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Abstract

Immunoglobulin A (IgA) is the dominant antibody isotype in the gut and has been shown

to regulate microbiota. Mucosal IgA is also widely believed to prevent food allergens from
penetrating the gut lining. Even though recent work has elucidated how bacteria-reactive IgA is
induced, little is known about how IgA to food antigens is regulated. Although IgA is presumed
to be induced in a healthy gut at steady state via dietary exposure, our data do not support

this premise. We found that daily food exposure only induced low-level, cross-reactive IgA in

a minority of mice. In contrast, induction of significant levels of peanut-specific IgA strictly
required a mucosal adjuvant. Although induction of peanut-specific IgA required T cells and
CD40L, it was T follicular helper (Tgy) cell, germinal center, and T follicular regulatory (TgR)
cell-independent. In contrast, IgG1 and IgE production to peanut required Tgy cells. These data
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suggest an alternative paradigm in which the cellular mechanism of IgA production to food
antigens is distinct from IgE and 1gG1. We developed an equivalent assay to study this process

in stool samples from healthy, nonallergic humans, which revealed substantial levels of peanut-
specific IgA that were stable over time. Similar to mice, patients with loss of CD40L function had
impaired titers of gut peanut-specific IgA. This work challenges two widely believed but untested
paradigms about antibody production to dietary antigens: (i) the steady state/tolerogenic response
to food antigens includes IgA production and (ii) Tgy cells drive food-specific gut IgA.

INTRODUCTION

The gut faces a daily challenge of maintaining tolerance to commensals and dietary
antigens while protecting the body from pathogens and toxins. Antigens delivered orally
normally evoke an immunoregulatory response in the gut known as oral tolerance. This

is characterized by active suppression of specific immune responses during subsequent
intragastric or systemic exposures to the same antigens. The loss of oral tolerance can
result in inflammatory type 2 immune responses to dietary antigens, in the form of food
allergy. The cellular immune response that maintains tolerance to food antigens in the gut
by regulatory T cells (Tyegs) is well established (1-3). However, the contribution of humoral
immunity to food tolerance remains underexplored (4, 5).

Immunoglobulin A (IgA) constitutes about 80% of all antibodies in the gut; almost all

gut IgA is polymeric and transported into the gut lumen by the polymeric Ig receptor

(6). Secretory IgA (slgA) regulates the composition of gut commensal microbiota in both
humans and mice while preventing pathogens and toxins from penetrating the mucosa (7—
10). It is unclear whether gut IgA regulates immune responses to food antigens in the same
way, although it has long been hypothesized that IgA mitigates allergic responses through
immune exclusion of food antigens in the gut (11). Food-reactive IgA can be detected in the
stool of humans and mice (12, 13), yet most studies of IgA to dietary antigens have focused
on serum (14-16). In patients with food allergy, the value of serum IgA in predicting allergic
status or therapeutic efficacy is controversial as both IgA1 and 1gA2 against p-lactoglobulin
(milk), ovomucoid, and ovalbumin (OVA, eggs) are variable (15-17). Therefore, the role of
dietary antigen-specific IgA is still debated (4, 5).

To understand the role of dietary antigen-specific IgA, it is important to know when and
how it is induced. Although it is not clear why certain foods are more allergenic than others,
there is evidence of intrinsic adjuvant ability of some food antigens (18). One example is
Ara h 1 protein in peanut, which can bind and activate dendritic cell-specific intercellular
adhesion molecule-grabbing nonintegrin (DC-SIGN) on monocyte-derived DCs in vitro
(19). This begets the question of whether a potent food allergen such as peanut induces

IgA via intrinsic adjuvant activity or whether additional innate stimuli are required. One
study using a milk allergy model argued that gut IgA is only induced under tolerogenic
conditions [i.e., in the absence of a mucosal adjuvant such as cholera toxin (CT)] (13),
whereas another found that OVA-specific IgA was only induced when CT was present (20).
Studies evaluating IgA to model protein antigens such as keyhole limpit hemocyanin (KLH)
found impaired IgA in the absence of CT (21-23) or in mice lacking CD19 (24), CD40
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(25), or T cell costimulation (26). Most nonbacterial IgA studies focus on induction of IgA
response to CT isolated from Vibrio cholerae, which causes severe diarrheal disease. These
studies found that CT IgA is made in a DC-dependent (27) and T cell-dependent manner
(28-30).

In contrast to dietary antigen-specific IgA, IgA induction to gut bacteria during steady

state and pathogenic conditions has been defined (7, 31-33). Bacterial-reactive IgA can

be induced through T cell-dependent and T cell-independent pathways in several gut-
associated lymphoid tissues including Peyer’s patches (PPs), mesenteric lymph nodes
(MLNs), and isolated lymphoid follicles (34, 35). A large fraction of IgA to commensal
bacteria in mice and humans is polyreactive, transient, and produced in a T cell-independent
manner (31, 36—40). However, IgA to pathobionts largely requires T cell help (32, 41),
which drives high-affinity IgA to bacteria (42) and has been linked to high IgA coating of
colitogenic bacteria (7). Both Tyeqs and T17 cells have been demonstrated to adopta T
follicular helper (Tgy) cell program to regulate PP IgA induction, and T follicular regulatory
(Tegr) cells were implicated in regulating high affinity IgA to enhance commensal diversity
(28, 32, 43). Despite these clear T-dependent mechanisms, total gut IgA is intact in mice
lacking CD4* T cells, CD40, or T cell costimulation (25, 26, 29, 40).

Different targets of IgA could rely on distinct cellular mechanisms for its induction. Hence,
with a dearth of knowledge of when and how IgA to dietary antigens are induced, it is
difficult to define the normal immune response to food and, conversely, to understand
whether the gut humoral immune response to dietary antigens differs between those with
and without food allergy. Using peanut as a model food antigen, we show that there is only
modest production of IgA to food antigens during daily exposure to food. However, in the
presence of a mucosal adjuvant, a strong, highly specific, and long-lived IgA response is
induced to peanut. Using mice with specific deletion of T cell subsets, we found that the
induction of highly specific IgA to peanut requires CD4* T cells, but unexpectedly, not Tey
or Tgg cells. Our data also revealed a dichotomy between peanut-specific IgA (PN IgA)

as compared with IgG1 and IgE induction, whereby the latter two isotypes require Ty
cells. We developed an assay to measure peanut-reactive IgA in human stool and found that
IgA to peanut in healthy adults is highly specific and remains stable over time. Consistent
with a T cell-dependent mechanism, peanut-specific stool IgA in both humans and mice
requires CD40L. These findings define the fundamental immunological rules that govern the
production of food-reactive IgA and enable the study of whether and how this process might
go awry in those with food allergy.

