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Abstract

Cross-linking of high-affinity immunoglobulin E (IgE) results in the life-threatening allergic
reaction, anaphylaxis. Yet the cellular mechanisms that induce B cells to produce IgE in response
to allergens remain poorly understood. T follicular helper (Tfh) cells direct the affinity and isotype
of antibodies produced by B cells. Although Tfh cell-derived interleukin-4 (IL-4) is necessary for
IgE production, it is not sufficient. We report a rare population of IL-13-producing Tfh cells
present in mice and humans with IgE to allergens, but not when allergen-specific IgE was absent
or only low-affinity. These “Tfh13” cells have an unusual cytokine profile
(1L-13NijL4hij_-5hi|-2119) and co-express the transcription factors BCL6 and GATAS3. Tfh13
cells are required for production of high-but not low-affinity IgE and subsequent allergen-induced
anaphylaxis. Blocking Tfh13 cells may represent an alternative therapeutic target to ameliorate
anaphylaxis.
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One Sentence Summary:

Characterization of a T cell subset that promotes the form of IgE required for allergic anaphylaxis.
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Anaphylaxis is a severe form of allergic reaction precipitated by degranulation of
immunoglobulin E (IgE)-laden mast cells after allergen recognition (1). Studies from food
allergic patients and murine models indicate that high-affinity, but not low-affinity, IgE
induces mast-cell degranulation and anaphylaxis (2—4) and that the nature of the B cell that
switches to low-versus high-affinity IgE differs (5, 6). Unlike other antibody isotypes, how B
cells are instructed to make affinity-matured IgE remains unclear.

Early work on IgE regulation demonstrated that the deletion of T helper 2 (Th2)
lineagedefining transcription factors (TFs) such as STAT6 or GATAS or the prototypical Th2
cytokine interleukin-4 (IL-4) reduced total IgE. Thus, Th2 cells were proposed to control the
IgE response (7-9). However, more recent work has demonstrated that IL-4* T follicular
helper (Tfh) cells, not Th2 cells, are required for IgE production (Z0-15). Tth cells are the
primary helper T cell subset responsible for directing the affinity, longevity, and isotype of
antibody produced by B cells. Recent work has supported this functional Th2—Tfh lineage
distinction by identifying a distinctive //4 enhancer locus bound by BATF in Tfh cells that is
distinct from the Th2 DNA regulatory element for IL-4, IL-5, and IL-13 bound by GATA3
(16-19). Therefore, it has been argued that GATA3, IL-5, and IL-13, are restricted to Th2
cells and type 2 innate lymphoid cells (ILC2s) (14, 20).

IL-4 is a B cell survival factor expressed by Tth cells during a variety of immune responses,
including those in which IgE is not made (27-23). This suggests that IL-4 from Tth cells is
necessary but not sufficient for the induction of IgE. We hypothesized that IL-4* Tfh cells
induce direct switching of B cells to low-affinity IgE during certain type 2 immune
responses, but a distinct Tfh population producing additional signals regulates high-affinity
IgE during allergen responses.

Using a murine model of a rare monogenic form of IgE-mediated allergy, dedicator of
cytokinesis 8 (Dock®) deficiency, we discovered a subset of Tfh cells associated with high-
affinity IgE production. These “Tfh13” cells produced IL-13 along with IL-4 but
downregulated I1L-21. Accordingly, they expressed GATA3 in addition to the Tfh
transcription factor BCL6. We found the same Tfh13 cells in WT mice immunized with
multiple allergens, but not other stimuli that failed to induce high-affinity IgE, including
bacterial products or helminth infection. Circulating Tfh13 cells were also found in patients
with IgE to aeroallergens or peanut(PN). Conditional deletion of Tfh13 cells or IL-13 in Tth
cells abrogated the generation of high-affinity anaphylactic IgE to allergens. Thus, our study
identifies the context in which a rare subset of Tfh cells are elicited and uncovers their
critical role in the induction of anaphylactic IgE to allergens.
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Dock8 deficiency reveals the presence of a distinct Tfh cell population
associated with a hyper-IgE state

Patients with mutations in DOCK& are immunodeficient, but, paradoxically, they present
with hyper-1gE syndrome (HIES) and associated food allergies and asthma. The precise
reasons for HIES in this condition are not yet understood (24, 25). DOCK8 was originally
described as a guanine nucleotide exchange factor that regulates the actin cytoskeleton, but
recent evidence reveals diverse roles of DOCKS in nearly every cell of the immune system
(25). We generated both total and immune cell-specific knockouts of Dock8in mice to study
the cellular mechanisms of IgE induction.

IgE antibodies are a characteristic component of type 2 immunity, which is induced in
response to allergens and helminths. In contrast, type 1 responses, induced by viral and
certain bacterial infections, do not classically elicit the production of IgE. To determine
whether Dock8 deficiency promotes an aberrant hyper-IgE response to type 1 immunization,
we immunized mice with lipopolysaccharide (LPS) along with the model antigen 4-
hydroxy-3-nitrophenylacetyl (NP) conjugated to ovalbumin (NP-OVA), henceforth called
LPS+OVA. The hapten NP allows measurement of antigen specificity and affinity. Using
conditional Dock8-knockout mice, we discovered that isolated loss of Dock&in T cells (T-
Dock8™), but not in B cells or dendritic cells (DCs), recapitulated the hyper-1gE phenotype
seen in patients (Fig. 1A). The hyper-IgE phenotype was not present in complete Dock&-
knockout mice, which was not surprising given their DCdependent defect in Tfh cell
induction (26). The use of T-Dock& '~ mice bypassed the effect of Dock8 deficiency on DC
migration (fig. S1A) and B cell development (fig. S1B). T cell-specific deletion of Dock&
was confirmed by immunaoblot (fig. S1C) and via known T cell-intrinsic phenotypes of
Dock8, including reduced T cell frequencies (fig. S1D) (27). However, Dock8™'~ OVA-
specific CD4* T cells (OT-11 cells) demonstrated comparable in vivo proliferation and Tth
cell differentiation to Dock8VT OT-11 cells to LPS+OVA immunization (fig. S1E and F).

In addition to atypical total IgE production, type 1 immunization in T-Dock8™/~ mice
resulted in reduced NP-OVA-specific 1gG antibodies and elevated NP-OVA-specific IgE
antibodies (fig. S2A-C). Additionally, there was reduced high-affinity NP-specific 1gG1 and
elevated high-affinity NP-specific IgE (Fig. 1B and C). Previously immunized T-Dock8™!~
mice challenged with NP-conjugated bovine serum albumin (BSA) showed robust acute
mast-cell degranulation and systemic tissue edema (fig. S2, D and E) (28). The anaphylactic
capacity of IgE from T-Dock&8'~ mice was confirmed using a passive cutaneous anaphylaxis
(PCA\) assay (Fig. 1D) (6, 28). T-Dock8'~ mice also spontaneously developed high levels of
serum IgE as they aged (fig. S2, F and G). Thus, T-Dock8™'~ mice appear to recapitulate the
hyper-IgE and dysgammaglobulinemic presentation of DOCK&-deficient patients.

DOCKS deficiency has been reported to inhibit FOXP3* regulatory T cell (Treg) function
(29, 30). However, the inducible deletion of Dock8in Tregs did not develop high-affinity
IgE in response to LPS+OVA immunization (fig. S2H). Further, Dock&-deficient Tregs were
competent in suppressing T cell activation in vitro (fig. S2I). To determine whether Tth cells
in T-Dock8™'~ mice were responsible for the hyper-IgE response to type 1 immunization, we
crossed T-Dock&'~ mice to Bcl6"T mice to generate T-Bcl67'~ Dock8!~
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(ca4re Bel6M pocksfl) mice. In contrast to T-Dock&'~ mice, T-Bcl6™'~ Dock&™'~ mice
did not develop a hyper-IgE response, suggesting that the hyper-IgE phenotype in T-
Dock8™~ mice is dependent on Tfh cells but not on other cell types (e.g. CD4* DCs or
CD8" T cells) that may have lost Dock8 expression as a result of Ca4°™ mediated deletion
(Fig. 1E). Finally, T-Dock8'~ mice immunized with the model type 2 allergen Alternaria
alternata along with NP-OVA (henceforth called Alt+OVA) showed high-affinity and total
IgE titers similar to control mice (fig. S2, J and K). Thus, DOCKS in Tth cells blocks
inappropriate induction of IgE during type 1 immune responses. Our analysis of Tfh cells
showed no difference in frequency or expression of programmed cell death 1 (PD-1) or
CXCRS5 between control and T-Dock8™'~ mice post LPS+OVA immunization (Fig. 1F and
fig. S3, A and B). Germinal center (GC) structure, Tth cell localization, and GC B cell
frequencies were also comparable between control and T-Dock8™~ mice (Fig. 1G and fig.
S3, C to E). However, in contrast to control mice, there was a significantly greater
population of IL-4-producing Tfh cells as well as an unexpected population of I1L-4 and
IL-13 co-producing Tth cells in T-Dock& '~ mice (Fig. 1, H and | and fig. S4A). A fraction
of these IL-4*IL-13* Tth cells, which we call Tfh13 cells, also produced the canonical type
2 cytokine 1L-5 (fig. S4B). Tfh13 cells induced in TDock8™'~ mice expressed the lineage-
defining Tth TF BCLS6 at levels similar to IL-4* Tfh cells induced in control mice (fig. S4C).

