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Are we human?

50% human cells

50% microbes

1013 – 1014

microbes

1012 – 1013

body cells

Marsland and Gollwitzer, 2014Sender et al., 2016



The microbiome and host function

Nature Reviews | Cancer

• Translocation of bacteria or 
bacterial products and toxins

• Metabolites (e.g. small and 
medium chain fatty acids, 
choline derivatives, secondary 
bile acids, vitamins, hormones 
and nutrients)

• Innate and adaptive immune 
cell migration

• Cytokines
• Endocrine (cortisol) and neural 

(vagus and enteric nervous 
system) pathways 

Local effects of 
gastrointestinal microbiota

Systemic effects of 
gastrointestinal microbiota

• Nutrient absorption
• Synthesis of vitamins
• Metabolism of bile and 

hormones
• Fermentation of carbohydrates
• Morphogenesis
• Barrier strengthening
• Mucosal immunity

• Metabolism
• Neurological, behavioural and cognitive 

functions
• Cardiovascular and musculoskeletal functions
• Haematopoiesis and myeloid cell functions
• Circadian rhythm
• Ageing
• Inflammation and immunity
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• Inflammatory bowel disease
• Gastritis and gastric ulcers

• Obesity, insulin resistance and type II diabetes
• Cardiovascular diseases
• Autoimmunity: CNS, eye and joints
• Non-alcoholic steatohepatitis
• Gout

• Stomach cancer (Helicobacter 
pylori)

• Colorectal carcinoma (Escherichia 
coli, Fusobacterium spp. 
and enterotoxigenic Bacteroides 
 fragilis)

• Gallbladder carcinoma 
(Salmonella enterica Typhi)

• MALT, ocular and skin lymphoma
• Thymic lymphoma
• Hepatocellular carcinoma
• Mammary carcinoma
• Pancreatic cancer
• Prostate cancer
• Sarcoma
• Ovarian cancer
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y • Cancer therapy gastrointestinal

toxicity
• Cancer chemotherapy, immunotherapy 

and radiotherapy efficacy
• Cancer therapy toxicity
• Graft-versus-host disease

Xenobiotics
Foreign chemical substances, 
including drugs, that are not 
naturally produced by the 
organism.

phenotype expressed by some genetically mutated mice 
has been shown to be transferred to wild-type mice 
by microbiota transfer30–32, and the transfer of the faecal 
microbiota of patients who are responsive to cancer ther-
apy into germ-free mice has been shown to endow those 
animals with an ability to respond efficiently to the ther-
apy33. Thus, it can be speculated that host genetics and 

lifestyle in part may indirectly affect carcinogenesis and 
response to cancer therapy through modification of 
microbiota composition.

Owing to its ability to modulate host metabolism, 
inflammation and immunity, the microbiota is involved 
in the initiation and/or progression of various types of 
cancer both at the epithelial barriers and in sterile tis-
sues3 (BOX 1). Although much progress has been made in 
cancer therapy — and in particular recent advances 
in immunotherapy are very promising — a significant 
proportion of cancer patients still do not respond to 
therapy. In this Review we discuss the body of data in 
experimental models and increasingly in clinical stud-
ies that suggests that the composition of the microbiota 
regulates the efficacy of anticancer therapy and that tar-
geting the microbiota may improve drug efficacy and/or 
reduce adverse effects.

Chemotherapy and microbiota
After the discovery of the cytotoxic effects of nitro-
gen mustards during the Second World War, cytotoxic 
chemotherapeutic agents were developed that still today 
remain a major staple of cancer therapy34. Cytotoxic 
drugs are classified according to their mechanisms of 
action, as alkylating agents, heavy metals including plati-
num, antimetabolites, cytotoxic antibiotics and spindle 
poisons. Most forms of chemotherapy display antitu-
mour activity by targeting DNA integrity and cell divi-
sion in the dividing cancer cells. Cytotoxicity may also 
be induced by the effect of drugs on other cellular com-
partments such as mitochondria and cell membranes35. 
Chemotherapy is not specific and its use is always asso-
ciated with significant toxicity for tissues that have a high 
rate of cell replacement and division36.

