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A B S T R A C T   

Mycotoxins are secondary metabolites produced by fungi occurring in food that are toxic to animals and humans. 
Early-life mycotoxins exposure has been linked to diverse pathologies. However, how maternal exposure to 
mycotoxins impacts on the intestinal barrier function of progeny has not been explored. Here, exposure of 
pregnant and lactating C57Bl/6J female mice to aflatoxin B1 (AFB1; 400 μg/kg body weight/day; 3 times a week) 
in gelatine pellets, from embryonic day (E)11.5 until weaning (postnatal day 21), led to gut immunological 
changes in progeny. The results showed an overall increase of lymphocyte number in intestine, a reduction of 
expression of epithelial genes related to microbial defence, as well as a decrease in cytokine production by in-
testinal type 2 innate lymphoid cells (ILC2). While susceptibility to chemically induced colitis was not worsened, 
immune alterations were associated with changes in gut microbiota and with a higher vulnerability to infection 
by the protozoan Eimeria vermiformis at early-life. Together these results show that maternal dietary exposure to 
AFB1 can dampen intestinal barrier homeostasis in offspring decreasing their capability to tackle intestinal 
pathogens. These data provide insights to understand AFB1 potential harmfulness in early-life health in the 
context of intestinal infections.   

1. Introduction 

Lifetime between conception and breastfeeding encloses the most 
critical period of development and lays the foundation of future in-
dividual’s health (Godfrey et al., 2010). The intestinal mucosa, a body 
surface separating the core of the organism from the external world, 
undergoes critical developmental processes, including concomitantly 
establishment of the intestinal immune system and microbiota (De 
Agüero et al., 2016; Stras et al., 2019; Torow et al., 2016). Exposure to 
harmful compounds present in foods, as mycotoxins, during early-life 
may potentially lead to intestinal immune developmental alterations 
and increase susceptibility to disease. 

Mycotoxins are natural fungal secondary metabolites that contami-
nate food commodities (Al-Jaal et al., 2019; Boevre et al., 2015; Gong 
et al., 2016; Kachapulula et al., 2017; Magan and Olsen, 2004) and can 
have significant impact on health, including adverse pregnancy out-
comes, foetal growth impairment and developmental defects (Alvito & 
Pereira-Da-silva, 2022; Assunção et al., 2016, 2019; Bryden, 2007; 
Guerre, 2020; S. H. Park et al., 2015; Payros et al., 2016; Shuaib et al., 
2010). Poor agricultural practices and improper storage conditions are 
suitable for mycotoxin formation (Al-Jaal et al., 2019; Gong et al., 2016; 
Kachapulula et al., 2017). Mycotoxicosis occurrences have been recor-
ded four times in Kenya from 2004 to 2014, with near to 211 deaths 
(Awuor et al., 2017) and additional outbreaks are foreseen. Despite legal 
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limits and governmental health control strategies to restraint exposure, 
mycotoxins are expected to be a growing food safety issue in the 
forthcoming years due to climate change (Battilani et al., 2016; Duch-
enne-Moutien and Neetoo, 2021), raising the risk for vulnerable groups, 
such as women and children (Andrews-Trevino et al., 2020; Assunção 
et al., 2018; T. Chen et al., 2022; Martins et al., 2018; Raiola et al., 2015; 
Tesfamariam et al., 2022). 

One of the most hazardous mycotoxins is aflatoxin B1 (AFB1), which 
can be present in a variety of cereals, legumes and oilseeds (Alshannaq 
and Yu, 2017; Buszewska-Forajta, 2020; Eskola et al., 2020; Jallow 
et al., 2021) and has been classified as Group 1 by the International 
Agency for Research on Cancer (IARC Working Group on the Evaluation 
of Carcinogenic Risks to Humans, 2012) (IARC Working Group on the 
Evaluation of Carcinogenic Risks to Humans, 2012). 

After ingestion, AFB1 is quickly absorbed in the gastrointestinal tract 
(Hernández and E, 1996) being mainly metabolized in the liver to toxic 
compounds and reaching several internal organs (Al-Jaal et al., 2019; L. 
Wang et al., 2022). In pregnant females, AFB1 metabolites can cross the 
placental barrier (El-Nahla et al., 2013; Partanen et al., 2009; Wangikar 
and Dwivedi, 2005) and the AFB1 metabolite, AFM1, has been detected 
in breast milk (Hsieh et al., 1993; Jafari et al., 2017; Lamplugh et al., 
1988). The detection of AFB1-lysine adducts in cord blood have 
demonstrated that the foetus have the capacity to convert aflatoxin into 
toxicologically active compounds and their detection in the infant 
children illustrates exposure over the first 1000 days of life (Groopman 
et al., 2014), raising serious health risk to young individuals. AFB1 
exposure during early-life leads to adverse birth outcomes and postnatal 
growth problems, including immune consequences (Alvito & 
Pereira-Da-silva, 2022; Augusto et al., 2021; Lauer et al., 2019; Tesfa-
mariam et al., 2022). 

Besides recognized as a hepatocarcinogen (Wogan, 1973), AFB1 has 
well documented immune system modulation properties (Rushing and 
Selim, 2019). Ingestion of AFB1-contaminated feeds increases suscepti-
bility to infection (Joens et al., 1981; Venturini et al., 1996) and de-
creases protection conferred by vaccination (G. M. Meissonnier et al., 
2008; Venturini et al., 1990). AFB1 reduces cell-mediated immunity 
(Ghosh et al., 1991; G. Meissonnier et al., 2006); leads to reduced T cell 
responses (Scott et al., 1991); inhibits lymphocyte blastogenesis (G. M. 
Meissonnier et al., 2008); lymphocyte number alteration (Bondy and 
Pestka, 2000; He et al., 2014; He et al., 2014); and alters leukocyte ac-
tivity and cytokine expression (Jiang et al., 2015; Methenitou et al., 
2001; Silvotti et al., 1997). In addition, alterations in gut microbiota 
upon adulthood AFB1 exposure have also been observed (Grosu et al., 
2019; Ishikawa et al., 2017). 

Accordingly, AFB1 exposure during embryonic development or 
perinatal period can also negatively affect the immune system. Zebrafish 
embryos exposed to AFB1 displayed increased neutrophil number and 
upregulation of inflammatory gene expression (Ivanovics et al., 2021). 
Direct administration of AFB1 into chick embryos caused cytotoxicity in 
B and T lymphocytes (Dietert et al., 1983; Potchinsky and Bloom, 1993) 
and decreased cell-mediated immunity (Dietert et al., 1985; Neldo-
n-Ortiz and Qureshi, 1992). Also exposure of broiler breeder hens to 
AFB1-containing dietary resulted in suppression of humoral and lower 
macrophage activity in progeny (Qureshi et al., 1998). Some studies, 
show thymic defects and impairment of peripheral immune efficiency on 
weanling mammals directly treated with AFB1 (Harvey et al., 1988; 
Panangala et al., 1986; Raisuddin et al., 1990; Reddy et al., 1987) or 
from mothers that were fed with AFB1-containing diets (Mocchegiani 
et al., 1998; Silvotti et al., 1997). However, how maternal AFB1 expo-
sure during gestation and lactation impacts on intestinal immune system 
of the progeny remains largely unexplored. 