The cytokine 1L-21 has been associated with the negative regulation of IgE and promoting
IgG1 in mice (31, 32, 33) as well as in humans in the presence of IL-13 (34). Hence, we
assessed 1L-21 levels in Tfh cells in T-Dock&'~ mice by crossing them with 1L-21 TWIK
reporter mice (21). IL-21 production by Tfh cells was reduced in T-Dock&'~ mice relative
to control mice (Fig. 1J and fig. S4, D and E). Tfh cells from T-Dock8'~ mice expressed
more of the canonical Th2 TF GATA3 compared to control Tfh cells and non-Tth effector
cells (fig. S4F). Aged T-Dock& '~ mice that developed the spontaneous hyper-IgE phenotype
also had elevated frequencies of Tfh13 cells (Fig. S4G). Thus, a rare population of Tfh cells
that expressed GATA3 and unexpectedly produced IL-5 and IL-13 in addition to IL-4, while
secreting less IL-21, was associated with the hyper-IgE state in T cell-specific Dock8
deficiency.

Tfh13 cells are induced in WT mice during allergic sensitization

We next asked whether Tfh13 cells are also induced in genetically unmanipulated WT mice
during allergic sensitization, which also generates high-affinity, anaphylactic IgE. WT mice
immunized with Alt+OVA, but not those immunized with LPS+OVA, produced high-affinity
IgE that was anaphylactic (Fig. 2, A and B). Alt+OVA immunization induced less high-
affinity 1gG1 compared with LPS+OVA (fig. S5A). IgE induction in Alternaria
immunization was dependent on Tth cells, as Ca4°™ Bel6Vfl (T-Bc/67/~) mice did not
generate high-affinity or total IgE (Fig. 2C and fig. S5, B and C). However, eosinophilia in
these mice was similar to controls, indicating that the type 2 cellular response was intact but
could not compensate for Tfh cell loss in IgE induction, consistent with published studies
(fig. S5D) (10, 13).

To determine whether Tfh13 cells could be identified as a transcriptionally distinct
population in WT mice, we performed single-cell RNA sequencing (SCRNA-seq) on sorted
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Tth cells after Alt+OVA immunization (n=3 mice). After data processing (fig. S6, and tables
S1 to S3), CXCR5*PD1* T cells formed seven clusters with distinct transcriptional
signatures (Fig. 2D and fig. S7A). We could readily identify a Tfh2 cell population (cluster
1), a Tth cell population with a type | interferon signature (cluster 2), a T follicular
regulatory (Tfr) population (cluster 6), and a Tfh13 cell population (cluster 4). Although all
clusters similarly expressed Tth cell markers such as Batf, Cd40lg, Icos, and Pdcdl, Tth13
cells uniquely expressed high levels of //4, /13, and Gata3 (Fig. 2E). Pairwise analysis
between the Tth2 and Tth13 clusters identified additional genes that discriminate between
these two populations, demonstrating that Tfh13 cells are a transcriptionally distinct
population (fig. S7B).

We also identified Tfh13 cells by flow cytometry in Alternaria-immunized WT mice.
Although the overall magnitude of Tfh cell and GC B cell induction was comparable
between LPS-and Alternaria-immunized mice (fig. S8, A to C), a significant Tfh13
population was induced by Alt+OVA but not LPS+OVA (Fig. 2F-G and S8D-F). Related
cell types induced during type 2 immune responses—Th2 effector cells and IL-4-single-
positive Tfh cells (Tfh2 cells)—were also more abundant with Alt+OVA immunization.
However, these populations were distinguished from Tfh13 cells via flow cytometric
staining of BCL6, PD-1, and CXCRS5 (fig. S8, G to I). //13transcripts were detected in
unstimulated Tfh cells sorted from mice immunized with Alternaria but not LPS, whereas
/4 transcripts were present in Tfh cells from both conditions (fig. S9, A and B). Like Tfh13
cells in T-Dock8'~ mice, Tfh13 cells in Alt+OVA-immunized WT mice also produced IL-5
(Fig. 2F and 2H). As IL-5 promotes eosinophilia (10, 14, 35) and the majority of IL-5* T
cells in the lymph node (LN) were Tth cells, we accordingly observed eosinophil infiltration
of the LNs in Alt+OVA-immunized mice (fig. S9, C to E).

Alternaria-induced Tth cells produced substantial levels of IL-21 compared with non-Tth
effector CD4* T cells, but reduced levels of 1L-21 compared with LPS+OVA-induced Tfh
cells (Fig. 21). Tfh cells from Alt+OVA immunization also demonstrated significant GATA3
expression, albeit less than differentiated Th2 cells from the lungs (Fig. 2J). However,
canonical Tfh TFs such as BCL6, BATF, IRF4, and TCF1 (36) were expressed at equivalent
levels in both immunizations (fig. S10). Thus, Tfh13 cells are also induced in WT mice, but
only during type 2 high-affinity IgE responses.

Tfh13 cells are a distinct T cell subset

Given the similar phenotype of Tfh13 cells and conventional Th2 effector cells (i.e. IL-4,
IL-5, IL13, and GATAS3 expression), we evaluated whether the two populations were
transcriptionally distinct. We performed scRNA-seq on //4-reporter-positive activated CD4*
T cells from Alt+OVA-immunized 4Get/ //4-reporter mice (n=3) (37). The data were
processed as before (fig. S6, and tables S1 to S3), followed by selection of //13-expressing
cells. The //13-expressing T cells formed three transcriptionally distinct clusters (Fig. 3A).
Among these clusters, we could identify a population of Th2 effectors (cluster 1), Tfh13
cells (cluster 2), and //4" T cells expressing high levels of proliferation markers such as
TopZa and Mki67 (cluster 3). Pairwise analysis between Th2 effector and Tfh13 cells
confirmed differential expression of T effector versus Tth cell markers, including Pram1
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(BLIMPY), Bcl6, 1121, and Areg (Fig. 3B and fig S11A). We verified select targets at the
protein level (Fig. 3, C to G). We also analyzed the sScRNA-seq data from Bc/6-expressing
cells and identified two distinct clusters, one with a transcriptional profile consistent with
Tfth13 cells (cluster 2) and the other consistent with Tfh2 cells (clusterl) (fig. S11, B and C).

To determine the location of Tfh13 cells in the LN, we used the Smart13 reporter, which
reports //13via the expression of human CD4 (hCD4) (14). hCD4 expression was
concordant with 1L-13 intracellular cytokine staining (fig. S12, A and B). With
immunofluorescence, //Z3reporter* T cells could be visualized in both the GC and T cell
zone, corresponding to Tfh13 cells and 1L13* T effectors, respectively (Fig. 3H). Altogether,
by transcriptional profile, protein expression, and subanatomic location, we show that Tfh13
cells are a distinct subset from Th2 effector and Tfh2 cells.

