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WOMB WITH A VIEW: THE IMPORTANCE OF MATERNAL-FETAL 
COMMUNICATION DURING EARLY DEVELOPMENT 

 
KJERSTI M. AAGAARD1,2,3 

 
1Department of Obstetrics & Gynecology, Division of Maternal-Fetal Medicine, 

2Department of Molecular & Cell Biology, and 3Department of Molecular & 
Human Genetics, Baylor College of Medicine, Houston, TX 77401, USA 

 
 

OVERVIEW 
 
What is heritability? Is it merely the ver-
tical transfer of your genomic material 
from egg and sperm? Or is it a far more 
complex set of traits which arise from 
the community of genomic and epige-
nomic material which is vertically trans-
ferred during key intervals of develop-
ment? 

The ‘Developmental Origins of 
Health and Disease [DOHaD] Hypothe-

sis’ (Barker, 1986; Fleming et al., 2018) 

encompasses a substantial body of evi-
dence which temporally and function-
ally links maternal exposures to adverse 
outcomes (largely the non-communica-
ble diseases [NCDs]) in her offspring 
like obesity, metabolic disorders, cardi-
ovascular disease, and behavioural out-
comes (see Figure 1 for a schematic 
overview). 

 

 
 
Figure 1: Womb with a view: How do we prepare babies to adapt to the world they are going to be 
born into? Tolerate commensal microbes and allow colonization? Resist pathogens?   
This schematic underlies key questions of our time in microbiome science, and early developmental 
programming, including foetal development. (Modified from Aagaard et al., 2016). 
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Figure 2: Heritability: What are the molecular mechanisms which facilitate maternal-foetal 
communication and enable adaptation in a changing world?  
This schematic and listed references represent the data from mice to monkeys to humans demon-
strating that the majority of our heritable traits are not the product of genomic alleles, but rather 
epigenomic and metagenomics driven patterning.  
 
Initial mechanistic-minded studies in 
animal models demonstrated that both 
maternal nutritional deprivation and a 
high fat ’Western style’ diet feeding 
brought about meaningful and persistent 
modulations in postnatal gene expres-
sion resulting from epigenomic changes 
in key metabolic pathways in the off-
spring (Aagaard-Tillery et al., 2008; 
Safi-Stibler and Gabory, 2020). More 
recently, others examined the similar 
temporal relationships through the lens 
of microbiome science, leading to the 
genesis of the ‘Hygiene Hypothesis.’ 
The Hygiene Hypothesis suggests that 
in addition to maternal exposure-driven 
foetal epigenetic variation, the lack of 
exposure to microbes early in life pre-
disposes offspring to not only develop-
ing these same adverse outcomes, but 
also atopic and allergic diseases later-in-
life (Blaser, 2006). However, despite 
nearly 100 years recognizing these 
links, we have failed to reveal meaning-
ful mechanistic understandings of 1) 
how specific maternal elements contrib-
ute to functional foetal and early life 

developmental and 2) how to prevent 
infant morbidity and mortality. We and 
others have now spent the last several 
decades diving into understanding what 
enables generational adaptation to occur 
at a far, far more amenable rate than 
genomic variance and positive selection 
would allow (Aagaard-Tillery et al., 
2008; Aagaard et al., 2012; Antony et 
al., 2021; Blaser, 2006; Bolte et al., 
2022; Campodonico-Burnett et al., 
2020; Chu and Aagaard, 2016; Cuevas 
Guaman et al., 2014; Elsakr et al., 2019, 
2021; Gonzalez-Rodriguez et al., 2016; 
Goodspeed et al., 2015; Greenhalgh et 
al., 2016; Harris et al., 2016; Kahr et al., 
2021; Ma et al., 2014a,b; Murgas 
Torrazza, and Neu, 2011; Nash et al., 
2021; O'Neil et al., 2013, 2017; Pace et 
al., 2018; Pew et al., 2016; Prince et al., 
2019; Seferovic et al., 2015,a,b, 2018; 
Suter et al., 2011, 2012a,b, 2013, 2014). 
While Figure 2 depicts a number of 
mechanisms by which ‘heritability’ 
occurs, we focused our discussion at the 
2023 Old Herborn University Seminar 
on the role of the microbiome, its 
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metagenome, and its accompanying 
metabolome during key intervals of 
development (Aagaard et al., 2014; 
Azad et al., 2016; Banerjee et al., 2020; 
Bassols et al., 2016; Bolte et al., 2022; 
Butel et al., 2007; Chu and Aagaard, 
2016; Chu et al., 2017; Claus et al., 
2016; Collado et al., 2016; Gomez-

Arango et al., 2017; Greenhalgh et al., 
2016; Doyle et al., 2014, 2017; 
Jasarevic and Bale, 2019; Liu et al., 
2022; Ma et al., 2014a,b; Nash et al., 
2021; Pace et al., 2018, 2021; Pammi et 
al., 2017; Parnell et al., 2017; Prince et 
al., 2016, 2019; Rogier et al., 2014; 
Seferovic et al., 2015, 2018). 

 
 

CO-EXISTENCE OF MICROBES AND ANIMALIA SPECIES:  
HOW ESSENTIAL ARE MICROBES FOR REPRODUCTION  

AND NORMAL EARLY DEVELOPMENT? 
 
Our laboratory and others have demon-
strated that the vaginal, oral and stool 
microbiota composition and microbi-
ome community function vary during 
the course of normal pregnancy, thus 
providing a unique “signature” in preg-
nancy with relative altered abundance of 
multiple species and strains (Aagaard et 
al., 2012b; Butel et al., 2007; Chu et al., 
2017; Liu et al., 2022; Ma et al., 2014a; 
Pace et al., 2021). But what impact does 
this have on either the pregnancy or the 
developing infant? Although it has long 
been suggested that intrauterine infec-
tions, such as chorioamnionitis, are the 
sequelae of ascending microbiota from 
the upper vagina, we and others have 
shown that the evidence supporting this 
notion are relatively sparse and source 
microbes come from other maternal 
sites with vertical transfer (both in and 
ex utero) or via limited horizontal trans-
fer (Aagaard et al., 2014; Aagaard and 
Hohmann, 2019; Azad et al., 2016; 
Banerjee et al., 2020; Bassols et al., 
2016; Bolte et al., 2022; Butel et al., 
2007; Cao and Mysorekar, 2013; Chen 
and Devaraj, 2018; Chen and Gur, 
2019; Chu et al., 2016, 2017; Claus et 
al., 2016; Collado et al., 2016; Dong et 
al., 2015; Doyle et al., 2014, 2017; 
Goldstein et al., 2017; Gomez-Arango et 
al., 2017; Gosalbes et al., 2013a; 
Jasarevic and Bale, 2019; Kelly et al., 
2021; Liu et al., 2022; Lokugamage and 

Pathberiya, 2019; Ma et al., 2020; Pace 
et al., 2021; Pammi et al., 2017; Parnell 
et al., 2017; Petersen et al., 2021a, 
2021b; Prince et al., 2016; Rogier et al., 
2014; Roswall et al., 2021; Satokari et 
al., 2009; Seferovic et al., 2019, 
2020a,b; Song et al., 2021; Stinson et al., 
2018; Thaiss et al., 2016; Tuominen et 
al., 2018; Zheng et al., 2015). 

Clearly, to exist on Earth is to coexist 
with microbes. Interactions between 
microbes and host species within the 
kingdom Animalia are evident when 
comparing to their gnotobiotic and/or 
‘germ free’ laboratory derived counter-
parts. Importantly, germfree derivations 
of mice, zebrafish, and pigs are capable 
of survival but are immunologically 
(Gensollen et al., 2016), metabolically 
(Cox et al., 2022), and behaviourally 
(Luczynski et al., 2016) abnormal. Com-
paring gnotobiotics to naturally-existing 
Animalia species, which evolved during 
hundreds of millions of years in a world 
teeming with microbial communities, it 
is evident that while survival can occur 
absent of microbes, normal develop-
ment is accompanied by immune toler-
ance to commensal microbes, allowing 
them to persist while barring highly 
antigenically and genomically-related 
pathobionts and pathogens from flour-
ishing.  

Indeed, the reliance on microbes for 
Animalia species fitness is not limited to 
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immune development. Some animal 
species, including horses, sheep, and 
cattle, rely primarily on microbial 
macromolecules, small molecule inter-
mediates and proteins, and key metabo-
lites as primary sources of dietary 
energy and micronutrients. Others, like 
koalas or cuttlefish, have developed 
highly specific interactions which are 
hallmark symbiotic characteristics or 
traits of their species, such as enabling 
digestion of nutrient-poor food sources 
(koalas and eucalyptus [Chong et al., 
2020]) or production of biolumines-
cence (McFall-Ngai, 2014) (cuttlefish). 
Placental mammals maintain finely 
tuned relationships with microbial 
metabolic products, and even seemingly 
minor disruptions to normal microbial 
community structure (e.g., community 
dysbiosis) has been associated with the 
incidence, onset and prevalence of dis-
orders in metabolism and a number of 
non-communicable diseases in humans 

and primates (Girbovan et al., 2017; 
Gosalbes et al., 2013a; Huang et al., 
2021; Moeller et al., 2018; van Opstal 
and Bordenstein, 2015). Although 
microbial products are capable of influ-
encing foetal development (Figure 1), 
true vertical transfer requires these 
microbes be functional, selectable, and 
capable of colonizing their host during 
the perinatal window (periconception 
through early postnatal life). From an 
ecological perspective, a non-random 
generational transmission of microbes 
would provide exclusive opportunities 
for selection toward host fitness (Tett et 
al., 2019) and limit virulence potential 
(Schubbert et al., 1998). Comprehensive 
data sources are needed to quantify the 
contributions of transmission mode 
toward the acquisition of microbes 
(Jiménez  et al., 2008; Perez et al., 2007; 
Schubbert et al., 1998; Tett et al., 2019) 

and the mechanisms used to generation-
ally retain them.  

 
 

WHAT IS THE IMPORTANCE OF MATERNAL-FOETAL 
COMMUNICATION DURING DEVELOPMENT? 

 
As schematically depicted in Figure 3, 
there is a fundamental paradox in devel-
opment: if the womb is sterile and the 
placenta is a barrier and not a means of 
communication, how do we tolerate 
commensal microbes requisite to 
metabolism, immunity and behaviour 
and adapt to an ever-changing world? 
When considering the factors influenc-
ing the formation of the foetal microbi-
ome, it is also important to consider how 
the intrauterine environment itself may 
influence the microbiota of the develop-
ing foetus. Many scientists have chal-
lenged the notion of a sterile intrauterine 
environment in the absence of disease 
and have purported a distinct placental 
and amniotic fluid microbiome that is 
closely similar to the foetal/neonatal 
microbiome; others argue that any and 

all representations of microbial content 
are confounded by  contamination  
(Aagaard  et  al.,  2014; Aagaard and 
Hohmann, 2019; Azad et al., 2016; 
Banerjee et al., 2020; Bassols et al., 
2016; Bolte et al., 2022; Butel et al., 
2007; Cao and Mysorekar, 2013; Chen 
and Devaraj, 2018; Chen and Gur, 
2019; Chong et al., 2020; Chu et al., 
2016, 2017; Claus et al., 2016; Collado 
et al., 2016; Cox et al., 2022; DiGiulio 
et al., 2010; Dong et al., 2015; Doyle et 
al., 2014, 2017; Gensollen et al., 2016; 
Girbovan et al., 2017; Goldstein et al., 
2017; Gomez-Arango et al., 2017; 
Gosalbes et al., 2013a,b; Hansen et al., 
2015; Hiltunen et al., 2021; Hornef and 
Penders, 2017; Huang et al., 2021; 
Jasarevic and Bale, 2019; Jiménez et al, 
2008; Kelly et al., 2021; Kennedy et al., 
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Figure 3: The womb with a view perspective enables us to consider the importance of developing 
immune tolerance to commensal microbes early in development.    
Whether true colonization occurs in utero is yet to be determined, and there is supporting and 
refuting evidence in both (see the text for references). I remain agnostic as to whether true coloni-
zation with live microbes fully occurs in utero. However, what is evident is that microbial products 
do transfer in utero from mother to foetus, inclusive of metagenomic materially, peptidoglycans and 
other antigens, and microbial metabolites. 
 
 
2021, 2023; Liu et al., 2022; Loku-
gamage and Pathberiya, 2019; Luczyn-
ski et al., 2016; Ma et al., 2020; McFall-
Ngai, 2014; Mishra et al., 2021; Moeller 
et al., 2018; Onderdonk et al., 2008a; 
Pace et al., 2021; Pammi et al., 2017; 
Parnell et al., 2017a,b; Perez et al., 
2007; Perez-Muñoz et al., 2017; 
Petersen et al., 2021a, 2021b; Prince et 
al., 2016; Rackaityte et al., 2020; Rogier 
et al., 2014; Roswall et al., 2021; Sato-
kari et al., 2009; Schubbert et al., 1998; 
Seferovic et al., 2019, 2020a,b; Song et 
al., 2021; Stinson et al., 2017, 2018; Tett 
et al., 2019; Thaiss et al., 2016; Theis et 
al., 2020; Tuominen et al., 2018; van 
Opstal and Bordenstein, 2015; Zheng et 
al., 2015). Evidence for a unique placen-
tal microbiome by virtue of meta-
genomic characterization stems from a 
metagenomics study of 320 placentae 
which demonstrated a low-biomass 
microbial community of the placental 
parenchyma and chorionic villi 
(Aagaard et al., 2014). Our study 
demonstrated a unique placental micro-
biome niche composed of non-

pathogenic commensal microbiota from 
the Firmicutes, Tenericutes, Proteobac-
teria, Bacteroidetes, and Fusobacteria 
phyla that was most akin to the human 
oral microbiome by composition. Other 
researchers have demonstrated a simi-
larity between the placental microbiota 
and the neonatal meconium, suggesting 
that the microbiota may be transferred 
across the placenta and into the foetus 
before being excreted into the amniotic 
fluid as foetal urine; others again argue 
that these metagenomics signals are 
largely the result of contamination 
(Aagaard et al., 2014; Aagaard and 
Hohmann, 2019; Bassols et al., 2016; 
Cao and Mysorekar, 2013; Chen and 
Devaraj, 2018; Chen and Gur, 2019; 
Chong et al., 2020; Collado et al., 2016; 
Cox et al., 2022; DiGiulio et al., 2010; 
Dong et al., 2015; Doyle et al., 2014, 
2017; Gensollen et al., 2016; Girbovan 
et al., 2017; Goldstein et al., 2017; 
Gomez-Arango et al., 2017; Gosalbes et 
al., 2013a,b; Hansen et al., 2015; 
Hiltunen et al., 2021; Hornef and 
Penders,    2017;    Huang et al.,    2021; 
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Jiménez et al, 2008; Kelly et al., 2021; 
Kennedy et al., 2021, 2023; Loku-
gamage and Pathberiya, 2019; Luczyn-
ski et al., 2016; Ma et al., 2020; McFall-
Ngai, 2014; Mishra et al., 2021; Moeller 
et al., 2018; Onderdonk et al., 2008b; 
Parnell et al., 2017a,b; Perez et al., 
2007; Perez-Muñoz et al., 2017; 
Petersen et al., 2021a, 2021b; Prince et 
al., 2016; Rackaityte et al., 2020; 
Roswall et al., 2021; Satokari et al., 
2009; Schubbert et al., 1998; Seferovic 
et al., 2019, 2020a,b; Song et al., 2021; 
Stinson et al., 2017, 2018; Tett et al., 
2019; Thaiss et al., 2016; Theis et al., 
2020; Tuominen et al., 2018; van Opstal 
and Bordenstein, 2015; Zheng et al., 
2015). Our publications and those of 
Gosalbes and colleagues (postulate that 
because the neonatal meconium micro-
biota differs from the dominant bacterial 
groups found in the maternal skin, 
faecal, and vaginal niches, the neonatal 
microbiota is unlikely to originate in 
those maternal locations. Instead, they 
argue that because meconium is formed 
starting at mid-gestation in foetal life 
(17 weeks and beyond), the microbiota 
detected in meconium is likely not 
simply due to contact with maternal 
habitus at time of delivery (Gosalbes et 
al., 2013a). Indeed, it is well established 
that the meconium expressed within 
minutes to days of birth has been present 
in the small bowel since at least 20 
weeks of gestation. Chen and Gur 
hypothesize that maternal comorbidities 
(including diabetes and hypertension) 
results in changes in the maternal intes-
tinal, oral, and vaginal microbiomes that 
facilitate the translocation of bacteria to 
the intrauterine environment either 
haematogenously or through direct 
ascension, suggesting that the placenta 
is more conduit than barrier (Chen and 
Gur, 2019). Recent work from Peterson 

and colleagues demonstrated that new-
borns who developed immunoglobulin 
E (IgE)-mediated allergic sensitization 
(atopy) by one year of age have a less 
diverse gut metabolome at birth as 
measured in the meconium, which 
begins forming in the foetal gut during 
the second trimester (Peterson et al., 
2021b). They argue that deficiency in 
microbiota maturation and immune 
development likely begins in utero 
rather than at time of delivery.  

It is important to acknowledge, how-
ever, that there is a debate regarding the 
existence of a placental/amniotic fluid 
or foetal microbiome (Figure 4). In our 
own work, while we have consistently 
distinguished a metagenomic signal in 
the placenta from that of contaminant 
controls, we have also been explicit in 
noting it to be of low biomass, low 
abundance, and sparse (Aagaard et al., 
2014; Aagaard and Hohmann,   2019;   
Azad   et   al.,   2016; Banerjee et al., 
2020; Bolte et al., 2022; Butel et al., 
2007; Chu et al., 2017; Claus et al., 
2016; Goldstein et al., 2017; Jasarevic 
and Bale, 2019; Liu et al., 2022; Ma et 
al., 2020, 2014b; Nash et al., 2021; Pace 
et al., 2018, 2021; Pammi et al., 2017; 
Prince et al., 2019; Rogier et al., 2014; 
Seferovic et al., 2015b, 2018, 202b). We 
have also remained consistently agnos-
tic as to whether the placental or intra-
uterine microbiome is truly alive and 
colonizing, with a yet unclear functional 
role. With further scientific advance-
ment and continued curiosity, we are 
confident that investigators will deter-
mine whether these consistently 
observed low-biomass communities are 
alive and colonize the foetus or alterna-
tively enable later colonization through 
processes of immune tolerance or colo-
nization resistance.  
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CONCLUSIONS AND CLINICAL SIGNIFICANCE 
 
Here we have described the current state 
of the science on several aspects of the 
female reproductive microbiome, as 
well as their current association with 
perinatal disorders of both the mother 
and her offspring. What we understand 
today is far more complex and con-
founded than was appreciated less than 
a decade ago, and is much simpler than 
what we will come to realize in coming 
years. The vaginal microbiome varies 
from one woman to the next, across the 
lifespan, and in association with both 
health and disease states. Simplified 
views that suggest “less diverse and less 
rich vaginal microbiomes are equivalent 
to disease states” have been challenged 
and discounted.  

