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TGFβ prevents IgE- mediated allergic disease by 
restraining T follicular helper 2 differentiation
Tamara T. Haque1, Katherine A. Weissler1, Zoe Schmiechen1, Karen Laky1, Daniella M. Schwartz1, 
Jenny Li1, Michela Locci2, Mathilde Turfkruyer1, Chen Yao3, Paul Schaughency4, Lashawna Leak1, 
Justin Lack4, Yuka Kanno3, John O’Shea3, Pamela A. Frischmeyer- Guerrerio1*

Allergic diseases are common, affecting more than 20% of the population. Genetic variants in the TGFβ pathway 
are strongly associated with atopy. To interrogate the mechanisms underlying this association, we examined pa-
tients and mice with Loeys- Dietz syndrome (LDS) who harbor missense mutations in the kinase domain of 
TGFΒR1/2. We demonstrate that LDS mutations lead to reduced TGFβ signaling and elevated total and allergen- 
specific IgE, despite the presence of wild- type T regulatory cells in a chimera model. Germinal center activity was 
enhanced in LDS and characterized by a selective increase in type 2 follicular helper T cells (TFH2). Expression of 
Pik3cg was increased in LDS TFH cells and associated with reduced levels of the transcriptional repressor SnoN. 
PI3Kγ/mTOR signaling in LDS naïve CD4+ T cells was elevated after T cell receptor cross-linking, and pharmacologic 
inhibition of PI3Kγ or mTOR prevented exaggerated TFH2 and antigen- specific IgE responses after oral antigen 
exposure in an adoptive transfer model. Naïve CD4+ T cells from nonsyndromic allergic individuals also displayed 
decreased TGFβ signaling, suggesting that our mechanistic discoveries may be broadly relevant to allergic pa-
tients in general. Thus, TGFβ plays a conserved, T cell–intrinsic, and nonredundant role in restraining TFH2 develop-
ment via the PI3Kγ/mTOR pathway and thereby protects against allergic disease.

INTRODUCTION
Allergic diseases are a worldwide public health problem (1). The gen-
eration of immunoglobulin E (IgE) antibodies is a cardinal feature of 
allergic disorders, yet the mechanisms that regulate IgE production 
are inadequately understood. A number of genes are linked to atopic 
conditions including variants in the genes encoding the receptor for 
transforming growth factor–β (TGFβ) and other genes downstream 
of TGFβR signaling (2–8). Variants associated with low TGFβ pro-
duction are positively correlated with eczema in children, and poly-
morphisms in TGFB1 are associated with elevated total IgE levels (9, 
10). Furthermore, epidemiologic studies suggest that TGFβ in breast 
milk may protect against the development of allergic disease, and 
children with food allergy have diminished TGFβ- producing T cells 
in their intestinal mucosa (11–13). Murine studies have also demon-
strated that reduced TGFβ expression exacerbates asthma, whereas 
oral administration of TGFβ suppresses IgE production (14–18). Col-
lectively, these studies suggest that the TGFβ pathway plays a key role 
in the pathogenesis of allergy; however, the specific mechanisms in-
volved are largely unknown.

Patients with the rare Mendelian disorder Loeys- Dietz syndrome 
(LDS) harbor heterozygous loss- of- function mutations in TGFΒR1 
or TGFΒR2. These patients exhibit high levels of allergen- specific 
and total IgE along with a strong predisposition for allergic disor-
ders, including IgE- mediated food allergy, asthma, allergic rhinitis, 
eczema, and eosinophilic esophagitis (19, 20). LDS provides a 
unique opportunity to understand how TGFβ signaling regulates 
IgE responses with broad relevance to allergic disease in general.

T follicular helper (TFH) cells are key regulators of humoral im-
munity that direct B cell proliferation, class switching, and differen-
tiation to antibody- secreting plasma cells and long- lived memory B 
cells in germinal centers (GCs) (21–23). Growing evidence in mice 
and humans indicates that distinct functional subtypes of TFH cells—
TFH1, TFH2, TFH13, and TFH17 cells—secrete cytokine characteristic 
of each of the T helper (TH) effector types and thereby differentially 
regulate the nature of humoral responses (24–26). TFH2-  and TFH13- 
derived interleukin- 4 (IL- 4) and IL- 13 promote class switching to 
IgE (26–29). These cells are more abundant in the blood of patients 
with allergic disease, and their frequency correlates with IgE levels 
(24, 30, 31). The pathways that regulate TFH2 differentiation are not 
well understood.

TGFβ and TFH2 cells have both been linked to allergic diseases. 
However, to date, there is no consensus in the literature about how 
TGFβ influences TFH differentiation. In  vivo murine studies have 
reported both a positive and negative role for TGFβ in driving TFH 
development (32, 33). Most studies using human cells conclude that 
TGFβ induces TFH differentiation, based on data from in vitro cul-
tures (34, 35). The role of TGFβ in the differentiation of individual 
TFH subsets in vivo is also unclear. Given the growing evidence that 
dysregulated TGFβ signaling is associated with allergic diseases and 
TFH2 cells play an integral role in IgE generation, understanding 
how TGFβ regulates TFH2 cells may inform key mechanisms in-
volved in the development of allergic diseases.

Here, we sought to dissect the role of TGFβ in TFH generation and 
humoral responses in vivo using samples from patients with LDS and 
a mouse model of LDS (Tgfbr1WT/mut) (36). We found that patients 
with LDS had an increase in total TFH cells that was driven by a selec-
tive increase in TFH2 cells compared with healthy controls. Further-
more, in both patients with LDS and mice, increased TFH2 cells were 
accompanied by elevated levels of total and food- specific IgE. LDS T 
cells exhibited enhanced phosphatidylinositol 3- kinase γ (PI3Kγ) 
expression and activity after T cell receptor (TCR) cross-linking. 
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Pharmacologic inhibition of PI3Kγ or mammalian target of rapamycin 
(mTOR) signaling in vivo abrogated the accumulation of food anti-
gen–specific LDS TFH2 cells and prevented exaggerated humoral re-
sponses in mice in a T cell–intrinsic manner. We further demonstrate 
that TGFβ- induced Smad2/3 phosphorylation (pSmad2/3) is im-
paired in nonsyndromic allergic patients’ naïve T cells. These findings 
reveal a conserved role for TGFβ in restraining spontaneous TFH2 
accumulation in vivo and suggest that impairment in this pathway 
contributes to enhanced humoral responses including IgE produc-
tion and the allergic cascade.

RESULTS
TGFβ signaling is impaired in CD4+ T cells from patients with 
LDS and mice and nonsyndromic allergic patients
Most mutations that cause LDS are missense mutations in the high-
ly conserved kinase domain of TGFΒR1 (type 1 LDS) or TGFΒR2 
(type 2 LDS). Mutant LDS TGFβ receptors expressed in human em-
bryonic kidney 293 cells lacking endogenous TGFβ signaling are 
unable to propagate a signal (37, 38). Because TGFβ signaling has 
been shown to play a role in the function and/or development of 
multiple T cell subsets, we sought to examine TGFβ responsiveness 
in naïve CD4+ T cells from patients with LDS and Tgfbr1WT/mut 
mice (34, 35, 39), which harbor a heterozygous knock- in allele of an 
LDS mutation known to cause severe disease in humans (36, 40). 
After stimulation with recombinant TGFβ1, pSmad2/3, indicative of 
canonical TGFβ signaling, was induced in T cells from Tgfbr1WT/mut 
mice and patients. Levels of pSmad2/3 were significantly lower in 
LDS patient CD4+ T cells compared with healthy volunteer (HV) 
and Tgfbr1WT/mut cells compared with controls at the peak of the 
response (Fig. 1A and fig. S1). To determine whether this pathway 
was altered more generally in patients with allergic disease, we also 
analyzed TGFβ signaling in peripheral blood mononuclear cells 
(PBMCs) from patients with nonsyndromic IgE- mediated food al-
lergy. Naïve CD4+ T cells from nonsyndromic allergic patients also 
exhibited reduced levels of pSmad2/3 compared with healthy con-
trols after TGFβ stimulation (Fig.  1A). These data indicate that 
TGFβ signaling is impaired in naïve CD4+ T cells from patients with 
LDS and Tgfbr1WT/mut mice as well as nonsyndromic allergic pa-
tients. Thus, diminished TGFβ signaling in CD4+ T cells correlated 
with atopy.

