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Abstract

Over 2 billion individuals are infected with intestinal helminths worldwide , with a
majority of those infected liv ing in developing nations. In developed nations intestinal
helminth infections are very rare, while incidences of allergy and asthma are common.
The incidence of allergic afflictions is growing rapidly every year. Both clearance of
helminth infections and propagation of allergic diseaseare mediated by type 2 immune
responses. The cytokines interleukin-4 (IL-4) and interleukin -13 (IL-13) play major roles
in the propagation of type 2 immune responses. IL-4 and IL-13 are produced by a
number of immune cells, with in both the innate and adaptive arms of immunity, that are
important in driving allergic responses.

CD4+T follicular helper (Tfh) cells reside in the B -cell follicle and specialize in
aiding the maturation of germinal center (GC) B cells. IL-4 produced by Tfh cells is
required for GC B cell Immunoglobulin (Ig) class switching to type -2 isotypes, IgE and
IgG1. IgE serves as a critical mediator of type-2 immune responses. CD4+ T helper 2
(Th2) cells localize to the periphery at sites of infection and damage. Th2 cells make both
IL-4 and IL-13 cytokines. Th2 cells, along with multiple innate cell types, are critical for
driving the peripheral hallmarks of type -2 immune responses, including mucus

production and smooth muscle contractility.



Elucidating the pathways that regulate the differentiation, function, and
maintenance of Tfh and Th2 cells is critically impo rtant for discovering potential
therapies for allergic disease and helminth infections. Notch signaling is capable of
driving Th2 IL -4 production and differentiation in vitro. However, the in vivo role for
Notch signaling in Th2 populations remains unclear. The mechanisms controlling Tth
IL-4 production are largely unknown. Given that Notch signaling is required for the
differentiation of Tfh cells and is known to influence cytokine production in T cells, we
hypothesized that Notch signaling also plays an i mportant role in regulating the
function of Tfh cells. Nippostrongylus brasiliensimfection drives a robust type -2 immune
response and allows for analysis of both Tth and Th2 cells. Here,infection with N.
brasiliensisvas used to characterize whether Notch signaling is required for Th2 and Tth
differentiation and function in vivo.

Deletion of Notch receptors on T cells of infected mice results in reduced IL-4
producing Tfh, but not Th2 cells. As a result, we saw impairments in overall Tfth
functionality while peripheral Th2 immunity remained intact. Notch deficient T cells
had major impairments in Tfh, but not Th2, cell differentiation. Overexpression of Notch
signaling in CD4+ T cells leads to increased IL-4 production by Tfh cells, but not Th2
cells. Furthermore, we identified that conventional dendritic cells ( ¢cDCs) do play a role

as sources for Notch ligand early during the immune response. However, neither cDCs



or follicular dendritic cells (FDCs) are essential sources of Notch ligand to drive Tth cell
differentiation.

While Notch signaling is critical for Tth differentiation , it is not known if Notch
signaling plays a continued role beyond Tfh differentiation. We used pharmacologic
inhibition of Notch signaling to assess a role for Notch in Tfh mainte nance.Here, we
show that inhibition of Notch signaling after Tfh differentiation results in  altered
expression and activity of important trafficking receptors. This change was accompanied
by aberrant localization of IL -4 expressing T cells in the lymph no de. Additionally, late
Notch inhibition resulted in an altered transcriptional program in Tfh cells. These
findings suggest that Notch signaling plays a critical role in Tfh, but not Th2 driven
immunity . In total, the data shown here demonstrate that Notch signaling is not only
important for Tfh differentiation, but also for regulating Tth cell fate, function, and

maintenance.

Vi
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1. Introduction
1.1 Type-2 immunity

Type-2 immunity is associated with allergic diseasewhich afflictsroughly 1.5
billion people worldwide [1]. In addition, approximately 2 billion people suffer from
soil-transmitted helminth infections each year, many of which are infected with multiple
different helminths simultaneously [2]. The majority of these infected individuals reside
in developing nations. In developed nations, type-2 inflammation more commonly
presents asafflictions of allergy, asthma, and atopic dermatitis. Type-2 immune
responsesare mediated by cells of both the innate and adaptive arms of the immune
system. Eosinophils, basophils, ILC2s, and mast cells are key mediators stemming from
the innate arms of type-2 immunity ; from the adaptive arm CD4+ follicular T helper
(Tfh) cells and T helper type 2 (Th2) cells are critical modulators of typ e-2 responses
[3,4]. Through cooperative action, these cells function to clear dangerous parasitic

infections but they also develop the settings in which allergic disease can manifest.

1.1.1 Parasitic helminths
1.1.1.1Helminths in human disease

Infections with parasitic helminths remain s a significant health and financial
burden in developing nations. There are two major classes of helminths:roundworms
(which include soil-transmitted helminths and filarial worms) and flatworms (which

include schistosomesand tapeworms). The most common helminth infections are from



soil-transmitted helminths which include : Ascaris lumbricoidegoundworm), Trichuris
trichiura (whipworm), and several species of hookworm including Nectar anericanusand
Ancylostoma duodenal&oil-transmitted helminths colonize and attach at various places
within the gastrointestinal (Gl) tract depending on the infecting parasite. Within the Gl
tract, the parasites will reproduce and lay eggs, which are passed through the feces back
into the environment. As a result, the main cause of these infections is poor hygiene
coupled with a lack of access to clean food and water. The main route s of infection with
soil-transmitted helminths are oral ingestion and throu gh the skin.

In 2003, approximately 2 billion individuals were estimated to be infected with
soil-transmitted helminths [5]. Soil-transmitted helminth infections are most common in
young children and adolescents [2]. Infections from soil -transmitted helminths are rarely
fatal, yet their effects on the host cannot be understated.Colonized parasitic helminths
absorb host nutrients and negatively affect host metabolism. Intestinal bleeding induced
by helminths leads to iron deficiency and malnutrition [6]. As a result, chronic helminth
infections in children results in the anemia, stunting of growth , and impairments in
memory and cognition [2,6]. Although most common in younger individuals, soil -
transmitted helminth infections are also prevalent in the adult population of developing
nations.

Schistosome infections (schistosomiasis) are far less common than sail

transmitted helminth infections but are perhaps the largest cause of helminth related



mortality . Schistosomiasis is estimated to affect approximately 200 million individuals
worldwide [5]. Larval worms are released into water by freshwater snails. Infection
begins when individuals come into contact with infested water and worms penetrate the
skin. The primary cause of schistosomiasis disease is due to depogion of schistosome
eggs at blood vessels in the bladder and intestines[5]. Chronic diseaseresults from
damage of blood vessels and host entrapment of schistosome eggs. The immune
response to entrapped eggs results in granuloma formation [5]. The granuloma can lead
to severe bladder ulceration as well as lesions to the spleen and liver. If left untreated,
schistosomiasis can ultimately lead to bladder obstructions and end-stage renal failure
[5]. Schistosomiasis is estimated to result in as many as 280,000 deaths annuallfb,7].
Infections with intestinal helminths represent one of the most prevalent health
afflictions in humans [8]. As described above, nfections with parasitic helminths result
in a wide-range of symptoms and outcomes depending on the infecting parasite.
Although difficult to estimate, cumulative mortality attributed to helminth infections are
estimated to be over 150,000to 400,000deaths annually [5,8,9]. For these reasons,
continued investigation into the pathogenesis of intestinal parasites is of great

importance.

1.1.1.2Nippostrongylus brasiliensis infection model for type-2 inflammation

Nippostrongylusbrasiliensisis a rodent specific helminth that is commonly used as

an infection model to study type-2 inflammation. N. brasiliensignfection in rodents



closely resembles human hookworm infections and therefore serves as a strong modelto
study the immune respon se to helminths. Typically, N. brasiliensid 3 larvae are injected
subcutaneously in the lower flank . One to two days post injection the worms will enter
into the bloodstream and migrate to the lungs. A type-2 immune response is generated
in the lungs and lung draining mediastinal lymph nodes (medLN) . By day three to four,
the worms are coughed up and swallowed and then travel to the intestines. Within the
intestines, adult worms attach to the luminal wall and lay eggs . The immune response in
the intestines will result in clearance of the adult worms and eggs through the Gl tract
into the feces.A healthy, immunocompetent animal will fully clear N. brasiliensign eight
to nine days.

Allergic inflammation in this model is initiated when exposure to the intestinal
helminth results in tissue damage. Damaged epithelium in the lung and intestines
releases alarmirs and inflammatory molecules such as thymic stromal lymphopoietin
(TSLP), interleukin (IL) -25, and IL-33[10-15]. The precise roles of these prc
inflammatory molecules will be discussed in a nother section. In brief, however, the
presence of these molecules leads to the activation and mobilization of various immune
cells to the sites of inflammation and initiates th e processes thaigenerate an adaptive
immune response. Infected lungs are marked by a major increase ininfiltrating immune
cells including: eosinophils, basophils, type-2 innate lymphoid cell s (ILC2s),and CD4+ T

cells[16-23]. These cells are also heavily recruited to the intestines during infection.



During infection, Th2 cells are the predominant CD4+ T helper cell recruited to
sites of inflammation [16,17,23,24]Recruitment of Th2 cells is essential for the clearance
of N. brasiliensis Recombination activating gene (RAG) knockout and severe-combined
immunodeficiency mice (SCID) mice, which do not have B or T cells, are incapable of
clearing N. brasiliensi§20-22,25,26] Furthermore, depletion of CD4+ T cells using a
monoclonal antibody results in impaired worm clearance [25].

Th2 cells produce the cytokines IL-4, IL-5, and IL-13. IL-4 and IL-13 produced by
Th2 cells serve partially redundant roles that are important for worm clearance.
However, production of IL -13, but not IL-4, is essential for the clearance oN. brasiliensis
[27,28] In support, IL -13 deficient animals are incapable of clearingN. brasiliensisvhile
IL-4 deficient animals have no major impairments in worm clearance [27,28] Although
not essential to clearN. brasiliensisrecombinant IL-4 administered in high doses restores
worm clearance in immunocompromised mice [25]. The mechanistic roles of IL-4 and IL-

13 during allergic inflammation will be discussed in greater detail in other sections.

1.1.2 Allergic disease

Allergic inflammation manifests as food allergy, allergic rhinitis, asthma, and
atopic dermatitis. The incidence of allergic disease has increasd dramatically and
continues to do so each year. Currently, there are an estimatedl.5billion people
afflicted with some form of allergic disease and this number is expected to grow[1]. The

most common allergic disease is allergic rhinitis which is estimated to affect as many as



500 million individuals worldwide [29]. Allergic rhinitis is characterized by
inflammation in the nose induced by allergen exposure resulting in mucus production,
sneezing, and itching. Atopic dermatitis is a chronic skin disease characterized by
inflammation and itching of the skin and is very common in young children .
Approximately 10% of children are affected by atopic dermatitis worldwide [30].

Food allergies result as an adverse reaction to food antigens and affects about 6%
of children and 3-4% of adults worldwide [31]. In the United States, studies on self
reported peanut allergy have found that the incidence has doubled from the years 1997
to 2002 with overall prevalence reaching an estimated 1% in children [32]. Responses to
food allergy vary significantly, and severe allergic reactions can cause anaphylaxis and
be life threatening. Symptoms of anaphylaxis include: inflammation of the skin, nausea,
vomiting, dizziness, swollen tongue and throat, and constriction of airways. These
symptoms often result in difficult breathing and shortness of breath and can be fatal.
However, deaths resulting from food related anaphylaxis are extremely rare [33]. In fact,
accidental death is more common in the general populations than death from food -
related anaphylaxis [33]. Anaphylaxis can also be induced by allergic responses to other
innocuous environmental stimuli including: stings from various insects, latex, and some
medications.

Asthma is caused by allergic inflammation in the airways that results in airflow

obstruction, shortness of breath, wheezing, and coughing. The prevalence of asthma in



the United States doubled between the years of 1980 and 199(84,35]and recent
projections estimate that over 300 million individuals are currently afflicted with asthma
[36,37] This number is expected to grow to 400 million by the year 2025[36]. While
many allergic diseases are unlikely to be fatal, asthma alone accounts for as many as
250,000 deaths per gar worldwide [36,37]

Access to clean food and water, as well as widespread deworming programs,
have led to major reductions in parasitic helminth infections in developed nations. And
while infections with helmin ths have become far less common, allergic diseasgas
described above,has increased dramatically. The strong negative correlation that exists
when assessing geographic incidences of allergic disease versus helminth infections is
one of the phenomena contributing to the theory termedthe ? . OE w%UDBIT OEU> wi a x OU
[38,39] The? . OE w%UDI OE Umpsitd tavinfetlibnks with dertain organisms, such
asparasitic helminths, early in life plays an important role in t raining the type -2
immune response. In the absence of these anthelminth responses, type-2 immunity
manifests into a system that begins to increasingly target innocuous allergens and

results in allergy.

1.2 Initiation of type-2 immunity: helminths and allergy

The type-2 immune response to helminths is initiated upon tissue damage
elicited by the infecting parasite (Figure 1). Similar to helminth infections, allergic

disease manifests when normally innocuous allergens breach the epithelial barrier.



Repeatedexposure to these allergenscould result in an inappropriate type-2immun e

response Damaged epithelium , either during allergic sensitization or helminth

infection, releases the alarmins IL-25, IL-33, and TSLP[10-15]. These factors alertthe

immune system and mobilize the type -2 immune response. The outcome of this

response ultimately leads to enhanced mucus production and smooth muscle

contractility which is characteristic of allergic disease and is essential for UT T ws P1 1 x wE QE w

UbPT 1 xzwOi wbOUI UUPOEOQuwI xPUT T OPUOWUOWEOI EUwWXxEUEU
TSLP is constitutively expressed in the gut but its production is enhanced in the

epithelium upon tissue damage [10,11] Antigen presenting dendritic cells recruited to

the site of inflammation and stimulated by TSLP are more likely to promote a Th2

phenotype in CD4+ T cells[10]. This is due in part to TSLP related signaling leading to

inhibited | L-12 production by dendritic cells , a cytokine important for Thl polarization

[40]. TSLP is also capable of directly promoting Th2 differentiation and IL -4 production

independent of antigen presenting cells (APCs) in vitro [41]. Additionally, TSLP activates

the maturation and mobilization of a specific subset of basophils [42]. One study

demonstrated that TSLP signals are required for the expulsion of Trichuris muris but are

dispensable for controlling infection with Heligmosomoides polygyrasd N. brasiliensis

[43]. Thus, the ultimate contributions of TSLP during a type-2 immune response may

vary depending on the infecting parasite. TSLP activated mast cells and eosinophils

enhance their type-2 cytokine production and play important roles in atopic dermatitis



and asthma[44-46]. Of relevance, keratinocyte-specific deletion of the Notch coactivator
RBPJenhanced TSLP production and promoted dermatitis [47].

IL-25 was originally discovered in 2001 as a member of the IL-:17 family [12]. IL-
25 (IL-17E) signals through the IL17 receptor (IL17R) and is produced by epithelial cells
in the intestines, more specifically, by a specializedtype of intestinal epithelial cell s
known as Tuft cells [13]. Administration of recombinant IL -25 enhances type2 cytokine
production and antibody generation [12]. The predominant role of IL -25 in type-2
immunity is to activate and expand group 2 innate lymphoid cell (ILC2s) populations.
ILC2s stimulated by IL -25 will upregulate their production of the type-2 cytokines: L4,
IL-5, IL-9 and IL-13[20,22,21] IL-25 deficient mice have delayed Th2 reponses and a
notable defect in worm expulsion [26]. The IL25 receptor is also expressed highly on
certain subtypes of dendritic cells, and IL-25 signaling results in enhanced expression of
certain toll -like receptors (TLRS)[48]. Thesedendritic cells are present in the airway in
increasing numbers upon allergen challenge [48].

IL-33 expression has been reported to be high in endotlelial [49] and epithelial
cells at mucosal sites[14]. IL-33 binds and signals through the cell surface receptor ST2
ST2 signalsthen induce type-2 cytokine production, activat ion, and accumulation of Th2
cells[50] and ILC2s [20,22,21,15]1L-33 activated ILC2s are sufficient to induce intestinal

parasite clearance[20,21,15] IL-33 promotes wound healing by inducing regulatory T



cell function [51]. However, IL-33 is also implicated in driving pathogenic allergic
inflammation in atopic dermatitis and asthma [15,52,53]

The adaptive immune response against infecting parasites and allergensbegins
when the parasite or allergen crossesa breached epithelial barrier. APCs, such as
dendritic cells, then processand display the allergens or helminth antigens on major
histocompatibility Il (MHC -1l) molecules on their cell surface. The APCs thentraffic to
the secondary lymphoid organs (spleen and lymph nodes) and present the antigen and
activate naive CD4+ T cells The CD4+ T cellsare activated when their T cell receptor
(TCR) recognizes a specificpeptide presented on an MHC molecule by APCs. Activation
of the naive CD4+ T cells sends signals to the cell that then begins the process of T helper
cell differentiation. In the context of type-2 immunity, a naive CD4+ T cell will undergo a
fate decision to become one of two primary CD4+T helper cells: the Th2 or Tth cell. The
processesof T helper cell activation and differentiation and the signals that help to guide
CD4+ Th2 and Tfh cell fate decisions will be expanded on in sections1.4,1.5.1, and 1.7.2
respectively.

CD4+ T cells that have differentiated into Th2 cells will then exit the lymph node
and travel to peripheral sites of allergic inflammation . Th2 cellsproduce IL-4, IL-5 and
IL-13 cytokines. These cytokines play important roles in mobilizing innate cell

popu lations in response to allergens or helminths and are critical for mediating
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clearance of helminths. The regulation and function of these cytokines will be elaborated
upon in greater detail in section 1.5.2.

Other activated CD4+ T cells will differentiate in to Tfh cells, which migrate to the
B cell follicle of lymph nodes and aid germinal center (GC) B cells in their maturation
into high -affinity antibody producing cell s. Help provided by Tfh cells in the forms of
IL-4 and IL-21 cytokines, CD40/CD40L signaling and other cellular signals are essential
for the survival, class-switching, and affinity maturation of GC B cells [54-60]. GC B cells
that survive the selection process within the GC will migrate into peripheral sites as
long-lived antibody producing plasma cellsor circulating memory B cells.

High -affinity antibodies produced by plasma cells play an important role during
allergic inflammation. IgE antibodies, produced by plasma cells, can be bound by
multiple cell types , including basophils and mast cells, on their surfaces via fragment
crystallizable-l x UBOOOwUIT E1 x U O U[6L(62] pok cprmingAnto ddntadt with) O U U
allergens, crosslinking of allergen-specific IgE on cellular Fc receptors will initiate rap id
downstream activation of innate cell types that leads to the release of mediators that
promote symptoms of allergy and anaphylaxis.

The role of high affinity antibodies during helminth infection is less certain. High
affinity antibodies do not appear t o be important during primary N. brasiliensis
infections [63,64] However, these antibodies may play an important protective role

upon secondary infection [63,64] N. brasliensisinfected B-E1 OOwWET | PEPT OU wOU wE
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deficient mice expel worms normally after primary infection but have delayed clearance
upon secondary infection [64]. B cell deficient mice also have impaired clearance ofH.

polygyrusduring secondary infection [63].
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Figure 1. Model of type -2 inflammation

Tissue damage elicited by helminths induces release of TSLP, 125, and IL-33 from
epithelial cells. These factors will enhance activation and recruitment of numerous
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innate cell types. Dendritic cells (DCs) recruited to the site of damage will take up
foreign antigen in the form of helminths or allergens. DCs will then travel to secondary
lymphoid organ s where they may interact with, and present antigen peptide via MHC -l
to naive CD4+ T cell that specifically recognizes the antigen with their TCR. After MHC -
II/TCR interactions the naive CD4+ T cells will differentiate into either a Tth cell or a Th2
cell. Tth cells will remain in the lymphoid organ and produce IL -4 to help GC B cell
maturation. After their maturation in the GC, GC B cells will migrate to the periphery as
memory B cells or antibody producing plasma cells. Antibodies produced by plasma
cells will be bound by basophils and mast cells. Conversely, Th2 cells migrate to
peripheral inflammatory sites and produce IL -4 and IL-13 which induce smooth muscle
contraction and mucus production. The actions of Th2 cells along with basophils,
eosinophils, mast cells, and ILC2s perform functions in the periphery that mediate worm
clearance and allergic disease.

1.3 Innate immune response in type-2 immunity

In the context of type-2 immunity, several innate cell types play important roles
during the immune r esponse to helminths and allergy. These innatecells include:
basophils, eosinophils, ILC2s, and mast cells Upon activation these cells release a
number of unique classes of mediators - such as histamines, leukotrienes,proteases,and
cytokines. These cels and their mediators are important for parasitic defense, but their

actions can also result in unwanted allergic inflammation.

1.3.1 Basophils

Basophils are one of the least abundant cells found in peripheral blood of mice
and humans, averaging less thanone percent of the total immune cell population
[61,65,66] Despite their relatively low abundance, their impact on allergic inflammation
should not be understated. During a type -2 immune response the basophil population

expands tremendously in response to type-2 cytokines [42,67] TSLP produced by
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damaged epithelium will induce the development of basophils within the bone marrow
[42]. IL-3 also induces the expansion of basophil populations [68]. Basophils produce
type-2 cytokines and release high levels of histamines and platelet activating factor
(PAF) upon activation. Histamines and PAF enhance vascular permeability and smooth
muscle contractility and are important mediators in allergic anaphylaxis as well as
allergic responses in the skin and airways [69]. As a result, basophils are major
mediators of IgE-dependent [70-72] and -independent chronic allergic inflammation
[73,74]
Antigen specifi ¢ IgE bound on the cell surfacecan trigger the activation of
basophils when contacting specific allergens. IgE is displayed on the outside of
basophils by the high-affinity %E Q &n@ crosslinking of IgE initiate s downstream
signaling through %E Q[61(62] %E Q1 ( wi RPUUUWEUVUWE wUI Ja1B62p1 UwOOWEE
3T 1T wYwET EPOwWPUWUTI UxOOUPEOT wi OUWEPOCEDOT wlOOwWUOT 1T w
transmembrane domains and one immunoreceptor tyrosine -based activation (ITAM)
OOUDPI OwbT PET wPUWEUUOEPEUI EwbpPUT wOi T w+t+aOwObDOEUI
a disulfide bond and each contain one ITAM motif. Upon binding of antigen by IgE, Lyn
will phosphorylate tyrosine r esidues in the ITAM motifs [61]. These phosphorylated

ITAM motifs will then recruit the kinase Syk. Syk subsequently activates a multitude of

downstream signaling events important for basophil activation and functi on [61]. In
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support for a critical role for Syk kinase during basophil activation, Syk -deficient
basophils will not degranulate upon antigen binding to IgE  [75].

Basophils can also be activatel independently of IgE . Basophil activation can be
induced by certain cytokines including: 1L-3, IL-18, IL-33, and TSLP[42,68,76] Basophils
cultured in vitro with IL-18 or IL-33 in the presence of I.-3 have enharced production of
type-2 cytokines [76]. Bone marrow cells cultured in the presence of IL-3 or TSLP
produced enhanced IL-4 mRNA competent basophil populations [42]. Basophils can also
be directly activated in an IgE -independent fashion by certain products produced by
helminths and house-dust mite. Incubation of basophils with the house -dust mite
protease Der pl enhances basophil production of type-2 cytokinesin vitro [77]. Proteases
secreted by the human hookworm Necator americanusimilarly enhanced type -2 cytokine
expression by human basophils [77]. IPSEY O wE wi O0a E O x U (HUpdm@usUl EUI Ul E
promotes IL-4 production in murine basophils independent of antigen -specific IgE [78].
The mechanisms through which basophils sense and respond to activate proteases
remain to be elucidated.

