., Oukka, M., Schreiner, B., et al. (2019). Fate-Mapping of GM-CSF Expression
Identifies a Discrete Subset of Inflammation-Driving T Helper Cells Regulated by Cytokines
IL-23 and IL-1B. Immunity 50, 1289-1304.¢6.

Kopf, M., Gros, G. Le, Coyle, A.J., Kosco-Vtlbois, M., and Brombacher, F. (1995). Immune
Responses of [L-4, IL-5, IL-6 Deficient Mice. Immunol. Rev. 748, 45-69.

Korn, T., Bettelli, E., Gao, W., Awasthi, A., Jager, A., Strom, T.B., Oukka, M., and Kuchroo,
V K. (2007). IL-21 initiates an alternative pathway to induce proinflammatory T H17 cells.
Nature.

Kovarik, P., Stoiber, D., Eyers, P.A., Menghini, R., Neininger, A., Gaestel, M., Cohen, P.,
and Decker, T. (1999). Stress-induced phosphorylation of STAT1 at Ser727 requires p38
mitogen-activated protein kinase whereas IFN-y uses a different signaling pathway. Proc.
Natl. Acad. Sci. 96, 13956-13961.

Koyasu, S., and Moro, K. (2011). Type 2 innate immune responses and the natural helper
cell. Immunology 732, 475-481.

Kunkl, M., Frascolla, S., Amormino, C., Volpe, E., and Tuosto, L. (2020). T Helper Cells:
The Modulators of Inflammation in Multiple Sclerosis. Cells 9, 482.

Kurtjones, E.A., Hamberg, S., Ohara, J., Paul, W.E., and Abbas, A.K. (1987). Heterogeneity



659
660

661
662
663

664
665

666
667

668
669

670
671
672

673
674

675
676
677

678
679
680
681

682
683
684

685
686
687

688
689
690
691

692
693
694

of helper/inducer t lymphocytes: I. lymphokine production and lymphokine responsiveness. J.
Exp. Med. 166, 1774-1787.

Langrish, C.L., Chen, Y., Blumenschein, W.M., Mattson, J., Basham, B., Sedgwick, J.D.,
McClanahan, T., Kastelein, R.A., and Cua, D.J. (2005). IL-23 drives a pathogenic T cell
population that induces autoimmune inflammation. J. Exp. Med. 201, 233-240.

Lee, Y.K., Turner, H., Maynard, C.L., Oliver, J.R., Chen, D., Elson, C.O., and Weaver, C.T.
(2009). Late Developmental Plasticity in the T Helper 17 Lineage. Immunity 30, 92—107.

Liu, Y., Shao, Z., Shangguan, G., Bie, Q., and Zhang, B. (2018). Biological properties and
the role of IL-25 in disease pathogenesis. J. Immunol. Res. 2018.

Locksley, R.M. (2009). Nine lives: Plasticity among T helper cell subsets. J. Exp. Med. 206,
1643—-1646.

Mangan, P.R., Harrington, L.E., O’Quinn, D.B., Helms, W.S., Bullard, D.C., Elson, C.O.,
Hatton, R.D., Wahl, S.M., Schoeb, T.R., and Weaver, C.T. (2006). Transforming growth
factor-p induces development of the T H17 lineage. Nature 4417, 231-234.

Matzinger, P. (1994). Tolerance, Danger, and the Extended Family. Annu. Rev. Immunol. /2,
991-1045.

McQualter, J.L., Darwiche, R., Ewing, C., Onuki, M., Kay, T.W., Hamilton, J.A., Reid, H.H.,
and Bernard, C.C.A. (2001). Granulocyte macrophage colony-stimulating factor: A new
putative therapeutic target in multiple sclerosis. J. Exp. Med. /94, 873—88]1.

Mehta, P., Porter, J.C., Manson, J.J., Isaacs, J.D., Openshaw, P.J.M., Mclnnes, .B.,
Summers, C., and Chambers, R.C. (2020). Therapeutic blockade of granulocyte macrophage
colony-stimulating factor in COVID-19-associated hyperinflammation: challenges and
opportunities. Lancet Respir. Med. 8, 822—-830.

Moro, K., Yamada, T., Tanabe, M., Takeuchi, T., Ikawa, T., Kawamoto, H., Furusawa, J.I.,
Ohtani, M., Fujii, H., and Koyasu, S. (2010). Innate production of TH 2 cytokines by adipose
tissue-associated c-Kit+ Sca-1+ lymphoid cells. Nature 463, 540-544.

Mosmann, T.R., Cherwinski, H., Bond, M.W., Giedlin, M.A., and Coffman, R.L. (1986).
Two types of murine helper T cell clone. I. Definition according to profiles of lymphokine
activities and secreted proteins. J. Immunol. 736, 2348-2357.

Mukasa, R., Balasubramani, A., Lee, Y.K., Whitley, S.K., Weaver, B.T., Shibata, Y.,
Crawford, G.E., Hatton, R.D., and Weaver, C.T. (2010). Epigenetic instability of cytokine
and transcription factor gene loci underlies plasticity of the T helper 17 cell lineage.
Immunity 32, 616-627.

Murphy, C.A., Langrish, C.L., Chen, Y., Blumenschein, W., McClanahan, T., Kastelein,
R.A., Sedgwick, J.D., and Cua, D.J. (2003). Divergent Pro- and Antiinflammatory Roles for
IL-23 and IL-12 in Joint Autoimmune Inflammation. J. Exp. Med. /98, 1951-1957.



695
696
697

698
699
700

701
702

703
704

705
706
707

708
709
710

711
712

713
714
715

716
717

718
719
720
721

722
723
724
725

726
727

728
729
730

Murphy, E., Shibuya, K., Hosken, N., Openshaw, P., Maino, V., Davis, K., Murphy, K., and
O’Garra, A. (1996). Reversibility of T helper 1 and 2 populations is lost after long-term
stimulation. J. Exp. Med. /83, 901-913.

Neill, D.R., Wong, S.H., Bellosi, A., Flynn, R.J., Daly, M., Langford, T.K.A., Bucks, C.,
Kane, C.M., Fallon, P.G., Pannell, R., et al. (2010). Nuocytes represent a new innate effector
leukocyte that mediates type-2 immunity. Nature 464, 1367—-1370.

Nishizuka, Y., and Sakakura, T. (1969). Thymus and reproduction: Sex-linked dysgenesia of
the gonad after neonatal thymectomy in mice. Science (80-. ). 166, 753—755.

Noelle, R.J., and Nowak, E.C. (2010). Cellular sources and immune functions of interleukin-
9. Nat. Rev. Immunol. 70, 683-687.

Noster, R., Riedel, R., Mashreghi, M.F., Radbruch, H., Harms, L., Haftmann, C., Chang,
H.D., Radbruch, A., and Zielinski, C.E. (2014). IL-17 and GM-CSF expression are
antagonistically regulated by human T helper cells. Sci. Transl. Med. 6, 24 1ra80-241ra80.

O’Connor, W., Kamanaka, M., Booth, C.J., Town, T., Nakae, S., Iwakura, Y., Kolls, J.K.,
and Flavell, R.A. (2009). A protective function for interleukin 17A in T cell-mediated
intestinal inflammation. Nat. Immunol.