The small intestine allows absorption of nutrients from food, while 
comprising a sophisticated immune system, which protects the core of 
the body from external assaults. Intestinal immune system development 
initiates in utero and continues during postnatal period concomitantly 
with microbiota formation (De Agüero et al., 2016; Stras et al., 2019; 

Torow et al., 2016). Despite their developmentally regulated genetic 
program, immune cells are shaped by environmental cues (M. Ferreira 
and Veiga-Fernandes, 2014; Goverse et al., 2016; Van De Pavert et al., 
2014; Xu et al., 2015). Recently, we showed that prenatal and post-natal 
dietary micronutrient levels control immune system development, 
including intestinal lymphoid organ formation, and pre-sets offspring 
long term immunity (Goverse et al., 2016; Van De Pavert et al., 2014). 
Altogether, these evidences suggest that maternal dietary AFB1-expo-
sure may impact the development of the gut immune system and 
microbiota of the progeny. 

In this study, we analysed intestinal lymphoid organs, immune cell 
populations, and the microbiota of offspring mice from mothers that 
were fed with AFB1-containing diet during pregnancy and breastfeeding 
period. The progeny of these females revealed alterations of intestinal 
lymphocyte subsets, as well as changes in epithelia and microbiota 
composition upon maternal AFB1 exposure. In this context, the predis-
position to intestinal inflammation and infection was investigated in 
order to assess the mucosal barrier function in AFB1-exposed offspring. 
This study provides insights on how AFB1 exposure during early-life 
impacts intestinal immune development and infectious disease 
susceptibility. 

2. Materials and methods 

2.1. Mice 

C57BL/6J mice were bought from The Jackson Laboratory. Mice 
were used at 8–14 weeks old. Males and females were bred at Cham-
palimaud Foundation (FC) animal facility under specific pathogen-free 
conditions, maintained at 22 ◦C, with a 40% relative humidity, and a 
12-h light/dark cycle. Standard rodent chow and filtered water were 
available ad libitum. All animal experiments were approved by national 
and local Animal Welfare Body (AWB), respectively, Direção Geral de 
Veterinária and FC ethical committees. 

2.2. Aflatoxin B1 and experiment design 

Standard Aflatoxin B1 (AFB1; CAS Number: 1162-65-8) from Asper-
gillus flavus (purity >98%) was obtained from Sigma (St. Louis, MO) and 
a stock solution was prepared in acetonitrile at 5 mg/mL. For the ex-
periments, males and females C57BL/6J were mated overnight and the 
day of vaginal plug detection was marked as embryonic day (E) 0.5. The 
weight of females was monitored at E11.5 to confirm pregnancy. Preg-
nant females were randomly assigned to 2 groups of at least 3 animals 
per group and treated 3 days a week with gelatine pellets containing 5 μg 
of AFB1 (per animal per day) - dose designed “200 μg/kg body weight” of 
the animal; 9.2–12 μg of AFB1 (per animal per day) – dose designed 
“400 μg/kg body weight” of the animal; or vehicle (dimethyl sulfoxide 
(DMSO; Figs. 1–5) or acetonitrile (50 μg/mL; Figs. 6 and 7). Pregnant 
females were treated since the embryonic day (E) 11.5 until weaning of 
the progeny. At least 2 independent experiments were performed for 
each result presented at 3. Section. The AFB1 dose (9.2–12 μg per animal 
per day) was selected based on the chronic AFB1 treatments used in 
other studies involving animals (Fetaih et al., 2014; Ishikawa et al., 
2017; Jha et al., 2013), and the median lethal dose (LD50) value for 
male mice (ranging from 9 to 60 mg of AFB1/kg body weight) (Almeida 
et al., 1996). The consumption of foodstuffs commonly contaminated 
with AFB1 and the range of AFB1 levels commonly found in foodstuffs 
consumed daily by the human population, especially in developing 
countries (Filazi and Sireli, 2013; Kamika and Takoy, 2011; Williams 
et al., 2004) were taken into consideration. Also, aflatoxicosis cases were 
reported occurring at similar or higher consumption of AFB1 (Azziz--
Baumgartner et al., 2005; Williams et al., 2004). 
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2.3. Cell isolation 

Isolation of small intestine lamina propria cells was as previously 
described (Qiu and Sheridan, 2018). In brief, intestines were thoroughly 
rinsed with cold PBS (1X), Peyer’s patches were removed from the small 
intestine, and intestines were cut into 1 cm pieces and shaken twice for 
15 min in HBSS containing 5% FBS, 10 mM Hepes, and 1 mM DTT. 
Epithelial cells were collected by incubating intestinal pieces in 
pre-warmed EDTA 5 mM solution for 15 min in the shaker at 180–200 
rpm. After washing with HBSS with calcium and magnesium, the 
remaining intestinal pieces were digested in RPMI plus Liberase 50 
μg/ml and DNaseI 100 μg/ml. Lamina propria leukocytes were purified 

by centrifugation for 25 min at 1200 g in a 40/80 Percoll (GE Health-
care) gradient. 

2.4. Flow cytometry analysis and cell sorting 

Cells suspensions were incubated with FcγR before antibody stain-
ing. For cytokine analysis ex vivo, cells were incubated with PMA 
(phorbol 12-myristate 13-acetate; 50 ng/ml) and ionomycin (500 ng/ 
ml) (Sigma-Aldrich) in the presence of brefeldin A (eBioscience) for 4 h 
before intracellular staining. Intracellular staining for cytokines and 
transcription factors analysis was performed using IC fixation and 
Staining Buffer Set (eBioscience). Cell sorting was performed using 

Fig. 1. Mesenteric lymph nodes and Peyer’s patches of maternal AFB1-exposed offspring. a. Schematic representation of mesenteric lymph node (mLN) 
analysis procedure. c-d. Frequency (c) and absolute number (d) of leukocytes in the mLN. Vehicle, n = 14; AFB1, n = 11. e. Schematic representation of Peyer’s 
patches (PP) analysis procedure. f. Number of PP per intestine. Vehicle and AFB1, n = 30. g-h. Frequency (g) and absolute number (h) of leukocytes in PP. Vehicle, n 
= 14; AFB1, n = 11. Data represent summary of at least 2 independent experiments (c-d, f) and 2 independent analyses (g-h). Each experiment includes at least 2 
litters per condition (vehicle or AFB1). With the exception of b., each symbol is an individual mouse, n represents individual animals. Bars depict mean, error bars 
represent ± s.e.m. For statistical analysis, a two-tailed Mann–Whitney U test was used. ns, not significant. 
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FACSFusion (BD Biosciences). Sorted populations were >95% pure. 
Flow cytometry analysis was performed on LSRFortessa X-20 (BD Bio-
sciences). Data was analysed using FlowJo 10.5.0 software (Tree Star). 
LIVE/DEAD Fixable Aqua Dead Cell Stain Kit (Invitrogen) was used in all 
samples to exclude dead cells. Cell populations were gated in live cells, 

both for sorting and flow cytometry analysis. Absolute numbers of leu-
kocytes populations were quantified using Perfect Count Microspheres 
(Cytognos). 