Humans make detectable levels of gut PN IgA that are stable over time

Because the gut is the major site where food antigens are encountered, we focused our
study on examining food-reactive IgA in the gut. To study gut humoral responses to food
antigens in healthy adults, we developed and validated an enzyme-linked immunosorbent
assay (ELISA)-based stool PN IgA assay modified from a published salivary IgA assay
(44). Because of the invasiveness of obtaining human gut samples, we used stool as a proxy
for our study. Using filtered supernatants from weight-normalized stool suspensions, we
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measured total IgA using ELISA and established a reference range for stool total IgA in
healthy adults (mean of 1.98 x 10° ng/g of stool and an interdecile range of 1.7 x 10* to 5.55
x 10° ng/g of stool; Fig. 1A). We then normalized stool samples to protein content, instead
of weight, and found that the total stool IgA values derived from the two methods were
comparable (Fig. 1B). We therefore used weight normalization for the rest of our assays. To
ensure that these healthy adults do not have underlying peanut sensitization, we measured
serum PN IgE and found them to be below 0.35 kU p/liter (fig. S1A).

After exclusion of one individual with undetectable total IgA, we measured PN IgA by
ELISA. We created a standard using pooled samples from five individuals to normalize
values across all runs, reported in arbitrary units (A.U.). All individuals had detectable PN
IgA, with a mean of 3151 A.U./g stool and an interdecile range of 73 to 6599 A.U./g

stool (Fig. 1C). We also found detectable egg white IgA in healthy individuals (fig. S1B).
To validate the precision of our assay, we assessed samples from an individual with high
versus low PN IgA in technical replicates that yielded similar results (Fig. 1D). To test the
specificity of PN IgA made in different individuals, we conducted a competitive ELISA in
which various food antigens were preincubated with stool supernatant samples to compete
for IgA binding to a peanut-coated ELISA plate. We found that peanut antigen incubated
with the samples significantly inhibited PN IgA from binding to the peanut-coated plate,
whereas none of the other antigens (OVA, walnut, almond, and wheat) did, indicating that
PN IgA detected in human stool samples is specific to peanut (Fig. 1E). Further, we found
that peanut antigen could block binding of stool PN IgA in a dose-dependent manner, which
reinforces the specificity of the PN IgA detected (Fig. 1F). There was no correlation between
stool PN IgA levels and total IgA levels (Fig. 1G), which suggested that individuals with
more PN IgA did not result from greater gut IgA production in general. We examined the
biovariability of PN IgA by assaying different samples from the same individuals over the
course of 10 months and found that stool PN IgA values fluctuate within a limited range for
each person (Fig. 1H). Last, we measured other antibody isotypes induced against PN and
saw that PN IgA, IgG, and IgM, but not IgE, could be found in stool samples of healthy
adults (fig. S1C). Similar to total gut antibodies, PN IgA was the most abundant isotype
found in stool (fig. S1C) (45). Therefore, nonallergic adults produce a range of highly
specific PN IgA that is stable over time.

Daily exposure to peanuts induces minimal peanut-reactive IgA, which is cross-reactive
and produced in a T cell-independent manner

The high rate of peanut IgA—positive samples from our human cohort are consistent with
the prevailing notion that gut IgA responses to food antigens are a tolerogenic response
induced after any dietary exposure. This model predicts that a nonallergic individual should
produce IgA to every encountered dietary antigen. However, these predictions have not been
experimentally demonstrated. To understand how the gut immune response to peanut is
initiated, we studied the IgA response to multiple food antigens in wild-type (WT) C57BL/6
mice and developed equivalent assays to measure total free IgA and food-reactive IgA from
stool. Consistent with previous work (46), we found that free fecal total IgA is the most
abundant antibody isotype in stool followed by 1gG (Fig. 2A and fig. S2A). Free fecal IgM
was minimally present, and IgE was below the detection limit of our assay. To test whether
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food-specific 1gA is produced in mice and understand the cellular mechanisms of food-
specific IgA production, we introduced peanut into the peanut-free mouse chow diet and
collected stool samples before (day 0) and 1 day after 42 days of peanut exposure (day 42)
(Fig. 2B). After 6 weeks of peanut feeding, a minority of the mice made IgA to peanut (PN
IgA) and only at low levels, whereas the remaining mice did not produce detectable levels of
PN IgA (Fig. 2C and fig. S2B). To address whether the lack of IgA production to peanut was
mouse strain—specific, we used C3H/HeJ mice, which is a common mouse model for food
allergy. Similar to C57BL/6 mice, C3H/HeJ mice make only a weak response to daily peanut
feeding (fig. S2C) (47). Because wheat is a major component of mouse chow, and therefore
a chronically exposed dietary antigen, we measured wheat-specific IgA and similarly found
that only some mice made detectable levels of wheat-reactive IgA (fig. S2D).

The neonatal period is an important window for establishing gut tolerance to commensals
and dietary antigens, and IgA plasma cells cannot be detected in mice before weaning (48,
49). Hence, we hypothesized that PN IgA induction might be different in infant and adult
mice. Three-week-old mice (infants) were weaned onto regular chow supplemented with
peanut for 6 weeks, and their stool PN IgA was compared with 8-week-old mice (adult)
under the same regimen. No significant difference in PN IgA levels was observed, and the
proportion of mice that made IgA to peanut was similar to our prior results (Fig. 2D).

To test the specificity of PN IgA induced during daily peanut exposure, we again performed
competitive ELISA with peanut and other food antigens on samples with detectable PN

IgA to see whether other food antigens could block its detection. The low level of PN

IgA made during daily peanut exposure was blocked completely by peanut, pea, and soy

in most samples; whereas wheat, OVA, and ovomucoid could block the signal in a subset

of samples (Fig. 2E). In some patients with food allergy, serum IgE to peanut binds to

other legumes such as soy and pea, which might have cross-reactive epitopes (50). However,
cross-reactivity of PN IgE with OVA and ovomucoid is uncommon (50). Therefore, this
weak peanut-reactive IgA we observed in the stool of mice after daily peanut feeding might
contain both cross-reactive and polyreactive antibodies.

Because polyreactive IgA that binds to a variety of gut commensals (35) arises primarily
from T-independent mechanisms (31, 36, 37), we tested whether cross-reactive PN IgA
production requires T cells. Using class Il major histocompatibility complex (MHCII)
transactivator knockout (Ciita"'~) mice, which are deficient in MHCII and thereby deficient
in CD4™ T cells, we found low-titer stool PN IgA in a small proportion of mice, similar to
cohoused WT littermates after daily exposure to peanut (Fig. 2F). This demonstrates that
low-titer cross-reactive IgA can be produced in a T-independent manner. Together, these
results suggest that steady state daily food exposure in mice induces low-titer cross-reactive
IgA that might be different from the highly specific, high-titer PN IgA observed in human
stool.