Increased humoral responses to innocuous antigens in 
patients with LDS and mice
Consistent with our previous report, patients with LDS had de-
creased IgM, normal IgA, and increased total serum IgG and IgE 
compared with levels observed in age- matched HVs (Fig. 1B) (20). 
The majority of patients with LDS had positive specific IgE testing 
to common environmental and food allergens (table  S1) (20). 
Tgfbr1WT/mut mice had reduced total serum IgM and increased IgG, 
IgA, and IgE, indicative of greater isotype class switching compared 
with their wild- type (WT) littermates (Fig. 1C).The increased total 
IgG observed was due to a selective increase in IgG1, which is as-
sociated with enhanced TH2 immune responses in mice. In con-
trast, no significant difference was observed in isotype characteristic 
of TH1 responses, namely, IgG2a, IgG2b, or IgG3 (Fig.  1D) (41). 
Analogous to patients with LDS, Tgfbr1WT/mut mice became spon-
taneously sensitized to dietary food antigens as evidenced by ele-
vated levels of IgE specific for wheat, the predominant component 

of their chow, and this was not observed in mice consuming a 
wheat- free control diet (Fig.  1E). Tgfbr1WT/mut mice orally sensi-
tized with peanut and cholera toxin (a TH2 adjuvant) developed 
increased peanut- specific IgE compared with WT controls (Fig. 1F). 
Immunization with chicken egg ovalbumin (OVA) in Freund’s 
complete adjuvant (FCA; a TH1 adjuvant) also elicited higher 
antigen- specific IgE responses in Tgfbr1WT/mut mice compared with 
WT littermates (Fig. 1G). Collectively, these data suggest that di-
minished TGFβ signaling is associated with increased type 2 hu-
moral immune responses, including total and food antigen–specific 
IgE production, in both humans and mice.

Increased TFH2 cells and GC activity in LDS mice and humans
Mesenteric lymph nodes (mLNs) and Peyer’s patches (PP) constitu-
tively harbor GCs because of chronic exposure to food and micro-
bial antigens. Both structures are important sites for the development 
of oral tolerance, and disruption in this process can lead to food 
allergy. GCs in PP of Tgfbr1WT/mut mice were larger compared with 
those in WT, although the overall structure and organization of 
GCs were similar, with distinct T and B cell zones present in both 
(Fig. 2A). Flow cytometric analyses confirmed that mLN and PP 
from Tgfbr1WT/mut mice exhibited increased frequencies and num-
bers of GC B cells and class- switched CD19+IgD− plasmablasts 
(Fig. 2B and fig. S2). GC B cell class switching is controlled by TFH 
cells (42), and whereas WT and Tgfbr1WT/mut mice had similar 
numbers of total CD4+ T cells in PP and mLN, activated (CD44+) 
and TFH (CXCR5+PD1+) cells were increased in Tgfbr1WT/mut mice 
(Fig. 2, C and D, and fig. S3A). TGFβ is an important regulator of 
cell proliferation and survival in multiple cell types (33, 43); how-
ever, we detected similar frequencies of annexin V and Ki67 staining 
in WT and Tgfbr1WT/mut TFH, indicating that the increase in TFH 
cells observed in Tgfbr1WT/mut mice could not be explained by either 
reduced apoptosis or greater proliferation (fig.  S3B). We found 
that IL- 4–producing TFH cells, which play a critical role in promot-
ing IgE production, were increased in PP, mLN, and spleen in 
Tgfbr1WT/mut mice (Fig. 2, E and F, and fig. S3C). In contrast, the 
frequency of IL- 4+ TH2 effector cells was similar in Tgfbr1WT/mut 
and WT mice (Fig. 2E and fig. S3C), indicating a specific increase in 
TFH2 cells. There was no difference in IL- 13–producing TFH or non- 
TFH T cells at steady state or in interferon- γ (IFN- γ)–producing TFH 
or non- TFH effector cell populations in response to Freund's com-
plete adjuvent (FCA) immunization (fig. S3, D to F). Collectively, 
these results demonstrate that GC reactions and TFH2 cell frequen-
cies are exaggerated in naïve LDS mice, implicating a role for TGFβ 
in regulating GC reactions and TFH responses to innocuous antigens.

In humans, differential expression of the chemokine receptors 
CCR4, CXCR3, and CCR6 defines distinct TFH lineages that corre-
spond to the different CD4+ effector T cell populations (25). To 
validate the use of chemokine receptors in defining TFH1, TFH2, and 
TFH17 cells, we sorted TFH cells on the basis of their expression of 
the chemokine markers and then determined whether they pro-
duced the expected cytokines (Fig. 3A and fig. S4A). As expected, 
high levels of IFN- γ were detected in CXCR3+ TFH1 cells, IL- 4 and 
IL- 13 in CCR4+ TFH2s, and IL- 17 in CCR6+ TFH17s (Fig. 3A). Pa-
tients with LDS exhibited significantly increased frequencies of cir-
culating memory CD4+ T cells, CD4+ TFH cells, and plasmablasts 
compared with age- matched healthy controls (Fig. 3, B and C, and 
fig. S4, A and B). Furthermore, patients with LDS had a selective 
increase in TFH2 cells, whereas TFH17 cells were decreased (Fig. 3B 
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and fig. S4A). Together, these data demonstrate that at steady state, 
LDS variants lead to an increased frequency of TFH2s and enhanced 
GC activity.

In vitro differentiation conditions for human TFH cells do not 
fully mimic TFH development in vivo
The presence of increased TFH cells in the blood of patients with 
attenuated TGFβ signaling was unexpected, given that published 
studies using human cells have found that TGFβ induces TFH cell 
differentiation (34, 35). To reconcile these seemingly disparate 
findings, we cultured naïve CD4+ T cells from patients with LDS or 
healthy age- matched volunteers in serum- free media supplemented 
with IL- 7, IL- 12, and recombinant TGFβ1 as previously described 
(34, 35). TGFβ enhanced cell surface expression of CXCR5 on cells 
from healthy individuals (Fig. 3D), consistent with prior reports; 
however, this was not seen in naïve T cells from patients with LDS, 
in line with their reduced ability to respond to TGFβ. At the tran-
scriptional level, TFH signature genes BCL6, BATF, and MAF were 
all induced in culture conditions that included TGFβ, whereas 

PRDM1, which encodes for the strong negative regulator of TFH 
differentiation Blimp1, was down- regulated (Fig.  3E). Thus, our 
in  vitro studies further confirm that TGFβ promotes TFH dif-
ferentiation.

