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Abstract

Type 2 immunity encompasses the mechanisms through which the immune system responds to 

helminths and an array of environmental substances such as allergens. In the developing world, 

billions of individuals are chronically infected with endemic parasitic helminths. In comparison, in 

the industrialized world, millions of individuals suffer from dysregulated type 2 immunity, referred 

to clinically as atopic diseases including asthma, allergic rhinitis and atopic dermatitis. Thus, type 

2 immunity must be carefully regulated to mount protective host response yet avoid inappropriate 

activation and immunopathology. In this review, we describe the keys players and connections at 

play in type 2 responses and focus on the emerging mechanisms involved in the negative 

regulation of type 2 immunity.

The Unique Challenges of Type 2 Immunity

“Speak roughly to your little boy and beat him when he sneezes he only does it to 

annoy because he knows it teases.

I speak severely to my boy I beat him when he sneezes for he can thoroughly enjoy 

the pepper when he pleases”

Alice’s Adventures in Wonderland (1865), Lewis 

Carroll.

Type 2 immunity faces the challenge of dealing with parasitic helminths and molecules 

(such as allergens and toxins) capable of causing tissue damage. To confront these unique 

threats, the immune system has evolved a coordinated response of both immune and non-

immune cells with the primary goal of expulsion and subsequent tissue repair (Box 1). 

However, when mounted against innocuous agents (allergens) or exaggerated, this response 

can harm the host. In addition, type 2 immunity has recently been connected to adipose 

tissue remodeling and metabolism (Box 2), an aspect we will not focus on in this review. 
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Rather, we will concentrate on the features of type 2 immunity such as the innate immune 

sensors or the negative regulators that control the amplitude and duration of the response.

Box 1

Characteristics and Modeling of Parasitic Helminth Infections

An important characteristic of helminths is that, for the most part, they are unable to 

complete their life cycle entirely in a single host. This stands in contrast to other 

microbes that are able to proliferate within the host and overwhelm the immune system 

through sheer numbers. This fundamental difference in the nature of the immune threat 

allows the immune system to develop a strategy of tolerance. This tolerance is different 

from immune tolerance, or unresponsiveness to self-antigens, and belongs of a set of host 

defense strategies that include resistance and tolerance. Briefly, resistance comprises 

mechanisms that protect the host by reducing the pathogen burden. In contrast, tolerance 

mechanisms do not affect the pathogen burden but instead promote survival by limiting 

the negative impact of an infection on host fitness [112–114]. Additionally, in natural 

conditions, individuals are exposed to low doses of parasites but because helminths are 

endemic, exposure is often repeated. This places an increased importance on a robust 

memory response to prevent reinfection and limit parasite burden. Much of our current 

knowledge of type 2 immune responses stems from the use of model organisms such as 

Nippostrongylus brasiliensis, Heligmosomoides polygyrus or Schistosoma mansoni. 
Most experimental protocols include a single exposure with a relatively large dose of 

parasites, which differs from the low dose, repeated exposure characteristic of natural 

infections. Future studies might benefit from considering the environmental conditions 

behind the evolution of type 2 immune response mechanisms.

Box 2

Metabolism and Type 2 Immunity

Adipose tissue is an important metabolic organ. It can be functionally divided into white 

adipose tissue (WAT) and brown adipose tissue (BAT). BAT is highly catabolic and plays 

an important role in thermogenesis while WAT is associated with anabolic metabolism 

and serves as energy storage [115]. Recently, it has become apparent that a number of 

type 2 immune cells and pathways are also involved in the regulation of adipose tissue 

metabolism (reviewed in [115–117]). Briefly, macrophages are an abundant immune cell 

population in adipose tissue. During homeostasis, they are under the control of IL-4 and 

IL-13, produced by eosinophils and ILC2s respectively [118–120]. Exposure to these 

cytokines initiates a program in macrophages that supports differentiation of adipocyte 

precursors, increases insulin sensitivity, and triggers the beiging of WAT, a process 

through which it acquires BAT-like characteristics such as thermogenesis [115–117]. 

Tregs are also present in the fat and further support this program in macrophages [115, 

121]. This process is an active area of research and several questions remain. In 

particular, although IL-33 has been implicated, the source of the activating signals for this 

pathway is unclear [117]. The evolutionary significance behind the link, and indeed the 
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specifics of the link itself, between type 2 immunity and control of metabolism remains 

unclear.

Induction of Type 2 Immune Responses

Detection, a New Role for Epithelia

As the site of first encounter with parasites or allergens, the epithelium has recently been 

highlighted as a central player in the initiation of type 2 immunity (Figure 1). Exposure to 

allergens and helminths, induces the production of cytokines such as thymic stromal 

lymphopoietin (TSLP) by epithelial cells [1]. TSLP signals to dendritic cells (DCs) to 

express type 2 helper T cells (Th2)-recruiting chemokines, and drives DCs to skew naïve T 

cells toward the Th2 phenotype [2]. In individuals with atopic dermatitis, TSLP is produced 

at increased levels in the affected epidermis compared to unaffected sites underscoring its 

role in initiation of type 2 immunity [3].