Induction of specific IgA to food antigens requires adjuvant but only during the first

exposure

Because inclusion of peanut in the daily diet of mice induced only low levels of cross-
reactive IgA, we hypothesized that an inflammatory stimulus, particularly of the innate
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immune system, is required for induction of food-specific IgA. It has been proposed that
some food allergens, including peanut, contain unique immunostimulatory properties that
directly activate innate immune pathways and thereby favor adaptive immune responses
(18). Yet, peanut exposure alone induced little IgA (Fig. 2C). Food modifications such as
roasting have been proposed to enhance the allergenicity of common targets such as peanut
(51). We therefore exposed mice intragastrically to roasted or blanched peanut weekly for 6
weeks in the absence of adjuvant and observed poor induction of PN IgA (Fig. 3A).

The dominant murine food allergy models use the mucosal adjuvant CT to generate food-
specific serum IgE after oral administration of ground peanut (18, 52). Further, CT has
been shown to activate DCs in the gut and thereby enhance T cell activation (27) as well
as induce T cell-dependent IgA responses (53). Using a weekly oral gavage peanut model
with CT (PN + CT) or without (PN) this adjuvant for 12 weeks, we studied the kinetics

of peanut-specific antibody production in the serum and stool of WT mice (Fig. 3B). CT
induced robust production of stool PN IgA, which peaked at 6 weeks (Fig. 3C). Because
the polymeric Ig receptor only transports IgA and IgM across the gut epithelium, we were
surprised to discover a significant amount of PN IgG in the stool (Fig. 3C). A direct
comparison of optical density of PN IgA and PN 1gG in mouse and human stool samples
confirmed that PN IgA was the dominant antibody isotype (figs. S1C and S3A), yet PN
IgG was present in the stool in quantities higher than might be expected by transepithelial
leakage. There is some evidence that neonatal Fc receptor (FCRn) might transport IgG into
the lumen even in adult mice, and this 1gG is important for combating mucosal bacterial
infections (54, 55). Whether FcRn also transports food-specific 1gG remains to be tested.
Although secretory IgM is often produced and present at moderate levels in the gut, no PN
IgM was detected in the stool of PN or PN + CT groups. An absence of free IgM in feces
does not necessarily indicate an absence of gut IgM; instead, the majority of gut IgM may be
commensal-bound, which would not be measured by this methodology (31).

Although significant PN IgE was detected in the serum of PN + CT mice, none was
detectable in the stool, suggesting that either peanut IgE is not produced in the gut or cannot
be transported across the gut lumen (fig. S3, B and C). PN IgA and 1gG were also found at
high levels in the serum of the PN + CT group (fig. S3C). Although a portion of IgA plasma
cells in the bone marrow comes from gut priming (56, 57), the contribution of gut PN IgA
to serum PN IgA and their relationship remains enigmatic (41, 57). In contrast to all other
isotypes, PN IgM was detected in the serum of naive mice, PN alone and PN + CT groups
(fig. S3C), suggesting that a potentially cross-reactive IgM is present in the steady state.

To test whether CT-induced PN IgA is specific to peanut, we performed an ELISA-based
blocking assay with six other dietary antigens to see whether any of them blocked detection
of PN IgA. Unlike the weak and cross-reactive PN IgA produced during daily feeding of
peanut, adjuvant-primed PN IgA is highly specific, as only peanut could significantly block
its detection and did so in a dose-dependent manner (Fig. 3D and fig. S3D). Although
legumes such as soy and pea have been shown to have cross-reactivity when tested with

PN IgE clinically (50), neither antigens significantly blocked adjuvant-primed PN IgA,
suggesting that either PN IgA made in this model is highly specific or that legume cross-
reactive epitopes do not comprise most of the PN IgA induced during this form of dietary
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antigen exposure. Using another dietary protein, OVA, similar induction of OVA-specific
IgA was observed, again only at significant levels when adjuvant was present (Fig. 3E).

No OVA-specific IgA was detected in the PN + CT group (Fig. 3E). Consistent with
previous studies, oral immunization with CT induces CT-specific IgA (CT IgA) in the stool,
regardless of the coadministered food antigen (fig. S3, E and F) (22).

CT is a well-studied and potent mucosal adjuvant which can induce slgA production (23,
58). Structurally, CT contains an A subunit with adenosine diphosphate—ribosyltransferase
activity and five identical B subunits that bind to GM1 receptors, which is required for

its adjuvanticity (58). To determine whether IgA responses to food are only induced in

the presence of CT, we used a structurally dissimilar adjuvant, A/fternaria alternata, a
saprophyte of plants, including peanut, to see whether it promoted PN IgA (59). Albeit

a weaker response as compared with PN + CT, we found that exposure of Alternaria
together with peanut induced a gut slgA response to peanut (Fig. 3F). However, unlike CT,
coadministration of A/ternaria with peanut did not lead to PN IgE in a majority of the mice
(fig. S3G). These data suggest that stool PN IgA induction requires an adjuvant but that not
all adjuvants lead to concurrent priming of both IgA and IgE to peanut.

From our data and the work of others, it is known that generation of high levels of
antigen-specific IgA requires multiple oral exposures to antigen with adjuvant [Fig. 3B

and (53)]. However, for innate instruction of adaptive immune responses, the role of an
adjuvant is to activate the antigen-presenting cell, typically a DC. This initiates T cell
priming. Subsequent antigen, but not adjuvant, is necessary to facilitate B cell-T cell
interactions. Therefore, we hypothesized that CT should only be required during the first
peanut exposure; this hypothesis presumes that the highly specific IgA antibody was made
in a T-dependent manner. Using a model that involves one administration of peanut with CT
and five subsequent administrations of peanut alone (CT x1), we found that PN IgA was
made at a similar magnitude and followed the same kinetics regardless of whether adjuvant
was coadministered with every peanut exposure or only during the first exposure (Fig. 3, G
and H). In line with the strong gut PN IgA response, comparably high levels of serum PN
IgA and PN IgE were produced with both immunization regimens (fig. S3, H and ). These
data demonstrate that production of highly specific gut IgA to peanut requires adjuvant when
administered orally but only during the first exposure. This is likely to induce effective
antigen presentation to T cells, with subsequent doses of antigen alone boosting the B cell
response.

