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Obesity and type 2 diabetes (T2D) have been found to be associated with abnormalities in several organs, including the intestine.
These conditions can lead to changes in gut homeostasis, compromising tolerance to luminal antigens and increasing susceptibility
to food allergies. The underlying mechanisms for this phenomenon are not yet fully understood. In this study, we investigated
changes in the intestinal mucosa of diet-induced obese mice and found that they exhibited increased gut permeability and
reduced Treg cells frequency. Upon oral treatment with ovalbumin (OVA), obese mice failed to develop oral tolerance. However,
hyperglycemia treatment improved intestinal permeability and oral tolerance induction in mice. Furthermore, we observed that
obese mice exhibited a more severe food allergy to OVA, and this allergy was alleviated after treatment with a hypoglycemic drug.
Importantly, our findings were translated to obese humans. Individuals with T2D had higher serum IgE levels and downregulated
genes related to gut homeostasis. Taken together, our results suggest that obesity-induced hyperglycemia can lead to a failure in
oral tolerance and to exacerbation of food allergy. These findings shed light on the mechanisms underlying the relationship among

obesity, T2D, and gut mucosal immunity, which could inform the development of new therapeutic approaches.

Mucosal Immunology (2023) 16:513-526; https://doi.org/10.1016/j.mucimm.2023.05.008

INTRODUCTION
Obesity is a complex disease associated with numerous meta-
bolic and inflammatory disorders, including cardiovascular dis-
ease, dyslipidemia, type 2 diabetes (T2D), autoimmune
diseases, cancer, and altered immune responses'?. The immuno-
logical changes related to obesity are primarily caused by alter-
ations in the adipose tissue structure and the increased
secretion of inflammatory compounds by adipocytes. These
changes result in heightened secretion of proinflammatory
cytokines, such as tumor necrosis factor (TNF)-q, interleukin-13
(IL-1B), IL-6, IL-8, leptin, and resistin, and a parallel reduction in
anti-inflammatory cytokines, such as IL-10 and adiponectin. As
a result, obesity is characterized as a low-intensity inflammatory
state that can impact immune compartments such as the intesti-
nal mucosa®*.

The effects on the gut mucosa immune system due to obe-
sity have been associated with increased levels of interferon
(IFN)y-producing cells and alterations in gut permeability in

humans and mice”. In humans, obesity enhances jejunal inflam-
mation, resulting in an increased frequency of macrophages, T
cells (clusters of differentiation [CD3"]), intraepithelial lympho-
cytes, and mature dendritic cells (mDCs). These cells produce
proinflammatory cytokines such as IFN-y, IL-13, TNF-, chemoki-
nes, and costimulatory factors, which contribute to inflammation
in the gut lamina propria and epithelial compartments®.

The intestinal mucosa is the largest contact surface of the
body with the external environment’, and its immune cells face
the challenge of tolerating the vast number of antigens that
come from diet and commensal microbiota while generating
protective immune responses against intestinal pathogens and
toxins®.

The immune system's ability to maintain homeostasis is a del-
icate balance between proinflammatory and anti-inflammatory
responses. This balance is particularly crucial in the gut mucosal
surface, where the development of regulatory responses is
essential for the induction of oral tolerance to dietary proteins
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and the microbiota. Oral tolerance is a physiologic phenomenon
that is defined as an anti-inflammatory immune response to
specific antigens that are orally administered. This response
has both local and systemic effects, and it plays a critical role
in maintaining gut mucosal immune homeostasis’.

Oral tolerance is a physiological phenomenon that prevents
pathological inflammatory reactions to a food protein and com-
mensal microbiota, inhibiting responses that could cause dam-
age, such as hypersensitivity reactions, lymphocyte
proliferation, and antibody formation®. Orally administered anti-
gens promote subsequent tolerogenic immune responses that
act locally and systemically and can attenuate inflammatory
and harmful cellular and humoral immune responses'®'". The
main mechanisms involved in developing oral tolerance are
the generation of tolerogenic dendritic cells (DCs)'*'® and the
differentiation of Foxp3-expressing regulatory T cells'*'® that
inhibit specific cellular'®'” and humoral'® responses. Induced
Foxp3*CD4" regulatory T cells act via the production of inhibi-
tory cytokines, such as IL-10 and transforming growth factor
(TGF)-B'°. However, several factors, including obesity, can dis-
rupt this delicate balance, leading to the breakdown of oral tol-
erance and the activation of proinflammatory responses, such as
food allergy.

Food allergy affects approximately 10% of the population'?,
and this number could be increased by the high obesity preva-
lence'®, it occurs as a consequence of the disruption in immuno-
logical tolerance to ingested food resulting from either
immunoglobulin (Ig)E-mediated or non-IgE-mediated disor-
ders?’. Immediate hypersensitivity reactions occur through the
cross-linking between the IgE-FceRl complex by the allergen,
resulting in mast cell degranulation and the release of lipid
mediators such as prostaglandins and leukotrienes, cytokines,
and chemokines, characterizing the initial phase of the allergic
reaction. Cytokines and chemokines released in the initial phase
start the late phase, represented by the recruitment and activa-
tion of inflammatory cells, mainly eosinophils, and Th2 lympho-
cytes, at the sites of antigen sensitization?'.

Previous studies from our group have demonstrated that
mice fed a high-sugar and high-fat diet (HSB) exhibit a reduction
in the frequency of regulatory T cells and a decrease in the
secretion of anti-inflammatory cytokines such as IL-10 and
TGF-B*%. Diets that are low in fiber and high in sugar and fat
have been implicated in the pathogenesis of obesity, as they

can increase gut permeability, inflammation, and dysbiosis, ulti-
mately leading to the disruption of gut homeostasis***. Obesity
and food allergies have been associated in epidemiological evi-
dence'®?*, and the involvement between those conditions can
be associated with a high-fat diet and gut microbial alter-
ations'??*. However, how obesity changes gut immune home-
ostasis and compromises oral tolerance induction has not
been clearly reported. Thus, the impact of obesity and its meta-
bolic alterations, such as hyperglycemia, could implicate failure
in oral tolerance induction or breakdown of existing tolerance
mechanisms; in addition, it can result in immunopathology?®,
such as food allergy.

To test this hypothesis, we evaluated the effect of obesity and
hyperglycemia on oral tolerance induction and food allergy
development. We showed that obesity-induced hyperglycemia
in mice was associated with alterations in the gut immune sys-
tem, impairment of oral tolerance induction, and aggravation
of food allergy. Furthermore, we showed that obesity associated
with type T2D in humans correlated with higher IgE serum levels
and increased markers of gut homeostasis disruption. Under-
standing the mechanisms involved in obesity and oral tolerance
imbalance will enable the development of novel approaches for
oral tolerance-based therapies and treatment for food allergy.