Specialized epithelial cells, such as goblet and tuft cells, are also important in initiating type 

2 immune responses. In the lung, goblet cells have been implicated in the initiation of type 2 

inflammation under the control of the transcription factor SPDEF [4]. Tuft cells, rare 

intestinal epithelial cells, have been recently shown to produce basal levels of interleukin-25 

(IL-25), a key cytokine in the maintenance of type 2 innate lymphoid cells (ILC2s) (Figure 

1) [5–7]. In response to infection with the nematode Nippostrongylus brasiliensis, tuft cells 

undergo significant hyperplasia and increase production of IL-25, ultimately triggering 

expansion of effector ILC2s [5–7]. While the mechanism of recognition is still unclear, tuft 

cells express many receptors involved in the chemical sensing of taste, that have been 

suggested as potential sensors for parasites.

Whether originating from the skin, lungs or gut, type 2 immune responses rely on cytokines 

to coordinate the initial steps of the response. In addition to IL-25 and TSLP, another 

canonical mediator is IL-33. Exogenous IL-33 administration induces the characteristics 

signs of type 2 immune responses, such as IL-5 and IL-13 production, which in turn induce 

eosinophilia and mucus secretion, respectively (Figure 1) [8]. IL-33 is an important example 

of the role of damage detection in type 2 immunity, as it is released by injured or necrotic 

cells, while being degraded by caspases during apoptosis, earning it the title of “alarmin” 

[9].

Early Responders, Rapid Amplification

Local immune cells, such as ILC2s, propagate type 2 immune responses after initiation. 

Recently discovered and the subject of much study, they have been extensively reviewed 

elsewhere [10–13]. Enriched at barrier tissues, these cells lack markers associated with B 

cells, T cells, granulocytes, and myeloid cells. They do, however, rely on the same canonical 

transcription factors that define helper T cell subsets. For instance, ILC2s and Th2 cells both 

express the transcription factor GATA3 [10–13]. In response to IL-25, IL-33, and TSLP, 

ILC2s produce several effector type 2 cytokines, such as IL-5, IL-9, and IL-13 (Figure 1) 

[10–13]. Thus they allow a rapid, T cell-independent response to pathogens. ILC2s are also 

involved in the effector phase of the response and may play a role in T cell activation [14].

de Kouchkovsky et al. Page 3

Trends Immunol. Author manuscript; available in PMC 2018 March 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Other important early responders include granulocytes, such as mast cells in the tissue and 

basophils recruited from the circulation. In response to signaling from pattern recognition 

receptors or cytokines, including TSLP or IL-33, they undergo degranulation releasing 

preformed factors including proteases, histamine, IL-4, and tumor necrosis factor, 

amplifying type 2 inflammation locally through edema and further recruitment of leukocytes 

[15, 16]. Of note, these cells also play an important role in effector and memory responses 

through their ability to bind the antibody isotypes generated in type 2 responses.

Initiation of Adaptive Immunity, Fog of War

The cornerstone of adaptive immunity is the activation and differentiation of helper T cells 

into subsets specific for the pathogen encountered. Parasites and allergens lead to the 

development of GATA3+ Th2 cells that produce IL-4, IL-5, IL-9, and IL-13 [17] and, in 

combination with ILC2s, coordinate the effector response (described later). Th9 cells form 

another helper subset associated with allergies and anti-helminth immunity (reviewed in [18, 

19]). In addition, specialized follicular helper T cells (Tfh) trigger the maturation of B cells 

to plasma cells [20] and, through the sequential secretion of IL-21 and IL-4 [21], drive class 

switch recombination to IgE and IgG1, the major subsets of immunoglobulins in type 2 

immunity.

As with all T cells, Th2 activation is dependent on three signals provided by professional 

antigen presenting cells (APCs) such as DCs (Figure 2). First, DCs present T cells with their 

cognate peptide antigens in the context of the major histocompatibility complex (MHC). 

Studies of these early signaling events have shown that short-term or low avidity interactions 

between T cells and APCs favor Th2 differentiation [22]. The second signal, referred to as 

costimulation, confirms and enhances T cell activation. Certain costimulatory molecules 

have also been shown to skew T cell differentiation. Several groups have shown that, in 

response to TSLP, DCs upregulate the costimulatory molecule OX40 ligand (OX40L) [2, 3]. 

T cells sense OX40L through the OX40 receptor and produce IL-4, IL-5, and IL-13 in 

response [2, 23].

Signal 3, provided by the cytokine milieu, is perhaps the single most powerful determinant 

of immune skewing. IL-4 skews naïve T cells toward Th2, but despite the importance of this 

signal, its origin is an area of much debate because DCs have not been shown to produce 

IL-4 (Figure 2). Recently, much attention has been devoted to the identification of the Th2-

inducing subset of DCs, leaving open the possibility of an IL-4-producing DC. The 

alternative hypothesis, in which IL-4 originates from a non-DC source, remains prevalent 

and is divided into two schools of thought. In one scenario, IL-4 is produced by T cells 

during activation and signals in an autocrine/paracrine fashion [24, 25]. In the other, an 

accessory cell, in conjunction with DCs, provides the necessary cues for Th2 differentiation. 

Candidates for these accessory cells include basophils and eosinophils [16, 26, 27]. 