Previously assumed to be “sterile” 
reproductive tract tissues have been 
shown to harbour low biomass meta-
genomes, and yet we remain unclear as 
to what, how and when the infant is 
colonized. When we consider species 
outside humans and mice, the dogma 
that all foetuses develop in a microbio-
logically and immunologically naïve 
environment is not supported by the cur-
rent published literature. Although the 
presence of pioneering prenatal micro-
biota is often considered to be a novel 
concept, experimental and observa-
tional evidence of its existence dates 
back almost 100 years for many species, 
including humans. The advent of highly 
selective cultivation media and con-
cerns regarding contamination-prone 
nucleic acid sequencing has led to 
appropriate and necessary questioning 
of the evidence supporting prenatal 
exposure to maternal microbiota. Upon 
comprehensive review of the literature 
inclusive of heterogenous and orthogo-
nal rigorous methodologies among mul-
tiple Animalia species, the state of the 
science is most consistent with the 
notion that in utero exposure to 
microbes is sufficient, although not 

necessary for all species, for normal 
development when considering hetero-
geneous cohorts and species on nearly 
every continent. This robust set of find-
ings may facilitate the transition into a 
new era pursuing a deeper functional 
understanding in order to improve the 
health of humans and animals world-
wide.  
  While we and others have clearly 
shown that there is, at most, transient 
differences in the microbiota of neo-
nates born via Caesarean when com-
pared to those born by vaginal delivery, 
these changes are limited to a few taxa, 
are not durable, and appear to resolve 
during infancy. As such, it is not surpris-
ing that meaningful lifelong impacts on 
the development of the metabolic and 
immune system in mammalian off-
spring have yet to be causally linked. 
However, the potential for reduction of 
harm readily resides within our reach if 
we can reduce the disparities that con-
tribute to increased Caesarean delivery 
risk. For example, with a lens on our 
diabetic or obese population, based on 
multiple lines of evidence, we can con-
fidently anticipate three benefits of 
widened availability of optimized nutri-
tion with relief of food scarcity and 
unrestricted access to medical care both 
preconception and prenatally. We 
would (1) improve glycaemic control, 
optimizing foetal growth, (2) lower the 
Caesarean delivery rate and increase the 
duration of human milk feeding, and (3) 
potentially mitigate the longer-term 
risks from exposure to these conditions 
in utero. This heightened attention to 
maternal perinatal health - like im-
proved glucose control and appropriate 
weight gain - can be attained with 
widened access to clinical and public 
health interventions and patient coun-
selling without incurring any additional 
risk to mom or foetus. While there are 
many outstanding questions regarding 
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the neonatal and infant microbiome, we 
caution that societal focus needs to shift 
away from a narrow focus on reducing 
Caesarean delivery rates to meet a cer-
tain quota - which as we have demon-
strated may be difficult to achieve in 
today’s society - to optimizing maternal 
healthcare before, during, and after 
pregnancy. Additionally, efforts to 
restore the neonatal and infant microbi-
omes with vaginal or faecal seeding may 
fail to yield beneficial outcomes and 
may be harmful at both individual and 
broader societal levels. As physicians, 
our first responsibility is to do no harm. 

Despite growing popularity of neonatal 
seeding in the general press, health care 
practitioners and patients should only 
perform seeding practices within the 
confounds of strict scientific protocols 
to ensure safety. To ultimately improve 
maternal and neonatal outcomes in asso-
ciation with presumptively beneficial 
alterations in the microbiome, attention 
should be directed to established benefi-
cial realms of improved access and 
availability of preconception and prena-
tal care, nutritional counselling, lacta-
tion services, and limiting food scarcity 
and other health disparities.    
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SUMMARY 
 

The World Health Organization defines malnutrition as a deficiency, excess, 
or imbalance in a person's energy and/or nutrient intake. However, it is 
becoming increasingly clear that not only diet per se, but also the intestinal 
microbiota plays a fundamental role in the development of diseases associated 
with malnutrition. Next-generation sequencing, the renewed interest in  bac-
terial culturing techniques, and the use of gnotobiotic models have enabled 
major advances in causally linking the role of the microbiota and specific 
bacterial strains in the aetiology/prevention of diseases associated with 
undernutrition, including wasting, stunting, and underweight. We have shown 
that the Lactiplantibacillus plantarum strain, selected in the gnotobiotic 
invertebrate Drosophila model for its growth-promoting properties, is able to 
increase the growth of juvenile undernourished mice in both gnotobiotic and 
specific pathogen-free animals, and that this effect is dependent on the 
expression of the NOD2 receptor by intestinal epithelial cells. These results 
suggest that administration of selected bacterial strains may represent a novel 
strategy for alleviating the persistent stunting that is one of the long-term con-
sequences of undernutrition, which still affects millions of children under five 
years of age in low- and middle-income countries. 

 
 

ACUTE MALNUTRITION 
 
When a developing young organism 
faces specific nutritional challenges 
such as undernutrition (low-calorie or 
low-protein diet), it becomes stunted, 
that is, it is too small for its age. Because 
stunting affects both physical and cog-
nitive development, it is not just a prob-
lem in childhood; the effects often per-
sist throughout someone's life. In addi-
tion to being too small for age, stunting 
is associated with a dysbiotic gut micro-
biota that is immature for age 
(Subramanian et al., 2014). The causal 

evidence for this observation comes 
from germ-free animal models. Smith 
and colleagues transplanted into germ-
free mice the faecal microbiota of 
monozygotic Malawian twins, who had 
become discordant for kwashiorkor, a 
form of severe acute malnutrition. After 
feeding these mice with a suboptimal 
diet they observed more severe weight 
loss in mice colonized with kwashior-
kor-associated microbiota compared to 
the mice colonized by microbiota of 
healthy twin. This phenomenon was 
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associated with different metabolic pro-
file and more labile responses to the re-
nutrition regime of the kwashiorkor-
associated microbiota (Smith et al., 
2013). In a subsequent study, the same 
group showed that microbiota from 
undernourished children is also able to 
transmit impaired growth, altered bone 
morphology, and metabolic abnormali-
ties in the muscle, liver, and brain to 
recipient gnotobiotic mice (Blanton et 
al., 2016). Moreover, they found that  
dysbiotic microbiota of these under-
nourished children is permissive for the 
invasion of bacterial taxa from the 
healthy microbiota and these invading 
bacterial taxa could improve growth 
impairments. Supplementing the micro-
biota of undernourished donors with 
cultured representatives of these inva-
sive species again ameliorated growth 
and metabolic abnormalities of recipient 
mice (Blanton et al., 2016). Along these 
lines, Tidjani Alou and colleagues 
combined culturomics and meta-
genomics methods to identify potential 
probiotics candidates that were present 
in stool samples of healthy children and 
absent in malnourished patients with 

kwashiorkor. As a result, a complex of 
12 species was identified in healthy chil-
dren that was missing in kwashiorkor 
patients. They concluded that microbio-
therapy based on selected strains has the 
potential to improve the current treat-
ment of severe acute malnutrition and 
prevent relapse and death by re-estab-
lishing a healthy gut microbiota (Tidjani 
Alou et al., 2017). In addition to admin-
istering specific bacterial strains, 
another way to alter the intestinal micro-
biome is to provide substrates that pro-
mote the growth of specific bacterial 
taxa. Gehrig and colleagues showed that 
improving therapeutic diets by supple-
menting them with ingredients that 
increase the representation of growth-
promoting bacterial taxa in the microbi-
ota of undernourished donors promoted 
healthy growth in both preclinical 
mouse and piglet models and in a subse-
quent human study (Gehrig et al., 2019). 
These results not only confirmed the 
transferability of findings from preclin-
ical models, but also simultaneously 
illustrated a possible new approach for 
treating malnutrition in children. 

 
 

CHRONIC UNDERNUTRITION 
 
Contrary to the acute malnutrition, 
chronic malnutrition is a result of inad-
equate nutrition over a long period of 
time leading to the failure of linear 
growth and, as a result, to short and thin 
individuals. Its causative factors are still 
poorly understood (Gordon et al., 2012) 
and until recently, nothing was known 
about the role of the microbiota in this 
condition in mammals (Schwarzer et al., 
2016). In the invertebrate gnotobiotic 
Drosophila model of chronic protein 
undernutrition, microbiota in general 
and specific commensal strains of 
Acetobacter and Lactobacillus in partic-
ular have been shown to promote host 

systemic growth during the juvenile 
phase (Shin et al., 2011; Storelli et al., 
2011). Specifically, Storelli and col-
leagues studied different strains of one 
of the most abundant Drosophila com-
mensal species, Lactiplantibacillus 
plantarum (Lp). We were able to show 
that a single strain LpWJL can recapitu-
late the growth benefit effect of the full 
microbiota. This effect was strictly 
strain-specific and relied on endocrine 
tissue-specific activity of the TOR 
kinase, whose activity is regulated by 
circulating amino acid levels and 
controls the production of systemic 
hormonal growth signals, such as the 
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insulinlike peptides, including the 
Drosophila analogues of mammalian 
insulin-like growth factor (IGF-1) 
(Storelli et al., 2011).  

In mammals, the juvenile growth is 
governed both by the nutritional input 
and the activity of somatotropic axis 
(Breier, 1999). Growth hormone (GH) 
is released from the anterior lobe of the 
pituitary gland in a pulsatile pattern and 
acts by binding to its receptor in the 
membranes of the target cells in the liver 
or peripheral organs (Hartman et al., 
1993). The binding leads to the initia-
tion of a signalling cascade, culminating 
in the phosphorylation of transducer and 
activator of transcription (STAT) pro-
teins and induction of transcription of 
GH-regulated genes, in particular insu-
lin-like growth factor-1 (IGF-1), IGF-1 
binding proteins (IGFBPs) and suppres-
sors of cytokine signalling (SOCSs) 
(Bartke et al., 2013). IGF-1 is the main 
mediator of GH actions and it also 
inhibits GH release by classical negative 
feedback loop. Upon protein malnutri-
tion or starvation, the GH signalling 
pathway is inhibited, the levels of IGF-
1 decrease, and the negative feedback 
loop on GH production is compromised. 
This leads to the increased levels of GH 
in the circulation and individuals enter 
maintenance (survival) mode. The GH 
resistance state seems to be an adaptive 
response to undernutrition in order to 
maintain euglycemia and preserve 
energy (Fazeli and Klibanski, 2014).  

 To investigate the role of the intesti-
nal microbiota in mammals’ juvenile 
growth, we studied the role of the 
microbiota on growth kinetics of 
conventional mice compared to germ-
free animals on standard breeding diet 
or under chronic undernutrition 
(Schwarzer et al., 2016). We found that 
under normal nutritional conditions, the 
microbiota of infant mice was necessary 
to maximize systemic weight gain and 
linear growth. At the same time, the 

microbiota improved bone growth 
parameters, including femur length, 
cortical thickness, and cortical and 
trabecular bone fraction. On the molec-
ular level higher growth kinetics of CV 
mice was accompanied by higher level 
of circulating IGF-1 and IGFBP-3, its 
major binding protein, despite GH 
levels similar to GF animals. The peak 
of circulating IGF-1 levels at day 28 
after birth, which corresponded to a 
spurt growth period in CV mice, was not 
observed in GF animals. These data sug-
gested higher sensitivity of conven-
tional animals to GH actions and high-
lighted the major role of IGF-1 in post-
natal growth. Further, the importance of 
the intestinal microbiota and its compo-
sition for juvenile growth on both nor-
mal breeding and low-protein diets was 
recently shown by Darnaud and col-
leagues (Darnaud et al., 2021). Two dif-
ferent defined mouse minimal microbi-
ota, Oligo-MM12 (Eberl et al., 2019) and 
GM15, showed an enhanced ability to 
buffer the deleterious effects of a low-
protein diet on systemic growth in post-
weaning mice compared to an SPF 
microbiota, with concomitant improve-
ment in circulating levels of insulin-like 
growth factor-1 (IGF-1). Given the 
modularity, stability, and easy tractabil-
ity of the minimal microbiota, this 
model offers new opportunities for 
research focused on how the microbiota 
affects host physiology in general and 
juvenile growth in particular (Darnaud 
et al., 2021). In contrast to CV or gnoto-
biotic consortium-colonized mice, the 
growth of GF animals was completely 
arrested when challenged by chronic 
undernutrition. Yet, when we monocol-
onized GF mice with lactobacilli strains 
selected in Drosophila for their different 
growth promoting abilities, we observed 
a strain-dependent increase in the mag-
nitude of linear and ponderal growth. 
The growth-promoting strain LpWJL 
was able to recapitulate the effect of the 
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entire microbiota on growth. The 
improved mouse growth associated with 
the complete microbiota and a selected 
LpWJL strain was accompanied by 
restored GH sensitivity and IGF-1 pro-
duction in  liver and in the peripheral tis-
sues (Schwarzer et al., 2016). 

Our findings on the conservation of 
the growth-promoting properties of the 
LpWJL strain in both the invertebrate 
Drosophila and the mammalian mouse 
model were limited to the gnotobiotic 
animals. Therefore, we asked the obvi-
ous question: Is LpWJL capable of alle-
viating stunting in conventional juvenile 
mammals as well? To this end, we 
developed a new preclinical mouse 
model for nutritional stunting in con-
ventional mice with reduced circulating 
IGF-1 and insulin levels (Schwarzer et 
al., 2023). Previously, consumption of 
similar diet low in proteins and fats dur-
ing the early-stage of life, in combina-
tion with exposure to certain commensal 
bacterial species (e.g. Bacteroidales 
species and Escherichia coli) was 
shown to contribute to the development 
of environmental enteropathy (EE). EE 
is characterized by increased gut inflam-
mation, intestinal permeability and vil-
lous blunting, which as a result leads to 
growth failure and stunting (Brown et 
al., 2015). Contrary to the study of 
Brown and colleagues, our model of 
stunting was not associated with small 
intestinal inflammation but with altered 
small intestine crypt cell proliferation. 
Using this model, we have shown that 
repeated administration of LpWJL 
sustains the postnatal growth of 

malnourished conventional animals by 
orchestrating metabolic and hormonal 
changes in the juvenile host manifested 
as improved circulating levels and activ-
ity of both IGF-1 and insulin. The 
improved IGF-1 and insulin levels and 
activity were in accordance with a 
recent clinical study in which the 
authors reported a significant increase in 
the levels of both of these hormones in 
severe acute malnourished Bangladeshi 
children, who received microbiota-
directed therapeutic food treatment 
(Gehrig et al., 2019). Further, we iden-
tified administration of heat-killed 
LpWJL bacteria as well as its isolated 
cell walls as being sufficient bacterial 
signals stimulating animal growth. This 
prompted us to search for a possible 
receptor on the host side enabling the 
sensing of bacterial cell-wall motifs. In 
in vitro assays, the LpWJL purified cell-
walls were able to engage TLR2 and 
NOD2 receptors. We therefore adminis-
tered LpWJL to undernourished NOD2 
KO and MyD88 KO mice. While we 
observed increased growth in the 
MyD88 KO mice upon LpWJL admin-
istration, this effect was lost in the 
NOD2 KO mice. Further, by using the 
tissue specific NOD2 KO mice, we 
identified that NOD2 receptor expres-
sion is necessary in intestinal epithelial 
cells in order for LpWJL to mediate 
increased intestinal crypt cell prolifera-
tion, type I interferon–regulated gene 
induction, IGF-1 production, and post-
natal growth promotion in malnourished 
conventional animals (Schwarzer et al., 
2023) (Figure 1). 

 
 

CONCLUSIONS 
 
Eukaryotic cells and multicellular 
organisms have evolved in the world of 
bacteria. Therefore, during their evolu-
tion, they constantly interacted with 
bacteria and now form symbiotic 

relationships. In recent years, with 
advances in sequencing and -omics 
techniques, we have begun to see the 
various facets of this symbiotic relation-
ship between host and microbiota. 
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Figure 1: Feeding of Lactiplantibacillus plantarum WJL (LpWJL) to chronically undernourished 
juvenile mice enhance their longitudinal and ponderal growth. LpWJL cell wall motifs are sensed 
by the pattern recognition receptor NOD2 in the intestinal epithelial cells, enhancing the prolifera-
tion of crypt stem cells and sustaining postnatal juvenile growth despite chronic undernutrition. 
(Illustration created by Petra Schwarzer.) 
 
 
Ample evidence from both human stud-
ies and experimental data from animal 
models shows that the gut microbiota 
plays a critical role in the growth of the 
juvenile host (Schwarzer et al., 2018). In 
a mouse model of chronic undernutri-
tion, we showed that not only microbi-
ota but also a selected strain of Lacti-
plantibacillus plantarum (LpWJL) is 
able to alleviate the complete stunting 
observed in germ-free mice. Further, the 
same LpWJL strain improved linear and 
ponderal growth in conventional under-

nourished mice upon daily intervention. 
The isolated bacterial cell-walls and the 
NOD2 receptor in the intestinal epithe-
lial cells were both necessary for the 
observed beneficial effects. In a broad 
perspective, our findings suggest that 
certain validated bacterial strains or 
defined components of their cell wall, 
together with nutritional therapy, may 
represent a novel and complementary 
strategy to buffer the adverse effects of 
chronic undernutrition on human post-
natal growth, which still affects more 

peterheidt
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than 160 millions of children below 5 
years of age in low- and middle-income 
countries. 
 
Outstanding questions 
1) Lactiplantibacillus plantarum WJL 
or NOD2 agonist supplementation sup-
ports growth of chronically undernour-
ished mouse model with no small intes-
tinal enteropathy. Would the supple-
mentation be effective also in under-
nourished models with environmental 

enteropathy (i.e. small intestinal inflam-
mation)? 
2) Would Lactiplantibacillus plantarum 
WJL or NOD2 agonist supplementation 
enhance the efficacy of nutritional inter-
ventions in undernourished mice and 
children? 
3) Are other bacteria outside of Lacto-
bacillaceae family also able to promote 
growth of undernourished juvenile ani-
mals? And if yes, how? 
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SUMMARY 
 

Fungal infections are difficult diseases to manage in humans. Developing 
antifungal drugs is an exceptionally challenging task due to the close evolu-
tionary relationship between fungi and humans, making it hard to find fungal-
specific inhibitors without toxicity to humans. Optimal implementation of 
antifungal treatments will require improved understanding of not only anti-
fungal resistance mechanisms, but also of the tripartite interactions between 
fungi, bacteria and the mammalian host. We emphasized in this review how 
the definition of the mechanisms behind this tripartite interaction may provide 
us with an understanding of multi-kingdom community processes that allows 
for the development of novel therapeutic approaches for human fungal 
diseases. 

 
 

INTRODUCTION 
 
Some fungi cause diseases in healthy 
people, but most fungal infections occur 
in individuals already experiencing seri-
ous illness, such as cancer, solid organ 
and hematopoietic stem cell transplanta-
tion, intensive care and recently 
COVID-19 (Brown et al., 2012). 
Among the estimated 1.5–5.0 million 
fungal species on planet Earth (O'Brien 
et al., 2005) only several hundred cause 
disease in humans, and very few are able 
to affect healthy people. Animals co-
evolved with fungi, and the sophisti-
cated and potent human immune system 
arose from the constant challenge posed 
by the microbial world. Fungal patho-
gens likely adapted their pathogenic 
repertoire to other animal prey - mam-
mals, insects, and even unicellular 
amoebae - before encountering and 
attacking humans (Casadevall, 2012). 
For a fungus, parasitizing a human is a 
demanding strategy that demands, 

among others, to withstand the human 
immune system. Although not unique 
among infectious agents, fungi possess 
complex and unusual relationships with 
the vertebrate immune system, partly 
due to some prominent features (see 
below).  

Developing antifungal drugs is an 
exceptionally challenging task due to 
the close evolutionary relationship 
between fungi and humans, making it 
hard to find fungal-specific inhibitors 
without toxicity to humans. Only a few 
antifungal drugs have been approved in 
the past few decades (McCarty and 
Pappas, 2021). Although these drugs 
are effectively used for current treat-
ments, there are some drawbacks to pro-
longed usage, including the emergence 
of multi-drug resistant species of 
Candida auris (Forsberg et al., 2019) 
and the increased incidence of voricon-
azole-resistant Aspergillus fumigatus 
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isolates (van der Linden et al., 2013). 
This underscores the need for new 
approaches in the management of fungal 
diseases.  A renewed focus on repurpos-
ing of drugs used for other diseases pro-
vides a promising approach for antifun-
gal drug discovery because their phar-
macodynamic, pharmacokinetic, and 
toxicity profiles are well established  
(Bouz and Dolezal, 2021). In addition, 
alternative therapies, such as immune 
cell therapies, vaccines, and monoclonal 
antibodies, have shown potential in ani-
mal models, although these are not yet 
available for clinical use (Bernardes 
and Hohl, 2020). Optimal implementa-
tion of antifungal treatments will require 
improved understanding of not only tar-
get and drug efflux-based antifungal 
resistance mechanisms, but of the tripar-
tite interactions between fungi, bacteria 

and the mammalian host. Despite the 
abundance of bacterial–fungal interac-
tions in nature and the clinical environ-
ment, very little is known about the 
molecular mechanisms underlying these 
interactions and their importance to 
human health. Unravelling the mecha-
nisms that microorganisms use in a 
competitive, polymicrobial environ-
ment would not only deepen our under-
standing of microbial pathogenesis but 
may also provide important insights into 
novel pathways that are amenable for 
the development of new antimicrobial 
drugs. History has demonstrated the 
power of understanding such interac-
tions, with the identification of penicil-
lin being the consequence of a bacterial–
fungal interactions on a contaminated 
agar plate. 