PN IgA is long-lived, and induction requires MHCII

Adjuvant-initiated DC activation is required for T cell priming to a wide variety of target
antigens. Given the specificity of PN IgA and the requirement for adjuvant, we hypothesized
that PN IgA* B cell induction requires CD4* T cell help. We therefore immunized MHCII-
deficient, thereby CD4* T cell—deficient, (Ciita”~) mice with peanut and CT and found that
despite producing WT levels of total stool IgA (Fig. 4A), Ciita”~ mice are unable to make
detectable stool PN IgA (Fig. 4B). In line with previous reports using mice lacking CD4* T
cells (29, 30), we found no stool CT IgA in Ciita”~ mice (Fig. 4C).
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A study using a reversible colonization system to study intestinal IgA responses to
commensals suggested that gut IgA to commensals has little or no immunological memory
and can adapt to changes in the microbes present in the gut (60). It is possible that this
form of transient IgA is produced in a T cell-independent manner (31, 36, 40), whereas T
cell-dependent CT IgA can still be detected up to 100 weeks after immunization (61). We
therefore hypothesized that T cell-dependent PN IgA will generate a long-lived antibody
response. To study the longevity of PN IgA, we collected stool samples from mice every

4 weeks after the last peanut exposure at week 12. Our data show that stool PN IgA is
present at high levels even 3 months after ceasing immunization (Fig. 4D), supporting the
hypothesis that T cell-dependent IgA to peanut is long-lived.

Production of peanut-specific IgG1 and IgE, but not gut IgA, requires Tgy cells

We next wanted to define the subset of CD4* T cells driving gut peanut IgA. Current models
of specific, high-affinity antibody production center on CD40L-expressing Ty cells (62).
Both TH17 and Treq cells have been shown to be precursors for Tey-like cells that promote
IgA in the PP (28, 43). Mouse models resulting in enhanced Tgp cell differentiation have
been associated with increased gut IgA to commensals (42, 63). Using adoptive transfer of
TCR transgenic cells, recent studies associated Tgy cell differentiation with IgA production
in MLNs and PPs (64, 65). We therefore tested whether PN + CT exposure induces Tgy
cells by analyzing CXCRS5M programmed cell death protein 1 (PD-1)" activated T cells in
the MLN and PPs. Using the gating strategy described in fig. S4A, we confirmed that this
T cell population expressed BCL6 (fig. S4B). Upon intragastric exposure with PN + CT but
not PN alone, we found an increase in Ty cell frequency 8 days after immunization (Fig.
4E) but not cell number (fig. S4C) in the MLN. This was not accompanied, however, by a
change in Tgy cell frequency or number in the PPs (fig. S4D). Because the small intestine
has greater exposure to dietary antigens than the colon and given compartmentalization

of different T cell fates in proximal versus distal gut-draining LNs (66), we separated
colonic MLNs (cLN) from small intestinal-draining (siLN) MLNs and found similar Tgy
cell frequencies in siLN and cLN in both naive and PN + CT—-immunized mice (fig. S4E).

Although multiple studies have proposed that Tgy-like cells induce production of gut I1gA,
using Tgy cell-deficient mice, Bunker et a/. (31) found that the majority of gut IgA to
commensals is not reduced by Tgy or even T cell deficiency. Whether Tgy cells are
actually required for IgA to nonbacterial antigens from any mucosal site has not been
formally tested. To study whether Tgy cells are necessary for the production of peanut
IgA, we immunized T-Bcl67~ mice (CD4¢¢Bcl60x/floX) (67) with PN + CT and measured
PN-specific antibody responses. As expected, T-Bc/67~ mice exhibited a near total loss

of Tgy cells in the MLN and PP when compared with cohoused littermate controls (Fig.
5A and fig. S5, A and B). However, Teqg and T17 cell frequencies were not decreased

in T-Bcl6™~ mice (fig. S5, C to F). In line with loss of Tgy cells, germinal center (GC)

B cells were almost completely absent in T-Bc/6~ (Fig. 5B and fig. S6, A to C). Using
immunofluorescent microscopy, we confirmed that GCs, defined as B220* gD~ areas, were
absent in MLNs of T-Bc/67~ mice but present in control mice (Fig. 5, C and D). In WT
mice, IgA™ B cells were found outside of GCs in the B cell zone (BCZ), some of which
appear to colocalize with T cells (Fig. 5C). Similarly, using GL7 to define GCs, IgA* B
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cells could be observed in the GC periphery and outside the GC in WT mice (fig. S7A).
We confirmed that IgA staining outside of GCs was not due to nonspecific stromal cell
binding using CD35 and CD45 staining along with IgA in WT mice (fig. S7, B and C).
The specificity of IgA antibody was also validated using A/D/~ mice, which showed the
complete absence of IgA staining in the MLN (fig. S7D). Despite the lack of Tgy cells
and GCs in the MLN of T-Bc/6~~ mice, we observed IgA* B cells in the BCZ as well

as collections of B and T cells in close proximity (Fig. 5D). These data suggest that IgA*
B cells can be produced in the absence of T cells and might be induced distal to and
independent of GCs.

To test this, we used flow cytometry, ELISA, and the enzyme-linked immunosorbent spot
(ELISPQT) assay to directly characterize the fate of gut B cells after peanut exposure. The
presence of IgA plasmablasts in the MLNs and PPs was independent of Ty cells (Fig.

5E and fig. S8, A to C), and total IgA levels in the stool were unimpaired (fig. S8D).

In contrast, 1gG1 plasmablast were almost completely ablated in Try-deficient mice (Fig.
5E and fig. S8, B and E). Consistent with work using other types of immunizations (68,
69), antigen-specific IgE and 1gG1 in the serum and stool were significantly impaired in
Trp-deficient mice (Fig. 5F and fig. S8F). However, PN 1gA-secreting cells in MLNs and
PPs and peanut-specific stool IgA were equivalent between T-Bc/67~ mice and cohoused
littermates (Fig. 5, G and H, and fig. S8G). Unlike gut IgA, PN IgA in the serum was
partially impaired (fig. S8H), indicating potentially separate mechanisms regulating the
production of gut versus systemic food-specific IgA. Last, we confirmed that the IgA
response directed to a well-studied T cell-dependent gut antigen, CT, was also intact in the
absence of Tgy cells (fig. S8I). Together, these findings demonstrate that antigen-specific
IgA production in the gut is CD4* T cell-dependent but GC- and Tgy cell-independent,
whereas IgG1, IgE, and, at least in part, serum IgA require Tgy cells.