However, the identity of this accessory cell is still highly debated and the induction of 

adaptive immunity in type 2 responses remains an area of intense study.

DCs are a heterogeneous population with subsets that preferentially induce distinct Th 

responses. It is clear that CD11c+ DCs are necessary for Th2 induction [28–30], yet no 

specific subset has been identified. Potential candidates are reviewed elsewhere [31, 32]. 
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Several studies have demonstrated that DCs expressing the transcription factor interferon 

regulatory factor 4 (IRF4) can induce Th2 cells [33, 34], however, IRF4+ DCs can also 

induce Th17 cells [35]. More recently, Kruppel-like factor 4 (KLF4) has been suggested as 

another transcription factor to further specify the Th2-inducing population of IRF4+ DCs 

[36]. Much work has also been done to identify selective cell surface markers on Th2-

inducing DCs. Programmed death ligand 2 (PD-L2), a co-inhibitory molecule, and 

macrophage galactose-type C-type lectin 2 (Mgl2 or CD301b) identify subsets of DCs 

capable of stimulating a memory Th2 response or dermal type 2 immunity respectively [33, 

37]. Ultimately, it is likely that the type of challenge as well as its location dictate the DC 

subset necessary for Th2 cell activation.

Effector Mechanisms, Expulsion and Repair

Activated Th2 cells migrate to the affected tissue and work in concert with ILC2s to 

orchestrate the effector phase of the response through the secretion of IL-4, IL-5, IL-9, and 

IL-13 (Figure 3). IL-13 leads to goblet cell hyperplasia and increased mucus production, 

which helps with parasite expulsion [38]. Goblet cells also secrete molecules such as 

resistin-like molecule (RELM)-β that limit parasitic infection [39, 40]. Increased mucus 

production is often coupled with increased smooth muscle contractions driven by type 2 

cytokines, a combination referred to as “weep and sweep” that enhances worm expulsion 

[41]. In addition to their local effect, these cytokines also recruit several effector 

populations.

ILC2 and Th9 cells are some of the most potent producers of IL-9 [42]. Like most cytokines, 

IL-9 is pleiotropic with effects in asthma, anti-helminth immunity as well as cancer and 

colitis [18]. In type 2 immunity, IL-9 contributes to mast cell recruitment, enhances ILC2 

function, and promotes mucus secretion (Figure 3) [18, 19, 42]. Another relevant cytokine is 

IL-5 which, in combination with eotaxins, recruits eosinophils and induces eosinophilia, a 

common finding in parasitic infections and allergic conditions (Figure 3) [26]. Eosinophils 

were shown to kill helminth larvae in vitro [43, 44], however recent studies in eosinophil-

deficient mice paint a more complex role for eosinophils in primary infection (reviewed in 

[26, 45]). In the case of secondary infections, data supports a protective function of 

eosinophils [45–47]. This memory response is particularly relevant as exposure to parasites 

in endemic areas is often recurrent and preventing reinfection limits host parasitic burden.

Th2 cells also recruit basophils through IL-3 secretion in both parasitic infections and 

allergic conditions [48]. IgE produced by plasma cells binds the high affinity IgE-specific 

receptor FcεRI expressed on mast cells and basophils which, when crosslinked, triggers 

degranulation. As with eosinophils, several studies show a protective effect of mast cells and 

basophils in secondary infections with parasitic helminths [49–51]. Basophils are also 

important in the pathogenesis of chronic atopic dermatitis [50].

Exposure to IL-4 and IL-13 skews macrophages, another effector population in type 2 

immunity, toward a tissue repair phenotype characterized by the expression of factors such 

as the enzyme arginase-1 (Arg-1), the chitinase-like protein Ym1, and Relm-α [52]. The 

biology of macrophages in type 2 immunity is complex yet some patterns can be discerned. 

In Schistosoma mansoni (S. mansoni) infection, parasitic eggs are deposited in the liver and 
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trigger the formation of granulomas. Macrophages play a key role in this granulomatous 

response and several groups have shown that they originate from circulating monocyte 

precursors [53, 54]. Similarly, IL-4/IL-13 polarized macrophages found in the large intestine 

of mice infected with the whipworm Trichuris muris (T. muris) are also derived from 

monocyte precursors [55]. In contrast, the IL-4/IL-13-polarized macrophages found in the 

thoracic cavity of mice infected by the filarial nematode Litomosoides sigmodontis (L. 
sigmodontis) are not derived from monocytes recruited to the site of damage, but rather 

proliferate and differentiate from tissue resident precursors [56]. This pattern is also seen in 

the peritoneum of Heligmosomoides polygyrus (H. polygyrus) infected mice [57]. Thus, it is 

currently thought that certain inflammatory conditions, such as those present in the colon of 

T. muris infected mice, lead to the recruitment of circulating monocytes that will be the 

predominant source of IL-4/IL-13-polarized macrophages. Conversely, inflammatory 

conditions found in the pleural and peritoneal cavity during L. sigmodontis and H. polygyrus 
infection, respectively, favor the expansion and polarization of tissue resident macrophages 