In addition to genes common to all TFH subsets, we expanded 
our analysis to include expression of TFH lineage–specific genes. 
Cells cultured under these conditions showed expression of TH17- 
associated genes such as RORC, RORA, and AHR, as well as TH1- 
associated TBET, and regulatory T cell (Treg)–associated FOXP3 
(Fig. 3E). In contrast, expression of TH2- associated GATA3 was ab-
sent, as previously reported (35). These results suggest that the con-
ditions used for differentiating human TFH cells in vitro support 
the development of TFH1 and TFH17 cells but are not permissive for 
the development of TFH2 cells. Thus, we conclude that in vitro con-
ditions do not fully recapitulate the in vivo environment and spe-
cifically the conditions needed for TFH2 differentiation. In vivo, 
TGFβ plays a divergent role in regulating the generation of distinct 
TFH cell subtypes, promoting TFH1/TFH17 while suppressing TFH2 
differentiation.
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Fig. 1. Reduced canonical TGFβ signaling in T 
cells is associated with increased serum Igs.  
(A) pSmad2/3 levels in PBmcs from HV, lDS, or 
nonsyndromic allergic individuals (left) and sple-
nocytes from Wt or Tgfbr1WT/mut mice (right). two- 
way anoVa with Bonferroni test was used to 
determine statistical significance for the mouse 
time course, and mann- Whitney test was used for 
the human data. HV n = 12, lDS n = 14, nonsyn-
dromic allergic individuals n = 5 (human) and n = 
5 (mouse) for each group. (B) Serum ig levels in 
age- matched HVs and individuals with lDS types 
1 and 2. n = 24 for HV; n = 21 for lDS. a mann- 
Whitney test was used to determine statistical 
significance. (C and D) Serum ig levels in Wt and 
Tgfbr1WT/mut mice. a mann- Whitney test was used 
to determine statistical significance. n = 10 for 
each group. (E) Serum from 24- week- old mice 
was used to measure wheat- specific ige by 
eliSa. Statistical significance was determined 
using a one- way anoVa followed by tukey’s post 
hoc test. n = 10 (each group) for mice on wheat 
diet; n = 6 (each group) for control diet. (F) Peanut- 
specific ige was measured in serum by eliSa. n = 6 
to 11 for each group. a one- way anoVa followed 
by tukey’s posttest was used to determine statisti-
cal significance. Data are combined from at least 
two independent experiments. (G) oVa- specific 
ige in serum was measured by eliSa at the indi-
cated days after oVa immunization. n  =  4 or 5 
mice per group. a mann- Whitney test was used to 
determine statistical significance. all experiments 
were independently performed at least two times. 
Bar graphs show mean  ±  SD; *P < 0.05, **P < 
0.01,***P < 0.001, and ****P < 0.0001. n.S., not 
significant; gmFi, geometric mean florescence in-
tensity; o.D., optical density. Pe, peanut; ct, chol-
era toxin.
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Increased TFH2 cells and IgE levels in LDS cannot be 
attributed to Treg dysfunction
TGFβ promotes Treg development and function, and Treg dysfunction 
has been linked to allergic diseases (44–47). We therefore sought to 
determine whether defective Tregs contribute to the allergic predispo-
sition in LDS. We found increased numbers of Tregs in mLNs of Tgf-
br1WT/mut mice (Fig 4A), consistent with our previous report that 
total CD4+ Tregs are expanded in the periphery of patients with LDS 
(20). To assess the Treg function, we measured the ability of WT 
or Tgfbr1WT/mut Tregs to suppress WT naive CD4+ T cell division 
in vitro. In the absence of Tregs, conventional CD4+ T cells (Tconv) from 
Tgfbr1WT/mut and their WT littermates underwent multiple rounds 
of division in response to TCR stimulation (Fig. 4B). We found no 

difference in the ability of WT or Tgfbr1WT/mut Tregs to inhibit Tconv 
proliferation in this setting, suggesting that the reduction in TGFβR 
signaling in LDS does not compromise Treg suppressive function 
(Fig. 4B). In the converse experiment, Tgfbr1WT/mut T cells were ef-
ficiently inhibited by WT Tregs (Fig. 4B). These results are consistent 
with our prior report demonstrating normal Treg suppressive activity 
in patients with LDS (20).

We next tested the ability of Tgfbr1WT/mut Tregs to restrain effector 
cell activity using an in vivo colitis model whereby CD45RB high ef-
fector T cells are transferred into lymphocyte- deficient RAG−/− mice. 
In the absence of Tregs, these cells undergo uncontrolled expansion 
(Fig. 4, C and D), and this T cell expansion can be suppressed by 
cotransfer with Tregs (48, 49). We found that WT and Tgfbr1WT/mut 
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of t cells expressing cXcR5 and programmed cell death protein (PD- 1) in mln and PP. n = 8 to 15 for each group. (D) Representative flow cytometry gating for mln and 
PP tFH cells. (E and F) the percentage of il- 4–expressing tFH cells in mln and PP and representative flow plots. n = 11 to 20 per group. all statistical significance was de-
termined using a mann- Whitney test. Bars represent mean and Sem. Data are combined from at least two independent experiments. *P < 0.05, **P < 0.01, and ***P < 
0.001.
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Tregs were equally effective at preventing T cell proliferation and ef-
fector cytokine production in the mLN and colon lamina propria 
(Fig. 4, C and D). Collectively, these results demonstrate that Tgf-
br1WT/mut Tregs are as proficient as their WT counterparts at suppress-
ing T effector cell activity; thus, we found no evidence that Treg 
function is impaired in LDS (20).

In contrast to Tregs, the percentage of T follicular regulatory cells 
(Tfrs) (CXCR5+Foxp3+), which restrict TFH cell expansion and B 
cell class switching in GCs (50–53), was significantly decreased in 
Tgfbr1WT/mut mice and in patients with LDS compared with healthy 
controls (fig. S5, A and B). Reduced Tfr and enhanced TFH numbers 
resulted in an increased TFH/Tfr ratio in Tgfbr1WT/mut mice as com-
pared with WT (fig. S5A). We hypothesized that increased serum 
IgE in patients with LDS was due to differences in Treg numbers and 
next tested whether the presence of WT Treg and Tfrs could rescue 
this phenotype using mixed fetal liver (FL):bone marrow (BM) chi-
meras (Fig. 4E). In this model, WT or Tgfbr1WT/mut FL- derived B 
cells differentiate in a Tgfbr1 WT environment and are subject to 
regulation by WT Tregs and Tfrs provided by IgE−/−Tgfbr1WT/WT 
BM. Mice reconstituted with Tgfbr1WT/mut FL had higher serum IgE 
than those reconstituted with WT FL cells, despite the presence of 
WT Tregs and equivalent TFH:Tfr ratios in mice that received WT 
and Tgfbr1WT/mut FL cells (Fig. 4, F to H). Because the presence of 
WT Tregs and Tfrs cannot suppress the hyper IgE phenotype in LDS, 

we conclude that exaggerated IgE responses in LDS are independent 
of Treg and Tfr regulation. Moreover, Tgfbr1WT/mut precursors dif-
ferentiating in a WT environment were more likely to give rise to 
TFH cells than WT precursors, whereas the total T cell contributions 
were comparable (Fig. 4I and fig. S6A). Similar changes in TFH fre-
quency were obtained when WT and Tgfbr1WT/mut BM was used in 
place of FL (fig. S6B), confirming that this aspect of the LDS pheno-
type was hematopoietic cell intrinsic.

T cell–intrinsic changes drive the increase in TFH2 cells and 
allergic sensitization to orally ingested antigens in LDS
To determine whether reduced TGFβ signaling in T cells contributed 
to the hyper IgE phenotype in LDS in a cell- intrinsic manner, we used 
a well- established model of oral tolerance. WT or Tgfbr1WT/mut OVA- 
specific OTII T cells were purified and adoptively transferred into 
CD45.1 congenic WT hosts that were then fed OVA for 7 days 
(Fig. 5A). On day 8 posttransfer, OVA- specific IgE and IgG1 were sig-
nificantly higher in the serum of mice receiving Tgfbr1WT/mut OTII T 
cells as compared with recipients of WT OTII T cells (Fig. 5B). These 
findings indicate that diminished TGFβ signaling in T cells alone is 
sufficient to enhance class switching to IgG1 and IgE in B cells with 
intact TGFβ signaling, indicating a T cell–intrinsic phenotype.