 
 

BACTERIAL-FUNGAL INTERACTIONS IN  
THE GASTROINTESTINAL TRACT 

 
Fungi and bacteria coexist creating 
complex communities that are im-
portant in agriculture and human health. 
Bacteria comprise more than 90% of the 
human microbiome, most belonging to 
four phyla: Firmicutes, Bacteroidetes, 
Actinobacteria, and Proteobacteria (Qin 
et al., 2010). The human microbiome 
also harbours other microbes such as 
fungi, accounting for ∼ 0.1% of the 
human gut microbiome by shotgun 
sequencing, viruses (bacteriophages), 
archaea, and protozoans, collectively 
making a median 1.5 × 1011 cell counts 
per gram of faecal material. The study 
of the gut mycobiota from healthy stool 
identified Ascomycota and Basidio-
mycota as the most abundant taxa, and 
Saccharomyces, Candida, Malassezia 
and Cladosporium as the dominant gen-
era (Nash et al., 2017). Of interest, the 
most abundant genera of fungi in the 
guts of mice were also those present in 
humans (Dollive et al., 2013). A number 

of studies have indicated that the gut 
mycobiome (Wang et al., 2023) and its 
interactions with bacterial species 
(Santus et al., 2021) influence gut home-
ostasis and are relevant to human health.  
Indeed, beneficial interactions between 
bacteria and fungi are continuously 
being explored as potential probiotic 
interventions for intestinal disease. 
Candida albicans is a member of the 
intestinal microbiota in the majority of 
the human population. This under-
scores C. albicans’ adaptation to life in 
the intestine without inducing competi-
tive interactions with other microbes or 
immune responses detrimental to its sur-
vival. Specific conditions such as a 
dysbalanced microbiome, a suppression 
of the immune system, and an impaired 
intestinal barrier can predispose for 
invasive, mostly nosocomial C. albi-
cans infections. Colonization of the 
intestine and translocation through the 
intestinal barrier are fundamental 
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aspects of the processes preceding life-
threatening systemic candidiasis. How-
ever, protective effects have also been 
described, including the ability of this 
commensal to orchestrate the usage of 
multiple receptor-signalling pathways 
in dendritic cells, ultimately affecting 
antifungal resistance and tolerance (see 
below) (Romani et al., 2002; Romani, 
2011). Interestingly, C. albicans also 
demonstrates probiotic properties by 
enhancing the growth of two strictly 
anaerobic commensal bacteria, Bac-
teroides fragilis and Bacteroides 
vulgatus, likely via aerobic respiration 
and/or antioxidant production 
(Valentine et al., 2019). As a matter of 
fact, the administration of antifungal 
drugs exacerbated colitis (Wheeler et 
al., 2016) while C. albicans affects the 
recolonization of the cecum by the 
microbiota in mice treated with antibiot-
ics (Mason et al., 2012; Erb Downward 
et al., 2013). Although antibiotic-treated 
C. albicans-colonized mice showed 
reduced expression of specific immune 
response genes it is also likely that fun-
gal yeasts directly interact with bacteria. 
The yeast Saccharomyces boulardii has 
indeed been extensively studied as a 
potential probiotic due to its protective 
effect against various bacterial gastroin-
testinal pathogens, including Clostridi-
odes difficile, Helicobacter pylori, 
Vibrio cholerae, Salmonella enterica 
serovar Typhimurium, Shigella flexneri, 
and Escherichia coli (Ansari et al., 
2023). 

Fungus-bacterium interactions are 
however bidirectional with a variety of 
reciprocal interactions encompassing 
antagonistic and pathogenetic interac-
tions in addition to beneficial ones 
(Nogueira et al., 2019; Santus et al., 
2021; Zhang et al., 2022). For instance, 
the abundance of fungi is regulated by 
gut bacteria. Firmicutes and Bacteroide-
tes restrict colonization of C. albicans in 
the mouse gut by activating transcrip-

tion factor HIF-1α in intestinal cells, 
which causes an increase in the antimi-
crobial peptide LL-37 (Fan et al., 2015). 
C. albicans and lactic acid bacteria 
(LAB) have the same metabolic niches 
throughout the gastrointestinal tract. 
Dysbiosis of C. albicans causes altered 
levels of LAB, especially Lactobacillus 
spp. and Enterococcus spp. Lactobacilli 
inhibit C. albicans, while Enterococcus 
faecalis and C. albicans are mutualistic 
(Zeise et al., 2021). In an in vitro gut 
model, L. rhamnosus modified the met-
abolic environment, altering the expres-
sion of virulence-related genes and 
reducing C. albicans induced epithelial 
damage (Graf et al., 2019; Alonso-
Roman et al., 2022). Moreover, probiot-
ics strains, such as L. acidophilus, L. 
reuteri, L. casei GG, and Bifidobacte-
rium spp., have shown efficacy in limit-
ing the severity of C. albicans infections 
in both immunocompromised and germ-
free mice (Wagner et al., 1997) and 
inhibiting  the in vitro formation of 
polymicrobial biofilms (Hager et al., 
2019). Furthermore, metabolites pro-
duced by a consortium of bacterial spe-
cies derived from healthy human faecal 
samples effectively inhibited the growth 
of C. albicans in liquid culture. Species 
of Roseburia and Bacteroides ovatus 
were directly responsible for these anti-
fungal effects (Garcia et al., 2017).  

Alternatively, interactions between 
fungi and bacteria have the potential to 
enhance microbial pathogenesis. For 
instance, both C. albicans and S. cere-
visiae enhance the pathogenicity of the 
opportunistic pathogen Acinetobacter 
baumannii by producing ethanol (Smith 
et al., 2004) or the quorum-sensing mol-
ecule farnesol (Peleg et al., 2008).  C. 
albicans allows the growth of strict 
anaerobes, including C. difficile, both in 
vivo (Panpetch et al., 2019) and in vitro 
(van Leeuwen et al., 2016), under aero-
bic conditions due to the rapid reduction 
of dissolved oxygen in the vicinity of 
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the yeast (Lambooij et al., 2017) and C. 
difficile inhibited C. albicans hyphal 
growth through the secretion of the 
small molecule p-cresol (van Leeuwen 
et al., 2016). However, another study 
found that prior colonization of mice 
with C. albicans protected mice from C. 
difficile infection (Markey et al., 2018), 
a finding implicating the effects of Can-
dida colonization on mucosal immune 
homeostasis.  Finally, while Enterobac-
teriaceae were required for C. albicans-
mediated enhancement of colitis 
(Sovran et al., 2018), likely due to the 
ability of enterohemorrhagic E. coli to 
enhance C. albicans epithelial invasion 
vitro (Yang et al., 2016), S. marcescens 
employed a type VI secretion system to 
deliver antifungal toxins to kill C. albi-

cans (Trunk et al., 2018) and S. typhi-
murium employed a type III secretion 
system to block hyphal formation (Kim 
and Mylonakis, 2011).  Thus, these few 
examples highlight the complex nature 
of fungal-bacterial interactions in the 
mammalian gut, and the broad impact of 
fungi on bacterial species within micro-
biomes (Pierce et al., 2021). The spec-
trum of findings points to new possibil-
ities and challenges in addressing the 
global spread of drug-resistant fungal 
pathogens and the diminishing pipelines 
of effective antifungal drugs (Chow et 
al., 2023). Ultimately, the crucial role of 
the fungal-bacterial interactions across 
habitats and ecosystems is well estab-
lished (Deveau et al., 2018; Steffan et 
al., 2020). 

 
 

TRIPARTITE INTERACTIONS: FUNGI, BACTERIA AND  
THE MAMMALIAN HOST 

 
Like other microorganisms, fungi inter-
act with the immune system at mucosal 
surfaces in ways that are important both 
for host defence and for regulating the 
immune system (Underhill and Iliev, 
2014). As said, fungi possess complex 
and unusual relationships with the ver-
tebrate immune system, including their 
ability to exist in different forms and to 
reversibly switch from one to the other 
in infection. Examples are the dimor-
phic fungi (H. capsulatum, P. brasili-
ensis, C. immitis, and B. dermatitidis) 
which transform from saprobic filamen-
tous molds to unicellular yeasts in the 
host, the filamentous fungi (such as 
Aspergillus spp.) that, inhaled as unicel-
lular conidia, may transform into a mul-
ticellular mycelium, and some species 
of Candida, capable of growing in dif-
ferent forms such as yeasts, blasto-
spores, pseudohyphae and hyphae. This 
implicates the existence of a multitude 
of recognition and effector mechanisms 
to oppose fungal infectivity at the differ-
ent body sites. For commensals, two 

prominent features are important. The 
highly effective strategies of immune 
evasion have evolved to enable survival 
in the host environment and the pro-
longed antigenic stimulation of the host 
can have profound immunoregulatory 
consequences. Thus, in the context of 
the antagonistic relationships that char-
acterize the host-pathogen interactions, 
the strategies used by the host to limit 
fungal infectivity are necessarily dispar-
ate and, in retaliation, fungi have devel-
oped their own elaborate tactics to evade 
or overcome these defences  (Romani, 
2004, 2011). This may have resulted in 
an expanded repertoire of cross-regula-
tory and overlapping antifungal host 
responses. Indeed, through the involve-
ment of different pattern recognition 
receptors, cells of the innate immune 
system not only discriminate between 
the different forms of fungi, but also 
contribute to resistance and tolerance to 
fungi at the level of the adaptive T 
helper immunity (Romani, 2004, 2011; 
Underhill and Iliev, 2014). Resistance is 
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the ability of the host to reduce the suc-
cess of infection or to increase the rate 
of clearance of the pathogens. Tolerance 
is the ability to reduce the detrimental 
effects of the pathogens on the perfor-
mances of the hosts, either directly or by 
limiting immunopathological mecha-
nisms. Infectivity diminishes naturally 
among resistant hosts but not neces-
sarily among tolerant ones, as these har-
bour the pathogen with no or moderate 
loss in performance. Resistance and 
tolerance are associated with fitness 

costs, which arise from the diversion of 
limiting resources away from biological 
processes related to performance. The 
host organism is a complex mosaic of 
cell populations that requires adequate 
supplies of nutrients for maintenance, 
growth and proliferation. Because many 
nutrient requirements may be shared by 
host cells, pathogens and indigenous 
microbiota, all these cells may poten-
tially compete for growth-limiting 
resources.  

 
 

THE SHARING OF TRYPTOPHAN METABOLISM 
 
Amino acid metabolic pathways are cru-
cial regulators of immunity from plants 
(Zeier, 2013) to mammals (Grohmann 
and Bronte, 2010). Amino acids serve 
as the building blocks of proteins, so 
their importance in immune activity 
requiring cell division, cytokine and 
chemokine production and other de 
novo protein synthesis requirements is 
self-evident. In addition to this process, 
some amino acids, or their downstream 
metabolites, have been implicated as 
anti-microbial agents. Tryptophan (Trp) 
is a central hub for host/microbial infor-
mation processing. Trp is an essential 
amino acid for humans and must be 
obtained from the diet. Besides being 
involved in protein synthesis, Trp is a 
versatile precursor and can be metabo-
lized by both host and microbial 
enzymes to generate a variety of mole-
cules involved in different fundamental 
processes (Borghi et al., 2020; Grifka-
Walk et al., 2021; Li et al., 2022; Seo 
and Kwon, 2023). Three pathways have 
gained considerable interest for their 
role at the interface between the host, 
the microbiome and pathogens. These 
pathways include the host kynurenine 
and serotonin pathways and the micro-
bial indole pathway (Seo and Kwon, 
2023). The host kynurenine pathway 
and the microbial indole pathway, con-

verge on a central xenobiotic receptor, 
the Aryl Hydrocarbon Receptor (AhR), 
a critical regulator at the host/microbe 
interface (Zelante et al., 2013; Metidji et 
al., 2018; Dong and Perdew, 2020; 
Stockinger et al., 2021). The kynurenine 
pathway accounts for ~95% of overall 
Trp degradation  and the first and rate-
limiting step is mediated by indoleam-
ine 2, 3–dioxygenase (IDO)1, along 
with IDO2 (a paralogue of IDO1) and 
the tryptophan 2,3-dioxygenase, TDO2, 
resulting in the formation of 
kynurenine. The kynurenine pathway, 
and IDO1 in particular, has been associ-
ated with the promotion of tolerance in 
different inflammatory conditions 
(Cervenka et al., 2017).  For instance, 
the Trp metabolic pathway crucially 
provides immune homeostasis in fungal 
infections by taming heightened inflam-
matory responses and inducing immune 
and tissue tolerance, an activity to which 
the host, fungi and the microbiota coop-
eratively contributed (Romani et al., 
2015). These results provide proof-of 
concept demonstration of the druggabil-
ity of host metabolic pathways for anti-
fungal tolerance defences. The seroto-
nin pathway also influences the interac-
tions between host and microbes. For 
instance, commensal bacteria regulate 
the synthesis of serotonin by the host 
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(Yano et al., 2015), and serotonin may 
modulate the composition of the gut 
microbiome (Stasi et al., 2019). The 
third important pathway is represented 
by the indole pathway whereby different 
species of bacteria produce indole com-
pounds via the major metabolic path-
ways involving the activity of: i) trypto-
phanase generating indole, ii) aromatic 
amino acid aminotransferase generating 
indole-3-acetaldehyde and indole-3-
aldehyde (3-IAld ) and iii) tryptophan 
deaminase generating indole-3-pyruvic 
acid (Morgan et al., 2023). Indoles are 
very attractive molecules as they have 
been shown to augment health span 
across a broad range of evolutionarily 
diverse species from different phyla, to 
control bacterial fitness, including anti-
biotic resistance and strengthening of 
the epithelial barrier function (Wikoff et 
al., 2009; Venkatesh et al., 2014; Lee et 
al., 2015; Dodd et al., 2017; Roager and 
Licht 2018; Hendrikx and Schnabl 
2019; Ornelas et al., 2022). Microbiota-
derived indoles are ligands of AhR, thus 
suggesting that the host AhR has 
evolved to sense and respond to the 
presence of the microbiota resulting in 
maintenance of homeostasis. In addition 
to its function as xenobiotic receptor, 
AhR has been implicated in a wide 
range of physiological activities, includ-
ing the bidirectional communication 
with the microbiome for modulating 
host immunity, tolerance and metabo-
lism (Zelante et al., 2013; Metidji et al., 
2018; Stockinger et al., 2021; Nieves et 
al., 2022).  

Our group has previously identified a 
microbial pathway of Trp utilization 

that regulates Candida commensalism 
and mucosal homeostasis in the gut 
(Zelante et al., 2013; Roager and Licht 
2018; Puccetti et al., 2023). Indeed, the 
commensal L. reuteri, by switching to 
Trp as energy source, produces 3-IAld 
via the aromatic amino acid aminotrans-
ferase pathway. 3-IAld, in turn, by 
working as a ligand of AhR, stimulated 
innate lymphoid cells to release IL-22 
that efficiently controlled C. albicans 
colonization by promoting epithelial 
integrity and the release of antimicrobial 
peptides. The scenario emerging from 
these findings appear to trace the dichot-
omy of resistance versus tolerance back 
to the different pathways of Trp utiliza-
tion. Indeed, the microbial AhR-IL-22 
axis appear to promote resistance by 
means of primitive antifungal defence 
mechanisms that include the homeo-
static maintenance of the triad microbi-
ota, epithelium and immune system. In 
contrast, the host IDO1 pathway 
emerges as a functional specialization of 
antifungal tolerance mechanisms that 
evolved to facilitate the establishment of 
a fungal microbiome. It should also be 
noted that although the IDO1 product 
kynurenine and the microbial product 3-
IAld are both ligands of AhR, the out-
come may be different because AhR 
activation results in a variety of effects 
that depend, among others, on the ligand 
itself. Therefore, the IDO1 pathway and 
the microbial Trp metabolic pathway, 
although intersecting at a common 
node, may underlie distinct functional 
activities in the resistance vs tolerance 
antifungal response.  

 
 

CONCLUSIONS 
 
Fungi serve as a biological scaffold for 
bacterial attachment. Consequences of 
these interactions are not just limited to 
the respective microorganisms, but also 
have major impacts in the immune sys-

tem resulting in a network of bidirec-
tional interactions that operates  across 
the health and disease spectrum (Figure 
1). It is clear that individual microbes 
have  important  effects on  the  host, and 
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Figure 1: Schematic representation of the bidirectional network among the microbiome, the myco-
biome and the immune system. The figure was made on BioRender. 
 
 
that a balance of the microbiota is nec-
essary for homeostasis. Examining the 
mechanisms behind the fungi/bacteria 
balance will provide us with an under-
standing of multi-kingdom community 
processes that allows for the develop-
ment of disease-specific therapeutic 
approaches in different ecological set-
tings. In so doing, we have discovered 
that harnessing of the AhR/IDO1 path-
way may represent a much-needed strat-
egy for improving and preventing the 
burden of human fungal diseases. By 

shifting the current view of pathogene-
sis from pathogen- to host-oriented 
views, we provided proof-of-concept 
evidence of the feasibility of therapeutic 
approaches to reduce infectious disease 
burden by targeting host and microbial-
derived immunometabolic checkpoints 
leading to tolerance. The druggability of 
this pathway with microbial metabolites 
to promote homeostasis and microbial 
symbiosis at mucosal surfaces is becom-
ing a reality.  
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SUMMARY 
 

Over the last decades, studies have revealed that the gut microbiota has much 
wider effects on host physiology and development than originally believed, 
including the modulation of brain development and behaviour. Recent 
insights into the complexity and magnitude of the human microbiota and its 
wide-ranging impact on health and disease have given way to a paradigm shift 
in our conceptualization of the origin of human brain disorders. Evidence 
from preclinical research, cross-sectional clinical studies, and preliminary 
microbiota-targeted intervention studies implicates the gut microbiota as a 
potential key susceptibility factor in neurodevelopmental and psychiatric dis-
orders, including autism spectrum disorder (ASD). However, the microbiota-
gut-brain axis field is nascent, and further investigations are needed to unravel 
the precise mechanisms mediating the intricate microbiota-host interactions 
and the potential of microbiota-based therapeutic strategies for these condi-
tions. This article briefly highlights recent findings implicating the micro-
biota-gut-brain axis in the neurobiology of ASD, and novel metabolite-based 
therapeutic approaches to manage ASD. The emerging roles of the bacterial 
peptidoglycan signalling pathway in early life gut-brain communication are 
also presented. 