[58]. Just as their origin is complex, the contribution of IL-4/IL13-polarized macrophages to 

anti-helminth immunity remains unclear and is perhaps parasite-specific. In the context of H. 
polygyrus infection, macrophages in the intestinal mucosa are polarized by memory Th2 

cells and provide for immunity to reinfection [59]. Using macrophage depletion experiments 

in N. brasiliensis infected mice, researchers have shown that macrophages do not affect the 

initiation of the immune response but rather play a role in parasite expulsion and subsequent 

tissue repair [60, 61]. Similarly, IL-4/IL-13-polarized macrophages are thought to be 

protective in S. mansoni infection by limiting liver fibrosis [62, 63]. These last examples 

highlight the importance of tissue repair in parasitic infections. Helminths cause significant 

tissue damage and a repair response is a crucial tolerance mechanism, although it is not 

unique to type 2 immunity [61]. Interestingly, IL-4/IL-13-polarized macrophages also play a 

role in the regulation of adipose tissue metabolism (Box 2).

Negative Regulation of Type 2 Immune Responses

Although our knowledge of type 2 immunity has increased exponentially over the past 

several years, its regulation remains poorly characterized. This lack of understanding is 

evident in the therapies used for atopic diseases. Initial treatment modalities, which remain 

regularly used, indiscriminately suppress inflammation through corticosteroids or prevent 

end-organ responses without addressing the underlying immune mechanisms (e.g. 

preventing bronchoconstriction with β-adrenergic agonists). Better understanding of the 

effector mechanisms of type 2 immunity has led to the development of more targeted 

therapies. Omalizumab, an antibody against IgE, is approved for patients with moderate to 

severe asthma or chronic idiopathic urticaria. Similarly, anti-IL-5 therapy using the 

monoclonal antibodies mepolizumab and reslizumab is effective in patients with severe 

asthma. More recently, dupilumab, an antibody against the IL-4 receptor α subunit has 

demonstrated strong efficacy in patients with atopic dermatitis [64]. Further characterization 

of the regulatory mechanisms of type 2 immune responses holds the key to the next 

generation of therapeutics as it would allow engagement of these pathways to normalize the 

magnitude of the dysregulated responses seen in atopic diseases. In contrast to the 

pronounced signs and symptoms of atopic conditions (such as asthma) or anaphylaxis, most 
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helminth infections have subclinical or asymptomatic presentations. Explanations for this 

lack of symptoms include low parasite burdens (Box 1), as well as immune modulation 

triggered by the parasites [38, 41]. While helminth-derived products that regulate the 

immune response should not be ignored, we will focus on host-intrinsic, negative regulatory 

pathways in type 2 immunity for the remainder of the review. While expansive, this list is 

not meant to be exhaustive; instead we will strive to identify patterns and broad categories to 

highlight current gaps and future avenues of research.

Epithelium Regulation, Setting a New Threshold

The expanding role of epithelial cells in the initiation of type 2 immunity suggests that their 

regulation is a key control node. This notion has been supported by numerous studies that 

portray epithelium as limiting inflammation during homeostasis [65, 66]. This function of 

epithelium is logical when placed in context: in the gastrointestinal and respiratory tracts, 

single-layer epithelium must maintain barrier integrity while allowing efficient transfer of 

necessary nutrients and gases. Inflammation, and the subsequent tissue disruption, can 

severely impair organ function and thus must be curtailed. The mechanisms through which 

epithelial cells limit type 2 immune responses can be broadly divided into cis- and trans-
acting mechanisms, as proposed by Weitnauer et al. [65].

Cis-acting mechanisms negatively regulate type 2 immunity by modulating intracellular 

signaling pathways in epithelial cells. This phenomenon is best understood in lung 

epithelium with NF-κB signaling although the activating stimuli are not well characterized. 

Specific inhibition of NF-κB activation in lung epithelial cells dampens allergic 

inflammation, highlighting the contribution of this pathway to pathology [67]. A recent 

study of asthma predisposition by Schuijs et al. offers a more precise mechanism: lung 

epithelial cells exposed to endotoxin found in farm dust upregulate the ubiquitin-modifying 

enzyme A20 downstream of NF-κB signaling [68]. In turn, A20 functions as a negative 

feedback mechanism, limiting NF-κB activation (Figure 1). In mice, the ablation of A20 in 

epithelial cells worsens inflammation in the house dust mite model of allergic lung disease. 

Interestingly, the authors also report reduced levels of A20 in bronchial epithelial cells of 

asthmatic patients. This study is particularly interesting because it provides an example of 

modulation of allergic disease with exogenous agents, which hold potential for therapeutic 

intervention. Other modulators of NF-κB signaling such as IL-1 receptor associated kinase-

M (IRAK-M) have also been associated with asthma, but much work remains to be done to 

characterize their specific role [69]. In addition, whether similar mechanisms of regulation 

are at play in other barrier tissues remains to be examined.