Activation of basophils results in the secretion of cytokines and other factors.
Basophils are capable of producing IL-5 and IL-13[76,77], however the primary cytokine
produced by basophils in vivois IL-4 [16]. IL-4 mRNA expression is acquired and
maintained during lineage differentiation of basophils in the bone marrow [18,79]

Constitutive expression of IL -4 mRNA allows for rapid protein production in activated
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basophils [79]. Basophils are major contributors of IL -4 protein production by five days
post N. brasiliensignfection [16,80] However, basophils are not required for the
clearance ofN. brasiliensisor H. polygyrusworms after primary infection [81]. Basophil
derived-IL-4 may play a critical role in mediating worm clearance during secondary
infection [81].

Basophils play critical roles during allergic disease. Consistently, basophil-
deficient mice have reduced eosinophil recruitment within various allergic models
[74,82]) As supporting evidence, IL-4 derived from basophils increases the expression of
vascular cell adhesion molecule-1 (VCAM -1) on endothelial cells [82]. VCAM -1 actively
promotes eosinophil recruitment [82]. Furthermore, basophil -derived IL -4 enhanced
ILC2 function and promoted lung inflammation during protease -induced airway disease
[73].

IL-4 mRNA expressing basophils were also shown to reside in the T cell zone of
lymph nodes in papain immunized mice to promote Th2 differentiation [83]. Later work
using an IL-4 protein reporter demonstrated that IL -4 production by basophils is
restricted to affected tissues; and while basophils are recruited to the lymph node they
do not produce IL -4 at this site [80]. Some studies have shown that basophils express
MHC -II and may present antigen to CD4+ T cells in lymph nodes to promote Th2
responses[84-86]. However, g enetic depletion of basophils or blockade of basophil

recruitment to lymph nodes had no effect on Th2 cell generation [80,87]. This finding
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was true for both allergic stimuli and helminth infection and suggests that basophils are

not essential for Th2 differentiation.

1.3.2 Eosinophils

Eosinophils are a terminally differentiated cell type , derived from myeloid
precursors, that are generated in the bone marrow in response to cytokines and are
recruited to tissues during type -2 inflammation . They are granule-containing cells that
function by releasing mediators from pre -formed granules upon activation. The granules
contain several cationic factorsincluding : eosinophil peroxidase, eosinophil cationic
protein, eosinophil derived neurotoxin, and major basic protein [88,89] These factors are
mediators of allergic disease and also aid in immune defense against some parasitic
worms [88]. Eosinophils also store a large number of pre-formed cytok ines within their
granules including the type-2 cytokines: IL-4[90], IL-5[91], and IL-13[92]. However, the
importance of eosinophilic pre -formed cytokines is still unclear.

Eosinophils are released from the bone marrow into the periphery upon ahost
responsewhich results in the production of type-2 cytokines. Spedfically, IL -5 is the
most important cytokine required to induce eosinophil maturation in the bone marrow
and subsequentrecruitment to inflammatory sites[93]. IL-5 is produced predominately
by Th2 cellsand ILC2s during type-2 inflammation . Eosinophils are recruited to sites of
inflammation and are predominately found in the tissue. Eosinophil migration into

inflammatory sites is mediated by the release of chemokines from epithelial cells.
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Epithelial cells will release specialized chemokines, known as eotaxins, during type -2
inflammation. IL-4 and IL-13 cytokines induce the releaseof eotaxins by epithelial cells
[94]. Eotaxins interact with CCR3 on the eosinophil cell surface to promote migration to
sites of inflammation [95,96]. In support, CCR3 deficient mice and eotaxin deficient mice
have major impairments in eosinophil recruitment t o airways during OVA -induced
allergen challenge [97].

Eosinophilia in the lung can enhance early defense against intestinalparasites.
Overexpression of IL-5 during an infection with N. brasiliensideads to enhanced
eosinophilia and worm clearan ce [93,98] Mice with defective eosinophil trafficking or
eosinophil -deficient mice also had impairments in their ability to clear filarial parasites
[99-101]. However, some studies have found that IL-5-deficient mice, with impaired
eosinophilia, had no defect in their ability to clear the parasites S. mansoni[102] or T.
muris [103]. Therefore, IL-5 and eosinophil contributions during parasite clearance likely
depends on the infecting parasite.

Eosinophils are major mediators of allergic disease. During allergen challenge,
eosinophils are recruited and contribute to airway hyperreactivity (AHR) through the
release of granules containing basic proteins and leukotrienes[89]. High concentrations
of eosinophil major basic protein are capable of inducing tissue damage in inflamed
airways [104]. Leukotrienes released by eosinophils enhance bronchoconstri¢ion and

cellular recruitment by increasing vascular permeability [105]. CCR3 is essential for
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eosinophil migration into inflamed tissue [106] and ablation of eosinophils by using an

antibody against CCR3 prevents the propagation of allerg en induced AHR [107].

1.3.3 Group 2 innate lymphoid cells

The discovery of innate lymphoid cells (ILCs) as a unique cell type beganwhen it
was found that IL-25 administration induced the produ ction of Th2 cytokines, IL-5 and
IL-13, even in RAG knockout mice (no B or T celk) [12]. In support, another study
demonstrated that IL -5 secretion could be induced in anon-B/non-T cell population
upon intranasal administration of IL -25 or N. brasiliensignfection [108]. Identification of
these cellsas a unique population was confirmed when studies identified anon-B/non-T
population , induced by IL -25, that produced IL4, IL-5, and IL-13[26]. Importantly, IL-25
deficient animals had delayed Th2 responses and poor expulsion of N. brasiliensi§26].
Future studies found that the secells were dispersed in the peritoneal adipose tissue, gut,
lung, and mesenteric lymph nodes at rest and expanded rapidly upon infection with N.
brasiliensig20-22]. These cells have since formally been termed ILC2s and arelescribed
asalineagep" #+ 1 Ow3" 1o Ow3" 1 yO0Ow" #Kk Ow" #IuMaO-ly Ch1llcy Ow- * hud I
E O E w%Eredatjv&idnate cell population induced by IL -25 and IL-33. Since initially
described, studies have found that IL-25 and IL-33 responsive ILC2s represent distinct
subsets[109]. ILC2s produce IL-4, IL-5, IL-9, and IL-13 cytokines and have been
implicated in defense against helminths as well as mediators of allergic disease[20-

22,73,110]
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ILC2s expressGATA -3 and GATA -3 is essential for the development of ILC2s
[111,112] Deletion of GATA -3 in hematopoietic cells results in a failure to develop ILC2s
[111,112] GATA -3 is also required for the maintenance of ILC2 populations. Temporal
ablation of GATA -3in developed ILC2s results in a significant decrease in ILC2
populations [111,17] Expression of GATA-3 also appears to ke essential for type-2
cytokine production by ILC2s. IL -13 production by ILC2s tracks closely with GATA -3
expression, with IL -13 producers having high expression of GATA -3[16]. ILC2s with
temporal deletion of GATA -3 are incapable of producing IL-5 or IL-13[17,112]

ILC2s express high levels of the IL-9R, and IL-9 may be critical for their survival
[113]. Flow cytometry sorted ILC2 s cultured in the presence of IL-9 have enhanced
survival marked by increased expression of the pro-survival molecule BCL3. In support,
N. brasiliensignfected IL-9R knockout mice have reduced numbers of ILC2s compared to
wild -type [113]. A caveat of this study is that IL -9R deletion was not confined to the
ILC2 population. Therefore, the exact role of IL-9 signaling in ILC2 development and
function in vivo is still unclear.

ILC2s play an important role in regulati ng intestinal worm infections. Clearance
of N. brasiliensiss impaired in RAG -deficient animals [22]. However, i mpairments in
worm clearance in these animalscan berescued by stimulating the expansion and
functio n of ILC2s by administering exogenous IL -25[22]. In contrast, administration of

IL-25 to RAG/common-w w E I-déubl®knockout mice (B, T, and ILC2 deficient) did not
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rescue worm clearance[22]. Transfer of ILC2s, followed by IL -25 administration, into
RAG/common-w wE T E b Odeficidrid BieIrestored worm clearance and eosinophilia
in N. brasiliensignfected mice [22]. In sum, ILC2s are not sufficient to promote worm
clearance unless artificially stimulated with exogenous cytokine.

While playing important roles in worm expulsion, ILC2s have also been
identified as mediators of allergic disease. IL-5 produced by ILC2s promoted lung
eosinophilia in protease allergen-induced airway inflammation [73]. ILC2 numbers were
increased in the skin and associateddraining lymph nodes in a mouse model of atopic
dermatitis ; and inflammation in the skin was dependent on ILC2 function [114,115] In a
model of allergen-induced lung inflammation, RAG -deficient animals still developed
significant airway inflammation, marked by eosinophilic infiltrate and  mucus
production. However, RAG/ common-w w E T dEfibi éntumice were protected from lung

inflammation [116].

1.3.4 Mast cells

Mast cells, similar to basophils, highly express % E Qdn their cell surface and
strongly bind allergen -specific IgE [62]. Upon coming into contact with allergen, the IgE
will be cross-linked and lead to rapid degranulation of the mast cells with subsequent
release ofpre-formed granular proteins such as histamine, serine proteasesand

proteoglycans from secretory granules [117].3 1T 1 wEaA UOODP Ol w3feried and U wE OU O w

rapidly released from the granules upon mast cell activation [117-120].3 - %Y wUI Ol EUI Ew
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from mast cells in the periphery can traffic to LNs and induce lymph node enlargement
[119,120]Proteins releasedfrom secretory granules by mast cells are major mediators of
allergic disease and anaphylaxis. These mediators enhance vascular permeabity and
increase the expression of various adhesion molecules, resulting in enhanced
recruitment of other inflammatory cells [121]. Serine proteasegeleased from granules
cause serious tissue remodelingand fibrosis in the lung during settings of allergic
asthma[62,122] Histamines released by mast cells enhance smooth muscle contraction

and subsequent narrowing of the airways [117,123].

1.4 CD4+ T helper cell activation

The existence of multiple CD4+ Th subsets was originally recognized when it
was discovered that two types of CD4+ T cellscould be distinguished based on the
cytokines they produced and their functional ability to h elp B cells[124-126]. These first
descriptions subset the Th cells as Thl and Th2. Since this time, several other TBubsets
have been discovered and the functions of these subsets have been more fully
elucidated. The list of Th subsetsnow includes: Thl, Th2, Th17, Tregs, and Tth cells.
Tregs are antirinflammatory and are important for controlling the magnitude and
duration of the immune response. Tth cells are essential for providing B cell help in
secondary lymphoid organs to generate the humoral immune response. Th1l cells are
essential for activating macrophages and clearance of viruses and intracellular bacteria,

while Th17 cells are important for immunity against fungi and extracellular bacteria.

22



Thl and Thl7cells do not capably mediate protection against intestinal helminths. Th2
cells are the essential Th subset required for the clearance of intestinal worms and are
also the primary adaptive cell type that mediates allergic inflammation in the periphery.
The differentiation of a naive CD4+ T cell into a specialized Th cell begins in the
lymph node when naive CD4+ T cells become activatedEach CD4+ T cell expresses a
unique TCR that binds specifically to a certain peptide bound in the context of a MHC -II
complex on an APC. In the periphery, APCs phagocytose and process foreign antigens.
In the context of type-2 immunity, t hese include antigens derived from parasitic
helminths as well as, in the case of allergy, innocuous antigenssuch as house dust mite
or certain food antigens. The processed antigens are then loaded intoMHC -II molecules
to be presented to naive CD4+ T cells as peptide MHC (pMHC) complexes.
Conventional dendritic cells (cDCs) are the most common APC involved during
initial naive CD4+ T cell activation. cDCs with peptide loaded MHC complexes travel
through the lymphatics to lymph nodes. Within the lymph nodes, naive T cellswill
search for APCs presenting antigen on MHC-II. Each T cell expresses a unique TCR that
recognizes a specific peptidesequence presented in the context of MHC.The frequency
of naive T cells specific for a given antigen is very low with estimates ranging from
1:30,000 tol: 10,000,000127-130]. One study used MHC tetramers for t hree different
antigen epitopes and found that the number of antigen specific T cells varied from 20 to

200 cells per mouse depending on the epitope[127]. Another study using MHC
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tetramers specific for the immunodominant L. majorepitope LACK found approximately
15 cells per lymph node specific for the LACK epitope [128]. Upon interactions of naive
CD4+ T cells with cognate antigen, in the context of pMHC:TCR, the TCR will signal a
multitude of downstream signaling cascades that result in the activation and
proliferation of the T cell. Signals received from the TCR begin to instruct the naive
CD4+ T cell towards differentiation into a specialized T helper subset.

In addition to TCR sig naling, naive CD4+ T cells require an additional co-
stimulatory signal during TCR stimulation to achieve full activation [131,132] In the
absence of a cestimulatory signal, it was found that TCR -stimulated CD4+ T cells would
enter a state of unresponsiveness known as anergy{131-133]. This co-stimulatory signal
is provided by CD28. CD28 is expressed on the T cell and resides in the TCRsignaling
complex [134,135] CD28 binds to CD80 and CD86 present on APCs during pMHC:TCR
interactions [136]. CD28 binding initiates a multitude of downstream signaling
pathways to aid in T cell activation and differentiation. Ligation of CD28 during
pPMHC:TCR interactions enhances proliferation and IL-2 production by CD4+ T cells
[137-139]. Additionally, CD28 signaling enhances the expression of anti-apoptotic factors

such as BCL=xL [140,141]

1.5 CD4+ T helper 2 cells

GATA -3 is the Th2 master regulator and the expression of GATA-3 is essential

for Th2 differentiation and function [142,143]. The main function of Th2 cells is to
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enhance innate cell recruitment to sites of inflammation and to induce mucus secretion
in the intestinal epithelium. In the absence of Th2 cells, such as in RAG knockout mice,
clearance of intestinal helminths is greatly impaired [20-22]. Additionally, conditional
deletion of GATA -3 in activated CD4+ T cells results in major impairments in worm
clearance[143]. Th2 cells are also theprimary adaptive cell type that mediates allergic
inflammation in the periphery and a number of allergic diseases are mediated

predominately by Th2 cells.

1.5.1 Th2 cell differentiation

All of the specialized CD4+ T helper subsets are originally derived from naive
CD4+ T cells. The exact mechanisms that drive the fate decisions of naive T cells into
specific functional T helper subsets are not fully understood. As described above, CD4+
pMHC:TCR stimulation is essential to begin the activation and differe ntiation process of
a naive CD4+ T cell into a specialized Th subsetSignals received from TCRscan vary
greatly and a multitude of studies have demonstrated that differences in TCR signaling
can have major impacts on fate decisions during Th differentiat ion. Additionally, the
presence or absence of specific signals during TCR activation and during the
differentiation process are critical in directing the fate of a naive CD4+ T cell toward a
specialized T helper fate[124,144146]. The factors important for directing naive CD4+ T

cells into a Th2 fate will be described below.
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15.1.1 TCR signaling in Thl vs Th2 differentiation

Signals received from TCRs are heterogeneous and appear to be dictated by a
number of factors. These factors include: TCR affinity to pMHC complexes, pMHC:TCR
dwell time, and antigen dose. Differences in these TCR characteristicesults in varying
degrees of TCR signaling strength. As a result, the outcome of pMHC:TCR signaling can
have a wide-range of outcomes. In support, the fate decision of a naive CD4+ T cell to
differentiate into a Th1 or Th2 cell has been shown to be dependent onthe TCR
characteristics delineated above[129,147151].

Antigen lo ad and dose have been shown to affect TCR signaling and
downstream Th cell differentiation [147-149]. Higher doses of antigen increase the
number of pMHC molecules displayed by APCs, which is thought to enhance TCR
signaling on cognate T cells[129,152] Studies using T cells expressing transgenic TCRs
identified a role for antigen dose in Th differentiation [148,149] TCR transgenicT cells
expressing a TCR specific for moth cytochrome ¢ peptide (pMCC) activated in the
presence of APCs and low doses of pMCC promoted Th2 differen tiation and cytokine
production. In contrast, activation in the presence of APCs and higher doses of pMCC
promoted Th1l differentiation and function [149]. In slight contrast to this study, another
group showed that activation in the presence of both low and high doses of antigen
promoted Th2 differentiation, while intermediate doses of antigen promoted Th1 fate

[148].
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As described previously, the frequency of T cells specific for a given pMHC
complex is very low [127-130]. Importantly, the T cell pool specific for a given pMHC is
polyclonal with each T cell expressing a unique TCR [129,145,153] This suggests that
individual T cells may respond to pMHC:TCR ligation differently, depending on their
TCR sequence, resulting in unique outcomes. Indeed, differences in TCR binding
properties have been observed in polyclonal pools of antigen specific T cells and include
TCR affinity [154,155]and dwell time [145,151,156] TCR affinity has been shown to play
a critical role in effector fate determination [150,155] Alteration of a single amino acid
on the D10 TCR clone reduced TCR affinity by approximately 100-fold and altered
downstream Th differentiation [150]. Wild -type D10 TCR expressing CD4+ T cells
acquired a Thl phenotype upon antigen stimulation, while CD4+ T cells expressing the
altered, lower -affinity D10 TCR acquired a Th2 phenotype [150].

More recent studies using intravital 2-photon microscopy have revealed an
important role for pMHC:TCR dwell time in regulating overall TCR signaling strength
and downstream Th differentiation [156]. In this study, DCs were treated with either a
Th1l or Th2 polarizing adjuvant and interactions with CD4+ T cells were measured in
vivo with 2 -photon microscopy. In brief, the authors found that strength of TCR
signaling closely correlated with length of interaction time. Th1l differentiation was

induced with longer interaction times and high strength of TCR signaling, while Th2
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differentiation occurred with shorter interaction times and lower TCR signaling strength
[156].

In sum, the data suggests a model in which Th1 cell differentiation is
preferentially induced by greater TCR signaling strength, while Th2 cell differentiation
is promoted in settings of lower or weaker TCR signaling (Figure 2). This model is
supported by studies that have shown that low doses of antigen, short dwell times, and

lower TCR affinities all promote Th2, rather than Th1l differentiation.

Antigen dose

Dwell time
TCR affinity

TCR signaling strength

Figure 2: TCR signaling helps to determine Th2 vs Th1l differentiation

Th2 vs Thl fate decisions arein part dictated by signaling via the TCR. Antigen dose,
dwell time of the pMHC:TCR interaction, and overall TCR affinity all contribute to

determine overall TCR signaling strength. Low levels of antigen dose, dwell time, and
TCR affinity promote Th2 differentiation. High levels of antigen dose, dwell time and
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TCR affinity promote Th1l differentiation. Ultimately, lower TCR signaling strength
promotes Th2 fate, while higher TCR signaling strength promotes Th1 fate choice.

15.1.21L -4 signaling and GATA -3 in Th2 differentiation

While TCR signaling is required in the activation and differentiation of naive
CD4+T cells into specialized T helper cells, the presence or absence obther external
signals arealso important to help instruct naive T cells towards a specific T helper
phenotype. Therefore, the setting and environment in which naive T cells are activated
is critically important for shaping the downstream immune response. The presence of
specific cytokines during activation is important for instructing CD4+ T cell
differentia tion. In the context of allergic inflammation, the presence of IL -4 plays a major
role in promoting Th2 fate polarization . In the absence of IL-4, TCR stimulation leads to
only minor expression of GATA -3[157]. Consistently, expression of the IL-4 receptor
(IL-4R) is important for Th2 commitment. IL-4 binding to the IL -4Rleads to the
phosphorylation of the signal transducer and activator of transcription 6 (STAT6) by
Janus kinases Phosphorylated STAT6 (pSTAT6) monomers will then form homodimers
and translocate to the nucleus to serve as a transcriptional activator[158]. In the context
of Th2 differentiation, pSTAT6 w ill enhance GATA -3 expression[159].

Importantly, GATA -3 expression exists in a multi-layered positive feedback loop.
First, GATA -3 drives the expression and downstream production of IL -4 protein, which,
will lead to enhanced GATA -3 expression through continued IL -4R/STAT®6 signaling, as

described above[160]. Additionally, the GATA -3 promoter contains a binding site which
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when bound by GATA -3 leads to enhanced transcriptional activation [160]. Therefore,
Th2 cells are capable of cementing their fate in an autocrine fashion.

Furthermore, GATA -3 promotes Th2 fate while simultaneously inhibiting
differentiation into other T helper subsets. GATA -3 inhibits Th1 differentiation by
negatively regulating the signaling through the IL -12/STAT4pathway [161]. Specifically,
GATA -3 serves as a negative regulator of both 1-:12 and STAT4 expression in Thl cells
[162]. GATA -3 also directly inhibits the production of the important Thl cytokine, IFN - w
[162-164]. In support, deletion of GATA -3 in cultured Th2 cells results in a reversion
from Th2 to Th1l fate [143]. The expression of GATA-3, the production of IL -4, and the
targets of downstream IL -4R signaling actively repressdifferentiation into other T helper
subsets. For these reasons, Th2 fate becomes strongly cemented

While STAT6 and IL-4 are historically believed to be the most important drivers
in Th2 fate choice and polarization, several studies have found that the requirement of
IL-4/STAT6 pathway during Th2 differentiation may not be absolute [24,165167]. These
studies demonstrated that the presence of IL-4 sighaling and active STAT6 expression
was required for in vitro Th2 differentiation [24]. However, IL -4-deficient and STAT6
knockout mice could still develop Th2 cells in the mesenteric and mediastinal lymph
nodes after N. brasiliensignfection [24,165] Importantly, these cells were identified to be
true Th2 cells as they expressed comparable levels of Ik4, IL-13, and GATA -3 mRNA

compared to CD4+ T cells derived from STATG6-sufficient animals [24]. Despite the
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generation of Th2 cells in the lymph node, IL -4 expressing Th2 cell populations were
largely absent in the lung [165] and clearance ofN. brasiliensifrom the intestines was
impaired [165,168] These studies are important as they demonstrate thatTh2 cells are
capable of developing in the absence oflL-4 or STAT6 signaling and that IL-4/STAT6
may be more important in maintaining Th2 fate commitment. It also suggests that other
signaling pathways must play a role in driving GATA -3 expression to induce Th2

commitment .