Peanut-specific gut IgA production is independent of Tgg cells

Ter cells are thymus-derived regulatory T cells that control GC B cell responses (70)

and can be distinguished from Tgy cells via FOXP3 expression (fig. S9A). Tgg cells

are important in modulating antibody responses (70). It was previously demonstrated that
adoptively transferred Tyegs adopt @ Try cell phenotype in PPs to modulate IgA production
(43) and that Tgg cells regulate production of high-affinity IgA to gut bacteria (32).
Therefore, we tested for a possible role of Tgg cells in shaping the gut IgA response to
food antigens. Upon PN + CT immunization, Tgg cell frequencies but not cell numbers
were actually reduced in the MLN (fig. S9, B to D). There was also a modest decrease

in Tgr cell numbers, but not frequency, in the PPs of the PN + CT group (fig. S9, E and

F). To assess the role of Tgg cells in gut IgA production to peanut, we used Treg-Bc/6'/‘
mice (Foxp3eBcl60X/floxy which have significant reductions in Tgg cells but not Tgy cells
in both MLN (Fig. 6, A and B) and PP (Fig. 6, C and D). Despite deficiencies in Tgr

cell populations in these mice, we found comparable total IgA and PN IgA in the stool of
Treg—Bclé“/‘ as control mice (Fig. 6, E and F), suggesting that Tgg cells are dispensable for
the production of gut IgA to peanut.
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Production of peanut-specific gut IgA in mice and humans requires CD40L

Previous work using Ca40~~ mice or Cd197~ mice, which have defects in CD40 signaling,
demonstrated abrogation of KLH- or CT-specific but not total gut IgA (24, 25). DCs can
induce IgA class switching in the absence of CD40 (71). Given our results with Ty

cell- and Tgg cell-deficient mice, we tested whether PN IgA induction still depended on
CD40-CD40L interaction. Our data show that mice deficient in CD40 ligand (Ca40/Y) had
no detectable PN IgA despite unaltered levels of total stool IgA (Fig. 7, A and B). Using
our assay for human stool PN IgA, we found that the same pathway was important in human
gut IgA responses to peanut. Patients with mutations in CD40L either had low levels of PN
IgA in their stool compared with healthy adult controls or were below the reference range
established in Fig. 1 (Fig. 7C). However, unlike in mice, CD40L expression is necessary for
most of the gut IgA production in human stool (Fig. 7D). This demonstrates that although
gut IgA production can occur in a CD40L—-independent manner, both mice and humans
require CD40L for specific IgA production to a food antigen.

DISCUSSION

The specificity of a large proportion of gut IgA remains unknown in both humans and

mice (39, 72). In both species, polyreactive IgA that binds nucleic acids, insulin, and a
broad range of microbiota has been demonstrated through cloning of IgA from B cells
isolated from the intestine (36, 39). However, in humans, these antibodies are a minority

of the IgA repertoire in the gut, whereas the target of much of the IgA is unknown (39).

We propose that dietary antigens could be one of the major targets of this IgA, but the

cause of their induction and the underlying cellular mechanisms differ from what has been
assumed. In both humans and mice, food-reactive IgA has been observed in serum or stool
by us and others (12, 13, 15, 16); this IgA is widely believed to be a constituent of the

gut tolerogenic response, occurring through antigen feeding in the absence of adjuvants. We
show that low levels of cross-reactive IgA to daily dietary antigens can be induced during
steady state in a T-independent manner, similar to the pathway described for much of the
commensal-reactive IgA (fig. S10); however, this occurs rarely. In the absence of substantial
gut inflammation, dietary antigens are largely ignored, thus avoiding a metabolically costly
endeavor of producing IgA to every food antigen ingested.

In contrast, high-titer IgA specific to dietary antigens is produced only during particular
states of innate immune activation, induced in our model by mucosal adjuvants (fig. S10).
It has been hypothesized that some food allergens, including peanut, have intrinsic adjuvant
activity, particularly after modifications such as roasting (18, 51). Yet, similar to blanched
peanut, roasted peanut alone induced negligible PN IgA in mice. Instead, coadministration
with the strong mucosal adjuvant CT induced high titers of specific IgA to peanut. This
induction of PN IgA is not unique to CT; we exposed mice to peanut with the fungus
Alternaria and observed similar induction of IgA to peanut, albeit at a lower magnitude.
The use of an adjuvant in murine models is often considered nonphysiological; however,
on the basis of current understanding of naive T cell priming, innate immune receptor
activation of antigen-presenting cells is necessary for T cell priming and is accomplished
either by antigen-intrinsic or antigen-extrinsic adjuvants (fig. S10). Such a model predicts
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that adjuvant activity would be required for a T cell-dependent antibody response, which
concurs with our observations. Using a model of transient infection of the duodenum with

a parasite, breach of oral tolerance to OVA led to increased OVA-specific 1gG1 production
(66). Whether this is true for IgA remains to be tested but is consistent with our model that
an inflammatory stimulus in the gut can lead to production of antibodies against dietary
antigens. Although we were able to show that nonallergic humans make IgA that is highly
specific to peanut and is stable over time, we can only speculate on possible triggers of
food-specific IgA until we gain a better mechanistic understanding of the relevant gut innate
immune pathways. Using A/ternaria, we found that particular adjuvants used in our mouse
model induced IgA without concomitant IgE to peanut. A/ternariais a common saprophyte
on plants, including peanut, and could be a contaminant in multiple food sources of plant
origin (59). However, further work is necessary to define the cellular pathways common to
adjuvants that can prime food-specific IgA and the relevance of these pathways to the human
gut immune system.

Consistent with the need for adjuvant, we show that CD4* T cells are required for PN

IgA responses in mice. Further, CD40L is necessary in both humans and mice for this gut
humoral response to peanut. Most T cell-dependent highly specific antibodies are induced
by Trn cells, and multiple indirect lines of evidence suggested that the same was true for gut
IgA (28, 32, 42, 43, 63, 64, 73); however, the requirement for Tgy cells in IgA production

to nonbacterial antigens has not been directly tested. Using T-Bc/67~ mice lacking Try
cells, we unexpectedly found that Tgy cells are neither required for the production of
peanut-specific nor CT-specific IgA. In contrast, Ty cells were necessary for the production
of peanut-specific IgG1 and IgE. Hence, the increase in Ty frequencies, which we observed
in the MLN after peanut immunization, likely contributes to peanut-specific IgG1 and IgE
but not to IgA production. We also did not observe a reduction in titer of PN IgA in

the absence of Tgr cells (Tyeg-Bcl6™ /~mice), another T cell population associated with
generation of gut IgA to bacteria (32). The finding that Tg and Tgg cells are not necessary
for T cell-dependent IgA switching is consistent with recent work demonstrating a failure to
reduce IgA* B cells in the PPs after eliminating interleukin-21-expressing T cells (74) and
that transforming growth factor—p signaling in PP B cells is dispensable in the GC for IgA
class switching (75). Multiple studies have also identified IgA B cells outside of GCs in PPs;
instead, the subepithelial dome likely acts as an alternative site for T cell-dependent but Tgy
cell-independent specific IgA induction (76—78). Our data suggest that a dichotomy exists,
whereby Ty cells and GCs are necessary for the induction of IgG1 and IgE responses to
peanut; whereas highly specific IgA responses are induced outside of GCs and are promoted
by a distinct T cell subset expressing CD40L. Further studies are required to identify

the T cell that induces food-specific IgA and to assess whether this atypical model of B

cell activation is a unique feature of gut-draining secondary lymphoid organs or widely
applicable to IgA induction across the body.