Drug metabolism. The gut microbiota affects drug 
pharmacokinetics, anticancer activity and toxicity at 
various levels3,37 . A schematic representation of the role 
of the microbiota on the metabolism of drugs following 
enteral (for example, oral) or parenteral (for example, 
intravenous) administration is presented in FIG. 2. The 
rate of absorption and bioavailability of many oral drugs 
depends on their exposure in the gut to both host and 
bacterial enzymes before entering the circulation38 ,39 . 
Xenobiotics induce changes in the composition and 
shape the physiology and gene expression of the gut 
microbiota40,41 , further modulating its effect on drug 
metabolism. Biotransformation of drugs mediated by the 
gut microbiota includes many chemical reactions, with 
reduction and hydrolysis affecting the largest number 
of drugs42 . Other reactions include functional group 
removal, N-oxide cleavage, proteolysis, denitration, 
deconjugation, amine formation and/or hydrolysis, 
thiazole ring opening, acetylation and isoxazole scis-
sion43. Commensal microorganisms also decrease the 
absorption of certain drugs by physical binding and 
segregation44. More than 40 drugs have been shown 
to be metabolized by the gut microbiota43. However, 
among anticancer drugs, only the nitroreduction of the 
radiation sensitizer misonidazole, the hydrolysis of  
the antimetabolite methotrexate and the deconjugation 

Figure 1 | Local and systemic effects of the gastrointestinal microbiota. The 
abundant microbiota present on the gastrointestinal mucosa affects local mucosal 
homeostasis, functions and immunity7–9. Many of the mechanisms by which various 
bacterial species and their products and metabolites affect mucosal physiology and 
pathology have been described7–10. However, the presence and composition of the gut 
microbiota also systemically affects the functions of most physiological systems, the 
pathology and the response to therapy in distant organs10. Some of the demonstrated 
or proposed mechanisms by which the astrointestinal microbiota can achieve this 
are listed in the bo  at the top o  the i ure205. The microbiota and specific microbial 
species also affect neoplastic pathology both at the local level in the gastrointestinal 
tract145,188,206,207 and systemically in organs that are not normally associated with the gut 
microbiota192–194,208–212. Although these mechanisms have been studied primarily for the 
most abundant intestinal microbiota organisms, microorganisms colonizing other 
epithelial barriers, for example, the mouth and the skin, are also expected to mediate 
both local and systemic effects195,196. In addition to its association with cancer 
development, the microbiota also has both a local and a systemic role in modulating 
the e icacy and to icity o  cancer therapy3. CNS, central nervous system; MALT, 
mucosa-associated lymphoid tissue.
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Commensal microbiota is shaped throughout life

Quigley et al., 2017



Commensal microbiota is shaped throughout life

Ottman et al., 2012



The neonatal window of opportunity 

Modified from Torow et al., 2017IMMUNE SYSTEM ?

Early life
microbial signals

Cahenzli et al., 2013
Olszak et al., 2012
Kearney et al., 2015
Torow et al., 2017

In utero development



The neonatal window of opportunity 

Modified from Torow et al., 2017OFFSPRING IMMUNE SYSTEM ?

Signals originating from maternal
microbiota

In utero development



The first germ-free isolators
 KIRK I Standardizing Germ-Free Laboratory Animals

 FIG. 4 Reyniers Germ-Free System 1 Mass-Production Isolator. (Source: Life
 magazine, artist Donald Birren. All attempts to locate the copyright holder
 for this image were unsuccessful.)

 Reynierss built a managerial approach around the notion that "there were
 no specialists on this team, everyone did a little bit of everything" and
 therefore all roles were "vitally important to the whole."37 In this way the
 ethos of standardization through mechanization radiated beyond material
 technologies to shape wider work cultures.38

 37. Letter, James E. Murphy to James P. Conroy, 8 November 1967, UDIS 116/08,
 "Reyniers, James A. - LOBUND" folder, in HL-UND. In a 1942 letter requesting fund-
 ing, Reyniers wrote: "Undoubtedly at first glance, my age and formal education does
 [sic] not seem to warrant rank or consideration. However, when my record is examined
 it will be found that my age and lack of the conventional 'moulding' that invariably ac-
 companies the doctorate have aided rather than hindered my progress" (letter, James A.
 Reyniers to E. B. Fred, 23 October 1942, "Reyniers, Dr. James A.: 1942-1943," in NAA).