To investigate T cell–intrinsic changes resulting from impaired 
TGFβ signaling, single- cell RNA sequencing (scRNA- seq) analysis 
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was performed on OTII cells reisolated from the PP of hosts after 
1 week of OVA water consumption. Unbiased clustering revealed 
five distinct populations (Fig. 5C and fig. S7). Tgfbr1WT/mut PP were 
enriched for the early memory T cells (EMTC) and TFH clusters, 
indicating that T cells with reduced TGFβ signaling undergo greater 
activation and antigen- induced TFH differentiation than WT T cells 
(Fig.  5C). Furthermore, total CD4+ OTII Tgfbr1WT/mut cells were 
enriched for cells with high expression of TFH genes Bcl6, Tox2, 
Cxcr5, and Il- 21 (Fig. 5D). Flow cytometry analysis of mLNs and PP 
revealed that Tgfbr1WT/mut OTII T cells accumulated more than WT 
in response to ingested OVA (Fig.  5E). A higher percentage and 
number of Tgfbr1WT/mut OTII cells differentiated into CXCR5+ TFH 
cells than WT OTII T cells (Fig. 5F), validating the scRNA- seq find-
ings. Specifically, we found increased IL- 4–producing TFH2 cells in 
Tgfbr1WT/mut recipients (Fig. 5G). Thus, reduced TGFβ signaling in 
T cells alone replicated the steady- state phenotypes observed in LDS 

mice and humans, specifically increased TFH2 and food- specific se-
rum IgE. Together, these data demonstrate that TGFβ is an essential 
and nonredundant regulator of TFH2 differentiation in the gut and 
that CD4+ T cells that fail to receive sufficient TGFβ signaling drive 
sensitization to dietary antigen in a T cell–intrinsic manner.

LDS variants promote dysregulation of the PI3Kγ/mTOR 
signaling pathway
To probe the mechanisms by which attenuated TGFβ signaling in T 
cells leads to enhanced TFH differentiation, we sorted total TFH cells 
from the PP of unmanipulated Tgfbr1WT/mut and WT littermates 
and performed bulk RNA- seq analysis. We found that 240 genes 
were up- regulated and 228 genes were down- regulated in Tgfbr1WT/mut 
TFH cells compared with WT (fig. S8A and data file S1). Many of the 
differentially expressed genes overlapped with those previously found 
to be dysregulated in Smad3- deficient CD4+ T cells treated with 
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TGFβ, including Smad7, Sardh, Ctsw, Rgs10, Apol9a/b, Ctnna1, Skil, 
and Kras (Fig.  6A) (54). Furthermore, genes directly induced by 
Smad3, such as Skil, were significantly enriched in WT TFH cells 
compared with the Tgfbr1WT/mut TFH as determined by gene set en-
richment analysis (GSEA), consistent with a partial loss- of- function 
phenotype in LDS TFH cells at the transcriptional level (Fig. 6B and 
data file S2). Using publicly available datasets (55), we found that 
genes more highly expressed in TFH cells than non- TFH T cells were 
significantly enriched in Tgfbr1WT/mut TFH cells compared with WT 
TFH cells (Fig. 6C and data file S3). Together, these data illustrate 
that a partial loss of TGFβ signaling leads to an enhanced TFH tran-
scriptional signature, indicating a fundamental role for TGFβ sig-
naling in TFH cells at steady state.

Ingenuity pathways analysis (IPA) of genes differentially ex-
pressed between WT and Tgfbr1WT/mut TFH cells revealed a state of 
increased activation and TH2 skewing in TFH cells from LDS mice 
compared with their littermates (Fig. 6D). IL- 4 signaling and IL- 4 
itself, TH2 pathway, and TH1 and TH2 activation pathway were up- 
regulated in TFH cells isolated from Tgfbr1WT/mut mice relative to 
WT littermates (Fig. 6, D and E). The increase in IL- 4 expression 
was confirmed by quantitative polymerase chain reaction (qPCR) 
(Fig. 6F).

The most significantly up- regulated gene set in Tgfbr1WT/mut ver-
sus WT TFH cells identified by IPA analysis was the PI3K pathway 
(Fig. 6, D and E). PI3Ks are a family of lipid kinases that activate di-
verse signaling cascades, including the multiprotein complexes con-
taining the serine/threonine kinase mTOR (mTORC1 and mTORC2). 
Tgfbr1WT/mut TFH also featured up- regulation of the p70S6 signaling 
pathway, which is activated downstream of PI3K/mTOR (Fig. 6D), as 
well as enrichment of Raptor-  and Rictor- dependent genes that are 
dependent on expression of mTORC1/2 components (Fig. 6G and 
data file S4). Collectively, these data indicate enhanced PI3K/mTOR 
signaling in Tgfbr1WT/mut TFH cells and up- regulation of downstream 
pathways previously established to be essential for TFH development.

In particular, Pik3cg was up- regulated in Tgfbr1WT/mut PP TFH 
cells compared with WT (Fig.  6E), which was verified by qPCR 
(Fig.  6F). Pik3cg encodes the protein p110γ, which, together with 
p85, forms PI3Kγ. PI3Kγ signaling is critical in human and mouse T 
cell function (56–59). Using publicly available human chromatin im-
munoprecipitation sequencing data, we found that the PIK3CG lo-
cus contains two binding sites for SnoN, which is encoded by SKIL 
(fig. S8C). The transcriptional repressor SnoN is induced by TGFβ 
(60–62). Thus, TGFβ has the potential to negatively regulate PI3Kγ 
expression indirectly via SnoN. Skil was expressed at lower levels in 
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Fig. 5. Increased propensity for naïve CD4+ T cells with the Tgfbr1 mutation to differentiate into TFH cells and promote IgE production by WT B cells in response 
to orally delivered food antigen. (A) Schematic showing the transfer of Wt or Tgfbr1WT/mut otii+/−Rag−/− t cells to Wt recipients on day 0. Recipient mice were provided 
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Tgfbr1WT/mut than WT TFH ex vivo (Fig. 6, A and E). Moreover, Skil 
levels were also lower in adoptively transferred Tgfbr1WT/mut OTII 
TFH cells recently stimulated by OVA (fig. S8B). However, it was ex-
pressed equally in rested naïve CD4+ T cells from PP of WT and 
Tgfbr1WT/mut mice (Fig. 6H). This suggested that altered expression 
of Skil in Tgfbr1WT/mut mice was T cell intrinsic and potentially 

dependent on antigen exposure. To determine the kinetics of SnoN 
up- regulation after TCR stimulation, naïve CD4+ T cells isolated 
from PP were rested and then TCR- stimulated in vitro. No signifi-
cant increase in SnoN expression was observed at 30 min or 4 hours, 
but expression was significantly higher compared with baseline in 
both WT and Tgfbr1WT/mut cells after 8 hours of stimulation 
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mined by paired Student’s t test. (a) to (g) are from a single experiment, and (H) to (J) are combined from two independent experiments. *P < 0.05, **P < 0.01, and 
****P < 0.0001. Bars represent mean and Se. FDR < 0.25 was considered statistically significant for gSea analysis. neS, normalized enrichment score; PD- l1, pro-
grammed death- ligand 1; Pten, phosphatase and tensin homolog.
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(Fig. 6H). This difference in expression was at least partially depen-
dent on TGFβ because treatment with a TGFβ- neutralizing antibody 
reduced SnoN induction at 8 hours (Fig. 6I), such that levels of SnoN 
in WT cells were similar to those observed in Tgfbr1WT/mut cells 
(Fig. 6J). Collectively, these data show that SnoN is induced by TGFβ 
during the late phase of TCR activation in CD4+ T cells.