RESULTS

Diet-induced obesity disturbed gut homeostasis in mice
Experimental obesity was induced in C57BL/6 mice by feeding
them an HSB diet, while lean control mice (CTL) were fed the
AIN93G?° diet for 13 weeks. The HSB-fed mice exhibited a signif-
icant increase in body weight after just 5 weeks of consumption
compared to the AIN93G-fed lean mice (Fig. 1A), and this differ-
ence continued to widen throughout the study. The obese mice
also demonstrated a higher epididymal adipose tissue index and
adipose tissue hypertrophy (Supplementary Figs. 1A-D). Hyper-
glycemia was observed in the obese mice as early as 5 weeks
after consuming the HSB diet (Fig. 1B). After 13 weeks, the obese
mice developed glucose intolerance compared to the control
lean mice (Supplementary Figs. 1E-F), and their fasting blood
glucose levels were consistent with those observed in type 2 dia-
betes (Fig. 1B). Furthermore, the obese mice exhibited features
of metabolic syndrome, such as elevated levels of circulating
triglycerides and total cholesterol, as well as hepatic steatosis
(Supplementary Figs. 1G-).

"

»

Fig. 1 HSB diet-induced obesity is associated with metabolic and gut mucosa alterations. Mice were treated for 13 weeks with a control diet
(AIN93G) or a diet containing high concentrations of butter and sugar (HSB), then mice were euthanized and all following analysis procedures.
(A) Mice body weight over 13 weeks of treatment comparing non-obese mice (CTL - represented as black circles) to obese mice (HSB -
represented as red squares). (B) Fasting blood glucose concentrations in CTL (represented as circles) and HSB-fed mice (obese mice
represented as squares) from 5 weeks and 13 weeks of diet treatment (N = 6 to 8). (C) Plasma concentration of *mTc-DTPA to indicate
intestinal permeability (N = 5 to 11). (D) slgA concentrations in feces measured by enzyme-linked immunosorbent assay (N = 5). (E) IgA coated-
bacteria recovered from feces (N = 8). (F) IgA coated-bacteria representative plots from flow cytometer. (G) Phenotypic characterization of
TCRap IELs in the small intestine (each point represents two mice). (H) Representative plots from TCRap IELs. (I) Frequencies of CD4* T cells
from lamina propria (each point represents two mice). (J) Representative plots of frequencies of CD4* T cells in the lamina propria. (K)
Frequency of CD4*Foxp3™* cells from compartmentalized mLN. Each point represents three mice. (L) Representative plots of CD4"Foxp3™* cells
frequencies from mLN (duodenal, jejunal, ileum, and colon). (M) Frequency of CD103*CD11b™ DC from compartmentalized mLN (each point
represents two mice). (N) Tsne plots of DC from the duodenum and ileum lymph nodes. Data represent the mean + standard deviation. (*)
p < 0.05; (**) p < 0.01; (***) p < 0.001. Data represent two independent experiments. White bars represent control mice (CTL), and grey bars
represent obese mice (HSB). °mTc-DTPA = 99 m-technetium diethylenetriamine penta-acetic acid; CD = clusters of differentiation; CTL = lean
control mice; DC = dendritic cells; HSB = high-sugar and high-fat die; IEL = intraepithelial lymphocyte; Ilg = immunoglobulin; mLN = mesenteric
lymph nodes; slgA = secretory IgA; TCR = T Cell Receptor.
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Our study examined the impact of an HSB on gut permeabil-
ity in mice. We found that HSB-fed mice had significantly higher
gut permeability than the control group (Fig. 1C). Further analy-
ses revealed that obese mice exhibited increased levels of secre-
tory IgA (slgA) and higher frequencies of IgA-coated bacteria,
suggesting an altered gut immune response (Fig. 1D-F). We also
observed an increase in the number of goblet cells, which are
important for mucus production and barrier function (Supple-
mentary Fig. 1K). Moreover, flow cytometry analysis revealed
alterations in the frequencies of TCRB*CD4* and TCRB*CD4"-
CD8aa* intraepithelial lymphocytes in obese mice (Fig. 1G and
1H), and these results were consistent with the histopathological
findings (Supplementary Fig. 1L).

We also examined the frequencies of regulatory T cells CD4™-
Foxp3* (Tregs) and dendritic cells (DCs) in the lamina propria
and mesenteric lymph nodes (mLNs), including the draining
lymph nodes of the duodenum, jejunum, ileum, and colon.
Our analysis revealed a significant reduction in the frequency
of Treg cells in the lamina propria, duodenal, and jejunal lymph
nodes of obese mice, whereas no significant difference was
observed in the ileum and colon draining lymph nodes
(Fig. 11-L). In addition, the frequencies of CD103*CD11b~ con-
ventional dendritic cells (cDCs), which are known to be effective
in differentiating induced Treg cells (iTregs), were lower in the
duodenum and ileum draining lymph nodes of obese mice
(Fig. TM and N). No significant difference was found in the fre-
quencies of DCs and innate lymphoid cells (ILCs) in the lamina
propria (Supplementary Fig. 1M-Q). Furthermore, obese mice
exhibited a decreased frequency of CD19" cells in the spleen,
but no significant difference was observed in the mLNs (Supple-
mentary Fig. 1R). These findings suggest that the gut of obese
mice is characterized by an inflammatory environment and a
loss of intestinal homeostasis.

Obesity impaired oral tolerance induction in mice
Given the importance of gut mucosa homeostasis to oral toler-
ance development, we speculated whether the alterations in
the intestinal mucosa of obese mice could impact oral tolerance
induction. To test this hypothesis, we treated control lean and
obese mice orally with a single gavage of 10 mg of ovalbumin
(OVA), followed by immunization containing OVA-Alum (10 ug
of OVA plus 1 mg of alum via intraperitoneal [i.p.]), and a subse-
quent booster. As a protocol control, mice received a gavage
containing saline and then received the same immunization
scheme; this group was called the saline group (Fig. 2A).
Indeed, the control group had reduced titers of total specific
antibodies as well as IgG1 and total IgE after OVA treatment; on
the other hand, obese mice were resistant to oral tolerance
induction, as shown by their higher levels of specific serum
IgG1 and total IgE after oral OVA treatment (Fig. 2B and 2Q).
IgG2a and IgM did not change after oral OVA treatment in either
group (Supplementary Figs. 2A and 2B). The specific cellular
immune response was also analyzed. Cells from the spleen
and mLNs were isolated and stimulated in vitro with OVA, and
the cytokines were measured in the supernatants. The levels
of IFN- y were higher in the spleen and mLN cell supernatants
from OVA-fed obese mice than in those from control lean mice
(Fig. 2D; Supplementary Fig. 2C). We also observed increased
levels of TNF-a in the spleen cell supernatants from obese mice
that received OVA (Fig. 2E). However, TFG-B levels were
increased only in OVA-fed control lean mice (Fig. 2F). In addition,
we evaluated the frequency of CD4*Foxp3*, CD4*Ror yt*, CD4*T-