    
 

INTRODUCTION 
 

It is now well recognized that environ-
mental influences during early life can 
profoundly affect the formation and 
later function of neural brain circuits, a 
phenonomen termed developmental 
programming. One such external envi-
ronmental factor is the gut microbiota – 
the trillions of microorganisms inhabit-
ing the gastrointestinal (GI) tract, 
including bacteria, archaea, fungi, and 
viruses – that through evolution has 
adapted to coexist in a mutualistic rela-
tionship with mammals (Davenport et 
al., 2017). During birth and rapidly 
thereafter, the new-born is massively 
colonized with microbes via vertical 
transmission from mother to infant 

(Dominguez-Bello et al., 2019; House et 
al., 2016). This postnatal microbial col-
onization process contributes to the 
developmental programming of epithe-
lial barrier function, gut homeostasis, 
and angiogenesis, as well as promoting 
the development of the immune system 
(Hooper et al., 2012). A rapidly expand-
ing body of research has revealed that 
the gut microbiota exerts a broader 
range of effects on host physiology and 
development beyond the GI tract, 
including the early life programming of 
brain circuits involved in the control of 
the stress response, motor activity, and 
cognitive functions (for a review, see: 
Cryan et al., 2019). Preclinical studies 
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using germ-free (GF) animals have 
shown that gut microbiota influences a 
wide-range of neurodevelopmental pro-
cesses, including the maturation and 
function of microglia, primary resident 
immune cells of the brain (Erny et al., 
2015; Thion et al., 2018), synaptogene-
sis (Diaz Heijtz et al., 2011), blood-
brain barrier (BBB) formation and 
integrity (Braniste et al., 2014) and 
myelination (Hoban et al., 2016), as 
well as complex behaviours (e.g., social 
and anxiety-like behaviours) (Clarke et 
al., 2013; Diaz Heijtz et al., 2011; 
Neufeld et al., 2011). Other studies have 
shown that gut microbiota influences 
behavioural abnormalities and brain 
pathologies observed in numerous ani-
mal models of neurodevelopmental and 
psychiatric disorders (Lum et al., 2020; 
Needham et al., 2018; Sgritta et al., 
2019; Tabouy et al., 2018). One 
important lesson that has emerged from 
these preclinical studies is that many 
effects of the gut microbiota on the brain 
are sex-dependent (Jaggar et al., 2020). 
These studies also indicate that there are 
sensitive periods in early life during 
which the gut microbiota plays a critical 
role in shaping neural circuit formation 
and function.  

In humans, the maturation of the gut 
microbiota occurs during the first years 
of postnatal life, occurring in parallel 
with critical neurodevelopmental pro-
cesses (e.g., synaptogenesis, mye-
lination, and synaptic pruning) and the 
onset of neurodevelopmental disorders 
such as autism spectrum disorder (ASD) 
and attention-deficit/hyperactivity dis-
order (ADHD) (for a review, see: Borre 
et al., 2014; Diaz Heijtz, 2016). It is 
increasingly acknowledged that neuro-
developmental and psychiatric disor-
ders are often co-morbid with GI prob-
lems and an altered gut microbiota 
(Cryan et al., 2020). In addition, a grow-
ing number of preclinical and epidemi-
ological studies suggest that early-life 
antibiotic exposure, that reduces micro-
biota diversity, could have detrimental 
effects on neurodevelopmental trajecto-
ries, and subsequently be a contributing 
factor to behavioural and psychological 
disturbances emerging in childhood 
(Neuman et al., 2018; Otten et al., 
2022). The current challenge is to trans-
late findings from animal models into 
humans, and to untangle the complex 
and dynamic interactions between the 
microbiota and the developing brain.

 
 

THE GUT MICROBIOTA AND AUTISM SPECTRUM DISORDER 
 
Autism spectrum disorder (ASD) is an 
early-onset neurodevelopmental disor-
der, defined by the presence of social 
communication and interaction chal-
lenges in conjunction with restricted, 
repetitive behaviours and atypical sen-
sory processing (Lord et al., 2018). The 
worldwide prevalence rate of ASD is 
currently estimated to be 1% (Zeidan et 
al., 2022). Manifestations of ASD are 
heterogenous, reflecting a spectrum of 
symptoms that may include individuals 
with intellectual disability and limited 
language ability, as well as individuals 

with average- or above-average intellec-
tual abilities and typical language devel-
opment. Moreover, many children with 
ASD experience GI and immune dys-
function, as well as a range of co-occur-
ring somatic and psychiatric conditions 
including sleep disorders, epilepsy, and 
anxiety (Hsiao, 2014; Leader et al., 
2022; Madra et al., 2020; Zeidan et al., 
2022). For instance, several studies have 
shown that GI symptoms, such as 
abdominal pain, diarrhoea, constipation, 
and flatulence, are more common in 
children with ASD than their 



 

 

 39 

 

 

 

neurotypically developing peers 
(Chaidez et al., 2014) and are positively 
associated with the severity of behav-
ioural problems such as irritability, 
aggression, and repetitive behaviours 
(Adams et al., 2011; Chakraborty et al., 
2021; Wang et al., 2011). Almost two 
decades ago, a small open-label study 
observed that treatment with oral vanco-
mycin (a non-absorbable antibiotic that 
is active against Gram-positive bacteria) 
resulted in short-term benefit in a small 
group of children with regressive-onset 
autism (Sandler et al., 2000). Although 
antibiotics are not a suitable interven-
tion strategy for the management of 
ASD, this study was among the first to 
suggest a link between the gut microbi-
ota and ASD. Since then, multi cross-
sectional studies have also reported an 
altered gut microbiota composition in 
children and adolescents with ASD, 
with lower gut bacterial diversity and an 
underrepresentation of beneficial bacte-
ria (e.g., Bifidobacterium species), 
along with an increased abundance of 
potentially pathogenic bacteria Desul-
fovibrio and Clostridium genera 
(Andreo-Martinez et al., 2022; 
Bezawada et al., 2020; Iglesias-Vazquez 
et al., 2020; Xu et al., 2019). There is, 
however, little consensus regarding the 
magnitude of changes or the existence 
of a specific microbial signature associ-
ated with ASD. It is worth mentioning 
that most of these studies were per-
formed several years after children 
received the diagnosis of ASD and did 
not adequately record detailed dietary 

information or potential medical use. A 
recent study by Yap and colleagues pro-
vided evidence that ASD-associated gut 
microbiota changes can be attributed 
largely to a lack of dietary diversity 
(Yap et al., 2021). It is well-known that 
children with ASD often exhibit selec-
tive eating patterns (Bourne et al., 
2022), and that they are more frequently 
exposed to antibiotics during the first 
years of life (House et al., 2016), which 
can adversely impact the gut microbiota 
(Otten et al., 2022). Nevertheless, the 
causal potential of the gut microbiota in 
ASD has been supported by preclinical 
studies including genetic (e.g., Shank3B 
mutant mice) environmental (e.g., 
valproic acid, GF, and maternal high-fat 
diet) and idiopathic rodent models of 
ASD (BTBR T+ Itpr3tf/J mice) (for a 
review, see: Alamoudi et al., 2022). Fur-
ther support has been gathered from 
studies transferring the faecal gut micro-
biota from autistic children into GF 
mice, resulting in behavioural and 
molecular changes relevant to this con-
dition (Sharon et al., 2019). However, it 
remains unclear whether the gut micro-
biota contributes to, or modifies the 
likelihood of ASD onset before any die-
tary changes occur. Indeed, a recent 
multi-omics analysis has highlighted the 
limitations of cross-sectional cohort 
studies (Morton et al., 2023), thus advo-
cating for prospective, longitudinal 
multi-omics studies in combination with 
comprehensive patient metadata to elu-
cidate the role of the gut microbiota in 
ASD.

 
 

EARLY-LIFE MICROBIOME DIFFERENCES IN INFANTS AT  
HIGH FAMILIAL RISK FOR ASD  

 
ASD is now understood to be a multi-
factorial neurodevelopmental condition, 
involving genetic susceptibility, envi-
ronmental risk factors, and gene-envi-
ronmental interactions. One such risk 

factor is having a sibling with ASD, 
with studies consistently demonstrating 
a higher prevalence among siblings and 
in families with a history of ASD (Lord 
et    al.,    2018).     Moreover,    previous 
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Figure 1: Gut microbiota composition level of infants at low likelihood (LL) and elevated likelihood 
(EL) of ASD from 5 to 36 months of age. 
The relative mean abundance of the top taxa was calculated using the aggregated OTUs at the genus 
level. The largest differences between the two groups were observed at 5 months of age. The LL 
group harboured more Bifidobacteria (51% vs. 26%), while the EL group had more Clostridium (5% 
vs. 0.005%) compared to the LL group (Reprinted with permission from Zuffa et al., 2023) 
 
 
investigations have shown that about 
50% of younger siblings of children 
with ASD develop in an atypical man-
ner, approximately 20% develop ASD, 
and another 30% show delays or deficits 
in other areas of development or behav-
iour (Ozonoff et al., 2014). Using a pro-
spective longitudinal study design, 
Zuffa and colleagues recently studied 
the developmental profile of the faecal 
microbiota and metabolome in infants 
with and without a family history of 
ASD (in first- or second-degree rela-
tives) across the first 3 years of life 
(Zuffa et al., 2023), a critical period 
when the gut microbiota and brain are 
both undergoing rapid development 
(Borre et al., 2014). 

At 5 months of age, this study found 
pronounced alterations in the gut micro-
biota composition of infants at elevated 
likelihood (EL) of developing ASD 
(i.e., siblings of children with ASD) 
compared to low-likelihood (LL) 
infants (i.e., infants without a family 
history of ASD) (see Figure 1). Specifi-
cally, infants in the EL group harboured 
less beneficial Bifidobacterium species 
(B. bifidum, B. longum and B. 

kashiwanohense) and more Clostridium 
(C. bolteae, C. difficile, C. clos-
tridioforme, C. neonatale) species com-
pared to infants in the LL group. Mem-
bers of the genus Bifidobacterium are 
among the first colonizers of the neo-
natal human gut and have been associ-
ated with various health benefits (e.g., 
folate production, protection against 
pathogens and development of the 
immune system). On the other hand, 
Clostridium species, which have previ-
ously been linked to ASD, are consid-
ered pathobionts and responsible for 
inflammation when homeostasis is dis-
rupted (Lees et al., 2016).  

Untargeted metabolic profiling high-
lighted that infants in the LL group 
excreted greater amounts of faecal γ-
aminobutyric acid (GABA) GABA, 
which progressively declined with age 
(Zuffa et al., 2023). In contrast, infants 
in the EL group did not display similar 
developmental changes, with GABA 
being consistently low across the first 
36 months of life (Zuffa et al., 2023). 
Furthermore, integrated microbiome-
metabolome analysis revealed a strong 
positive correlation between the 
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identified Bifidobacterium species and 
GABA, as well as negative associations 
with Clostridium species (Zuffa et al., 
2023). These observations raised the 
possibility that competition between 
Clostridium and Bifidobacterium spe-
cies may exist and lead to reduced avail-
ability of GABA in the infant gut. To 
test this hypothesis, Zuffa and col-
leagues used a simplified in vitro model 
with different ratios of the identified 
Bifidobacterium and Clostridium spe-
cies in the presence of GABA and its 
metabolic precursors (Zuffa et al., 
2023). Fascinatingly, in vitro experi-
ments revealed that Bifidobacterium 
species can produce GABA while Clos-
tridium species can consume it, indicat-
ing that a delicate balance exists 
between these bacteria genera in the 
infant gut, with consequences for the 
bioavailability of GABA and its modu-
latory effects on the infant host. 

The general development level 
including gross motor functions, visual 
perception, fine motor skills, receptive 
language, and expressive language of 
infants in the EL and LL groups was 
evaluated using the Mullen Scales of 
Early Learning (MSEL) test at 5 and 36 
months of age and with Autism Diag-
nostic Observation Schedule Second 
Edition (ADOS-2; an assessment tool 
for the diagnosis and evaluation of 
ASD) at 36 months of age. Consistent 
with prior literature, no significant 
developmental changes were observed 
between infants in the EL and LL 
groups at 5 months (Gamliel et al., 
2007). At 36 months, however infants in 
the EL group had lower MSEL and 
ADOS-2 compared to infants in the LL 
group. Although none of the infants 
were diagnosed with ASD at 36 months 
of age, more subtle presentations of this 
condition might still be diagnosed later 

in development, when daily functional 
demands increase (e.g., in the school 
setting). Moreover, other co-occurring 
somatic and psychiatric conditions may 
not be evident at this early age. Despite 
this limitation, this study clearly demon-
strated that alterations in gut microbiota 
composition and functionality of infants 
at EL of ASD occur before any atypical 
development could be detected at 36 
months of age (Zuffa et al., 2023), sup-
porting a possible role of the gut micro-
biota in emerging behavioural variabil-
ity later in life. 

Emerging evidence suggests that the 
development of the infant gut microbi-
ota is influenced by host genetics, but 
that this effect is subtle and affects only 
certain bacteria species (Palmeira et al., 
2022). The absence of major confound-
ing perinatal risk factors such as preterm 
birth and antibiotic exposure in the 
above cohort of infants suggest a role 
for host genetic risk factors in the 
observed early-life differences in gut 
microbiota composition and functional-
ity of infants in the EL group. Interest-
ingly, recent studies have shown that 
many high-confidence risk genes for 
ASD are expressed not only in the 
developing brain, but also in the devel-
oping gut (Niesler and Rappold, 2021). 
Moreover, recent preclinical studies 
have shown that mutations in some of 
these genes (e.g., Shank3B mutant) alter 
the enteric nervous system, leading to 
abnormal GI motility and structural 
changes in the GI tract (for a review, 
see: Alamoudi et al., 2022). These find-
ings suggest that genetic variants previ-
ously linked to behavioural symptoms 
in ASD could contribute to the develop-
ment of an atypical gut microbiota due 
to alterations in the host gut environ-
ment. 
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POTENTIAL ROLE OF BACTERIAL-DERIVED GABA  
IN NEURODEVELOPMENT 

 
GABA acts as the main inhibitory neu-
rotransmitter in the central nervous sys-
tem (CNS) and is significantly involved 
in a wide range of physiological and 
psychological processes. Alterations in 
the central GABAergic system have 
been implicated in the neurobiology of 
several neurodevelopmental and psy-
chiatric disorders, including ASD (for a 
review, see: Zhao et al., 2021). Early in 
life, however, GABAergic synaptic 
transmission is excitatory, and plays an 
important role in brain development 
(Ganguly et al., 2001). GABAergic dys-
function disturbs the optimal excita-
tory/inhibitory (E/I) balance in the 
brain, altering the integrity and function 
of neural circuits. Indeed, an imbalance 
in E/I neurotransmission ratio in cortical 
networks has been suggested as a plau-
sible neurobiological pathway underly-
ing cognitive symptomatology in ASD 
(Marenco et al., 2018). Over the past 
decades, studies have shown that sev-
eral commensal gut bacteria produce 
neurotransmitters such as dopamine, 
histamine, serotonin, and GABA.  Sev-
eral members of the genus Bifidobacte-
rium, such as Bifidobacterium dentium, 
Bifidobacterium longum subsp. infantis 
and Bifidobacterium adolescentis have 
been shown to produce GABA 

(Hidalgo-Cantabrana et al., 2017). It 
remains unclear whether bacterial-
derived GABA present in systemic cir-
culation enters the brain. For instance, 
Luck and colleagues showed that GF 
mice mono-colonized with Bifidobacte-
rium dentium, which possesses the 
enzymatic machinery to produce GABA 
from glutamate, glutamine, and succin-
ate, displayed increases in faecal GABA 
concentrations, but no changes within 
the brain (Luck et al., 2021). Nonethe-
less, there is evidence that the central 
GABA system can be modulated via the 
vagus nerve and enteric nervous system 
(ENS). In a landmark study by Bravo 
and colleagues, it was demonstrated that 
ingestion of Limosilactobacillus reuteri, 
a probiotic with anti-inflammatory 
properties, can regulate emotional 
behaviour and central GABA receptor 
expression in mice via the vagus nerve 
(Bravo et al., 2011). Other animal stud-
ies have implicated GABA producing 
species such as Bifidobacterium infantis 
in the early-life programming of the 
immune system (Henrick et al., 2021), 
raising the possibility that bacterial-
derived GABA may indirectly modulate 
brain development and subsequent 
behaviour via multiple pathways.  

  
NEW MICROBIOME-BASED THERAPEUTIC APPROACHES  

TO MANAGE ASD 
  

There is growing evidence from animal 
studies that direct metabolites of the gut 
microbiota or products of the combina-
torial metabolism between the microbi-
ota and host (so called “neuroactive 
microbial metabolites”) can cross the 
BBB (Swann et al., 2020), and directly 
modulate neural networks involved in 
the control of affective, social, and cog-
nitive processes (Needham et al., 2022). 

In humans, several neuroactive gut-
bacterial-derived metabolites such as 4-
ethylphenyl sulphate (4EPS), p-cresyl 
sulphate (pCS), and other structurally 
related phenolic molecules, were ele-
vated in faeces and plasma of individu-
als with ASD (Needham et al., 2021; 
Zheng et al., 2021). Moreover,   preclin-
ical studies using mouse models of ASD 
indicate that 4EPS is likely to contribute



 

 

 43 

  
Figure 2:  Treatment with AB-2004 improves gastrointestinal problems, brain functional connec-
tivity and non-behavioural symptoms of ASD. (Modified from Diaz Heijtz et al., 2022).  
Several biological pathways of communication along the gut-brain axis have been implicated, 
including the production of gut-bacterial-derived metabolites (so called neuroactive microbial 
metabolites) that can cross the blood brain barrier, and directly modulate the brain. Individuals with 
autism spectrum disorder (ASD) show elevated amounts of various neuroactive microbial metabo-
lites such as 4-ethylphenyl sulphate (4EPS) and p-cresyl (pCS) in faeces and plasma. AB-2004 
directly targets these metabolites in the gut, diminishing systemic exposure and limiting their impact 
on the brain. 
 
 
to atypical neurodevelopment and GI 
dysfunction in mammals (Hsiao et al., 
2013). Consequently, metabolite-based 
therapeutics targeting metabolites of the 
gut microbiota have emerged as an 
attractive new therapeutic approach to 
manage ASD. As such, rather than tar-
geting the altered gut microbiota com-
position in ASD, this approach directly 
targets dysregulated neuroactive micro-
bial metabolites in the gut, diminishing 
systemic exposure and limiting their im-
pact on the brain. In a recent study, 
Campbell and colleagues provided the 
first preliminary clinical evidence that 
AB-2004, a first-in-class therapeutic 

that targets neuroactive microbial 
metabolites in the gut, can help reduce 
anxiety and irritability in adolescents 
with ASD, as well as GI problems 
(Campbell et al., 2022). AB-2004 is a 
spherical carbon absorbent that has high 
affinity for uremic toxins and related 
aromatic metabolites such as 4EPS, 
pCS, 3-indoxyl sulphate and hippurate, 
and therefore sequesters these mole-
cules in the gut, preventing their absorp-
tion into the systemic circulation (see 
Figure 2). The results from an ongoing 
double-blinded placebo-controlled trial 
will reveal whether AB-2004 treatment 
proves to be effective for the manage-
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ment of non-core behavioural symp-
toms and GI problems of ASD. 

Other approaches have been 
employed to manipulate directly and 
profoundly the gut microbiota using fae-
cal microbiota transplantation (FMT), 
as well as more subtle nutritional strate-
gies (e.g., psychobiotic diet, postbiotics) 
aimed at fortifying gut homeostasis and 
its microbial environment. Some 
preliminary FMT studies have shown 

positive preliminary results in ame-
liorating both autistic traits and GI 
symptoms (Kang et al., 2017; 2019; 
2020). Successful examples of 
nutritional strategies have largely been 
limited to animal models of ASD. 
Current evidence supporting beneficial 
effects and long-term safety of 
microbiota-based interventions in 
infants at EL of ASD and young 
children with ASD are still limited. 