1.5.1.30ther factors important for Th2 differentiation

Other factors important for regulating Th2 differentiation include STAT5 and
CMAF. STATS5 signaling is induced by IL -2 and IL-2 is an important driver of Th2
differentiation [169,170] Forced expression of STATS in naive T cells induces Ti2
differentiation, even in the absence of IL-4 signaling [169]. cMAF promotes Th
differentiation towards a Th2 fate and cMAF transgenic mice have enhanced Th2
responsesin vivo [171]. However, forced expression of cMAF is not sufficient to drive
Th2 fatein CD4+ T cells cultured under Thl conditions [171]. Of relevance, the Notch
receptor signaling pathway has also been found to be critical during in vitro Th2
differentiation [172,173] Deletion of Notch receptors or the Notch binding parther RBPJ
results in impaired Th2 differentiation in vitro [172,173] The specific role of Notch

during Th2 differentiation and function will be elaborated in section 1.6.1.
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1.5.2 Cytokine regulation and function
15.2.1 Interleukin -4

Th2 cells usethe canonical, STAT6 and GATA -3-dependent, pathway to regulate
IL-4 production. In support, CD4+ T cellsdeficient in STAT6 have abrogated production
of IL-4 and other Th2 cytokines [158], while Th1 cells overexpressing Stat6 will begin to
produce IL-4[159]. Expression of GATA -3 is critical for maintaining Th2 fate and
driving Th2 function , including the pro duction of IL -4. GATA -3 binds to the HSII, CNS-
1, and HSVaregions in the Th2 locus to promote IL-4 production. CNS-1 is located in the
intergenic space between the IL-13 and IL-4 genesand Th2 cells deficient for CNS-1 have
major impairments in their abil ity to produce IL -4 both in vitro and in vivo [174]. Deletion
of the HSII region results in a significant impairment of IL -4, but not IL-13 production in
Th2 cells[175].

HSVa is located downstream of the IL-K wx UO OO U1 UwE U w04 denating wi OE w(
an area known as the CNS2 enhancer region. The CNS2 region comprises HSVa as well
as HSV.This region is constitutively accessible in Th2, but not Th1 cells [176]. However,
Th2 cells deficient for the CNS2 region have only slight impairments in their IL -4
production [175,177,178]These results were confirmed by assessing CSN2 enhancer
activity in various IL -4 producing cell subsets. In brief, Tth cells had high reporter
activity for CNS2, while CNS2 activity was comparatively low in Th2 cells , basophils,

and eosinophils [178,179]
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Deletion of GATA -3in fully differentiated Th2 cells does not eliminate IL-4
production, but does result in a significant reduction in the amount of IL -4 produced per
cell, as assessed by mean fluorescence intensity (MFI}143]. This finding demonstrates
not only how important GATA -3 is for driving Th2 function, but also suggests that o ther
factors beyond GATA -3 must be important for driving optimal Th2 IL-4 production.
Indeed, several other factors are known to be important in initiating and maintain ing
Th2 IL-4 production.

The transcription factor cMAF is necessary to drive Th2 IL-4 production but is
dispensable for the production of other Th2 cytokines, IL -5 and IL-13[180]. The AP-1
transcription factor, BATF, is also essential for Th2 IL-4 expression[23]. Mechanistically,
BATF binds to the RAD50 region and CNS2 enhancer within the IL-4 locus. BATF likely
serves as a pioneer factor for other trangription factors to regulate the locus at these
sites [23]. BATF-deficient mice did not have permissive epigenetic modifications within
the locus. As a result, BATRdeficient mice were incapable of generating IL-4-producing
Th2 cells[23]. STATS also appears to be capable of driving I1L.-4 production [169]. Forced
expression of STATS induces IL-4 production in cultured CD4+ T cells, even when
cultured in Thl conditions [169].

IL-4 is capable of signaling through two unique heterodimeric receptors IL-
KUY+ ( tpe tpL-4R) and IL-K 1 Y ¥h(t +1 Yypeuoh -4R)[181,182] IL-4 binds

directly to the IL-4RY w E | aBdré@ruits either IL-] 1 @ E wdOU WY hwUOwUT T wUDT OEO
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complex [183]. Importantly, IL -13 can also signal through the type Il IL-4R. Differential
expression of the type | and type Il IL-4Rs may help explain some of the differential
roles of IL-4 and IL-13 in type-2 immunity. The type | IL-4Rs are expressed on many
cells of the hematopoietic lineage including CD4+ T cells and B cells[184]. The type Il IL-
4R is not expressed on the surface of hematopoietic cells and is instead expressedn
epithelium [184].

While other cell subsets do produce IL-4 during allergic inflammation, CD4+ Th2
cells are the major producers ofthis cytokine during a type-2 response[16]. As described
above, the main role of IL-4 production during a type-2 immune response is to drive
GATA -3 expression and polarize CD4+ T cells to a Th2 fate Despite the importance of
IL-4 in driving Th2 fate, IL -4 deficient animals are still capable of clearing intestinal
worm infections , presumably via IL -13 production [28,185] Although dispensable for
the clearance of intestinal helminth infections, recombinant IL -4 administered in high
concentrations canaid in the clearance of worms in situations in which chronic worm
infections normally persist [25,186]

IL-4 plays a number of other functional roles during an allergic immune
response.IL-4 produced by Th2 cells can be bound by other IL-4R-expressing cells such
as eosinophils[187], mast cells[188], and basophils [189]. IL-4R signaling in mast cells
and basophils enhances the expression of the highaffinity IgE Fc Q 1[62,190] As

discussed previously, IgE-dependent mast cell and basophil activation plays a critical
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role in mediating the development of allergic asthma. Furthermore, IL -4 signaling

through the IL -4R on epithelial and goblet cells can induce mucus secretion [191].

15.2.2 Interleukin -5

The major role for IL -5 during an allergic response is to enhance innate cell
expansion and recruitment to sites of inflammation. The cdls most affected by IL-5
signaling are eosinophils. IL-5 augments eosinophilic maturation in the bone marrow
and promotes mobilization of eosinophils from the bone marrow to inflamed tissues
[192,193] Signaling via the IL-5R on eosinophils enhances eosinophil adhesionto
plasma-coated glass and bovine serum albumin coated platesin vitro. [194,195]
Specifically, IL-k wi O E Giitdgrithungdiated adhesion to ICAM -1, which is
important for entrance into inflamed sites [195]. Overexpression of IL-5 enhances
eosinophil numbers and IL -5 produced by Th2 cells is capable of inducing eosinophil
degranulation [196]. Conversely, IL-5-deficient animals have reduced eosinophilic
numbers and AHR during allergen -induced models of asthma [197]. IL-5 also promotes
the survival of eosinophils, possibly by inhibiting the expression of the pro -apoptotic

molecule, BH3 interacting-domain death agonist [198].

15.2.3 Interleukin -13

The production of IL -13 by Th2 cells is also dependent on the expression of
GATA -3. Signals sent via the I-4R induces STAT6 which will enhance GATA-3

expression. GATA-3 will then directly upregulate IL -13 expression. Insupport, GATA -3-
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deficient T cells are incapable of producing IL-13[143,199] and over-expression of
GATA -3 in Thl cells enhances their expression of 113 while simultaneously inhibiting
IFN-w wx U O E [260|2@ (D@élation of GATA -3 in established Th2 cells[143] or cells
already producing IL -13[17] results in a significant loss of IL-13 production and greatly
impairs the clearance of N. brasiliensigd17,143]
IL-13 signals through the type I, but not the Type | IL -4R complex[158]. Unlike
IL-4, however, IL-13 cannot bind directly to IL-K 1 Y 8 w( O U®HinHskliceatly to IL -
tut 1 YhuOwbkT PET wWUUEUI oK1 QWOBEUVOBE0OWHOWWOT WwEaO&x Ol R w
downstream signaling events [182]. Additionally, IL -13 can bind directly to IL-rut 1 Y| w
and signal through an IL-hut 1 Y koot (141 wi 1 UL A lwd&@wl R x UT UUI EwE
exclusively on epithelial cells and fibroblasts [184,202]
The production of IL -13 by Th2 cells isessential for mediating peripheral type-2
immune responses. IL-13 produced by Th2 cells at sites of inflammation causes
enhanced mucus production, smooth muscle contractility , chemokine production and
innate cell recruitment [17,28,185] Mucus prod uction and smooth muscle contractility
EUIl wOT 1T wxUPOEUVAWEEUDPOOUWPOwWUT T wspkPl I xwEQEwWUPIT |1 x
eliminate intestinal parasitic helminths. Mice with impaired IL -13 production or
signaling have reduced goblet cell hyperplasia and mucus secretion and as a resulthave

significant delays in the clearance of intestinal worm infections [17,28,168,185]
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While essential for defense against parasitic helminths, IL-13 produced by Th2
cells is also a majorpromoting factor in allergic disease. In vivo blockade of IL-13 during
OVA allergen challenge reduces mucus production by goblet cells and AHR [203,204]
Furthermore, administration of recombinant IL -13 was sufficient to induce goblet cell
mucus production and AHR in naive animals [203,204p w( Ox OUUEQOUOaOw( + K1 Y wkE
and STATG6 deficient animals are protected from IL -13 induced AHR symptoms
[204,205] Reconstitution of STAT6 expression in epithelial cells of STAT6 deficient mice
is sufficient to re-establish IL-13 mediated AHR symptoms and epithelial mucus

production [205].

1.6 Lymph node architecture and germinal centers

As described previously, lymph nodes are one of the main site in which antigen -
specific immune responses begin. Within lymph nodes, T cells interact with APCs to
commence their activation and differentiation process into ef fector T cell subsets.
Additionally, T cell -dependent antibody -producing B cells are educated and generated
within lymph nodes. Structurally, lymph nodes are divided into two main zones: the
paracortex and the B cell follicle. The paracortex lies within th e center of the lymph node
and is predominately comprised of T cells. The B cell follicle lies closer to the exterior of
the lymph node and is comprised of B cells and other cells specialized in aiding the
maturation of the B cells. Within the B cell folli cle, specialized structures known as

germinal centers (GCs) will form.
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GCsare the sites where B cells undergo maturation and selection processes that
culminate in the generation of high -affinity antibody expressing cells [206]. The GC is a
highly organized site that provides the optimal settings for B cell selection and
maturation. Within the germinal center B cells undergo two importan t processes:
somatic hypermutation (SHM) and isotype-class switching. Prior to undergoing these
processes B cells express lovaffinity Ig B cell receptors (BCR), IgM and IgD. Once their
selection and maturation process has completed, high-affinity antibody -producing cells
will migrate out of the lymph nodes as plasma cells or memory B cells [207]. The
antibodies produced by plasma cells play a number of critical roles in the protection
against foreign pathogens. In the context of type-2 immunity these antibodies are critical
mediators of allergic inflammation and may play protective roles against secondary
infections of intestinal helminths [63,64] Memory B cells play important rol es in
enhancing secondary responses.

The GC reaction begins when B cells become stimulated by antigen in the B cell
follicle. Following antigen stimulation, B cells migrate from the B cell follicle towards the
T-B border to a region known as the perifollic ular border [208,209] Interactions between
antigen specific B cells and T cells at the perifollicular border can be visualized as early
as two days into the primary response [208]. Interacting with T cells at the perifollicular
border is essential for B cell survival after antigenic activation [210]. Movement and

localization of B cells between the B cell follicle and perifollicular border is mediated by
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the chemokine receptors CXCR5 and CCR7211]. CCR7 ligands, CCL19 and CCL21, are
produced predominately by stromal cells within the T cell zone. In contrast, the CXCR5
ligand CXCL13 is produced primarily by stromal cells, such as follicular dendritic cells
(FDCs), in the B cellfollicle to promote entry into the follicle [212-214]. Therefore,
expression patterns of CXCR5 and CCRY7 are largely responsible for determining cellular
localization within the lymph node .

Once B cells come into contact withcognate T cells at theperifollicular border,
they will begin to undergo rapid proliferation and expansion at the perimeter of the
follicle [215]. The B cells will then either differentiate into early plasmablasts at
extrafollicular sites and exit the lymph node or will remain in the follicle and serv e as
founder cells to begin a GC reaction [216,217] Extrafollicular plasmablastscan undergo
Ig classswitching , but not SHM, and then differentiate into plasma cells [218,219] As a
result, they provide a rapid, yet low -affinity antibody response to the current infection
[218]. The decision to become a early plasmablast or to seeda GC reaction may be
dictated by the length of contacts B cells have with T cells at the perifollicular border
[220] as well as initial B cell receptor affinity [221,222].

GCs are seeded by a very small number of initial B cell clones[217,223]
Competition for T cell help at the perifollicular border may be an important selection
factor in determining which B cell clones will seed GC reactions B cells expressing

higher affinity BCRs outcompete lower affinity B cells for T cell help at the perifollicular
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border and are more likely to attain a GC fate [221]. Antigen presentation by B cells to
cognate T cells at the perifollicular border may also be a determining factor in
competition for T cell help. B cells with higher affinity BCRs acquire more antigen and
express higher concentrations of pMHC [221]. B cells with higher pMHC concentrations
on their cell surface outcompete B cells with lower concentrations of pMHC for T cell
help [221]. In support, B cells with reduced capacity to present antigen were less likely to
seed GCs compared to mice with normal MHC presentation [224]. Overall, competition
for T cell help is important for selecting B cell clones to seed GCs, with prolonged
interactions with T cells promotin g seeding of GCs.

Within the GC, GC B cells undergo SHM and antibody class-switching. These
processes, as well as competition for important survival signals results in the selection of
a heterogeneous pool of high-affinity antibody expressing B cells [221,222] Selection and
antibody maturation processes occur in two anatomically distinct zones withint he
germinal center, termed the light and dark zones [206,225] The light zone is the primary
region in which B cells compete for available antigen and other signals for survival.
Competition for these signals is the driving factor for selection in the GC. Two
specialized cell types reside in the light zone of the germinal center, whose primary
function is to guide GC B cells through their maturation and selection processes:

follicular dendritic cells (FDCs) and Tth cells.
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FDCs are a stromal cell type that expresses high levels of the complement
receptors CD21 and CD35[226]. These receptors bindnon-specifically to antigen -bound
immune complexes allowing the FDCs to serve as antigen depots for B cells within the
germinal center [227,228] Competition for this antigen provided by FDCs is one of the
primary means of selection within the germinal center. B cells expressing higher affinity
BCRs will outcompete B cells with lower affinity BCRs for this antigen with B cells
expressing higher-affinity BCRs dominating the B cell pool later in the immune response
[206,225,229,230]The cells that receive these antigenic signals will upregulate the
expression of pro-survival an d anti-apoptotic molecules. The following pro -survival
factors have been shown to be important for regulating GC B cell survival: B cell
lymphoma -2 [231,232] BCL-xL [233], and myeloid leukemia cell differentiation protein -1
[234]. Conversely, B cells that do not receive antigenic signals will have enhanced
signaling through the death receptor FAS [235,236]and will upregulated expression of
pro-apoptotic factors BIM, BAD, BIK, and BAX [237,238]and be cleared from the GC B
cell pool.

Tth cells are the other cell type that resides in the light zones d germinal centers
and are critical for aiding GC B cells in their maturation and selection processes.
Interactions with Tth cells are required for the formation and maintenance of germinal
centers. Expression of CD40L on Tth cells is essential to drive geminal center formation

[55,56] Co-ligation of CD40L on Tfh cells with CD40 on B cells prevents the apoptosis of
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GC B cells. Mice deficient in CD40 or CD4AL do not form GCs and as a result do not
have reduced plasma cell differentiation [55,56] Furthermore, treatment of mice with an
antibody against CD40L will dissolve GCs [229]. Humans with mutations resulting in
impaired CD40/CD40L signaling develop a severe immunodeficiency known as hyper -
IgM syndrome as a result of an inability to generate classswitched antibodies [57].

Expression of signaling lymphocytic activation molecule -associated protein
(SAP) on Tfh cells is essential for enhancing long term contacts between Tfh cells and B
cells [220]. SAP binds to sgnaling lymphocytic activation molecule (SLAM) which sends
signals that regulate cell adhesion and cytokine secretion[220,239241]. Lengthier T:B
cell interactions occur in the presence of SAP/SLAM signaling and are essential for the
generation of an effective humoral immune response [220,242] Cytokine secretion by
Tfh cells is essential for GC B cell affinity maturation and class switching and has been
shown to be dependent on positive SAP/SLAM signals [240].

GC B cells expressing higher affinity BCRs are more likely to outcompete B cells
expressing lower affinity BCRs for the limitedly available selecting signals within the GC
[217]. GC B cells with higher affinity BCRs receive more antigenic signals from FDCs,
leading to enhanced activation [243]. Additionally, GC B cells with higher affinity BCRs
are more likely to present antigen to Tfh cells and subsequently receive pro-survival and
maturation signals from CD40/CD40L ligation and Tfth -derived IL4 and IL -21 cytokines

[221]. IL-4 and IL-21 produced by Tfh cells plays important roles in regulating GC B cell
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survival, class-switching, and affinity maturation [54,59,60] The precise roles of Tfh
derived IL -4 and IL-21 will be discussed in secfon 1.5.5

B cellsthat successfully receive important survival and selection signals then
travel to the dark zone. Within the dark zone, GC B cells undergo SHM and class
switching of their antigen receptors as well as several rounds of replication.
Interestingly, it has been demonstrated that GC B cells will cycle between the light and
dark zone multiple times [244-246]. This suggests that GC B cells undergo several
rounds of antigenic selection in the light zone as well as somatic hypermutation and
replication within the dark zone. Multiple selection events allow B cells to fine tune the
specificity of their antigen receptors prior to exiting the germinal center sand secondary
lymph oid organs aslong-lived antibody producing plasma cells or long -term memory B
cells. After egress from the lymphoid organs, p lasma cells will predominately reside
within the bone marrow [218,229] while memory B cells will circulate throughout th e

lymph scanning for cognate antigen[218,247]

1.7 CD4+ T follicular helper cells

Tth cells were first described in human tonsillar tissue and were characterized as
CD4+ cells with heightened expression of CXCR5 and down regulated expression of
CCR7[214,248] This chemokine receptor expression profile encourages localization of
these cells to the B cell follicle. Expression of cestimulatory molecules such as CD40L,

and production of IL -4 and IL-21 cytokines are essential to establish GCs and aid GC B
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cells in their maturation into high -affinity antibody -producing cells [54-56,59,249] As a
result, these cells play crucial roles inlong-term protective immunity and are critical in
shaping the immune response generated by human vaccines. High-affinity antibodies
are also major mediators of some allergic afflictions, such as atopic dermatitis, food

allergy, and asthma.

1.7.1 Tfth master regulator BCL6

31 7T wETI OOUwPkI Ul Oz 0wi UOOawExxUI EPEUI EWEUWE wUC
master regulator, BCL6, was identified [250]. BCL6 is a transcription factor that exerts its
effects as a transcriptional repressor. Forced expression of BCL6 in CD4+ T cells
promotes Tfh differentiation, while BCL6 deficiency results in an inability to form these
cells [250]. BCL6 plays acritical role in Tfh differentiation by in hibiting the expression of
BLIMP-1, which is important for naive T cell differentiation into peripheral effector
subsets including Thl and Th2. Inhibition of BLIMP -1 is important as it serves as an
antagonist of BCL6 expression[250-252]. Consistently, high levels of BLIMP -1
expression inhibit the differentiation of naive T cells in to Tth cells, while high levels of
BCL6 inhibit differentiation into Th1, Th2, and Th17 subsets.

BCL6 binds to and represses a large mmber of other genes directly involved in
regulating the differentiation of other effector T helper subsets [251,253,254]0ver-
expression of BCL6 in Thl cells represses expression of the Th1l master regulator, -bet

[251,254] BCL6 does not directly inhibit the expression of the Th17 master regulator,
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1. 1w3O0OwWEUUwWDhUWEOI Uwg253,2B4 Bowevdr, BCLB slaad bih@tg ahed O O w
P Ol P E b [hnother RIR family member important for TH17 differentiation [253].
Finally, BCL6 also inhibits differentiation into TH2 cells by inhibiting GATA -3[253,255]
Although, whether BCL6 directly regulates GATA -3 expression at the transcriptional
level is uncertain as there are conflicting results in the current available literature [253-
255].

BCL6 has also been implicatal in regulating the expression of genes important
for determining cellular localization. CD4+ effector T cells exit the lymph node in a
sphigoshine-1-phosphate receptor 1 (S1PJ dependent fashion [256]. BCL6 serves as a
transcriptional repressor of S1P1, therebypromoting Tfh retention in the lymph node
and B cell follicle [253]. KLF2 acts as a positive regulator of S1P1 and CCR7 and a
repressor of CXCR5 expression[257]. Therefore, loss of KLF2 expression in CD4+ T cells
is essentialfor Tfh differentiation and follicular localization [257-259]. GC Tfh cells
demonstrate high levels of BCL6 binding at the KLF2 promoter [253]. Furthermore,
BCL6 candirectly bind and inhibit the expression of the T cell zone homing chemokine

receptor CCR7[253,260]

1.7.2 Tth differentiation
1.7.2.1 TCR signaling in Tfth vs peripheral Th differentiation

The exact mechanisms driving Tfh differentiation are not yet fully understood.

Multiple uniqgue models of Tth differentiation have been proposed. A common feature
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of all Tfh differentiation models is that Tfh differentiation begins in the paracortex when
antigen-presenting dendritic cells stimulate the TCR on naive CD4+ T cell§261,262] In
support, differentiation of Tfh cells under physiologic conditions requires antigen
presentation by cDCs [261]. Similar to Th1 vs Th2 differentiation described above, the
fate decision to differentiate into a Tfth cell or a peripheral effector cell may also be
dictated by overall TCR signaling strength. As described in the Th2 differentiation
section, the quality of TCR signaling is dictated by a number of factors including: TCR
affinity to pMHC complexes, pMHC:TCR dwell time, and antigen load or dose.

Recent studies support a role for TCR in determining fate choice between Tth
and Thl cells[129,145,155,263]A polyclonal pool of T cells specific for a given pMHC
consistently generated a similar Th differentiation profile in response to L. monocytogenes
infection. This profile was marked by 50% Th1 and 50% Tfth cells[145]. However,
individual clones within the polyclonal pool generated unique profiles of Th
differentiation. Some clones differentiating entirely into Tfh cells, others en tirely into
Th1 cells, and others with a varying mix of both subsets [145]. This finding supports a
model in which clonotypic differences, resulting in unique TCR binding properties and
signaling strengths, are likely important for regulating Th differentiation.

Similar to Thl vs Th2 cell differentiation, antigen do se has been shown to play an
important role in Thl vs Tfh differentiation. In an in vivo model of L. monocytogenes

infection, it was found that low and high doses of antigen drove Tfh differentiation,
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while intermediate antigen doses were more likely to drive Thl effector fate decision
[145]. In addition to antigen dose, TCR affinity has been shown to play a role in Thl vs
Tfh differentiation. Adoptive transfer of two unique populations of TCR transgenic T
cell populations specific for the same pMHC, but with vari ed affinity, revealed unique
differentiation profiles based on TCR affinity after immunization [155]. CD4+ T cells
expressing higher affinity TCRs preferentially differentiated into Tth cells, while T cells
with lo wer affinity TCRs were more likely to adopt a peripheral effector phenotype
[155]. Dwell time on pMHC complexes also plays an important role in Tth vs Thl
differentiation. Similar to antigen doses, short and long p eriods of dwell time promoted
Tfh differentiation while intermediate dwell times enhanced Th1 differentiation
[151,155]

Taken together, previous work suggests a model in which both low and high
levels of TCR signaling preferentially drive s Tfh fate, while intermediate TCR signaling
promotes Th1l fate (Figure 3). In support of a model in which high TCR signaling
strength is important, Tth differentiation is impaired in T cells with reduced TCR
signaling capacity [263]. Deletion of 6 of the 10 ITAMs found within the TCR signaling
complex results in a significant loss of Tfh differentiation after TCR stimulation

compared to mice with intact ITAMs on the TCR signaling complex [263].
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Antigen dose

Dwell time
TCR affinity

TCR signaling strength

Figure 3: TCR signaling in Tth vs Th1 differentiation

TCR signaling plays an important role in determining Tfh vs Th1l differentiation.