O’Shea, J., and Paul, W.E. (2010). Mechanisms underlying lineage commitment and
plasticity of helper CD4 + T cells. Science (80-. ). 327, 1098-1102.

Park, H., Li, Z., Yang, X.0., Chang, S.H., Nurieva, R., Wang, Y.H., Wang, Y., Hood, L.,
Zhu, Z., Tian, Q., et al. (2005). A distinct lineage of CD4 T cells regulates tissue
inflammation by producing interleukin 17. Nat. Immunol. 6, 1133-1141.

Perera, G.K., Di Meglio, P., and Nestle, F.O. (2012). Psoriasis. Annu. Rev. Pathol. Mech.
Dis. 7, 385-422.

Plank, M.W ., Kaiko, G.E., Maltby, S., Weaver, J., Tay, H.L., Shen, W., Wilson, M.S.,
Durum, S.K., and Foster, P.S. (2017). Th22 Cells Form a Distinct Th Lineage from Th17
Cells In Vitro with Unique Transcriptional Properties and Tbet-Dependent Th1 Plasticity. J.
Immunol. 798, 2182-2190.

Ponomarev, E.D., Shriver, L.P., Maresz, K., Pedras-Vasconcelos, J., Verthelyi, D., and Dittel,
B.N. (2007). GM-CSF Production by Autoreactive T Cells Is Required for the Activation of
Microglial Cells and the Onset of Experimental Autoimmune Encephalomyelitis. J. Immunol.
178, 39-48.

Pradeu, T., Jaeger, S., and Vivier, E. (2013). The speed of change: towards a discontinuity
theory of immunity? Nat. Rev. Immunol. /3, 764—769.

Price, A.E., Liang, H.E., Sullivan, B.M., Reinhardt, R.L., Eisley, C.J., Erle, D.J., and
Locksley, R.M. (2010). Systemically dispersed innate IL-13-expressing cells in type 2
immunity. Proc. Natl. Acad. Sci. U. S. A. 107, 11489-11494.



731
732

733
734
735

736
737

738
739

740
741
742

743
744
745
746

747
748
749

750
751
752

753
754
755
756

757
758

759
760

761
762
763

764
765
766

Rankin, L.C., and Artis, D. (2018). Beyond Host Defense: Emerging Functions of the
Immune System in Regulating Complex Tissue Physiology. Cell 173, 554-567.

Regen, T., Isaac, S., Amorim, A., Nuiiez, N.G., Hauptmann, J., Shanmugavadivu, A., Klein,
M., Sankowski, R., Mufazalov, [.A., Yogev, N., et al. (2021). IL-17 controls central nervous
system autoimmunity through the intestinal microbiome. Sci. Immunol. 6, eaaz6563.

Reinhardt, R.L., Liang, H.E., and Locksley, R.M. (2009). Cytokine-secreting follicular T
cells shape the antibody repertoire. Nat. Immunol. /0, 385-393.

Renauld, J.C., Houssiau, F., Uyttenhove, C., Vink, A., and Van Snick, J. (1993). Interleukin-
9: A t-cell growth factor with a potential oncogenic activity. Cancer Invest. /7, 635-640.

Riol-Blanco, L., Ordovas-Montanes, J., Perro, M., Naval, E., Thiriot, A., Alvarez, D., Paust,
S., Wood, J.N., and Von Andrian, U.H. (2014). Nociceptive sensory neurons drive
interleukin-23-mediated psoriasiform skin inflammation. Nature 570, 157-161.

Sakaguchi, S., Sakaguchi, N., Asano, M., Itoh, M., and Toda, M. (1995). 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. 755.

Schaerli, P., Willimann, K., Lang, A.B., Lipp, M., Loetscher, P., and Moser, B. (2000). CXC
chemokine receptor 5 expression defines follicular homing T cells with B cell helper
function. J. Exp. Med. 792, 1553—-1562.

Sehra, S., Yao, Y., Howell, M.D., Nguyen, E.T., Kansas, G.S., Leung, D.Y.M., Travers, J.B.,
and Kaplan, M.H. (2010). IL-4 Regulates Skin Homeostasis and the Predisposition toward
Allergic Skin Inflammation. J. Immunol. 784, 3186-3190.

Sheng, W., Yang, F., Zhou, Y., Yang, H., Low, P.Y., Kemeny, D.M., Tan, P., Moh, A.,
Kaplan, M.H., Zhang, Y., et al. (2014). STATS programs a distinct subset of GM-CSF-
producing T helper cells that is essential for autoimmune neuroinflammation. Cell Res. 24,
1387-1402.

Sheng, W., Png, C.W., Reynolds, J.M., and Zhang, Y. (2015). T Cell-Derived GM-CSF,
Regulation of Expression and Function.

Shinkai, K., Mohrs, M., and Locksley, R.M. (2002). Helper T cells regulate type-2 innate
immunity in vivo. Nature 420, 825-829.

Smith, K.M., Pottage, L., Thomas, E.R., Leishman, A.J., Doig, T.N., Xu, D., Liew, F.Y., and
Garside, P. (2000). Thl and Th2 CD4 + T Cells Provide Help for B Cell Clonal Expansion
and Antibody Synthesis in a Similar Manner In Vivo . J. Immunol. 765, 3136-3144.

Snapper, C.M., Paul, W.E., Althage, A., Hemmi, S., Bluethmann, H., Kamijo, R., Vilcek, J.,
Zinkernagel, R., and Aguet, M. (1987). Interferon-gamma and B cell stimulatory factor-1
reciprocally regulate Ig isotype production. Science 236, 944-947.



767
768
769

770
771

772
773
774
775

776
777

778
779

780
781
782
783

784
785
786

787
788
789

790
791

792
793
794

795
796
797

798
799
800
801

802
803

Sonnenberg, G.F., Nair, M.G., Kirn, T.J., Zaph, C., Fouser, L.A., and Artis, D. (2010).
Pathological versus protective functions of IL-22 in airway inflammation are regulated by IL-
17A. J. Exp. Med. 207, 1293-1305.

Sparber, F., and Leibundgut-Landmann, S. (2019). Interleukin-17 in antifungal immunity.
Pathogens 8, 54.

Sun, L., Rautela, J., Delconte, R.B., Souza-Fonseca-Guimaraes, F., Carrington, E.M.,
Schenk, R.L., Herold, M.J., Huntington, N.D., Lew, A.M., Xu, Y., et al. (2018). GM-CSF
Quantity Has a Selective Effect on Granulocytic vs. Monocytic Myeloid Development and
Function. Front. Immunol. 9, 1922.

Szabo, S.J., Kim, S.T., Costa, G.L., Zhang, X., Fathman, C.G., and Glimcher, L.H. (2000). A
novel transcription factor, T-bet, directs Thl lineage commitment. Cell /00, 655-669.

Tau, G., and Rothman, P. (1999). Biologic functions of the IFN-y receptors. Allergy Eur. J.
Allergy Clin. Immunol. 54, 1233-1251.