Fig. 2. Maternal AFB1 exposure leads to increase of the number of adaptive lymphocytes in the lamina propria and epithelial compartment. a. Schematic 
representation of intraepithelial lymphocyte (IEL) compartment analysis procedure. b-c. Frequency (b) and absolute number (c) of IEL subsets. Vehicle, n = 18; AFB1, 
n = 16. Mother females were treated with AFB1 200 μg/kg body weight of the animal. d. Schematic representation of lamina propria (LP) compartment analysis 
procedure. e-f. Frequency (e) and absolute number (f) of LP leukocytes subsets. Vehicle and AFB1, n = 20 to 36. Mother females were treated with AFB1 400 μg/kg 
body weight. Data represent summary of 3 independent experiments (e-f) and 3 independent analyses (b-c). Each experiment includes 3 to 6 litters per condition 
(vehicle or AFB1). Each symbol is an individual mouse, n represents individual animals. Bars depict mean, error bars represent ± s.e.m. For statistical analysis, a two- 
tailed Mann–Whitney U test was used. *P < 0.05; **P < 0.01; ns, not significant. 
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Fig. 3. Maternal AFB1 exposure decreases cytokine production by ILC2 subsets. a. Representative flow cytometry plots showing gate strategy to identify innate 
lymphoid cell (ILC) groups 1, 2 and 3 using cell surface markers. Mother females were treated with AFB1 400 μg/kg body weight. b-c. Frequency (b) and absolute 
number (c) of indicated ILC subsets. Vehicle and AFB1, n = 36. d. Representative flow cytometry plots showing gate strategy to identify cytokine-expressing ILC3 
subsets. e-f. Frequency (e) and absolute number (f) of indicated ILC3 subsets. Vehicle, n = 31 to 36; AFB1, n = 30 to 35. g. Representative flow cytometry plots 
showing gate strategy to identify cytokine-expressing ILC2 subsets. h-j. Frequency (h), absolute number (i) and median fluorescence intensity (MFI) of indicated 
cytokine gated in total ILC2 subset. Vehicle and AFB1, n = 32 to 36. Data represents summary of 3 independent experiments, which include 8 litters per condition of 
vehicle or AFB1. Bars depict mean, each symbol is an individual mouse, error bars represent ± s.e.m. For statistical analysis, a two-tailed Mann–Whitney U test was 
used. *P < 0.05; **P < 0.01; ns, not significant. 
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2.5. Leukocyte populations 

During flow cytometry analysis, cell populations were defined as: B 
cells were defined as: CD19+MHCII+; T cells: TCRαβ+ or TCRγδ+ cells; 
DC cells: CD11c+MHCII+; Macrophages: CD64+CD11b+; ILC2: 
CD45+Lin− Thy1.2+KLRG1+Sca-1+CD25+; ILC3: CD45+Lin− Thy1.2high. 
The lineage (Lin) cocktail included CD3ϵ, CD8α, CD19, CD11c, CD11b, 
Ter119, Gr1, TCRβ, TCRγδ and NK1.1. Flow cytometry gate strategy to 
define leukocyte populations is displayed in Figs. 1 and 3. 

2.6. Antibody list 

Cell suspensions were stained with (all antibodies were purchased 
from Biolegend unless otherwise indicated): anti-CD45 (30-F11, FITC); 
anti-CD45 (30-F11, AF-700, Invitrogen); anti-CD11c (N418); anti- 
CD11b (Mi/70); anti-CD8α (53-6.7); anti-CD19 (6D5); anti-NK1.1 
(PK136); anti-CD3ϵ (145-2C11); anti-TER119 (TER-119); anti-Gr1 
(RB6-8C5); anti-CD4 (RM4-5, GK1.5); anti-CD25 (PC61.5, Invitrogen); 
anti-CD90.2 (53-2.1); anti-TCRβ (H57-597); anti-TCRγδ (GL3); anti- 

KLRG1 (2F1/KLRG1); anti-Ly-6A/E (Sca1, D7); anti-IL-17 (TC11- 
18H10.1); anti-IL-22 (1H8PWSR, eBioscience); anti-IL-5 (TRFK5, BD 
Biosciences); antil-IL-13 (eBio13A, Invitrogen); anti-Amphiregulin 
(polyclonal, R&D) anti-CD64 (X54-5/7.1); anti-MHCII (M5/114.15.2, 
eBioscience); anti-CD31 (390); anti-EpCam (G8.8); anti-GMCSF (MP1- 
22E9); anti-IFNg (XMG1.2, Biolegend); anti-streptavidin fluorochrome 
conjugates from Biolegend; anti-CD16/CD32 (93, BD Pharmingen). 
LIVE/DEAD Fixable Aqua Dead Cell Stain Kit was purchased from 
Invitrogen. 

2.7. Quantitative reverse transcription PCR 

RNA from sorted epithelial cells was extracted using RNeasy micro 
kit (Qiagen) according to the manufacturer’s protocol. Small intestine 
was collected and snap-frozen in liquid nitrogen. Tissues were lysed 
using RLT Plus Lysis and buffer Reagent Dx (0,5% v/v). Stainless spheres 
with 3 mm diameter were used in the TissueLyser II (30 Hz for 2 min). 
Lysates were centrifuged at full speed 3 min at 4 ◦C. Supernatants were 
collected to isolate RNA. RNA concentration was determined using the 