Antigen dose, dwell time, and TCR affinity com bine to determine overall TCR signaling
strength. Tth cell differentiation is promoted by both low and high overall TCR

signaling strength. Conversely, Th1l differentiation is promoted by intermediate levels of
TCR signaling strength.

While a large amount of work supports the TCR signaling model described
above, it is important to note that some work has challenged this model. One study
demonstrated that naive transgenic CD4+ T cells were capable of differentiating into Tth
cells in response to low, intermediate, and high affinity ligands [264]. However, Thl
differentiation in this system only occurred in response to high affinity ligands [264]. In

support of this finding, an other group identified that the expression levels of IRF4

correlate with TCR signaling strength and that the extent of IRF4 signaling is the driving
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factor in determining Tfh or peripheral T effector fate choice [265]. This study found that
high levels of TCR signaling strength, which drove high levels of IRF4, preferentially
promoted Th1 differentiation. In contrast, Tfh differentiation occurred at lower levels of
TCR signaling strength and IRF4 expression[265]. Therefore, these two studies instead
suggest a model in which high TCR signaling strength promotes Th1 differentiation
rather than Tfh differentiation.

While there has been a wealth of studies investigating the role of TCR signaling
in Thl vs Tfh differentiation, there currently have not been any studies to directly
investigate how TCR signaling may regulate Tth vs Th2 differentiation. Therefore,
whether TCR signaling strength plays a decisive role in determining IL -4 producing Th2
vs Tth fate choice is currently unknown. Future studies investigating this dynamic will
be important to better determine how TCR signaling helps to shape the type-2 immune

response.

1.7.2.2 B cell help during Tth differentiation

Differenti ation of a naive CD4+ T cell intoa Tfh cell fate is a multi -step process
that extends beyond TCR signaling [262]. TCR-mediated activation in vivo enhances
expression of BCL6 and CXCRS5, thereby promoting migration of differentiating cells to
the perifollicular border [266,267] Interactions of these CD4+ T cells with B cells at the

perifollicular border is an essential second step dring the Tfh differentiation process
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[59,262,267,268]The nature of these interactionsmay be a defining feature in
determining Tfh fate choice over peripheral effector fate decisions.

Inducible T cell co-stimul ator (ICOS) is a member of the CD28 family [269] and
plays an important role in regulating the Tfh population [267,270272]. ICOSL is
expressed on B cells and is important in driving CXCR5 expression in Tfh cells by
binding ICOS [273]. Enhanced expression of CXCR5 promotes entry of the CD4+ T cell
into the B-cell follicle, thereby promoting Tth fate. In support, b locking ICOS/ICOSL
interactions causes major impairments in Tfh differentiation and GC formation
[267,270,272] Similarly, ICOS deficient mice have an abrogated Tfh population and
reduced high -affinity antibody production. ICOS signaling early during Tth
differentiation promotes Tfh fate by inducing BCL6 expression [267]. In contrast, another
study found that ICOS is not important during early Tth  differentiation but is essential
in maintaining Tfh maintenance by regulating expression of KLF2 [257].

Cognate B cells also serve as APCs at the perifollicular borde{274,275]
Although not sufficient to fully induce Tfh differentiation during protein or peptide
immunization, antigen presentation by B cells at the perifollicular border can induce a
Tfh program in CD4+ T cells during chronic LCMV infection [274]. However, when
antigen presentation is restricted solely to B cells Tth differentiation is impaired, as
measured by reduced GC B cell responsesAnother study demonstrated that B cells

were essential sources of antigen presentation in settings in which antigen was limited
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[275]. The requirement for B cells as APCs in limited-antigen conditions was not because
they provided unique pMHC:TCR signals but because they quickly became the
dominant source of antigen during the immune response and Tth cells required
continued antigen stimulation . B cells were not required to induce Tfh differentiation in

settings of high antigen load [275].

1.7.2.3 Other factors contributing to Tfh differentiation

While BCLE6 is considered the Tfth master regulator, a number of other
transcription factors hav e beendeemed essential for Tfth fate and differentiation . These
factors includ e: BATF, cMAF, IRF4, and ASCL2 (Figure 4). BATF is enhancedin CD4+ T
cells upon TCR stimulation in a dose -dependent fashion [276]. Furthermore, IL-6-driven
signals received from the IL-6R expressed on the surface of Tth cells will drive the
expression of STAT3 which has been found to be critical for IL-21-induced Tfh
differentiation [273,249] Downstream of the IL-6R, STAT3 will enhance the expression
of BATF [277]. BATF can bind to BCL6 gene locus and induce transcription to promote
Tfh fate [278]. Mice with globa | deletions of BATF are unable to form functional Tfh
populations after immunization or parasitic infection [23,277]

Similar to BATF, IRF4 expression is enhanced upon TCRmediated T cell
activation[276]. Additionally, IRF4 expression is further enhanced by BATF [277]. IRF4-
deficient mice immunized with keyhole limpet hemocyanin (KLH) were incapable of

forming Tfh cells [279]. The mechanisms behind how BATF and IRF4regulate Tth
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differentiation remain unclear. However, studies suggest that BATF binds cooperatively
with IRF4 to exert transcriptional regulation at various sites within Tfh cells [277].
Specifically, BATF and IRF4 have been shown to enhance Tfh function by regulating the
expression of IL-4 [277].

The transcription factor cMAF is also important for Tfh differentiation. [280,281]
CMAF expression is induced early during the Tfh differentiation process by ICOS
signaling [281]. T cell-specific deletion of cMAF results in an inability of CD4+ T cells to
differentiate into Tfh cells in response to KLH, commensal bacteria or OVA-NP
[280,281] cMAF expressionis induced by BATF in Tfh cells [278]. In support, BATF
deficient mice do not express cMAF [278]. As described above, BATF deficient mice do
not form Tfh cells. However, Tfh cell generation could be restored in BATF deficient T
cells by forced co-expression of cMAF and BCL6 using retroviruses [278]. Interestingly,
forced expression of cMAF or BCL6 alone was not sufficient to restore full Tth
development. This finding suggested that cMAF and BCL6 work cooper atively to
promote Tfh fate. In support of this, cMAF and BCL6 appear to cooperate to induce
expression of PD-1 and ICOS on Tfh cells[260]. Additionally, cMAF may play a role in

driving the expression of CXCR5 to promote Tth localization [260,278]
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Figure 4: Schematic of the Tfh transcriptional network

The Tfh transcriptional master regulator, BCL6, is induced via IL -6R signaling.
Downstream of the IL-6R, STAT3 induces the expression of BATF. BATF capably
induces the expression of BCL6 to promote Tth differentiation. Additionally, BATF
promotes the expression of cMAF and IRF4, two factors also deemed essential for Tth
differentiation. BCL6 expression is also induced downstream of TCR signaling.
Additionally, TCR signaling also enhances the expression of BATF and IRF4.
Downstream of the IL -2R, STATS5 signaling induces BLIMP-1 expression. BLIMP-1
directly inhibits BCL6 expression. Importantly, BCL6 al so directly inhibits BLIMP -1
expression. The expression levels of BCL6 vs BLIMPL1 are important to determine
peripheral Th vs Tth differentiation. Functionally, cMAF, Notch, BATF, and IRF4 can
bind at the CNS2 locus to induce Tth IL-4 production.

Another factor deemed essential for Tth differentiation is achaetescute

homologue 2 (ASCL2). Mice with a global deletion of ASCL2 were unable to generate
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Tfh cells; this defect was a result ofan inability of CD4+ T cells to upregulate their
expression of CXCR5 and downregulate CCR7 upon activation [282]. ASCL2 was found
to bind directly to both CXCR5 and CCR7, function ing as a transcriptional activator of
CXCRS5 and repressor of CCR7 expressionThe signals that enhance ASCL2 expression
in Tfth cells to promote follicular localization have not been fully elucidated . Use of Wnt
signaling agonists promotes ASCL2 and CXCRS5, but not BCL6 expression in T celldn
vitro [282]. Of relevance, Notch signaling has been shown to cooperate with Wnt to exert
downstream transcriptional activation in several systems [283-285].

LEF1 and TCF1 are also important factors for regulating Tfh differentiation
[286,287] single deletion of either LEF1 or TCF1 leads to modest impairments in Tfh
formation , while dual deletion of these two factors has a more significant effect [287].
Furthermore, enhanced expression ofeither TCF1 or LEF1 promotes Tth differentiation
over other CD4+ effector subsets[286,287] TCF1 was capable of repressing the
expression of BLIMP-1 while inducing the expression of BCL6, and also functioned by
inhibiting IL -2R expression, signaling through which strongly impedes Tth
differentiation [288]. Additionally, LEF1 and TCF1work cooperatively to upregulate the
expression of factorsupstream of the IL6R, which promotes Tth differentiation [287].

STATS signaling negatively regulates Tth differentiation (Figure 4). Constitutive
expression of STATS in CD4+ T cells selectively blocks Tth differertiation [289].

Conversely, STATS deficient CD4+ T cells upregulated expression of BCL6 andhad
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enhanced Tfh differentiation in vivo [289,290] STATS5 signaling is induced by IL-2 and

deletion ofthe IL-l 1 YWUUEUODP U wI O1 E OE 1[289 Edrtherm&r®,i 1 1 Ul OUPEUD
treatment of mice with anti -IL-2 neutralizing antibodies prior to LCMV infection

enhanced Tfh generation [289]. STAT5 enhances expression of the BCL6 antagonist
BLIMP-1[289,290]and represses expression of cMAF, BCL6, and CXCR%$290].

Therefore, the IL-2/STATS signaling axis likely functions through BLIMP -1 to serve as a

general inhibitor of Tth diff erentiation.

1.7.3 Cytokine production and function
1.7.3.1 Interleukin -4

Tfh cells produce IL-4 in a hon-canonical, STAT6 and GATA -3-independent,
fashion [54,291] Expression of the CNS2enhancerregion in the IL-4 locus is essential for
Tfh IL-4 production. BATF, cMAF, and Notch/RBPJall have putative binding sites
within the CNS2 region (Figure 4). Deletion of BATF or cMAF results in a near complete
loss of IL-4 production by Tfh cells [23,280]

IL-4 was originally described as an important B cell survival factor [292].
Signaling of IL -4 through STAT6 expressed on B cells rsults in upregulation of the anti -
apoptotic factor B cell ymphoma-extra-large (Bcl-xL) and enhancesB cellsresistanceto
ligation of the death receptor Fas[293]. Therefore, germinal center B cells that receive L-
4 signaling are less likely to enter apoptosis. IL-4 signaling by Tfh cells is also essential

for the affinity maturation and class -switching of GC B cells to the higher affinity type-2
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antibody isotypes, IgE and IgG1 [54,294] GC B cells bound to Tth cells producing IL-4
upregulate their expression of activation -induced deoxycytidine deaminase (AID) [54], a
molecule essential for antibody affinity maturation and class-switching [295-297].
Consistent with this finding, IL-4, IL-4R, and STAT6 deficient animals all have
abrogated class switching to IgE and 1gG1 [158,168,17,54]The small amounts of IgE and
IgG1 produced by B cellsin IL -4-deficient animals are of a lower affinity than in mice

that have sufficient IL -4 production [54].

1.7.3.2 Interleukin -21

IL-21 signals through the heterodimeric IL-21R The IL-21R is comprised of the
IL-21R chain and the commonw w E 1 [298). @ 121R is expressed on numerous cell types,
including B cells and Tth cells. Downstream of the IL -21R, IL-21 signals through STAT3
[299]. In support, STAT3 deficient cells are less responsive to IL-21 signals and have
reduced expression of downstream IL-21 signaling targets [299,300]

IL-21 produced by Tfh cells is critical for optimal GC formation [60,249,301] IL-
21 deficient animals have significant reductions in GC B cell populations in response to
sheep red blood cell immunization (SRBC)[249]. Additionally, IL -21 isimportant in the
differentiation of GC B cells to antibody producing plasma cells and memory B cells. IL -
21R knockout and IL-21 deficient mice have significant reductions in plasma cell and
memory B cell formation [60]. The reduction observed in plasma and memory B cell

populations could be in part due to reduced proliferation. B cell proliferation is
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significantly impaired in IL -21 deficient mice after immunization [60]. IL-21 is also
important for affinity maturation as memory B cells derived from IL -21R or IL-21
deficient mice expressed lower affinity BCRs [60].

As discussed previously, Tth differentiation and GC B cell generation are highly
reliant on one another. Therefore, the effect on the GC B cell population during IL -21 or
IL-21R deficiency could be a T-cell intrinsic effect. Tth cells express high levels of the IL-
21R and IL-21Rdeficient mice had a significantly impaired Tfh population in response
to SRBC immunization [249]. Although, in contrast, another study found no defect in
Tfh formation after KLH -NP immunization of IL-21R deficient mice and accurately
visualized CD3+ T cells within GCs using histology [60]. Therefore, the exact roles of IL-

21 during Tth differentiation is currently unclear.

1.8 Cytokine-reporter mice

Historically, it has be en very difficult to detect type -2 cytokines in vivo and many
previous studies relied on in vitro cultures or ex vivorestimulation of cells to assess
cytokine production. Unfortunately, in vitro studies and restimulations are generally
better at showing what cytokines a given cell type is capable of secreting rather than
what may truly be produc ed in vivo. The generation of mouse lines that faithfully report
type-2 cytokine mRNA expression and production have greatly aided the study of Tth
and Th2 cells (Figure 5). The ability to more easily detect this cytokine expression has

greatly enhanced the ability to study the true in vivo function of these cells In these
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studies, we have made use of two IL-4 reporter lines: the 1L44ctmRNA and [L4 kN2
protein re porters [165,302]

The IL4%¢t mouse has an IRESenhanced green fluorescent protein (GFP) gene
knocked-in downstream of the stop codon in the intact IL -4 locus. Once transcription of
the il4 locus has begun, a bigstronic mMRNA transcript is generated that allows for both
GFP and IL-4 expression. Therefore, I.-4 expressing cells, often termed IL-4-competent,
can be easily identified by expression of GFP. The IL4N2 mouse has a human CD2
(huCD2) cassette gene knockedin in place of the endogenous IL-4 gene. In IL4&N2 mice,

recent IL-4 protein producing cells are easily identified by huCD2 expressed on the cell

surface.
12 5] 4
ILate — — — JH I IRES IL-4 mRNA reporter
3 4
L4~z — — — JhuCDZ] I B- — — - IL-4 protein reporter

Figure 5: IL44ctand IL4KN2 reporter mouse constructs

Black boxes denoe exons and numbers above the boxes indicate which exon. The L4t
is marked by the addition of an IRES-eGFP which was inserted downstream of exon 4
EQEwUxUUUI EOwOI wt ziddosus. THO iL4st RRDIA isikicisBoBicu U T 1 w
allowing for endogenou s IL-4 production as well as GFP to be produced from the IRES.
The IL4%¢tmouse faithfully reports IL -4 mRNA [165]. The IL4N2 mouse has a human
CD2 (huCD2) gene inserted in place of exons 1 and 2 in thel4 locus. Insertion of the
huCD2 disrupts IL -4 production and instead huCD2 is produced and place on the cell
surface to report IL-4 protein production [302]. Importantly, all IL -4 regulatory elements
within the locus are left intact.
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1.9 Notch receptor signaling pathway

The Notch receptor signaling pathway was first discovered in Drosophila
melanogasterand consists of four unique receptors, Notch 1-4. Each of these receptors
have three common domains: an extracellular ligand binding domain (NECD),
transmembrane domain, and an intracellular domain (NICD). There exis t five known
canonical ligands that bind to each Notch receptor, which stem from two different
families. The delta-like family contains three unique ligands (DLL1, DLL3, and DLL4),
while the Jagged family has two unique ligands (Jagged 1 and Jagged 2)The receptors
and ligands are highly conserved throughout mammalian species. Roles for Notch
signaling have been described in a multitude of systems, including neuronal and
embryonic development, epithelial differentiation, and the immune system. Within the
immune system, Notch signaling has been found to play critical roles in lymphoid
progenitor fate choice [303,304] thymic T cell development [305-309], CD4+ and CD8+
effector T cell differentiation and activation [172,310316], and B cell development

[317,318]

1.9.1 Canonical Notch signaling

Canonical Notch signaling is initiated upon ligand binding to the extracellular
domain of the Notch receptor (Figure 6). Importantly, initiation of Notch signaling
events that occur on the receptor-bearing cell requires the function of an E3-ubiquitin

ligase, Mind bomb 1 (MIB1), on the ligand-bearing cell [319]. MIB1 functions by
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ubiquitinating and initiating endocytosis of the ligand. Without the expression of MIB1,
this process of endocytosis does nobccur and downstream signaling on the receptor -
bearing cell does not initiate [319].

Once ligand binding has successfully initiated Notch receptor signaling, two
proteolytic cleavage steps will begin. The first proteolytic cleavage step is performed by
TACE (TNF-Yw # , wiodrote&s®converting enzyme) and releases the NECD,
which remains bound to the ligand and is endocytosed and recycled by the signal -
sending, or ligand -bearing cell [320,321] The second proteolytic cleavage step §
performed by the gamma-secretase complex and releases the NICD from the
intracellular membrane. Once released from the membrane NICD is free to translocate to
the nucleus where it will interact with various co -activators to initiate downstream
transcriptional regulation [320]. Canonical Notch signaling require s NICD interacting
with the DNA -binding protein CSL/RBPJ. Prior to Notch binding RPB -J functions as a
transcriptional repressor. However, once NICD binds to RBPJ the NICD co-activator,
mastermind -like protein (MAML), will be recruited to the complex. This
NICD/RBPJ/MAML signaling complex will then initiate transcriptional activation of

various targets.
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gamma secretase
complex

Figure 6: Canonical Notch signaling

Notch ligand is expressed at the surface ofthe ligand bearing cell. Upon ligation with

the NECD of the Notch receptor with a Notch ligand, two proteolytic cleavage steps will
be initiated. The first cleavage step results in release of the NECD from cell surface by
the ADAM -protease. The NECD remains bound by the ligand and is then internalized
by the ligand-bearing cell in a MIB1-dependent fashion. Following release of the NECD
and internalization of the NECD -ligand by the ligand -bearing cell, the gamma-secrdase
complex will release the NICD from the membrane. NICD can then translocate to the
nucleus where it will interact with the DNA binding transcription factor RBPJ. The

NICD co-activator, MAML, will be recruited to the signaling complex.
NICD/RBPJ/MAML will then initiate transcriptional regulation at various sites.
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1.9.2 Non-canonical Notch signaling

Non -canonical Notch signaling functions in a ligand and RBPJMAML -
independent fashion. This non-canonical Notch signaling was first discovered during in
vitro experiments demonstrating that Notch signaling could inhibit muscle cell
differentiati on in a fashion that did not require NICD/ RBPJor Notch ligand [322], and
this finding was later confirmed in vivo using loss of function Notch studies in Drosophila
[323]. While canonical Notch signaling has been shown to work synergistically with
Whnt, the main mechanistic function of non -canonical Notch signaling appears to be to
EOUET OO b &dtenib Siybading [324,325p w6 Qodtendn signaling serves several
roles in multiple processes, including cellular differentiation, expansion, and
development.

Importantly, roles for non -canonical Notch signaling have begun to be elucidated
in CD4+ T cells. Sudies have found that Notch signaling is important for regulating
CD4+ T cell activation and proliferation , even in the absence oRBPJ326-328]. The
ability of Notch to regulate these processes, in the absence oRBPJ was NF-kb
dependent. NF-kb expression is induced upon TCR stimulation and is important for
regulating CD4+ T cell proliferation and function [329,330] Previous studies have
identified that Notchl ICD can bind directly to, interact wit h, and sustain NF-f !activity

[327,331]
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1.9.3 Notch signaling in T cell development

Notch signaling plays an essential role in T cell development. Early Notch signals
are essential in the bone marrow to direct multi-potent bone marrow progenitor cells to
a T cell fate. Constitutive expression of active Notch 1 in the bone marrow restricts
progenitor cells to a T cell lineage fate and blocks B cell maturation [303]. In support, re-
constitution of irradiated bone marrow with wild -type and Notch1-deficient bone
marrow results in a complete block of early T cell development and even leads to the
development of a significant B cell population within the thymus [304].

Notch receptors are highly expressed by thymocytes and Notch signaling plays
critical roles during thymocyte development [304,305] After commitment to the T cell
lineage, early thymocytes that do not express CD4 or CD8 (double negative; DN) begin
rearrangementoftheill w3 " 1 wi 1 Ol Udw Owli PUwx OPOUOW3 wETl 00U w
Wy w3 WET OOwODPOl ET1 6w" OOEDPUD O GD thynboPptesteBuldd wOi wUT 1
DOWEWEOOxOI Ul wEOCOEOWOI wY ¢ (BasB07P Defetivh ofibbotchid wET OO wWE
EPDEwWOOUWOlI EEwUOWE Owb OE U ITHIbuggeRtSthatowhieNadhl OOwWET Y1 O
signals are essential for progression past the DN stage, it may not play an active role in

E1 Ul UOPOPOT wYdwYUwwy w3 wEl OOWEIT YI O0Ox O OU

Qu

Once thymocytes complete the DN stage, they progress to a stage in which they
express both CD4 and CD8 simultaneously (double positive; DP). From this stage,

thymocytes will undergo fate choices to become either single positive (SP) CD4 or CD8
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cells. Studies suggsest that Notch signaling likely plays a critical role in determining
CD4+ vs CD8+ T cell development[305,308,309] Thymocytes over-expressing NICD
have a significant reduction in CD4+ T cells and a concomitant increase in CD8+ T cells,
suggesting that heightened Notch signaling within the thymus promotes CD8+ T cell
development [305,308] In sum, Notch signaling plays critical roles through out CD4+ T
cell development. This includes critical roles in T cell fate decisions in the bone marrow

as well as playing important roles at multiple stages within the thymus.

1.9.4 Notch signaling in Th differentiation
1.9.4.1 Ligand-based and unbiased amplifier models

Notch signaling play s critical roles in regulating peripheral T helper cell
differentiation and function. Early studies identified that Notch signaling instruct s naive
CD4+T cells towards a specific T helper fate, depending on which ligand binds the
receptor. This has been ermed the ligand-based instruction model [321]. Most notably,
one study demonstrated that Notch bindin g with DLL sinduces Th1 fate, while binding
to Jaggedligands induces a Th2 fate[311]. More recent studies have suggesteda
different model inwhich - OUET wUDT OEODPOT wEOI UOzUwxUlI 11 Ul OUDE
into any particular subset, regardless of ligand, and rather Notch serves as an unbiased
amplifier during Th differentiation [321,332,333] This is termed unbiased amplifier

model [321,333]
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One of the complicating factors in regards to a ligand-based instruction model is
that it has been difficult to understand how different Notch ligands are capable of
inducing unique signals through the same receptor. One explanation could be based on
differences in strength of ligand binding to the receptor itself. Notch signaling appears
to be induced to different levels depending on the ligand present and different ligands
had varied capacity to bind and activate Notch signaling [334]. In one study, DLL4 was
found to have the highest binding potential to Notch receptors, with DLL1 having
intermediate binding and Jaggedl having very low binding [334]. Thesedifferences in
binding were mirrored by unique capacity for each ligand to induce T cell activation, as
measured by CD69, and proliferation [334]. Stimulation of CD4+ T cells with anti -
CD3/anti-CD28in the presenceof DLL4 induced high levels of CD69 expression and
proliferation, while DLL1 induced intermediate levels of both, and Jaggedl induced
very low levels of CD69 and proliferation [334].