Tortola, L., Jacobs, A., Pohlmeier, L., Obermair, F.J., Ampenberger, F., Bodenmiller, B., and
Kopf, M. (2020). High-Dimensional T Helper Cell Profiling Reveals a Broad Diversity of
Stably Committed Effector States and Uncovers Interlineage Relationships. Immunity 53,
597-613.¢e6.

Townsend, M.J., Fallon, P.G., Matthews, D.J., Smith, P., Jolin, H.E., and McKenzie, A.N.J.
(2000). IL-9-deficient mice establish fundamental roles for IL-9 in pulmonary mastocytosis
and goblet cell hyperplasia but not T cell development. Immunity /3, 573-583.

Trifari, S., Kaplan, C.D., Tran, E.H., Crellin, N.K., and Spits, H. (2009). Identification of a
human helper T cell population that has abundant production of interleukin 22 and is distinct
from TH-17, TH1 and TH2 cells. Nat. Immunol. /0, 864-871.

Trost, M., English, L., Lemieux, S., Courcelles, M., Desjardins, M., and Thibault, P. (2009).
The Phagosomal Proteome in Interferon-y-Activated Macrophages. Immunity 30, 143—154.

de Veer, M.J., Holko, M., Frevel, M., Walker, E., Der, S., Paranjape, J.M., Silverman, R.H.,
and Williams, B.R. (2001). Functional classification of interferon-stimulated genes identified
using microarrays. J. Leukoc. Biol. 69, 912-920.

Veldhoen, M., Hocking, R.J., Atkins, C.J., Locksley, R.M., and Stockinger, B. (2006). TGFf3
in the context of an inflammatory cytokine milieu supports de novo differentiation of IL-17-
producing T cells. Immunity.

Veldhoen, M., Uyttenhove, C., van Snick, J., Helmby, H., Westendorf, A., Buer, J., Martin,
B., Wilhelm, C., and Stockinger, B. (2008). Transforming growth factor-p “reprograms” the
differentiation of T helper 2 cells and promotes an interleukin 9-producing subset. Nat.
Immunol. 9, 1341-1346.

Voskuhl, R.R., Martin, R., Bergman, C., Dalal, M., Ruddle, N.H., and Mcfarland, H.F.
(1993). T helper 1 (TH1) functional phenotype of human myelin basic protein-specific t



804

805
806
807

808
809
810
811

812
813

814
815
816

817
818
819

820
821

822
823

824
825

826

lymphocytes. Autoimmunity /5, 137-143.

Wu, L., Zepp, J.A., Qian, W., Martin, B.N., Ouyang, W., Yin, W., Bunting, K.D., Aronica,
M., Erzurum, S., and Li, X. (2015). A Novel IL-25 Signaling Pathway through STATS. J.
Immunol. /194, 4528-4534.

Yang, D., Chen, Q., Shao, B.S., Zhang, P., Kurosaka, K., Caspi, R.R., Michalek, S.M.,
Rosenberg, H.F., Zhang, N., and Oppenheim, J.J. (2008). Eosinophil-derived neurotoxin acts
as an alarmin to activate the TLR2-MyD88 signal pathway in dendritic cells and enhances
Th2 immune responses. J. Exp. Med. 205, 79-90.

Yates, R.M., Hermetter, A., Taylor, G.A., and Russell, D.G. (2007). Macrophage Activation
Downregulates the Degradative Capacity of the Phagosome. Traffic 8, 241-250.

Zhan, Y., Vega-Ramos, J., Carrington, E.M., Villadangos, J.A., Lew, A.M., and Xu, Y.
(2012). The inflammatory cytokine, GM-CSF, alters the developmental outcome of murine
dendritic cells. Eur. J. Immunol. 42, 2889-2900.

Zhang, D.H., Cohn, L., Ray, P., Bottomly, K., and Ray, A. (1997). Transcription factor
GATA-3 is differentially expressed in murine Th1 and Th2 cells and controls Th2-specific
expression of the interleukin-5 gene. J. Biol. Chem. 272, 21597-21603.

Zheng, W.P., and Flavell, R.A. (1997). The transcription factor GATA-3 is necessary and
sufficient for Th2 cytokine gene expression in CD4 T cells. Cell 89, 587-596.

Zhou, L., Chong, M.M.W., and Littman, D.R. (2009). Plasticity of CD4+ T Cell Lineage
Differentiation. Immunity 30, 646—655.

Zwicky, P., Unger, S., and Becher, B. (2020). Targeting interleukin-17 in chronic
inflammatory disease: A clinical perspective. J. Exp. Med. 217.



10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32

Repositioning Th cell polarization from single cytokines to complex help

* . . . .
Selma Tuzlak'', Anne S. Dejeanz, Matteo Iannacone™, Francisco J. Quintana®®, Ari

. . *
Waisman”®’, Florent Ginhoux'"""'**, Thomas Korn'*'*"** and Burkhard Becher'

Affiliations

1 Institute of Experimental Immunology, University of Zurich, Zurich, Switzerland

2 Institut Toulousain des Maladies Infectieuses et Inflammatoires (INFINITy), INSERM UMR1291 -
CNRS UMRS5051 - Université Toulouse III, Toulouse, France

3 Division of Immunology, Transplantation and Infectious Diseases, IRCCS San Raffaele Scientific
Institute, Milan, Italy.

4 Vita-Salute San Raffaele University, Milan, Italy.

5 Ann Romney Center for Neurologic Diseases, Brigham and Women's Hospital, Harvard Medical
School, Boston, MA 02115, USA;

6 Broad Institute of MIT and Harvard, Cambridge, MA, USA.

7 Institute for Molecular Medicine, University Medical Center of the Johannes Gutenberg-University
Mainz, Mainz, Germany.

8 Focus Program Translational Neurosciences, University Medical Center of the Johannes Gutenberg-
University Mainz, Mainz, Germany

9 Research Center for Immunotherapy, University Medical Center of the Johannes Gutenberg-
University Mainz, Mainz, Germany

10 Singapore Immunology Network (SIgN), Agency for Science, Technology and Research
(A*STAR), 8A Biomedical Grove, IMMUNOS Building, Biopolis, Singapore

11 Translational Immunology Institute, Singhealth/Duke-NUS Academic Medical Centre, the
Academia, 20 college road, Discovery tower level 8, Singapore

12 Shanghai Institute of Immunology, Shanghai JiaoTong University School of Medicine, 280 South
Chongqing Road, Shanghai, China

13 Institute for Experimental Neuroimmunology, Klinikum rechts der Isar, Technical University of
Munich

14 Dept. of Neurology, Klinikum rechts der Isar, Technical University of Munich

15 Munich Cluster for Systems Neurology (SyNergy)



33

34
35
36
37
38
39
40
41
42
43
44
45

46

47

48
49
50
51
52
53
54
55
56
57
58
59
60
61
62
63
64
65

66

Abstract

When Th cell polarization was initially described three decades ago, the Th cell universe grew
dramatically. New subsets were described based on their expression of few specific cytokines.
Beyond Thl and Th2 cells, this led to the coining of various Th17 and Treg cell subsets as well as
Th22, Th25, Tth, Th3, ThS, and Th9 cells. High-dimensional single cell analysis revealed that a
categorization of Th cells into a single cytokine-based nomenclature fails to capture the complexity
and diversity of Th cells. Similar to the simple nomenclature used to describe innate lymphoid cells
(ILCs), we propose that Th cell polarization should be categorized in terms of the help they provide to
phagocytes (type 1), to B cells, eosinophils and mast cells (type 2) and to non-immune tissue cells,
including stroma and epithelium (type 3). Studying Th cells based on their helper function and the
cells they help rather than phenotypic features such as individual analysed cytokines or transcription
factors, better captures Th cell plasticity and conversion as well as the breadth of immune responses

in vivo.