Tfh13 cells are induced to multiple allergens in mice and humans

Two other common allergens, house dust mite extract (HDM) and PN, were then assessed
for their ability to induce Tfh13 cells. HDM-induced allergic airway responses lead to Tth
and GC B cell induction in the mediastinal LN (MedLN) (38). Similar to Alt+OVA
immunization, HDM+OVA immunization elicited Tfh13 cells and antigen-specific IgE (Fig.
4, A and B and fig. S13, A and B). Peanut administered with the mucosal adjuvant cholera
toxin (CT) is a commonly used model of IgE-mediated food allergy (39). There was a
significant induction of mesenteric LN Tfh13 cells and PN-specific IgE in response to PN
+CT but not PN alone (Fig. 4, C and D and fig. S13, C and D).

We next explored whether Tfh13 cells were present in humans with IgE-mediated allergy by
examining “circulating” Tfh (cTfh) cells from a cohort of PN-allergic individuals (40) with
PNspecific IgE (Fig. 4E). We selected PN-allergic or healthy individuals whose peripheral
blood T cells responded in vitro to PN extract by upregulating CD40L (fig. S14).
IL-4*1L13* Tfh13 cells could be identified within the cTfh cell compartment of PN-allergic
patients but not healthy controls (Fig. 4F). We also examined cTfh cells from patients with
IgE to aeroallergens (table S4). Compared with non-sensitized individuals, aeroallergen-
sensitized individuals had a significantly higher frequency of Tfh13 cells (Fig. 4G). Thus,
Tth13 cells are induced in both mice and humans with antigen-specific IgE responses to
multiple allergens.

Tfh13 cells and high-affinity IgE are not induced to helminth infections

Although Tth cells are required for IgE production in both allergen and helminth models, it
is unclear whether the Tth cell phenotype in these type 2 immune responses is the same.
Previous studies of Tfh cells during helminth-induced type 2 responses have reported IL-4
but not IL-5 or IL-13 production (24, 21). Helminth infections elicit a strong type 2 response
characterized by the induction of ILC2s, Th2 cells, eosinophilia, and IgE. Although
substantial IgE is produced, little is affinity-matured (6, 47). This suggests that I1L-4
production by Tfh cells may be necessary for any IgE induction, but insufficient for the
production of high-affinity IgE. We analyzed Tth cells in mice infected with the helminth,
Nippostrongylus brasiliensis, and co-immunized with NPOVA (Nippo+OVA). Nippo+OVA
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induced a strong IL-4-producing Tfh population in the draining LN and spleen. However, in
contrast to Alt+OVA, Tfh13 cells were absent (Fig. 5A). We hypothesized that the absence
of Tfh13 cell in N. brasiliensis infection was the result of low GATA3 expression in Tfh
cells. Indeed, Tth cells in . brasiliensis infection did not upregulate GATA3 (Fig. 5B).

Nippo+OVA immunization therefore provided a model in which Tfh13 cells were absent but
IL-4*1L-13 Tfh2 cells remained present. In the setting where only Tfh2 cells were present,
there was strong induction of total IgE, but little was of high affinity (Fig. 5, C and D).
However, low-affinity IgE levels were comparable between Nippo+OVA and Alt+OVA
immunization (Fig. 5E). This suggests that Tfh2 cells may promote low-affinity IgE but not
high-affinity IgE. Serum from Nippo+OVA mice did not contain anaphylactic IgE (Fig. 5F).
Similar IgG1 responses in both Nippo+OVA and Alt+OVA models were observed (Fig. 5G).
Thus, Tfh13 cells, are uniquely induced during type 2 allergen but not helminth responses
and may be responsible for the production of anaphylactic IgE.

Loss of Tfh13 cells abrogates production of high-affinity IgE

To test whether Tfh13 cells are necessary to induce high-affinity IgE, we bred //13°" (14) to
Bel6 A (13Cre Bel6Ty mice to specifically delete Tfh13 cells. In 13Cre Bc/6f mice, 1/13-
expressing cells lost Bc/6 expression and could not differentiate into Tfh13 cells.
13CreBc/6"M mice had severely reduced Tfh13 cells but retained similar frequencies of
IL-4* Tfh2 or IL-13* Th2 cells to Alt+OVA (Fig. 6A and fig. S15A). 13Cre Bc/6fl mice
demonstrated minimal reduction of total IgE and high-affinity IgG1 (Fig. 6, B and C);
however, high-affinity IgE was reduced by one to three logs and serum from 13Cre Bc/6//fl
mice failed to elicit anaphylaxis (Fig. 6D-E). Although total GC and IgG1 GC B cell
frequencies were comparable, IgE GC B cell frequencies (gated as in fig. S15B) were
significantly reduced in mice lacking Tfh13 cells (Fig. 6F to H). Thus, although IL-4* Tfh2
cells may be sufficient to promote total IgE and affinity-matured 1gG1 responses, the
induction of high-affinity IgE critically depends on Tfh13 cells.

Tfh cell-derived IL-13 is required for anaphylactic IgE production

The loss of IgE* GC B cells in 13CreBc/61/f mice suggested that GC B cells might be able
to respond to IL-13. Indeed, after allergic sensitization, GC B cells significantly upregulated
IL13Ral (fig. S16). IgG1 GC B cells had significantly higher expression of IL-13Ra.1
compared with IgM GC B cells, and IgE GC B cells expressed the highest levels (Fig. 7A).
Further, IL-13 worked synergistically with IL-4 in ex vivo anti-CD40-stimulated B cells
from Alternariaimmunized mice to increase IgE* plasma cells (Fig. 7B), suggesting that
Tfh13-derived IL-4 and IL-13 may together promote IgE in vivo.

Although the loss of IL-13 or its receptor impairs total IgE production (42-44), its role in
promoting high-affinity IgE is unclear. To address whether IL-13 produced by Tth13 cells
was necessary for anaphylactic IgE induction, we generated mixed bone marrow chimeras
using Ca4°" Bcl6"M and //137'~ mice as donors. Tfh cells in these chimeras did not produce
IL-13 but still made IL-4 to Alt+OVA immunization (Fig. 7C). Like 13Cre Bc/6Vfl mice,
Tfh-//137~ chimeric mice produced comparable titers of total and low-affinity IgE to that of

Science. Author manuscript; available in PMC 2020 August 30.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Gowthaman et al.

Page 8

controls (Fig. 7, D and E) but had impaired high-affinity IgE (Fig. 7F). The residual high-
affinity IgE induced in Tfh-//13~ mice was unable to elicit a PCA response (Fig. 7G).
Thus, two complementary experimental approaches revealed that Tfh13 cells and the IL-13
they produce are both required for the induction of anaphylactic IgE to allergens.

Discussion

The signals that instruct B cells to make high-affinity IgE remain unresolved. Our work
demonstrated that a rare Tfh13 cell population co-expressing I1L-4, IL-5, IL-13, BCL6, and
GATA3 was responsible for the production of high-affinity anaphylactic IgE. Eliminating
Tth13 cells or Tfh cell-derived I1L-13 during allergen immunization resulted in the
abrogation of high-affinity anaphylactic IgE while leaving low-affinity IgE intact. Using
scRNA-seq, we confirmed that Tfh13 cells are transcriptionally distinct from Tfh2 and Th2
cells. Previous work demonstrates that Th2 and Tth cells can interconvert during type 2
responses (45, 46). A transitional stage during Tfh development may exist between T
effector and Tfh cells during multiple types of immune responses, but there is little reason to
believe that a shared developmental stage indicates functional homology (23, 47). We
observe functionally discrete Th2 and Tfh13 populations after allergen immunization.

Our data from T-Dock8™'~ mice provides insight into possible signaling pathways regulating
Tfh13 cells. In humans, DOCKS has been shown to promote nuclear translocation of STAT3
upon IL-6 or IL-21 stimulation (48, 49). Stat3-deficient mice demonstrate increased GATA3
expression in Tth cells (50). These studies, along with data, suggest a T cell-intrinsic
pathway by which DOCK8 may promote STAT3-dependent suppression of GATA3, thereby
blocking inappropriate Tth-induced IgE during type 1 immune responses.