In support of a ligand -basedinstruction model, a nother recent study has further
identified ways in which different Notch ligands can induce unique downstream
signals. In this study, it was found that DLL4 binding to Notch results in sustained
NICD activity, while DLL1 binding results in pulsatile activity of NICD [335]. This
difference in Notch activity was accompanied by differences in target genes. Cells
stimulated with DLL4 preferentially targeted Heyl, while cells stimulated with DLL1

targeted Hes1[335]. Functionally, the differences in target genes resulted in opposite cell
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fate decisions during myogenesis[335]. These findings are interesting as they suggest
that the availability and expression patterns of specific Notch ligands likely plays an
important role in determining the outcome of Notch signaling .

The early ligand -based instruction model has been challengedby a model in
which the outcome of Notch signaling is not dependent on specific ligands, rather it
serves as a general amplifier of T cell differentiation [321,332,333]Importantly, neither
DCs expressing DLLs nor Jagged ligands were capable of inducing Thl or Th2
independently of exogenous cytokines [332]. Another study UUx x QUUOUwUT PUws UDED
EOx OPi b E E U bee@antly GemBnist@ting thauNotch is capable of
simultaneously inducing Thl, Th2, and Th17 master transcriptional regulators within
the same cellregardless of exogenous cytokines[333]. Polarizing cytokine conditions did
alter the magnitude of downstream Notch targets but did not affect the ability of Notch
to bind to and regulate any of its gene targets. Together, this model suggests thatNotch
likely serves acostimulatory role as anunbiased amplifier of T helper cell differentiation
and further pushes T helper cells toward specific fates by amplifying signals present
during the differentiation process. Indeed, Notch has been implicated asan important

molecule for driving Thl, Th2, Thl7, Treg, and Tth differentiation and function.

1.9.4.2 Notch signaling in Th1 differentiation and function

The Th1 master regulator, T-bet, and primary effector cytokine IFN -wwE Ul wEDUIT E Uu

targets of Notch signaling [333,336] Mice with Notch -deficient T cells displayed
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impaired Th1 generation and IFN-ww U1 E U1 U B Or@jariifectob (1721473]
Inhibition of Notch signaling with an inhibitor blocked in vitro and in vivo generation of
Th1 cells by blocking Notch upregulation of T -bet [336]. Furthermore, DLL1 and DLL4
have been shown to promote a Thl fate[311]. DLL4 expressing APCs promote Th1,
rather than Th2 development in vitro. DLL4 appears to promote Th1l fate by inhibiting
IL-4 production in CD4+ T cells [337].

Contrasting studies found that deleti on of MIB1, required for Notch ligand
function, had no effect on Th1l differentiation [338]. Furthermore, the ability of Notch to
drive Th1 development in vitro remained intact in RBPJdeficient mice [332].

Additional ly, Notch ligand expressing APCs could not preferentially instruct in vitro
Th1 differentiation regardless of which ligand was expressed [332]. Overall, the current
literature suggests that DLLs may be more important for Notch-mediated control of Thl
differentiation, but the overall contributions of Notch signaling in Thl differentiation is

likely context dependent.

1.9.4.3 Notch signaling in Th17 differentiation and function

Notch signaling also appears to directly target important factors for Th17
differentiation, including IL -17 andthe Th17 maste regulator, 1 . 1 ti339]. Binding of
Notch/RBPJ at these sites was confirmedusing chromatin immunoprecipitation (  CHiP)
[339]. In support, pharmacologic inhibition of Notch resulted in reduced Th17 cell

differentiation and cytokine secretion in vitro [339,340] RBPJhas also been shown to

67



drive the pathogenesis of the autoimmune disorder, experimental autoimmune
encephalitis, in mice [341]. In the context of allergic disease, pharmacologic inhibition of
Notch signaling alleviated Th17 -mediated asthma.

In contrast to the findings described above, mice with T cell -specific deletion of
Notch 1 and 2 receptors had enhanced Thl7generation and IL-17 production in the gut
at steady state, but strangely these cellsexhibited impairments in IL -17 production
following immunization [315]. Based onthe cumulative data, it appears that Notch plays
an important role in both Th17 differentiation and function. However, whether Th17 fate

is associated with particular Notch ligands is unknown.

1.9.4.4 Notch signaling in Treg differentiation and function

The Treg master regulator, FoxP3,is positively regulated by RBPJ3mediated
Notch signaling in a direct fashion [342]. Both Notch 1 [343] and Notch 3 receptors have
been identified as positive regulators of Treg differentiation [344,345] Enhanced
expression of NICD ameliorated symptoms of the experimental diabetes mouse models
by enhancing Treg numbers and function [344]. Furthermore, RBPJdeficient mice had
reduced Treg function in a mouse model of acute allograft rejection [346]. The role for

Notch in Treg function and differentiation may require Jagged 1 [347].

1.9.4.5Notch signaling in Th2 differentiation and function

Th2 cells are the most important peripheral T helper subset involved in type -2

inflammation , and Notch signaling in Th2 cells has been studied extensively in this
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context. Early studies showed that deficiencies in either RPBJ or Notch receptors
resulted in impaired Th2 differentiation in vitro [172,173] In support, overexpression of
NICD leadsto enhanced Th2 differentiation through d irect upregulation of GATA -3
[172,173] NICD/RBPJ binds directly to the GATA -3-1a promoter to induce transcription
and support Th2 differentiation.

In support of an instructive model for Notch signaling in Th2 cel s, inhibition of
Jaggedl ameliorated airway hyperreactivity in an OVA -induced asthma model while
blockade of DLL4 enhanced asthmatic symptoms [348]. In this study, Jagged1 enhanced
Th2 responses, while DLL4 was important for Treg differentiation. In support, another
study has shown that blockade of DLL4 enhances AHR and mucus production in a
model of cockroach allergen [349]. Furthermore, RBPJdeficient animals were resistant to
HDM -driven allergic airway inflammation [321]. However, expression of Jaggedl or 2
on DCs during HDM -driven allergic airway inflammation is dispensable for disease
progression [350]. It is conceivable that Jagged ligands could be provided by other
cellular sources.

In support of a role for Notch signaling during Th2 responses against intestinal
helminths, clearance of the intestinal parasite T. murisrequires expression of the
canonical Notch signaling coactivator MAML [351]. Deletion of MAML in T cells
stimulated with T. murisantigens led to abrogated IL-4, IL-5, and IL-13 production. As a

result, goblet cell mucus secretion was impaired and overall worm burden was
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enhanced in mice with T cells deficient in MAML [351]. However, Th2 functionality was
restored when T. muris infected mice were injected with anti -IFN-w w U O wte Uh2 O
differentiation [333]. This suggests that Notch may be more important in enhancing,
rather than instructing, Th2 responses.

Studies havealso established a role for Notch signaling in driving IL -4
productio n by Th2 cells. Similar to findings regarding GATA -3, deletion of Notch
receptors abrogatedin vitro generated Th2 IL-4 production, while overexpression
enhanced the production of IL-4[172,173] Later studies discovered an NICD/ RBPJ
binding site in the CNS2 enhancer within the IL -4 locus and showed that deletion of th is
enhancer led to a significant impairment in the generation of IL-4-producing Th2 cells in
vitro [179,352] However, this impairment was rescued when recombinant IL -4 was
added to the culture system. This finding is important as it suggests that Notch signaling
may not be required to drive Th2 differentiation in settings in which IL -4 is not limiting.
Deletion of the CNS2 enhancer region also had no impacton peripheral Th2 responses
during an OVA -allergen model [352]. This suggests that Notch/RBPJ binding at the
CNS2 enhance may not be necessary for peripheral Th2 function in vivo.

Based on the existing body of literature, Notch signaling is clearly important for
in vitro Th2 differentiation and function. If a ligand -based instruction model is to be
believed, then Jagged ligands appear to be more important for regulating Th2 fate.

Whether Notch signaling is necessary during in vivo type-2 immune responses to drive
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Th2 differentiation and function needs to studied further. Deletion of Notch receptors
specifically in CD4+ T cells during an in vivo model is essential to further elucidate the
true role of Notch signaling in Th2 cells. Ultimately, similar to other T helper subsets the

role for Notch in Th2 cells may be context dependent.

1.9.4.6Notch signaling in Tfh differentiati  on and function

IgE and 1gG1 are hallmarks of type-2 inflammation. Previous studies using
Notch- or RBPJdeficient animals found an abrogation in IgE and IgG1 production but
labelled these antibody deficiencies as impairments in Th2 cells[172]. We now know,
however, that Th2-derived IL -4 plays a limited, if any, role in driving IgE class switching
in the lymph node under physiologic conditions . Rather, IL-4 derived from Tfh cells is
required to induce GC B cell classswitching to IgE and IgG1 [54]. Thus, the antibody
production defects were likely due to unappreciated impairments in the Tfh, rather than
Th2 population. Therefore, these studies more likely uncovered an unappr eciatedrole
for Notch signaling within the Tth population.

As discussed previously, there have been a considerable number of studies
investigating the role of Notch signaling in Th2 cells during type -2 inflammation .
However, there are much fewer studies assesfg the role of Notch in Tfh cells. The first
of these studies generated mice that conditionally deleted Notch receptors in T cells.
They found that Tth differentiation was completely blocked in these Notch -deficient T

cells during infections with Leshmania mexicana and Bansonieggs[314]. Additionally,
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mice with Notch -deficient T cells had a major loss in germinal center formation and a
nearly complete absence of high affinity IgG1. This study was critical in formally
establishing a role for Notch signaling in Tfh differentiat ion. However, it remain s
unknown how Notch signaling mediated this outcome at the cellular and molecular
level.

A second study confirmed the requirement for Notch signaling in Tfh
differentiation and helped to identify which cells are important for providi ng Notch
ligand, as well as identifying which Notch ligand is required for Tfh differentiation
[316]. This study used a CCL19*mouse to conditionally delete specific Notch ligands,
DLL1 or DLL4, in lymph node str omal cell populations. Interestingly, deletion of DLL1
had no effect on Tth differentiation, while deletion of DLL4 in stromal cell populations
resulted in a complete block of Tth differentiation [316]. This findin g is intriguing as it
identifies that a specific Notch ligand is required during Tth differentiation and
establishes an important role for stromal cells as an essential source of Notch ligands for
Tfh cells. While the importance of stromal cell populations in Tfh differentiation is clear,
it remains unknown which specific stromal cell populations are required to provide
Notch ligands to promote Tfh differentiation. The researchers from this study suggested
that FDCs were the most important source of Notch ligand for Tfth cells. However, an
FDC-specific requirement could not be formally established because CCL19¢ mediates

deletion in all lymph node stromal populations.
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Other studies have discovered a potential role for Notch signaling in Tth
function by usin g mice whose CNS2 regionwithin the IL-4 locus had been deleted.As
described previously OwUT T w" - 21 wUI T DPOOwWPUWEOwI OT EOCET UwUDUI
end of the IL-4 locus. In these studies,lymph node CD4+ T cells from CNS2-deficient
mice had signifi cant impairments in their ability to produce IL -4[352,178] While there
was no effect of CNS2 deficiency on Tth differentiation, CNS2 deficiency did result in
reduced classswitching of B cells to type-2 antibody isotypes. Importantly, while
antibody class switching was abrogated, therewere only modest impairments in
peripheral type -2 immunity . AHR and mucus secretion was intact in CNS2 deficient
mice during an OVA -allergen challenge model [178,352] However, there was a
significant reduction in the number of eosinophils in the lung [178]. These findings
suggest that the CNS2 enhancer plays a essentialrole for Tfh -mediated functio n but it
likely plays a limited role for peripheral Th2 immunity. This also establishes further
groundwork that IL -4 cytokine production is regulated differently by Tfh and Th2 cells.

While these studies demonstrate that the CNS2 enhancer is critically important
for Tfh -derived IL -4 production, they have not yet identified which transcription factors
are important for binding to and activating the CNS2 enhancer. Within the CNS2
enhancer lies a consensus NICDRBPJbinding site, opening the possibility that Notch
signaling may play an important role in driving the production of IL -4 by Tth cells

[179,311,352,178However, the CNS2 enhancer also contains binding sites for several

73



other factors that are known to play important roles in Tth differentiation and function.
The bZip transcription factors cMAF and BATF , both of which are critical for Tfh
function, are two of the other factors with known binding sites at the CNS2 enhancer
[23,277,280] Therefore, it is still uncertain whether Notch signaling is important for
regulating Tfh IL -4 production. Importantly, ¢ urrent literature often discounts an
important role for Notch signaling in driving Tfh differentiation or function [353].

The evidence that Notch signaling is required for Tfh differentiation is striking ,
however, there has been no work done to directly investigate whether Notch signaling is
required for Tfh function, and specifically IL -4 production . Also, while it appears that
DLL4 is the Notch ligand important for inducing Tfh fate, it remains unclear what are
the important cellular sources of DLL4 in the lymph node required for Tth
differentiation . Additionally, it is uncertai n whether persistent Notch signaling is
important for the maintenance of Tfh fate and function beyond initial Tfth differentiation.
Finally, the mechanisms through which Notch exerts its effectsto promote Tfh

differentiation and function remain to be elucidated.
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2. Methods

2.1 Mice

C57BL/6 Notch-1%1 mice [354], Notch-2 [355], CD4¢[356], Rosa2@ox-stop-YFP
[357], CD21¢¢[358], Rosa26torflox-Nicd-GFP[359], ERee[360], Rosa2@xsorRFP and C57BL/6
mice were purchased from Jackson laboratories. MIB# were generated by Young-Yun
Kong (Pohang University of Science and Technology) and rederived at Duke University
[319]. CD11c™ mice were provided by Gianna Hammer (Duke University) [361]. IL-4%oet
and IL-4*N2 mice were provided by Richard Locksley (UCSF) [302,165] OT-II mice were
provided by Weiguo Zhang (Duke). All mice were housed in pathogen -free facilities
following guidelines set by the Division of Laboratory Animal Resources, Duke
University Medical Center, Biological Resource Center at National Jewish Health, and

the Institutional Animal Care and Use Committee.

2.2 Infections, worm counts, and immunizations

N. brasiliensisvas prepared by culturing feces from an infected rat on a bed of
charcoal. Third -stage L3 larvae was collectedfrom the cultured plates and washed with
0.9% saline.Mice were injected subcutaneously in the rear flank with 500 L3 larvae in
saline solution. To conduct worm counts, small intestines were removed, opened
longitudinally, and incubated in HBSS at 37°C for 1-2 hours. Adult worms were

manually enumerated.
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2.3 Notch inhibition studies

Where described, mice were immunized subcutaneously with 100 ug of OVA
emulsified in alum in the footpad. On the days indicated, mice were given 10 umol/kg
gamma secretase inhbitor (GSI), Dibenzazepine, (DBZ; Selleckhem) intraperitoneally.
GSI was diluted in a solution of 0.5% hypromellose and 0.1% Tween-80. The injection
volume was 300 ul. The popliteal lymph node was harvested on the indicated day for
subsequent flow cytometric or histologic analysis. In the experiments described, mice
were also injected with FTY720 to directly inhibit S1P1. 1 mg/kg FTY720 was
administered to appropriate mice on days seven and nine post immunization. The drug

was diluted in 0.9% saline and injected I.P. with a total volume of 300 pl.

2.4 Tamoxifen injections

Tamoxifen (T5648; Sigma) was diluted in USP grade corn oil. Two mg of
tamoxifen was injected intraperitoneally in 300 pl once every 24 hours for three days
prior to infection for the Notch over-expression (EReNICD) studies. For the competitive
transfer (EReeNotch1/21f Rosdoxed-stop-YFP gnd ERcreRosdloxed -stop-RFP QT-||) studies ,
tamoxifen was administered on days seven, eight, and nine post OVA/alum

immunization.

2.5 Immunofluorescence histology

Lymph nodes were fixed with 4% paraformaldehyde (PFA) for two hours,

followed by a wash in PBS for four hours, then incubated in 30% sucroseover-night, and
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finally frozen in optimal cutting temperature (O.C.T.) compound. Lung swere inflate d
with approximately 5 mL of 4% PFA prior to removal from the mouse. To inflate the
lung, tissue was removed to expose the trachea. A small incision was made in the
trachea and a flexible catheter needle was inserted into the trachea. Surgical string was
then used to secure thte needle within the trachea and PFA was injected. After injection
of the PFA, the needle was removed and the surgical string tightened to retain the PFA
within the lung. The lung tissue was then removed and submerged in 20 mL of 4% PFA
for 3 hours in a 50 mL conical. The lung was then removed from the PFA and the
surgical string was cut to release the PFA from within the lung. Next, the lung was
incubated in 20 mL of PBS overnight. FAnally , the lung was then incubated in 30%
sucroseovernight and then frozen using O.C.T.

Eight-micron sections were cut and epitopes on slides were stained using
tyramide amplification . eGFP and YFP were detected using a purified polyclonal rabbit
anti-mouse GFP (NB600308; Novus Biologicals) followed by bioU B O a O E UddéhkeypE E 7 A
anti-rabbit (Jackson ImmunoResearch Laboratories).Followed by staining with
streptavidin (SA) conjugated to horse radish peroxidase (HRP). Finally, slides were
stained with tyramide -FITC. Biotinylated anti -mouse CD4 (RM4-5; Biolegend) and
tyramide 555 was used to detect CD4+ T cells. Biotinylated antimouse IgD (11-26¢;
eBiosciencesywas used with SA-dylight649 to detect B cells. Biotinylated FDCM2 (212

MK -2FDCM2; ImmunoKontact) was used with tyramide 555 to detect FDC. K ¢- Ot
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Diamidine -I -phenylindole dihydrochloride (DAPI; 0.5ug/ml; Roche) in PBS was used to
counterstain nuclei prior to mounting on coverslips with Vectashield (Vector
laboratories). Images were collected with a Zeiss Axio Imager. Analysis of images was

performed using FIJI (ImageJ) software.

2.6 Quantification of IL-4 competent CD4+ T cell accumulation in
T cell zone

Quantification of GFP within distinct zones was performed. Individual images
were taken in the tyramide -FITC (GFP) and SAdylight649 (IgD) using a 5x objective.
Images were then stitched together to compile a single image of the entire lymph node.
IgD stains were then used to demarcate theB cell follicle and T cell zones by hand.
Outlined regions were saved and then applied to the GFP stain. Thresholding was
performed to mark positively stained GFP above background levels. The total GFP
pixels were then quantified. The hand -drawn outline of the T cell zone was then applied
to the GFP image and GFP+ pixel density was then quantified within the T cell zone.
Total GFP+ pixels were then divided by the total pixels within the T cell zone to calculate

the percent of GFP+ pixel density residing within the T cell zone.

2.7 Flow cytometry

Lungs were chopped with a razor blade, digested with 250 pg/ml Co llagenase Xl
(C7657; Sigma), 50 pg/ml Liberase (145495; Roche), 1 mg/ml Hyaluronidase (h3506;

Sigma), and 200 pg/ml DNase | (DN25; Sigma) in RPMI 1640for one hour at 37°C to

78



prepare single cell suspensions. Single cell suspensions of lymph nodes were preared
by mechanical dissociation. Fc receptors were then blocked to prevent non-specific
binding of antibodies using Fcx block (anti CD16/CD32) diluted at 1:100in 2% FCS in
PBS for 10 minutes.Surface stains were performed in 2% FCS in PBSor 30 minutes at
4°C. All antibodies were diluted 1:200 unless otherwise noted. The following antibodies
were used: APC/Cy7 conjugated to anti-mouse CD4 (RM4-5); PerCRCy5.5 conjugated to
anti-mouse CD11c (N418), antimouse CD4 (RM4-5), anti-mouse CD8 (536.7), anti
mouse/human CD45R/B220 (RA36B2), antrmouse CD31 (390); PE/Cy7 conjugated to
anti-mouse CD279/PD-1 (RMP1-30), CD49b (DX5) and antimouse CD21/35 (7E9); Alexa
Fluor 647 conjugated to anti-mouse/human GL7 (GL7); APC conjugated to anti-mouse
PDPN/GP38 (8.1.1)and PE conjugated to anti-mouse Notch 1 (HMNL1 -12), ant-mouse
Notch2 (16F11), antimouse SiglecF (E562440), antimouse CD131

(JORO50), streptavidin from Biolegend. PE or APC conjugated to anti -human CD2
(S5.5 1:50 from Invitrogen. APC -eFluor 780 conjugaed to anti-human/mouse
CD45R/B220 (RA36B2) from eBioscience. PE/Cy7 conjugated to antmouse CD95 (JO2)
and biotinylated anti -rat/mouse CD185/CXCRS5 (2G8 1:10Q from BD biosciences. Cells
were resuspended in 2% FCS in PBS containing DAPI (0.5 pg/ml). Lynphocyte and
singlet gates were performed by size and granularity based on forward and side scatter.

Live cells were gated based on DAPI exclusion. Data was collected on a FACSCanto Il or
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LSR Il (BD Biosciences)or Fortessa (BD Biosciencesgytometer and analyzed using

FlowJo (TreeStar).

2.8 Transcription factor staining

Surface stains were performedas described above. Next, cells were stained using
a Fixable Violet Dead Cell Stain kit (L34964; ThermoFisher)at a 1:1000 dilution in PBS A
Foxp3 transcription factor staining buffer kit (eBioscience) was used to fix and
permeabilize cells per kit instructions . Finally, these antibodies were used for
transcription factor staining : PE-conjugated to anti-mouse/human GATA -3 (TWAJ;
eBioisciences), anti mouse/humancMAF (SymOF1; eBiosciences), anti mouse/human
IRF4 (3E4; eBiosciences), anti mouse/human BATF (9B5A13); and AlexaFluor 647

conjugated to anti-mouse BCL6 (K11291; BD Biosciences).

2.9 FDC isolation

CD21¢cRosa26rflox-YFPand Rosa2@torfiox-YFPmice were immunized
subcutaneously with ovalbumin ( OVA) emulsified in Imject alum (Thermo Fisher) in
both rear flanks and upper back. Each mouse received a total of 100 pg of OVA/alum.
Mice were sacrificed and axial, brachial, and inguinal nodes were harvested. Lymph
nodes were opened using 26G needles and digested at 37°C for 30 minutes with
Colleganase IV (Img/ml; 17104019; Gibco); DNase | (40 pg/ml; DN25; Sigma) in RPMI
1640. Pipetting was performed every 10 minutes to assist in digestion of the tissue. After
incubation, 5 mM EDTA (03690; Sigma) was added to the digestion to help dissociate
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cell aggregates. Cells were filtered through an 80um mesh. StemCell RapidSpheres
(19860A) kit was used to positively select CD45+ cells using biotinylated anti-mouse
CD45 (30F11; Biolegend). Flow through, enriched for CD45- cells, was taken and stained
for flow cytometry.