To determine whether reduced expression of SnoN could have 
functional consequences on PI3K activity, phosphorylation of the 
downstream signaling molecule S6 in response to TCR cross-linking 
was evaluated in WT T cells after small interfering RNA (siRNA)– 
mediated Skil/SnoN knockdown (KD). SnoN KD resulted in increased 
pS6, revealing that SnoN is a negative regulator of this pathway 
(Fig. 6J). This recapitulated the bulk RNA- seq data showing decreased 
Skil and increased p70S6K signaling coincides in Tgfbr1WT/mut TFH 
cells (Fig. 6, D and E). Together, these findings suggest that in the late 
phase of TCR activation, TGFβ controls PI3Kγ/mTOR signaling at 
least in part by inducing SnoN, a transcriptional repressor of Pik3cg. In 
LDS, impaired TGFβR signaling leads to reduced expression of SnoN 

and less efficient repression of Pik3cg, ultimately resulting in enhanced 
mTOR- mediated signaling downstream of TCR.

TGFβ targets PI3Kγ/mTOR signaling to prevent aberrant TFH 
accumulation in vivo
To confirm that PI3Kγ/mTOR signaling was dysregulated in LDS, 
we evaluated PI3K signaling in a constitutively active lymphoid tis-
sue, namely, PP. Expression of both pS6 and pFOXO1 were increased 
in Tgfbr1WT/mut PP TFH, although pFoxO1 was not statistically sig-
nificant (fig.  S9A). To evaluate the kinetics of PI3K signaling in 
Tgfbr1WT/mut and WT PP naïve CD4+ T cells after TCR cross-linking, 
we measured pS6 and pFoxO1 at different time points after stimula-
tion. Expression of pS6 increased at 0.5 and 4 hours, but levels did 
not differ between WT and Tgfbr1WT/mut (fig. S9B), consistent with 
equivalent expression of SnoN in WT and Tgfbr1WT/mut cells at these 
time points (Fig. 6H). At 24 hours, however, the percentage of cells 
expressing pS6 and pFoxO1 was significantly higher in Tgfbr1WT/mut 
relative to WT littermates (Fig. 7A and fig. S9C). Similarly, the 
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Fig. 7. Inhibition of the PI3Kγ/mTOR pathway prevents excessive generation of LDS TFH cells in response to fed antigen. (A) naïve t cells from murine PP were tcR- 
stimulated (n = 6 per group), and (B) naïve human t cells were pretreated with eganelisib or vehicle, tcR- stimulated. Phosphorylation of S6 (pS6) and Foxo1 (pFoxo1) was 
determined by flow cytometry. HV pS6 n = 10, pFoXo1 n = 6; lDS pS6 n = 12, pFoxo1 n = 6. (C) Wt or Tgfbr1WT/mut otii+/−Rag−/− t cells were transferred into Wt recipients 
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frequency of pS6+ and pFoxO1+ CD4+ T cells was elevated in pa-
tients with LDS compared with age- matched healthy controls after 
68 hours but not 0.5 hours of anti- CD3/CD28 stimulation (Fig. 7B 
and fig. S9, B and D). Pharmacological inhibition of PI3Kγ in LDS 
patient T cells corrected expression of pS6 and pFoxO1 to levels ob-
served in HV T cells (Fig. 7B and fig. S9E). Collectively, our results 
suggest that TGFβ’s inhibitory effect on PI3Kγ/mTOR signaling oc-
curs during the late phase of TCR activation in CD4+ T cells and 
that the kinetics of this regulation correlates with reduced levels of 
SnoN in Tgfbr1WT/mut after TCR stimulation.

Multiple soluble factors are induced in the late phases of TCR acti-
vation that may influence TFH differentiation, including IL- 2, which 
has been shown to be regulated by TGFβ (63). To determine whether 
IL- 2 was responsible for the increased late- phase PI3K signaling in 
Tgfbr1WT/mut cells, we performed an IL- 2 cytokine capture assay 
and intracellular IL- 2 staining after TCR or phorbol 12- myristate 
13- acetate (PMA)/ionomycin stimulation of naïve CD4+ T cells, re-
spectively. No difference in IL- 2+ T cells was observed between WT 
and Tgfbr1WT/mut (fig. S9, F and G), suggesting that secondary PI3K 
signaling induced by IL- 2 was an unlikely explanation. To determine 
whether other secreted factors were responsible, we mixed congeni-
cally marked WT:WT or WT:Tgfbr1WT/mut PP CD4+ naïve T cells and 
stimulated them with anti- CD3/CD28 for 24 hours. Under these con-
ditions, Tgfbr1WT/mut cells continued to exhibit increased PI3K signal-
ing relative to their WT counterparts, suggesting that an intrinsic 
factor rather than a soluble mediator(s) drives the increased late- 
phase PI3K signaling in Tgfbr1WT/mut T cells (fig. S9H).

We next investigated whether inhibition of the PI3Kγ/mTOR path-
way in vivo could prevent the exaggerated generation of Tgfbr1WT/mut 
TFH cells after antigen exposure. WT or Tgfbr1WT/mut OTII cells were 
transferred into CD45.1 congenic WT hosts, and OVA was added to 
their drinking water for 8 days. Hosts also received intraperitoneal in-
jection of the PI3Kγ inhibitor eganelisib or vehicle control alone on 
days 3 to 7 (Fig.  7C). Analysis on day 8 revealed that inhibition of 
PI3Kγ significantly suppressed the accumulation of OVA- specific 
Tgfbr1WT/mut TFH cells and, in particular, IL- 4–producing TFH cells in 
response to ingested OVA and abrogated the production of OVA- 
specific IgG1 and IgE (Fig. 7, D to F). The overall early memory re-
sponse was intact after eganelisib treatment, as determined by the 
presence of equivalent CD44+ T cells (Fig.  7G). Similar results 
were obtained after treatment with the mTOR inhibitor rapamy-
cin (fig. S10). Together, our findings suggest that TGFβ is an essential 
regulator of TFH2 differentiation by targeting the PI3Kγ/mTOR path-
way in T cells, disruption of which leads to aberrant TFH2 differentia-
tion and allergic sensitization to food antigens.

DISCUSSION
Although a complete loss of TGFβ signaling causes severe autoim-
munity and death at an early age in murine models, the in vivo con-
sequences of impaired TGFβ signaling in humans is less clear, 
because most information has relied on in vitro systems. TGFβ sig-
naling is tightly regulated; thus, a complete loss of function may not 
accurately reflect the clinical consequences of a partial loss caused 
by genetic variants. Multiple studies point to TGFβ as a key player in 
allergic diseases, and variants in the TGFβ pathway are associated 
with allergic conditions in humans. Here, we demonstrate that a 
modest reduction in canonical TGFβ signaling via pSmad2/3 results 
in transcriptional changes in T cells that are linked to greater TFH2 

expansion and enhanced IgE production. We further show that ca-
nonical TGFβ signaling is impaired in naïve CD4+ T cells isolated 
from nonsyndromic food allergic patients compared with age- 
matched healthy controls, suggesting a role for this signaling path-
way in allergic disorders in the general population. Although the 
pathogenesis of allergic diseases is multifactorial, these findings 
suggest that perturbations in TGFβ signaling, whether induced by 
genetic or environmental factors, may contribute to the allergic dia-
thesis in at least a subset of patients (64, 65). By studying patients 
and mice with a single gene defect leading to partially attenuated 
canonical TGFβ signaling, we demonstrate that the primary immu-
nological clinical manifestation of reduced TGFβ signaling is an in-
creased propensity for IgE- mediated allergic disease caused by an 
inability to restrain constitutive TFH2 cell activity and IgE produc-
tion via the PI3Kγ/mTOR pathway in a T cell–intrinsic manner. Our 
work therefore reveals TGFβ to be a nonredundant, central regula-
tor of TFH cell biology in vivo in both mice and humans and pro-
vides a mechanism by which disruption in the TGFβ signaling 
pathway can contribute to the pathogenesis of allergic disease.