Epithelial cells inhibit immune activation through trans-acting mechanisms as well. Signals 

originating from epithelial cells and indicating an intact, healthy barrier limit immune cell 

activation. For instance, MUC2, a key component of mucus in the intestinal tract binds 

antigens through sugar moieties. When taken up by dendritic cells, MUC2-coated antigens 

induce specific downregulation of inflammatory signals while leaving production of 

regulatory cytokines unchanged (Figure 1) [70]. Thus, antigens encountered in the context of 

an intact barrier do not trigger immune activation. While this pathway is not unique to type 2 

immunity, the fundamental role played by epithelia in initiating type 2 immune responses 
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suggests it is a likely mechanism of regulation. Additionally, epithelial cells provide a 

physical barrier through their tight and adherens junctions. It was recently shown that E-

cadherin, a cell adhesion junction molecule, binds killer-cell lectin-like receptor G1 

(KLRG1) on ILC2s and inhibits the production of IL-5 and IL-13 (Figure 1) [71]. 

Presumably, when disrupted, the epithelial barrier becomes unable to provide baseline 

regulatory signals, lowering the threshold for innate cell activation, but this remains to be 

established. Once tissue is repaired, feedback between the epithelium and immune system is 

likely to be an important contributor in the termination of the active immune response.

Regulation of Cytokine Signaling in Innate Type 2 Immunity, Peaking Behind the Curtain

Cytokines are critical orchestrators of the innate response. They classically exert their effect 

through Janus kinase/signal transducer and activator of transcription (JAK/STAT) signaling, 

which is negatively regulated by suppressor of cytokine signaling (SOCS) proteins. 

Although this mechanism has been well defined in other immune responses, the contribution 

of SOCS-mediated regulation in type 2 immunity is not well characterized [72]. In 

macrophages, SOCS1 has been implicated in the regulation of the IL-4/IL-13-induced 

phenotype, yet it is also involved in regulating IFNγ signaling, making it difficult to 

ascertain its precise function (Figure 3) [72]. In DCs, STAT5 is involved in the TSLP-

mediated induction of Th2 cells, but the effects of SOCS proteins on this pathway have not 

been investigated [73]. Even less is known about the role SOCS proteins in granulocytes or 

ILC2s. This area of study is likely to yield interesting results, as ILCs are particularly 

dependent on cytokine signaling for their activation and function. Another interesting 

mechanism of regulation of cytokine function is the IL-13 receptor α2 subunit (IL-13Rα2). 

IL-13 signals through the type 2 IL-4 receptor, which is composed of two subunits, IL-4 

receptor α and IL-13Rα1 [74]. As the name indicates, the type 2 IL-4 receptor also responds 

to IL-4. In contrast, IL-13Rα2 binds IL-13 exclusively and with higher affinity than the type 

2 IL-4 receptor and its cytoplasmic domain lacks a signaling motif [75]. Several papers have 

demonstrated a role for IL-13Rα2 as a decoy receptor able of limiting IL-13-mediated 

responses both in allergic and parasitic diseases [76–78]. IL-13Rα2 expression is dependent 

of IL-13 signaling suggesting it is an endogenous, negative feedback mechanism to control 

IL-13-induced pathology [74].

microRNAs, (Relative) Newcomers in Type 2 Immunity Regulation

microRNAs (miRNAs) are small (~22 nucleotides) endogenous RNAs that influence gene 

expression either through directed mRNA degradation or translational repression. A single 

miRNA can target many genes and single genes can be regulated by multiple miRNAs. As 

such, miRNAs are primed to affect entire gene networks and have been described as master 

regulators [79]. Their regulatory contribution to type 2 immunity has been reviewed 

elsewhere [80], so we will focus on one example to highlight the complexity of miRNA-

mediated regulation. miR-155 is upregulated in ILC2s in response to IL-33 exposure and is 

needed for their subsequent expansion [81]. Yet, in mast cells, miR-155 expression inhibits 

degranulation and cytokine production (Figure 3) [82]. Thus, while there is clear evidence of 

involvement of miR-155 in type 2 immunity, its effects vary greatly in different cells or 

conditions.
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Regulation of Adaptive Type 2 Immune Responses

Th2 cells are key coordinators of the effector response in type 2 immunity. Yet, the 

mechanisms through which Th2 cells are negatively regulated remain poorly understood. 

Several SOCS proteins have been shown to inhibit Th2 responses (Figure 3). Cytokine 

inducible SH-2 containing protein (CISH), a member of the SOCS family, was recently 

shown to be upregulated in T cells in response to IL-4 [83]. Through its inhibition of STAT3, 

STAT5, and STAT6, CISH prevents allergic airway inflammation [83]. SOCS2 has also been 

implicated in the regulation of Th2 cells as its deficiency in T cells leads to enhanced type 2 

cytokine secretion during helminth responses as well as worsened inflammation in allergic 

lung models [84]. miRNAs also play a role in regulating Th2 function (Figure 3). In vitro, 

miR-155 prevents T cell secretion of IL-4 through downregulation of c-Maf [85, 86]. Other 

miRNAs, such as miR-24 and miR-27, can also affect IL-4 production [87]. Despite the 

identification of specific agents, the mechanisms of miRNA-mediated regulation of helper T 

cell differentiation remains poorly characterized [88]. While individual mechanisms of Th2 

negative regulation have been identified, their specific roles and coordination during a 

physiological type 2 immune response remain unclear. In addition, little is known about the 

negative regulation of B cells in type 2 immunity.

Regulation at the Interface of Innate and Adaptive Immunity

Innate and adaptive immunity collaborate tremendously during type 2 immune responses. 