To image FDCs by immunofluorescence histology, CD21eRosa26tor-flox-YFPand
Rosa2@trflox-YFPmice were immunized subcutaneously in the footpad with 100 pg OVA
emulsified in alum. The popliteal lymph node was harvested nine days later and
prepared for histologic analysis. Staining for FDCM2 was performed to specifically
identify FDCs. FDCM2 signaling was amplified by using tyramide signal amplification
(Tyramide -555) as described aboveFDCs were identified as FDCM2 positively stained

cells co-stained with CD21ceRosa2Gtop-flox-YFP,

2.10 ELISA

Ninety -six well plates were coated with rat anti -mouse IgE (R3572; BD
Bioscience) and blocked using 5% BSASerum samples were added and total IgE
detected using biotinylated anti -mouse IgE (R35118; BD Biosciences) followed by
streptavidin -HRP and o-phenylenediamine. An EMax Precision Microplate Reader
(Molecular Devices) was used to quantify total IgE concentrations based on purified IgE

(MEB-38; Biolegend) standard curves.
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2.11 Real-time PCR

CD11c+MHC -lI+ DCs were sorted with a BD FACSAria Fusion or Astrios
(Beckman Coulter) and resuspended in 1 mL TRIzol reagent (15596026; Thermo Fisher).
Chloroform and eth anol precipitation were used to isolate RNA from the samples.
Genomic DNA was eliminated using a DNase | kit (18068015; Thermo Fisher). cDNA
was synthesized by reverse transcription (18080051; Thermo Fisher) per kit instructions
with oligo (dT) primers fol lowed by RNase H treatment. Real-time PCR was performed
on the cDNA using an all -in-one SYBR green gPCR mix (QP00D1; GeneCopoeia)
amplified with primers against Mind bomb1 (QT00110453; Qiagen), ASCL2 (Forward:
AAGCACACCTTGACTGGTACG,; Reverse: AAGTGGACGTTT GCACCTTCA) and ¢-
actin (QT00519526; Qiagen) on an Applied Biosystems StepOnePlus RT PCR system.

Expression was calculated relative to ¢-actin.

2.12 Cell proliferation study

OT-Il CD4+ T cells were isolated and stained with 5 uM eFluor670 proliferation
dye in HBSS for 30 minutes at 37°C(65-0840-85; Thermo Fisher). 1.5 x 100T-1I T cells
were then transferred I.V. into the mice described. Twenty -four hours post transfer the
mice were immunized by subcutaneous injection of 100 pug of OVA emulsified alum in
the footpad. Three days post immunization the popliteal lymph nodes were harvested to

assess proliferation of the transferred cellsby flow cytometry.
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2.13 In vitro T cell activation studies

Nintey -six well plates were coated with 2 ug/ml anti -CD28 and the indicated
concentrations of anti-CD3 in PBSat 4°C overnight. The next day, peripheral lymph
nodes and spleen was harvested from the indicated mice. CD4+ T cells were then
isolated using an EasySep mouse CD4+ T cell isolation kit (StemCell #19851), per ki
instructions. 4x105 CD4+ T cells were then cultured in complete RPMI (10% FCS,1% Pen
Strep, L-glutamine, and 50 uM BME) for sixteen hours at 37°C. Cells were then
harvested from the plates and the expression of CD69, CD25, and CD44 was assessed by
flow cytometry.

For four -day culture experiments, plates were coated with 2ug/ml anti -CD28 and
1 ug/ml anti -hamster 1gG antibodies overnight at 4°C. The next day, the plate was
washed and the indicated concentrations of hamster anti-CD3 were added and
incubated for two hours at 37°C. CD4+ T cells were then isolated from the appropriate
mice using the method described above. 1x10 CD4+ T cells were then cultured for four
days in complete RPMI in THO conditions (10 ng/ml rIL-2, 10 pg/ml anti-IL-4, and 10
pg/ml anti-IFN-@). The expression of BATF(5 pl/test), IRF4(1.25ul/test), and cMAF (5
pi/test) was assessed by flow cytometry using the intranuclear transcription factor

staining protocol described above.
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2.14 Statistics

Two-tailed paired or unpaired t -tests were performed. P values less than 0.05
and greater than 0.01 are indicated with a single asterisk (*), P values less than 0.01 and
greater than 0.001 are indicated with double asterisk (**), and P values smaller than 0.001

are indicated with triple asterisk (***).
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3. Notch signalingrepresents an important checkpoint between
Tth and Th2 cell fate

*Disclosure: portions of the following section were adapted from my published
Ul Ul EUET WEUUPEOI ow#1 00z UDPOT Ew, woé wll pofantE UEU w1 +
checkpoint between follicular T -helper and canonical T-helper 2 cell fate. Mucosal

Immunology. Feb. 2018. doi:10.1038/s4138818-00129

3.1 Introduction

As described in the previous chapter, the role of Notch signaling type -2
inflammation remains unclear. Although Notch signaling has been studied in Th2 cells,
this work has been performed almost entirely in vitro and the in vivo role of Notch
signaling in Th2 cells has yet to be elucidated. Additionally, what role Notch signaling
plays in Tth cells is only starting to be discovered. Formal evidence that Notch is playing
a more general role in Tfh cell-mediated immunity comes from recent work showing
that deletion of Notch1 and Notch2 in CD4+ T cells prevents the generation of Tth cells
[314]. The intrinsic nature of Notch signals being required for Tfh cell lineage
commitment parallels findings in other T -helper cell subsets where Notch signaling
facilitates cell fate choices[362]. Early studies proposed that distinct Notch ligands on
dendritic cells could differentially instruct the development of specific T helper cell
subsets[311,363] Although the instruction model has been challenged [364,365] this

seminal work laid the foundation to explore the nature of Notch ligands in T helper cell
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differentiation and function. As a result, new, non -instruction -based models have
emerged. These models advocate that Notch signaling serves as an unbiased amplifier
helping to stabili ze the cytokine profile already being established in differentiating CD4+
T cells[333,332]

Here, using parasitic helminth infection as a robust model of type -2 immunity,
we report that Notch signaling in CD4+ T cells is required for Tfth cell generation, IL-4
production, and IgE class-switching. The defect is specific to Tfh cells as Th2mediated
immunity, worm clearance, and IL -4 expression remained normal in the absence of
Notch signaling. Furthermore, an unbias ed approach to eliminate all functional Notch
ligands using conditional deletion of the E3 ubiquitin ligase Mind bomb1 (Mib1) in
dendritic cells, B cells, T cells and FDC shows that the source of Notch ligands driving
Tfh cell differentiation is distinct f rom the cells presenting or harboring cognate antigen

during a proto -typical type -2 immune response.

3.1 Deletion of Notch receptors in T cells results in abrogated
humoral immunity but normal Th2-mediated immune hallmarks

To address the role of Notch signaling in the development of IL -4-producing Th2
and Tfh cells during a type -2 immune response, we made use of IL-4 reporter mice
(IL449eety where Notch receptors are conditionally deleted in all T cells (CD4 ceNotch1/21M)
[172,165] The IL4%etreporter background allows for IL -4 cytokine competency to be
visualized through the production of green fluorescent protein (GFP). To evaluate

type-2 immunity, IL4 49¢Notch1/2%" (wild -type) and IL44e¢'CD4ceNotchl/2%" (T cell-
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specific, Notch-deficient) mice were infected with the helminth Nippostrongylus
brasiliensisintestinal worm burden, lung eosinophilia, and serum IgE were assessed
nine days post infection (Figure 7). In this model, defects in lung eosinophilia and
helminth clearance are reflective of impaired Th2-mediated peripheral immunity, while
defects in IgE production signify a defect in Tfth -mediated, type-2 humoral responses
[17,23] Similar to wild -type mice, IL44c'CD4ceNotch1/2%" mice mounted a productive
type-2 response in the periphery, as worms were cleared from the intestine and
significant eosinophilia was observed in the lung (Figure 7a, b). In contrast, mice lacking
Notchl and Notch2 on T cells exhibited significantly decreased IgE levels relative to

wild -type animals (Figure 7c).
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Figure 7: Notch signaling on CD4+ T cells is required for humoral immunity
but is dispensable for Th2 -mediated type-2 immune hallmarks .
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IL44etNotch1/21M and IL44etCD4ceNotch1/2%" mice were infected with N. brasiliensis.
Lung, mediastinal lymph node, and serum were harvested nine days post infection for
analysis. () Intestinal adult worm counts nine days post infection of IL44%Notch 1/2
(n=13)and IL44e'CD4°eNotch1/2% (n=10). (b) Graphs show percentage and number of
eosinophils (CD4- B220 CD8- GFP+ CD131+ SiglecF+) di.44ee!Notch1/2% (n=13)and
IL449e'CD4ceNotch1/2% (n=10). (c) Total serum IgE of IL44¢Notch1/2%f (n = 13)and
IL449'CD4ceNotch1/2% (n = 10)mice. Error bars represent +/- SEM. Datashow is
combined from three independent experim ents with n = 3-5 mice per group per
experiment. **P <0.01, (unpaired two -tailed T-test).

Thesedata indicate that the absence of Notch signaling in T cells has little impact
on Th2-mediated immune hallmarks in the periphery but a significant impact on Tth -
mediated immunity. This was not due to a defect in overall CD4+ T cell numbers, as
mice lacking Notch receptors on their T cells exhibited an overall increase in CD4+ T
cells in both the periphery (Figure 8a) and the draining lymph nodes ( Figure 8b) after

helminth infection.
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Figure 8: Increased CD4+ T cellsin the lung and lymph node in mice with

Notch deficient T cells.

IL449eNotch1/2%" (n = 4)and IL44¢'CD4eNotch1/2%" (n = 4)mice were infected with N.
brasiliensisMediastinal lymph nodes and lung were harvested and prepared for flow
cytometry nine days post in fection. (a) Representative contour plots of lung and (b)
mediastinal lymph nodes CD4+ T cells are shown.Graphs show percentage andtotal
number of CD4+ T cells. Error bars are shown as +/ SEM. Data is representative of four
independent experiments with n= 3-5 mice per group. ***P <0.001 (unpaired two -tailed

T-test).
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3.2 T cell-specific deletion of Notch receptors leads to a
selective reduction in IL-4 competent CD4+ T cells in the lymph
nodes compared to the lungs after helminth infection

Given that we observed normal worm clearance and eosinophilia but reduced
IgE production in mice lacking Notch in T cells, we hypothesized that type -2 cytokine
competency in Notch-deficient Th2 cells would remain intact, while IL -4-competent Tfh
cell number or function would be compromised. In support, mice that lacked expression
of Notch in T cells showed normal numbers of IL -4-competent cells (GFP reporter
positive) in the lung, despite a decreased percentage of I1L-4 competency within the total
CDA4+ Tcell pool (Figure 9a). This is consistent with the higher number of CD4+ T cells
found in the lungs of these mice after infection (Figure 8a). Despite normal Th2 cell
generation, IL-4-expressing CD4+ T cells were significantly reduced in both percentage
and number in the lung -draining mediastinal lymph nodes when Notch1 and Notch2

were deleted from T cells (Figure 9b).
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Figure 9: Deletion of Notch receptors on T cells results in reduced IL -4
competency in CD4+ T cells residing in the lymph node but not lung.

IL449eNotch1/2% (n = 4)and IL449¢'CD4eNotch1/2%" (n = 4)mice were infected with N.
brasiliensisMediastinal lymph nodes and lung were harvested nine days later and
prepared for flow cytometry. (a) Representative mntour plot gated on total CD4+ T cells
in the lung and (b) lymph node. Gates indicate percent of IL-4 competent cells. Graphs
show percent and total number of GFP+ CD4+ T cellsError bars represent +/- SEM. Data
is representative of 4 independent experiments with n = 35 per group. **P <0.01, ***P <
0.001 (unpaired two -tailed T-test).

These findings were further supported by histological analysis of IL -4-expression
in the lung and lymph nodes. CD4+ GFP-reporter staining i n the lung was similar
between both wild -type mice and animals lacking Notch1 and Notch2 in T cells (Figure

10a). The lack of GFRreporter staining in tissue sections of mediastinal lymph nodes
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taken from IL4 4ee'CD4ceNotch1/2% mice confirms the paucity of IL-4 expressing T cells
in both the paracortex (IgD-) and B cell follicles (IgD+) when Notch signaling is absent
(Figure 10b). In sum, these data are consistent with a more pronounced role for Notch
signaling in establishing type -2 cytokine competency in Tfh cells residing in the lymph

nodes compared to lung-resident, canonical Th2 cells.
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Figure 10: Deletion of Notchl and Notch2 on T cells results in  impaired IL -4

production by LN -resident CD4+ T cells, but not lung resident CD4+ T cells.
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IL44e¢tNotch1/21M and IL44etCD4ceNotch1/2%" mice were infected with N. brasiliensis
Nine days later, lung and mediastinal lymph node were harvested, fixed, and sectioned
for subsequent immunofluorescence microscopy. (a) Lung sections were stained for CD4
(red) and GFP (IL-4 competency; green). Channels were merged and are shown as a
composite image. (b). Lymph node sections were stained for IgD (red) and GFP (IL-4
competency; green). A composite image is shown. Scale bars (bottom le) represent 100
pm. Images shown are representative of three independent experiments with n = 23 per

group.
Since we observeda significant reduction in the percentage IL -4 expressing CD4+
T cells in the lung we aimed to determine whether there was any change in GATA -3
expression in Notch deficient lung CD4+ T cells. IL44<Notch1/2%" and
IL449'CD4ceNotch1/2% mice were infected with N. brasiliensisand intracellular
transcription factor staining was performed on lung CD4+ T cells on day nine.
Consistent with the reduced percentage of IL-4 expressing CD4+ T cells, fewer Notch
deficient T cells expressed theTh2 master regulator, GATA -3 (Figure 11a). However,
similar to what we observed with the IL -4 expressing cells the total number of GATA -3+
CD4+ T cells in the lung was not significantly changed (Figure 11a). Due to the reduced
percentage of Th2 cells, we next wanted to investigateif mice with Notch deficient T
cells had increases in other Th subsets. Interestingly, we observed enhanced Th1l and
Treg populations by percentage and total number in the lungs of mice with Notch
deficient T cells based on increased expression of The{Figure 11b) and FoxP3(Figure

11c), respectively.
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Figure 11: Enhanced Thet and FoxP3expressing CD4+ T cell populations in
mice with Notch deficient T cells

Lungs of IL449¢Notch1/2%" (n = 3)and IL44e¢'CD4ceNotch1/2%" (n = 3)mice were collected

nine days after infection with N. brasiliensis Representative flow plots of CD4+ T cells.

Gates represent CD4+ T cell expression ofa) GATA -3, (b) Tbet, and (c) FoxP3.Positive
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gates for Thet expression were set based on positivelbet staining assessed in the CD8+
T cell population. Graphs show quantification of percentage and total numbers of (a)
GATA -3+, (b) Tbet+, and(c) FoxP3+ CD4+ T cells. Error bars represent/- SEM. Data is
representative of two independent experiments with n= 3 mice per group. *P <0.05, **P <
0.01(unpaired two -tailed T-test).

3.3 Tfth cell generation, IL-4 expression, and germinal center B
cell numbers are significantly reduced in mice that lack Notch in
T cells

Reduced serum IgE and IL-4 expression in the follicles of the mediastinal lymph
nodes suggested that Tfh cell generation and/or function could be impacted by Notc h-
deficiency in T cells. In support, Tth cells isolated from helminth -infected mice showed
significantly increased Notchl and Notch2 receptor expression relative to non-Tfh cells

(Figure 12a).
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Figure 12: Notch receptors are highl y expressed on Tfh cells during helminth
infections.

IL-4%eet mice were infected with N. brasiliensisand the mediastinal lymph nodes were
harvested eight days later. (a) Representative flow plot of CD4+ T cells. Gates represent
non Tfh (PD-1- CXCR5) and Tfth (PD-1+ CXCR5+) cells. Quantification of mean
fluorescence intensity (MFI) of Notch 1 and Notch 2 in Non Tfh and Tth cells is shown.

95



*P <0.05 (unpaired two -tailed T-test). Error bars represent ++ SEM. Data is
representative of two independent experime nts with n = 3 mice per group.

To directly investigate the necessity of Notch in Tth cell generation, mediastinal
lymph nodes were isolated from IL4 4s¢CD4ceNotch1/2%" and IL449¢Notch1/2%1 mice nine
days after infection with N. brasiliensisand CD4+ T cells were analyzed for canonical Tth
cell markers CXCRS5 and PD-1 (Figure 13a). T cell Notch-deficiency results in a
significant impairment in both the percentage and number of Tfth cells within the CD4+
T cell compartment (Figure 13a).

Regarding an effect on IL-4 expression, in the few CXCR5+, PD1+ cells
phenotypically resembling Tfh cells generated in infected IL4 49¢'CD4ceNotch1/2%" mice,
we observed a 16fold reduction in GFP (IL -4) reporter expression compared to Notch-
sufficient T cells (Figure 13b). This deficiency in Tfh cells and Tfh-derived IL -4
corresponded to impaired germinal center B cell generation, an event largely dependent
on Tfh cells in this model (Figure 13c). Together these data identify Notch signaling as a
key component in Tth cell generation and function during type -2 immunity. This result
was confirmed as Notch-deficient CD4+ T cells from the mediastinal lymph nodes
showed a marked deficit in expression of the Tfh cell lineage-determining factor BCL6
by percent and MFI (Figure 14a). GATA -3, a key lineage-determining factor for Th2

commitment, was not significantly changed in percentage or MFI (Figure 14b).
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Figure 13: Notch deficiency in T cells results in reduced Tfh cell numbers, Tth
IL -4 production, and germinal center B cells.

Mediastinal lymph nodes of IL44¢Notch1/2%" (n = 4)and IL44¢¢tCD4ceNotch1/2% (n = 4)

mice were collected nine days after infection with N. brasiliensis(a) Representative

contour plots gated on Tfh cells (PD-1+, CXCR5+)of indicated mice are shown. Graphs

show quantification of percentage and total number of Tth cells. (b) Representative flow
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cytometry plots showing IL -4 competency of Tfth cells shown in panel (a). Graphs show
percent and number of IL -4 competent Tth cells from indicated mice. (c) Contour plot s
pre-gated on B220+ cells. Gate representgerminal center B cells (CD95+ GL7+). Graphs
show percent and total number of GC B cells. Error bars represent+/- SEM. Data is
representative of four independent experiments with n= 3-5 mice per group. ***P < 0.00L
(unpaired two -tailed T-test).
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Figure 14: Deletion of Notch receptors on T cells results in a  significant
reduction in BCL6 expression.

IL44e¢tNotch1/2% (n = 3) andIL44ectCD4ceNotch1/2%" (n = 3) mice were infected
with N. brasiliensisand mediastinal lymph nodes were harvested nine days later. (a)
Expression of BCL6 or (b) GATA -3in the total CD4+ population was assessed by
intracellular transcription factor staining with  percent quantified. Total MFI of the BCL6
and GATA -3 positive populations was determined. Error bars represent +/- SEM. Data
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shown is representative of three independent experiments with n = 3-4 mice per group.
*P < 0.05** P < 0.0 unpaired two -tailed t-test).

Because the deletion of both Notchl and 2 resulted in an almost complete loss of
Tfh cells, it was difficult to fully assess the role of Notch signaling in IL -4 expression by
Tfh cells. To circumvent this issue, we made use of an intermediate phenotype observed
in mice that lack Notchl but retain one allele of Notch2. Deletion of Notchl alone results
in an intermediate loss of Tfh cells compared to Notch-sufficient and Notch1/2 -deficient
CD4+ T cells (Figure15a). Importantly, the Tfh cells generated in the absence of Notchl
still exhibited a significant impairment in IL -4 mRNA expression (Figure 15b). In line
with these results, elimination of Notch1 alone in T cells caused a moderate reduction in
germinal center B cell generation (Figure 15c). Basd on these results, expression of both

Notchl and 2 is important to fully drive Tfh commitment and Tfh function.
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Figure 15: Deletion of Notchl alone results in an intermediate phenotype
compared to T cells deficient in both Not chl1 and Notch2.

IL449Notch1/2% (n = 5), IL49etCD4ceNotch1 Notch2f* (n = 5), IL4e'CD4ceNotch1/2M
(n = 5) mice were immunized with OVA emulsified in alum in the footpad. Eight days
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after immunization, mice were euthanized and the mediast inal lymph node harvested
for analysis by flow cytometry. (a) Representative contour plots gated on Tth cells (PD-
1+, CXCR5+)f indicated mice are shown. (b) Representative flow cytometry plots
showing IL -4 competency of Tfh cells shown in panel (a). (c) Contour plot s pre-gated on
B220+ cells. Gate representgerminal center B cells (CD95+ GL7+). Graphs showpercent
of Tth cells (a), IL-4 mRNA competent Tth cells (b), and GC B cells(c). Error bars
represent +/- SEM. Data is representative oftwo independent experiments with n= 2-3
mice per group. ***P <0.00L (unpaired two-tailed T-test).

3.4 Overexpression of Notch intracellular domain increases IL-4
production by Tfh but not Th2 cells

The data demonstrate that Notch-deficiency in T cells leads to impaired Tth cell
generation and an impaired ability to establish IL -4 competency within those cells. To
better uncouple the role of Notch in Tfh generation from its role in Tfh -derived IL -4
production, we investigated whether additional Notch -signaling would le ad to
increased IL-4 expression in Tfth cells. To do this, IL&N2 reporter mice [302], which
report IL -4 production through the cell surface expression of human CD2, were crossed
with a tamoxifen -inducible GFP-NICD fusion reporter line [359]. In this
IL4KN2ERereRos@2Gtor-flox-NICD -GFP gain-of-function system, it is possible to directly compare
IL-4-production in Tfh cells experiencing endogenous Notch signals relative to those
experiencing increased Notch signaling in the same lymph node based on the presence

or absence of GFP expression.
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Figure 16: Over-expression of NICD leads to increased IL-4 production by Tfh
cells but not lung resident CD4+ T cells.

(a) Diagram of experimental setup: IL4\2ERereRosa26opflox-NICD-GFP (n = 4)mice were
injected with tamoxifen once every 24 hours for three days starting on day -3. On day 0
mice were infected with N. brasiliensisand mediastinal lymph nodes were harvested on
day nine. (b) Representative flow plots of CD4+ T cells isolated from the lung. Gates
shown represent cells with endogenous Notch signaling (CD4+ GFP-) and cells over-
expressing NICD (CD4+ GFP+). IL-4 protein (huCD2) expression was analyzed and
guantified as a percent of the gated populations. (c) Contour plots of Tth (PD1+
CXCR5+) cells isolated from mediastinal lymph nodes. IL-4 protein (huCD2) expression
was assessed and quantied in Tfh cells with endogenous levels of Notch signaling
(CD4+, PD1+, CXCR5+, GFi and Tth cells over-expressing NICD (CD4+, PD1+,
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CXCR5+, GFP+). Error bars represent +/SEM. Data is representative of four
independent experiments with n= 3 -5 mice per group. ***P <0.001 (paired two-tailed T-
test).