Introduction

T helper (Th) cell polarization is primarily geared towards the responder cells that synergize, amplify
and cooperate towards a distinct type of response, while repressing alternative responses at a certain
time point of disease or infection. This is to a large part achieved by a complex and tightly regulated
network of activating and inhibiting cytokines. Besides the cytokine pattern captured, the helper
properties are further expressed through surface molecules, pattern of migration and the ability to
enter specific tissues. Here, we focus on what was traditionally used to define Th cells, namely the
individual cytokines proposed to categorize Th cells. The expression of cytokines by Th cells depends
on upstream signals from the encounter with antigen presenting cells (APCs). This combination of
cytokines lays, together with specific transcription factors (TFs) that control their expression, the
foundation for the current classification of Th cell subsets. With the emergence of new technologies
enabling us to simultaneously measure literally dozens of cytokines along with other markers such as
TFs, integrins or chemokine receptors at the single cell level (Galli et al., 2019a), it is no longer
feasible to categorize Th cells based on a dominant cytokine or even a family of cytokines (Tortola et
al., 2020). Also, by attempting to categorize every single Th cell based on individual cytokines or
transcription factors, we may overlook the actual complex biology of the differential responses and
other involved cell types. Here, we focus on how the expanding Th cell universe can be reorganized
based on the actual help provided towards the actual cellular targets, rather than on the momentary

expression of certain cytokines and TFs.
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Historical perspective

The categorization of T cells by their biological properties has provided us essentially with CD8"
cytotoxic killer and CD4" Th cells. In 1971, an inverse relationship between humoral and cell-
mediated immunity was observed by Chris Parish and Eddy Liew and others (Parish and Liew, 1972),
laying the foundation for Th cell bifurcation (Bottomly et al., 1978; Kappler and Marrack, 1977; Tada
et al., 1978). Eventually, Mosmann and Coffman described in 1986 that Th cells can be polarized to
produce either Interferon (IFN)-y or Interleukin (IL)-4, depending on their environment and
stimulatory context (Mosmann et al., 1986). Later, dominant TFs were found to drive this polarization
program, namely Tbet for Th1 cells and GATA-3 for Th2 cells (Szabo et al., 2000; Zhang et al., 1997,
Zheng and Flavell, 1997). Importantly, one subset actively suppresses the others’ ability to produce its

characteristic cytokines and transcription factors (Mosmann et al., 1986).

Another, now well-established Th subset comprises of regulatory T cells (Tregs). Already in the early
1970s, experiments with thymectomized mice showed the development of tissue damage in various
organs indicating the presence of a suppressive T cell subset developing in the thymus (Gershon and
Kondo, 1970; Nishizuka and Sakakura, 1969). However, due to lack of reliable markers to distinguish
these cells from other T cells, Tregs underwent a history from being defined as Trl, when secreting
the suppressive cytokine IL-10 in vitro, to being termed Th3, when found to secrete TGF-beta upon
induction of oral tolerance (Chen et al., 1994; Groux et al., 1997). Nowadays, thymically hard-wired
Tregs are characterized by high expression of the high-affinity IL-2 receptor alpha-chain CD25
(Sakaguchi et al., 1995) and the transcription factor FoxP3 (Fontenot et al., 2003) and known to be of
particular importance for maintaining immune homeostasis and preventing autoimmunity (Fontenot et

al., 2003).

Whereas the simple Th1/Th2 paradigm provided an easy explanation of immune responses towards
intra- and extracellular pathogens, respectively, numerous open questions emerged in the context of
chronic inflammation and autoimmunity. The path for extending the Th family was cleared after it
was noted that the IFN-y inducing cytokine IL-12 was not the critical factor for the induction of
autoimmune pathology in preclinical models of chronic tissue inflammation, mimicking diseases such
as Multiple Sclerosis (MS), Rheumatoid Arthritis (RA) and others. Instead, IL-23, which shares the
p40 subunit with IL-12, was actually the main driver of the inflammatory response (Becher et al.,
2002; Cua et al., 2003; Murphy et al., 2003). Additionally to being pivotal for the development of
pathogenic CD4" T cells in neuro-inflammation, IL-23 also triggered IL-17 expression (Aggarwal et
al., 2003; Langrish et al., 2005). Thus, it was recognized that Th1 cells were not the sole driving force
for autoimmune pathology, at least in the context of experimental autoimmune encephalomyelitis
(EAE), and the call was out for the identification of the true (pathogenic) T helper cell subset(s) in

this disease.
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In 2005, IL-17 producing Th cells were described as a new entity (Harrington et al., 2005; Park et al.,
2005). This subset was readily accepted as an independent Th subset, probably due to its clear
segregation from Thl and Th2 cells, whose induction seemed to antagonize the production of IL-17
(Harrington et al., 2005). The definition of TGF- and IL-6 as differentiation factors for these T cells
in vitro (Bettelli et al., 2006; Mangan et al., 2006; Veldhoen et al., 2006), and the identification of
RAR-related orphan receptor gamma (RORyt) as critical transcription factor for IL-17 secretion
solidified the standing of an independent Th17 subset (Ivanov et al., 2006). Even though the role of
Th17 cells in tissue inflammation in general has been heavily debated, IL-17 producing cells have
been clearly implicated in a number of chronic inflammatory diseases like Psoriasis, RA and Crohn’s
Disease (reviewed in (Zwicky et al., 2020)) (Bacher et al., 2019; Borghi et al., 2014). Of note,
neutralization of IL-17 in patients triggers fungal infection as a major frequent side effect,
demonstrating the importance of IL-17 and IL-17 producing cells (such as Th17 cells) in anti-fungal

control in mucosal tissues.

Already in 2000, another new subset was proposed, when two groups showed that B cell help in
follicles was provided by specific Th cells that reside close to the B cell zone in secondary lymphoid
structures (Breitfeld et al., 2000; Schaerli et al., 2000). These Th cells express the CXC chemokine
receptor 5 (CXCRS5) that is also expressed on mature B cells and were termed follicular Th cells
(Tth). However, it was not until 2009 that Bcl-6 was identified as the transcription factor necessary
for the generation of Tth cells (Johnston et al., 2009). Even then, the acceptance of Tth cells as
independent entity was strongly debated. Partly, this was due to the observation that the expression of
canonical Thl, Th2, or Th17 cytokines like IFN-y, IL-4 and IL-17, respectively, was necessary to
induce a proper class switching reaction in B cells (Mitsdoerffer et al., 2010; Olatunde et al., 2021;
Reinhardt et al., 2009). Although the regulation of the expression of these cytokines in Tth cells is not
yet clear, it has been proposed that Tth cells differentiate independently of other Th subsets from
naive CD4" T cells when interacting with B cells upon initial activation by dendritic cells (DCs)
(Crotty, 2011). Interestingly, the generation and retention of Tfh cells depends on the same
antagonistic TFs needed for germinal center B cell differentiation, namely Bcl6 and Blimp-1
(Johnston et al., 2009), which may hint towards a role of specific niches as drivers for T cell diversity

and plasticity.