 38. Analogous to the way Kohler has argued that Drosophila shaped the genetics
 community; see Kohler (n. 12 above).

 75

This content downloaded from 130.92.38.79 on Mon, 04 Feb 2019 10:32:11 UTC
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Kirk, 2012



Work with germ-free isolators in the Clean Mouse Facility Bern

Autoclaved food
and water drums

Peracetic acid
sterilization

Isolator-drum 
connection



Reversible colonization of germ-free mice with E. coli HA107

Hapfelmeier et al., Science, 2010

- Escherichia Coli K-12 JM83
- auxotrophic deficiency in meso-diaminopimelic acid (m-DAP) and D-Ala synthesis
- reversibly colonizes germ-free mice for 12 - 48 hours

à Defined dose

à Defined time

à Defined stage of life



Model of gestational colonization with auxotrophic E. coli HA107

Germ-free

C57BL/6
Germ-free

Germ-free

PREGNANCY

Reversibly colonized
with E. coli HA107

E. coli HA107
(4 x 1010 cfu i.g.)

PREGNANCY

C57BL/6
Germ-free



Innate lymphoid cells (ILC) are mainly present at mucosal sites
and can be classified into 3 subgroups

Eberl et al., Science, 2015



Maternal colonization during pregnancy increases the number of
intestinal NKp46+ ILC3s in the offspring

OFFSPRING small intestine lamina propria, Lin- cells:

E14E9 E11

C57BL/6
Germ-free

CONCEPTION BIRTH

Analysis of offspring

P5-60

E. coli HA107 i.g.

E16

mothers compared with germ-free controls (fig.
S4, A and B). Colonization of adult germ-free
C57BL/6 animals with an ASF microbiota for
21 days also selectively increased intestinalNKp46+

ILC3 and F4/80+CD11c+ iMNC populations (fig.
S4, C and D, and table S2). Given that the ASF
microbiota does not contain Proteobacteria, we
concluded that the innate leukocyte alterations
seen through gestation-only colonization with
E. coli are also present in mice colonized with a
defined microbiota, dominated by Bacteroides
distasonis (19). Nevertheless, given the altera-
tions in adaptive immunity when germ-freemice
are permanently colonized with amicrobiota (8),
we next assessed the extent of adaptive immune
changes after gestation-only colonization.

Maternal gestational colonization
does not affect adaptive immune
composition of pups

We found that gestation-only colonization did
not alter relative or absolute populations of B or
T cells during development in the bone marrow,
spleen, or thymus (fig. S5, A and B). Intestinal

and systemic CD4 or CD8 T cell numbers, T cell
activation status (table S3), CD4 subpopulations
(fig. S5, C to G), and intestinal microarchitecture
(fig. S6) were also generally unaffected. Because
all the neonatal mice in these experiments were
germ-free, we concluded that the well-known
microbiota-driven effects of amplification of B
and T cell numbers and resulting reorganization
of lymphoid structures result from postnatal col-
onizationwith an endogenousmicrobiota (19–21).