IL4KN2ERereRos@2Gtor-flox-NICD-GFPmjjce were treated with tamoxifen three days prior
to N. brasiliensignfection, and mediastinal lymph nodes and lungs from mice were
analyzed nine days post infection (Figure 16a). IL-4 protein production, as marked by
human CD2, was comparable between CD4+ T cells expressing endogenous NICD (GFP
negative) and those over-expressing NICD (GFP positive) in the lung (Figure 16b). In
contrast, Tfh cells from the mediastinal ly mph nodes of these same animals showed a
significant two -fold enhancement of IL-4 production when the GFP-NICD fusion was
induced (Figure 16c). Over-expression of NICD also led to an increase in the percentage

of non-Tth cells producing IL -4 in the lymph n ode (Figure 17a, b).
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Figure 17: Over-expression of NICD leads to increased IL -4 production in
lymph node non -Tfh cells.

IL4KN2EReeRosa2@torflox-NICD-GFP (n = 4)mice were injected with tamoxifen once every 24

hours for three days starting on day -3. On day 0 mice were infected with N. brasiliensis

and mediastinal lymph nodes were harvested on day nine. (a) Representative contour

plot of CD4+ T cells showing a gate for non Tth (PD1- CXCR5%) cells. (b) Contour plot

gated through non Tfh cells shown in (a) and gated on CD4+ GFR and CD4+ GFP+ cells.

Representative contour plots of GFP- and GFP+ CD4+ T cells are shown. These gates and
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the graph show the percent of IL-4 producing CD4+ T cells that are GFR (NICD -) or
GFP+ (NICD+). Data is representative of four independent experiments with n= 3-5 mice
per group Error bars represent +/- SEM. **P < 0.01, (unpaired two-tailed T-test).

In addition, NICD gain -of-function also led to increased BCL6 and GATA -3
expression in lymph node CD4+ T cells (Figure 18a, b). This finding is consistent with
Notch signaling affecting GATA -3 expression, as previously shown during in vitro Th2
cultures [172][173], but also highlights a role for Notch signaling in mediating BCL6+
Tfh cell generation or maintenance [17]. BCL6 and GATA -3in lung CD4+ T cells was not
altered in cells over-expressing NICD (Figure 18c, d). Together, these data show that
Notch signaling impacts not only Tfh cell development but also IL -4 production by Tfh
cells. The observation that over-expression of NICD has a more pronounced effect on IL-
4 production and transcriptional regulation in Tfh cells compared to lung Th2 cells

further supports a more selective role for Notch signaling in Tth cells relative to their

Th2 cell counterparts.
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Figure 18 Over-expression of NICD leads to increased expression of BCL6 and
GATA -3in lymph node, but not lung, CD4+ T cells.

IL4KN2EReeRos@26tor-flox-NICD-GFP (n = 11) mice were injected with tamoxifen on days -3, -2, -
1 and infected with N. brasiliensison day 0. Mediastinal lymph nodes and lungs were
harvested nine days later. CD4+ GFR (T cells with normal Notch expression) and CD4+
GFP+ (T cells overexpressing NICD) were sorted and prepped for flow cytometry. (a, b)
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Representative flow cytometry plots of sorted CD4+ GFP- (NICD -) and CD4+ GFP+
(NICD+) lymph node cells. Gates represent percentageof BCL6+ (a) or GATA -3+ (b)
cells. (c, d) Contour plots of sorted CD4+ GFP- (NICD -) and CD4+ GFP+ (NICD+) lung
cells. Gates depict the percentage of BCL6+4c) or GATA -3+ (d) cells. Graphs show
guantified percentages of BCL6+ andGATA -3+ CD4+ T cells.Error bars represent +£
SEM. Data is combined from three independent experiments with n = 3-4 mice per
group. ***P < 0.0005 (paired twotailed T-test).

3.5 Functional Notch ligands on conventional dendritic cells can
influence Tfh cell fate early during CD4+ T cell differentiation,
but are not required for full TTh commitment.

Although high doses of antigen can drive a Tth cell fate in the absence of
conventional dendritic cells (cDC), in most physiologic settings, the initiation of Tth cell
fate requires antigen presentation by conventional dendritic (cDC) cells [261,274,366]To
assess whether early Tfh cell commitment required functional Notch ligands on cDC
subsets, canonical Notch ligand-mediated signaling was pr evented by conditionally
deleting the E3 ubiquitin ligase molecule, Mind bomb1 (Mib1), in cDC. Notch signaling
requires Mib1 for ligand -induced Notch signaling in vertebrates [367]. Deletion in
dendritic cells was achieved by CD11c-driven, Cre recombinase-mediated excision of
loxP-flanked Mib1 [361,319] Cre recombinase expression in cDC was confirmed by
assessing yellow fluorescent protein (YFP) expression among CD11¢c+MHC -1l + cells
isolated from the mediastinal lymph nodes of N. brasiliensisinfected CD11cceRos&"x-
stopYFP mice (Figure 19a). Mib1 deletion using the CD11cceMibl1 % system was confirmed

by PCR analysis of dendritic cells isolated and sorted from the mediastinal lymph nodes
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five days after N. brasiliensignfection (Figure 19b) and bone marrow-derived DC
cultures (Figure 19c).
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Figure 19: Successful deletion of MIB1 in CD11c+ dendritic cells.

(a) Representative contour plot of CD11c+MHC -Il + dendritic cells from mediastinal
lymph n odes harvested from CD11c¢ Rosa26triox-YFP (n = 3) mice five days post
infection with N. brasiliensis Percentage of YFP+ cells from CD11cMHC -l + gate is
shown for CD11cre Rosa26torfiox-YFP (top) and Rosa26torfiox-YFP (hottom). Data is
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representative of two independent experiments. (b) IL44CD11c°eMib1% (n = 3) and
IL449¢Mib1 " (n = 3) were infected with N. brasiliensisand CD11c+MHC -II + cells were
sorted from pooled mediastinal lymph nodes five days post infection. Cells were
prepared for real-time PCR. The expression of Mind bomb-1 relative to B-actin is shown.
(c) Bone marrow derived dendritic cells cultured from IL4 4eetCD11cceMib1 %" and
IL44eetMib1 % mice were isolated on day nine and sorted and prepared for real-time PCR.
Expression of Mind bomb -1 relative to B-actin is shown. Error bars represent ++ SEM.
To assess changes in It4 competency and Tfh development in the absence of
Mib1 in cDC, we crossed CD11¢=Mib1 ¥ mice onto the IL44%t reporter system.
IL44eetCD11cceMib1 % (Mib1-deficient cDC) and IL44eMib1 % (wild -type) mice were
infected with N. brasiliensisMediastinal lymph nodes were isolated on day five and day
nine post infection. On day five, mice lacking Mib1 in CD11c expressing cells showed a
significant decrease in the percentage and total number of CD4+ T cells expressing the
canonical Tfh markers CXCR5+, PD1+ (Figure 20a). Although the percentage of Tth cells
expressing IL-4 mRNA were similar between mice harboring Mib1 -deficient cDC and
wild -type cDC, the numbers of IL-4 competent Tfh cells were reduced as would be
expected given the decrease in total Tth cells (Figure20a, b). However, the dependence

on functional Notch -ligands provided by cDC was not absolute as Tfh cell numbers and

IL-4 mRNA competency were similar by day nine of infection (Figure 20c).

108



3 Day5 Gated on CD4+ T cells

MIB 1A CD11cC MIB17"
L 6.91 1 1.50 P E
1044 3 <
103+ E E
& o m
- E/AN o -
nol. 01 § L
D 10° 10 108
CXCR5 B
b Gated on Tfh cells
MIB1"1 CD11cCr MIB1™ NS 2 *
[72]
10°1 54.2 47.3 ° 1:3 E 20 &
: 3 © o = _ 154 o
e | e ] | folB® T
10% & 40 °%°  RX : o
. o O os{H &
8 01 2 0 g W g
T 10° 10¢ 106 S & " @\“@ N
Q Q
GFP (IL-4) p F &
o o
\ A
N N
® [oX
c [72]
109 NS . 20 21001 o N B 1.5
1] — * iy o *
3 8 3 _15 £ g a0 £ ~ e
c £8 £ 60 =
E 4 Ex10 + 40 ax
* s o 6 0.5
2 8 0.5 (l-ls 20 =
T o ® aans B Heaa
NS ORI NN N\ NN N\
B Dt I S PO B P
N N N N
T SEE® S8 S
[ ® [ o o o ® ®
N N o N < < < <
N N IR S S
00 ()o 00\ oo 00\ 00\ 00\ 00\

Figure 20: Deletion of MIB1 in conventional dendritic cells is important in
early Tth cell fate decision.

IL44etCD11cceMib1 % (n = 19)and IL44=Mib1 %" (n =16) mice were infected with N.
brasiliensisand mediastinal lymph node swere harvested five days later for flow
cytometry. (a) Representative contour plots on Tth (PD1+ CXCR5+)ells. Graphs show
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guantification of percent and total number of Tfh cells. (b) Contour plots of Tth cells.
Gates indicate the percent of GFP+ Tth cells(a). Graphs show percent and total number
of IL-4 expressing Tfh cells (¢) Graphs show percentage and total number of Tth cells
and IL-4expressing Tfh cellsfrom [L44etCD11cceMib1% and IL44=tMib1 % five days (n
=19, n = 1%and nine days (n = 11, n = 10) post helminth infection. Error bars represent
+/- SEM. Data shown is combined from three (day 9) or four (day 5) independent
experiments with n =3-5 mice per group. *P <0.05**P < 0.01 (unpaired two -tailed T-
test).

The defect observed at day 5 was not due to a general priming defect as
IL449etOT-11 CD4+ T cells transferred into CD11ceMIB1% mice did not have a significant
defect in their proliferation compared to OT-II T cells transferred into control MIB1
mice (Figure 21a). The transferred cells also had no defect in the expression of early
activation markers, CD44 and CD69(Figure 21b). Consistent with the previous findings

in Tfh cells, OT-1l T cells transferred into CD11ceeMIB1"" mice exhibited no reduction in

the percentage of cells that established IL4 mRNA competency (Figure21c).
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Figure 21: Deletion of MIB1 in conventional dendritic cells does not result in a
general prol iferation or activation defect in antigen specific T cells.

IL44eet CD45.1 OT-II T cells were isolated and loaded with a proliferation dye

(eFluor670). The loaded cells were then transferred into MIB1" and CD11creMIB

mice. The mice were immunized twenty -four hours later with OVA emulsified in alum
and cells then isolated three days postimmunization for analysis. (a) Proliferation of
OT-Il transferred cells from MIB1 7 (red) and CD11ceMIB1%" (blue) mice. eFluor670
MFI of total CD45.1+ CD4+T cells was quantified. (b) Expression of CD44 and CD69 on
CD4+ CDA45.1+ cells quantified and graphed.(c) Representative contour plots of CD45.1+
CD4+ T cells. Gates represent percent of IkE4 mRNA competent cells. Graphs show
percent and total number of CD4+ CD45.1+ GFP+ cells. This data represents a single
experiment.
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3.6 Functional Notch ligands on B cells and follicular dendritic
cells are not required for Tfh cell commitment.

Although cDCs often play an important role in the early development of Tth
cdls, entry of Tfth cells into the B cell follicles and interaction with B cells themselves
appears critical for ultimate Tfh cell commitment [274]. Furthermore, depletion of
follicular dendritic cells (FDC) impacts Tfh cell numbers [368]. Given that functional
Notch ligands on cDC were not required for Tth cell commitment after day 5, we
pursued the idea that B cells or FDC in the follicles might be the compensatory source of
these ligands as the cellular response taN. brasiliensismatured. To investigate this
mechanism, we conditionally deleted Mib1l in B cells and FDC using a CD21-driven Cre
recombinase[369]. CD21 is confined to these two cell types in the mouse immune
system [370], and the specificity of CD21-Cre recombinase activity has been confirmed in
both B cells and FDC using this system[369,368]

To confirm CD21-Cre activity in FDC and B cells in our hands, we immunized
CD21eRosaz6trflox-YFPmice with ovalbumin precipitated in alum at three sites in the
back and collected draining axillary, brachial, and inguinal lymph nodes five days post
injection. Similar to previous reports, Cre -activity was confirmed in 87.1% of the B cells
by YFP expression (Figure 22a). Using flow cytometry, we observed that CD21 -cre
activity was highly enriched in FDCs compared to other stromal populations based on
YFP expression (Figure22b). Using immunohistochemistry o h CD21ceRosa2@topflox-YFp

mice, we confirmed CD21-cre activity in FDC and B cells by staining for YFP in tissue
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sections obtained from isolated lymph nodes (Figure 22c¢). YFP was ceexpressed by both
IgD+ (B cells) cells, as well as FDCM2+ (FDC) cells itthe IgD- germinal center (Figure
22c).
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Figure 22: CD21 expression amongst lymph node stromal cell populations.

CD21¢eRosa2@torfiox-YFPand Rosa26Gtoriox-YFPmice were immunized with OVA emulsified
in alum. Five days later inguinal, axial, and brachial lymph nodes were harvested and
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combined. The CD45 population was enriched and prepared for flow cytometry

analysis. (a) Representative flow plot of the B220+ population. Gate marks YFP+ cells(b)
Contour plots from pooled ly mph node samples gated on CD45 B2203 and CD4-. Gates
represent YFP expressionon lymph node stromal cell population s: T zone reticular cells
(TRC; PDPN+, CD3%, CD21+), lymphatic endothelial cells (LEC; PDPN+ CD31+), and
blood endothelial cells (BEC; PDPN- CD31+).FDCs are identified as YFP (CD21)
expressing TRCs. Data are representative of three independent experiments with n = 23.
(c). Nine days post subcutaneous footpad immunization with OVA/alum,
immunofluorescence microscopy was performed on poplitea | lymph nodes harvested
from CD21¢eRosa26trfox-YFPand Rosa26terfox-YFP mice. Sections were stained for IgD
(blue), YFP (green) and FDCM2 (red). A composite image of IgD and FDCM2 stains is
shown at the top of the panel. A higher magnification of t hese images (area denoted by a
white square) was taken and a composite image of FDCM2 and YFP is shown at the
bottom of the panel. Scale bars (bottom left) represent 10Qum.

To assess whether functional Notch ligands on B cells and FDC are required
for Tfh commitment, 1L4 4eetCD21cMib1 %" (Mib1 -deficient B cells and FDC) or
IL44eetMib1 % (wild -type) mice were infected with N. brasiliensis and mediastinal lymph
nodes were isolated nine days later. Both CXCR5+, PD1+ Tfh cell percentages and
numbers were similar to mice where B cells and FDC remained Mib1 competent (Figure
23a). There was also no significant change in I.-4 mRNA competency among the Tth cell

compartment, as percentage and number of GFP expressing cells remained similar

between thesetwo groups (Figure 23b).
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Figure 23: Deletion of MIB1 on FDCs and B cells is dispensable for Tth
differentiation and function.

IL449e'CD21¢eMib1 % (n = 3)and IL44¢Mib1 %" (n = 4)mice were infected with N.
brasiliensisand their mediastinal lymph nodes were analyzed by flow cytometry nine
days post infection. (a) Representative contour plots of CD4+ T cells. Gate representdfth
(PD1+ CXCR5+)cells. Graphs show percent and total number of Ttfh cells. (b) IL-4
expressionwas assessed and quantified in Tfh cell populations gated in panel (a). Gate
represents GFP+ (I-4 competent) Tth cells. Error bars represent +/- SEM. Data shown is
representative of two independent experiments with n =3-4 mice per group.

T cell specific deletion of Mib1 also had no impact on Tfh cell numbers or IL -4
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potential (Figure 24a, b). To summarize, functional Notch ligands on conventional



dendritic cells influence early Tfh cell fate and cytokine competency. However,
functional ligands on non -hematopoietic cells other than FDC are sufficient in the

absence of functional ligands on dendritic cells as the immune response proceeds.
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Figure 24: MIB1 deficiency in CD4+ T cells has no effect on Tth differentiation
or Tth IL -4 production.

[L449et CD4ere Mib1 ™ (n = 3) and IL4*t Mib1 % (n = 3) mice were infected with N.
brasiliensisand mediastinal lymph nodes were harvested nine days later. (a)
Representative contour plots on Tth (PD1+ CXCR5+)ells. Graphs show quantific ation
of percent and total number of Tth cells. (b) Contour plots of Tth cells. Gates indicate the
percent of GFP+ Tfh cells.(a). Graphs show percent and total number of IL -4 expressing
Tfh cells. Error bars represent ++~ SEM. Data is combined from two in dependent
experiments with n = 3-4 mice per group.
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3.7 Discussion

In these studies, we establish that Notch signaling in CD4+ T cells represents an
important checkpoint in the bifurcation between Tfh cell - and Th2 cell-driven hallmarks
of type-2 immunity. Notch receptors 1 and 2 are required for Tth cell generation, but are
largely dispensable for Th2 differentiation in response to parasitic helminth infection.
The importance of Notch in this bifurcation is reflected in the biology, as Tfth -mediated
type-2 humoral hallmarks, such as IgE production, were impaired, while Th2 -
orchestrated peripheral immunity, marked by worm clearance in the intestine and
innate cell recruitment to the lung, remained intact. Furthermore, these studies reveal
that Notch signaling is not only required for development and commitment of Tfh cells,
but that Notch signals can enhance type-2 cytokine production in committed Tth cells.
The enhanced cytokine production that results from increased NICD expression also
appears specific to Th cells as lung-resident CD4+ T cells overexpressing NICD
produced similar levels of IL -4 as CD4+ T cells expressing endogenous NICD.

Two competing models for Notch in Thl, Th2, and Th17 cell differentiation have
emerged, and are also likely at play in Tth cell fate determination. The unbiased
amplifying or facilitating model implies that Notch signals potentiate an already
established cytokine potential in developing subsets [333]. The instructive model
suggeststhat the signals from the engagement of different Notch ligands by Notch

receptors can direct differentiation toward a specific cell fate [311]. Importantly, the
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results herein support aspects of both amplifying an d instructive mechanisms in Notch -
driven Tfh cell fate and function. As discussed above, over-expression of NICD showed
that Notch -signaling enhances IL-4 production in Tfh, but not Th2 cells. Furthermore,
over-expression of NICD had no effect on driving G ATA -3 expression in lung CD4+ T
cells, while it did lead to enhanced expression of BCL6 in lymph node CD4+ T cells. The
selective dependence on Notch ligands in Tfh versus Th2 cell generation also reveals the
potential presence of an instructive-based medanism for Notch in Tth cell fate choice. In
its simplest form, the presence of functional Notch ligands promotes Tth cell fate, but
has a significantly reduced influence on Th2 cell development. This is not to say that
Notch does not have a role in GATA -3 expression or in amplifying Th2 cytokine
competency, but rather that Th2 cells do not rely on Notch signals in vivo to the same
extent as Tth cells to achieve their ultimate effector fate. It is likely that Th2 cell fate is
cemented and less influenced by Notch signals once a threshold of GATA-3 expression
is achieved in developing Th2 cells. The presence of other Il-4 and IL-13 producers in
the lung can reinforce the Th2 phenotype and maintenance of GATA-3 in Th2 cells,
potentially making the role of Notc h in these settings less critical for driving Th2
responses in the periphery. While we did not see major defects in peripheral Th2
responses in mice with Notch-deficient T cells, we did observe an influx of non -Th2

CD4+ T cells in the lungs of these mice Given that Notch has been shown to influence
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fate and function in Thl, Th2, and Th17 cells, future work investigating the effector fate
and transcriptional program of these non -Th2 cells is of great interest.

The near complete absence of Tth cells and IgEdespite normal Th2 development
and peripheral type -2 immunity in mucosal tissues observed in this study is intriguing
given conclusions made by prior studies. Several past studies looking at the necessity of
Notch in type -2 immune responses have describedNotch signaling to be essential for
Th2 biology [310]. These prior studies largely based their conclusions onin vitro Th2
polarization assays, ex vivorestimulation of lymph node resident CD4+ T cells, or used
serum cytokines and IgE as surrogates for Th2 function. We now know that these
readouts are not particularly good indicators of true Th2 cell biology in vivo. For
example, IgE is dependent on Tfh-derived IL -4 not type-2 cytokines geneated by Th2
cells [54]. Thus, prior studies designed to uncover a role for Notch in Th2 cell biology
may have instead identified unappreciated defects in Tfh cells. We believe the
experiments shown herein help to reconcile prior results and place them in a more
unifying context.

The findings shown herein are of particular interest in light of previous studies
investigating the role of Notch during T. muris infection, another nematode infection
model that requires Th2 cells for parasite expulsion [333,351] While in the N. brasiliensis
model we saw normal worm clearance but a complete loss of IgE when T cells lacked

Notchl1 and Notch2 suggesting normal Th2 function but impaire d Tfh function, the T.
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muris studies showed both a loss of IgE and impaired worm expulsion when T cells
expressed a dominant negative form of the Notch co-activator mastermind/MAML
(DNMAML) which is considered a pan -Notch inhibitor. This might at first pas s suggest
that both Tth and Th2 cells are impaired using the condition al DNMAML system.
However, the authors show that administration of anti -CD3 to activate T cells in T. muris
infected mice elicited no significant change in IL -4, IL-5, and IL-13 in the serum
compared to wild -type. This is consistent with Th2 differentiation and type -2 cytokine
competency remaining largely intact in this setting. It will be interesting to confirm this
by directly assessing Tfh cell and Th2 cell development in this model. Taken together,
the data suggests that Notch signaling plays a less critical role in Th2 compared to Tfh
differentiation, but supports a role for Notch in amplifying and optimizing Th2 function.
Another interesting area of investigation will be to determin e why inhibition of
Notch signaling seems to impair IL -4-mediated antibody isotypes more readily than
IFN -ur-driven isotype -switching [172,351,312] One might expect Notch to affect both IL-
4-producing and IFN-wproducing Tfh cells equally as both are found in the germinal
centers and affect isotype-switching [54]. In support of Notch being involved in the
generation of Tfh cells in both Th2 and Th1 settings, chronic Leishmanianfection models
show that Notchl and Notch2 deficiency in T cells leads to diminished Tfh cells and Tfh-
dependent germinal center formation even in settings of robust type -1 responses. Of

note, L. majorinfection of CD4ceNotch1/2%" mice did not affect Th2 cell generation as
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Notch1/Notch2 -deficiency in T cells promoted lesion development on the norm ally
resistant C57BL/6 background [313]. Lesion development is dependent on the presence
of IL-4-producing Th2 cells. However, these findings do suggest that Th1 cell function
was impacted in the absence of Notch dgnaling as their presence would prevent lesion
development in this model.

Curiously, blocking of IFN -toseems to rescue IgE and IgG1 production inT.
muris infected mice expressing a dominant negative form of MAML in T cells. Whether
IFN -wis impacting Tfh cells directly in this case to promote IgE is not clear. It is likely
that IFN-tofrom Th1 cells is suppressing systemic levels of type-2 cytokines derived
from Th2 cells during chronic helminth infection. Once inhibited by antibody, IFN-wcan
no longer suppress Th2 function allowing systemic IL -4 and non-Tfh-derived IL-4 to
infl uence B cellg[371,372] This finding, along with the data discussed above, may also
suggest the presence of a norcanonical Notch signaling pathway that differentially
involves MAML during Thl, Th2 and Tfh cell ge neration. Investigating these
possibilities will be important for future studies.