On the basis of previous studies of IgE-producing B cells and the present work, we propose
a two-tiered model of IgE induction that allows for different forms of IgE to be produced
depending on the nature of the Tfh cell generated during the type 2 response. Switching to
IgE can proceed either directly from IgM or sequentially via IgG1 (6). Directly switched IgE
is often of low affinity with poor anaphylactic capabilities and can even protect against
anaphylaxis by competing for FceR occupancy (5, 6, 41, 51-54). This is the dominant
pathway to IgE during a helminth infection (51, 53). In contrast, allergens are associated
with high-affinity anaphylaxis-inducing IgE. During allergic sensitization in both mice and
humans, IgE-producing plasma cells show evidence of sequential switching from affinity-
matured IgG* GC B cells (5, 6, 55, 56). We propose that Tfh2 cells instruct the switching of
IgM to IgE plasma cells via BATF-driven IL-4, resulting in low-affinity IgE antibodies.
These Tfh2 cells, which do not express GATA3, cannot make IL-13. In contrast, allergens
induce GATA3" Tfh13 cells, which instruct sequential switching of 1IgG1* B cells, driving
high-affinity IgE production and anaphylaxis. This is consistent with our data showing that
IgG1 GC B cells express IL-13Ra.1 and that loss of Tfh13 cells impairs both high-affinity
IgE and GC IgE B cell induction. However, loss of IL-13 does not impair IgE responses in
instances where low-affinity IgE is made, such as in helminth infections (43), which is
consistent with our findings and the two-tiered IgE model. As loss of IL-4 abrogates all IgE
(53), IL-13 likely works synergistically with IL-4 to promote high-affinity IgE by stably
engaging the type Il IL-4 receptor complex leading to sustained STAT6 activation (57, 58).
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Our study defines the role of Tfh13 cells in eliciting anaphylactic IgE to allergens,
identifying specific molecular targets that could be leveraged diagnostically and
therapeutically for allergies. Identification of Tfh13 cells answers the long-standing question
of how, under rare circumstances, anaphylaxis-inducing IgE is produced by high-affinity B
cells. It reconciles conflicting literature, including discrepancies between murine and human
studies, on whether 1L13 and GATAS3 are Tfh-relevant effector molecules. Human Tfh cells
expressing GATAS, IL-13, and IL-4 have been identified (15, 59, 60) and //13remains one
of the most replicated genetic associations with elevated IgE, food allergy, atopy, and asthma
in humans (67-63). Although this role is typically ascribed to effector Tfh2 cells, Tfh13
cells likely drive the humoral arm of the allergic response. It will be interesting to see
whether monotherapies targeting IL-13 in patients affect more than tissue-restricted
pathology, specifically allergen-reactive IgE levels. Similarly, recent clinical trials of a
GATAS3 deoxyribozyme to inhibit GATA3 activity in Th2 cells in asthmatics showed efficacy
in reducing eosinophilia (64). The effect of these antisense molecules on Tth cells and IgE
has not been considered given that GATA3 has not typically been associated with Tfh cells
(Z6-19). Thus, the identification of GATA3-expressing Tfh13 cells changes the Th2
paradigm for IgE responses.

Materials and methods

Human subjects

Mice

Peanut allergy study: Peanut-allergic subjects were selected from a cohort previously
described (40). The clinical study (CoFARG6) provided samples for this study, which is
registered with ClinicalTrials.gov with ID NCT01904604. Informed consent was obtained
from all subjects or parents/guardians, and all procedures were approved by the institutional
review boards at each of the five clinical sites. Peanut allergy was confirmed by double-blind
placebo controlled oral challenge with peanut. Controls were sensitized but did not react to
peanut challenge. All individuals were avoiding peanut at time of blood draw. Aeroallergen
study: Patients 7 to 14 years old, with and without allergies and asthma, were recruited from
the pediatric pulmonary and pediatric primary care clinics at Connecticut Children’s
Medical Center (CCMC). The allergic phenotype was confirmed with a positive
ImmunoCAP clinical laboratory test or positive skin prick testing to at least one
environmental allergen (Dermatophagoides farinae, Dermatophagoides pteronyssinus,
Alternaria alternata, Cladosporium herbarum, dog, cat, mugwort, mouse, rat, or cockroach).
Participants with self-reported food allergies were excluded from analysis (n=1). Clinical
details are provided in table S4. CCMC IRB# 15-007

C57BL/6 and congenic C57BL/6-Ly5.1 [B6.SJL-Ptprc@Pepc/BoyCrl] WT mice were
purchased from Charles River Laboratories (Wilmington, MA). Cd4" [Tg(Cd4-cre)1Cwi/
BfluJ], Cd11c°'® (/tgax-Cre) [B6.Cg-Tg(ltgax-Cre)1-1Reiz/]], Cd19"® [ B6.129P2(C)-
Cd:I_gtm1((:|’e)an/‘]]l J/13re [C.12984(BG)-||l3tm1(YFP/0re)LW/J], FOXp3EGFP-cre-ERT2
[Foxpsth(EGFP/cre/ERTZ)Ayr/J], Beleflox [86.lZQS(FVB)—BC/6[”71"ZDE’717J]
Smart13[B6.129S4(C)- //13M2.1Lky/J] and OT-11 [B6.Cg-Tg(TcraTcrb)425Chn/J] mice
were all purchased from Jackson Laboratories (Bar Harbor, ME). Bone marrow from //137/~
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mice (42) in a C57BL6/J background were kindly provided by Dr. E. Gelfand (National
Jewish Health, CO). IL-4 4Get reporter mice [C.129//4™1-1Lky/j] were back crossed to
C57BL/6 background. OT-II mice were crossed onto the CD45.1 or Dock8™~ mice.
Docks8™~ and Dock&Vf mice were generated as described previously (26). To generate T-
Dock8™~, DC-Dock8~~ mice or B-Dock8™~ mice, Dock8VM were crossed with Ca4C™e,
Ca11c or Ca19°™ mice, respectively. IL-13¢ mice were in Balb/c background and were
backcrossed to Bc/6/0% (C57BL6/J background) for three generations and intercrossed to
generate //-155e/cre Bef6floxflox mice in a mixed background and were used for experiments;
Cre negative littermates were used as controls. All protocols used in this study were
approved by the Institutional Animal Care and Use Committee at the Yale University School
of Medicine.

Immunizations

Type 1 LPS model: Mice were immunized intranasally (i.n) with 2 ug of LPS (Sigma) and
25 g of 4-hydroxy-3-nitrophenylacetyl conjugated ovalbumin (NP16-OVA) (LGC
Biosearch Technologies) for primary immunizations. Mice were boosted twice (i.n) with 10
pg NP16-OVA in weekly intervals 10 to 12 days after primary immunization. Type 2
models: Mice were immunized with 10 pug Afternaria (Greer; Lot# 322776) or house dust
mite extract (Greer; Lot# 248041) with 25 ug NP16-OVA (i.n) for primary immunizations.
Mice were boosted twice (i.n) with 2 ug of the extract and 10 pg NP16-OVA in weekly
intervals 10 to 12 days after primary immunization. We observed lot-to-lot variability in
house dust mite extract’s ability to elicit Tfh13 cells and antigen-specific IgE. Peanut model:
Mice were immunized weekly by oral gavage with 5 mg of ground raw blanched peanut
(Western Mixers Produce & Nuts) with or without 10 pg of cholera toxin (List Biologicals)
in 200 pl of 0.2 M sodium bicarbonate buffer per mouse. N. brasiliensis and NP-OVA
model: Mice were injected with 100 pg NP16-OVA mixed with N. brasiliensis (500 third-
stage larvae/mouse) subcutaneously. Mice subsequently were boosted intraperitoneally twice
with 50 pg of NP16-OVA in weekly intervals 10 to12 days after primary immunization. For
some experiments, NP19-OVA or NP20-OVA were used depending on the lot.