Maternal microbiota induces intestinal
transcriptional reprogramming in offspring

Many functions of the neonatal intestine are de-
velopmentally regulated, including transport of
nutrients, salts, and water; barrier function; and
secretion of antibacterial peptides and mucus
(22). Because different aspects of intestinal devel-
opment determine the ability of the neonate to
tolerate an incoming microbiota, we questioned
whether the changes in innate leukocytes after
gestational colonization were part of a much
wider range of adaptations triggered bymaternal
exposure to intestinal microbes. We carried out

RNA sequencing (RNA-Seq) analysis of whole
small intestinal mucosal RNA from neonates at
day 14. Unsupervised analysis showed a series of
consistent transcriptional changes in the pups
born to gestation-only colonized dams compared
with controls (Fig. 2A). The genetic and protein
interactions inferred from differentially expressed
transcripts (23) included up-regulated gene net-
works for cell division and differentiation,mucus
and ion channels, and the polymeric immuno-
globulin receptor and mononuclear recruitment,
as well as for metabolism of xenobiotics, bile
acids, complex lipids, and sugars (Fig. 2B). These
differentially expressed genes included signif-
icantly increased overall expression of signature
genes for the different Paneth cell, goblet cell, and
early/late enterocyte precursor epithelial lineages
(24, 25) (fig. S7, A to C). Transcripts for the C-lectin
Reg family and antibacterial defensin peptides
were also significantly increased in the pups of
gestation-only colonized dams compared with
controls (Fig. 2C and fig. S7D).
These results show that the maternal micro-

biota drives wide-rangingmucosal transcriptional

SCIENCE sciencemag.org 18 MARCH 2016 • VOL 351 ISSUE 6279 1297

Fig. 1. Maternal microbial exposure during pregnancy shapes the frequen-
cy of intestinal innate lymphoid and mononuclear cell populations in the
offspring. Germ-free C57BL/6 dams were transiently colonized with E. coli
HA107 (gestational colonization) or kept germ-free throughout (controls). All
offspring were analyzed by flow cytometry at day 14 after birth unless indi-
cated. (A) Representative dot plots showing Lin– (CD19–CD3–) small intestinal
lamina propria lymphocytes (upper row) and Lin–RORgt+NKp46– ILC3 (lower
row). (B) Absolute numbers (geometric mean, sample number n ≥ 5) of the
indicated Lin– small intestinal ILC populations. (C) Absolute numbers of

small intestinal Lin–NKp46+RORgt+ ILC3 at indicated time points after birth.
Data represent geometricmean±SD,n=3 to 10per timepoint. (D)Representative
dot plots showing Lin–MHC-II+ colon lamina propria intestinal mononuclear cells
(iMNCs) (upper row) and Lin–MHC-II+CD11c+F4/80lo iMNCs (lower row). (E) Ab-
solute numbers (geometric mean, n ≥ 5) of indicated Lin–MHC-II+ iMNC
populations in the colon. (F) Absolute numbers (geometricmean ± SD, n= 3 to
10 per time point) of colon Lin–MHC-II+CD11c+F4/80+ iMNCs at different time
points after birth. Data are each representative of four independent experi-
ments or show pooled data from four experiments. *P ≤ 0.05; **P ≤ 0.01.

RESEARCH | RESEARCH ARTICLES

Gomez de Agüero, Ganal-Vonarburg et al., Science, 2016



Maternal colonization during pregnancy increases the number of
intestinal NKp46+ ILC3s in the offspring

OFFSPRING small intestine lamina propria, Lin- cells:

E14E9 E11

Germ-free WT
Germ-free JH-/- à no B cells

CONCEPTION BIRTH

Analysis of offspring

P14

E. coli HA107 i.g.

E16

Gomez de Agüero, Ganal-Vonarburg et al., Science, 2016
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Maternal colonization during pregnancy increases the number of
intestinal NKp46+ ILC3s in the offspring

E14E9 E11

Germ-free WT

CONCEPTION BIRTH

Analysis of offspring

P14

Serum transfer

E16

Gomez de Agüero, Ganal-Vonarburg et al., Science, 2016

 22 

Fig. S8: Serum transfer and gestational colonization to induce NKp46+ ILC3 
numbers in the offspring is dependent on the presence of antibodies  
(A,B) Pregnant germ-free C57BL/6 WT dams were injected i.v. with serum either from a 
donor germ-free mouse (WT GF serum) or from a previously E. coli HA107 gavaged WT 
(WT HA107 serum) or antibody-deficient JH