The addition of new cytokines in the analysis workflow of immunology labs led to the description of
additional Th subsets, such as Th9 (Dardalhon et al., 2008; Veldhoen et al., 2008), Th22 (Duhen et
al., 2009; Eyerich et al., 2009; Trifari et al., 2009) , and Th25 (Wu et al., 2015). To then adjust to this
single cytokine-based view on Th cells in immunity, even more subsets were coined. These include
pathogenic vs. non-pathogenic Th17, Th17.1 Th17.2 and ThS5 cells, among others (Cosmi et al., 2010;
Ghoreschi et al., 2010; van Hamburg and Tas, 2018). During this expanding discovery phase of new

Th subsets, several voices warned against the idea that the identification of an individual cytokine
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expressed by Th cells should not automatically deliver a newly coined subset and that immunologists
should keep an eye on the biology of these T cells and their role in immune responses (Locksley,
2009; Zhou et al., 2009). The same holds true for the definition of dominating TF needed to allow the
‘discovery’ of a new Th subset, especially as most of the subsequent findings were based on in vitro

studies where specific cytokine cocktails were applied to either naive or activated purified T cells.

Furthermore, the distinction of subsets requires not only “private” master TFs, but also, and maybe
more importantly, stability and the ability to form memory. Stability is largely granted through
epigenetic imprinting, which ensures the maintenance of the cells’ identity even after an extended
period of time and without persistent antigenic threat. Even though there is some evidence that Tregs
can develop into Tth cells (Tsuji et al., 2009) or intestinal intraepithelial cells (Sujino et al., 2016),
genetic stability has been best described in Tregs (Rubtsov et al., 2010). Some level of stability has
been observed in Thl and Th2 subsets (Avni et al., 2002; Fields et al., 2002), however not so much
for Th17 cells (Mukasa et al., 2010) or any of the other described subsets. At the present day, it is
needless to say that the diversity of coined Th subsets has become exceedingly complex and also
increasingly controversial among immunologists, as the designation of Th subsets beyond Thl, Th2,

and Th17 cells remains debated.

Limitations of the current Th classification

The current Th subset classification reaches its meaningful limits when trying to categorize Th cells
involved in the induction of pathologies. One prominent example is EAE, a preclinical model for the
neuroinflammatory disease MS, where the responsible Th subset was not fully elucidated despite
decades of research (reviewed in (Kunkl et al., 2020)). For simplicity, we will here focus on tissue
inflammation rather than immunity elicited by pathogens. As a frequently studied preclinical model
for tissue inflammation, EAE was believed to be a Thl-mediated disease model because of the
abundant IFN-y expressing Th cell infiltration in the central nervous system (Ando et al., 1989;
Voskuhl et al., 1993). However, the observation that loss of IL-12 and IFN-y signalling, respectively,
led to EAE aggravation (Becher et al., 2002; Ferber et al., 1996; Krakowski and Owens, 1996)
suggested that Th1 cells were not required for encephalitogenicity, but may even have at least partly a

protective role.

Shortly after, it was discovered, that IL-23 signalling was pivotal for EAE induction and
simultaneously a potent inducer of numerous cytokines including IL-17 (Langrish et al., 2005). This
observation coincided with the claim that Th17 cells represent an independent Th cell subset
(Harrington et al., 2005; Park et al., 2005). This association in turn suggested that Th17 cells may
represent the pathogenic, disease-initiating population in EAE. However, there are contradicting

reports on the effect of the canonical Th 17 cytokines IL-17A and IL-17F on EAE. While one study
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described a milder course of EAE upon the depletion of IL-17A (Komiyama et al., 2006), others
failed to observe a tangible effect on the progression of EAE upon loss of IL-17A or IL-17F (Haak et
al., 2009), making conclusions on the involvement of Th17 cells in EAE more difficult. Only recently,
it was shown that the effects of IL-17 on the disease course - besides direct effects on the blood brain
barrier and perhaps astrocytes (Kang et al., 2010; Kebir et al., 2007) - stem from its ability to shape
the microbiome in the gut, thereby indirectly acting on CNS inflammation by shaping the systemic
immune compartment (Regen et al., 2021). The same study showed that exclusive IL-17 production
by neuro-antigen specific T cells was dispensable for their pathogenic potential. Moreover, although
the use of IL-17 fate-mapping mice showed that the use of CFA as an adjuvant does favour the
formation of IL-17 expressing Th cells, upon the initiation of immunopathology, these cells showed a
high degree of plasticity (Hirota et al., 2011). After tissue invasion, many of them produced high
levels of IFN-y thereby raising the idea of an intermediate Th17/Thl phenotype covering the
“pathogenic” Th cell subset.

An essential key-player cytokine of this pathogenic Th cell subset is the Granulocyte-Macrophage
Colony-Stimulation Factor (GM-CSF). In the context of EAE, GM-CSF is mainly produced by Th
cells (Komuczki et al., 2019) and has a dominant function in the development of the inflammatory
cascade, as GM-CSF deficient mice are completely resistant to EAE (Komuczki et al., 2019;
McQualter et al., 2001; Ponomarev et al., 2007). Furthermore, patients suffering from MS have
elevated frequencies of GM-CSF expressing Th cells (Galli et al., 2019b). It appears that GM-CSF,
similar to TNF, can be transiently expressed by several Th subsets upon TCR-mediated stimulation
(reviewed in (Sheng et al., 2015)) making it difficult to allocate GM-CSF to one of the established Th
subsets. Due to the inability to clearly define Thl or Th17 cells as pathogenic entity in EAE, a new
GM-CSF expressing Th subset was discussed (Herndler-Brandstetter and Flavell, 2014; Komuczki et
al., 2019; Sheng et al., 2014). This idea was supported by the observation that while GM-CSF was
clearly co-expressed with IFN-y, co-expression with IL-17 was rarely observed (Noster et al., 2014).
However, GM-CSF expression has been shown to be regulated by a complex transcriptional network
downstream of the TCR including the activity of TFs such as RORyt, NFAT, NF«B, INK/AP-1, PU.1
and Bhlhe40 (reviewed in (Sheng et al., 2015)), thus no individual dominant TF for GM-CSF
expression has been identified so far. The regulation by the different pathways might also indicate the
need of tight control of GM-CSF expression to avoid accidental activation of this potent pro-
inflammatory cytokine. Regardless as to whether GM-CSF expressing cells represent a new and
independent cellular subset, the present categorization of Th cells is not able to unravel the bundle of
distinct and overlapping Th subsets, but rather limits the possibilities to define specific (disease-

related) processes without colliding with the established nomenclature.