www.elsevier.com

bet*, and CD4"GATA3" T cells in mLNs, an important site for oral
tolerance development, and in the spleen, which represents the
systemic response of the oral tolerance induction phenomenon.
Regarding the frequency of the cells, OVA-fed lean control mice,
but not OVA-fed obese mice, had an increased frequency of
CD4*Foxp3* regulatory T cells in duodenal lymph nodes and
spleen (Fig. 2G; Supplementary Fig. 2E). T helper (Th)17 (CD4"-
ROR yT*) cells decreased in the dLN from OVA-fed lean control
mice, and OVA-fed obese mice showed an increased frequency
of those cells (Fig. 2H). No differences were observed for CD4"-
ROR yT*cells in the spleen (Supplementary Fig. 2G). CD4*T-bet*
T-cell frequency decreased in OVA-fed lean mice in the spleen
but not in the dLN. No difference was observed in the OVA-
fed obese mice (Supplementary Figs. 2H and 2K). After oral tol-
erance induction, lean mice also presented an increased fre-
quency of tolerogenic CD103*CD11b'DCs, while obese mice
did not show a difference in this cell population in the spleen
(Fig. 2I). Thus, these data showed alterations in the humoral
and cellular responses of obese mice after oral treatment with
OVA, suggesting that obesity has a deleterious effect on oral tol-
erance induction.

Treatment of hyperglycemia restored oral tolerance
induction in obese mice

Our research group previously demonstrated that nonobese dia-
betic (NOD) mice, which serve as a model for type 1 diabetes
(T1D), exhibit a refractory response to oral tolerance induction?’.
Building on this finding, we investigated whether obese mice
with type 2 diabetes (T2D) also display a similar refractory
response to oral tolerance induction. To examine the effect of
hyperglycemia on gut permeability and the ability to induce oral
tolerance, we utilized a nonobese hyperglycemic animal model
induced by streptozotocin (STZ) treatment administered i.p. at
a dose of 50 mg/kg for 5 consecutive days. Seven days after
the last STZ injection, fasting glucose reached more than
250 mg/dl, indicating hyperglycemia (Supplementary
Figs. 3A-C). STZ-treated mice presented higher intestinal perme-
ability than control mice, and gut permeability was positively
correlated with glycemia (Supplementary Figs. 3D and 3E). Oral
tolerance was induced in STZ-treated mice by a single gavage
with 10 mg OVA. Interestingly, treatment with STZ disturbed oral
tolerance induction, as shown by no difference in anti-OVA IgG1
and total IgE levels compared to nontreated mice (Supplemen-
tary Figs. 3F and 3G). Additionally, STZ treatment abrogated
the increased frequency of CD4*Foxp3* cells in the mLN after
oral tolerance induction (Supplementary Fig. 3H).

To determine whether the failure of oral tolerance induction
in our diet-induced obesity model was attributed to hyper-
glycemia or obesity itself, we administered metformin, a glyce-
mic modulator, to obese mice. Metformin was administered in
the drinking water at a concentration of 1 g/l for 28 days, aiming
to reduce fasting glucose levels to those comparable to lean
control mice (Fig. 3A and 3B). Despite the treatment, obese mice
still exhibited higher body weights than the lean control group
(Fig. 3Q). Our results revealed that metformin-treated obese
mice exhibited a recovery of gut permeability to basal levels
(Fig. 3D), indicating that hyperglycemia, rather than obesity
itself, may play a key role in the failure of oral tolerance induc-
tion observed in our diet-induced obesity model. The treatment
restored their ability to develop oral tolerance upon OVA gav-
age, indicated by reduced levels of anti-OVA IgG1 and total
IgE (Fig. 3E and 3F). Mice treated with metformin were not able

Mucosal Immunology (2023) 16:513-526
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Fig. 2 Diet-induced obesity disturbs oral tolerance induction. (A) Experimental design for oral tolerance induction. Mice received either
AIN93G or HBS diet for 13 weeks; then mice received an intragastric injection with 10 mg of OVA or saline, after 7 days, mice received an i.p
injection containing 10 pug of OVA in 1 mg/ml of AI(OH)s; a booster with 10 ug OVA in saline was given i.p. 14 days later and 7 days thereafter,
mice were bled, and serum was collected for antibody assays. (B) Serum anti-OVA antibodies 1gG1 were measured by enzyme-linked
immunosorbent assay. The results are expressed as arithmetic mean + standard deviation from the sum of the OD of the serial dilutions (O.D.
SUM). (C) Serum levels of total IgE measured by enzyme-linked immunosorbent assay. (D—F) Cytokines from spleen cell culture supernatant
stimulated with OVA during 72 hours (IFN-y, TNF-a, and TGF-B). (G and H) Frequency of CD4*Foxp3* Treg cells and CD4*Ror yt* in the
duodenal lymph nodes (dLN) after oral tolerance induction analyzed by flow cytometry (each point represents two mice). (I) Frequency of DC
CD103*CD11b™ in the spleen after oral tolerance induction analyzed by flow cytometry. Graphics are representative of an individual
experiment performed at least three times (N = 4 to 12). (¥) indicates p < 0.05 analyzed by two-way analysis of variance. White bars represent
mice that received only saline by gavage and grey bars represent mice that received OVA by gavage. Circles represent lean control mice, and
squares represent obese mice. CD = clusters of differentiation; CTL = lean control mice; DC = dendritic cells; HSB = high-sugar and high-fat die;
IFN = interferon; Ilg = immunoglobulin; i.p = intraperitoneal; OVA = ovalbumin; TGF = transforming growth factor; TNF = tumor necrosis factor.

to increase the frequency of CD4"Foxp3™ cells (Fig. 3G). How-
ever, an increased frequency of CD4*GATA3" cells (Fig. 3H)
and a reduced frequency of CD4*T-bet* cells (Fig. 3I) were
observed, and the same result was observed in the lean control
mice.

We observed a significant alteration in the gut microbiota
composition of obese mice following HSB diet feeding (Supple-
mentary Figs. 4A and 4B). To investigate whether microbiota
alteration contributes to the failure of oral tolerance induction
in obese mice with hyperglycemia, we administered an antibi-
otic cocktail to both lean control mice and obese mice. Antibi-
otic treatment restored fasting blood glucose, gut
permeability, and oral tolerance induction in both groups (Sup-

Mucosal Immunology (2023) 16:513-526

plementary Figs. 4C-H). Therefore, these results suggest that
hyperglycemia is an important disturbing factor for the break-
down in intestinal homeostasis, affecting oral tolerance induc-
tion, rather than excess body weight itself.

