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SUMMARY
Immune development is profoundly influenced by vertically transferred cues. However, little is known about
how maternal innate-like lymphocytes regulate offspring immunity. Here, we show that mice born from gd

T cell-deficient (TCRd�/�) dams display an increase in first-breath-induced inflammation, with a pulmonary
milieu selectively enriched in type 2 cytokines and type 2-polarized immune cells, when compared with
the progeny of gd T cell-sufficient dams. Upon helminth infection, mice born from TCRd�/� dams sustain
an increased type 2 inflammatory response. This is independent of the genotype of the pups. Instead, the
offspring of TCRd�/� dams harbors a distinct intestinal microbiota, acquired during birth and fostering,
and decreased levels of intestinal short-chain fatty acids (SCFAs), such as pentanoate and hexanoate. Im-
portantly, exogenous SCFA supplementation inhibits type 2 innate lymphoid cell function and suppresses
first-breath- and infection-induced inflammation. Taken together, our findings unravel a maternal gd T cell-
microbiota-SCFA axis regulating neonatal lung immunity.
INTRODUCTION

The development of the immune system is particularly sensitive to

maternally derived factors.1 Maternal transfer of bacterial species

during pregnancy and pre-weaning is responsible for determining

the offspring’smicrobiota profile, which in turn influences immune

responses later in life.2–4 For example, vertical transfer of bacterial

products via antibodies during pregnancywas shown tomodulate

the maturation of the intestinal immune system in the offspring.5

Maternally transferred antibodies were also recently shown to

control the homeostatic number of colonic regulatory T (Treg) cells

across generations.6 Furthermore, maternal exposure to a high-fi-

ber diet during pregnancy leads to decreased airway allergic dis-

ease severity in their progeny through the transfer of short-chain

fatty acids (SCFAs), amajor class of dietarymetabolites.7 Interest-

ingly, airway immune disorders seem to be tightly connected with

early-life exposure to environmental challenges,8 likely due to type

2 immune activation and tissue remodeling characterizing the

perinatal phase of lung development.9,10 Apart from exciting bio-

logical consequences, this maternal cross-talk has profound
C
This is an open access article und
implications on the design of experiments using genetically engi-

neered mice, namely the choice of controls to generate accurate

and reproducible data. Even though littermate controls are

considered the gold standard,11 it is clear that alternative ap-

proaches, such as co-housing and especially genetic background

matching (to so-called ‘‘wild-type’’ mice, often obtained directly

from commercial vendors), are still widely used in biomedical

research. However, given that many external cues are vertically

transferred during early life and have long-lasting conse-

quences,5–7,12 controlling for environmental factors without using

littermate controls is nearly impossible. On a positive note, the

problems evidenced by the use of suboptimal controls raise inter-

esting questions on how parental-derived factors affect the

offspring.13,14 In particular, even though the maternal influence

on progeny immune system is evident, the role of individual com-

ponents of the maternal immune system (beyond antibodies) in

regulating the immune status of the offspring remains largely

unexplored.

gd T cells are a population of innate-like lymphocytes known to

reside in different tissues that compose the maternal-newborn
ell Reports 42, 112074, February 28, 2023 ª 2023 The Author(s). 1
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interface, such as the female reproductive tract,15–17 the

skin,18,19 and mammary gland.20 Murine gd T cells were shown

to control antibody production both under steady-state condi-

tions21 and upon challenge.22 Also, gd T cells are known to

participate in an intricate cross-talk with barrier tissue micro-

biota,23,24 notably being able to exert significant selective pres-

sure on bacterial communities, as recently documented for the

oral microbiome.25,26 Hence, we aimed to determine if and

how maternal gd T cells affect offspring immune system devel-

opment. Here, we show that pups born from TCRd�/� (compared

with TCRd+/�) dams present a perinatal pulmonary environment

strongly biased toward type 2 immunity, both in the steady state

and upon helminth infection, irrespective of their own genotype.

Based on cross-fostering and cesarean section (C-Sec) delivery

experiments, as well as antibiotic treatment and metabolomic

approaches, we propose a critical role for the microbiota and

their metabolic byproducts in this process.

RESULTS

Absence of maternal gd T cells exacerbates perinatal
pulmonary type-2 immune activation in offspring
The importance of pulmonary gd T cells in the establishment of

lung type 2 immune responses has been highlighted by various

groups.27–29 While trying to understand the mechanisms under-

lying the gd T cell-type 2 immunity cross-talk, we observed that

mice from our TCRd�/� colony (TCRd�/� 3 TCRd�/�) possessed
decreased frequencies and numbers of pulmonary type 2 innate

lymphoid cells (ILC2s) when compared with age- and sex-

matched adult C57BL6/J mice (Figures S1A and S1B). However,

and intriguingly, when we compared TCRd+/+ and TCRd�/� litter-

mates from heterozygous breedings (TCRd+/� 3 TCRd+/�), no
differences were observed in lung ILC2s, suggesting that this