The interaction of these two arms of the immune system must be tightly controlled to 

minimize the risk of exuberant inflammation. Two important examples of negative 

regulation that encompasses these two arms include regulatory T cells (Tregs) (discussed 

below) and inhibitory pathways at the DC-T cell synapse. Because of its role in the 

activation of the adaptive immune response, the interaction of DC and T cells requires 

careful modulation. As discussed above, the OX40L-OX40 pathway leads to Th2 skewing. 

Despite the critical role of OX40L and OX40, little is known about mechanisms that control 

their function. Other costimulatory and co-inhibitory molecules have emerged as targets in 

the context of cancer immunotherapy. Studies focused on the immune related adverse events 

associated with their pharmacological manipulation might shed light on their contribution to 

the negative regulation of type 2 immunity.

T cells and DCs also interact through mechanisms other than costimulation. One such 

example is the interaction between Protein S (PROS1) and the TYRO3, AXL, and MERTK 

(TAM) receptors on DCs. During T cell activation, PROS1 is expressed by T cells and 

signals through the TAM receptors on DCs leading to negative regulation of the immune 

response [89]. Interestingly, while PROS1 is transiently expressed in Th1 and Th17 cells 

following T cell activation, it is maintained in Th2 cells, as a result of sustained IL-4 

signaling [90]. The maintenance of PROS1 on Th2 cells further underlines the importance of 

negative regulation in type 2 immune responses. PROS1 interacts with TYRO3 on DCs to 

specifically inhibit type 2 inflammation, both in allergic and anti-helminth responses in mice 

(Figure 2) [90]. In humans, genome wide association studies have revealed a link between 

TYRO3 and asthma in African American and Latino patients, but the mechanisms remain 

unclear [90].
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Tregs, New Tricks for an Old Dog

Since their discovery, Tregs have been associated with the negative regulation of immune 

responses. Their importance in regulating type 2 inflammation is evident from the first 

reports of patients with mutation in the canonical Treg transcription factor, FOXP3 [91]. In 

addition to several autoimmune abnormalities, patients presented with elevated IgE, 

eosinophilia, dermatitis, and food allergies, all of which are type 2 immunity-dependent. The 

details of Treg control of type 2 immunity have been a major question in the field. Tregs can 

be divided into effector subtypes that match helper T cell subsets. The expression of similar 

transcription factors between effector T cells and Tregs is thought to lead to expression of 

similar chemokine receptors allowing co-localization and more effective regulation [92]. In 

that regard, IRF4-expressing Tregs have been shown to specifically control type 2 immune 

responses [93]. Tregs are either derived from the thymus during T cell selection or induced 

in the periphery when exposed to transforming growth factor-β in addition to T cell receptor 

(TCR) signaling. These induced Tregs (iTregs) are dependent on the FOXP3 enhancer CNS1 

[94]. Using CNS1-deficient mice, Josefowicz et al. show that iTregs are essential to the 

control of Th2 response at mucosal sites [94]. The recent work of Bacher et al. further 

expands on this notion that Tregs are actively involved in the regulation of Th2 responses. 

Using novel techniques to enrich rare antigen-activated T cells, they were able to identify a 

robust pool of activated Tregs that prevent Th2 responses to common inhaled allergens [95]. 

Interestingly, they report that these Tregs are fully functional in allergic patients suggesting 

that the aberrant activation of Th2 cells is responsible for the allergic response in these 

individuals. These reports once again draw attention to the mucosa as a site important not 

only for the induction but also for the negative regulation of type 2 immunity.

Two important mechanisms proposed for Treg function involve the expression of the co-

inhibitory molecule cytotoxic T-lymphocyte-associated protein 4 (CTLA-4) and production 

of the immunoregulatory cytokine IL-10. Treg-specific ablation of these molecules has 

revealed interesting contributions of these mechanisms to immune regulation. While the 

Treg-specific deletion of CTLA-4 leads to fatal lymphoproliferative disease, deletion of 

IL-10 in Tregs instead leads to increased inflammation at barrier tissues. This presents not 

only as colitis but also as allergic lung inflammation and contact hypersensitivity, two 

conditions associated with dysregulated type 2 immunity [96, 97]. In addition to CTLA-4, 

Tregs express other co-inhibitory molecules, such as TIGIT. Recently, Joeller et al. showed 

that TIGIT allows Tregs to specifically regulate type 1 and type 3 immune responses raising 

the interesting possibility that there exists similar co-inhibitory molecule(s) involved in 

specific control of type 2 immunity [98]. The role of Tregs in controlling type 2 immune 

responses, particularly at mucosal surfaces, has become more apparent, but much work 

remains.

Tissue Repair, a Special Connection to Helminth Infections?