The role of TGFβ in TFH generation has been controversial. In 
humans, TGFβ in combination with IL- 23 or IL- 12 promoted the 
acquisition of TFH properties by naïve CD4+ T cells in vitro, includ-
ing expression of CXCR5, Bcl6, and CXCL13 (34, 35). Murine mod-
els have demonstrated a critical role for TGFβ in TFH generation 
in vivo, albeit with conflicting conclusions as to whether TGFβ pro-
motes or inhibits TFH development (32, 33). In one study, complete 
impairment of TGFβ signaling prompted reduced differentiation of 
viral- specific TFH cells as a result of enhanced CD25 expression and 
IL- 2 signaling after viral challenge (32). In a second study, the ab-
sence of TGFβ signaling in T cells led to the spontaneous accumula-
tion of TFH cells, autoantibody production, and immune complex 
deposition (33). These incongruities may reflect different pathways 
for TFH development in response to infectious insults versus homeo-
static conditions, as well as heterogeneity in the TFH population. 
Consistent with previous reports, we found that naïve CD4+ T cells 
from patients with LDS, who exhibit reduced canonical TGFβ sig-
naling, were less likely to acquire TFH properties in response to 
TGFβ + IL- 12 compared with healthy controls. However, TFH cells 
were more abundant in the peripheral blood of patients with LDS, 
and this was coincident with higher levels of IgG and IgE. Although 
these results appear paradoxical, the increased TFH cells in patients 
with LDS were specifically of the TFH2 subset, whereas TFH17 cells 
were significantly reduced. Thus, the most frequently used in vitro 
TFH skewing conditions, which are optimized for TFH1/TFH17 devel-
opment, do not adequately recapitulate the full range of TFH subsets 
that are generated in  vivo. Genes typically expressed by TFH17/
TFH17 cells were increased under these in vitro conditions, whereas 
expression of TH2/TFH2- associated genes was absent. Thus, our find-
ing that TGFβ plays a divergent role in the development of TFH sub-
types provides a potential explanation for the apparent disparity in 
prior studies. Moreover, our human and mouse parallel studies dem-
onstrate a critical T cell–intrinsic role for TGFβ in limiting TFH2 dif-
ferentiation in vivo that is conserved across species.

Although a modest increase in IgG is likely to be clinically silent, 
even small increases in IgE can have clinical consequences because 
of the extreme sensitivity of IgE allergen recognition. Total and 
food- specific IgEs were spontaneously increased in patients with 
LDS and mice, and we found that experimentally LDS mice gener-
ated antigen- specific IgE in response to immunization with both 
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TH1 and TH2 adjuvants. Our findings, therefore, inform the mecha-
nisms responsible for the high rate of IgE- mediated diseases in pa-
tients with LDS and support recent studies that indicate that TFH 
cells are key players in IgE- mediated allergic conditions (66, 67). 
This study also provides additional evidence for the association of 
genetic variants in the TGFβ pathway with allergic disease and re-
veal a crucial role for T cell–intrinsic TGFβ signaling in preventing 
aberrant TFH and GC activity that can lead to IgE- mediated pathol-
ogy. An increase in IgA in LDS mice was somewhat unexpected be-
cause TGFβR signaling in B cells was reported to be essential for IgA 
generation (68, 69). However, there is evidence that IgA induction 
can occur independently of TGFβR signaling (69). Alternatively, the 
amount of residual TGFβ signaling in LDS may be sufficient to sup-
port IgA production.

Tfrs limit the activity of TFH cells and suppress GC reactions (70). 
Although the frequency of Tfrs was reduced in patients with LDS 
and mice compared with controls, a deficiency in Tfrs is unlikely to 
solely account for the expansion of TFH cells in LDS. LDS TFH cells 
accumulated even in the presence of WT Tfrs in mixed chimera ex-
periments. We further found no evidence for Treg functional defects 
in LDS mice. Although other hematopoietic cells may contribute to 
the allergic phenotype in LDS, mixed chimera and OTII adoptive 
transfer experiments established that T cell–intrinsic changes ac-
count for the spontaneous accumulation of TFH cells and exagger-
ated humoral responses when TGFβ signaling in CD4+ T cells is 
impaired. Furthermore, we found more IL- 4–producing TFH cells in 
LDS mice, indicating that, in addition to being increased in number, 
they favor a TFH2 phenotype.

Our work demonstrates that one mechanism by which TGFβ 
regulates TFH development and function involves limiting late phase 
PI3Kγ/mTOR signaling downstream of TCR. Prior studies found 
that T cell–specific ablation of mTOR severely decreased TFH and 
GC B cell formation in mLNs and PP, sites where spontaneous ac-
cumulation of TFH cells occur in LDS mice. We found that elevated 
transcription of Pik3cg is likely an important factor driving en-
hanced PI3K/mTOR signaling in LDS. Pik3cg encodes the protein 
p110γ, which associates with p85 to form the PI3K class IB molecule 
PI3Kγ. PI3Kγ is highly expressed in leukocytes and is activated 
downstream of TCR signaling (59). PI3Kγ- deficient mice have been 
reported to exhibit impaired phosphorylation of AKT and S6 and 
defective T cell–mediated humoral responses (57, 58). Similarly, pa-
tients with biallelic loss- of- function PIK3CG variants exhibit immu-
nodeficiency and decreased antibody levels (56, 57). These reports 
highlight a critical role for PI3Kγ in T cell function and humoral 
immunity. Here, we identify TGFβ to be a critical regulator of PI3Kγ 
activity. Treatment with a PI3Kγ- specific inhibitor was able to re-
duce elevated levels of late- phase TCR- induced pS6 and pFOXO1 in 
LDS patient T cells to levels found in HV T cells. Furthermore, 
in vivo PI3Kγ or mTOR inhibition restrained differentiation of TFH2 
cells and antigen- specific IgE and IgG1 production in Tgfbr1WT/mut 
mice after oral feeding. Collectively, these studies reveal a key role 
for Pik3cg in driving the allergic phenotype in LDS and further indi-
cate a role for Pik3cg in allergic diseases in general.

The mechanisms by which TGFβ regulates Pik3cg expression are 
likely multifactorial, but our data support a role for the transcrip-
tional repressor Skil/SnoN. Expression of Skil/SnoN was reduced in 
Tgfbr1WT/mut TFH cells directly ex vivo, and induction of Skil/SnoN 
was impaired in PP naïve CD4+ Tgfbr1WT/mut T cells relative to WT 
in the late phase after TCR activation. Similarly, levels of pS6 and 

pFoxO1 were equal in Tgfbr1WT/mut and WT PP naïve CD4+ T cells 
early after TCR stimulation but increased in the late phase, indicating 
that the changes in expression of Skil/SnoN and signaling molecules 
downstream of PI3Kγ in LDS T cells were temporally correlated. In 
combination with our findings that KD of Skil/SnoN abrogates pS6 
expression in WT naïve CD4+ T cells after TCR cross-linking, our 
data point to reduced Skil/SnoN as a potential mechanism by which 
impaired canonical TGFβ signaling results in enhanced PI3K activi-
ty. Although other mechanisms may contribute, mixing experiments 
indicated that soluble factors were unlikely to play a prominent role. 
How these changes in the late phase of TCR signaling contribute to 
the differential regulation of TFH subtypes requires further study.

One limitation of our study is the inability to differentiate TFH2 
cells in vitro, which limits more in- depth mechanistic examination 
of the role of Skil/SnoN and PI3Kγ in TFH2 cell differentiation. Ad-
ditional investigation is warranted to further dissect the role of this 
critical pathway in TFH development. Although our data point to 
impaired canonical TGFβ signaling as the key driver of the defects 
in TFH development in LDS, our data do not preclude a role for non-
canonical TGFβ signaling in the allergic phenotype as well. Last, 
although our data demonstrate a T cell–intrinsic phenotype, the 
contribution of other cell types in the hyper- IgE phenotype in LDS 
warrants further study.