 
 

THE MICROBIOTA-GUT-BRAIN AXIS,  
MATERNAL GUT MICROBIOTA AND NEURODEVELOPMENT 

 
It has long been known that a complex 
bidirectional communication network 
exists between the gut and the CNS, 
known as the gut-brain axis, which 
includes the sympathetic and parasym-
pathetic branches of the autonomic 
nervous system, the enteric nervous sys-
tem and neuroendocrine and neuroim-
mune pathways. In recent decades, the 
gut microbiota has been identified as a 
crucial “third component” in the gut-
brain crosstalk, thus leading to the cur-
rent concept of the microbiota-gut brain 
axis. Communication along this axis 
involves multiple direct and indirect 
pathways, including neuronal circuits 
(e.g., bidirectional vagus nerve-to-brain 
communication and the enteric nervous 
system), immune (e.g., cytokines, 
monocyte trafficking), endocrine (e.g., 
cortisol), and microbial-derived metab-
olites such as bacterial fermentation by-
products such as short-chain fatty acids 
(SCFAs; propionate, butyrate, and ace-
tate) (for a review, see: Cryan et al., 
2019). However, the precise molecular 
mechanisms underlying the interactions 
between the gut microbiota and the 
developing brain remain to be eluci-
dated. 

It is now widely recognized that the 
maternal-foetal environment plays an 
important role in foetal brain and long-

term neurodevelopmental trajectories, 
including susceptibility to neurodevel-
opmental and psychiatric disorders in 
childhood and adulthood (for a review, 
see: Al-Haddad et al., 2019). In recent 
years, the maternal gut microbiota has 
been associated not only with maternal 
health during pregnancy, but also with 
general foetal health and subsequent 
neurodevelopmental outcomes (for a 
review, see: Bolte et al., 2022). The 
developing foetus receives nutrients and 
other bioactive compounds from the 
maternal circulation, which could be 
profoundly influenced by the composi-
tion of the maternal gut microbes. Using 
GF mice, Braniste and colleagues inves-
tigated the impact of microbiota on the 
development of the BBB, which begins 
to develop early in foetal life and con-
tinues to mature during early postnatal 
life (Braniste et al., 2014). The authors 
found that GF mice displayed increased 
BBB permeability beginning in foetal 
life and continuing into adulthood, thus 
supporting a role of the maternal gut 
microbiota in BBB formation and matu-
ration. The same study demonstrated 
that the SCFA butyrate could restore the 
integrity of the BBB in adult GF mice. 
Similarly, Erny and colleagues showed 
that a mix of SCFAs could also restore 
microglial malformation and immatu-
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rity in adult GF mice (Erny et al., 2017).  
Recently, Kimura and colleagues 
demonstrated that SCFAs derived from 
the maternal gut microbiota could be 
translocated into the foetus and sensed 
through G protein-coupled receptors 
such as GPR41 in the developing sym-
pathetic nervous system (Kimura et al., 
2020). Crucially, they also showed that 
maternal-derived SCFAs are essential 
for the protection against high-fat-diet-
induced metabolic syndrome and obe-
sity in the offspring later in life (Kimura 
et al., 2020), thus highlighting the 
importance of the maternal gut microbi-
ota in neurodevelopment. In another 
study, Vuong and colleagues recently 
showed that maternal microbial-derived 
metabolites shape foetal brain develop-

ment and subsequent function (Vuong et 
al., 2020) and that this occurs in the 
absence of environmental challenges. 
These authors demonstrated that the 
maternal gut microbiota regulates 
metabolites (e.g., trimethylamine-N-
oxide, and hippurate), not only in the 
maternal serum, but also in the brains of 
the foetal offspring, promoting foetal 
thalamocortical axonogenesis (Vuong et 
al., 2020). These findings underscore 
the need to further characterize the 
influence that maternal microbial-
derived metabolites or components have 
on the prenatal brain development of 
offspring and whether specific neural 
circuits in the developing brain are more 
sensitive to their modulation. 

 
 

EMERGING ROLES OF THE BACTERIAL PEPTIDOGLYCAN 
SIGNALLING PATHWAY IN NEURODEVELOPMENT  

AND BEHAVIOUR 
 
Traditionally, the translocation of bacte-
rial cell wall components such as pepti-
doglycan (PGN, also called murein) 
motifs into the brain has mainly been 
considered in the context of a compro-
mised BBB function (for example, bac-
terial or viral infections). Recent scien-
tific discoveries revealing a previously 
unappreciated complexity of the human 
microbiota and its wide-ranging impact 
on health and disease have triggered a 
re-evaluation of our views about host-
microbe interactions. The gut microbi-
ota contains trillions of indigenous bac-
teria producing a diverse “peptidogly-
come” that can disseminate systemi-
cally and reach peripheral organs 
(Wheeler et al., 2023).  PGN is a unique 
and essential component of the bacterial 
cell wall that is absent in eukaryotes, 
which consists of glycan strands of two 
alternating β-1,4-linked sugars (N-
acetylglucosamine and N-acetylmu-
ramic acid) cross-linked by short 
peptides, containing two to five amino 

acids. It has highly dynamic structure 
that continuously undergoes remodel-
ling, causing PGN motifs to be shed into 
the environment (e.g., upon bacterial 
growth, replication, or death), a process 
termed PGN turnover. In mammals, 
PGN motifs are recognized by cytosolic 
NOD-like receptors (nucleotide-binding 
domain leucine-rich repeat containing 
receptors; Nod1 and Nod2) and PGN 
recognition proteins (PGRPs, Pglyrp1-
4) (for a review see: Mukherjee et al., 
2019; Royet et al., 2011). In a landmark 
study, Clarke and colleagues showed 
that the indigenous gut microbiota is a 
source of PGN which is translocated 
from the intestinal mucosa into circula-
tion in the absence of pathogens (Clarke 
et al., 2010). Specifically, these authors 
showed that meso-diaminopimelic acid 
(meso-DAP)-type PGN, which is 
present in Gram-negative bacteria, 
could be translocated from the intestinal 
mucosa into neutrophils residing in 
bone marrow (Clarke et al., 2010). 
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Activation of the cytoplasmic pattern 
recognition receptors (PRR) Nod1 by 
meso-DAP-type PGN was sufficient to 
prime and restore neutrophil function in 
the bone marrow of mice with a manip-
ulated microbiota (i.e., GF or antibiotic-
treated mice), revealing a previously 
undescribed role for PGN in priming 
systemic innate immunity in the absence 
of infection (Clarke et al., 2010). 

In 2017, Arentsen and colleagues 
demonstrated that PGN fragments 
derived from the indigenous gut micro-
biota can be translocated into the devel-
oping brain and sensed by specific pat-
tern recognition receptors (PRRs) of the 
innate immune system (Arentsen et al., 
2017). Importantly, PGN levels in the 
brain increase in parallel with postnatal 
microbial colonization processes 
(Arentsen et al., 2017). Other groups 
have independently confirmed that PGN 
motifs from gut microbiota translocate 
across the intestinal barrier and can 
reach multiple peripheral organs, 
including the brain (Wheeler et al., 
2023). Using expression-profiling tech-
niques, Arentsen and colleagues also 
demonstrated that two families of PRRs 
that specifically detect PGN (i.e., 
PGRPs and NOD-like receptors) and the 
PGN transporter PepT1 are highly 
expressed in the developing brain dur-
ing specific windows of postnatal devel-
opment in a brain-region and sex-
dependent manner (Arentsen et al., 
2017). Moreover, they showed that the 
absence of PGN-recognition protein 2 
(Pglyrp2) leads to alterations in the 
expression of the autism risk genes c-
Met and BDNF (brain-derived neu-
rotrophic factor), which are implicated 
in the formation and modulation of 
brain circuits. Furthermore, juvenile 
Pglyrp2 knockout (KO) mice display 
immediate strong motivation to interact 
with same-sex novel social stimulus, 

without any alterations in anxiety-like 
behaviours or motor activity. Fascinat-
ingly, this behavioural phenotype was 
more pronounced in male juvenile off-
spring. In another study, the same 
authors showed that the absence of 
Pglyrp2 leads to major sex-dependent 
alterations in motor and anxiety-like 
behaviour later in life (Arentsen et al., 
2018). In this case, Pglyrp2 KO female 
mice, but not males, display increased 
levels of anxiety-like behaviour. How-
ever, they have better motor perfor-
mance. These observations suggest that 
the modulatory effects of Pglyrp2 in the 
brain are highly dependent upon multi-
ple host factors including age, sex, and 
domain-specific circuits in the brain.  In 
an elegant study, Gabanyi and col-
leagues recently demonstrated that 
muramyl dipeptide (MDP)-type PGN 
(which is present in both Gram-positive 
and Gram-negative bacteria) regulates 
appetite and body temperature via acti-
vation of Nod2-expressing GABAergic 
neurons in the female hypothalamus 
(Gabanyi et al., 2022). Consistent with 
earlier studies by Arentsen and col-
leagues, these authors showed that 
Nod2 KO female mice, but not males, 
developed anxiety-like behaviour and 
metabolic dysregulation later in life 
(Gabanyi et al., 2022). Other studies 
have shown that selective deletion of 
Nod1 in intestinal epithelial cells 
increases the susceptibility of mice to 
stress-induced anxiety-like behaviour 
and cognitive impairment (Pusceddu et 
al., 2019). Taken together, these find-
ings underscore the need to unravel the 
bacteria PGN pathways across different 
stages of brain development. In parallel, 
the potential influence of this pathway 
in typical and atypical human brain 
development could be explored by 
taking advantage of recent advances in 
brain organoid technologies. 
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CONCLUSIONS AND PERSPECTIVES 
 

The gut microbiota is now recognized as 
a key regulator of brain development 
and behaviour, and a potential suscepti-
bility factor in neurodevelopmental and 
psychiatric disorders such as ASD. 
Increasing evidence from both preclini-
cal and clinical studies indicates that 
common perinatal risk factors (e.g., 
stress, altered diet and antibiotic expo-
sures) can perturb the maturation of the 
infant gut microbiota, with potential 
adverse consequences for early-life gut-
brain interactions. However, it remains 
unclear whether the gut microbiota 
plays a role in the aetiology of neuro-
developmental disorders such as ASD. 
A recent preliminary study of infants at 
EL of ASD has provided strong evi-
dence supporting the role of the gut 
microbiota on behavioural variability 
emerging around three years of age. 
There is an urgent need for multi-centre 
prospective longitudinal studies of 
infants at elevated risk for ASD from 
pregnancy until the first postnatal years 
of life, coupled with comprehensive 
metadata (e.g., genetic information of 
infants and their families, dietary habits, 
perinatal risk factors, and relevant clini-
cal outcomes) and multi-omics 
approaches. 

The first years of postnatal life repre-
sent a period of rapid changes in brain 
structure and function, with the neonatal 
brain growing from about 36% to about 

80-90% of its volume. During this 
period, the developing neural circuits in 
the brain undergo major changes, 
including massive outgrowth of den-
drites and axons, rapid formation of new 
synapses (synaptogenesis), expansion 
of glial cells, and myelination. The 
striking increase in brain growth 
observed during this period, occurring 
in parallel with the maturation of the 
infant gut microbiota, indicates that this 
is not only a critical time-window of 
developmental vulnerability, but also a 
time of opportunity in which therapeutic 
interventions may have a maximal 
effect on neural circuits and subsequent 
functions. Consequently, there is a great 
need to unravel the precise molecular 
mechanisms underlying the communi-
cation between the gut microbiota and 
the developing brain to develop more 
targeted interventions for infants and 
young children at risk for neurodevelop-
mental and psychiatric disorders. 

Recent studies have identified the 
bacterial PGN signalling pathway as a 
potential key regulator of gut micro-
biota–brain interactions in early life. 
From a clinical perspective, it would be 
important to explore potential associa-
tions between the PGN signalling path-
way (from genetic variants in PGN-
sensing molecules to dysregulation of 
the peptidoglycome) and neurodevelop-
mental disorders. 
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SUMMARY 
 

Immune mediated diseases, including celiac disease, are increasingly prevalent 
affecting 1% of most populations worldwide. Celiac disease is characterized by a 
loss of oral tolerance to the prolamin family of proteins in wheat, rye, and barley, 
collectively called “gluten” in genetically susceptible individuals. The only available 
treatment is a strict gluten-free diet for life, which is difficult to adhere to and not 
always effective. Genes and gluten are necessary but insufficient to develop celiac 
disease, as a minority of those individuals genetically at risk will develop it. 
Microbes, both in the form of infections or alterations in the intestinal microbiome, 
are considered key additional environmental factors, but the mechanisms remain 
unclear. Gluten proteins are resistant to proteolysis by host enzymes. Thus, in this 
review we emphasize the metabolic capacity of the small intestinal microbiota and 
discuss how it can be altered to facilitate gluten degradation in patients with celiac 
disease. We also discuss the potential role of other metabolic alterations that can 
contribute to a proinflammatory environment, such as altered tryptophan metabolism 
and defective activation of the Aryl hydrocarbon receptor (AhR) pathway. Under-
standing precise microbiota-driven mechanisms in celiac disease will help develop 
adjuvant therapies to the gluten-free diet based on optimal microbial modulation of 
gluten protein metabolism or AhR activation. 

 
 

A MODEL DISEASE TO UNDERSTAND HOW  
ENVIRONMENTAL FACTORS MODULATE AUTOIMMUNITY 

 
Celiac disease is an autoimmune condi-
tion, triggered by the ingestion of glu-
ten, the collective name given to storage 
proteins in wheat, rye, and barley. The 
disease is strongly associated with 
HLA-DQ, and almost all celiac patients 
carry the human leukocyte antigen 
HLA-DQ2.5, HLA-DQ2.2 or HLA-
DQ8 (Iversen and Sollid, 2023). Celiac 
disease onset can occur at any age, and 
its presentation may relate to the genetic 
load, with DQ2.5 homozygosis associ-
ated with greater risk for childhood 
onset, and additional environmental 
triggers such as infections, antibiotics, 
especially if concomitant with high glu-

ten exposure (Verdu et al., 2015). Once 
developed, autoimmune features 
include production of specific autoanti-
bodies called anti-tissue transglutami-
nase (anti-tTG IgA), and immune-medi-
ated killing of enterocytes. Pathologi-
cally, the hallmark lesion is the blunting 
of small intestinal villi and crypt hyper-
plasia (atrophy). Clinically, sympto-
matic celiac disease associates with 
nutritional deficiencies, and gastrointes-
tinal symptoms, including changes in 
bowel habits and abdominal pain. 
However, patients, especially in adult-
hood, can present with extra-intestinal, 
and systemic manifestations such as 
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psychiatric and neurological symptoms, 
anaemia, infertility, osteoporosis, 
among others (Catassi et al., 2022). 
Potential celiac disease is characterized 
by activation of the adaptive immune 
response with persistently positive anti-
tTG IgA antibodies and normal-
appearing duodenal mucosa. Unfortu-
nately, asymptomatic cases, despite the 
presence of small intestinal atrophy are 
common, and these patients are difficult 
to diagnose until complications arise 
related to micronutrient deficiencies 
(Theethira et al., 2014), bone fractures 
and even the higher incidence of certain 
cancers (Catassi et al., 2022). There is 
currently no pharmacological treatment 
for celiac disease, which is managed by 
a strict gluten-free diet (GFD) for life. 

Compared with other autoimmune 
diseases, such as type 1 diabetes (T1D) 
or multiple sclerosis, celiac disease is 
the only one where the main necessary 
environmental driver, gluten, has been 
identified, and in which the autoimmune 
features such as gluten-specific CD4+T 
cells, anti-tTG  antibodies and immune 
mediated epithelial cell killing, can be 
turned “on” or “off” by its ingestion or 
the GFD, respectively. Gluten is a mix-
ture of proteins, that in wheat include 
gliadins and glutenins, secalins in rye, 

and hordeins in barley. All gluten pro-
teins are resistant to complete degrada-
tion by mammalian enzymes, which 
results in the production of large pep-
tides with immunogenic sequences, 
such as the 33-mer peptide, that trigger 
inflammation in celiac patients (Shan et 
al., 2022). Partially digested gluten pep-
tides translocate the mucosal barrier and 
are deamidated by tTG (Dieterich et al., 
1997). Gluten peptide deamidation 
increases their affinity to HLA-DQ2 or 
DQ8 in antigen-presenting cells, initiat-
ing the T-cell-mediated inflammation. 
HLA-DQ2 or DQ8 is therefore the 
second, necessary factor to develop 
celiac disease. About 30-40% of the 
worldwide population carry one, or a 
combination of these genes, and there-
fore are “at risk” to develop it when con-
suming a gluten. However only a minor-
ity of those at risk (3-4%), and consum-
ing gluten, will develop celiac disease. 
This, together with the fact celiac 
disease prevalence has quadrupled in 
the past 40 years, in parallel with the 
increase in prevalence with other auto-
immune conditions, such as T1D with 
which it associates (Verdu and Danska, 
2018), suggests other environmental 
factors are at play. 

 
 

THE EMERGING ROLE OF THE MICROBIOME IN  
CELIAC DISEASE PATHOGENESIS 

 
Both viral and bacterial infections have 
been associated with higher celiac 
disease risk, and this phenomenon has 
been reviewed extensively elsewhere 
(Caminero et al., 2019). In the past 
decade, microbiome alterations have 

been described in celiac patients (Verdu 
and Schuppan, 2021), but the mecha-
nisms through which changes in human-
associated microbial communities influ-
ence disease pathogenesis have been 
elusive. 

 
 

ROLE OF MICROBIAL METABOLISM IN CELIAC DISEASE 
 
We have shown that duodenal bacteria 
participate in gluten metabolism, and 
that depending on the type of bacteria 

present, microbial enzymes may yield 
peptides with enhanced or reduced 
immunogenicity. We found that elastase 



 

 

 

 

 

57 

 

67 

 

 

from the opportunistic pathogen Pseu-
domonas aeruginosa degrades gluten, 
producing immunogenic peptides that 
better translocate the epithelial barrier, 
and stimulate gluten-specific T cells 
from patients with celiac disease. On the 
other hand, Lactobacillus species, iso-
lated from a healthy control, further 
detoxify the P. aeruginosa generated 
immunogenic peptides (Caminero et al., 
2016). These findings are supported by 
our follow-up study, where we showed 
that although duodenal microbiota com-
position in active CeD patients differs 
from that in non-celiac controls, the 
changes are specific to localized regions 
of the small proximal intestine, namely 
first, second and third portion of the 
duodenum. Moreover, duodenal micro-
biota from celiac patients also had an 
altered predicted gluten proteolytic 
profile, which was location specific. 
The altered proteolytic profile translated 
to functional differences in vivo, as mice 
colonized with duodenal microbiota 
from active celiac patients had impaired 
capacity to degrade gluten, while mice 
colonized with duodenal microbiota 
from control subjects, including those 
with genetic predisposition for celiac 
disease, effectively degraded gluten 
(Constante et al., 2022). Thus, taken 
together, these results indicate that 
microbial gluten metabolism is a) loca-
tion specific and, b) associated with the 
condition of active celiac disease. It is 
possible altered microbial “glutenasic” 
function is both driver and consequence 
of inflammation in the small intestine. 
This insight has clear preventive and 
therapeutic implications. This mecha-
nism could be targeted for preventive or 
therapeutic purposes, based on increas-
ing the effectiveness of gluten detoxifi-
cation by microbes adapted to survive in 
the duodenum. 