Flow cytometry and cell sorting

Single-cell suspensions from lymph nodes and spleen were prepared and stained as
described previously (21, 26). For intracellular cytokine staining (ICS), cells were
restimulated with phorbol 12-myristate 13-acetate (PMA) (50 ng/ml) and ionomycin (1
ug/ml) in 96-well U bottom plates in complete IMDM media for 4 h and Golgiplug (BD
Biosciences) was added for the last 3 h. ICS was performed using BD ICS kit as per
manufacturer’s instructions with overnight incubation (4°C) of permeabilized cells with
antibodies. Intracellular staining of transcription factors (TFs) was performed using Foxp3
staining kit (eBiosciences) according to manufacturer’s instructions or by fixing the cells
with fixation buffer (BioLegend) for 20 min followed by permeabilization with ice-cold
methanol (20 min) and staining for TFs. All TFs were stained at RT for 40 min. Antibodies
are listed in Table S5. All flow cytometry samples were acquired on LSRII (BD
Biosciences) or MACSQuant (Miltenyi) flow cytometers and analyzed by FlowJo software
(Version 10.4.2, TreeStar). Cell sorting was performed using FACS ARIA 11l (BD
Biosciences) on Tfh cells or (IL-4)4Get* CD44* CD4* T cells.
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Staining for IgE B cell

The protocol was adapted from (65). Cells obtained from mediastinal lymph nodes
(MedLNs) were incubated on ice for 30 min with viability dye, FC-Block (2.4G2),
unlabeled anti-IgE (RME-1) to saturate surface and CD23 or Fc receptor bound IgE. Surface
staining was performed after this step. Cells were then fixed with and permeabilized with
BD intracellular staining kit and stained with fluorochrome conjugated anti-IgE (using same
clone that was used to saturate surface IgE), anti-lgG1, and anti-IL-13Ra.1 on ice for 30 to
40 min. All incubations prior to fixing cells were done with staining buffer (1X PBS
containing 2% FBS and 1 mM EDTA).

Human PBMC stimulation

Peanut study: Peripheral blood mononuclear cells (PBMCs) from healthy control and peanut
allergic individuals were stimulated with 100 pug/ml crude peanut extract and stained for Tfth
markers and cytokines as described (40). Aeroallergen study: PBMCs were isolated with
gradient centrifugation using Lymphoprep (StemCell Technologies) and the cells were
frozen until the use. CD4* T cells were isolated from PBMCs using EasySep™ Human
CD4* T Cell Enrichment Kit (StemCell Technologies) following the manufacturer’s
protocol, and the purity was confirmed by flow cytometry. The enriched CD4* T cells were
incubated overnight, 1x106 cells/ml in complete IMDM (IMDM supplemented with 10%
heat-inactivated fetal bovine serum, 100 U/ml penicillin/streptomycin, 2 mM L-glutamine,
10 mM HEPES, 0.1 mM non-essential amino acids, and 1 mM sodium pyruvate) at 37°C

+ 5% CO,. Cells were stimulated for production of cytokines with PMA (50 ng/ml) +
ionomycin (1 pg/ml) in the presence of Brefeldin A (GolgiPlug™ from BD Biosciences) for
6 h. After stimulation, cells were stained for analysis by flow cytometry. CD4* T cells were
incubated with Ghost Dye™ Violet 510 (TonboBiosciences) to stain dead cells for 10 min at
room temperature. Fluorochrome-conjugated surface antibodies were incubated for 15 min
at room temperature. Cell-surface antibodies against CD3 (UCHTL1), CD4 (RPA-T4), and
CD45RA (H1100) were all from TonboBiosciences. Anti-CXCR5/CD185 (RF8B2,) was
from BD Biosciences, and anti-PD-1/CD279 (EH12.2H7) from BioLegend. Cells were then
fixed and permeabilized with Fixation/Permeabilization Solution Kit with BD GolgiPlug™
from BD Biosciences. Intracellular staining was performed for 30 min at 4°C using anti-IL-4
(MP4-25D2), and anti-1L-13 (JES10-5A2) antibodies from BioLegend. FACS analysis was
performed on a BD LSR Symphony (BD Biosciences) and data were analyzed with FlowJo
software (TreeStar, Ashland, OR).

Enzyme-linked immunosorbent assay (ELISA)

Sera from immunized mice were collected on day 12 post primary and/or 8 to 9 d days post
boost. ELISA was performed as described elsewhere (66). Serum samples were analyzed by
ELISA for measurement of total, NP-specific, peanut-specific or OVA-specific antibodies.
Briefly, for antigen-specific antibodies, 20 pg/ml of NP16-OVA, NP4-BSA or NP7-BSA,
NP40-BSA, or crude peanut extract (Lot: 287729, Greer Laboratories), in carbonate buffer
was coated on 96-well MaxiSorp plates (Thermo Fisher Scientific) overnight. For total
antibodies ELISA, 2 ug/ml anti-mouse IgE (BD Pharmingen) capture antibodies in
phosphate buffered saline was coated on 96well MaxiSorp plates overnight. Plates were
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blocked with 1% BSA in PBS at 37°C for 1 h followed by the addition of serially diluted
serum with a 2-h incubation at 37°C. Antigen-specific or total antibody or each isotype were
detected with anti-mouse IgE-HRP, anti-lgG1-HRP, or anti-lgG2cHRP (Southern Biotech)
and incubated at 37°C. For total antibodies, a starting concentration of 100 ng/ml purified
mouse IgE (BD Biosciences) was used as a standard. NP4-BSA or NP7-BSA was used to
detect high-affinity IgE depending on the lot. Serum from mice immunized with NPOVA
and alum, or complete Freund’s adjuvant or Alternaria extract or peanut with cholera toxin
were used as reference standards to calculate arbitrary units for 1gG1, 1gG2c, and IgE,
respectively. Plates were developed with stabilized chromogen tetramethylbenzidine (Life
Sciences) and stopped with 3 N hydrochloric acid before reading at 450 nm on a microplate
reader (Molecular Devices). Mouse mast cell protease 1 (MMCP-1) ELISA was performed
with MMCP-1 ELISA kit (Invitrogen) according to the manufacturer’s instructions.

Passive cutaneous anaphylaxis (PCA)

Microscopy

PCA was performed as described earlier (6). Briefly, ~20 pl of serum from immunized and
boosted mice were injected into ear pinnae of naive B6 recipients. Twenty-four hours later,
the recipient mice were challenged with 100 pg NP7-BSA together with 1% Evans blue
(i.v.). Thirty minutes later, the mice were euthanized and ear pinnae were harvested and
incubated in formamide for 48 to 72 h at 56°C to release the dye. The extent of vascular
leakage was measured spectrophotometrically at 650 nm using Evans blue as the standard.

Mediastinal lymph nodes were snap frozen in OCT tissue-freezing solution and stored at
—B80°C. Tissues were cut into 7-um sections and processed as described previously (21).
Tissues were stained with anti-1gD (11-26.c.2a), PNA (Vector Labs), anti-CD4 (RM4-5);
anti-human CD4 (RPA-T4); and anti-PD-1 (RMP1-30). Images were obtained from a laser-
scanning confocal microscope (Leica TCS SP5; Lens: Leica HCX PL APO 20x/0.70 Qil) or
immunofluorescence microscope (Nikon Eclipse Ti; Camera: Retiga 2000R; Lens: Nikon
Plan Apo DIC N1 10X/0.45 and Nikon Plan Fluor DIC N2 20X/0.5). Adobe photoshop or
ImageJ software was used for image analysis and the measurement of GC size and T cell
counting.

Cytokine ELISPOT assay

MultiScreen HTS plates were coated overnight at 4°C with anti-1L-21 (IL-21 Elispot Kit,
eBioscience). Sorted cells were cultured (2.5x104 cells/well) with PMA (50 ng/ml) and
ionomycin (1 pg/ml) for 36 h at 37°C followed by the addition of primary then secondary
detection antibodies. Spots were developed with Vector Blue (Vector Laboratories) and
quantified using an ImmunoSpot analyzer (Cellular Technology Limited).

Quantitative PCR (qPCR)

RNA from sorted Tth cells was isolated using the QIAGEN RNeasy Micro Kit in
accordance with the manufacturer’s protocol. cDNA was prepared using the Power SYBR™
Green Cells-to-CT™ Kit (ThermoFisher) in accordance with the manufacturer’s protocol.
Real-time PCR was performed using KAPA SYBR Fast Master Mix (Kapa Biosystems) and
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Low ROX (Kapa Biosystems) and run on the QuantStudio3 (Applied Biosystems). cDNA
expression was analyzed by the AC; (change in cycle threshold) method normalized to
values of Hprtobtained in parallel reactions during each cycle. The following primers were
used: //4: forward 5'-AGATCATCGGCATTTTGAACG-3’, reverse 5’-
TTTGGCACATCCATCTCCG-3'; //13: forward 5’-
GCTTATTGAGGAGCTGAGCAACA-3’, reverse 5'-GGCCAGGTCCACACTCCATA-3;
Hprt. forward 5'-CTGGTGAAAAGGACCTCTCG-3’, reverse 5'-
TGAAGTACTCATTATAGTCAAGGGCA-3'.