In summary, our work supports a nonredundant T cell–intrinsic 
role for TGFβ in restricting spontaneous TFH2 cell differentiation in 
response to innocuous antigens that is conserved across species. Im-
pairment of TGFβ signaling leads to exaggerated humoral immuni-
ty that manifests clinically as IgE- mediated disease, thus providing 
insight into the role of TGFβ in the pathogenesis of allergic disor-
ders. Future studies will examine the mechanisms by which SnoN 
and PI3Kγ regulate TFH2 differentation and the implications for al-
lergic diseases.

MATERIALS AND METHODS
Study design
Patients with LDS exhibit a high prevalence of allergic diseases. 
Samples from patients with LDS and a mouse model of LDS, 
Tgfbr1WT/mut, were used to interrogate the mechanistic role of TGFβ 
signaling in regulating IgE production and allergic sensitization to 
antigens. Age-  and sex- matched HVs and WT littermates were used 
as controls. We characterized serum Ig profiles and immune cell 
populations from peripheral blood of humans and lymphoid organs 
in mice. Further in vitro differentiation and TCR stimulations were 
performed on purified naïve human T cells, followed by supernatant 
enzyme- linked immunosorbent assay (ELISA), qPCR, and flow cy-
tometry analysis. An adoptive transfer oral tolerance model and BM 
and FL chimeras were used along with ELISAs, flow cytometry, bulk 
RNA- seq, and scRNA- seq analysis to assess the cellular and signal-
ing pathways involved.

Mice
The mouse model of LDS is described in Gallo et al. (36). Briefly, the 
M318R allele previously identified in patients with LDS was knocked 
into the mouse Tgfbr1 locus, resulting in heterozygous Tgfbr1WT/mut 
mice. The immune phenotype of LDS mice is further characterized in 
Laky et  al. (40). This colony was bred and maintained at Taconic 
Farms and shipped to National Institute of Allergy and Infectious 
Diseases (NIAID) weekly per the NIAID- Taconic Breeding contract. 
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OTII mice, CD45.1, and RAG2−/− mice were also from Taconic, and 
IgE knockout mice were provided by H. Oettgen (71). All mice were 
backcrossed to 129/SVe for at least 12 generations, and WT litter-
mates served as controls for all experiments. All murine experiments 
were done following National Institutes of Health (NIH) Association 
for Assessment and Accreditation of Laboratory Animal Care regula-
tions and were approved by the NIAID Animal Care and Use Com-
mittee. Unless otherwise stated, mice were provided with standard 
mouse chow and autoclaved water. Some mice were fed a wheat- free 
diet (DietGel 31M) from birth as a negative control for wheat IgE pro-
duction in mice fed standard mouse chow. WT and Tgfbr1WT/mut 
mice, including the mice used in reconstitution and adoptive transfer 
experiments, were cohoused. Both sexes of mice between the ages of 
22 and 36 weeks old were used in this study.

Human samples
Patients with a diagnosis of type 1 (mutations in TGFΒR1) or 2 (mu-
tations in TGFΒR2) LDS confirmed by genetic testing, patients with 
nonsyndromic IgE- mediated food allergy, and healthy controls were 
enrolled on clinical protocol 15- I- 0152 at the NIH. Food allergic pa-
tients were diagnosed by a board- certified allergist on the basis of a 
convincing history of an immediate hypersensitivity reaction to the 
food and positive food- specific IgE testing. Patients underwent a full 
clinical allergy evaluation as well as blood work, including measure-
ment of serum Igs and allergen- specific IgE for common food and 
environmental allergens (Phadia, ImmunoCAP). Allergen- specific 
IgE levels greater than 0.35 KUA/liter were reported as positive. This 
study was approved by the NIH institutional review board, and in-
formed consent and/or assent were obtained.

HV and LDS PBMCs were isolated by Percoll gradient centrifuga-
tion and stained for flow cytometry on the same day. Cells were 
stained with Zombie Aqua live dead dye (BioLegend) and then 
washed and blocked with human Ig after staining with the TFH cell 
panel or the B cell panel (table S2). After surface staining, cells were 
fixed with Foxp3 transcription factor staining fixation buffer (Thermo 
Fisher Scientific) and stained for Foxp3. Cells were then analyzed by 
flow cytometry (BD LSRII), or TFH1, TFH2, and TFH17 cells were sorted 
(BD FACS Aria), rested overnight, stimulated with PMA/ionomycin/
brefeldin A cocktail (Invitrogen) for 4 hours, and then stained intra-
cellularly for anti–IFN- γ, anti–IL- 4, anti–IL- 13, anti–IL- 17, and anti–
IL- 21. Live, singlet, CD4+, and CD8– cells were gated. TFH cells were 
then identified as CD45RO+CXCR5+. Within this gate, TFH1 cells 
were defined as CXCR3+CCR6−, TFH2 as CCR4+CCR6−, TFH17 as 
CCR6+CXCR3−, and Tfr as CXCR5+CD45RO+CD25+Foxp3+. Naïve 
B cells were defined as live, singlet, CD19+CD3−CD20+CD27−CD10
−CD21+IgM+IgD+. Plasmablasts were defined as live, singlet, 
CD19+CD3−CD20+CD27+CD10−CD38med/high.

Mixing and chimeric transfer models
For mixed chimeras, BM was harvested from femurs of IgE−/− CD45.2 
age-  and sex- matched mice and mixed in equal parts (2.5 million cells 
each) with embryonic 12- day CD45.1 WT or Tgfbr1WT/mut FL cells. 
Fetal liver lacks mature plasma cells, which are abundant in the BM of 
adult animals; thus, in this model, all IgE- producing plasma cells 
matured in the host. This ensured that the only source of serum IgE 
was de novo plasma cells that matured in the recipient host. The 
mixed cells were administered intravenously into sublethally irradi-
ated (600 RADS) RAG−/− age-  and sex- matched hosts. Serum was 
collected at 8 weeks posttransfer, and total IgE was measured using an 

ELISA kit (BioLegend). For BM chimera experiments, BM was har-
vested from CD45.1 WT mice and CD45.2 Tgfbr1WT/mut mice, mixed 
in equal parts, and transferred into sublethally irradiated RAG−/− 
mice. PP and mLNs were collected at 4 months posttransfer, mashed 
through 70- μm filters to make single- cell suspensions, and analyzed 
by flow cytometry using the TFH staining panel described above.

OVA in FCA immunization
Phosphate- buffered saline (PBS) to FCA (1:1; Sigma- Aldrich) were 
emulsified for a final concentration of 250 μg/ml, and 20 μl was in-
jected into the left footpads of WT or Tgfbr1WT/mut mice. Serum was 
collected on days 0, 14, and 21 to measure antigen- specific Ig. Non-
draining and draining popliteal lymph nodes were collected at day 
21, and cells were analyzed by flow cytometry.

PP histology
For immunofluorescence staining, PP were fixed overnight in BD 
CytoFix fixation buffer diluted 1:4 in PBS. Tissues were then rinsed 
with PBS and moved to 30% sucrose in PBS overnight. Tissue was 
embedded in optimal cutting temperature compound (OTC) (Sakura) 
and frozen in a mixture of isopentane and dry ice and sectioned 
at 10 μm (Histoserv). The slides were permeabilized in methanol at 
−20°C for 30 min, washed in PBS, and then blocked with 1% bovine 
serum albumin,1% anti- CD16/32 (BD), 2% mouse serum, 2% goat 
serum, 2% rat serum, and 0.3% Triton X- 100 in PBS for 1 hour at 
room temperature. The slides were then stained with anti- B220, 
anti- IgD, anti- Bcl6, and anti- CD4 at 4°C overnight. The next day, 
the slides were stained with 4′,6- diamidino- 2- phenylindole at 1 μg/
ml for 10 min at room temperature, washed in PBS, and mounted in 
ProLong Gold Antifade Mountant (Thermo Fisher Scientific). Im-
ages were obtained on a Leica SP8 confocal microscope and ana-
lyzed using LAS X imaging software.