Obesity aggravated food allergy in mice

Oral tolerance to food antigen failure may impact the develop-
ment of food allergies. To determine the influence of obesity
on food allergy to OVA and whether glycemic index control
could influence the immune response to orally derived antigens,
we treated obese mice with metformin (1 g/l) in drinking water
for 28 days (Fig. 4A). Metformin treatment improved fasting
blood glucose (Supplementary Fig. 5A) and glucose tolerance

www.elsevier.com
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induction measured by enzyme-linked immunosorbent assay. (G-1) Frequency of CD4*CD25"Foxp3* Treg cells, CD4*GATA3", and CD4 " Tbet*
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Groups: control — CTL, obese — HSB, and obese Metformin-treated — MET. °mTc-DTPA = 99 m-technetium diethylenetriamine penta-acetic
acid; CD = clusters of differentiation; CTL = lean control mice; HSB = high-sugar and high-fat die; Ig = immunoglobulin; i.p = intraperitoneal;
OVA = ovalbumin.

in obese mice compared with untreated obese mice (Fig. 4B and
4C). Then, food allergy was induced by i.p. immunization with
10 pg OVA plus 1 mg alum followed by oral challenge with
20% OVA solution in a water bottle for 7 consecutive days
(Fig. 4A).

The allergic obese mice drank less OVA solution, which was a
typical sign of food allergy in this model (Fig. 4D). Obese mice
lost weight during the challenge and presented higher gut per-
meability than obese mice without allergy and obese mice trea-
ted with metformin (Fig. 4E and 4F).

More specifically, we tested whether OVA allergy in obese
mice could impair anaphylaxis in vivo mediated by anaphylactic
antibodies. We determined the magnitude of active cutaneous
anaphylaxis measured in vivo by Evans Blue extravasation upon
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intradermal injection of OVA. We found that OVA-allergic obese
mice developed intense dye extravasation upon intradermal
OVA injection when compared to the lean control or allergic
metformin-treated (HSB-MET) mice, which showed very discrete
dye extravasation (Fig. 4G, Supplementary Fig. 5B). All these
results indicate that glucose control in obese mice prevents
OVA-specific active cutaneous anaphylaxis. Regarding anti-OVA
IgG1 production, all mice sensitized with OVA and alum adju-
vant showed a significant increase in serum concentrations
(Fig. 4H). However, obese mice treated with metformin had
lower serum IgE total levels than obese animals without met-
formin treatment (Fig. 41). No differences were observed in the
concentrations of IgM and IgG2a in the plasma of these animals
(Supplementary Figs. 5C and 5D).
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Fig. 4 Obesity aggravates food allergy in mice. (A) Experimental design of obesity induction with HSB diet during 13 weeks, followed by
Metformin treatment during 28 days. After Metformin treatment, mice from allergic groups received a s.c. injection with 10 pg OVA and Al
(OH)s. The secondary sensitization was induced with s.c. injection of 10 pg of OVA 14 days after the primary sensitization. Seven days after the
second injection, mice received an oral challenge with 20% OVA in the water bottle. As control of food allergy protocol, mice did not receive
OVA injection before the oral challenge. (B) GTT performed on the 16th week. (C) The area under the curve from GTT. (D) Quantity of OVA
solution ingestion. (E) Weight variations of mice up to 21 days after the first sensitization with OVA. (F) Plasma concentration of mTc-DTPA to
indicate intestinal permeability. (G) Evans Blue dye extraction with formamide after ACA. (H-I) Serum anti-OVA IgG1 and total IgE levels
measured by enzyme-linked immunosorbent assay. (J-P) Frequency of CD4"CD25*Foxp3*, CD4*GATA3", CD4'Tbet*, CD4"Foxp3*GATA3",
CD4*Foxp3*Tbet*, Neutrophils, and Eosinophils in the spleen. Each symbol indicates an individual mouse (n = 4 to 6). (¥) p<0.05 analyzed by
two-way analysis of variance. White bars represent mice that received only saline s.c. and oral OVA; grey bars represent mice that received s.c.
injection of OVA and Alum and then oral OVA. Dark grey bars mice that received s.c. injection of OVA and Alum and then oral OVA after
Metformin treatment. Circles represent lean control mice, and squares represent obese mice. Control lean- CTL, obese — HSB, and obese
Metformin-treated — MET. *°mTc-DTPA = 99 m-technetium diethylenetriamine penta-acetic acid; ACA = active cutaneous anaphylaxis;
CTL = lean control mice; GTT = glucose oral tolerance test; HSB = high-sugar and high-fat die; Ilg = immunoglobulin; i.p = intraperitoneal;
OVA = ovalbumin; s.c. = subcutaneous.

In food allergy conditions, obese and lean control mice both
had increased frequencies of CD4"Foxp3* and CD4*T-bet™ cells
when compared to nonsensitized mice (Fig. 4J and 4K). No dif-
ference was observed in %CD4"GATA3" cells (Fig. 4L). Interest-
ingly, obese animals treated with metformin showed similar
cell frequencies compared to nonsensitized obese mice. Lean
control and obese allergic mice had an increased frequency of
CD4*Foxp3*Gata3™ cells (Fig. 4M), and the frequency of CD4*-
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Foxp3*T-bet" cells increased only in obese allergic mice
(Fig. 4N). However, obese allergic mice treated with metformin
(MET) presented a lower frequency of these cell populations
than obese allergic mice.

Furthermore, lean control allergic mice and obese allergic
mice presented a higher frequency of neutrophils and eosino-
phils (Fig. 40 and 4P), classical food allergy signals*®. We also
evaluated mast cells by histology, which are critical effectors
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of allergic inflammation?, and we identified an increased num-
ber in the jejunum of obese allergic mice (Supplementary
Fig. 5E).

Thus, these data confirmed that obesity with hyperglycemia
is associated with a more severe food allergy reaction to dietary
antigens, possibly related to impairment in oral tolerance
induction.

Hyperglycemia associated with obesity was correlated with
high IgE levels and gut barrier alterations in humans

Our research focused on the relationship between obesity and
food allergies, specifically concerning IgE levels. We observed
that oral tolerance induction failed in obese mice, leading to
increased severity of food allergies. To investigate whether this

finding could be translated to humans, we conducted a study
to determine whether IgE levels were correlated with obesity
and hyperglycemia. IgE was used as a marker for allergic dis-
eases, as previous studies have shown a correlation between
high blood levels of IgE and an allergic predisposition®'°,