Single-cell labeling, capture, library preparation, and RNA sequencing

TCRpB* CD4* CD44* PD1* CXCR5* Tfh cells from WT mice or IL-4* (GFP) TCRB* CD4"*
CD44* cells from //4“4Get” reporter mice were sorted 7 days after immunization with
Alternaria extract (10 pg) and NP19-OVA (25 ug). Cells were stimulated with PMA and
ionomycin for 30 min. For both single-cell RNA sequencing (sScCRNA-seq) experiments, cell
suspensions from each mouse sample were labeled with cell hashing antibodies (BioLegend
TotalSeq anti-mouse Hashtag #3-6) according to the manufacturer’s protocol (BioLegend
protocol #5009). Cells were washed and suspended in PBS containing 0.04% BSA and
immediately processed as follows. Cells were counted on Countess 11 automated cell counter
(ThermoFisher), and 12,000 cells (4,000 cells from each hashtagged mouse) were loaded
onto one lane of a 10X Chromium microfluidic chip. Single cell capture, barcoding and
library preparation were performed using the 10X Chromium platform, version 2 chemistry
for the first experiment and version 3 chemistry for the second, and according to the
manufacturer’s protocol (#CG00052) with modifications for generating the hashtag library
(67) BioLegend protocol#5009. cDNA and libraries were checked for quality on Agilent
4200 Tapestation, quantified by KAPA gPCR, and pooled using a ratio of 95% gene
expression library and 5% hashtag library before sequencing, one on a single lane of an
[llumina HiSeq4000 and the other on 16.67% of lane of an Illumina NovaSeq 6000 S2 flow
cell, both targeting 6,000 barcoded cells with an average sequencing depth of 50,000 reads
per cell.

scRNA-seq data processing, quality control, and analysis

Illumina base call (bcl) files for the 10X V2 and V3 libraries were converted to FASTQ files
using Cell Ranger mkfastq versions 2.2.0 and 3.02, respectively (10X Genomics).
CellRanger count versions 2.2.0 and 3.0.2 (10X Genomics) were used to align reads from
each library to the same mm10 reference genome (GRCm38.84, 10X Genomics reference
version 2.1.0), generate digital counts matrices, and call viable cells (n=3,956 and n=7,674,
respectively) (68). Processing and mapping statistics for both libraries are listed in table S1
and S2.

All of the following analyses were performed the using Scanpy Python package (version
1.3) (69). Biological replicate identities for each cell were captured by the use of hashtag
oligo antibodies (HTO) as described in (67). HTO library FASTQs were processed through
the CITESeqg-Count tool (version 1.3.3, https://github.com/Hoohm/CITE-seq-Count),
producing cell by HTO count matrices for both libraries. Biological replicate labels for each
cell were inferred using the HTO count matrices as prescribed in the HTODemux function
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of the Seurat package (version 2.3.3, https://github.com/satijalab/seurat). Cells which were
determined to be HTO multiplets (e.g. doublets, triplets) were excluded from further
analysis. Cells were further excluded from downstream analysis based on filtering by the
following criteria: UMI counts per cell, gene count per cell, fraction of transcripts mapped to
mitochondrial genes, cumulative hemoglobin expression. This quality control process
(shown in fig. S6, A and B) yielded n=3,811 and n=4,096 filtered cells for the Tth cell and
the IL-4* CD4 T cell libraries, respectively, with specific exclusion criteria listed in Table
S3. Genes were removed if they were expressed in fewer than three cells, resulting in filtered
gene expression matrices 3,811 filtered cells by 12,861 filtered genes and 4096 filtered cells
by 14,542 filtered genes, respectively.

The expression matrix of the Tfh cell-sorted library was normalized such that the median
UMI counts in each cell was equal to the median UMI count across the dataset and then log
transformed and scaled to zero mean and unit variance on a per-gene basis. 2D and 3D
UMAP embeddings of the scaled, log-transformed single-cell expression profiles were
produced as follows: (i) the 1200 most highly variable genes (HVGs), as measured by
dispersion, were selected; (ii) using the scaled, transformed expression at these HVGs,
computing the first 50 principal components (PCs); (iii) these PCs are used to construct a
k=10 nearest neighbor graph (k-NN graph, where distance is measured using cosine
distance); (iv) the UMAP embeddings were computed from this k-NN graph (70). We
observe that cells from each of the biological replicates are well-mixed in the UMAP
embeddings (fig. S6C) and each replicate contributes roughly equally to all clusters (fig.
S6M). Cluster labels were assigned via the Leiden community detection algorithm on this k-
NN graph, yielding 11 clusters (shown in fig. S6E) (71). Marker genes were identified via a
“one-versus-rest” methodology comparing mean expression of every gene within each
cluster which were used to assign putative subtypes. Representative markers used to identify
populations of interest and exclude other populations are shown in fig. S6K. These marker
genes were used to assign cellular identities to clusters. Specifically, we isolated clusters 1 to
6 and 8, consisting of n=3002 cells.

The expression matrix of the //4/GFP* sorted cell library was processed similarly as shown
in fig. S6 B, D, F, and N. After a preliminary 2D embedding and cluster analysis, a small
population of B cells was removed (fig. S6L) and the remaining n=3863 T cells were
reanalyzed. To explore the specific subpopulations of IL-13*, all cells expressing one or
more //13transcripts were isolated and analyzed separately. Six hundred HVGs were
selected and we were careful to exclude mitochondrial and ribosomal genes, sex-linked
genes such as X7st, and cell-cycle and proliferation genes from these HVGs. PCs were
computed using the log-transformed, normalized expression signatures at these HVGs and
the first ten PCs were used to construct a k=10 cosine distance KNN and 2D UMAP
embedding. Low-resolution (0.2) Leiden community detection was used to identify three
subpopulations of IL-13* cells. All cells expressing one or more Bc/6transcript were
analyzed identically (as shown in fig. S6). Leiden community detection with resolution 0.1
was used to identify two subpopulations of Bc/6* cells.

Differential expression analysis between pairs of clusters was performed using edgeR
(version 3.24.3), where each cell acts as a single sample (72, 73). For each comparison, raw
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counts for cells in the two clusters of interest were isolated and processed using gimQLFTest
assuming a two-group design matrix according to the edgeR User’s Guide. There are several
tools designed to identify differential genes in single cell transcriptomic data; recent studies
have shown edgeR and DESeq?2 to balance precision and recall in DEG analysis, and to
perform similar to if not better than DEG analysis tools designed for scRNA-seq (74).

Immunoblotting

CD4* T cells were isolated using CD4 T cell purification kit through negative selection
(Stem Cell Technologies). Three million cells were lysed in immunoprecipitation assay
buffer with protease inhibitors (Roche) and cell lysates were run on SDS-PAGE and
transferred onto nitrocellulose membrane. After blocking with 5% non-fat milk in Tris-
buffered saline with 5% tween for 1 h at room temperature, membranes were incubated with
anti-mouse DOCKS8 antibody (Takara) at 4°C overnight. Goat anti-rabbit IgG(H+L)-HRP
polyclonal detection antibody (1:5000) (Invitrogen) was incubated with membrane before
assessing chemiluminescence signal with ECL substrate on ChemiDoc Imaging System
(Bio-Rad). The housekeeping protein p-actin was used to normalize protein concentrations.

In vitro culture

Mediastinal lymph node cells were isolated from mice immunized with A/ternaria extract
(10 pg) and NP20-OVA (25 pg). Fifty thousand cells/well were cultured in 96-well U-bottom
plates with 1 ug CD40 (HM40-3) in the presence of 2 ng of IL-4 (Peprotech) and 50 ng of
IL-13 (R&D) for 3 daysd in complete RPMI 1640. IgE plasma cells were analyzed by flow
cytometry.