Fig. 4. Maternal AFB1 exposed offspring display intestinal downregulation of microbial-related gene expression. a. Schematic representation of epithelial- 
expressed genes relevant for intestinal mucosal. Mother females were treated with AFB1 400 μg/kg body weight. b. Relative expression of indicated genes were 
determined by RT-PCR in intestinal epithelial cells purified by flow cytometry cell sorting from duodenum and ileum intestinal portions. Specific transcript levels 
were determined relative to Gapdh and Epcam. Vehicle or AFB1 n = 9 to 12. c. Relative expression of indicated genes were determined by RT-PCR in jejunal whole 
tissue. Specific transcript levels were determined relative to Gapdh and Actb mRNA levels. Bars depict mean, each symbol is an individual mouse, error bars represent 
± s.e.m. Vehicle n = 11; AFB1 n = 12; n represents independent animals. Data represents 2 independent experiments. For statistical analysis, a two-tailed Man-
n–Whitney U test was used. *P < 0.05; **P < 0.01; ns, not significant. Cldn1: Claudin 1; Ocln: Occludin; Tjp: Tight Junction Protein 1 or Zonula occludens-1; Cd36: 
CD36 molecule; Ctnnb1: Catenin beta 1; Fut2: Fucosyltransferase 2; Il: interleukin; Muc: mucin; Reg: Regenerating Family Member. 
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Nanodrop Spectrophotometer (Nanodrop Technologies). For TaqMan 
assays (Applied Biosystems) RNA was retro-transcribed using a High- 
Capacity RNA-to-cDNA Kit (Applied Biosystems), followed by a pre- 
amplification PCR using TaqMan PreAmp Master Mix (Applied Bio-
systems). TaqMan Gene Expression Master Mix (Applied Biosystems) 
was used in quantitative reverse transcription PCR (qRT-PCR). qRT-PCR 
analysis was performed using StepOne and QuantStudio 5 Real-Time 
PCR systems (Applied Biosystems). mRNA levels of Gapdh, Actb and/ 
or Epcam genes were used to normalize quantification of specific tran-
script levels of genes of interest. When multiple endogenous controls 

were used, these were treated as a single population and the reference 
value calculated by arithmetic mean of their CT values. The mRNA 
analysis was performed as previously described (Van De Pavert et al., 
2014). In brief, we used the comparative CT method (2− ΔCT), in which 
ΔCT(gene of interest) = CT(gene of interest) − CT(housekeeping refer-
ence value). 

2.8. TaqMan gene expression assays 

TaqMan Gene Expression Assays (Applied Biosystems) were the 

Fig. 5. AFB1 maternal exposure leads to alterations of intestinal microbial communities in offspring. a. Schematic representation of faecal DNA analysis by 
NGS to quantify relative abundance of predominant bacteria in gut. Mother females were treated with AFB1 400 μg/kg body weight. b-d. NGS evaluation of the 
microbial diversity of faecal content from maternal AFB1- or vehicle-exposed offspring. b. Bacterial phylum. c. Genus biodiversity. d. β-diversity analysis. Non-metric 
Multi-dimensional Scaling-NMDS and Bray-Curtis dissimilarity index. Calculated from one independent experiment. e. Species biodiversity. Data is representative of 
2 independent experiments. Vehicle, n = 12; AFB1, n = 19. 
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following: Gapdh Mm99999915_g1; Actb Mm02619580_g1; Epcam 
Mm00493214_m1; Reg3a Mm01181787_m1; Reg3b Mm00440616_g1; 
Reg3g Mm00441127_m1; Muc3 Mm01207064_m1; Muc13 
Mm00495397_m1; Cd36 Mm01307193_g1; Fut2 Mm01205565_m1; Il18 
Mm00434225_m1; Il23 Mm00518984_m1; Il33 Mm00505403_m1; 
Ctnnb1 Mm00483039_m1; Cldn1 Mm00514374_m1; Ocln 
Mm00500912_m1; Tjp Mm00493699_m1. 

2.9. Dextran sodium sulphate-induced colitis 

Dextran Sodium Sulphate (DSS; molecular mass 36′000–50′000 Da; 
MP Biomedicals) was added into drinking water 3% (w/v) for 7 days. 
Body weight was assessed daily. At days 8 and 9 animals were sacrificed, 
the length of the colon was determined and serum, intestine and 
mesenteric lymph node were collected. 

Fig. 6. AFB1 maternal exposed offspring display unaltered susceptibility to inflammatory stimuli. Mice 3- to 4-week-old born to vehicle- or AFB1-exposed 
females were treated with dextran sodium sulphate (DSS) or water for seven days. Before DSS treatment, mother females were treated with AFB1 400 μg/kg body 
weight. a. Body weight changes were determined over the course of DSS treatment. b. Representative photographs of colon. Bar represent 1 cm. c. Colon length of 
distal colon at seven days post-DSS treatment. Vehicle (H2O), n = 19; Vehicle (DSS), n = 28; AFB1 (H2O), n = 18; AFB1 (DSS), n = 22. d. Absolute number of 
mesenteric lymph node (mLN) leukocytes by flow cytometry analysis. Vehicle (H2O), n = 8 to 10; Vehicle (DSS), n = 8 to 16; AFB1 (H2O), n = 8 to 10; AFB1 (DSS), n 
= 8 to 12. e. Lipocalin-2 levels quantified by ELISA in offspring serum. Vehicle (H2O), n = 6; Vehicle (DSS), n = 11; AFB1 (H2O), n = 6; AFB1 (DSS), n = 11. All data 
are combined from 3 independent experiments. n represents individual animals. Bars depict mean, each symbol is an individual mouse, error bars represent ± s.e.m. 
For statistical analysis, a two-tailed Mann–Whitney U test was used. *P < 0.05; **P < 0.01; ***P < 0.001; ns, not significant; AFB1-aflatoxin B1. 
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2.10. Eimeria vermiformis infection 

Animals were infected with E. vermiformis as previously described in 
detail (Figueiredo-Campos et al., 2018). Briefly, oocysts were washed 
three times with deionized water, floated in sodium hypochlorite and 
counted using a Fuchs–Rosenthal chamber. Mice received 500 oocysts of 
E. vermiformis by oral gavage in 100 μl of water. To determine burden of 
infection, animals were individually isolated in beakers for 3–5 min and 
faeces (two to three pellets) were collected. Faeces collection and body 
weight monitorization was performed every 2 or 3 days between 7- and 
18-days post infection. 

2.11. Microbiota assessment by next generation sequencing (NGS) 

Abundance and relative importance of main gut bacterial taxa were 
assessed by NGS using an Illumina Miseq System. Briefly, thirty-nine 
faecal samples from maternal AFB1- and thirty vehicle-exposed pups 
(15-days-old) were diluted in sterile PBS. Bacterial DNA was extracted 
(E.Z.N.A.® Stool DNA Kit, Omega BIO-TEK) and further quantified by 
fluorometry. The V3 and V4 regions of the 16S rRNA gene were 
amplified with primers containing Illumina adapter overhang nucleo-
tide sequences, purified and further reamplified in a limited-cycle PCR 
reaction to add dual indexes (i7 and i5) (Nextera XT Index Kit, Illumina, 
San Diego, CA). After clean up, the final library was validated and the 
amplicons were quantified, normalized and pooled as described else-
where(Caldeira et al., 2021). After sequencing, the denaturated libraries 
fragments were de-multiplexed, quality-filtered and operational taxo-
nomic units (OTUs) determined by clustering reads to 16S reference 
databases (ex: Greengenes and ARB Silva). Indicspecies package allowed 
the identification of differences in gut microbiota patterns of both 
maternal AFB1- and vehicle-exposed animals at the different taxonomic 
ranks. Relative abundance of different bacterial taxa was evaluated 
between maternal AFB1 exposed and unexposed litters. Alfa-diversity 
(α-diversity) index was measured using the Shannon diversity index. 