We investigated the relationship between obesity, type 2 dia-
betes (T2D), gut homeostasis, and allergic diseases by examining
circulating IgE levels and gene expression in jejunum biopsies.
We studied 60 obese individuals with a body mass index higher
than 40 kg/m’, stratified as patients with obesity and patients
with obesity and T2D (see Supplementary Table S1). We found
that obese individuals with T2D had higher IgE plasma levels
than obese individuals without T2D (Fig. 5A). Additionally, IgE
serum levels were positively correlated with glycated hemoglo-
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Fig. 5 Hyperglycemia associated with obesity is correlated with high IgE levels and gut alterations in humans. The sample comprised obese
patients without T2D (OBESE) and obese patients with T2D (OBESE+T2D). (A) IgE plasma concentration measured by enzyme-linked
immunosorbent assay. (B and C) Positive correlation matrix and average correlations IgE levels with biochemistry parameters in the serum of
60 obese patients. Spearman's correlation correlogram. The correlation matrices across all metabolic values, comparing obese and obese with
T2D. The strength of the correlation between two variables is represented by the color of the square at the intersection of those variables.
Colors range from bright blue (strong positive correlation; i.e. r* = 1.0). Results were not displayed if p > 0.05. (D) Heat map showing relative
RNA expression (DDCt) of jejunum biopsies from obese patients without T2D (obese) and obese with T2D (obese+T2D). ALAT = alanine
aminotransferase; ASAT = aspartate aminotransferase; BMI = body mass index; GGT = gamma-glutamyl transferase; HbA1C = hemoglobin A1C;
HDL = high-density lipoprotein; IFN = interferon; Ig = immunoglobulin; IL = interleukin; LDL = low-density lipoprotein; T2D = type 2 diabetes.

www.elsevier.com Mucosal Immunology (2023) 16:513-526



bin and fasting blood glucose in individuals with T2D (Fig. 5B-C),
indicating a link between high blood glucose concentration and
elevated serum levels of IgE in obese individuals with T2D. We
then evaluated gene expression for proteins related to gut
homeostasis in jejunum biopsies, comparing obese patients with
obese plus T2D patients. We found downregulation of IL-22, IL-
10, Foxp3, ZO-1, and claudin-2 and upregulation of IL-33 and IL-
5 in obese people with T2D (Fig. 5D). These results are related to
increased intestinal permeability and inflammation, suggesting
that obesity with T2D can alter gut homeostasis and contribute
to the development of allergic diseases.

Together, these findings suggest a possible mechanism link-
ing metabolic diseases to inflammatory conditions, such as
allergy, through altered gut homeostasis and higher levels of
IgE in obese individuals with T2D.

DISCUSSION

The present study verified that obesity associated with hyper-
glycemia disturbs intestinal homeostasis due to increased per-
meability, changes in epithelial cells, and compromised
harmony between regulatory and inflammatory cells. These fac-
tors compromised oral tolerance and worsened food allergy.
Therefore, the treatment of hyperglycemia partially restores
intestinal mucosal homeostasis and oral tolerance induction
and decreases food allergy symptoms. Similar results were
observed in humans, as obese individuals with T2D demon-
strated increased IgE serum levels and impairment in intestinal
homeostasis.

In general, obesity causes low-grade chronic inflammation
that can trigger metabolic dysfunctions and alterations in the
immune response, contributing to an increased inflammatory
process in the gut mucosa’. In the present study, signs of a sub-
clinical inflammatory state in the intestinal mucosa included
increased protective mechanisms against bacteria, such as
mucus production, intraepithelial lymphocytes (IEL) frequency,
and SIgA. Previous reports show that IEL numbers are higher
in obese individuals with or without diabetes than in eutrophic
people®. The increased frequencies of IELs in obesity are corre-
lated with the increased intestinal permeability that favors the
dissemination of luminal antigens, microbiota alterations, and
inflammation®®', and in obesity conditions, there are elevated
levels of serum IgA, and the rise in IgA levels is associated with
pathogenic bacterial infection or low density lipoprotein (LDL)
oxidation®*?*3. In our study, the increase in SIgA levels and IgA-
coated bacteria in obese mice was associated with alterations
in intestinal microbiota composition with the increased load of
potentially pathogenic microbial species in the intestine.

The small intestine presents physiological compartmentaliza-
tion with different lymphatic drainage and immune cell compo-
sitions, which is important in addressing different antigen
sources>**°, Esterhazy et al.>®> showed that mLNs had a specific
immunological signature for each intestinal segment. Proximal
mLNs (lymph nodes that drain the duodenum and jejunum)
preferentially give rise to tolerogenic characteristics due to the
presence of tolerogenic DCs (CD103*CD11b’), favoring the dif-
ferentiation of naive T cells into CD4*Foxp3™* iTregs. In contrast,
distal lymph nodes favor the differentiation of Th17 Ror yt* cells.
Interestingly, we observed important alterations in obese mice
in the proximal mLNs and in the small intestine lamina propria
with a reduced frequency of CD4"Foxp3* regulatory T cells
(iTregs) and a decreased frequency of CD103*CD11b™ when
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compared to lean mice. These cells are involved in oral tolerance
induction, which can be a mechanism leading to its failure.

Oral tolerance can be understood as a physiological mecha-
nism driven by immunoregulatory reactivity to diet and micro-
biota antigens. Oral tolerance is triggered in the intestinal
mucosa with systemic repercussions, as it involves controlling
specific cellular and humoral responses along the body®>°. Here,
we identified that oral administration of OVA could not induce
oral tolerance in obese mice, as verified by failure to suppress
both humoral and cellular responses. The generation of
antigen-specific regulatory cells preferentially induces T cells
that secrete downmodulatory cytokines such as IL-10 and TGF-
B and decreases the production of inflammatory (IFN-y and
TNF-a) cytokines®”. In our study, we observed that obese mice
have an opposite response, where they do not have Th1 cell
suppression, with no increased concentration of TGB-f.
Increased production of TGF-f has been detected in several
studies on oral tolerance, indicating its importance in the devel-
opment of this phenomenon®’°. TGB- B supports Treg cell
development and inhibits Th17 cell differentiation in a homeo-
static environment®®, which may also be related to increased
Th17 frequency and reduced Foxp3 in obese mice after oral
OVA treatment. Overall, our findings highlight that obesity
affects mucosal homeostasis and, consequently, oral tolerance
establishment.

A pivotal question that needs to be addressed is whether the
inflammatory events that lead to the breakdown of oral toler-
ance in the gut mucosa are instigated by metabolic changes,
such as hyperglycemia, or by the presence of overweight itself.
A previous study described that hyperglycemia impacts gut
homeostasis and increases intestinal permeability”>. Our
research team has demonstrated that alterations in gut compo-
nents can impact oral tolerance induction in nonobese diabetic
mice (NOD) used as a model for type 1 diabetes (T1D). Specifi-
cally, NOD mice failed to modulate their immune response to
OVA. In the current study, in which we used a diet-induced obe-
sity model, our findings suggest that hyperglycemia is the cru-
cial event that triggers disruptions in intestinal homeostasis
and ultimately leads to the breakdown of oral tolerance induc-
tion. Our hypothesis is supported by the three experimental
strategies employed in this study. First, treatment with STZ
induced high glucose levels, increased gut permeability, and dis-
turbed oral tolerance induction without increasing adiposity.
Second, treatment of obese mice with metformin, a drug that
lowers blood glucose levels, improves glycemia, and restores
gut permeability and oral tolerance development in obese mice.
Third, the depletion of microbiota in obese mice using a cocktail
of antibiotics also improved fasting glucose, gut permeability,
and the ability to induce oral tolerance. These results suggest
that hyperglycemia impacts gut homeostasis by increasing gut
permeability and disrupting the immune regulatory response
critical to driving oral tolerance development.