-/- mouse (JH
-/- HA107 serum). A separate 

group of mice received serum from previously E. coli HA107 gavaged WT mice where 
the serum had been depleted of IgG (WT HA107 serum - IgG-depleted). The offspring 
were analyzed by flow cytometry at postnatal day 14. (A) Representative dot plots 
showing Lin- (CD19-CD3-) small intestinal lamina propria lymphocytes. (B) Total 
numbers (geometric mean, n≥3) of Lin-RORγt+NKp46+ ILC3 in the small intestine are 
shown. (C-E) Germ-free C57BL/6 WT or JH

-/- dams were transiently colonized with E. 
coli HA107 during pregnancy (gestational colonization) or kept germ-free (control). (C, 
E) Mixed JH

-/- x wild-type breeding to distinguish maternal or neonatal B cell 
requirement. Total numbers (geometric mean, n≥4) of Lin-RORγt+NKp46+ ILC3 in the 
small intestine (C) and Lin-MHC-II+F4/80+CD11c+ iMNC in the colon (E). The pups 
nursed by a JH

-/- antibody-deficient mother (from a JH
-/- female x B6 male cross), despite 

normal B cell and endogenous antibody production in the pups, still lacked NKp46+ ILC3 
induction. (D) Total number (geometric mean, n≥3) of Lin-MHC-II+F4/80+CD11c+ 
iMNC in the colon. 
 



Use of 13C-labeled E. coli HA107 and mass spectrometry to identify
microbiota-derived metabolites that are transferred to the offspring

1010 cfu
13C-HA107 i.g.

P1-3E14E9 E11 E16

Analysis of maternal milk

by mass spectrometry
(Agilent QTOF 6550)

C57BL/6
Germ-free

CONCEPTION BIRTH

1010 cfu
12C-HA107 i.g.



Milk of gestationally colonized dams is metabolically different and
contains bacterial metabolites

Gomez de Agüero, Ganal-Vonarburg et al., Science, 2016
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The presence of maternal antibodies significantly alters 
the composition of the milk

Gomez de Agüero, Ganal-Vonarburg et al., Science, 2016
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Tissue Compound Sum formula WT JH
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fold-change p-value fold-change p-value

Milk Kynurenine  [+10] C10H12N2O3 7.807 0.0325 2.529 > 0.05

Indolelactic acid  [+11] C11H11NO3 6.790 0.0341 n.d.

5-Hydroxy-L-tryptophan [+11] C11H12N2O3 5.248 0.0308 1.791 > 0.05

Hydroxykynurenamine  [+9] C9H12N2O2 4.973 0.0278 0.974 > 0.05

Hydroxykynurenine [+10] C10H12N2O4 4.539 0.0406 1.457 > 0.05

5-Methoxytryptamine [+11] C11H14N2O 4.181 0.0380 1.190 > 0.05

5-Methoxytryptophol  [+11] C11H13NO2 3.808 0.0109 1.235 > 0.05

Indole-5,6-quinone  [+8] C8H5NO2 2.024 0.0019 1.307 0.0057

Neonatal liver Hydroxykynurenine  [+10] C10H12N2O4 2.394 < 0.0001 1.679 0.0015

Neonatal spleen Hydroxykynurenine  [+10] C10H12N2O4 2.754 < 0.0001 1.656 0.0015
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Fig. 5. Profiles of maternal microbial molecules shaping the neonatal
immune system. (A to C) Pregnant germ-free wild-type or JH

−/− mice were
gavaged on E10 and E12 with unlabeled E. coliHA107, and on E15 and E16 with
13C-labeled E. coliHA107. Maternal milk (gestationally colonized, n = 6 to 8;
germ-free control, n = 2) was analyzed by mass spectrometry. (A and B)
Volcano plots of fold-change analysis betweenmilk from treated and untreated
WT (A) and JH

−/− (B) dams. Metabolite compound classes are color-coded.
Inset histogram: percentage 13C labeling for each significantly altered com-
pound (fold-change ≥ 2; P ≤ 0.05): unlabeled (white), ≥25% labeled (gray),
100% labeled (black). A total of 395 potentially 13C-labeled compounds were

significantly enriched in the milk of WTdams. (C) Fully labeled metabolites of
the AhR ligand class present in d1 to d3 milk of WT and JH