Beta-diversity (β-diversity) between maternal AFB1 exposed and unex-
posed samples was evaluated using the Bray-Curtis dissimilarity index. 

2.12. ELISA 

For lipocalin-2 quantification in serum, blood was collected by vein 
puncture into Microtainer® blood collection tubes (BD) and serum was 
obtained by centrifugation at 2000g for 10 min. Relative serum lipocalin 
levels were quantified using LEGEND MAX™ Mouse NGAL (Lipocalin-2) 
ELISA Kit (Biolegend) using manufacter’s instructions. 

2.13. Statistics 

Results are shown as mean ± s.e.m. Statistical analysis was per-
formed using GraphPad Prism software (version 6.01). Comparisons 
between two samples were performed using Mann–Whitney U test. For 
multiple comparisons a two-way ANOVA multiple comparisons test was 
used. Results were considered significant at *P < 0.05, **P < 0.01, ***P 
< 0.001. 

3. Results 

3.1. Intestinal secondary lymphoid organs of maternal AFB1-exposed 
offspring 

To investigate the impact of maternal AFB1 exposure on the intesti-
nal immune system of offspring, pregnant females received AFB1 (200 or 
400 μg/kg body weight of the animal) in gelatine pellets 3 times a week 
from the E11.5 until the weaning of the progeny (during their pregnancy 
and breastfeeding). Signs of maternal toxicity were not observed after 
treatment with AFB1. Size litter and pup weight were similar in both 
AFB1 and control groups (Fig. Suppl. 1a-c); and no gross observable 
malformations were detected. This indicates no major disturbance of 
overall development in utero, which is in accordance with the fact that 

Fig. 7. Maternal AFB1 exposure leads to offspring 
more susceptible to intestinal infection. 2.5-week- 
old offspring born to vehicle- or AFB1-exposed females 
were orally infected with 1000 E. vermiformis sporu-
lated oocysts. Before E. vermiformis infection, mother 
females were treated with AFB1 400 μg/kg body 
weight. a. Body weight changes over the course of 
infection until 24 days post infection (dpi). Vehicle, n 
= 11 to 44; AFB1, n = 18–43 b. Number of oocysts 
collected from individual mouse faeces between 7 and 
18 dpi. Vehicle, n = 11 to 43; AFB1, n = 21 to 42. c. 
Survival of maternal AFB1- or vehicle-exposed 
offspring over the infection period. Vehicle, n = 44; 
AFB1, n = 43.n represents independent animals. Data 
represents summary of 2 independent experiments, 
which included 6 independent litters of vehicle or 
AFB1. For statistical analysis, a two-way ANOVA 
multiple comparisons test was used. *P < 0.05; **P <
0.01; not significant, when not indicated.   
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the most sensitive period of embryonic development to AFB1 occurs 
until embryonic day 8.5 (E8.5) (Arora et al., 1981). 

The intestinal immune system comprises secondary lymphoid organs 
(SLOs), namely mesenteric lymph nodes (mLN) and Peyer’s patches 
(PP), that allow resident lymphocytes to encounter antigen-presenting 
cells promoting tissue immune-surveillance and rapid immune re-
sponses. Critical hematopoietic progenitors emerging in foetal liver 
initiate the morphogenesis of SLOs between embryonic day 9.5 (E9.5) 
and 16.5 (E16.5) completing their development as mature lymphoid 
structures during postnatal period (Coles and Veiga-Fernandes, 2013). 

To investigate the impact of maternal AFB1 exposure in the devel-
opment of gut-draining SLO in the offspring, we analysed PP and mLN. 
Macroscopic alterations of mLN were not detected and number of PP 
was similar in vehicle- and AFB1-treated offspring (Fig. 1f). Accordingly, 
flow cytometry analysis of major leukocyte populations (Fig. Suppl. 1c) 
revealed comparable frequency and absolute number of innate and 
adaptive immune cells in mLN and PP of both groups (Fig. 1c and d; g-h). 
These results indicate that under these particular conditions of exposure, 
AFB1 did not disturb the formation of intestinal SLO neither their main 
leukocyte populations. 

3.2. Maternal AFB1 exposure leads to expansion of lymphocyte number in 
offspring gut 

In addition to organized lymphoid tissues, intestinal mucosal com-
prises a large population of scattered immune cells in the gut epithelium, 
known as the intraepithelial lymphocytes - IELs, as well as mingled in 
connective tissue, lamina propria (LP), that survey gut compartment and 
respond to environmental cues (Hoytema van Konijnenburg et al., 2017; 
Thompson et al., 2019). 

Flow cytometry analysis showed that, while frequency of major 
adaptive and innate immune cell subsets was mostly unchanged (Fig. 2b, 
e), an overall increase of leukocyte number of IEL and LP compartments 
of maternal AFB1-exposed progeny was observed (Fig. 2c, f), translating 
into an incrementation of lymphocyte B, TCRγδ and TCRαβ, either CD4 
or CD8α, T cell number (Fig. 2c, f). Thus, these results indicate that 
adaptive immune cell populations are expanded in maternal AFB1- 
exposed progeny’s intestine. 

3.3. Effect of maternal AFB1 exposure on ILC2 innate cytokine 
production 

Innate lymphoid cells (ILCs) constitute the innate counterpart of T 
lymphocytes and are highly enriched in mucosal tissues, including the 
gut. To investigate the effect of maternal AFB1 ingestion, we analysed by 
flow cytometry major ILC subsets in gut taking advantage of specific 
cell-surface protein and transcription factor expression to identify each 
population (Fig. 3a). Despite similar total number, the frequency of ILC 
amongst leukocytes was slightly reduced in maternal AFB1-exposed gut 
(Fig. 3b and c). On the other hand, analysis of individual ILC subsets, 
showed that the frequency of ILC2 or ILC3 within the ILCs were similar 
(Fig. 3b and c) and that ILC3-specific cytokine subsets was generally 
unperturbed (Fig. 3d–f). Yet, revealed a strong reduction of cytokine 
expression, namely interleukin (IL)-5, IL-13 and amphiregulin (AREG), 
by maternal AFB1-exposed ILC2s as compared with vehicle-exposed 
group (Fig. 3g–j). These data indicate that ILC2s present in maternal 
AFB1-exposed gut are deficient in cytokine production. 