In addition to microbial gluten 
metabolism, other pathways of altered 
microbial metabolism could be at play 

in celiac disease. Tryptophan is an 
essential amino acid provided by foods 
such as poultry and cruciferous vegeta-
bles. After digestion, tryptophan 
becomes available for further metabo-
lism by the host through the kynurenine 
or serotonin pathway, or by certain gut 
microbes, such as lactobacilli. Micro-
bial metabolism of tryptophan results in 
the production of indole and its deriva-
tives (indole-3-aldehyde (IAld), indole-
3-acetic acid (IAA), indole-3-propionic 
acid (IPA), indole-3-acetaldehyde 
(IAAld), indole-3-lactic acid (ILA) and 
indole-acrylic acid), as well as trypta-
mine, many of which are ligands for the 
aryl hydrocarbon receptor (AhR) (Agus 
et al., 2018). AhR signalling contributes 
to maintaining intestinal homeostasis 
through its role in epithelial renewal and 
maintaining barrier integrity. Thus, the 
indole pathway, mainly dictated by 
microbial metabolism of tryptophan, is 
beneficial for the host. Because host and 
microbial tryptophan metabolic path-
ways are interconnected and in equilib-
rium, a reduction in the microbial meta-
bolic pathway of tryptophan could pro-
vide more substrate to the remaining 
two metabolic pathways. Indeed, this 
has been shown  in several chronic 
inflammatory diseases, where an 
increase in the kynurenine pathway, has 
been demonstrated and proposed to be 
proinflammatory (Tennyson et al., 2016; 
Natividad et al., 2018). However, a 
recent paper has suggested some 
kynurenine metabolites could play an 
anti-inflammatory role in IBD 
(Michaudel et al., 2023). Thus, interven-
tions that target tryptophan metabolic 
pathways need to consider the complex-
ity of its metabolism, the location of dis-
ease and thus dietary supplementation 
may be an attractive approach, espe-
cially for small intestinal conditions, as 
most microbe-dietary interactions 
(except for fermentable fibres) will 
occur in the upper gastrointestinal tract. 
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We demonstrated that patients with 
active celiac disease have decreased 
AhR expression in the duodenum 
(Natividad et al., 2018). We also 
showed that the microbiota of active 
CeD have impaired capacity to metabo-
lize tryptophan to produce AhR ligands, 
resulting in reduced capacity of the 
microbiota to activate the AhR pathway, 
and reduced expression of host genes 
related to AhR activation. Lower abun-
dance of lactobacilli, known AhR ligand 
producers, has been described in the 
small intestine and faeces of patients 
with active celiac disease. AhR ligand 
production, AhR activity, and expres-
sion of AhR pathway genes were only 
partially restored 2 years after a GFD. 
We also demonstrated that in mice 
expressing the celiac disease risk gene, 
DQ8, a diet supplemented with 1% tryp-
tophan increased lactobacilli abundance 

and indole production while ameliorat-
ing gluten immunopathology. Finally, in 
a mouse model, tryptophan supplemen-
tation increased endogenous lactoba-
cilli, increased AhR ligands (indoles) 
and increased AhR activation in the 
small intestine (Natividad et al., 2018). 
Moreover, tryptophan supplementation 
improved gluten immunopathology in 
mice expressing celiac disease risk 
genes. A clinical trial is underway 
(https://clinicaltrials.gov/study/NCT03
566238) to study the efficacy of trypto-
phan supplementation in celiac patients 
that are non-responsive to a gluten-free 
diet for more than 1 year. We hypothe-
size that tryptophan supplementation 
will lead to resolution of persistent 
symptoms in celiac disease, while 
increasing taxa that metabolize trypto-
phan and restore AhR signalling.  

 
 

LIMITATIONS OF THE GFD AND NEW THERAPIES IN CED 
 
The only treatment for celiac disease is 
a strict gluten-free diet (GFD) and die-
tary compliance is essential, not only for 
intestinal mucosal recovery and allevia-
tion of symptoms, but also for the pre-
vention of complications such as anae-
mia, osteoporosis, and small bowel lym-
phoma (Michaudel et al., 2023). How-
ever, a GFD is an imperfect treatment, 
as it is difficult to follow and expensive, 
resulting in high non-adherence rates. 
Accidental contamination is common 
and small amounts of gluten (~50 mg) 
cause inflammation (Lindfors et al, 
2019; Lamas et al., 2020). Mucosal 
recovery after starting a GFD is slow, 
and more than 60% of patients have per-
sistent mucosal inflammation even after 
5 years of a GFD (Silvester et al., 2020). 
This is clinically important because 
long-term, low-grade mucosal injury 
increases bone fracture risk and nutri-
tional deficiencies. In addition, a large 

proportion of celiac disease patients are 
non-responders to a GFD or become 
symptomatic after initial response 
(Catassi et al., 2007; Rubio-Tapia et al., 
2010; Oza et al., 2016; Stasi et al., 
2016). Annual health care costs are 
higher in celiac disease than in non-
celiac patients, mainly related to poorly 
controlled disease. Celiac disease there-
fore has a significant health, social, and 
economic burden, highlighting the need 
for novel or adjuvant therapeutics in 
addition to GFD. Importantly, celiac 
disease patients have a very high per-
ceived burden of treatment and desire an 
adjuvant treatment to the GFD (Leffler 
et al., 2007; See et al., 20156; Pinto-
Sanchez et al., 2015). This reality 
presents a clearly unmet need for 
patients with celiac disease which is also 
evidenced by the intense research and 
investment into the development of 
adjuvant therapies to the GFD. 

https://clinicaltrials.gov/study/NCT03566238
https://clinicaltrials.gov/study/NCT03566238
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Figure 1: Potential Microbial Therapeutic targets for celiac disease. Owing to the detailed 
knowledge of celiac immunobiology and microbe-gluten interactions, several druggable targets have 
emerged. These include, development of gluten degrading communities that effectively detoxify 
gluten immunogenic sequences, inhibitors of bacterial elastase (e.g. serpins), pre- or probiotic 
combinations of tryptophan metabolite producers and vaccines aiming at preventing viral infections 
that could act as additional triggers of autoimmunity. (Adapted from: Verdu and Schuppan, Nat. 
Struct. Mol. Biol. 27, 5-7,  2020). 
 
Major pharmaceutical companies have 
launched pipelines to develop adjunct 
therapies to the GFD (Guandalini et al., 
2016) that currently include tTG inhibi-
tors (Pinto-Sanchez et al, 2021), TAK-
062 a computationally designed enzyme 
that targets 2 gluten proteins 
(McCarville et al, 2015), TAK-101 a 
gluten protein shielded within a poly-
mer-based nanoparticle that aims to 
restore tolerance to gluten (Schuppan et 
al., 2021), and anti-IL-15 antibodies to 
limit intestinal epithelial cell destruction 
and for the treatment of refractory celiac 
disease (Pultz et al., 2021) in clinical 
trials. The use of probiotics for the treat-
ment of celiac disease have previously 

been proposed (Cellier et al., 2019; 
Murray et al., 2023) and shown to be 
safe if the probiotic is certified gluten 
free, but this application has not been 
based on deep knowledge of mecha-
nisms of action, and currently no recom-
mendations of specific probiotics can be 
made (De Angelis et al., 2006). Based on 
our basic and translational results, we 
propose to target dysregulated microbial 
metabolism by developing and charac-
terizing duodenal communities that effi-
ciently degrade gluten or enhance AhR 
activation, through the supplementation 
of tryptophan or specific indole metab-
olites (Figure 1).

peterheidt
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MAIN CONCLUSIONS 
 
The small intestinal microbiome has 
emerged in the last decade as a recog-
nized cofactor in celiac disease patho-
genesis. Celiac disease is a unique auto-
immune disorder, with a known envi-
ronmental trigger (gluten) that is 
responsible for the generation of CD4+ 
T cell mediated inflammation and 
development of autoantibodies in genet-
ically at-risk individuals. Immune 

mediated killing of intestinal epithelial 
cells contributes to intestinal atrophy, 
and cofactors that are independent of 
gluten may modulate risk. Thus, celiac 
disease is an ideal model disease to 
advance microbiomics and therapeutic 
microbiology towards clinical applica-
tions by targeting precise microbial 
mechanisms that impact key steps in its 
pathogenesis. 
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INTRODUCTION 
 

Gut microbiota has been increasingly 
recognized as a key factor in human 
health and disease, shaping and educat-
ing our immune system, participating in 
nutrient digestion and absorption, 
affecting host metabolism, playing key 
roles in gastrointestinal tract function, 
and even affecting distant organs, such 

as the brain (Collins et al., 2012; 
Macpherson et al., 2023). There are 
many pathways through which the gut 
microbiome can communicate with the 
brain, including the immune system, 
neuroendocrine system as well as using 
direct communication with the neural 
system (Collins et al., 2012). 

 
 

GUT-BRAIN COMMUNICATION 
 

Bacteria can signal through immune 
cells, as neurons express receptors for 
many cytokines and chemokines, which 
help to shape the function and develop-
ment of the neural system (Deverman 
and Patterson, 2009). Multiple studies 
demonstrated that bacteria influence the 
activation of peripheral immune cells, 
thus regulating responses in neuro-
inflammation, brain injury, auto-
immunity and neurogenesis (Fung et al., 
2017). 

Serotonin is one of the most abun-
dant neurotransmitters in the gut and the 
brain, with effects on mood, cognition, 
and memory. Most of the human seroto-
nin is being produced within the gut by 
the enteroendocrine cells (O’Mahony et 
al., 2015), and the intestinal microbiome 
can affect this production. It has been 
shown that indigenous spore-forming 
bacteria promote serotonin biosynthesis 
from colonic enterochromaffin cells, 
which supply 5-HT to the mucosa, 
lumen and circulating platelets, signifi-
cantly impacting host physiology (Yano 
et al., 2015). 

Gut bacteria produce many bioactive 
molecules that can affect the neural sys-
tem as byproducts of bacterial fermenta-
tion, including short chain fatty acids 
(SCFAs), but they can also produce 
neurotransmitters found in mammals, 
including acetylcholine and GABA 
(Lyte, 2014). Yunes and colleagues 
showed that among 135 strains of 
human-derived Lactobacilli and 
Bifidobacteria strains, 43% had ability 
to produce GABA from its precursor 
monosodium glutamate (Yunes et al., 
2016). Furthermore, the genes under-
lying GABA production, gadB and 
gadC, were also identified in the phyla 
Bacteroidetes, Proteobacterium and Fir-
micutes, indicating that the ability to 
produce GABA are widely distributed 
among many gut-derived bacterial 
species.  

Gut bacteria can signal directly to the 
brain through neural pathways, such as 
the vagus nerve, which likely serves as 
an early danger signal during infection 
(Goehler et al., 2005), but can also 
mediate beneficial effects of probiotics 
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on anxiety-like behaviour (Bercik et al., 
2011a; Bravo et al., 2011). The commu-
nication between the gut and the brain is 
bi-directional, as neural mediators, as 
well as stress can affect the composition 
and function of the gut microbiome. For 
example, adherence of Escherichia coli 
O157:H7 to murine caecal mucosa can 
be modulated by norepinephrine and 
dopamine, suggesting that stress expo-
sure may influence host susceptibility to 
enteric infections (Chen et al., 2003). 
Furthermore, chronic social stress alters 
the composition of the gut microbiome 
and exacerbates Citrobacter rodentium-
induced inflammation (Galley et al., 
2017), which can be improved by treat-
ment with probiotics. 

The gut microbiome affects the func-
tion as well as the structure of the brain. 
Compared to conventionally raised 

mice, germ-free mice display more 
exploratory (anxiolytic) and less depres-
sive-like behaviour associated with 
altered expression of multiple genes 
regulating neurotransmitter and neuro-
trophin production (Bercik et al., 2011b; 
Diaz Heijtz et al., 2011). Germ-free 
mice also have altered blood-brain 
barriers, changes in morphology of the 
amygdala and hippocampus, altered 
myelination profiles and plasticity, and 
global defects in microglia (Braniste et 
al., 2014; Hoban et al., 2016; Luczynski 
et al., 2016; Erny et al., 2017). Interest-
ingly, most of these abnormalities, 
including behaviour, normalize after 
bacterial colonization. However, it is 
unknown what specific neuroimmune 
mechanisms mediate and initiate these 
changes. 

 
 

THE GUT MICROBIOME AND BEHAVIOUR 
 

We studied mouse behaviour, in germ-
free conditions and at several time 
points after colonization with either 
complex or simple microbiota.  We con-
firmed that germ-free mice display more 
exploratory and less depressive-like 
behaviour, as assessed by the light pref-
erence and the tail suspension tests, 
respectively, compared to mice born 
and raised conventionally (in the pres-
ence of microbiota). Colonization of 
adult germ-free mice with either com-
plex (Specific Pathogen Free) or simple 
(Altered Schaedler Flora) microbiota 
normalized their behaviour and altered 
expression of brain neurotrophins; these 
changes were observed already at 2 
weeks post-colonization. Interestingly, 
monocolonization of mice with a labor-
atory strain of E. coli was sufficient to 
normalize their behaviour and brain 
chemistry.  

We found that this behavioural nor-
malization was dependent on the activa-
tion of the innate, but not the adaptive, 

arm of the immune system through TLR 
and NOD signalling, and that intestinal 
dendritic cells but not macrophages 
played a key role in this process. 
Finally, we discovered that the normali-
zation of behaviour was associated with 
many changes in the neuroimmune sys-
tem, both in the gut and the brain, which 
included altered expression of multiple 
brain proteins involved in neural plastic-
ity (Philip and Kraimi, unpublished 
data).  

Although these results were obtained 
in mice, the observed impact of the bac-
terial colonization on the neuroimmune 
system can be likely extrapolated to 
humans, bearing on psychiatric condi-
tions, in which altered innate immune 
signalling has been implicated 
(Ratajczak et al., 2018). Indeed, our 
results raise the possibility that pertur-
bation of initial (postnatal) microbiota-
host cross-talk could affect normal brain 
development and function. In that 
respect, a large population-based study 
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found that bacterial infections and use of 
antibiotics at very early age increase risk 

of developing psychiatric diseases later 
in life (Köhler-Forsberg et al., 2019).  

 
 

THE GUT MICROBIOME AND PAIN 
 

Apart from mood and behaviour, the gut 
microbiome has been shown to affect 
perception of somatic and visceral pain 
(Verdú et al., 2006; Amaral et al., 2008; 
Yang and Chiu, 2017), although the 
mechanisms are not fully understood. 
We have recently shown in patients with 
irritable bowel syndrome (IBS), a disor-
der where microbiome plays a key 
pathophysiological role, that altering 
intake of poorly digestible dietary fibre 
improves gut symptoms, mainly 
abdominal pain (McIntosh et al., 2017). 
This was associated with decrease in 
urinary histamine, which correlated 
with severity and frequency of pain 
(Keshteliu et al., 2019), as well as 
changes in the gut microbiota profiles 
(McIntosh et al., 2017). Histamine is a 
neuroimmune mediator, produced by 
mast cells and basophils, known to be 
involved in the control of intestinal per-
meability and visceral sensitivity 
(Boeckxstaens and Wouters, 2017). 
However, histamine can be produced by 
gut bacteria as many microbes possess 
the histidine decarboxylase (hdc) gene 
encoding the enzyme capable of con-
verting histidine into histamine 
(Takahashi et al., 2003; Fiorani et al., 
2023).  

To investigate the putative role of gut 
microbiome in the abdominal pain in 
IBS patients we employed our previ-
ously developed microbiota-humanized 
mouse model, that mimics many 
features of IBS, including altered 
gastrointestinal transit, low grade 
inflammation, increased intestinal 
permeability and anxiety-like behaviour 
(De Palma et al., 2017). We chose 
faecal microbiota samples from IBS 
patients with either high or low urinary 

histamine, and used samples from 
healthy volunteers as control. Mice 
were then placed on human-like diet 
with high content fermentable fibre, and 
their visceral sensitivity was assessed 
three weeks later. 

Although all mice colonized with 
IBS microbiota displayed greater bowel 
distension compared to mice with 
healthy control microbiota, only mice 
colonized with microbiota from patients 
with high urinary histamine displayed 
higher pain responses to colorectal dis-
tension (De Palma et al., 2022). When 
incubating caecal contents of these mice 
with excess histidine, we found 40 times 
higher production of histamine, com-
pared to caecal contents of mice colo-
nized with microbiota from healthy 
volunteer or patients with low urinary 
histamine. We identified a specific bac-
terium, Klebsiella aerogenes MQ, 
which generated up to 100 times more 
histamine than any other strain investi-
gated.  

When examining host responses to 
bacterial histamine, we found a greater 
density of colonic mast cells, which 
were often co-localized with neural 
cells. Interestingly, mast cell hyper-
plasia and co-localization with neural 
fibres were previously shown in colonic 
biopsies from patients with IBS, and this 
finding correlated with severity of 
abdominal pain (Barbara et al., 2004). 
Using immunohistochemistry, we found 
that the H4 receptor (H4R), but not H1, 
H2 or H3 receptor, expression was 
upregulated in mice with high bacterial 
histamine and was present in multiple 
cell types, including goblet cells, mast 
cells, lymphocytes, macrophages and 
enteroendocrine cells. Treatment with a 
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H4R antagonist normalized both pain 
responses and mast cell levels in mice 
colonized with histamine producing 
microbiota.  

Placing mice with histamine produc-
ing microbiota on a low fermentable diet 
decreased pain signalling and mast cell 
levels, which was associated with 
decrease in colonic lactic acid pro-
ducing bacteria and lactic acid, a main 
determinant of colonic pH. We found 
that in vitro histamine production by K. 
aerogenes MQ was pH dependent, in 
agreement with previous reports 
(Landete and De las Rivas, 2008), with 
optimal pH of 6.5 We thus incubated K. 
aerogenes MQ with lactobacilli and 
colonized germ-free mice with mixture 
of lactobacilli and K. aerogenes MQ. In 
both instances, histamine production 
dramatically decreased suggesting that 

fermentable fibre creates an ideal 
environment for histamine production, 
thus explaining results from our clinical 
trial (McIntosh et al., 2017). 

Altogether, our data suggest that 
bacterial histamine can trigger chronic 
abdominal pain, at least in a subset of 
patients with IBS. Based on our own 
data and a publicly available dataset 
(Mars et al., 2020), we estimate that 
between 15 and 25% of IBS patients 
have high histamine producing micro-
biota. Identifying this subgroup will be 
crucial as these patients may truly bene-
fit from a low fermentable diet, and 
presence of K. aerogenes or bacteria 
with similar hdc activity in the gut could 
guide dietary recommendations, micro-
biota-directed therapies, or possible use 
of H4 receptor antagonists. 

 
 

CONCLUSIONS 
 

In summary, accumulating evidence 
suggest that gut bacteria can interact 
with both the peripheral and the central 
neural system, either directly or through 
immune or endocrine systems. Better 
understanding of these mechanisms and 

their implications are likely to help in 
management of patients with chronic 
gastrointestinal diseases, as well as 
neuropsychiatric disorders, in which 
microbiota has an important patho-
physiological role.  

 
 

LITERATURE 
 
Amaral, F.A., Sachs, D., Costa, V.V., Fagundes, 

C.T., Cisalpino, D., Cunha, T.M., Ferreira, 
S.H., Cunha, F.Q., Silva, T.A., Nicoli, J.R., 
Vieira, L.Q., Souza, D.G., and Teixeira, 
M.M.: Commensal microbiota is fundamen-
tal for the development of inflammatory 
pain. Proc. Natl. Acad. Sci. USA 105, 2193-
2197 (2008). 

Barbara, G., Stanghellini, V., De Giorgio, R., 
Cremon, C., Cottrell, G.S., Santini, D., 
Pasquinelli, G., Morselli-Labate, A.M., 
Grady, E.F., Bunnett, N.W., Collins, S.M., 
and Corinaldesi, R.: Activated mast cells in 
proximity to colonic nerves correlate with 
abdominal pain in irritable bowel syndrome. 

Gastroenterology 126, 693-702 (2004). 
Bercik, P., Park, A.J., Sinclair, D., Khoshdel, A., 

Lu, J., Huang, X., Deng, Y., Blennerhassett, 
P.A., Fahnestock, M., Moine, D., Berger, B., 
Huizinga, J.D., Kunze, W., McLean, P.G., 
Bergonzelli, G.E., Collins, S.M., and Verdu, 
E.F.: The anxiolytic effect of Bifidobacte-
rium longum NCC3001 involves vagal path-
ways for gut-brain communication. Neuro-
gastroenterol. Motil. 23, 1132-1139 (2011a). 

Bercik, P., Denou, E., Collins, J., Jackson, W., 
Lu, J., Jury, J., Deng, Y., Blennerhassett, P., 
Macri, J., McCoy, K.D., Verdu, E.F., and 
Collins, S.M.: The intestinal microbiota 
affect central levels of brain-derived 



 

 

 

 

 

67 

 

67 

 

 

neurotropic factor and behavior in mice. 
Gastroenterology 141, 599-609 (2011b). 