The power of plasticity
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There is evidence that all Th cells, with the exception perhaps of Tregs, retain a certain degree of
plasticity upon differentiation into effector cells. This is a fortuitous feature as it enables immune
responses to adapt to changing circumstances based on incoming stimulating or inhibitory cues.
Experiments regarding the stability of the single subsets showed that even fully differentiated Th1 and
Th2 cells were able to switch their transcriptional signature when challenged under the respective
conditions within the first five days of stimulation (Hegazy et al., 2010; Murphy et al., 1996).
Prolonged stimulation, however, induced a more stabilized Thl or Th2 program (Murphy et al.,
1996). This indicates that polarized Th cells retain flexibility in regard to their transcriptional
signature for several rounds of expansion, giving them enough time to adjust their response to the
stimulation. Especially Th17 cells have a particularly unstable lineage commitment, thus readily
converting into Thl-like or Treg-like phenotypes (reviewed in (Lee et al., 2009)). The conversion of
Th17 into Thl-like cells has especially been associated with the occurrence of organ-specific
autoimmune diseases. Importantly, a high degree of Th flexibility cannot only be observed in
laboratory animals under strictly defined experimental conditions, but also in the human immune
system. One example is the development of different vaccine-specific Th subsets, that were not only
diverse directly upon immunisation but even able to change their “fate” with following rounds of

expansion (Becattini et al., 2015).

Taken together, the flexibility of Th cells makes their classification based on cytokine patterns alone
opaque and bulky. In a review article by O’Shea and Paul (O’Shea and Paul, 2010), the authors
acknowledged this challenge and proposed a continuum model where Th cells are positioned across
an orbital shape of states with the three transcription factors, ROR[It, Tbet and GATA-3 as the three

extreme positions.

This ‘continuum model’ was certainly a step in the right direction, but with increasing numbers of
transcription factors and cytokines analysed simultaneously, the anchor points of this orbital model
extend into the multidimensional space and can no longer help the visualization and conceptualization
of T cell states. Therefore, we believe that the continual bifurcation of Th subsets no longer
contributes to the understanding of the plasticity and functionality these cells adduce, but rather
unnecessarily complicates our appreciation of dynamic immune responses. Current state-of the art
methods such as single cell RNA-sequencing, ATAC-sequencing, and high-dimensional cytometry
also failed to capture canonical polarized Th cells, particularly in vivo (Kiner et al., 2021; Tortola et
al., 2020). Instead, the data support the notion that Th-cell driven immune responses in mammals are
highly diverse and complex. Kiner et al recently also challenged the utility of Th archetypes in that
unbiased analysis of intestinal Th cells shows that their phenotype is moulded by the microbes they
encounter (Kiner et al., 2021). This apparent breadth of Th cell states could be explained by a) Th
cells are primed towards a certain lineage, but then retain a high level of plasticity, or b) Th cells are

primed towards a diverse continuum and that they are no dedicated canonical lineages. Either way,
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dividing Th cells into increasing numbers of subsets, based on the cytokine production measured, may
only apply to specific experimental conditions at a certain time point, but does not contribute
significantly to a better understanding of Th cell biology. Hence, we propose to take one step back
and focus again on the actual helper function of Th cells and consider their polarization based on the
target cells they ‘help’, akin to the designation of Treg and Tth cells, designations based on function

rather than phenotype.

Reframing Th cell subsets

In 2018, Eberl and Pradeu proposed a unifying theory that is taking the bigger physiological picture
into account (Eberl and Pradeu, 2018). They started by picking up on the idea that the immune system
is not activated by recognizing non-self per se, but by the change in “normality” — the so called
“discontinuity theory” (Pradeu et al., 2013) (that builds upon the danger model that was proposed by
Polly Matzinger in the 1990s (Matzinger, 1994)). The new theory considers three levels of immune
responses: activation of the immune system by different ways (e.g. intracellular, tissular,
extracellular), regulation of the immune response by cross-inhibition of the different types of immune
response (Figure 1), and integration of the immune response into other vital processes necessary for
maintaining homeostasis at the level of the whole organism (Eberl and Pradeu, 2018). The three types
of responses they described are loosely associated with the known concept of type 1, 2, and 3
immunity (Annunziato et al., 2015). Accordingly, type 1 responses are induced by intracellular
discontinuities, type 2 responses are involved in tissue repair mechanisms to prevent entrance of
pathogens, and type 3 responses are activated by discontinuities affecting the extracellular space, such
as fungi and bacteria in barrier tissues (Eberl, 2016). Such a simple classification would mirror that of

other lymphocytes with helper function, namely ILCs (for review see (Spits et al., 2013))

We propose to extend this concept towards the initial definition of Th cells; namely their primary
function — to provide help. Th cells are not predominantly killers or cleaners, but as their name says,
they support and enable other cells in the execution of their tasks. Depending on the context of
activation, Th cells interact with different other cell types and produce a variety of cytokines,
probably in varying concentrations and for a certain duration. This in turn acts on a palette of cell
types including macrophages, DCs, monocytes, B cells or non-immune cell subsets that cross-regulate
each other to achieve the desirable/adequate type of response. Therefore, we propose to consider Th
cells by the type of the responding cells they target (Figure 2). This classification based on function
rather than phenotype is then further refined by the continuum model of O’Shea and Paul (O’Shea and
Paul, 2010), to acknowledge the plastic nature of Th cell states. However, while plasticity can be
extensive, it is also limited by two major principles: First cross-inhibitory interaction between type 1,

type 2, and type 3 responses (as also suggested by Eberl (Eberl and Pradeu, 2018)), and second auto-
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amplification of established T helper cell responses. Auto-amplification loops have been described for
type 1, type 2, and type 3 responses - mostly based on T cell derived cytokines that directly add back
on their sources, re-enforcing their functional phenotype. IFN-y (Bradley et al., 1996), IL-4
(Kurtjones et al., 1987), and IL-21 (Korn et al., 2007) are examples of such autocrine feed-forward
loop drivers for type 1, type 2, and type 3 responses, respectively.

Type 1 response

Type 1 responses are executed primarily by mononuclear myeloid cells, such as monocytes,
macrophages and DCs. The most canonical type 1 cytokines produced by Th cells are [IFN-y and GM-
CSF. The IFN-y effects in responder cells depend on the nature of the responding cell type (de Veer et
al., 2001). The IFN-y receptor (IFNGR) is a tetramer of two ligand binding IFNGR1 chains and two
signal-transducing IFNGR2 chains. While IFNGRI1 is constitutively expressed on the surface of most
cell types, IFNGR2 expression is more tightly regulated and predominantly found in phagocytes.
More than 2000 IFN-y responsive genes have been identified, including MHCI, MHCII, NOS2,
various CAMs like VCAMI, and CD44, IRF1-9 and different TRIM genes (Hertzog et al., 2011).
IFN-y is particularly important for APCs, as it not only induces the upregulation of MHC-I and -II
molecules but also slows lysosomal function in macrophages in order to enhance antigen processing
(Trost et al., 2009; Yates et al., 2007). Interestingly, other pro-inflammatory stimuli like type I IFN,
LPS, and TNF can initiate a similar signalling cascade to IFN-y (Ahn et al., 1997; Kovarik et al.,
1999), thereby modulating the IFN-y response, but also possibly accounting for the mild phenotype of
IFNG-/- and IFNGR-/- mice (Snapper et al., 1987). However, loss of IFN-y signalling in mice led to
impaired clearance of several intracellular pathogens and a shift in the Th1/Th2 response (reviewed in

(Tau and Rothman, 1999)).