3.4. Impact of maternal AFB1 exposure in epithelial gene expression 

AFB1 toxicity has been associated with alterations of intestinal 
epithelial cells (Akbari et al., 2017). This study sought to investigate 
whether maternal AFB1 exposure disturbs intestinal epithelium in 
offspring by quantifying the expression of epithelial-expressed genes 
critical for intestinal mucosa homeostasis (Fig. 4a). While mRNA tran-
script levels of proinflammatory cytokines Il23 and Il33, as well as Cd36, 

a key gene involved in lipid metabolism, were unaffected (Fig. 4c), the 
expression of genes involved in innate immune response against mi-
crobial insults, such as Il18, Muc13, Reg3b and Reg3g, were approxi-
mately 2-fold decreased in maternal AFB1-exposed offspring gut. 

Additionally, analysis of Fut2 transcript levels, encoding for the 
enzyme fucosyltransferase key in the transference of sugar molecules to 
cell surface and critical in host–commensal symbiosis (Omata et al., 
2018; Pickard et al., 2014), revealed a 2-fold downregulation in 
maternal AFB1-exposed intestines when compared with control guts 
(Fig. 4c). Interestingly, Ctnnb1, encoding β-catenin, a component of 
adherent junctions in epithelia mediating cell-cell adhesion, was also 
downregulated (Fig. 4b). Some of tight junctional membrane proteins 
were also found downregulated in maternal AFB1-exposed guts (Fig. 4b). 
Together these results indicate that expression of critical epithelial 
components involved in epithelial integrity, innate immune defence and 
crosstalk with gut microbial communities are changed in offspring upon 
maternal AFB1 exposure. 

3.5. Maternal AFB1-exposed offspring display changes in intestinal 
microbiota 

To investigate whether maternal exposure to AFB1 led to alterations 
of gut microbiota in their offspring, we employed next generation 
sequencing (NGS) (Fig. 5a). Comparison of phylum biodiversity between 
exposed and unexposed litters revealed an increase of Bacteroidetes and 
a decrease of Firmicutes (Fig. 5b).The Firmicutes/Bacteroidetes ratio: 
was 0.81 in unexposed litters, lowering to 0,58 in AFB1-exposed (p- 
value <0,05; confidence level 95%). 

A deeper analysis identified an increase in relative abundance of 
Barnesiella genus and increase of some Bacteroides species known to 
colonize the young intestine (Fig. 5c). α-diversity evaluated by Shannon 
index showed no statistical differences between groups, proving that 
microbiota diversity was unaffected in exposed litters. Still, AFB1 
maternal exposure may have induced changes in bacterial composition, 
as β-diversity between AFB1 and control groups were statistically sig-
nificant (p-value of Bray-Curtis dissimilarity index <0.041) (Fig. 5d). 
Several bacterial species were significantly reduced, while others 
increased in comparison to vehicle-exposed mice (Fig. 5e). . 

3.6. Susceptibility to chemical-induced colitis is unperturbed by maternal 
AFB1 exposure 

Alterations in gut immune cell populations, as well as disturbance of 
the epithelia-derived gene expression and gut microbiota, have been 
implicated in intestinal inflammation and susceptibility to a variety of 
infections (Elinav et al., 2011; Ma et al., 2019; Ngo et al., 2022; Panda 
and Colonna, 2019). To investigate whether these intestinal alterations 
observed in maternal AFB1-exposed offspring were associated with 
changes in immune response to external assaults, we tested their sus-
ceptibility to enteric aggressions. 

We firstly took advantage to a well-established chemical-induced 
colitis model using dextran sodium sulphate (DSS). This is widely used 
to evaluate susceptibility to inflammatory stimuli (Boismenu et al., 
1999). Analysis of all DSS-treated groups showed drastic weight loss, 
colon shortening, leukocyte infiltration in mLN and increased of lip-
ocalin serum levels in comparison with water treated mice (Fig. 6a–e), 
which are indicative of tissue damage and induction of intestinal in-
flammatory response. Comparison of maternal AFB1-exposed versus 
vehicle-exposed offspring inside the DSS-treated group revealed no 
differences, indicating that maternal AFB1 intake did not worsen the 
susceptibility of offspring to DSS-induced colitis. 

3.7. Maternal AFB1-exposed progeny is more susceptible to intestinal 
parasite infection 

Attending to downregulation of genes involved in microbial defence 
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(Fig. 4), we sought to investigate whether maternal AFB1 exposure- 
induced intestinal changes that increased the susceptibility to intesti-
nal infections. For that we used the intracellular protozoan Eimeria 
vermiformis that infects murine enterocytes and that has been used to 
study mucosal immunity (C. Ferreira et al., 2020; Figueiredo-Campos 
et al., 2018). We examined maternal AFB1- and vehicle-exposed 
offspring infected with E. vermiformis at 2-week-old (Fig. 7a). During 
this early-life period, mice increase their weight overtime. Interestingly, 
maternal AFB1-exposed offspring showed lower body weight gain over 
the time of the infection when compared with vehicle-exposed progeny 
(Fig. 7a). Accordingly, quantification of oocysts shed into the faeces 
displayed higher oocysts burden (Fig. 7b), which was associated with 
some mortality amongst AFB1-exposed progeny group (dead pups: AFB1, 
3 out of 43; vehicle, 0 out 44), when compared with vehicle-exposed 
(Fig. 7c). These results indicate that maternal AFB1 exposure leads to 
a higher susceptibility to intestinal infection in offspring. 

4. Discussion 

Development of intestinal barrier initiates in utero and continues 
during the perinatal period (Torow et al., 2016). This process involves 
not only the formation of the epithelial monolayer, but also the estab-
lishment of resident immune cell populations, the development of 
lymphoid organs and concurrently the colonization by microbial com-
munities at the mucosal body surface. The intestinal barrier maturation, 
despite following a developmental program, is dependent on environ-
mental cues. We recently showed that lymphoid organ morphogenesis 
are markedly determined by the uptake of dietary retinoic acid during 
gestation and the perinatal period (Goverse et al., 2016; Van De Pavert 
et al., 2014), suggesting that exposure to contaminant compounds pre-
sent in foods, as mycotoxins, may potentially lead to intestinal immune 
developmental alterations and increase susceptibility to disease (God-
frey et al., 2010). 

Here, we show that, while gut-associated lymphoid organ (mLN and 
PP) development and its leukocyte subsets were not changed in progeny 
of female mothers fed with AFB1-containing diet during gestation and 
lactation, this maternal exposure led to expansion of immune cell pop-
ulations in LP and IELs and reduction of cytokine production by ILC2. 
Furthermore, these immune changes were associated with alterations in 
epithelial gene expression and gut microbiota composition. Interest-
ingly, despite susceptibility to inflammatory stimuli was not worsen, 
maternal AFB1-exposed offspring were more prone to infection when in 
contact with intestinal pathogenic intracellular protozoan. 