One hallmark feature of oral tolerance breakdown is the
development of allergic reactions. To investigate whether obe-
sity and hyperglycemia interfere with food allergy development
regarding the breakdown in gut homeostasis, we induced food
allergy to OVA in obese and obese metformin-treated mice. The
results showed that hyperglycemia associated with obesity
aggravates the allergic response, as observed by lower ingestion
of OVA solution during oral challenge, loss of body weight, ana-
phylactic reaction, and higher titers of anti-OVA IgG1 and total
IgE. Furthermore, obese animals treated with metformin before
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food allergy induction responded better to OVA ingestion, with
reduced weight loss, decreased dye extravasation, and
decreased IgE titers.

Food allergy can manifest as immediate hypersensitivity with
specific IgE antibodies bound to mast cells and basophils that
compromise immunological balance that drives reactions to
ingested antigens. This active process depends on the genera-
tion of pro-allergic effector cells”**. In allergic obese mice, we
observed an increase in the number of mast cells, frequencies
of CD4*T-bet* and eosinophils. It is important to note that in
the C57BL/6 experimental allergy model, we also observed
increased activation of the Th1 immune response®, and met-
formin treatment also modulated this response. Additionally,
we observed an increase in the frequency of CD4*Foxp3*, CD4"-
Foxp3*GATA3", and CD4"Foxp3*Tbet" cells in obese allergic
mice. These results were previously described where the authors
showed an increased frequency of CD4*Foxp3* cells in allergic
conditions; however, these cells might show functional alter-
ations”' %, Recent studies have shown that Foxp3 cells that
coexpress other transcription factors characteristic of other phe-
notypes acquire other functions depending on the environment
in which they are present and can negatively influence the dis-
ease outcome®**. Nonetheless, treatment of hyperglycemia
with metformin reduced all allergic symptoms, suggesting that
obesity associated with hyperglycemia is a triggering factor for
allergy aggravation.

To explore our hypothesis that obesity in conjunction with
hyperglycemia could be linked with intestinal inflammation
and allergy occurrence, also in humans, we evaluated biomark-
ers of gut physiology and measured serum IgE levels in a cohort
of obese individuals, categorized as either obese or obese with
T2D. Our results demonstrated higher levels of IgE in obese indi-
viduals with T2D. This finding confirms our previous hypothesis
and suggests a potential association between obesity and
increased susceptibility to allergies. Increased serum IgE has
been reported in nonallergic diseases in obese humans*' and
previous studies have shown a positive correlation between
obesity, allergic symptoms, and high serum IgE levels in children
and adults>***%, In addition, a study conducted with 8,856
adults in China showed that prediabetic individuals had a posi-
tive correlation between high levels of fasting glucose and IgE*%.

We also investigated the expression of genes associated with
intestinal homeostasis in jejunal biopsies, and the results
showed a negative correlation between hyperglycemia and
the expression of genes responsible for maintaining gut home-
ostasis. Specifically, the mRNA expression of IL-10, IL-22, Foxp3,
and claudin was reduced in obese individuals with T2D com-
pared to obese individuals without T2D. IL-22 is associated with
intestinal barrier integrity, regulates lipid and glucose metabo-
lism, and contributes to mucosal immunity in diabetic mice®.
Tight junction proteins such as claudin 2 are essential for the
control of intestinal permeability’°. The downregulation of the
expression of these genes in obese humans suggests changes
in intestinal homeostasis with a possible impact on tolerance
development and homeostasis of the intestinal immune
response. The genes for the cytokines IL-33 and IL-5 also had
higher expression in the jejunum of obese patients with T2D.
Both cytokines are associated with allergic diseases such as
asthma and food allergy. IL-33 is produced by intestinal epithe-
lial cells upon damage, acting as an alarmin®'. IL-5 induces the
differentiation and growth of eosinophils at sites of
inflammation®?.
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In humans, the presence of metabolic syndrome is associated
with an increased risk for intestinal infections with severe inflam-
mation>® and a disruption in the regulatory mechanisms respon-
sible for gut homeostasis®*°>. Hyperglycemia is associated with
increased intestinal permeability favoring the contact of dietary
and microbiota antigens with immune cells”**°, Inflammatory
consequences such as oral tolerance breakdown and food
allergy development may follow it. Rohmann et al.’” showed
that in the obese population, type | and type IV allergies have
a higher prevalence, as indicated by an impaired immune
response differentially regulated by an unfavorable lifestyle,
microbiota, and metabolic dysfunctions.

One limitation of the human study was the absence of a
eutrophic group, as the sample only included obese individuals.
However, this does not impact the quality of the study. The
results are consistent and show similarities between the findings
in mice and humans, suggesting that obesity associated with
hyperglycemia may increase susceptibility to allergy by disrupt-
ing gut tolerance.

Therefore, maintaining normal glycemia is a critical metabolic
component that supports gut health and oral tolerance induc-
tion, preventing gut inflammation and allergic diseases. In con-
trast, hyperglycemia may act as a mechanistic link for various
seemingly unrelated inflammatory bowel diseases and allergies
associated with obesity®®>°,

CONCLUSION

Our study demonstrated that diet-induced obesity and hyper-
glycemia can disrupt intestinal homeostasis by increasing gut
permeability, impairing regulatory T-cell development and oral
tolerance induction, and increasing susceptibility to food allergy.
Furthermore, our findings show that obese individuals with type
2 diabetes have increased IgE production, suggesting that
hyperglycemia may serve as a link between obesity and allergic
diseases.

METHODS

Mice and dietetic treatment

Four-week-old male C57BL/6 mice (average initial weight 20 g)
were maintained in the animal care facility of Universidade Fed-
eral de Minas Gerais (UFMG) under specific pathogen-free condi-
tions. All mice were housed and had free access to filtered water
and food throughout the experiments according to the experi-
mental protocol approved by the Ethics Committee on Animal
Care and Use (CEUA-UFMG, Brazil, protocol 335/2017) of UFMG.
Groups: CTL — lean control mice that received AIN93G diet; HSB —
mice that received HSB diet and became obese; MET — obese
mice treated with metformin before oral tolerance induction
and immunization; STZ — mice that received streptozotocin
(non-obese hyperglycemia model).

Hight sugar and butter diet (HSB)

Mice received during all experimental protocols either the
AIN93G”® diet as a control diet or a hypercaloric diet, HSB, con-
taining high amounts of sugar and butter, according to a previ-
ously published study®?.

Measurement of body weight and metabolic parameters

All mice were weighed once a week throughout the experimen-
tal period. After 5 and 13 weeks, fasting blood glucose was mea-
sured using a capillary glycosometer (Accu—Chek Active, Roche,
Basel, Switzerland). For the glucose tolerance test, fasted mice
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received 2 g of glucose per kg body weight. Blood was collected
from the tail vein, and glucose was measured in mg/dL with a
glucometer and strips (Accu—Chek Active, Roche, Basel, Switzer-
land) 15, 30, 60, and 90 min thereafter.