In vitro T cell assays
For in vitro suppression studies, naïve CD4+ T cells were sorted and 
labeled with CellTrace Violet (Invitrogen) and then cultured in vitro 
with indicated ratios of CD4+CD25+ Tregs for 5 days. Proliferation 
was measured by flow cytometry. Percent suppression was deter-
mined using the division index (DI) obtained from FlowJo and the 
calculation (DI without Treg − DI with Tregs)/(DI without Tregs) × 100.

For in  vitro pS6 and pFoxO1 analysis, naïve CD4+ T cells 
from murine PP (CD4+CD8−CD62L+) or human peripheral blood 
(CD45RO−CD4+CD8−CD19−CXCR5−) were sorted then stimulated 
with plate- bound anti- CD3 (1 μg/ml; human: BioLegend: clone 
OKT3; mouse: Invitrogen: clone 145- 2C11) and soluble anti- CD28 
(5 μg/ml; human: Invitrogen, clone CD28.2, mouse: BioLegend: 
clone 37.51) for indicated time points for murine cells and 68 hours 
for human cells. In some experiments, CD45.1 and CD45.2 murine 
PP naïve T cells were mixed and stimulated in the same well. The 
frequencies of IL- 2–secreting cells at 16 hours after anti- CD3/CD28 
stimulation were measured using the IL- 2 secretion assay detection 
kit (Miltenyi) following the manufacturer’s protocol. In some ex-
periments, human T cells were treated with 0.5 μM eganelisib or 
vehicle (dimethyl sulfoxide) for 1 hour before anti- CD3/CD28 stim-
ulation. In some experiments, murine T cells were treated with an 
IgG1 isotype (R&D MAB002) or anti- TGFβ (R&D MAB1835- 100) 
at 10 or 20 μg/ml at the time of anti- CD3/CD28 stimulation. In 
Fig. 6K, fold induction was determined by dividing the % + pS6 in 
stimulated sample by its corresponding unstimuated control.

D
ow

nloaded from
 https://w

w
w

.science.org at U
niversity of Pennsylvania on M

arch 27, 2024



Haque et al., Sci. Immunol. 9, eadg8691 (2024)     19 January 2024

S c i e n c e  i m m u n o l o g y  |  R e S e a R c H  a R t i c l e

13 of 15

For siRNA KD assays, naïve WT spleens were harvested, T cells 
were purified using the negative selection T cell isolation kit (Miltenyi 
Biotech) and transfected using scramble control or a pool of four 
different Skil/SnoN- specific siRNA (Qiagen) on the Nucleofector 
2b Device (Lonza) using the murine T cell kit (Lonza) following 
manufacturer’s instructions. Twenty- four hours after transfection, 
cells were washed and stimulated by plate- bound anti- CD3 and 
soluble anti- CD28 as described above. Cells were then fixed in 2% 
paraformaldehyde for 10 min, washed twice in PBS, and permeabi-
lized in ice- cold methanol overnight at 4°C or 1 hour at −20° C. Cells 
were stained with anti- pS6 and anti- SnoN and conjugated with an 
Alexa Fluor 647 labeling kit following the manufacturer’s instruc-
tions (Thermo Fisher Scientific) for 1 hour at 4°C and analyzed by 
flow cytometry. Fold induction was calculated by dividing the acti-
vated sample by its unactivated control.

For pSmad2/3 detection, mouse splenocytes and thawed cryopre-
served human PBMCs were serum- starved overnight in 0.1% serum in 
complete Iscove's modified Dulbecco's medium (cIMDM) for murine 
cells (0.1% penicillin/streptomycin, 50 μM Gibco 2- mercaptoethanol) 
and serum- free AIM- V media for human cells. The next day, cells were 
stimulated with recombinant human TGFβ (0.5 ng/ml; R&D) for the 
indicated time point. Cells were fixed using the BD phosphoflow kit 
following the manufacturer’s instructions. Cells were stained with anti- 
CD4, anti- TCRβ, anti- CD25, anti- CD45RO, and anti- pSMAD2/3 at 
4°C for 1 hour and analyzed by flow cytometry.

For human TFH differentiation, sorted naïve T cells from PBMCs 
were stained for CellTrace Violet and then plated in AIM- V media 
(Gibco) at 500,000 cells/ml with recombinant human IL- 7 (Pepro-
Tech) at 4 ng/ml, with or without recombinant IL- 12 (PeproTech) at 
5 ng/ml, and recombinant TGFβ (R&D) at 1 ng/ml for 5 days. Cells 
were added to plates coated with anti- CD4 and anti–inducible co-
stimulator ligand (ICOSL) (BioLegend) at 5 mg/ml. On day 5, cells 
were collected, and flow cytometry was used to determine CXCR5 
expression or stored in TRIzol for qPCR analysis.

Bulk RNA- seq analysis and statistics
PP CD4+CXCR5+PD−1+ TFH cells were sorted on a BD FACS Aria 
and stored in TRIzol. Total RNA was collected using the chloroform 
and ethanol isolation method. Clontech SMART- Seq Ultra Low Input 
Non- Stranded mRNA Library Prep was used on a total of 300 pg of 
RNA according to the manufacturer’s protocol. The final purified 
product was then quantitated by qPCR before cluster generation and 
sequencing on the NextSeq sequencer. Raw fastq files were then 
trimmed for quality and adapter contamination using Cutadapt v2.10, 
and trimmed reads were mapped to the murine reference genome and 
Ensembl v103 transcriptome using STAR v2.5.3 in two- pass mode (72, 
73). Gene- level expression quantification was performed using RSEM 
v1.3.0, and standard differential expression was performed using the R 
package DESeq2 as implemented in iDEP 0.92 (74–76). Before differ-
ential expression and downstream time course analysis, genes were 
filtered that had <1 counts per million across >3 samples. For pathway 
analysis, we used two approaches. First, we conducted GSEA (77, 78) 
using three gene sets created using data from publicly available data 
(54, 55, 79). The gene set used in the “TGFβ/Smad3- induced Genes” 
analysis was obtained from a published source (GSE40494) (54). The 
“Raptor-  and Rictor- Dependent Genes” and “Gene- Enriched in TFH 
cells versus non- TFH” gene sets were created using Partek Genomics 
Suite to call differentially expressed genes by analysis of variance 
(ANOVA) [GSE85555, GSE21380; false discovery rate (FDR) < 0.1] 

(55, 79). In addition to GSEA, we performed pathway enrichment us-
ing the top 500 differentially expressed genes based on FDR less than 
0.1 as input to the core analysis of Qiagen’s IPA platform. Raw data 
have been deposited into Gene Expression Omnibus (GEO) under the 
accession number GSE203379.

Statistical analysis
One- way ANOVA analyses were performed for experiments involv-
ing more than one group with one variable. Two- way ANOVA was 
used for experiments involving more than one groups, with two 
variables. Two- tailed paired Student’s t test was used to analyze 
50:50 BM chimera and siRNA KD data. For comparing two un-
paired groups, Mann- Whitney nonparametric tests were used. All 
analyses other than RNA- seq analysis were done using GraphPad 
Prism. All replicates are biological replicates, and n values are listed 
for each group. Additional materials and methods can be found in 
the Supplementary Materials.
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