After ingestion, AFB1 is quickly absorbed from the gastrointestinal 
tract to blood stream being metabolized to diverse toxic compounds 
reaching internal organs, including the mammary gland and placenta, 
which are transferred to the progeny (Hernández and E, 1996; L. Wang 
et al., 2022). AFB1 metabolites can be detect in the progeny tissues, 
including in the liver (Allameh et al., 1989; Chawanthayatham et al., 
2015). 

Mounting evidence show that AFB1 exposure during embryonic and 
perinatal period negatively affects the immune system (Ivanovics et al., 
2021; Qureshi et al., 1998). However, most of these studies present 
limitations to understand the influence of maternal dietary cues in the 
progeny through gestation and lactation processes, as chick or zebrafish 
were used as models (Dietert et al., 1983; Ivanovics et al., 2021; 
Potchinsky and Bloom, 1993; Qureshi et al., 1998). Some studies used 
weanling mammals to address the impact of AFB1 early exposure in 
immune system of developing animals (Harvey et al., 1988; Panangala 
et al., 1986; Raisuddin et al., 1990; Reddy et al., 1987). However, this 
approach does not assess how mother’s AFB1-containing diet influence 
the developing progeny during embryogenesis and breastfeeding. More 
recently, some studies showed that mammal offspring from females 
under AFB1 dietary exposure display thymic alterations and impaired 
circulating lymphocytes function (Mocchegiani et al., 1998; Silvotti 
et al., 1997). Nevertheless, the impact of maternal AFB1 exposure in 

intestinal barrier homeostasis and function of mammal progeny was not 
explored. 

In this study, analysis of the enteric immune system, epithelial cells, 
microbiota and intestinal function was performed in offspring of murine 
female mothers that continuously ingested AFB1 during pregnancy and 
breastfeeding. Murine females received 9.2–12 μg of AFB1 per animal 
per day (3 times a week), in a gelatine pellet, which is equivalent to a 
dosage 0.123–0.160 μg/kg d− 1 in human. This is close to the average 
daily intake range of AFB1 by the human population in the high-risk 
areas (184.1 μg/kg d− 1, taking into account the consumption of food-
stuffs commonly contaminated with AFB1, such as cereals and oilseeds, 
especially in developing countries (Filazi and Sireli, 2013; Kamika and 
Takoy, 2011; Williams et al., 2004). Based in Williams et al. (2004), the 
human exposure dose varies between countries, largely as a function of 
diet. For example, in Mozambique human population is exposed to 
38.6–183.7 ng ⋅ kg− 1 d− 1; in Swaziland to 11.4–158.6; and in southern 
Guangxi province of China people are exposed to 11.7–2027 ng ⋅ kg− 1 
d− 1. Yet, the exposure in the United States is 2.7 ng ⋅ kg− 1 d− 1. 

Thus, this study embodies a realistic dose and route of administration 
to assess the developmental effects in intestinal barrier of progeny 
induced by food borne toxicants present in maternal dietary, in this 
particular case, AFB1, through the utero and during lactation. 

Critical foetal hematopoietic progenitors emerge in foetal liver and 
start to colonize the SLO anlagen structures by embryonic day 9.5 (E9.5) 
completing their development as mature LN or PP during the postnatal 
period (Coles and Veiga-Fernandes, 2013). AFB1 is a potent hep-
atocarcinogen (Deng et al., 2018; Wogan, 1973), suggesting that foetal 
liver hematopoietic precursors, and consequently SLO formation, could 
be affected by prenatal and post-natal maternal AFB1 exposure. In fact, 
DNA adducts were detected in embryonic liver upon maternal AFB1 
exposure gavage (Chawanthayatham et al., 2015). However, its 
hepato-physiological negative impact is restricted to the developmental 
period before E9.5. In this study, maternal AFB1 exposure started at 
E11.5, which is coherent with the fact that intestinal SLO, mLN and PP, 
were not affected. Interestingly, weights of mLN and tracheal LN of 
weanlings rats were not affected significantly by direct AFB1 adminis-
tration (Raisuddin et al., 1990). 

On the other hand, our study shows a substantial increase of the 
absolute number of immune cells in intestinal LP and IEL. Most of the 
studies showed that AFB1 immunosuppressive properties are associated 
with reduced lymphocytes populations (Raisuddin et al., 1990). Despite 
the absolute number of lymphocytes is not presented, a study reported a 
decrease of T cell frequency in intestine upon direct administration of 
AFB1 to chicken (He et al., 2014). Absolute cell number of lymphocytes 
depends on the size of gut. Interestingly, an increase in the small in-
testine length upon AFB1 treatment is observed (Yunus et al., 2011). 

Studies showed that immunosuppressive properties of AFB1 are 
associated with reduced lymphocytes populations (He et al., 2014; 
Raisuddin et al., 1990). Here, we observed a substantial increase of the 
immune cell absolute number in intestinal LP and IEL; which is in line 
with previous investigations showing that prolonged exposure to AFB1, 
not acute, resulted in the increase of splenic T cells and hyperplasia of 
the bone marrow in rats (Qian et al., 2014). In addition, it was recently 
shown an increased number of leukocytes in abdomen of zebrafish 
embryos under AFB1 exposure (Ivanovics et al., 2021). Observations of 
increased humoral immune response during initial stages of exposure to 
AFB1 later followed by a decrease in humoral immune response have 
been reported (Yunus et al., 2011). In the same study, while short term 
AFB1 exposure resulted in decreased CD8 T cells and in an immuno-
suppressive profile, a prolonged exposure resulted in increased number 
of T cells and pro-inflammatory immune response (Qian et al., 2014). 
Thus, indicating that differences amongst publications can potentially 
be due to different experimental designs, exposure dose and to the 
different animal models used, as well as to analysis timings. 

On the other hand, the AFB1 metabolization, which is dependent on 
dose, species, and age, must be considered. A foetal form of CYP3a4 has 
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been observed in foetal liver within 2 months of conception (Lacroix 
et al., 1997) indicating that the foetus may metabolically generate 
reactive epoxides following transplacental transfer of maternally 
ingested AFB1 (Partanen et al., 2009). Foetal livers catalyse the forma-
tion of the epoxide at similar rates to adults, but have a lower capacity to 
protect against toxicity (Doi et al., 2002). 

Immune cell populations in maternal AFB1-exposed guts were 
accompanied by significant decrease of expression of epithelial-related 
genes encoding components of tight and adherent junctions, such as 
Cldn1 and Ocln, critical for intestinal barrier integrity (Ngo et al., 2022). 
These findings are in accordance with previous reports showing 
epithelial disruption in chicken (Yin et al., 2016; Yunus et al., 2011; 
Zhang et al., 2014) and changes in the expression of ZO-1, claudins and 
occludin due to exposure to AFB1 (Caloni et al., 2006; X. Chen et al., 
2016; Gao et al., 2017; Wu et al., 2019). Additionally, immune media-
tors, critical roles in mucosa barrier protection, such as Muc13, Reg3b, 
Reg3g and the Il18, involved in type 1 immune responses, were also 
reduced in AFB1-exposed progeny (Muñoz et al., 2015; Okamura et al., 
1995). Interestingly, active AFB1 metabolites in milk were shown to 
interact with mucin protein secretions in vitro (Caloni et al., 2006; Wu 
et al., 2019), which is in line with the downregulation of mucins in 
maternal AFB1-exposed guts in this study. 