Gut permeability evaluation

Gut permeability assay was performed after intragastric gavage
of 0.1 mL of diethylenetriamine penta-acetic acid labeled with
99 m-technetium (99mTc). After 4 hours, the radioactivity diffu-
sion was measured in the blood using an automated gamma
counter (Perkin Elmer. Wallac Wizard 1470-020 Gamma Counter;
PerkinElmer Inc., Waltham, MA, USA). The obtained results were
compared with the standard dose and calculated as a percent-
age of the dose per gram of blood using the following equation:
%dose/g blood= (cpm of blood/cpm dose of standard) x 100;
where cpm represents the counts of radioactivity per minute®.

Enzyme-linked immunosorbent assay (ELISA)

ELISA determined anti-OVA IgG1 serum antibody according to
antibody manufacture protocol, and the anti-OVA-IgG1 (South-
ern Biotechnology, Birmingham, AL, USA) titer was calculated
as described previously'®. Secreted IgA (sigA) was measured in
the feces. The feces were collected and diluted at 100 mg/ml
in phosphate-buffered saline (PBS), then centrifuged for 20 min-
utes, 4000 RPM, at 4 °C. The sIgA concentration was measured in
Nunc Maxi Sorp 96-well ELISA plate coated overnight with puri-
fied anti-mouse IgA mAb UNLB (1:10000) (Southern Biotechnol-
ogy, Birmingham, AL, USA) diluted in sodium carbonate buffer,
pH 9.6, at 4 °C. Plates were washed with PBS containing 0.05%
Tween 20 and blocked for 1 hour at room temperature with
PBS containing 0.25% casein. Plates were incubated for 1 hour
at room temperature with samples. Then, HRP anti-lgA mAb
(Southern Biotechnology, Birmingham, AL, USA); 0.5 mg/ml)
was added, and plates were incubated for 1 hour at 37 °C. The
reaction was developed at room temperature with 100 pl/well
of 2,2’- azino-bis (3-ethylbenzthiazoline-6-sulfonic acid [ABTS,
Sigma-Aldrich, Sdo Paulo, SP, Brazil) and H,0, substrate in
sodium citrate buffer. The reaction was interrupted with the
addition of 20 pl/ well of SDS1%. Absorbance was measured
by an ELISA reader (Bio-Rad Model 450 Microplate Reader, Her-
cules, CA, USA) at 405 nm. Matched antibody pairs were used for
measuring TGF-(, IL-10, IFN-y, and TNF-a by ELISA (DuoSets, R&D
Systems, Minneapolis, MN, USA) using each specific standard
according to the manufacturer’s protocol.

Analysis of IgA-coated bacteria

Feces from the colon were collected and transferred to a plastic
tube, where they were diluted in sterile PBS (100 mg/ml). Homo-
genates were centrifuged for 20 minutes, 400 g, at 4 °C. Super-
natants were collected, filtered through a 70 um cell strainer,
diluted (1:1000) in PBS, and centrifuged at 8000 g to precipitate
bacteria. Pellets obtained were incubated with and without FITC-
labeled goat F(ab)2 anti-mouse IgA for 20 min. Samples were
analyzed by flow cytometry (BD FACSCanTM).

Cell culture preparation

mLN and spleen were removed, and cell suspensions were pre-
pared using a tissue homogenizer and centrifuged. Spleen red
cells were lysed, and the suspension was centrifuged to isolate
leukocytes. Isolated cells were cultured at 5 x 10° cells/ml in
RPMI 1640 medium (Life Technologies, Carlsbad, CA, USA)
enriched with 2 nM L-glutamine, 50 mM 2-mercaptoethanol,
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100 U/ml penicillin, 1T mM sodium pyruvate, 0.1 mM non-
essential amino acids, 25 mM HEPES, and 10% inactivated fetal
bovine serum (FBS) (Cold Lab, Campinas, SP, Brazil) and stimu-
lated with OVA (10 pg/ml) for cytokine secretion analyses. Super-
natants were collected after 72 hours to measure TNF- q, IFN- vy,
and TGF-B cytokines by ELISA.

Flow cytometry analysis

CD4 T lymphocytes, dendritic cells (DCs), ILCs, and IEL extracted
from either mLN, lamina propria, or spleen were evaluated by
flow cytometry. Cells were incubated in polystyrene tubes with
anti-CD16/CD32 mAb to block Fc RII/Ill receptors and stained
on ice for 30 minutes and for more than 30 minutes at 4 °C with
live/dead reaction. Then, cells were washed and incubated with
20-30 pl of a fluorochrome-labeled antibody mix for 40 minutes
at 4 °C to stain for cell surface molecules. For intracellular label-
ing of Foxp3, GATA3, RORyt, and T-bet transcription factors, a
commercial fixation/permeabilization kit (e-Bioscience, San
Diego, CA, USA) was used and samples were incubated for
another 30 minutes with fluorochrome-labeled antibodies. After
washing with PBS- BSA (0.5% BSA), samples were acquired at
either FACSCanto Il or FACSFortessa (BD Biosciences, San Jose
CA, USA) coupled to computers with Diva software for flow
cytometry analysis. Populations of interest were delimited by
size and granularity (Forward Scatter x Side Scatter), and
50.000 or 100.000 events were acquired for subsequent analysis
using FlowJo software.

Fluorescent-dye-conjugated monoclonal antibodies (mAbs)
were anti-mouse CD8a, 60-0081-U100, Pe-Cy7 (53-6.7); anti-
mouse CD45 103108, FITC (30- F11); anti-mouse CD8b, 37 48-
0083-80, Efluor 450 (eBioH35-17.2); anti-mouse TCR 3, 109227,
PerCP-Cy 5.5 (H57-597); LIVE/DeadTM Fixable Aqua Stain Kit,
L34957; anti-mouse CD4, 17-0041-82, APC (GK1.5); anti-CD45,
25-0451-82, PE/Cy 7 (30-F11); anti-Foxp3, 12-5773-82, Pe (FJK-
16s); anti-mouse CD3, 555276, PE-cy5 (17A2), anti-T-bet,
561267, alexa Fluor 647 (04-68); CD11c, 117322, pacific blue
(N414); anti-mouse Roryt, 562697, PE (Q13-378); anti-mouse
GATA3, 560405, Pe Cy 7 (L50-823); anti-Foxp3, 560403, alexa
fluor 488 (MF23); Streptavidin, 562284, PE-CF594; anti-Ly6G,
560403, BV 605 (1A8-ly6qg); anti-Ly6C, 560525, Percp5.5(AL-21);
anti-F4/80, 123114,PeCy7 (BM8); anti-TCR, 109222, PeCy7 (H57-
597; anti-CD3, 100218, Percp5.5 (17A2); anti-CD19, 553784, BIO-
TIN (123); anti-CD11¢c, 561241, APC-cy7 (HL3); anti-CD11b,
553310; anti-CD11b, 553312 (M1/70); CD103, 557494, FITC
(M290); anti-TCR, 109222, PeCy7 (H57-597); anti-CD3, 100218,
Percp5.5 (17A2); anti-CD19, 553784, BIOTIN (123); anti-CD11c,
561241, APC-cy7 (HL3); anti-CD11b, 553312 (M1/70) APC;
CD103, 557494, FITC (M290); anti-CD45, 25-0451-82, PE/Cy7;
anti-mouse CD127, 48-1271-80, eFluor 450; anti-mouse T-bet
644813, APC; CD19, 15-0193-82, PerCP-Cy5.5 and rat anti-
mouse CD11b, 550993, PerCP-Cy 5.5.