GM-CSF similarly acts as a potent communication conduit between T cells and myeloid cells
(Croxford et al., 2015; Darrieutort-Laffite et al., 2014; Kobayashi, 2005; Zhan et al., 2012). The GM-
CSF receptor is a heterodimer composed of the cytokine-specific a-chain and a B-chain that is shared
with receptors for IL-3 and IL-5 (reviewed in (Barreda et al., 2004)). Its cellular expression is even
more restricted than the expression of the IFNGR since the GM-CSF receptor is almost exclusively
expressed by myeloid cells. /n vitro stimulation with GM-CSF initiates the differentiation of DCs,
granulocytes, and macrophages, depending on the concentration of the cytokine (Sun et al., 2018).
The situation in vivo is more complex, although there is evidence that also in vivo GM-CSF has dose-
and time-dependent effects (Guthridge et al., 2006). In general, GM-CSF is promoting survival,
differentiation and activation of monocytes, macrophages, and other phagocytes by engaging the
JAK2/STATS and ERK pathways (Guthridge et al., 1998). Under certain inflammatory conditions,

GM-CSF can be regarded as a pro-inflammatory mediator between Th cells and phagocytes (reviewed
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in (Becher et al., 2016)) and may also act on astrocytes to promote CNS pathology (Sanmarco et al.,
2021; Wheeler et al., 2020). Hence, it is not surprising that GM-CSF blocking antibodies are
prominently used in clinical trials, e.g. recently in the context of COVID-19 (Mehta et al., 2020).

Of note, among others, GM-CSF expression is induced by IL-23, which has also been shown to be
important for the modulation of “Th17” responses (Aggarwal et al., 2003; Komuczki et al., 2019), and
other type 3 immune responses (see below), making IL-23 both, a type 1 and type 3 response-
inducing cytokine depending on the circumstances (perhaps linked to its ability to signal through both
STAT4 and STAT3). In this regard, it will be interesting to decipher the additional factors causing a
mainly destructive GM-CSF-driven type 1 response versus a protective IL-17-mediated type 3
response upon IL-23 exposure. Although it was argued that GM-CSF might serve as a marker for
“destructive, or pathogenic” Th17 (or Th1/17, or Th17.1) cells, GM-CSF producing cells preferably
co-express IFN-y over IL-17 (Galli et al., 2019b; Herndler-Brandstetter and Flavell, 2014; Komuczki
et al., 2019; Noster et al., 2014). Nevertheless, the relationship with IFN- y appears to be a complex
one, since both, IFN- y and its driver, IL-12, effectively suppress GM-CSF production in T cells
(Komuczki et al., 2019). Of note, whereas T cells can sense IFN-y, which has long been considered to
aid in the maintenance of the Th1 phenotype, GM-CSF is not sensed by lymphocytes themselves. In
spite of the apparent contradictions which emerge, when Th cells are categorized by individual
cytokines expression, the categorization of Th cells by the target cells they help, alleviates that

problem and permits a better understanding of the actual biology of Th cells in type 1 immunity.

Taken together, in type 1 responses Th cells mainly target and activate phagocytic cells. While this
communication aids in the elimination of intracellular pathogens, aberrant (dysregulated) type 1

responses - through persistent recruitment of phagocytes - can be drivers of immunopathology.

Type 2 response

Type 2 immune responses have been initially described to primarily foster humoral immunity, and
that Th derived type 2 cytokines help predominantly the B cell compartment and the involved
intricacies to generate potent high-affinity antibodies. However, here again, the pure categorization of
Th cell by their cytokine profile makes it much harder to capture the function of IL-4 secreting Th2-
and Tth cells alike. As such, type 2 Th cells include not only Th2 and Tth, but also Th1 cells, since all
of them have been shown to be necessary for humoral (type 2) immunity (Crotty, 2015; Smith et al.,
2000). Typical type 2 cytokines are L4, IL-5 and IL-13. IL-4 was the first factor that was recognized
to be crucial for B cell maturation and class switching, therefore recognizing Th2 cells as main
providers of B cell help (Howard et al., 1982). However, the deletion of Th2 associated genes did not
cause loss of germinal centers and later, it became apparent that IL-4 was solely needed for IgE class-

switch recombination (Kopf et al., 1995), and that additional factors like CD40L and IL-21 were
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needed for fully functional B cell responses, which were attributed to Tth cells (reviewed in (Crotty,
2015)). Of course, there are various flavours of Tth cells, which may warrant a Tfh cell-specific
nomenclature as suggested by Eisenbarth et al. (Eisenbarth et al., 2021). Nevertheless, in this
perspective, we consider their target, namely B cells the reason why Tth cells are primarily type 2 Th

cells.

Another important function of type 2 immunity beyond the engagement of B lymphocytes is the
attraction and activation of eosinophils, mast cells and basophils during inflammatory responses. This
is mainly achieved by the cytokines IL-5 and IL-13, which induce Eosinophilia and Goblet cell
hyperplasia during helminth-infections (Koyasu and Moro, 2011). However, eosinophils, mast cells
and basophils are not only type 2 effector cells, but they are also involved in the amplification of type
2 immunity by producing IL-4 and other type 2 mediators themselves. Eosinophil-recruitment, for
instance can occur prior to the infiltration of Th cells, which in turn stimulates APCs to initiate a type
2 promoting Th phenotype (Shinkai et al., 2002; Yang et al., 2008). Although it is not fully
understood which cell types induce the initial attraction of eosinophils, tissue-resident group 2 ILCs
(ILC2s) might be involved as they can react before the adaptive response is initiated (Gasteiger et al.,
2015) making them important early phase type 2 players. Furthermore, it has been shown that the
presence of ILC2s was required for a complete Th response, at least in the context of allergic

inflammation (Halim et al., 2014, 2016).

The alarmin IL-25, also known as IL-17E, was first reported to be secreted by Th2 cells and
subsequently led to the coining of Th25 cells as IL-25 producing entity that is boosting type 2
responses by enhancing IL-4, IL-5 and IL-9 production via STAT-5 activation (Fort et al., 2001).
Now we know that it can be produced by many different hematopoietic and non-hematopoietic cell
types, such as mast cells, alveolar epithelial cells, brain capillary endothelial cells and others
(reviewed in (Liu et al., 2018)). The exact mechanisms by which these cells induce and enhance type
2 responses are not fully understood yet, however, there is strong evidence that ILC2s act as type 2

response amplifiers (Moro et al., 2010; Neill et al., 2010; Price et al., 2010).