Contrary to the belief that food-specific IgAs might prevent food sensitization, we did
not observe an inverse relationship between the production of food-specific IgA and IgE.
Instead, our data suggest a paradigm whereby, in the presence of an inflammatory gut
insult, both a potentially harmful IgE response and a possibly mitigating IgA response
could occur concomitantly to food antigens depending on the nature of the inflammatory
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stimulus. It is well accepted that IgA regulates intestinal commensal flora, neutralizes
toxins, and opsonizes pathogenic microbes (7, 31, 32, 40, 75, 79, 80). Yet, how and even
whether IgA produced in the gut regulates the immune response to dietary antigens is less
clear (4, 81) and has not been explored experimentally. Mice without secretory IgM or

IgA have disrupted commensal flora and epithelial integrity (82, 83); both are associated
with increased sensitization to food antigens, making any interpretation difficult (84). To
understand the role of dietary antigen-specific IgA, it is important to know when and

how it is induced to develop models to selectively impair PN IgA without altering the
IgA-regulated microbiome or the ability to generate IgE. Our work demonstrating distinct T
cell requirements for IgA versus IgE induced in the gut will help enable the creation of such
models.

MATERIALS AND METHODS

Study design

Mice

The study aimed to define when gut IgA is induced to food antigens and elucidate the
cellular mechanisms underlying this process in mice. Experiments included 8 to 12 weeks
old adult and 3 weeks old infant WT and knockout mouse strains (C57BL/6), which were
either cohoused littermates or cohoused for at least 3 weeks. Peanut was used as a model
food antigen and was given to mice ad libitum or by oral gavage. Analyses included T
cell and B cell phenotyping by flow cytometry and antibody quantification by ELISA
with food-specific antibodies as reference standards developed in the lab. With the use of
an ELISA-based assay developed in the lab, stool 1gA to food antigens were quantified

in healthy human volunteers and CD40L-deficient patients. Healthy human volunteers
and CD40L-deficient patients were recruited from separate studies, approved by local
Institutional Review Boards [Human Investigation Committee (HIC) nos. 1607018104,
1008007275REG, and 2000021335] of the Yale School of Medicine. The number of
experimental replicates are included in the figure legends. Samples were not double-blinded
or randomized during experiments or analyses.

Age- and sex-matched 3- to 12-week-old mice were kept on peanut- and egg-free Teklad
Global 18% Protein Rodent Diet (2018S, Harlan Laboratories). WT CD45.2 C57BL/6

mice were purchased from the National Cancer Institute. C3H/HeJ, Ciita'~ (B6.129s2-
Ciitdm1Ceumyy) (85), and Cd401”Y (B6.129S2- Cd40lgt™1IMX/J) (86) were purchased from
the Jackson Laboratory (JAX). Cd4 Cre [Tg(Cd4-cre)1Cwi/Bflul], Foxp3 Cre [B6.129(Cqg)-
Foxp3m4(YFP/icre)Ayr/J], and Bcl6 flox [B6.129S(FVB)-Bcl6™1-1Den ] (67) mice
purchased from JAX were crossed to create conditional knockout of Bcl6 in CD4 (T-
Bcl67~ mice) and FOXP3 (Tyeq-Bcl67'")—expressing cells. A/D™~ mice (87), backcrossed
extensively onto the C57BL/6 background, were given by the Schatz lab (Yale University).
Mice were kept in specific pathogen—free conditions. All protocols used in this study were
approved by the Institutional Animal Care and Use Committee at the Yale University School
of Medicine.
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Immunization

Mice were immunized weekly for 1, 6, or 12 weeks by oral gavage with ground blanched
peanut (Western Mixers Produce & Nuts), roasted and unsalted peanut (Whole Foods
Market), or wheat flour (Bob’s Red Mill Company) or OVA (Sigma) at 5 mg food antigen,
with or without 10 pg of CT (List Biologicals, lot nos. 10165A1 and 10167A2) or 100 pg of
Alternaria alternata and Alternaria tenuis extract (Greer Laboratories, lot no. 322776) in 200
ul of 0.2 M sodium bicarbonate buffer per mouse based on a protocol modified from (52).
For daily peanut exposure, one-half of a peanut was left in the cage for each mouse daily for
a period of 6 weeks after weaning for infants and 6 weeks after for 8-week-old adult mice.

Mouse stool processing

Stool pellets were flash-frozen on dry ice upon collection. Frozen pellets were weighed and
rehydrated with 1 ml of phosphate-buffered saline (PBS; Gibco) per 100 mg of stool for

15 min on ice. Rehydrated pellets were homogenized using sterilized wooden applicator
(McKesson), vortexed, and centrifuged at 8000g for 10 min at 4°C. The supernatant was
collected in sterile microfuge tubes that had been precoated with 1% bovine serum albumin
(BSA) overnight. The supernatant was then stored at —80°C before analyses.

Human stool collection and processing

Human stool samples from healthy participants and CD40L-deficient patients were
obtained from separate studies, approved by local Institutional Review Boards (HIC nos.
1607018104, 1008007275REG, and 2000021335) of the Yale School of Medicine. Both
studies enrolled adult participants of >18 years of age, who were healthy by self-report.
Informed consent was obtained from all participants and/or their legal guardians, and all
methods were performed in accordance with relevant guidelines and regulations. All stool
samples were collected at the participant’s convenience and then frozen at —18°C by the
participant. The stool samples were then returned to the investigators either by prepaid
express mailing envelopes or by personal delivery. Upon receipt, stool samples from human
donors were divided into 1-g aliquots and kept at —80°C before analyses. Briefly, 1 g of stool
was incubated with stool of protease inhibitor cocktail (4 ml/g; MP Biomedicals) overnight
on a shaker at 4°C to homogenize the sample. Fecal sample mixtures were vortexed briefly
for complete homogenization before centrifugation at 9000g for 10 min. The supernatant
was filtered through a 70-um cell strainer before centrifugation at 9000g for 10 min. The
supernatant was collected into new microfuge tube and centrifuged again at 9000g for 10
min. The resulting supernatant was filtered through a 1.2-um syringe filter (Whatman) and
aliquoted into 1% BSA-coated microfuge tubes and stored at —80°C before further analyses.