−/− females
gestationally exposed to 13C-HA107. See also data file S4. (D) Pregnant
germ-free C57BL/6 mice were gavaged with indole-3-carbinol (I3C) or sol-
vent, or gestationally colonized.Total numbers of Lin–RORgt+NKp46+ ILC3 in
the d14 offspring small intestine (geometric mean, n ≥ 6). (E) Pregnant
germ-free C57BL/6 mice were exposed to short-chain fatty acids (SCFAs),
NOD1/2 ligands, or RIG-I ligand or gestationally colonized. Total numbers of
Lin–RORgt+NKp46+ ILC3 in d14 offspring small intestine (geometric mean, n ≥
3). Data are representative of three (D) independent experiments. *P ≤ 0.05.
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Fig. 4. Maternal microbial molecules reach the offspring during preg-
nancy and after birth. (A) Pregnant germ-free C57BL/6 mice were colo-
nized with E. coliHA107 or germ-free (ctrl). Half of each litter was swapped
to another group for fostering at birth.Total numbers (geometric mean, n ≥
8) of Lin–RORgt+NKp46+ ILC3 in the offspring small intestine on postnatal
day 14. (B and C) Adult germ-free WTor Rag1−/− (antibody-deficient) mice
received three gavages of 1010 colony-forming units (CFU) of unlabeled E. coli
HA107 and one gavage of 1010 CFU of 14C-labeled E. coliHA107. Radio-
activity in the indicated tissues of WT and Rag1−/− adults was monitored

over time. (D to F) Pregnant germ-free C57BL/6 WT or JH
−/− mice were

gavaged with 1010 CFU of 14C-labeled E. coliHA107 on E14. Placental or fetal
tissues at E16 (D and E) or milk at d1/2 after birth (F) fromWTor JH

−/− mice
was analyzed for radioactivity. (G to I) Postnatal tissues from WToffspring
were analyzed for persistence of transferred radioactive maternal microbial
products. Geometric means are shown. Open circles show background
scintillation in offspring from nongavaged mice (B to I). Results are repre-
sentative of three (A) or two (D to I) independent experiments. *P ≤ 0.05;
**P ≤ 0.01; ***P ≤ 0.001.
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The milk of gestationally colonized mice is significantly enriched in 
bacteria-derived indoles/tryptophan metabolites

Gomez de Agüero, Ganal-Vonarburg et al., Science, 2016
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Gestational application of a purified AhR ligand (I3C) recapitulates
changes in the offspring immune system observed after gestational

colonization
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Fig. 5. Profiles of maternal microbial molecules shaping the neonatal
immune system. (A to C) Pregnant germ-free wild-type or JH

−/− mice were
gavaged on E10 and E12 with unlabeled E. coliHA107, and on E15 and E16 with
13C-labeled E. coliHA107. Maternal milk (gestationally colonized, n = 6 to 8;
germ-free control, n = 2) was analyzed by mass spectrometry. (A and B)
Volcano plots of fold-change analysis betweenmilk from treated and untreated
WT (A) and JH

−/− (B) dams. Metabolite compound classes are color-coded.
Inset histogram: percentage 13C labeling for each significantly altered com-
pound (fold-change ≥ 2; P ≤ 0.05): unlabeled (white), ≥25% labeled (gray),
100% labeled (black). A total of 395 potentially 13C-labeled compounds were

significantly enriched in the milk of WTdams. (C) Fully labeled metabolites of
the AhR ligand class present in d1 to d3 milk of WT and JH