The unexpected finding that Th2 cells were less dependent on Notch signals than
their IL -4-producing Tfh cell counterparts suggested that these two cell subsets may also
require distinct Notch ligands. One such bifurcating -ligand maybe DLL4. Inhibition of
DLL4 promotes Th2 cell function in settings of allergic airway inflammation [349,373]

The inhibitory role for DLL4 on Th2 cells is particularly intriguing given that DLL4
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serves a promoting role in Tfth cell differentiation [316]. When placed in the context of
the data presented here, it is consistent with DLL4 acting as a switch for Tfh cell
differentiation. In its absence, responding IL -4 competent cells may default toward a Th2
cell fate. DLL4 acting as a specific trigger for Tfth cells would also be consistent with our
Mib1 results, as Mib1l has the highest affinity for DLL4 and is known to pl ay a key role
in DLL4 -mediated Notch1 signaling during T cell lineage development [374,375]

How and if Notch signals complement TCR signals to direct Tfh cell fate is an
interesting area for future investigation. The affinity of the TCR for antigen -MHC
complexes and the dwell time spent on APC, are key factors in ultimately determining
Tth cell fate [145,155] However, additional signals likely influence Tth cell fate eith er by
increasing dwell time, and/or tuning TCR signals, or by independently promoting a Tth -
specific gene circuit in parallel to TCR signaling [262]. In support of a compl ementary or
parallel role for Notch in TCR -mediated differentiation of Tfh cells, previous studies
have shown that TCR signaling increases Notch receptor expression and activation, and
that Notch is required for TCR -mediated activation and proliferation of peripheral T
cells[327,376] It is also clear that Notch signals can potentiate or inhibit TCR signals in
the thymus and the periphery to regulate T cell fate [377,328]

The advantage of using Mib1 deletion is that it disrupts downstream signaling
from all Notch ligands. Thus, it provides an unbiased approach to assess the

involvement of Notch ligands in biology. However, as discussed above with regard to
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DLL4 in Th2 and Tfh cell generation, this prevents investigation into the individual roles
specific Notch ligands might play in type -2 immunity. It is also unable to assess a role
for non-canonical Notch ligands as Mib1 may not disrupt non -canonical Notch
signaling. Despite these caveats, our findings do show that conventional dendritic cells
provide an important early source of Notch ligands. However, functional Notch ligands
on ¢DC are not necessary to establish full Tth cell effector potential. Similarly, B cells, T
cells, and FDC, which interact frequently with Tth cells in the B cell follicles and
germinal centers, are not required sources of Notch ligands for Tth cell commitment.
These findings help to further support a fibroblastic cell source of DLL4 as critical for
Tth cell commitment [316]. Although initially suggested to be FDC [316], our data
indicates that other stromal sources are sufficient for TTh commitment. Notch ligands on
cDC, FDC, and B cells may contribute to the Tfth phenotype, but other (likely stromal
sources) of Notch ligands can compensate in their absence.

This study places Notch in the company of BCL6 and ASCL2 as factors that
selectively regulate Tfh cell development and function relative to Th2 cells. However,
unlike BCL6 and ASCL2, which work intracellularly to control Tfh cell fate, Notch and
its ligands are present at the cell surface. This suggests that Notch and/or its ligands
could represent important targets for immune mediated therapies such as biologics
focused on Tfh-mediated disease outcomes, including allergies and other IgE-driven

pathology.
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4. Continuous Notch signaling is required to maintain Tfh fate
and function

*Disclosure: portions of the following section were adapted from my published
Ul Ul EUET WEUUPEOI ow#1 00z UDPOT Ew, woé wll pofantE UEU w1 +
checkpoint between follicular T -helper and canonical T-helper 2 cell fate. Mucosal

Immunology. Feb. 2018. doi:10.1038/s4138%18-00129

4.1 Introduction

After initial differ entiation and expression of GATA -3, Th2 cells become
polarized by a GATA -3 driven positive feedback loop [160] and do not require Notch
signaling to retain their Th2 fate. While Th2 cells become polarized upon expression of
GATA -3, Tth cells lack a feedback mechanism for fate polarization. In fact, several
studies have suggested that Tfh cells exhibit a high degreeof plasticity and may have
the potential to revert into other T helper subsets when given or deprived of certain
signals[378,379] Currently, w hich signals are important for driving the maintenance of
Tth fate are unclear. Our studies described in the previous section have already
identified Notch signaling as a factor important in driving initial Tfh fate decision.
While we know that Notch is required for Tfh differentiation, it is unclear whether Tth
cells require continuous Notch signaling to maintain their fate and function.

Here, we have employed the use of a gamma secretase inhibitor (GSI)Jn order to
study the role of Notch signaling in Tfh maintenance . GSls specifically inhibit the

gamma secretase complexwhich is required to release the NICD from the membrane.
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Without release from the membrane Notch is unable to translocate to the nucleus and
perform its downstream roles as a transcription factor. Importantly, t he use of a GSI
allows us to choose at what point during an immune response we want to inhibit Notch
signaling. Since we already know that Notch is required for Tfh differentiation, we can
choose to inhibit Notch signaling only after Tfh differentiation has occurred. This allows
UU wU O wU U Ursla i FirnthiBtenarideuand downstream function without affecting
early Tth differentiation. The studies outlined here demonstrate that continuous Notch
signaling is important to maintain Tfh fate and function . Inhibition with GSI after Tfh
differentiation reduces the Tfth and IL-4 producing Tfh populations. Additionally, we
identify three potential mechanisms through which Notch signaling regulate s Tfh

differentiation and maintenance.

4.2 Late inhibition of Notch signaling results in a reduction of
Tfh fate and function

Notch signaling is indispensable for the differentiation of Tth cells, but the role of
Notch in Tth maintenance has yet to be investigated[314]. To investigate whether
continuous Notch signaling is important to maintain Tfh fate, we employed the use of a
gamma secretasenhibitor (GSI) to inhibit Notch signaling in already differentiated Tfh
cells. 1L44eevkN2 mice immunized with ovalbumin precipitated in alum generate abundant
Tth cells by 7-10 days after subcutaneous immunization [54]. Using this model,
ovalbumin immunized mice were given injections of GSI or a mock injection on days

seven, eight and nine post immunization. Mice that received the GSI injection had a
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reduction in both their percentage and number of Tfh cells (Fig ure 25a) as identified by
the expression of canonical Tfh markers, PD1 and CXCR5.

In the previous chapter we demonstrated that early deletion of Notch receptors
results in reduced IL -4 mRNA expression in Tfh cells. However, it is still unclear
whether per sistent Notch signaling in established Tfh cells is important for maintaining
Tfh cytokine competency. Importantly, the percentage and number of IL-4 producing
Tth cells was significantly reduced in mice that received GSlthan mice that received a
mock injection (Figure 25b). This data suggests that continuous Notch signaling may be
important to maintain Tfh fate and function within the B cell follicle beyond Tfh

differentiation .
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Figure 25: GSI administration after Tfth differentia tion leads to reduced Tfh
differentiation and IL -4 production.

IL449et’N2 mice were immunized with OVA emulsified in alum. Seven days post
immunization mice were given a control injection (n = 11) or Notch inhibitor (GSI) (n =
12) on days seven, eight, a nine. On day ten, the popliteal lymph node was harvested
for flow cytometry. (a) Representative contour plots of CD4+ T cellsgated on Tth cells
(PD-1+, CXCR5+)of indicated mice are shown. Graphs show quantification of
percentage and total number of Tth cells. (b) Representative flow cytometry plots
showing IL -4 production of Tfh cells shown in panel (a). Graphs show percent and
number of IL -4 producing Tth cells from indicated mice. Error bars represent +/- SEM.
Data is combined from three independent experiments with n= 3-4 mice per group. **P <
0.01, ***P <0.00L (unpaired two -tailed T-test).

Since IL-4 derived from Tth cells is known to be important in the survival and
maturation of GC B cells, we investigated how these reductions in Tfh cells and Tfh IL-4
production affected the GC B cell populations. GC B cell differentiation was not reduced
by percentage, butthe total number of GC B cells was significantly reduced in mice that
received injections of GSI(Figure 26a). These data confirm that continuous Notch

signaling is not only important in the maintenance of Tth fate, but also the downstream

function of Tfh cells.
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Figure 26: Reduced germinal center B cell population in mice treated with GSI
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IL449et’N2 mice were immuni zed with OVA emulsified in alum. Seven days post
immunization mice were given a control injection (n = 11) or Notch inhibitor (GSI) (n =

12) on days seven, eight, and nine. On day ten, the popliteal lymph node was harvested

to assess GC B cell population ly flow cytometry . (a) Representative contour plots of
B220+ cells. Gates indicate germinal center B cells (CD95+ GL7+). Percent and number of
GC B cells of the B220+ population was quantified and graphed. Error bars represent+/-
SEM. Data iscombined from three independent experiments with n= 3-4 mice per group.
*P <0.05 (unpaired two-tailed T-test).

4.3 Persistent Notch signaling is required to maintain proper
localization of IL-4 competent cells in the lymph node

The localization of T cellswithin the lymph node is tightly controlled by
chemokine receptors, most notably CXCR5 and CCR7. The expressiomevel of these
receptors, and the presence of a chemokine gradientultimately determine the
localization of T cells within the lymph node . CCR7 drives localization towards the
cortex of the lymph node, while CXCRS is important for follicular localization. Upon
activation, T cells upregulate CXCR5 and migrate to the perifollicular border. At this B -T
border, early interactions with B cells are critically imp ortant for Tfh differentiation.
Without these interactions, expression of BCL6 will not be maintained, Tth
differentiation will not complete, and germinal center formation will not occur.  High
expression of CXCRb5retains Tth cells within the B cell follic le. Currently, t he factors
controlling the expression of CXCR5 on Tth cells are not fully elucidated. Furthermore, it
is unknown whether Notch signaling plays an important role in regulating the

expression of these chemokine receptors.
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Figure 27: IL-4 expressing cells lose their Tfh phenotype after GSI treatment

IL449et’N2 mjce were immunized with OVA emulsified in alum. Seven days post
immunization mice were given a control injection (n = 11) or Notch inhibitor (GSI) (n =
12) ondays seven, eight, and nine. On day ten, the popliteal lymph node was harvested
for flow cytometry. (a) Representative contour plots of CD4+ T cells. Gate represents IL4
(GFP) expressing CD4+ T cells. Percent and number of Ik4 expressing CD4+ T cells is
shown. (b) Representative contour plots of IL-4 expressing CD4+ T cells. Gate represents
the percent of IL-4 expressing CD4+ T cells that are Tfh (PD1+ CXCR5+) cells. Percent
and total number of IL -4 expressing CD4+ T cells that are Tth cells is quantifigl. The
ratio of total Tth: Non Tfh IL -4 expressing cells was also quantified. Error bars represent
+/- SEM. Data iscombined from three independent experiments with n= 3-4 mice per
group. **P <0.00L (unpaired two -tailed T-test).

Previous work has established that IL -4 production in the lymph node is largely
restricted to CXCR5" expressing Tth population sresiding in germinal centers [54].
Sincelocal Tth derived IL -4 production is important for germinal cente r function, we

wanted to assess whetherinhibition of Notch signaling affected Tfh marker expression

in IL -4 expressing cells To assess whether Notch signaling had any effect on the
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expression of PD1 and CXCRS5 onlIL -4 competent cells we immunized mice and

inhibited Notch signaling with GSI, as described in the previous sections in this chapter.
Total number, but not percentage, of IL-4 expressing CD4+ T cells was reduced in mice
with inhibited Notch signaling (Figure 2 7a). As expected, the majority of IL-4 mMRNA
expressing cells incontrol injected mice expressed Tfh characteristic markers (Figure
27b). Interestingly, IL-4 mMRNA expressing CD4+ T cells in micetreated with GSI
exhibited a reduced Tfth phenotype compared to their control injected counterparts,
marked by reduced expression of PD-1 and CXCR5(Figure 27b). The total number of IL -
4 expressing CD4+ T cells that were Tth cells was significantly reduced in GSttreated
mice, as would be expected given the reduction in total IL -4 expressing CD4+ T cells
(Figure 27b). Mice treated with GSI had a significantly reduced ratio of Tfh:Non Tfh IL -4
competent cells (Figure 2rc). Furthermore, CXCR5 MFI on activated IL-4 expressing
(PD1+ GFP+)CD4+ Tcells derived from mice that received GSI injections was

signific antly lower compared to mice that received control injections (Figure 28a).

a
Gated on CD4+ T Cells

Gated on PD1+ T ik
-GSl +Gsl o GFP+CD4+Cells &
. cor 70 £ 100; 51200+
10 : E 80. + 3=
b o QO 800
, . 7 O ; 60' E:
10 3 N 404 < 4004 =
T T 20- L
o 018 g 20 =
o 6 OF ey n  0-
0 10 10% 10° z 0 10°10°10° % > o
GFP (IL-4) > CXCR5 — P X o0

Figure 28 Treatment with GSI leads to reduced expression of CXCR5 by IL -4
expressing CD4+ T cells
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IL449et’N2 mice were immunized with OVA emulsified i n alum. Seven days post
immunization mice were given a control injection (n = 4) or Notch inhibitor (GSI) (n = 4)
on days seven, eight, and nine. On day ten, the popliteal lymph node was harvested for
flow cytometry. (@) Representative contour plots of CD4+ T cells. Gate represents
activated IL-4 expressing cells (PD1+ GFP+). Histogram depicts the expression of CXCR5
in activated IL -4 expressing cells from mice that received mock injections (blue) and
mice that received injections of GSI (red). MFI of this population was quantified. Error
bars represent+/- SEM. Data isrepresentative of three independent experiments with n =
3-4 mice per group. ***P <0.00L (unpaired two -tailed T-test).

SinceNotch inhibition resulted in fewer IL-4 mMRNA expressing CD4+ T ells
exhibiting a Tfh phenotype, including reduced CXCR5 expression, we hypothesized that
we might observe an increased amount of IL-4 mMRNA expressing cells in the T cell zone
of mice with inhibited Notch signaling. To test our hypothesis, we immunized L4 4gevkN2
mice with OVA emulsified in alum and administered GSI injections on days seven,
eight, and nine. On day ten, we took the popliteal lymph node, prepared it for histology,
and stained it for IgD and GFP (IL-4 mRNA). IL -4 expressing cells were mostlylocated
in the follicle and germinal centers of mice that received mock injections (Figure 29a).
Mice administered with GSI exhibited abnormal localization of their IL -4 expressing
cells, marked by an accumulation in the cortex, compared to their mock inj ected
counterparts. When quantified, mice that received injections of GSI had twice as many
IL-4 mRNA expressing cells residing in the cortex compared to mice receiving mock

injections (Figure 29b). This data suggests that Notch signaling may be important in

maintaining proper Tth localization to the B-cell follicle.
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Figure 29: GSl-treatment results in aberrant localization of IL -4 expressing
CD4+ T cells.

IL449et’N2 mice were immunized with OVA emulsified in alum. Mice were gi ven a
control injection (n = 6) or Notch inhibitor (GSI) (n = 6) once every twenty -four hours
from day seven through day twelve. On day thirteen, the popliteal lymph node was
harvested and prepared for histology. (a) Fixed popliteal lymph node slices were stained
for IgD (blue) and GFP (IL-4; green). White lines were drawn by hand to indicate the T
cell zone. (b) The percentage of GFP+ pixel density within the T cell zone was calculated
for mice that received control injections or injections of GSI. Error bars represent+/-
SEM. Data isrepresentative of two independent experiments with n =3 mice per group.
***P < (0.00L (unpaired two -tailed T-test).

Next, we wanted to assess whether the localization phenotype we observed was
temporary or if inhibition of Notch for a short period led to sustained increase of IL-4

competent cells in the paracortex. To do this, we again administered GSI to mice from
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days seven, eight, and nine post OVA in alum immunization and then gave either GSI or
control injections on days ten, eleven, andtwelve . On day thirteen, we harvested the
popliteal lymph node for histologic analysis of IL -4 mMRNA (GFP) expressing cells.
Strikingly, GSI again led to an accumulation of IL -4 expressing cells in the T cell zone
(Figure 30a, b). However, when Notch inhibition was released on days ten, eleven, and
twelve the percent of IL -4 expressing cells residing in the T cell zone returned to normal
levels (Figure 30a, b). This further supports arole for the importance of continuous,

persistent Notch signaling in controlling Tfh localization .
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Figure 30: Release of GSI-treatment results in re -localization of IL -4 expressing
cells back to the follicle.

IL449et’N2 mice were immunized with OVA emulsified in alum. Mice were give n a
control injection (n = 5) or Notch inhibitor (GSI) (n = 6) once every twenty -four hours
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from day seven through day twelve. Another group of mice received GSI injections on
days seven through nine and then control injections on days ten through twelve ( n = 6).
On day thirteen, the popliteal lymph node was harvested and prepared for histology.
Finally, one group of mice received GSl injections only on days seven through nine and
then euthanized on day ten (n = 6).(a) Fixed popliteal lymph node slices wer e stained
for IgD (blue) and GFP (IL-4; green). White lines were drawn by hand to indicate the T
cell zone. (b) The percentage of GFP+ pixel density within the T cell zone was calculated
for mice that received control injections or injections of GSI. Error bars represent+/-
SEM. Data isrepresentative of two independent experiments with n =3 mice per group.
***P < (0.00L (unpaired two -tailed T-test).

While it appears that Notch signaling could be controlling Tth localization by
regulating CXCR5expression, it is unclear how Notch signaling might regulate CXCR5.
One intriguing transcription factor, ASCLZ2, is highly expressed by Tfh cells and is
important in driving initial Tfh fate by upregulating expression of CXCR5 and down
regulating expression of CCR7 [282]. Importantly, Notch has been identified as a driver
of ASCL2 expression during epidermal cell development [380]. Taken together, it is
possible that Notch signaling may control the expression of CXCR5, and subsequent
localization of Tfh cells, by regulating of ASCL2 expression. To begin testing this
possibility , we sorted CD4+ GFP+Non Tth (PD1- CXCR5) and CD4+ GFP+Tth (PD1+
CXCR5+)cells from control treated and GSl-treated 1L44¢tKN2 mijce. As expected, Tfth
cells expressed higher levels of ASCL2 compared to Non Tfh cells (Figure31a).
Intriguingly, Tth cells derived from mice with inhibited Notch signaling had reduced

expression of ASCL2compared to mice that received control injections (Figure 31b). This

data suggests thatactive Notch signaling may play a role in driving ASCL2 expression ,
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which simultaneously upregulates CXCR5 and downregulates CCR7 expression,

thereby promoting follicular localization and retention in Tfh cells.
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Figure 31 Reduced expression of ASCL2 in Tth cells from mice treated with
GSl.

IL449et’N2 mice were immunized with OVA emulsified in alum. Seven days post
immunization mice were given a control injection (n = 4 ) or Notch inhibitor (GSI) (n = 4)
on days seven, eight, and nine. On day ten, popliteal lymph nodes were harvested and
pooled. GFP+ Non Tfh and GFP+ Tfh cells were sorted for subsequent qRTPCR.(a)
Relative transcript value of ASCL2 in GFP+ Non Tfh and GFP+ Tfh cells.(b) Relative
transcript value of ASCL2 in GFP+ Tth cells there either treated with a control injection

representative of two independent experiments.

4.4 Accumulation of IL-4 expressing CD4+ T cells in the
paracortex of GSl-treated mice requires S1P1.

In the previous section, we observed that lymph node CD4+ IL-4 mRNA
expressing T cells with inhibited Notch signaling have aberrant expression of their
chemokine receptor CXCR5.As a result, these cells also exhibited abnormal localization

in the lymph node compared to control treated animals. Another factor important in the
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localization of cells within the lymph node is S1P1. Expression of S1P1 is critical for
lymphocyte egress from the lymph nodes to the periphery [256]. Forced expressionof
S1P1in activated CD4+ T cells results in abrogated Tfh development by preventing
CD4+ T cell homing to the B-cell follicle [259]. Since wehave observeda dramatic
localization phenotype in the absence of Notch signaling, we wanted to investigate
whether S1P1 signaling was playing an important role in driving the aberrant

localization of IL -4 expressing cells in animals with inhibited Notch signaling.
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Figure 32 S1P1linhibition restores normal localization of IL -4 expressing CD4+
T cells observed when administered GSI

IL449et’N2 mice were immunized with OVA emulsified in alum. Mice were given control
injections (No GSI or FTY720; n = 6), GSI injection only 1§ = 6), FTY720 only (n = 5) or GSI
and FTY720 (n =5). GSI was administered once every twentyfour hours from day seven
through day nine. FTY720 injections were given once on days seven and nine. On day
ten, the popliteal lymph node was harvested and prepared for histology. (a) Tissue
sections were stained for B220 (red) and GFP (IE4; green).(b) The percent of GFP+ pixel
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density located in the T cell zone was quantified for each group. Error bars represent +/-
SEM. Data iscombined from two independent ex periments with n =2-3 mice per group.
*P <0.06 (unpaired two -tailed T-test).

To answer this question, we employed the use of an S1P1 inhibitor, FTY720.
FTY720 has been shown to specifically block signaling from S1P1 and lymphocyte egress
from lymphoid t issues[256,381,382] Concurrent use of FTY720 with our Notch
signaling inhibitor, GSI, allowed us to assess whether S1P1 signaling played an
important role in the aberrant localization we observed when administeri ng GSI. We
immunized IL4 49e?kN2 mice with OVA emulsified in alum and gave them a control or GSI
injection on days seven, eight, and nine. Additionally, we also administered either
FTY720 or another control injection on days seven and nine to specified mice to inhibit
S1P1 signaling. Consistent with our previous experiments, mice with inhibited Notch
signaling again exhibited abnormal localization of their IL -4 mMRNA (GFP) expressing
cells (Figure 32a). Inhibition of FTY720 alone had no effect on the localization of IL -4
expressing cells compared to control injected mice.Dual administration of GSI and
FTY720 resulted in a return of wild -type levels of IL-4 expressing cells (GFP+ pixel
density) within the T cell zone (Figure 32a, b). This data suggests thatS1P1 signaling is

critical for the IL-4 expressing CD4+ Tcell re-localization phenotype we have observed

when inhibiting Notch signaling.
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Figure 33 CD69 expression is reduced in IL -4 expressing CD4+ T cells in mice
treated with GSI.

IL449et"N2 mjce were immunized with OVA emulsified in alum. Seven days post
immunization mice were given a control injection (n = 4) or Notch inhibitor (GSI) (n = 4)
on days seven, eight, and nine. On day ten, the popliteal lymph node was harvested for
flow cytometry. (a) Representative contour plot of CD4+ T cells. Gate represents
activated IL -4 expressing cells (PD1+ GFP+). Histograms depict CD69 expression of mice
that got control injections (red) and mice that received GSl injections (blue). The filled
grey histogram is the CD69 expression of naive CD4+ T cells. The MFI was quantified
and graphed. (b) Representative contour plot of activated IL -4 expressing CD4+ T cells
(PD1+ GFP+ CD4+). Gate represents the percent of these cells that are CD69-heT
percent was quantified and graphed. Error bars represent +/- SEM. Data is
representative of two independent experiments with n =3-4 mice per group. *P <0.05
(unpaired two -tailed T-test).

To further investigate the involvement of the S1P1 pathway , we assessed the
expression of CD69 onlL-4 expressing lymph node CD4+ T cells with inhibited Notch

signaling. CD69 strongly suppresses S1P1chemotactic activity and downmodulates
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