Boeckxstaens, G.E. and Wouters, M.M.: Neuro-
immune factors in functional gastrointestinal 
disorders: A focus on irritable bowel syn-
drome. Neurogastroenterol. Motil. 29 
(2017). 

Braniste, V., Al-Asmakh, M., Kowal, C., Anuar, 
F., Abbaspour, A., Tóth, M., Korecka, A., 
Bakocevic, N., Ng, L.G., Kundu, P., Gulyás, 
B., Halldin, C., Hultenby, K., Nilsson, H., 
Hebert, H., Volpe, B.T., Diamond, B., and 
Pettersson, S.: The gut microbiota influences 
blood-brain barrier permeability in mice. 
Sci. Transl. Med. 6, 263ra158 (2014). 

Bravo, J.A., Forsythe, P., Chew, M.V., 
Escaravage, E., Savignac, H.M., Dinan, 
T.G., Bienenstock, J., and Cryan, J.F.: Inges-
tion of Lactobacillus strain regulates emo-
tional behavior and central GABA receptor 
expression in a mouse via the vagus nerve. 
Proc. Natl. Acad. Sci. USA 108, 16050-
16055 (2011). 

Chen, C., Brown, D.R., Xie, Y., Green, B.T., 
and Lyte, M.: Catecholamines modulate 
Escherichia coli O157:H7 adherence to 
murine cecal mucosa. Shock 20, 183-188 
(2003). 

Collins, S.M., Surette, M., and Bercik, P.: The 
interplay between the intestinal microbiota 
and the brain. Nat. Rev. Microbiol. 10, 735-
742 (2012). 

De Palma, G., Lynch, M.D., Lu, J., Dang, V.T., 
Deng, Y., Jury, J., Umeh, G., Miranda, P.M., 
Pigrau Pastor, M., Sidani, S., Pinto-Sanchez, 
M.I., Philip, V., McLean, P.G., Hagelsieb, 
M.G., Surette, M.G., Bergonzelli, G.E., 
Verdu, E.F., Britz-McKibbin, P., Neufeld, 
J.D., Collins, S.M., and Bercik, P.: Trans-
plantation of fecal microbiota from patients 
with irritable bowel syndrome alters gut 
function and behavior in recipient mice. Sci. 
Transl. Med. 9, eaaf6397 (2017). 

De Palma, G., Shimbori, C., Reed, D.E., Yu, Y., 
Rabbia, V., Lu, J., Jimenez-Vargas, N., 
Sessenwein, J., Lopez-Lopez, C., Pigrau, 
M., Jaramillo-Polanco, J., Zhang, Y., Baerg, 
L., Manzar, A., Pujo, J., Bai, X., Pinto-
Sanchez, M.I., Caminero, A., Madsen, K., 

Surette, M.G., Beyak, M., Lomax, A.E., 
Verdu, E.F., Collins, S.M., Vanner, S.J., and 
Bercik, P.: Histamine production by the gut 
microbiota induces visceral hyperalgesia 
through histamine 4 receptor signaling in 
mice. Sci. Transl. Med. 14, eabj1895 (2022). 

Deverman, B.E. and Patterson, P.H.: Cytokines 
and CNS development. Neuron 64, 61-78 
(2009). 

Diaz Heijtz, R., Wang, S., Anuar, F., Qian, Y., 
Björkholm, B., Samuelsson, A., Hibberd, 
M.L., Forssberg, H., and Pettersson, S.: Nor-
mal gut microbiota modulates brain develop-
ment and behavior. Proc. Natl. Acad. Sci. 
USA 108, 3047-3052 (2011). 

Erny, D., Hrabě de Angelis, A.L., and Prinz, M.: 
Communicating systems in the body: how 
microbiota and microglia cooperate. Immu-
nology 150, 7-15 (2017). 

Fiorani, M., Del Vecchio, L.E., Dargenio, P., 
Kaitsas, F., Rozera, T., Porcari, S., 
Gasbarrini, A., Cammarota, G., and Ianiro, 
G.: Histamine-producing bacteria and their 
role in gastrointestinal disorders. Expert. 
Rev. Gastroenterol. Hepatol. 17, 709-718 
(2023). 

Fung, T.C., Olson, CA, Hsiao, E.Y.: Interac-
tions between the microbiota, immune and 
nervous systems in health and disease. Nat. 
Neurosci. 20, 145-155 (2017). 

Galley, J.D., Mackos, A.R., Varaljay, V.A., 
Bailey, M.T.: Stressor exposure has pro-
longed effects on colonic microbial commu-
nity structure in Citrobacter rodentium-
challenged mice. Sci. Rep. 7, 45012 (2017). 

Goehler, L.E., Gaykema, R.P., Opitz, N., 
Reddaway, R., Badr, N., and Lyte, M.: Acti-
vation in vagal afferents and central auto-
nomic pathways: early responses to intesti-
nal infection with Campylobacter jejuni. 
Brain Behav. Immun. 19, 334-344 (2005). 

Hoban, A.E., Stilling, R.M., Ryan, F.J., 
Shanahan, F., Dinan, T.G., Claesson, M.J., 
Clarke, G., and Cryan, J.F.: Regulation of 
prefrontal cortex myelination by the micro-
biota. Transl. Psychiatry 6, e774 (2016). 

Keshteli, A.H., Madsen, K.L., Mandal, R., 
Boeckxstaens, G.E., Bercik, P., De Palma, 
G., Reed, D.E., Wishart, D., Vanner, S., and 



 68 

Dieleman, L.A.: Comparison of the metabo-
lomic profiles of irritable bowel syndrome 
patients with ulcerative colitis patients and 
healthy controls: new insights into patho-
physiology and potential biomarkers. 
Aliment. Pharmacol. Ther. 49, 723-732 
(2019). 

Köhler-Forsberg, O., Petersen, L., Gasse, C., 
Mortensen, P.B., Dalsgaard, S., Yolken, 
R.H., Mors, O., and Benros, M.E.: A Nation-
wide Study in Denmark of the Association 
Between Treated Infections and the Subse-
quent Risk of Treated Mental Disorders in 
Children and Adolescents. JAMA 
Psychiatry 76, 271-279 (2019). 

Landete, J.M., De las Rivas, B., Marcobal, A., 
and Munoz, R.: Updated molecular 
knowledge about histamine biosynthesis by 
bacteria. Crit. Rev. Food Sci. Nutr. 48, 697-
714 (2008). 

Luczynski, P., Whelan, S.O., O'Sullivan, C., 
Clarke, G., Shanahan, F., Dinan, T.G., and 
Cryan, J.F.: Adult microbiota-deficient mice 
have distinct dendritic morphological 
changes: differential effects in the amygdala 
and hippocampus. Eur. J. Neurosci. 44, 
2654-2666 (2016). 

Lyte, M.: Microbial endocrinology and the 
microbiota-gut-brain axis. Adv. Exp. Med. 
Biol. 817, 3-24 (2014). 

Macpherson, A.J., Pachnis, V., and Prinz, M.: 
Boundaries and integration between micro-
biota, the nervous system, and immunity. 
Immunity 56, 1712-1726 (2023). 

Mars, R.A.T., Yang, Y., Ward, T., Houtti, M., 
Priya, S., Lekatz, H.R., Tang, X., Sun, Z., 
Kalari, K.R., Korem, T., Bhattarai, Y., 
Zheng, T., Bar, N., Frost, G., Johnson, A.J., 
van Treuren, W., Han, S., Ordog, T., Grover, 
M., Sonnenburg, J., D'Amato, M., Camilleri, 
M., Elinav, E., Segal, E., Blekhman, R., 
Farrugia, G., Swann, J.R., Knights, D., and 
Kashyap, P.C.: Longitudinal Multi-omics 
Reveals Subset-Specific Mechanisms 
Underlying Irritable Bowel Syndrome. Cell 
182, 1460-1473 (2020). 

McIntosh, K., Reed, D.E., Schneider, T., Dang, 
F., Keshteli, A.H., De Palma, G., Madsen, 
K., Bercik, P., and Vanner, S.: FODMAPs 
alter symptoms and the metabolome of 
patients with IBS: a randomised controlled 
trial. Gut 66, 1241-1251 (2017). 

O'Mahony, S.M., Clarke, G., Borre, Y.E., 
Dinan, T.G., and Cryan, J.F.: Serotonin, 
tryptophan metabolism and the brain-gut-
microbiome axis. Behav. Brain Res. 277, 32-
48 (2015). 

Ratajczak, M.Z., Pedziwiatr, D., Cymer, M., 
Kucia, M., Kucharska-Mazur, J., and 
Samochowiec, J.: Sterile Inflammation of 
Brain, due to Activation of Innate Immunity, 
as a Culprit in Psychiatric Disorders. Front. 
Psychiatry 9, 60 (2018). 

Takahashi, H., Kimura, B., Yoshikawa, M., and 
Fujii, T.: Cloning and sequencing of the his-
tidine decarboxylase genes of gram-
negative, histamine-producing bacteria and 
their application in detection and identifica-
tion of these organisms in fish. Appl. 
Environ. Microbiol. 69, 2568-2579 (2003). 

Verdú, E.F., Bercik, P., Verma-Gandhu, M., 
Huang, X.X., Blennerhassett, P., Jackson, 
W., Mao, Y., Wang, L., Rochat, F., and 
Collins, S.M.: Specific probiotic therapy 
attenuates antibiotic induced visceral hyper-
sensitivity in mice. Gut 55, 182-190 (2006). 

Yang, N.J. and Chiu, I.M.: Bacterial Signaling 
to the Nervous System through Toxins and 
Metabolites. J. Mol. Biol. 429, 587-605 
(2017). 

Yano, J.M., Yu K., Donaldson, G.P., Shastri, 
G.G., Ann, P., Ma, L., Nagler, C.R., 
Ismagilov, R.F., Mazmanian, S.K., and 
Hsiao, E.Y.: Indigenous bacteria from the 
gut microbiota regulate host serotonin bio-
synthesis. Cell 161, 264-276 (2015). 

Yunes, R.A., Poluektova, E.U., Dyachkova, 
M.S., Klimina, K.M., Kovtun, A.S., 
Averina, O.V., Orlova, V.S., and Danilenko, 
V.N.: GABA production and structure of 
gadB/gadC genes in Lactobacillus and 
Bifidobacterium strains from human micro-
biota. Anaerobe 42, 197-204 (2016). 

 
 



 

 

 69 
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TARGETING THE ENTERIC NERVOUS SYSTEM  
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INTRODUCTION 
 
John Bienenstock has been colleague of 
mine for over a decade and with whom 
I have shared many inspiring discus-
sions across the broad range of basic 
science and medicine. My contribution 
to the 2023 Old Herborn University 
Seminar focuses on our mutual research 
interests that have led to several suc-
cessful clinical trials.  

I first met John at a 2010 meeting of 
the Broad Research Foundation in Los 
Angeles at which recipients of grants 
awarded in the area of inflammatory 
bowel disease presented their work. At 
that meeting he presented data demon-
strating that probiotic bacteria influ-
enced behaviour/mood by stimulating 
signals within the enteric nervous sys-
tem( ENS) that communicated to brain 
centres via the vagal nerves. The studies 
were subsequently published in 2011 
(Bravo et al., 2011). 

Ingestion of a Lactobacillus strain 
regulates emotional behaviour and cen-
tral GABA receptor expression in a 
mouse via the vagus nerve). The basic 
theme was that microbes positioned 
within certain portions of the GI tract of 
the mouse could have a profound impact 
on central neurological symptoms. Most 
surprisingly, the effect of the bacteria 
appeared to depend on electrical signals 
transmitted from the intestine to the 
brain via the vagal nerves. These studies 
profoundly altered my understanding of 
the “Gut-Brain Axis.” Previously I had 
assumed that the gut and brain commu-
nicated principally through circulating 
chemicals such as hormones or bio-
active compounds. John’s studies now 
extended the communication circuitry 
to electrical impulses between the ENS 
and the central nervous system (CNS). 

 
 

PARKINSON’S DISEASE 
 
Sometime later a family member of 
mine was diagnosed with Parkinson’s 
disease (PD). This event led me to 
review the current understanding of the 
natural history and pathophysiology of 
this condition. In medical school, I was 
taught that PD first appeared clinically 
when the dopamine-rich neurons within 
the substantia nigra died off. Character-
istic intra-neuronal inclusions called 
Lewy bodies were pathognomonic 
findings. I knew that dopamine replace-
ment, achieved through the oral 

administration of L-DOPA, a dopamine 
prodrug, was a standard therapy. I had 
not realized that about 25 years ago a 
protein, alpha-synuclein (aS), had been 
linked to PD by genetic analysis of 
several rare families. Furthermore, aS 
was identified within the Lewy body 
and present in elevated amounts in both 
the peripheral nervous system and CNS 
of advanced cases of PD. Most curi-
ously, I learned of the work of Braak, 
who had demonstrated through histol-
ogy of the neural tissues of individuals 
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with PD ranging from the earliest symp-
toms of the disease to the most 
advanced, that aS inclusions appeared in 
the ENS many years before severe 
movement deficits were clinically 
evident. As the disease progressed aS 
accumulation appeared to progressively 
move, via the vagus, into the dorsal 
motor nucleus, and cranially, eventually 
reaching the substantia nigra. Braak 
hypothesized that PD actually begins in 
the ENS of the proximal GI tract 
through the accumulation of aS, which 
then is slowly transported cranially via 
the vagal nerves (Braak et al., 2003).  

Braak’s observation and hypothesis 
were supported by careful re-evaluation 
of the natural history of PD. 

Surprisingly, the vast majority of 
patients with PD experienced severe 
constipation many years before the 
onset of the classic signs and symptoms 
of PD. Indeed, several non-motor symp-
toms were identified that strongly 
predicted the eventual onset of PD, most 
robustly, REM behaviour sleep disorder 
(Postuma et al., 2012). Indeed, in the 
absence of other confounding medical 
conditions, isolated REM behaviour dis-
order is associated with a greater than 
95% risk of developing PD (Mahowald 
and Schenck, 2013). In fact, upon ques-
tioning my family member I learned that 
he had suffered from both bowel issues 
and REM behaviour disorder for many 
years. 

 
 

SQUALAMINE 
 
As I read more deeply about aS, I 
learned that this 145-residue protein was 
unstructured when in aqueous solution 
and described as “intrinsically disor-
dered.” Due to the presence of several 
runs of lysine residues within the N-
terminal portion of the protein, aS 
bound avidly to membranes that dis-
played negatively charged phospholipid 
headgroups (Perni et al., 2017). Upon 
binding the amino-terminal portion, aS 
adopted an alpha-helical configuration, 
while the carboxy-terminal portion re-
mained free in solution. As the surface 
density of the monomeric aS molecules 
increased, closely positioned neigh-
bours could aggregate forming mem-
brane-active oligomers, which in turn 
could damage the physical integrity of 
the membrane (Perni et al., 2017). As it 
turned out, I had discovered a class of 
cationic sterols in the liver of the dog-
fish shark in the late 1990s and had been 
studying their biophysical properties as 
well as their pharmacology ever since 
(Moore et al., 1993; Rao et al., 2000). 
Indeed, one of these compounds, squal-
amine had entered several clinical trials 

for cancer and diabetic retinopathy 
some years earlier. Squalamine is a C27 
bile salt in which the C24 hydroxyl is 
esterified with a sulphate, the C7 posi-
tion contains an alpha-OH group, the C5 
an alpha hydrogen, and the C3 position 
an alpha spermidine. The compound 
binds avidly to membrane surfaces com-
posed of precisely the same phospho-
lipids as does aS, and upon binding had 
been shown to displace positively 
charged peptides and proteins without 
disturbing the physical integrity of the 
membrane. 

With colleagues at the NIH and Cam-
bridge we showed that squalamine 
could displace aS from neuronal mem-
branes, prevent aggregation, protect 
neuronal cells from lethal cytolysis 
caused by neurotoxic aggregates of aS 
(Perni et al., 2017). Exposure of a PD 
model of C. elegans, expressing a 
mutant aggregating form of aS, pre-
vented both the formation of aS aggre-
gates and the onset of paralysis in a 
dose-dependent fashion. 

As these studies were progressing, I 
formed Enterin along with Dr. Denise 
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Barbut. Together we drafted the 
roadmap to the clinic with the intent of 
evaluating squalamine as a potential 
treatment for PD. Since we knew that 
most patients with PD suffered from 
constipation, and that aetiology of their 
dysmotility was likely due to accumula-
tion of aS within the ENS, causing neu-
ronal dysfunction, oral administration of 
squalamine might correct their constipa-
tion.  

Most exciting, however, was the pos-
sibility, inspired by our many discus-
sions with John and his colleague Wolf 

Kunze, that by restoring the electrical 
activity of the ENS we could restore 
communication between the ENS and 
the CNS. If, in fact, the aS-compro-
mised ENS of the PD patient no longer 
communicated with brain, centres in the 
brain that normally received neuronal 
signals from the GI tract might atrophy, 
as occurs usually when an end organ is 
de-afferented. If so, as we corrected the 
constipation in PD patients, we might 
see improvements in other neurological 
symptoms. 

 
 

PRECLINICAL STUDIES 
 
With John and Wolf, along with Wolf’s 
prior mentor, John Furness, we orally 
administered squalamine to mice engi-
neered to express an aggregating form 
of human aS (West et al., 2020). Squala-
mine administration stimulated intesti-
nal motility, as we had expected. Elec-
trophysiological studies of the ENS, 
specifically the electrical activity of the 
intrinsic primary afferent neuron 
(IPAN), demonstrated that oral admin-
istration had restored their previously 
depressed excitability to normal, thus 
providing a mechanistic explanation for 
the improvement in intestinal motility. 
In the next series of studies, we exam-
ined the impact of oral administration of 
squalamine in the PD mouse on the elec-
trical signals directed to the brain via the 
vagal nerves (West et al., 2019). In these 
experiments single fibres were teased 
out of a branch of the mesenteric branch 
of the vagus, a parasympathetic stimu-
lus was introduced onto the ENS, and 
the resulting electrical activity moni-
tored with respect to amplitude, 
frequency and duration of excitation. 
We demonstrated that exposure of the 
ENS to squalamine dramatically stimu-
lated the intensity and duration of sig-
nals directed from the ENS via the 

vagus to the brain. 
From the time that John had shown 

that certain strains of Lactobacillus 
could induce a vagally transmitted 
signal that calmed mice he and Wolf 
believed that the electrical signals 
carried information. These signals were 
not “noise”, but rather “music,” charac-
terized by specific patterns of frequency 
and amplitudes. John and Wolf 
described these patterns as the “SSRI” 
code, since their ongoing studies had 
demonstrated similarities between the 
signal patterns stimulated by the appli-
cation of either the calming Lacto-
bacillus strain or several selective sero-
tonin reuptake inhibitors. The paper that 
describes John’s thoughts was pub-
lished in a series of experiments that 
included squalamine which, like the 
probiotic and an SSRI therapeutic, 
stimulated an SSRI-like vagal signal 
(West et al., 2021). Whole brain cFos 
imaging of mice following oral admin-
istration squalamine confirmed that 
extensive areas of the brain were either 
inhibited or activated by the compound. 
Since squalamine is not absorbed from 
the GI tract after oral administration, the 
effects observed result exclusively from 
communication between gut and brain. 
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CLINICAL TRIALS 
 
In parallel with these studies, Enterin 
conducted two clinical trials, evaluating 
ENT-01 for the daily oral treatment of 
Parkinson’s disease associated con-
stipation over a 28-day period. (Hauser 
et, al., 2019). ENT-01 is a chemical sta-
ble crystalline phosphate salt of squala-
mine (which is why it was the preferred 
salt) that dissolves into the active 
squalamine zwitterion in the stomach. 
The first clinical trial, RASMET 
(https://clinicaltrials.gov/study/NCT03
047629, was an open label study that 
evaluated the safety, tolerability, phar-
macokinetics of ENT-01. In addition, 
we monitored effects on constipation as 
well as hallucinations and dementia in 
the subset of patients that had these 
symptoms. In addition, we monitored 
circadian rhythm and sleep parameters. 
As we reported, the RASMET trial 
demonstrated that ENT-01 corrected the 
constipation in a dose-dependent 
manner, very much reproducing the 
observations made with John and Wolf 
in the preclinical study. We also 
observed that in patients who had suf-
fered from hallucinations, ENT-01 
treatment had a dramatic effect, in some 
cases completely eliminating them for 
many weeks following cessation of 
treatment. Similarly in those patients 
suffering from dementia, significant 
improvement was observed during the 
28-day treatment period. As in the case 
of hallucinations, cognitive functions 
continued to improve for several weeks 
after treatment had stopped. We moni-
tored circadian rhythm through the 
measurement of skin temperature at the 
wrist using a wireless continuous 
recording device. Circadian rhythm is 
maintained through a complex circuit 

governed by the master clock within the 
hypothalamus, the suprachiasmatic 
nucleus. By monitoring circadian 
rhythm we can assess the “health” of the 
“beating” hypothalamus. Remarkably, 
the disturbed circadian rhythms of the 
untreated patients were corrected in a 
dose dependent fashion by oral admin-
istration of ENT-01. When we thought 
about it, after seeing the clinical data the 
effects on circadian rhythm made sense. 
The primary function of the circadian 
rhythm is to synchronize physical activ-
ity and hunger with the particular 
light/dark cycle appropriate for a spe-
cies. Perhaps properly synchronized sig-
nals from the GI tract induced by a meal 
might be required to sustain a normal 
circadian rhythm. If so, by clearing the 
aS from the ENS, ENT-01 might be 
restoring necessary input to central cir-
cadian circuitry. 