Another type 2 cytokine that has defined an independent Th subset is IL-9 (Dardalhon et al., 2008;
Veldhoen et al., 2008). Initially believed to be a T cell growth factor (Renauld et al., 1993), IL-9 was
soon recognized to be crucial for mast cell expansion and recruitment (Townsend et al., 2000). In this
context, it is involved in the clearance of parasitic infections but may also play a role in promoting

allergic inflammation (reviewed in (Noelle and Nowak, 2010)).

Taken together, type 2 T cells including Tth cells target primarily B cells to aid in GC formation and
class switch, whereas dysregulated type 2 immunity leads to allergic inflammation involving

eosinophils, mast cells and basophils.
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Type 3 response

Type 3 responses have been very well defined as barrier-tissue specific reactions to extracellular
disturbances. Receptors for the critical cytokines IL-17 and IL-22 are expressed throughout the
stromal and immune compartment, but dysregulated expression of these cytokines (IL-17A, IL-17F,
IL-22 etc.) leads to dramatic immunopathology across barrier tissues (skin, lung, gut) with little to no
signs of internal organ specific effects (Conti et al., 2009; Haak et al., 2009; O’Connor et al., 2009;
Sonnenberg et al., 2010). Ectopic IL-17 expression has the most dramatic effect upon the engagement
of the IL-17R complex in epithelial cells of the skin (Croxford et al., 2014). Apart from the
production of anti-microbial peptides, IL.-17 activated keratinocytes produce a set of chemokines and
cytokines that in turn attract neutrophils into the skin (reviewed in (Perera et al., 2012)).
Dysregulation of IL-17 in mammals also triggers psoriasiform inflammation, characterized by the
cellular expansion of keratinocytes, and the influx of neutrophils. Targeting the type 3 immune
response in patients suffering from psoriasis through neutralization of IL-17 or IL-23 dramatically
alleviates the clinical symptoms (reviewed in (Zwicky et al., 2020)). Strikingly, IL-23 is critical for
both, GM-CSF and IL-17 production in inflammatory conditions (as discussed above). This poses
interesting questions about the regulation of IL-23R signalling within different inflammatory
conditions and cell types. In line with this, IL-23 has also been shown to be released in response to
nociceptor activation (Kashem et al., 2015; Riol-Blanco et al., 2014), linking the immune system with
the neuronal network. The notion that there is more to the immune system than simple host defence is
applying not only for type 3 immunity and pain sensation. A growing scientific field tries to decipher
the interplay of the immune system and other physiological processes like the neuronal network and

the enteric system (reviewed in (Rankin and Artis, 2018)).

In line with the notion that type 3 immune responses predominantly involve barrier tissues,
physiological amounts of type 3 cytokines (such as IL-17A, IL-17F and IL-22) are involved in the
control of mucosal pathogens, in particular fungi (reviewed in (Sparber and Leibundgut-Landmann,
2019)). However, IL-22 producing cells can be easily “reprogrammed” into IFN-y, or IL-4 expressing
Th cells illustrating one more time the dynamics of Th cell plasticity and indicating the importance of

a flexible and collaborative environment for a functional immune system (Plank et al., 2017).

Importantly, IL-17 and IL-22 production is readily observed in ILC3 cells and thymic educated y5-T
cells, which are prominent and early responders in barrier tissue immunity, supporting the idea that a
major portion of type 3 immunity is an evolutionary hard-wired mechanism of barrier-protection

(Kubick et al., 2021).

In summary, in contrast to type 1 and type 2 responses, type 3 responses are less targeted to distinct
immune effector cells but activate and regulate non-immune cells. The code, which is used to induce

type 3 responses (through e.g. IL-17 and the IL-20 family of cytokines) is likely phylogenetically old
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and is used by tissue resident immune cells (like ILC3s and ¥6-T cells) to communicate with their
non-hematopoietic environment. Eventually, it has been co-opted by the adaptive immune system for

host defence at lining tissues.

Summary and conclusion

The establishment of advanced single cell analysis tools such as sc-RNAseq and high-dimensional
cytometry revealed that the hitherto known classification of the Th cell universe based on previously
established cytokine patterns (Galli et al., 2019a; Kiner et al., 2021; Tortola et al., 2020), does not
adequately capture the diversity and complexity of the mammalian immune system. For example, it
was shown recently that Th cells isolated from the lamina propria could not be attributed to the
“classical” Thl or 17 subsets but rather expressed a continuum of different (signature) cytokines
(Kiner et al., 2021). Hence, we propose to take a step back in order to acknowledge the bigger picture
instead of focusing on small Th subsets that might simply represent an intermediate stage within their
differentiation. By expanding the concept initially proposed by Eberl and Pradeu (Eberl and Pradeu,
2018) and integration of the until now described subsets into a more comprehensive capture of
immunity based on the target cells of the Th response (Figure 2), we propose the following

nomenclature:

Type 1 Th cells that primarily activate and attract mononuclear phagocytes such as monocytes,

macrophages and DCs

Type 2 Th cells targeting B cells and polymorphonucleated granulocytes such as mast cells, basophils,

and eosinophils

Type 3 Th cells acting on non-hematopoietic cells at barrier tissue sites, including epithelial cells and

stromal cells.

This categorization is in our opinion superior to the coining of ever new Th subsets and sub-subsets.
We acknowledge that this concept is however also imperfect in that it does not capture all the possible
cellular states and their individual role in immune responses. Furthermore, we would hope to have
solid molecular markers of Th cell states to better describe their biology. In lieu of such a ‘super-
marker’ or molecular pattern of Th cell states, this simplified contextual ‘help’ framework proposed
here is also not overly rigid. While polarized Th cells will in general fall into one of the three
categories, this does not mean that their role in immunity is by any means inflexible. There is solid
evidence of plasticity in memory Th cells and the ability to respond to different challenges with speed
and agility. Hence, all attempts to categorize single Th cells observed during a snapshot within a
complex immune response cannot truly give an account of the actual function and the role of

individual Th cell in the development of a dynamic immune response. The physiological importance
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of Th differentiation must be the outcome of the response — the activation/attraction/modulation of
responder cells. We hope that this perspective may help to establish a more intuitive classification of
Th cell function, which will help to understand the growing complexity in this field. Lastly, this
perspective here is not meant to cast a new nomenclature for Th cells, but instead is to initiate the
discussion to consider help function over phenotype as a potential stratifier for a more function-based

categorization of Th cells.
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Figure legends

Figure 1: Cross-inhibition model. From the perspective of a pathogenic insult type 1 immune
responses are typically triggered by intracellular pathogens. Multicellular organisms that cannot easily
be phagocytosed induce type 2 responses which support the development of humoral immunity. Type
3 responses are initiated upon extracellular activation at barrier sites like the skin, gut and other
mucosal tissue. In this model, the three types of immune response inhibit each other and are

strengthened by auto-amplification.
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Figure 2: Orbital model based on Th cell targets. Th cells can be classified by the primary target
cells engaged. Type 1 responses target mononuclear phagocytes including macrophages and
monocytes. The responding cells of type 2 immunity are predominantly mast cells, eosinophils and
basophils, as well as B cells (in particular in germinal centers). Type 3 cytokines engage
predominantly non-immune cells, such as epithelial cells across barrier tissues. In this model, the

three types of immunity are interconnected, plastic and allow cross-talk when necessary.
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