−/− females
gestationally exposed to 13C-HA107. See also data file S4. (D) Pregnant
germ-free C57BL/6 mice were gavaged with indole-3-carbinol (I3C) or sol-
vent, or gestationally colonized.Total numbers of Lin–RORgt+NKp46+ ILC3 in
the d14 offspring small intestine (geometric mean, n ≥ 6). (E) Pregnant
germ-free C57BL/6 mice were exposed to short-chain fatty acids (SCFAs),
NOD1/2 ligands, or RIG-I ligand or gestationally colonized. Total numbers of
Lin–RORgt+NKp46+ ILC3 in d14 offspring small intestine (geometric mean, n ≥
3). Data are representative of three (D) independent experiments. *P ≤ 0.05.
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Fig. 4. Maternal microbial molecules reach the offspring during preg-
nancy and after birth. (A) Pregnant germ-free C57BL/6 mice were colo-
nized with E. coliHA107 or germ-free (ctrl). Half of each litter was swapped
to another group for fostering at birth.Total numbers (geometric mean, n ≥
8) of Lin–RORgt+NKp46+ ILC3 in the offspring small intestine on postnatal
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products. Geometric means are shown. Open circles show background
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Gestational colonization widely alters intestinal gene expression
profile in the offspring
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signatures that are consistent with adapting early
postnatal immunity and intestinal function gen-
erally to postnatal microbial colonization and
themetabolic consequences of inevitable bile salt
and dietary xenobiotic exposure, even in pups born
germ-free. Thus,many aspects ofwhatmight have
been thought of as canonical host epithelial de-
velopment and innate immunity are likely shaped
through maternal microbial colonization.

Gestational colonization effects depend
on maternal antibodies

Live intestinalmicrobes, including E. coliHA107,
generally do not penetrate the body further than
the lymphnodesdraining the intestinalmesentery
(26, 27), and we found no culturable organisms
in the placenta after treatment in our gestational
colonization experiments. It was therefore likely
that the effects of maternal gestational microbes
on early postnatal innate immunity resulted from
penetration of microbial molecular products, first
to maternal tissues, and subsequently to the fetus
or neonate. Supporting this hypothesis, we found

that serum transfer from gestation-only colonized
females to unexposed pregnant dams was suffi-
cient to shape intestinal NKp46+ ILC3 populations
in the neonates (Fig. 3A and fig. S8, A and B), but
not when immunoglobulin G (IgG) was depleted
from the serum before transfer, nor when the ser-
um was derived from gestationally colonized JH

−/−

antibody-deficient dams (fig. S8, A and B). Given
the sufficiency of serum IgG transfer, antibody
transfer from themother toher offspringwas likely
important to realize some features of early post-
natal immune development, because the gestation-
only induction of small intestinal NKp46+ ILC3 by
thematernalmicrobiota was lost in the antibody-
deficient JH

−/− strain (Fig. 3, B andC).Weconfirmed
that this effect was due to the lack of maternal
antibodies using a heterozygous strain combina-
tion approach (fig. S8C). Nevertheless, not all as-
pects ofmaternal microbiota-driven early postnatal
immune system development are antibody depen-
dent, because induction of F4/80+CD11c+ iMNCs
was preserved despite the lack of neonatal and/or
maternal antibodies (fig. S8, D and E).

Because NKp46+ ILC3 but not CD11c+F4/80+

iMNC increases are mediated through maternal
antibody-dependent mechanisms after transient
gestational colonization, we predicted that only a
subset of the many transcriptional responses at-
tributable to epithelial and other intestinal cells
would bematernal antibody-dependent. RNA-Seq
analysis was carried out in d14 ileum to compare
the responses ofC57BL/6wild-type andJH

−/−groups,
each of which was compared to germ-free con-
trols. Only a subset of up-regulated genes in all
networkswerematernal antibody-dependent (Fig.
3D and fig. S9, A to C). For example, although
RegIIIa transcript numbers were elevated in the
pups of antibody-deficient mothers, maximal up-
regulation of RegIIIb and RegIIIg was antibody
dependent (Fig. 3E and fig. S9D).