The RASMET clinical trial was fol-
lowed by double blind randomized pla-
cebo-controlled Phase 2a study, 
KARMET 
(https://clinicaltrials.gov/study/NCT03
781791. The study enrolled about 150 
patients, each administered either pla-
cebo or ENT-01 for a period of 28 days. 
It successfully replicated the results of 
the RASMET trial. Constipation was 
corrected (p<0.0001), symptoms of both 
dementia and hallucinations were im-
proved, and all effects of ENT-01 per-
sisted for weeks after treatment ended. 
The study was published in the Annals 
of Internal Medicine (Camilleri et al., 
2022). ENT-01 is now positioned to 
enter Phase 3 for PD associated consti-
pation, Phase 2 for PD dementia, and 
Phase 2 for PD psychosis. 

  
APPRECIATION 

 
Both Denise and I have had the great 
pleasure and honour having worked 

with John and Wolf on the scientific 
journey I have described. John’s 

https://clinicaltrials.gov/study/NCT03047629
https://clinicaltrials.gov/study/NCT03047629
https://clinicaltrials.gov/study/NCT03781791
https://clinicaltrials.gov/study/NCT03781791
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enthusiasm, the breadth of his 
knowledge of medicine and physiology 
made our collaboration intellectually 
exhilarating. If he disagreed with us, he 
told us directly, but was also ready to be 

corrected. This ability to converse freely 
in science, so smoothly and effortlessly 
is a rare characteristic and it made our 
friendship with John so very special. We 
miss him. 
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INTRODUCTION – MAMMAL AS HOST AND BENEFICIARY 
 

Our annual tradition of the Old Herborn 
University Seminar (OHUS) series high-
lighted our microbial world yet again in 
2023. In this latest seminar, our emphasis 
was on the mammalian host, in contrast to 
plants as hosts in OHUS 33. In OHUS 35, 
our aim was to explore the bidirectional 
interplay of mammals and microbes, while 
considering mammalian species as both 
hosts for diverse microbes and as benefi-
ciaries of microbes in their roles as messen-
gers and catalysts. In the broader context of 
mammalian physiology and systems biol-
ogy, it is striking how profoundly mammal-
associated microbes impact early life devel-
opment, local and systemic immunity, and 
the communication stream between the gut 
and the central nervous system. 

Evidence supports exposure to microbes 
and/or microbial metabolites during foetal 
development and immediately after birth. 
During the neonatal period, infancy and 
early life, the microbial ecosystem fluctu-
ates and expands gradually in terms of 
microbial composition and function. The 
intestinal microbiome fluctuates dramati-
cally during infancy and the first 3 years of 
human life, and it continues to evolve and 
change during childhood. We know that the 
human microbiome reaches a relatively 

steady-state or equilibrium by early adult-
hood, but these microbial communities con-
tinue to change or shift during adulthood 
depending on the influences of diet, medi-
cations, hygiene and a diverse array of 
xenobiotic compounds in the environment 
(built or natural). Microbes are intimately 
associated with different body sites 
throughout the mammalian lifespan, and 
ongoing shifts in microbial composition and 
function may contribute to the nature of the 
aging process.  

In addition to changes over time during 
an animal’s lifespan, we must consider fluc-
tuations in microbial composition and func-
tion at different body sites (in space) and 
whether microbes send signals extending 
beyond local targets to remote locations. 
Shifts in microbial ecosystems at specific 
body sites such as the oral cavity may 
impact the placenta via the bloodstream. 
Another example prominently displayed at 
OHUS 35 was the nature of communication 
between the intestinal microbiome and the 
brain via the peripheral / central nervous 
system. This microbiome-gut-brain axis 
highlights the importance of microbe-
generated signals affecting remote targets in 
mammalian systems via bidirectional com-
munication. 

 
 

GROWTH, DEVELOPMENT AND INFECTIONS 
 

Kjersti Aagaard and colleagues described 
the importance of maternal-foetal commu-
nication during early mammalian develop-
ment. The “Developmental Origins of 

Health and Disease” hypothesis (Barker, 
1986) links maternal exposures during 
pregnancy to adverse outcomes later in life 
for offspring. The mammalian microbiome 



 76 

serves as a mediator and messenger convey-
ing signals from maternal exposures such as 
diet with lasting effects on foetal and early 
postnatal life development. In nonhuman 
primates, a high fat maternal diet during 
pregnancy has lasting effects on microbial 
composition and function after birth (Ma et 
al., 2014; Bolte et al., 2022). The effects of 
the high fat diet on the gut microbiome 
seem to be dependent on the diet quality, 
and not the number of calories. Another 
example in humans of the potentially pro-
found impact of dietary compounds is the 
example of the sugar alcohol, xylitol, and its 
application to prevention of preterm birth in 
humans (Aagaard et al., 2022). Xylitol in 
chewing gum may be used preferentially as 
a carbohydrate source by pathogens in the 
oral microbiome, thereby suppressing pro-
liferation of pathogenic streptococci and 
oral inflammation (e.g., periodontitis). Sup-
pression of oral inflammation may reduce 
the production of inflammatory cytokines 
and lower the risk of preterm birth perhaps 
by suppression of systemic inflammation. 
Martin Schwarzer cited studies by Gehrig 
and colleagues (Gehrig et al., 2019) show-
ing that changes in therapeutic diets could 
result in increased abundances of growth-
promoting bacterial taxa in juvenile mice, 
piglets and children. These findings high-
light the potential importance of diet as a 
strategy to shift the biology of the micro-
biome in a more favourable direction for the 
mammalian host.  

Microbial communities at different body 
sites may have cumulative effects on bio-
logical processes and different remote 
effects dependent on resident microbes and 
microbial mediators. Shifts in the oral 
microbiome may yield remote effects on the 
placenta and the foetus. We’ve come to 
appreciate the presence of low biomass 
microbial communities in body sites such as 
the placenta and the vagina, and in different 
body fluids such as amniotic fluid during 
pregnancy. We know that pathogenic 
microbes within the oral microbiome can 
spread via the bloodstream to infect remote 

sites such the placenta or the heart, so we 
cannot discount the possibility of bacterial 
colonization in one body site affecting 
another. Within amniotic fluid, the combi-
nation of human milk oligosaccharides and 
bacterial composition might affect the like-
lihood of preterm birth or timing of labour 
and delivery. Priming of the immune sys-
tem and foetal immune development may 
be impacted by the various signals emanat-
ing from the microbiome. Martin Schwarzer 
and colleagues identified a single beneficial 
microbe, a Lactiplantibacillus plantarum 
strain (LpWJL), that can single-handedly 
rescue a growth-deficient phenotype in 
mice on a low protein diet.  The problem 
gets flipped. Instead of studying how diet 
modifies the composition and function of 
the microbiome, (Schwarzer et al., 2016) 
studied how supplementation with a single 
gut microbe (LpWJL) rescues the stunted 
phenotype in mice as a result of chronic 
undernutrition. The punchline is that a cell 
wall component of this bacterial strain stim-
ulates the pattern recognition receptor 
(NOD2) in the intestinal epithelium and 
promotes growth hormone (GH) signalling 
via insulin-like growth factor 1 (IGF-1) in 
the liver. Changes in microbial composition 
in the intestine result in modulation of sig-
nalling pathways in liver and muscle 
(remote effects) resulting in improved 
growth in early life.  

Luigina Romani and colleagues elabo-
rated on microbe:microbe interactions 
across bacterial and fungal kingdom bound-
aries. In addition to considerations of com-
mensal bacteria and bacterial pathogens at 
different body sites, bacterial and fungal 
species (emphasis on yeast) interact with 
each other. Candida albicans can be consid-
ered a commensal of the gut microbiome, 
and C. albicans can modulate signalling 
pathways in dendritic cells and promote 
immune tolerance (Romani et al., 2002; 
Romani, 2011). C. albicans can also modu-
late bacterial composition in the gut micro-
biome, so we are left to conclude that bac-
teria and fungi are dynamically fluctuating 
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over time in terms of relative abundances. 
One example of a signal is the compound p-
cresol that is produced by C. difficile and 
suppresses hyphal growth by C. albicans 
(van Leeuwen et al., 2016), demonstrating 
cross-kingdom signalling within the intesti-
nal microbiome. Tripartite interactions 
between bacteria, fungi and mammals pro-
vide fascinating examples of cross-commu-
nication and influences on development of 
the immune system. The bacterial commen-
sal organism, L. reuteri, can utilize the 
amino acid tryptophan (Trp) in the intestine 

and produces indole-3-aldehyde (Morgan et 
al., 2023). Indole-3-aldehyde is a ligand for 
the aryl hydrocarbon receptor (AhR) which 
is a key receptor of microbial signals within 
the intestinal epithelium. AhR signaling 
results in release of IL-22 by innate lym-
phoid cells, resulting in suppression of C. 
albicans proliferation via release of anti-
microbial peptides. The key message is that 
bacterial metabolism of dietary components 
(amino acids) can promote immune func-
tion and resistance to fungal pathogens. 

 
 

MICROBIOME-GUT-BRAIN AXIS 
 

Microbes can have a profound impact on 
remote body sites in mammalian systems. A 
prime example is the microbiome – gut – 
brain axis and emerging insights with 
respect to communication between intesti-
nal microbes and the mammalian central 
nervous system. Rochellys Diaz Heijtz 
described contributions of gut microbes and 
intestinal microbiology to neurodevelop-
ment and autism spectrum disorder of child-
hood. As already mentioned in this sum-
mary, gut microbes may contribute to fun-
damental processes in prenatal and postna-
tal mammalian development. Postnatal 
microbial colonization promotes establish-
ment of gut homeostasis, angiogenesis and 
immune system development (Hooper et 
al., 2012). The gut microbiota influences a 
wide array of neurodevelopmental pro-
cesses such as the maturation of microglia 
and synaptogenesis (Diaz Heijtz et al., 
2011). Interestingly, the metabolic capacity 
of gut microbes to produce metabolites such 
as vitamins B9 (folate) and B12 in child-
hood may support their contributions to 
neurodevelopment (Hollister et al., 2015). 
Similar to the work presented by Martin 
Schwarzer whereby cell wall components 
from L. plantarum bind to pattern recogni-
tion receptors such as NOD2, Rochellys 
Diaz Heijtz presented signalling pathways 
that included bacterial peptidoglycan 

(PGN) fragments interacting with NOD-
like receptors and PGN recognition pro-
teins. PGN can prime systemic innate 
immunity by interacting with Nod1 (Clarke 
et al., 2010). In a fascinating twist to the 
story, PGN recognition proteins were 
expressed in the developing mammalian 
brain. PGN recognition protein-2 (Pglyrp2) 
appears to modulate expression of autism 
risk genes in mouse models and may affect 
formation of brain circuits. Both Pglyrp2 
and NOD2 appear to modulate mammalian 
brain function and behaviour, and such 
findings add evidence to the importance of 
microbial components in neurodevelop-
ment and biology of the mammalian brain.  

Intestinal microbes may produce neuro-
transmitters such as y-aminobutyric acid 
(GABA) and histamine, and gut microbes 
may stimulate mammalian enteroendocrine 
cells to produce serotonin. Rochellys Diaz 
Heijtz discussed the potential importance of 
microbial GABA in neurodevelopment 
with low levels of faecal GABA in young 
children associated with elevated risk for 
developing autism spectrum disorder. Gut 
microbes such as Bifidobacterium spp. may 
produce GABA and other gut microbes 
such as Clostridia may consume GABA so 
the relative balance of GABA producers 
and consumers may affect the relative risk 
of autism spectrum disorder. In addition to 
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GABA, histamine may be produced by 
intestinal microbes and contribute to 
abdominal (visceral) pain in irritable bowel 
syndrome (IBS) due to signalling via the 
histamine 4 receptor (H4R). Premysl Bercik 
described intriguing studies whereby mice 
colonized with IBS microbiota displayed 
greater visceral pain responses due to 
colonic distension (De Palma et al., 2022). 
One microbial strain, Klebsiella aerogenes 
MQ, was identified as an avid producer of 
microbial histamine in the gut. Clearly, pro-
duction and release of neurotransmitters 
and amino acid metabolites such as GABA 
and histamine could have important conse-
quences for neurodevelopment and pain 
signalling.  

Autism spectrum disorder and Parkin-
son’s disease represent well-known medical 
disorders with prominent neuro-
logic/psychiatric and gastrointestinal fea-
tures. Michael Zasloff described fundamen-
tal studies documenting the importance of 
gastrointestinal symptoms such as constipa-
tion and intestinal alpha-synuclein (aS) 
inclusions in Parkinson’s disease. The gut-

brain connection was emphasized by the 
Braak hypothesis of aS accumulation in the 
enteric nervous system as a possible initia-
tor of Parkinson’s disease pathogenesis 
(Braak et al., 2003). The cationic sterol, 
squalamine, was identified as a compound 
that could displace aS from neuronal mem-
branes and serve as a drug candidate to ame-
liorate constipation and improve neurologic 
symptoms. In collaboration with John 
Bienenstock’s team, Michael Zasloff and 
his team showed that squalamine could 
enhance intestinal motility and stimulate 
signalling from the enteric nervous system 
(ENS) to the brain in mammalian (mouse) 
models (West et al., 2019). These applica-
tions have been extended to human clinical 
trials. An important concept that was high-
lighted as part of our tribute to John 
Bienenstock was the notion of the 
“SSRI”code whereby distinct stimuli such 
as squalamine, probiotic lactobacilli, or a 
SSRI therapeutic all transmitted SSRI-like 
signals via the vagus nerve (West et al., 
2021).  

 
 

CELIAC DISEASE : DIET, MICROBIOME AND IMMUNITY 
 

Elena Verdu shared insights regarding diet-
microbiome-immune system interactions in 
the context of celiac disease. Celiac disease 
is instructive as a human disease model 
whereby specific dietary components con-
tribute directly to human gastrointestinal 
pathology. Specific proteins from cereal 
grains known as gluten trigger intestinal 
inflammation in susceptible individuals 
(Shan et al., 2022). Deamidation of gluten 
peptides increases their affinity for HLA 
surface molecules – HLA-DQ2 and HLA-
DQ8 – and highlights the importance of 
autoimmune responses associated with spe-
cific MHC class II antigens (specifically, 
HLA-DQ). The microbiome participates in 
gluten metabolism, and duodenal microbes 
are known to generate gluten peptides with 
enhanced or reduced immunogenicity. 

Elena Verdu raised examples of microbes 
such as Pseudomonas aeruginosa that pro-
duce proteases cleaving gluten into peptides 
with greater immunogenicity. Countering 
this phenomenon, other microbes such as 
Lactobacillus rhamnosus or Lactobacillus 
fermentum from healthy controls digested 
gluten to peptides with reduced immuno-
genicity. These findings highlight the 
importance of a relative balance in micro-
bial composition as a predisposing or pro-
tective factor for autoimmunity. Gut 
microbes can profoundly affect digestion of 
dietary components such as plant proteins, 
thereby influencing protein metabolism and 
local immunity.  
Beyond luminal proteins and peptides, 
amino acids such as tryptophan may be 
metabolized to specific signalling com-
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pounds including indole derivatives. 
Luigina Romani highlighted indole deriva-
tives from tryptophan metabolism as key 
elements of antifungal defence systems in 
mammals, while Elena Verdu mentioned 
indoles as key signals maintaining intestinal 
homeostasis and suppressing inflammation 
(Verdu et al., 2015). Indoles augment anti-
fungal defence and modulate inflammation 
by signalling through a common pathway 
via the AhR. Tryptophan metabolism yields 
distinct compounds such as serotonin, 
kynurenine and indole derivatives, and the 

gut microbiome plays a pivotal role in these 
bioconversions from a single amino acid. 
Clearly dietary protein may yield peptides 
that stimulate the immune system, possibly 
resulting in immunopathology, or amino 
acids that can be converted to a variety of 
bioactive microbial metabolites. These 
experimental insights provide opportunities 
for new therapeutic strategies such as engi-
neered bacterial enzymes, new probiotics 
that may suppress specific bacterial prote-
ases, indole-generating microbes or host 
enzyme inhibitors. 

 
 

CONCLUSIONS 
 

OHUS 35 highlighted the importance of the 
mammalian microbiome in mammalian 
systems biology. The findings and insights 
shared at OHUS 35 strongly support the 
holobiont concept that includes both micro-
bial and mammalian cells as cellular com-
ponents of one integrated mammalian sys-
tem. Microbes and their corresponding 
enzymes and metabolites clearly contribute 
to early life development (both prenatal and 
postnatal) and proper growth and matura-
tion. The microbiome-gut-brain axis has 
become a central theme in neurobiology and 
gastroenterology, while emphasizing the 
ways in which gut microbes can affect 
neurodevelopment and brain function 
remotely. Microbes may produce neuro-
transmitters or stimulate mammalian cells 
to produce neurotransmitters, and bidirec-
tional communication via nerves such as the 
vagus highlight how the microbiome inter-
acts directly with the central nervous system 
and vice-versa. The coordination of signal-
ling via the microbiome as a bridge between 
diet and host is evident when considering 

the impact of diet during pregnancy or dur-
ing pathologic states such as celiac disease. 
Microbes may modulate immunity by alter-
ing metabolism of dietary components, and 
microbes may also regulate visceral pain 
signalling by converting amino acids to sig-
nalling metabolites. Specific host receptors 
such as H4R and AhR may provide mecha-
nistic pathways to explain microbial com-
munication with mammalian cells. In short, 
we have witnessed many examples showing 
how the mammalian microbiome can pro-
foundly impact mammalian biology. Our 
long-time colleague in Herborn and pio-
neering scientist, John Bienenstock (1936-
2022), https://www.old-herborn-univer-
sity.de/in-memoriam-john-bienenstock-
1936-2022/, would not be surprised today to 
see so many insights extending from his 
seminal work in mucosal immunology and 
the gut-brain axis. As we close 2023 and 
OHUS 35, we say good-bye in appreciation 
once again to Professor John Bienenstock 
and to Old Herborn University Seminar 35. 
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