As previously described, helminths cannot accomplish their entire life cycle within their 

host, making tolerance a viable immune strategy. This disease tolerance is mainly achieved 

through two mechanisms, tissue damage control and tissue repair [99]. Of these two, tissue 

repair has been most commonly associated with type 2 immunity [61, 100]. Yet, damage—

whether caused by a pathogen or immunopathology—is a component of all immune 
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responses and, as such, it is difficult to attribute the subsequent tissue repair specifically to a 

type of immune response. During the course of a type 2 immune response, IL-4 and IL-13 

induce important tissue repair mechanisms, particularly through macrophage effector 

functions as previously described. Amphiregulin (AREG) is an example of an effector 

molecule in tissue repair responses. Tregs are involved in tissue repair through the 

production of Areg in a model of viral infection; however this has yet to be demonstrated in 

a type 2 immune response [101]. Similarly, ILC2-produced AREG is essential to the tissue 

repair process after influenza infection [102]. This last example is particularly striking since 

it involves effector cells from type 2 immunity in the repair of damage induced in the 

context of type 1 immune responses illustrating the unique connection between tissue repair 

and type 2 immunity.

Inhibition of damage-inducing inflammation enhances the efficacy of tissue repair and it has 

been proposed that tissue repair mechanisms actively suppress the ongoing immune 

response. Ablation of Arg-1 in macrophages in a model of S. mansoni infection leads to 

increased production of type 2 cytokines and fatal hepatic fibrosis [63]. Similarly, Relm-α-

deficient mice challenged with S. mansoni eggs show increased fibrosis and granuloma 

burden in the lung, as well as exuberant production of type 2 cytokines by Th2 cells [103]. 

The interaction between tissue repair and inflammatory mechanisms in type 2 immunity is 

poorly studied, with perhaps the exception of S. mansoni infection. Yet, it is a highly 

relevant interaction since the natural course of helminth infections, and atopic responses as 

well, is often chronic and thus features overlap of repair and expulsion mechanisms.

Lessons and Limitations of Human Diseases

In addition to mutations in FOXP3, several human immunodeficiencies present with elevated 

IgE and eosinophilia and are classified as hyper IgE syndromes (HIES) [104]. These rare 

diseases provide an invaluable window into mechanisms of negative regulation of type 2 

immunity in humans. One such syndrome, dedicator of cytokinesis 8 protein (DOCK8) 

deficiency, has revealed key players and also highlighted limitations to the studies of human 

diseases. DOCK8 deficiency, also classified as autosomal recessive HIES, presents with 

eczema, allergies (particularly to food allergens) and recurrent infections in addition to 

elevated IgE and eosinophilia [105]. DOCK8-deficient T cells have an intrinsic bias toward a 

Th2 phenotype as well as defects in Th17 differentiation through reduced STAT3 activity 

[106, 107]. The impaired Th17 differentiation is notable because it replicates a finding in the 

autosomal dominant form of HIES (AD-HIES, also known as Job’s syndrome) associated 

with mutations in STAT3 [108]. Interestingly, studies of the antigen specificities for IgE in 

HIES have revealed stark differences between the two syndromes. In DOCK8 deficiency, 

most antibodies react to food allergens while IgE antibodies from AD-HIES patients showed 

minimal reactivity against common oral and inhaled allergens [109]. To date, it is still 

unclear how a defect in Th17 immunity leads to HIES features. These patients also suffer 

from recurrent skin and pulmonary infections, a consequence of their immunodeficiency and 

perhaps these recurrent barrier disruptions trigger inappropriate type 2 immune activation. 

Similarly, recent studies by Janssen et al. have shown an association between DOCK8 

deficiency and another syndrome associated with eczema, elevated serum IgE levels, and 

food allergies, Wiskott-Aldrich syndrome (WAS) [110]. Both DOCK8 and the WAS protein 
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interact to support the cytoskeletal changes that occur in T cell activation thus potentially 

explaining the clinical overlap between the two syndromes [110]. Additionally, DOCK8-

deficient patients suffer from defects in immune tolerance as shown by the increase in B 

cells reacting to self-antigens as well as defects in Treg number and function [111]. These 

examples highlight the difficulties in interpreting the clinical presentation of these diseases. 

As discussed previously, regulation involves multiple cell types and mechanisms, all of 

which can be affected as a consequence of the germline nature of these mutations. The 

pleiotropic effects of mutated molecules, as evidenced by the other symptoms of these 

syndromes adds an additional layer of complexity and makes interpretation difficult without 

further basic research in animal models.

Concluding Remarks

As our knowledge of type 2 immunity increases, so does our appreciation for the importance 

of its negative regulation. Yet, we are only now beginning to unravel its mechanisms (see 

Outstanding Questions). As the site of initial encounter, epithelial barriers are a central 

location for the initiation, effector and repair phases of type 2 immunity. Epithelial cells are 

emerging as central players in innate regulation of type 2 responses, but how they 

accomplish this function is still unclear. Similarly, while the role of cytokines in the 

initiation of the response is well established, more work is needed to uncover how they are 

specifically regulated in type 2 immunity. Studies of Treg biology have revealed selective 

mechanisms of regulation, particularly at mucosal surfaces but other regulatory pathways are 

yet to be discovered in adaptive type 2 immunity, particularly with respect to B cells. The 

interface between adaptive and innate immunity has emerged as a crucial node of negative 

regulation because of its potential for modulation of both arms of type 2 immune responses. 

These mechanisms of negative regulation primarily affect the resistance to the pathogen. 

Tolerance, and the associated tissue repair processes, is another important response to 

infection and is also triggered during type 2 immunity. The interactions between these two 

responses are just beginning to be understood. Elucidation of these mechanisms will provide 

a better understanding of the immune response to parasitic infections as well as provide 

potential treatments for individuals suffering from unchecked type 2 pathology.