Maternal microbial molecular transfer to
the offspring

Maternal microbiota effects on the pups were
only seen when the mother was transiently
colonized during pregnancy itself (fig. S10, A

1298 18 MARCH 2016 • VOL 351 ISSUE 6279 sciencemag.org SCIENCE

Sugar 

metabolism

Ion channels
 /mucus 

/secretion

Mononuclear 
function/
recruitment

Epithelial 
cell division and  

differentiation

Metabolic
regulation

Epithelial 
polymeric Ig 
transporter

Metabolism
 of dietary 
xenobiotics

and bile acids

Dusp6
Per1Dpp4 Fgf15

Sis

Klf6
FosTph1

MgamMap3k6
Serpina3n Klf4Hkdc1

Casz1

Serpina3m Cdkn1a
Pfkfb3

Ndrg1 Sgk1Ppargc1a
Lrrc26

Skp2
Myc

Pde6a

Vdr Ppard
P2ry2P2ry4

Gp1bb
MybHnf4gCxcr7

Ppara
Ccl9

Sept5

Abca1

Lyz1

Txnrd1

Cyp4f14

Pik3r1

Avpr1a

Cyp2c55
Ugt1a1

Ano6

Gstm3
Ces2c

Slc9a4

Ugt2a3

Clca3

Cyp3a25

Slc9a2 Cftr

Ugt2b34

Ugt2b5

Muc4

Ugt2b35

Pla2g2f

Slc4a4 Slc26a6

Pigr

lo
g2

 (f
ol

d-
ch

an
ge

)
 (g

es
t. 

co
lo

ni
za

tio
n 

to
 c

on
tro

l)

Reg
3a

Reg
3b

Reg
3g

Ly
z1

Ly
z2

Defa
20

Defa
21

Defa
22

Defa
25

Defa
26

Defa
-rs

1

CAMP

Hmgb
1

Le
ap

2
Pyy

-2
-1

0
1

2
3 *** *** *** *** *** *** *** *** *** ***

1 2 3 1 2 3
Control Gestational

colonization

Rdh5

Rbp1
Tmprss6

Cfi Serpina1d

Serpina1e
Proteases
 /inhibitors

Retinoids

-3

-4 -2 0 2 4

0
10

20
30

40

log2(fold-change) 

-lo
g1

0 
(p

ad
j)

Control Gestational 
colonization

upregulated in gest. colonized group

upregulated in control group
−1 0 1

Row Z−Score

Fig. 2. Maternal microbial exposure during pregnancy causes extensive
changes in the intestinal gene expression profile in neonates. Germ-free
C57BL/6 dams were transiently colonized with E. coliHA107 during pregnancy
(gestational colonization) or kept germ-free throughout (controls).Whole-tissue
RNA from the small intestinewas isolated from the offspringonday 14 after birth
and used for RNA-Seq (n = 3 per group). (A) Heat map of genes differentially ex-
pressed (fold-change≥ 2; adjustedP value padj < 0.001).The color scale shows

the relative expression profiles. (B) Upper:Volcano plot showing fold-change of
gene expression in offspring born to gestationally colonizedmothers compared
to offspring born to controlmothers.Genes with significantly different expression
between the two groups (fold-change ≥ 2; padj < 0.01) are highlighted in red;
lower: STRINGanalyses for significantly altered transcripts in each case. (C) Fold-
change of selected transcripts for antimicrobial peptides between the gesta-
tionally colonized and control pups (***padj < 0.001; see also data file S1).
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Gestational colonization prepares the offspring
for colonization with microbes after birth

Gomez de Agüero, Ganal-Vonarburg et al., Science, 2016
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Does the offspring born to gestationally colonized dams acquire a different 
commensal microbiota than the offspring born to germ-free control mice?
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Offspring born to gestationally colonized dams exhibit a delayed 
maturation of intestinal commensal microbiota
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Summary

• We have established a reversible gestational colonization model using the auxotrophic E. coli HA107 
strain

• Signals originating from the maternal intestinal microbiota contribute to the maturation of the 
offspring intestinal immune system 

• Bacterial metabolites are transferred from the mother to the offspring with the help of maternal 
antibodies secreted into the breast milk

• The effects on the offspring immune system were long-lasting until adulthood and the offspring 
reacted differently to an incoming endogenous microbiota

• Epigenetics? 
• Disease Models?
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