Oral tolerance induction

Crystallized egg OVA grade V (Sigma-Aldrich, St. Louis, MO, USA)
was used as antigen. Oral tolerance was induced by single intra-
gastric administration (gavage) with 10 mg OVA in 0.2 ml saline
using a round-tip 18-gauge stainless animal feeding needle
(Thomas Scientific, Swedesboro, NJ, USA). Control mice received
only saline by gavage. Seven days after oral treatment, all mice
were injected i.p. with 10 pg OVA in 1 mg of Al(OH)3 (Aluminum
Hydroxide, Hortolandia, SP, Brazil) as an adjuvant. A booster with
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10 pg OVA in saline was given i.p. 14 days after the first immu-
nization, and 7 days later, mice were euthanized for analysis.

Food allergy induction

Food allergy to OVA was induced using a protocol previously
described by SALDANHA 44. Mice were immunized intraperi-
toneally with 10 ug OVA in 1 mg Al(OH)3 (Aluminum Hydroxide,
Hortolandia, SP, Brazil) in 0.2 ml saline. A booster with 10 ug OVA
in 0.2 ml saline was given after 14 days, and 7 days after the
immunization, water bottles used in the cages were replaced
by bottles containing a 20% OVA solution for 7 consecutive days.
Mice weight and OVA intake were measured daily.

Active cutaneous anaphylaxis assay

Mice were sensitized to OVA and challenged with egg white
solution in their drinking bottle for 7 days. The animals received
an intradermal injection (i.d) on the back-containing OVA (20 ug)
or PBS, followed by an intravenous at the tail of Evans Blue dye
(1 mg/ml). After 30 minutes, the mice were euthanized, and the
skin was removed for visualization®'.

Quantitative reverse transcription-polymerase chain
reaction

RNAs from human jejunal biopsies were prepared using RNeasy
Tissue kit (Qiagen, Germantown MD, USA), and cDNAs were syn-
thesized using SuperScript Il and random hexamers (Promega,
Madison, WI, USA). Quantitative polymerase chain reaction with
SybrGreen was performed, and relative quantification of each
transcript compared to the medium of 18s and GAPDH (glycer-
aldehyde 3-phosphate dehydrogenase)was determined using
the 2A(-Delta Delta Ct) method78. All primer sequences are
available in the supplementary Table.

Isolation of fecal content and microbiota DNA from feces
Fecal DNA was extracted from fresh mouse fecal samples using
the QlAamp DNA Stool Mini Kit (QIAGEN, Hilden, Germany). DNA
sequencing of microbiota was performed in the DNA purified
from feces was amplified at the V3-V4 hypervariable region of
RNA ribosomal 16S and sequenced using the lllumina-MiSeq
platform (lllumina, San Diego, CA), which provided single-end
reads with 150 nt in length. Downstream analysis was performed
by running the QIIME (Quantitative Insights into Microbial Ecol-
ogy) pipeline. Briefly, sequence reads that presented Phred qual-
ity score smaller than 20 were removed. We normalize each
library relative to the smaller sample, choosing randomly until
it matches its total number of readings. Afterward, representa-
tive sequences were grouped by Uclust into Operational Taxo-
nomic Units by 97% similarity and taxonomy assigned with
Pynast against the Green genes database. The microbiome pro-
file of mice samples was assessed through relative expression of
Filo and Family.

Human subjects

Jejunum biopsy samples were obtained from 60 subjects with
severe obesity who met the recruitment criteria for bariatric sur-
gery 79. As part of usual patient care, the BARICAN cohort is
recruited and followed up at the Pitié-Salpétriere Hospital Nutri-
tion Department (Paris, France). In agreement with ethical regu-
lation, patients provided informed consent and are part of
several studies registered on https://clinicaltrials.gov (P050318
Les Comités de Protection des Personnes (CPP) approval: 24
November 2006, NCT01655017, NCT01454232)78. This cohort
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also got approval by CNIL (Commission Nationale de I'Informa-
tique et des Libertés; No. 1222666) and the French Ministry of
Research. All patients met standard bariatric surgery indications
and are monitored according to national and international
guidelines. Patients were not involved in this work’s design, con-
duct, reporting, or dissemination plans. Before bariatric surgery,
height and weight were measured by standard procedures.
Blood samples were collected after 12 hours of overnight fasting
79. The clinical data of these individuals are described in S1.
Insulin resistance was estimated by calculating HOMA-IR as (glu-
cose [nmol/I]*insulin [mU/ml]/22.5) using fasting values80. T2D
was diagnosed in accordance with American Diabetes Associa-
tion (ADA)definition®%. Serum samples were collected at the fast-
ing state for IgE evaluation. After clinical and biological
evaluation, patients were all operated on in the visceral surgery
department of Pitié-Salpétriere hospital in Paris.

Detection of serum IgE levels
Human serum IgE levels were measured by ELISA according to
the manufacturer's protocol (IgE ELISA kits; cat. no. BMS2097).

Statistical analysis

Statistical analysis was performed using GraphPad Prism soft-
ware version 6.0 (La Jolla, CA). Differences between control lean
and HSB obese at matching ages were analyzed by Student’s t
test when there were two groups or analysis of variance and
Tukey's test for the experiments with more than two groups. A
p value of less than 0.05 was considered significant. Human sam-
ple analyses were performed with the Kruskal-Wallis test. A Pear-
son correlation was performed to identify correlation between
mice gut permeability and fasting blood glucose levels. Spear-
man’s correlation graphs were used to assess the association
between human numerical variables to try to estimate the
strength of this relationship. In correlated data, a change in
the magnitude of variables associated with a change in the mag-
nitude of another variable, either in the same direction (positive
correlation) Correlation coefficients range from 0 to +1, where 0
indicates no association, while the correlation becomes more
positive as it approaches +1. To ensure a definitive conclusion
regarding the strength of the relationship between the variables,
we did not calculate a confidence interval. Instead, we evaluated
only one correlation based on the intensity of the blue color in
the present study.
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