Treg cell suppression assay

Naive CD45.1* CD4* T cells were isolated by negative selection with magnetic beads
(Miltenyi) and labelled with carboxyfluorescein succinimidyl ester (CFSE) (Life
Technologies) and used as responders. Regulatory T cells (Treg), CD45.2* CD4* CD25*
from WT or Dock8”~ mice were isolated by negative selection followed by positive
selection with Treg isolation kit (Miltenyi). The cells were plated at a concentration of 3x10%
cells per well at ratio of 1 Treg:2 responder T cells. Cells were stimulated with 0.5 ug/ml of
a-CD3 and 2 pg/ml of a-CD28. After incubation at 37°C for 72 h, proliferation of
responder cells was assessed by flow cytometry and compared to no-Treg controls as an
assessment of Treg suppressive abilities.

Mixed bone marrow chimera

Recipient WT CD45.1* mice were irradiated with two doses of 600 rad 3 h apart. One or
two hours after the second irradiation, 5x10° bone marrow cells from WT or /137~ mice
mixed with 5x10° bone marrow cells from Ca4c"eBc/6/fl mice were adoptively transferred
by i.v. injection into irradiated recipient mice. All experiments with bone marrow chimeric
mice were performed 1016 weeks after bone marrow transplant.
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Dendritic cell migration assay

Mice were immunized intranasally with 50 ug of OVA-Alexa Fluor 647 (Molecular Probes)
and 1 ug of LPS (Invivogen). MedLNs were harvested 18 h after immunization, minced, and
digested with collagenase 1V (1 mg/ml; Sigma-Aldrich) for 40 min at 37°C. Single-cell
suspensions were prepared, stained, and then analyzed on an LSRII (BD Biosciences) or
MACSQuant (Miltenyi Biotec) flow cytometer.

In vivo T cell proliferation and Tfh differentiation

To assess proliferation, CD4* T cells from OT-II Dock87~ (CD45.2*) or OT-Il WT
(CD45.1.2*) mice were prepared from the spleen and lymph nodes by negative selection
using the EasySep CD4 T Cell Isolation kit (STEMCELL Technologies) according to the
manufacturer’s instructions. For T cell proliferation assays, OTII cells were labeled with 1
UM carboxyfluorescein diacetate succinimidyl ester (CFSE) before transfer in to CD45.1*
recipient mice and CFSE dilution was used to assess proliferation. For Tth cell
identification, OT-11 cells were not labeled with CFSE and were gated using
CD44*CXCR5*™PD1*. A total of 2x10° purified OTII cells were transferred into mice by
retro-orbital injection. Mice were intranasally immunized 24 h later with 10 pug of NP-OVA
(Biosearch) and 2 ug of LPS (Sigma). MedLNs were harvested 3 days (for T cell
proliferation) or 6 days after immunization (for Tfh cell analyses). Single—cell suspensions
were prepared, stained, and then analyzed on an LSRII flow cytometer (BD Biosciences).

Statistical analysis

ANOVA or Student’s #test were performed on normally distributed data (analyzed by
Shapiro-Wilk test). Mann-Whitney U or Kruskal-Wallis H tests were used otherwise. A ~-
value of <0.05 was considered significant. Data were analyzed with Prism 7 (GraphPad
Software).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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hyper-1gE state

(A) WT, Dock8™!=, Dock8VMl, Cal11¢C7 Dock8VM (DC-Dock8™!=), Ca4e Dockd VM (T-
Dock&'™), and Cd19°" Dock§"M (B- Dock8™'~) mice were immunized intranasally (i.n.)
with LPS and NP16-OVA (LPS+0OVA). Day 12 total serum IgE was measured by ELISA. (B
and C) T-Dock8™'~ or control mice (Dock&V™) were immunized and boosted with LPS
+OVA. Day 8 post-boost sera were analyzed by ELISA for (B) NP4-specific IgG1 and (C)
NP4-specific IgE. OD, optical density. (D) PCA assay performed by transferring day 8 post-
boost sera into naive recipients and challenging with NP7-BSA and 1% Evans blue. Dye
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extravasation quantification is shown. (E) Day 12 serum IgE from T-Dock8™~, T-
Bcl6™'=Dock8™!=, or control mice (Dock&V™ and Bcl6"T DockdVf) immunized i.n. with
LPS+OVA. (F) Day 8 Tth cell frequencies are depicted as representative flow cytometry
contour plots. (G) Immunofluorescent images of day 9 MedLN GCs from immunized T-
Dock8 !~ or control Dock&"T! mice stained for IgD (green) and CD4 (white) with or without
(left and right, respectively) peanut agglutinin (PNA, purple) are shown. Scale bars: 100 pM.
Arrows indicate clusters of CD4* T cells in the GC. (H and 1) Intracellular expression of
IL-4 and IL-13 by day 8 Tfh cells (gated as in fig. S4A) depicted as (H) flow cytometry plots
and (1) bar graphs. NDLN, nondraining lymph node. (J) IL-21 reporter expression in Tfh
cells from I1L-21 TWIK TDock& '~ or control Dock&f! reporter mice on day 8 after-
immunization depicted as histogram overlay. In (A), (D), (E), and (1), each symbol indicates
an individual mouse. Numbers in flow plots indicate percentages. Error bars indicate SEM.
Statistical tests: analysis of variance (ANOVA) (A and D); Student’s ¢test (B, C and 1);
Kruskal-Wallis Htest (E). */<0.05, **/<0.01, ***P<0.001, ****F<0.0001. Data
representative of at least two independent experiments with three to seven mice per group.
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Fig. 2. Tfh13 cellsareinduced in WT mice during allergic sensitization
WT mice were immunized and boosted i.n. with LPS or Alternaria extract and NP16-OVA.

(A) Day 8 sera from boosted mice were analyzed for high-affinity IgE by ELISA with NP7-
BSAcoated plates. (B) Evans blue dye extravasation quantification after PCA with day 8
post-boost sera and NP7-BSA challenge. (C) Ca4°™e Belé\fl (T-Bcl67/7) or control Bc/éf
mice were immunized and boosted with Affernaria extract and NP16-OVA. Eight days later,
high-affinity IgE was quantitated using NP4-BSA by ELISA. (D) 3D uniform manifold
approximation and projection (UMAP) embedding of the single—cell expression profiles of
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n=3002 single Tth cells sorted from WT C57BL/6 mice immunized i.n with Alternaria
extract and NP-OVA. Leiden community detection on the cell-cell k=10 nearest neighbor
graph segregates cells into seven clusters, five of which were identifiable on the basis
expression of previously known markers: 1, Tfh2; 2, type 1 IFN T cell population; 3,
proliferating T cells; 4, Tfh13 cells and 6, Tfr cells. The circle identifies cluster 4, a cluster
of //13" Tth cells (n=39). (E) Violin plots showing the expression of distinctive marker
genes of //13* Tth cluster (//4, 1/13, Gata3). (F to H) Intracellular expression of IL-4, IL-13,
and IL-5 in day 8 MedLN Tth cells induced after primary immunization with LPS or
Alternaria and NP-OVA depicted as flow cytometry (F) plots and bar graphs for 1L4 and
IL-13 (G) and IL-5 (H). (I) IL-21 expression in Tfh cells from IL-21-TWIK reporter mice at
day 8 after immunization, depicted as histogram overlay (left) and bar graphs (right). (J)
GATAZ3 expression in Th2 cells from bronchioalveolar lavage fluid of mice immunized with
Alternaria and NP-OVA, and Tfh cells from MedLN of mice immunized with LPS or
Alternariaand NPOVA. Data are depicted as histogram overlay (left) and bar graphs (right).
Each symbol indicates an individual mouse. Numbers in flow plots indicate percentages.
Error bars indicate SEM. Dotted lines in bar graphs represent background readings of sera
from naive mice. Statistical tests: Kruskal-Wallis Htest (A and C); Student’s ¢test (B, G and
J); ANOVA (1); Mann-Whitney U'test (H) */~<0.05, **P<0.01, ***p<0.001, ****F<0.0001;
ns, not significant. Data representative of two or three independent experiments with three to
five mice per group (A to C, and F to J). Data representative of three biological replicates (D
and E).
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Fig. 3. Tfh13 cellsareadistinct T cell subset
4Get/ //4-reporter mice were immunized i.n. with A/ternaria extract and NP19-OVA.