Outstanding questions

• As the molecular and cellular sensors of helminths, allergens, and other 

stimuli of type 2 immunity are better defined, it will be interesting to explore 

if there exist dedicated negative regulators for these sensing pathways. Should 

this be the case, could this knowledge lead to targeted therapeutic 

interventions?

• Co-infection with helminth and bacteria or viruses is common in the 

developing world. Does the engagement of negative regulatory pathways of 

type 2 immunity impact the progression of the co-infection?

• Even though granulocytes such as eosinophils, mast cells, and basophils have 

long been associated with type 2 immunity, how they are negatively regulated 

remains unclear. The same is true of much more recent players such as ILC2s.
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• Many of the cells types described in the disease tolerance response (e.g. 

ILC2s) are also key players in type 2 immunity. Do the mechanisms of 

negative regulation at work in these cells also affect their role in the tolerance 

response or is the latter regulated through different, specific mechanisms?

• What is the overall contribution of these negative regulatory pathways in the 

context of a more natural, low parasite burden? How do they affect the 

memory response, which is critical in endemic regions with high re-exposure 

rates?
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Trends Box

Type 2 responses against parasitic helminths involve innate and adaptive immune 

cells as well as non-hematopoietic cells such as epithelial and smooth muscle 

cells.

Epithelium is increasingly recognized as the site of initiation of type 2 immunity 

as well as an important site of negative regulation.

Negative feedback from adaptive to innate immunity, particularly at the level of 

the T cell-DC interface, has emerged as a powerful mechanism of regulation in 

type 2 immunity.

Our understanding of regulatory T cells has increased tremendously in the past 

several years and has revealed subsets of regulatory T cells that specifically 

suppress type 2 immunity.
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Figure 1. Regulation of Type 2 Immunity at Barrier Tissues
Immune stimulus (e.g. helminth) leads to tissue damage and secretion of the cytokines IL-33 

and TSLP. TSLP activates DCs to adopt a Th2-promoting phenotype and migrate to 

lymphoid organs to activate T cells. IL-33 signals on ILC2 leading to the recruitment of 

eosinophils through the secretion of IL-5. ILC2s also sense the increased production of 

IL-25 by tuft cells and secrete IL-13 which feeds back on goblet cells leading to increased 

mucus production. Negative regulatory mechanisms at the barrier include inhibition of NF-

κB signaling in epithelial cells through the action of A20 (1). During homeostasis, mucus 

limits inflammation by inducing a regulatory pathway in DCs in the context of antigen 

uptake (2). Similarly, an intact epithelium provides immunoregulatory signals that limit 

ILC2 activation (3). Abbreviations: DC, dendritic cell; IL, interleukin; ILC2, type 2 innate 

lymphoid cell; TSLP, thymic stromal lymphopoietin.
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Figure 2. Regulation at the Immune Synapse
CD4+ T cells are activated and begin to differentiate in response to three signals (1). DCs 

present peptide antigen on the MHC class II and provide costimulation as well, to ensure 

productive signaling. Cytokines direct differentiation to specific CD4+ T helper subsets; here 

IL-4 leads to Th2 differentiation. In addition, the combination of TCR and IL-4 signaling in 

T cells leads to the upregulation of PROS1 on their surface (2). In turn, PROS1 interacts 

with TYRO3 on the DC and engages a negative feedback mechanism that limits DC 

activation (3). Abbreviations: DC, dendritic cell; IL-4, interleukin 4; IL-4R, interleukin 4 

receptor; MCH II, class II major histocompatibility complex; PROS1, Protein S; PtdSer, 

phosphatidylserine; TCR, T cell receptor; Th2, type 2 helper T cell.
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Figure 3. Regulation of Type 2 Effector Mechanisms
During the effector phase of type 2 immunity, ILC2s and Th2 cells coordinate the response 

through the production of effector cytokines. In Th2 cells, the SOCS proteins CISH and 

SOCS2 have been shown to limit production of these effector cytokines. microRNAs such as 

miR-24, miR-27, and miR-155 also regulate Th2 cytokine production. IL-4 is primarily 

produced by Th2 and, in combination with IL-13, polarizes macrophages. This polarization 

is negatively regulated by SOCS1. ILC2s produce AREG to trigger epithelial growth and 

repair. Th2 and ILC2s are both capable of producing IL-5, IL-9 and IL-13. IL-5 contributes 

to eosinophils recruitment to the site of injury. Mast cells are recruited by IL-9 and miR-155 

limits their degranulation. IL-9 and IL-13 act on goblets cells and lead to proliferation and 

increased mucus secretion. Finally, IL-13 signaling on smooth muscle cells leads to 

increased contractility. At the tissue level, these functions act together to promote expulsion 

of the inciting agent. Tregs are able to suppress Th2 cell activity and also contribute to tissue 

repair through AREG production. Abbreviations: AREG, amphiregulin; CISH, cytokine-

inducible SH2-containing protein; IL, interleukin; ILC2, type 2 innate lymphoid cell; miR, 

microRNA; SOCS, suppressor of cytokine signaling; Th2, type 2 helper T cell; Treg, 

regulatory T cell.
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