The development of a stable gut microbiota is intimately associated 
with early development of host immunity, in such way, that distur-
bances have been linked to several diseases in infancy and adulthood. 
Abnormal changes in gut microbiota (dysbiosis) were observed in mice 
upon maternal AFB1 exposure, such as reduction in SCFA producers. 
Interestingly, this was associated with a reduction of Fut2 transcript 
levels, a fucosylation enzyme that is critical in host–commensal symbi-
osis (Pickard et al., 2014). 

Previous studies have implicated AFB1 in intestinal microbiota 
changes (Ishikawa et al., 2017; Liew and Mohd-Redzwan, 2018; J. Wang 
et al., 2016; Xiai Yang, Liangliang Liu, 2017). Accordingly to described 
previously, we observed an increase in Bacteroidetes frequency at the 
expense of Firmicutes phyla upon maternal AFB1 exposure (Ishikawa 
et al., 2017; Xiai Yang, Liangliang Liu, 2017). The lowering of Firmi-
cutes/Bacteroidetes ratio has been recognized to lead to dysbiosis and 
has been related to several inflammatory bowel diseases (Frank et al., 
2007; Nishida et al., 2018). Disruptive effects of AFB1 were reported as 
dose dependent (J. Wang et al., 2016) and to disrupt a number of 
gut-microbiota dependent metabolic pathways (Zhou et al., 2019, 
2021), thus supporting our observations of intestinal microbiota modi-
fication upon maternal AFB1 exposure in early-life. Among bacterial 
species diminished in AFB1 exposed progeny were several species 
proven beneficial, especially members of the Firmicutes phylum known 
to be important butyrate producers, which enhances epithelial barrier 
integrity and inhibits inflammation (Geirnaert et al., 2017). Moreover, 
an increase in sulphate-reducing bacteria was observed in several 
exposed samples (n = 19) (especially Desulfovibrio piger and Bilophila 
wadsworthia), which are associated with gut inflammation (Devkota 
et al., 2012). Some species were decreased, particularly Flintibacter 
butyricus, known for its importance in the production of Short-Chain 
Fatty Acids (SCFA) or Bacteroides acidifaciens related to the gut im-
mune system maturation and to prevent metabolic diseases (Singh, 
2019)” 

Maternal AFB1-exposed ILC2 presented strong reduction of IL-5, IL- 
13 and AREG levels. (Boismenu et al., 1999; O’Connor et al., 2009; H. 
Park et al., 2005). Extensive literature linked ILCs to intestinal inflam-
matory disorders (Panda and Colonna, 2019) and disruption of T cell 
populations can determine intestinal inflammatory responses (Boismenu 
et al., 1999; O’Connor et al., 2009; H. Park et al., 2005). Also intestinal 
microbial community alterations have been associated with gastroin-
testinal inflammation (Ngo et al., 2022; Nishida et al., 2018). The 
observed AFB1-induced intestinal immune alterations could, thus, point 
towards an increased inflammatory response. However, maternal 
AFB1-exposed mice displayed similar susceptibility to DSS-induced 

inflammatory stimuli when compared to the AFB1-free controls. 
Some lymphocyte populations and anti-inflammatory cytokines can 

counteract inflammation. While expansion of IL-13-producing ILC2s has 
been shown to play a detrimental role in colitis (Camelo et al., 2012), 
AREG-producing ILC2s has been shown to contribute to tissue repair 
during DSS-induced colitis (Monticelli et al., 2015). Thus, ILC2s may 
either promote or block intestinal pathogenesis, depending on the dis-
ease setting. On the other side, increased levels of the anti-inflammatory 
cytokine IL-10 upon AFB1 exposure has been reported (Marin et al., 
2002; G. M. Meissonnier et al., 2008; Qian et al., 2014). Whether im-
mune cell populations in AFB1-exposed guts are under an immunosup-
pressive cytokine environment requires further investigation. 

Interestingly, maternal AFB1 dietary exposure led to a higher sus-
ceptibility to intestinal infection by E. vermiformis, an intracellular 
protozoan closely related to human infectious pathogens, such as 
Cryptosporidium spp, that infect intestinal epithelial cells (Shields and 
Olson, 2003). These findings support previous works showing that AFB1 
is immunosuppressive, as AFB1 has been shown to increase susceptibility 
to infections (Cusumano et al., 1990; Joens et al., 1981; Venturini et al., 
1996). Microbiota direct a protective immune response against parasitic 
infections (Benson et al., 2009; Lu et al., 2021; Stange et al., 2012; 
Tierney et al., 2004) and ILC2 are necessary to prevent protozoan 
pathogen infection (Jones et al., 2010). Expression of cytokines, such as 
IL-18 (Muñoz et al., 2015) and IL-13 (McKenzie et al., 1998), are also 
dynamically involved in parasitic infections (Hong et al., 2006). In 
addition, increased levels of defensins RegIIIβ and RegIIIγ have been 
implicated in higher parasite E. falciformis burden (Stange et al., 2012). 
On the other side, CD4+ T cells play the role of effector cells against 
primary infection of E. vermiformis, while γδ T cells play the role of 
regulatory cells (Roberts et al., 1996). Thus, maternal AFB1-induced 
alterations of these immune players in progeny are coherently associ-
ated with suppression of intestinal immune defence against pathogens. 

Whether the observed changes in intestine of the progeny are direct 
or secondary effects of AFB1 remains unknown. Recent studies reported 
that maternal gut bacteria can drive intestinal inflammation in offspring 
(De Agüero et al., 2016) and that matern al factors are transferred to 
progeny (E. Kim et al., 2022; S. Kim et al., 2017). 

5. Conclusion 

The present study shows alterations of the intestinal immune cell 
populations, as well as reduction of the epithelial gene expression and 
microbiota modification linked to the decay of intestinal immune 
response to parasitic infections in young individuals upon AFB1 expo-
sure. These results support previous literature acknowledging AFB1 as 
an immunosuppressive agent and further shows that dietary maternal 
AFB1 negatively impacts in intestinal immune mucosal barrier and 
function. 

AFB1-inducied intestinal immunological alterations may likely in-
crease susceptibility to infections and potentially contribute to failure of 
vaccination programs in developing countries, where fungal growth and 
mycotoxin formation is favourable (Githang’a et al., 2019; Karlsson 
et al., 2022; Tesfamariam et al., 2022). Additional investigation is 
required to unveil the underlying mechanisms and to further understand 
long-lasting impact of maternal AFB1 exposure. 
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