GFP(//4*CD44*CD4* T cells were sorted for sc-RNA-seq. Cells expressing one or more
//13transcripts were isolated and subjected to dimensionality reduction and clustering. (A)
A 2D UMAP embedding of n=1,040 //13* cells. Low-resolution (0.2) Leiden community
detection on the k=10 cell—cell nearest neighbor graph reveals three subpopulations
comprising 405, 340, and 295 cells, respectively. Populations 1, 2, and 3 were putatively
identified as Th2 cells, Tfh13 cells, and proliferating IL-4" cells, respectively. (B) A matrix
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plot showing the expression of key marker genes that are similarly and differentially
expressed between //13" Th2 and Tth13 cells. Color scale represents log-transformed
normalized unique molecular identifier (UMI) counts scaled between 0 and 1, separately for
each gene. (C to H) Smart13 (//13) reporter mice were immunized with A/ternaria extract
and NP-OVA. Day 3 after boost, analysis of transcription factors (C) BCL6, (D) GATAS, (E)
BATF, (F) cMAF, and (G) IRF4 was performed by intracellular staining of Tfh13 cells and
IL-13* Th2 cells (gated as in fig. S12A). Dotted lines indicate mean fluorescence intensity
(MFI) of naive CD4* T cells. (H) Microscopic images of MedLN GCs from immunized
reporter mice stained for human CD4 (1L-13) (red), TCRp (green), IgD (white), and PNA
(blue) are shown. Arrows in the leftmost panel indicate TCRp and hCD4 costaining. Scale
bars: 100 uM. Statistical tests: Student’s ftest (C to G). *P<0.05, **/<0.01, ***,<0.001.
Data representative of three biological replicates (A and B). Data representative of two
independent experiments (C to H) with three mice.
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Fig. 4. Tfh13 cellsareinduced to multiple allergensin mice and humans
WT C57BL/6 mice were immunized i.n with HDM and NP16-OVA and boosted with HDM

and NP16-OVA twice, or with LPS and NP16-OVA as described in Fig 1. (A) Intracellular
expression of IL-4 and IL-13 from day 8 MedLN Tfh cells induced after primary
immunization is depicted as representative flow cytometry plots (left) and summary bar
graphs (right). (B) Day 8 sera from boosted mice were analyzed for NP16-OVA-specific IgE
by ELISA. (C and D) WT mice were intragastrically immunized with ground peanut (PN)
alone with or without CT in 0.2 M NaHCO3 and boosted with the same immunization up to
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four times at weekly intervals. (C) Intracellular expression of IL-4 and IL-13 in day 8
mesenteric lymph node (MesLN) Tth cells induced after primary immunization is depicted
as representative flow cytometry plots (left) and summary bar graphs (right). (D) Day 8 sera
from boosted mice were analyzed for crude PN extract-specific IgE by ELISA. (E) PN-
specific serum IgE ELISA performed with sera from PN-allergic patients (PA) or healthy
controls (HC). (F) Cytokine profiles of PN-specific circulating Tfh (cTfh) cells (gated as in
fig. S14) obtained from PA or HC. (G) IL-4* IL-13* cTfh cells from aeroallergen sensitized
or control non-sensitized individuals. Each symbol indicates an individual mouse or subject.
Numbers in flow plots indicate percentages. Error bars indicate SEM. Statistical tests:
Student’s ttest (A, C, and E to G); Mann-Whitney U'test (B and D) */<0.05, **/<0.01,
***P<0.001. Data representative of at least two independent experiments (A to D) with three
to five mice per group. (E and F) Data from healthy controls n=6 or PN allergic patients
(n=6). (G) Data from aeroallergen sensitized allergic patients (n=13) or non-sensitized
individuals (n=16).
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Fig. 5. Tfh13 cellsand high-affinity IgE are not induced to helminth infections
WT C57BL/6 mice were either immunized and boosted with Alternaria extract and NP16-

OVA (Alt+OVA), or infected with N. brasiliensis and co-immunized with NP16-OVA and
boosted (Nippo+OVA). (A) IL-4 and IL-13 expression in day 8 Tth cells from N. brasiliensis
or Alternariaimmunization is shown as flow cytometry plots (left) or as summary bar graphs
(right). (B) GATA3 expression in day 8 splenic Tth cells induced by N. brasiliensis or
MedLN Tfh cells from Alternariaimmunization. (C to E) Day 8 post-boost sera from mice
immunized with Nippo+OVA or Alt+OVA were analyzed by ELISA for (C) high-affinity
IgE using NP7-BSA, (D) total IgE, and (E) low-affinity IgE using NP40-BSA. (F) Evans
blue dye quantification from PCA assay (with i.v. NP7-BSA challenge) using day 8 post-
boost sera from Nippo+OVA or Alt+OVA immunized mice. (G) ELISA for high-affinity
IgG1 using NP7-BSA performed on day 8 post-boost sera from mice immunized with Nippo
+OVA or Alt+OVA. Each symbol indicates an individual mouse. Numbers in flow plots
indicate percentages. Error bars indicate SEM. Dotted lines in bar graphs represent
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background readings of sera from naive mice. Statistical tests: ANOVA (A); Student’s ftest
(B to D to F); Mann-Whitney Utest (C and G) */<0.05, **/<0.01. Data representative of
two independent experiments with four to six mice per group.
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Fig. 6. Loss of Tfh13 cells abrogates the production of high-affinity IgE
13CreBcl6Mf or control Bc/6f mice were immunized and boosted with Alternaria extract

and NP19-OVA. (A) Intracellular expression of IL-4 and I1L-13 from day 8 MedLN Tth cells
induced after primary immunization is depicted as representative flow cytometry plots (left)
and summary bar graphs (right). (B to E) Day 8 post-boost sera were analyzed for (B) total
IgE, (C) NP7-specific high-affinity IgG1 (D), NP7-specific high-affinity IgE, and (E)
anaphylactic ability by PCA after i.v. challenge with NP7-BSA. (F to H) Day 7 post-boost
MedLN cells were analyzed for: (F) B220"PNA* GC B cells, (G) percentage of GC B cells
expressing 1gG1, and (H) percentage of GC B cells expressing IgE. Each symbol indicates
an individual mouse. Numbers in flow plots indicate percentages. Error bars indicate SEM.
Statistical tests: Student’s ftest (A and F to H); Mann—Whitney U'test (B to E). *£<0.05,
**pP<0.01. Dotted lines in bar graphs represent background readings of sera from naive
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mice. Data are either representative of two independent experiments (A) or from two pooled
experiments (B to H) with three to six mice per group.
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Fig. 7. Tth cell-derived IL-13 isrequired for anaphylactic IgE production
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(A) Expression of IL-13Ra1 on MedLN GC B cells at day 9 after immunization with
Alternaria and NP-OVA is shown as histogram overlay (left) and summary bar graphs
(right). Gating strategy as in fig. S15B. (B) Day 8 MedLN lymphocytes from Alternaria and
NP-OVA immunized WT mice were cultured with a-CD40 and IL-4 and/or 1L-13 for 3
days, and IgE plasma cells were quantified by staining the cells for intracellular IgE and
CD138. (C to G) Mixed bone marrow chimeric mice were generated from //-13”~ and
cd4~"e Bel6M donor bone marrow (Tfh-1L-137/~ chimeric mice) or WT and Ca4C™e
Bl donor bone marrow (control chimeric mice). Chimeric mice were immunized and
boosted with Alternaria and NP20-OVA. (C) IL-4 and 1L-13 expression by day 8 Tfh cells
post-boost from Tfh-1L-137/~ or control chimeras is shown as flow cytometry plots (left) or
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as summary bar graphs (right). (D to F) Day 8 after-boost sera from Tfh-//-137/~ or control
chimeras were analyzed by ELISA for (D) total IgE, (E) low-affinity IgE using NP-40 BSA,
and (F) high-affinity IgE using NP7-BSA. (G) Evans blue dye quantification after PCA
assay with day 9 after-boost sera from Tfh-//-237~ or control chimeras after i.v. challenge
with NP7BSA. Each symbol indicates an individual mouse. Error bars indicate SEM. Dotted
lines in bar graphs represent (A) IL-13Ra.1 expression on naive B cells or (E and F)
background readings of sera from naive mice. Statistical tests: ANOVA (A and B); Student’s
ttest (C and G); Mann-Whitney U'test (D to F). *F<0.05, **/<0.01, ***F<0.001,
****P<0.0001. Data are either from two pooled experiments (D and F) or are representative
of at least two independent experiments with three to seven mice per group.
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