Enzyme-linked immunosorbent assay

Stool and serum samples were analyzed by ELISA for measurement of total or
peanut-specific antibodies. Briefly, 20 pg/ml crude peanut extract, wheat extract (Greer
Laboratories), or OVA (Sigma) or 0.5 pg/ml, CT (List biologicals), anti-mouse IgA (MP
Biomedicals), or anti-human IgA (BD Biosciences) capture antibodies in carbonate buffer
were coated on 96-well Maxisorp plates (Thermo Fisher Scientific) overnight. Plates were
blocked with 1% BSA in PBS at 37°C for 1 hour, followed by the addition of serially
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diluted serum or stool samples with a 2-hour incubation at 37°C. Competitive ELISAS

to test antibody specificity were performed by preincubating stool samples with 20 or

200 pg/ml crude peanut extract (Greer Laboratories), wheat extract (Greer Laboratories),
OVA (Sigma), ovomucoid (Sigma), pea (Anthony’s Premium Pea Protein), and soy flour
(Sigma) before plating on peanut antigen-coated ELISA plates. Peanut-specific antibodies
of each isotype were detected with horseradish peroxidase (HRP)—conjugated anti-human
IgA, HRP-conjugated goat anti-mouse IgA (1040-05), HRP-conjugated goat anti-mouse IgE
(1110-05), HRP-conjugated goat anti-mouse 1gG1 (1073-05), HRP-conjugated goat anti-
mouse 1gG (1013-05) (SouthernBiotech), or HRP-conjugated rat anti-mouse IgM (#550588,
BD Biosciences) antibodies at 37°C. For total mouse antibodies, purified mouse IgA, IgM,
IgE (BD Biosciences), and IgG (Sigma) standards were used. Antigen-specific antibodies of
each isotype were obtained from pooled serum or stool supernatant from hyperimmunized
mice and used as standards for antigen-specific ELISAs. Purified human IgA standard
(Bethyl Laboratories) or pooled stool supernatant from selected human donors was used for
quantifying total human IgA, egg white—specific IgA, PN IgA, IgG, IgM, and IgE ELISA,
respectively. Plates were developed with stabilized chromogen tetramethylbenzidine (Life
Sciences) and stopped with 3N hydrochloric acid before reading at 450 nm on a microplate
reader (Molecular Devices). PN IgE concentration in human serum samples was measured
using the ImmunoCAP system (Phadia).

Statistical analysis

All statistical analysis was performed using GraphPad Prism software. Data were

analyzed with Mann-Whitney U'test (two experimental groups) or Kruskal-Wallis test (=3
experimental groups) followed by Dunn’s test for post hoc analyses. Statistical significance
is defined as *P< 0.05, **P< 0.01, and ***P < 0.001. Relationship between two variables
were assessed using Spearman’s rank correlation coefficient. Nonparametric statistical
analyses were used throughout the manuscript as normal distribution cannot be accurately
assessed for small sample sizes (<30 per group).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. Humans make detectable levels of gut PN IgA that are stable over time.
(A) ELISA quantification of total IgA concentration in healthy human (7= 27) stool samples

normalized by weight. Dotted lines denote the interdecile range. (B) ELISA quantification
of stool total IgA normalized by weight and by total protein concentration. (C) ELISA
quantification of PN IgA levels in stool samples of healthy individuals. Dotted lines denote
the interdecile range. (D) ELISA quantification of PN IgA in five aliquots of a single stool
sample from an 1gAN and an IgAl° individual to assess precision of stool PN IgA ELISA.
Dotted line denotes the 10th percentile of stool PN IgA level. (E) Quantification of PN
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IgA with competitive ELISA in stool samples from eight individuals without or with prior
incubation 200 ug/ml of peanut, OVA, wheat, walnut, or almond extract, and (F) with 0, 20,
or 200 ug/ml peanut protein. (G) Correlation of PN IgA with total IgA in stool samples of
healthy individuals (7= 27). (H) ELISA quantification of stool PN IgA in multiple stool
samples collected from two IgAN and one IgAl° individual at different time points over
the course of 10 months to assess biological variability in stool PN IgA over time. Dotted
line denotes the 10th percentile of stool PN IgA level. Samples are color-coded, whereby
filled circles of the same color represent the same individual throughout each subfigure.
Detection limit of 6.25 A.U. relative to a standard of pooled stools with high PN IgA is
the intersection point of xand y axes. Median of each group was compared against control
sample (no inhibition) using Kruskal-Wallis test with Dunn’s post hoc test, whereby (*)
and (**) indicate significant differences with £< 0.05 and <0.01, respectively. Error bars
indicate SD.
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Fig. 2. Daily exposure to peanut induces minimal peanut-reactive IgA that is cross-reactive and
produced in a T cell-independent manner.

(A) ELISA quantification of total stool antibodies by isotype in WT mice. (B) Diagram
of a 6-week peanut (PN) ad libitum feeding model. Time points for stool collection
before (day 0) and after PN feeding (day 43) are indicated with triangles. (C) ELISA
quantification of PN IgA in stool of 8-week-old adult mice exposed to PN for 6 weeks
versus prepeanut exposure (day 0) or (D) 3-week-old infant mice exposed to PN for 6
weeks. (E) Quantification of PN IgA through competitive ELISA without or with prior
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incubation with 200 pg/ml PN, OVA, ovomucoid, wheat, soy, or pea extract. Median of

each group was compared against median of control sample (no inhibition) using Kruskal-
Wallis analysis and Dunn’s post hoc test. (F) ELISA quantification of PN IgA in stool of
8-week-old adult WT or MHCII transactivator knockout (Ciita'~) mice exposed to PN for 6
weeks. Dotted line indicates the detection limit of assay at 3.12 A.U. relative to the standard.
All data are pooled from three independent experiments with a minimum of three mice

per group. Mice in each experiment were cohoused littermates. Medians were compared
between groups with Mann-Whitney U'test, unless otherwise indicated, whereby (**) and
(***) indicate significant differences with £< 0.01 and <0.001, respectively, whereas ns
denotes not significant. Error bars indicate SD.
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Fig. 3. Induction of specific IgA to food antigens requires adjuvant but only during the first

exposure.

(A) ELISA quantification of PN IgA in stool of WT mice exposed intragastrically weekly
to blanched peanut alone (PN) or roasted peanut 1 week after the sixth immunization.

(B) Diagram of a 12-week PN intragastric immunization model. Time points for stool and
serum collection before and after immunization are indicated with symbols. (C) ELISA
quantification of PN-specific antibodies by isotype in WT mice immunized with PN or
peanut with cholera toxin (PN + VT) (D) Quantification of PN IgA through competitive
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ELISA without or with prior incubation with 200 ug/ml peanut, OVA, ovomucoid, wheat,
soy, or pea extract. Median of each group was compared against median of control

sample (no inhibition) using Kruskal-Wallis analysis and Dunn’s post hoc test. (E) ELISA
quantification of OVA-specific IgA (OVA IgA) in stool of WT mice orally immunized with
OVA, OVA with CT (OVA + CT), or PN + CT 1 week after the sixth immunization. (F)
ELISA quantification of PN IgA in stool of WT mice orally immunized with PN or PN

with Alternaria alternata extract (PN + Alternaria) 1 week after the sixth immunization.

(G) Nlustration of a 6-week PN immunization model using peanut alone (& CT), peanut
with CT once followed by peanut alone for 5 weeks (CT x1), or peanut with CT (CT x6).
Time points for stool and serum collection before and after immunization are indicated

with symbols. (H) ELISA quantification of PN IgA production in stool of & CT, CT x1,

and CT x6 immunized mice over 6 weeks. Median of each group was compared using
Kruskal-Wallis analysis and Dunn’s post hoc test. Dotted line indicates the detection limit of
assay at 1.56 A.U. relative to the standard. Representative (A, C, E, and H) or pooled data (D
and F) from three independent experiments with three to five mice per group. Mice in each
group were cohoused littermates. Median of each group was compared with Mann-Whitney
U'test, unless otherwise stated, whereby (*) or (**) indicates significant differences with P<
0.05 and < 0.01, respectively. Error bars indicate SD.
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Fig. 4. PN IgA is long lived, and its induction requires CD4™ T cells.
ELISA quantification of (A) total IgA (B), PN IgA, and (C) CT IgA in stool of cohoused

WT or MHCII transactivator knockout (Ciita~) mice 1 week after sixth immunization with
PN + CT. (D) ELISA quantification of PN IgA in stool of WT mice 4, 8, and 12 weeks after
12 immunizations with PN + CT. Representative data from three independent experiments
with four to seven mice per group. (E) Representative flow plot and frequency of Tgy cells
in MLNs from naive, PN, or PN + CT—-immunized WT mice 8 days after one PN + CT
immunization. Tgy cells (CXCR5N PD-1N) were gated on CD4* CD44N live activated T

Sci Immunol. Author manuscript; available in PMC 2021 October 15.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Zhang et al.

Page 27

cells (TCRB*). Pooled data from two independent experiments with three to four mice per
group. Median of each group was compared using Kruskal-Wallis analysis and Dunn’s post
hoc test. Dotted lines indicate detection limit of the PN-IgA assay at 1.56 A.U. relative to the
standard. Median of each group was compared between groups with Mann-Whitney U'test,
unless otherwise stated, whereby (*) and (**) indicate significant differences with £< 0.05
and < 0.01, respectively. Error bars indicate SD.
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Fig. 5. TEy cells are dispensable for antigen-specific gut IgA but are required for 1gG and IgE
production.

Representative flow plot of (A) Tgy cells or (B) GC B cells in MLNSs of control T-Bc/6%/*
(Bcl6T0x/flox) (Ctrl) or T-Bcl6™!~ (CD4°"¢Bcl60x/floX) cohoused littermates 8 days after one
peanut with CT (PN + CT) immunization. Tgy cells (CXCR5N PD-1M) were gated on CD4*
CD44" live activated T cells (TCRB™). GC B cells (FAS* GL7*) were gated on live B cells
(CD19%). Immunofluorescence images of IgA* B cells (B220* IgA™) and colocalization of
T cells (TCRB™) and B cells (B220%) outside GC (B220* 1gD™) in BCZ of MLN of (C)
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control or (D) T-Bc/67~ mice 8 days after one PN + CT immunization. T cell zones (TCZ)
and GCs are demarcated with dotted lines. Scale bars, 100 pm. (E) Representative flow
plot of IgA and 1gG1 plasmablasts in MLN of control or T-Bc/67'~ cohoused littermates.
Plasmablasts were gated on live CD138* Lin™ (TCRp, NK1.1, CD14, CD4, and B220)
cells. (F) ELISA quantification of stool PN 1gG1 and serum PN IgE of cohoused control
or T-Bcl6™~ littermates 1 week after sixth immunization with PN + CT. (G) Enumeration
of PN IgA antibody-secreting cells (ASCs) in MLN of control or T-Bc/67'~ cohoused
littermates by ELISPOT. All plasmablast and ASC analyses were performed 8 to 10 days
after two weekly peanut with CT (PN + CT) immunizations. (H) ELISA quantification of
stool PN 1gA of cohoused control or T-Bc/67/~ littermates 1 week after sixth immunization
with PN + CT. (A to E) Representative data from one mouse of each group from three to
four independent experiments with three to five mice per group. (F to H) Pooled data from
two to three independent experiments with a minimum of three mice per group. Median

of each group was compared between groups with Mann-Whitney U'test, whereby (**)

or (***) indicates significant differences with £<0.01 or <0.001, respectively. Error bars
indicate SD.
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Fig. 6. Production of PN IgA is independent of TgR cells.
(A and C) Representative flow plot and (B and D) frequencies of Tgg and Tgy cells

in (A and B) MLN and (C and D) PP from control (Bc/6%/10%) or T eq-Bcl6 ™'~
(Foxp3°creBcl6T0x/flox) littermates 8 days after one PN + CT immunization. Tgg cells
(FOXP3*) were gated on Tgy cells (CXCR5N PD1M). Tgy cells were gated on CD4*
CD44M live activated T cells (TCRB™). (E and F) ELISA quantification of total IgA and PN
IgA in stool of Treg-Bclé+ I* or Treg-Bcl6™ I~ littermates 1 week after sixth immunization with
PN + CT. Figures represent data from three independent experiments with three to six mice
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per group. Median of each group was compared with Mann-Whitney U test whereby (**)
indicates significant differences with £<0.01. Error bars indicate SD
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Fig. 7. Induction of peanut-specific gut IgA requires CD40L in both mice and humans.
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ELISA quantification of (A) PN IgA or (B) total IgA in stool samples from Ca40l*”¥Y (WT)
and Ca40I”Y (knockout) cohoused littermates 1 week after sixth immunization with PN

+ CT. Representative data from two independent experiments with three to six mice per
group. ELISA quantification of (C) PN IgA or (D) Total IgA in stool samples from four
CDA40L-deficient patients and nine healthy individuals. Dotted lines represent interdecile
range. Median of each group was compared between groups with Mann-Whitney U'test,

Sci Immunol. Author manuscript; available in PMC 2021 October 15.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Zhang et al.

Page 33

whereby (*) or (**) indicates significant differences with £< 0.05 or < 0.01, respectively.
Error bars indicate SD.
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