was not dependent on offspring genotype (Figure S1C and

S1D). Moreover, when infected with the helminth Nippostrongy-

lus brasiliensis, a parasite that induces a damage/repair cycle in

the lungs that is highly dependent on type 2 immunity,30 TCRd�/�

mice presented increased lung damage comparedwith C57BL6/

J mice (Figures S1E and S1F). However, TCRd�/� and TCRd+/+

littermates showed comparable lung damage upon infection

(Figures S1G and S1H). As our TCRd+/� breeding is derived

from the TCRd�/� colony, and both experience the same
Figure 1. Absence of maternal gd T cells exacerbates first-breath-indu

(A) Breeding strategy employed to evaluate the gene-extrinsic and -intrinsic rol

system.

(B) Flow cytometry analysis of intracellular IL-5 and IL-13 in ILC2s isolated from th

PMA, ionomycin, and brefeldin A.

(C and D) Frequencies of (C) IL-13+ and (D) IL-5+ cells within the ILC2 population

(E) Concentration of cytokines within the whole lung homogenate normalized by

(F and G) Heatmap (F) and bar plots (G) depicting mRNA expression (relative toHp

from the pups described in (A), grouped by maternal genotype.

(H and I) Frequencies of (H) IL-13+ and (I) IL-5+ cells within the ILC2 population in

(J) Concentration of cytokines within the whole lung homogenate normalized by

(K) mRNA expression of selected genes by qPCR in sorted IMs, grouped by offs

Data pooled from at least three independent litters per genotype. (B–D, H, and I)

(E–J) n = 18–23mice per group. (G and K) n = 9–11mice per group. (C–E andH–J) B

are from each quartile to the minimum or maximum. (G and K) Error bars represen

normality test; statistical analysis was then performed using Student’s t test or M
environmental factors, we hypothesized that the absence of gd

T cells in the dams could be responsible for altered lung ILC2s.

To test this hypothesis, we established reciprocal breeding col-

onies by crossing TCRd�/� females with TCRd+/� males, and

vice versa; these breeding strategies give rise to both TCRd�/�

and TCRd+/� progeny, allowing us to exclude gene-intrinsic ef-

fects in the offspring (Figure 1A). We chose to analyze the lungs

of pups born from gd-deficient and -sufficient dams around post-

natal day (PN) 15, as themain events leading to thematuration of

the pulmonary immune system peak during this time as a conse-

quence of the first-breath-induced inflammatory reaction.9,10 In

accordance with our hypothesis, pups born from TCRd�/�

dams exhibited a decrease in lung ILC2s when compared with

pups born from TCRd+/� dams (Figures S1J and S1K). Interest-

ingly, the offspring of TCRd�/� dams displayed augmented peri-

natal pulmonary type 2 activation, including increases in

interleukin-13 (IL-13)+, but not IL-5+, ILC2s (Figures 1B–1D)

and IL-5+ mast cells (Figures S1N–S1P). Accordingly, we also

observed increased tissue levels of the type 2-inducing alarmin

IL-33, and the type 2 cytokines IL-4 and IL-5, in the lungs of

the progeny of TCRd�/� dams when compared with pups born

from their TCRd+/� counterparts (Figure 1E). In addition, consis-

tent with findings in type 2 asthma models,31 IL-12p40, but not

IL-12p70 and IL-23, was also increased in the lungs of the

offspring from TCRd�/� dams (Figures 1E and S1S). Moreover,

interstitial macrophages from the offspring of TCRd�/� dams ex-

hibited a significant, albeit small, increase in the expression of

type 2-regulated genes, such as Il13ra, I1rl1, and Arg1

(Figures 1F and 1G). Critically, when the same pups were strati-

fied according to their own genotype, no differences were

observed between TCRd�/� and TCRd+/� pups regarding lung

ILC2s (Figures 1H, 1I, S1L, and S1M), mast cells (Figures S1Q

and S1R), lung cytokine levels (Figure 1J), or gene expression

on interstitial macrophages (Figure 1K). Thus, the observed in-

crease in first-breath-induced type 2 immune responses in

pups born from TCRd�/� dams depends solely on the maternal

genotype.

Of note, despite the differences observed in pulmonary type 2

immunity, pups born from TCRd�/� and TCRd+/� dams pre-

sented a similar distribution of lung myeloid populations

(Figure S2A), T and B lymphocytes (Figure S2B), and Treg cells

(Figure S2C). Moreover, the expression of epithelial genes
ced type 2 inflammation in the offspring

es of gd T cell depletion on the formation of the neonatal pulmonary immune

e lungs of pups described in (A) and stimulated in vitro for 3 h in the presence of

in the lungs.

total protein.

rt and Actb) of selected genes by qPCR in sorted interstitial macrophages (IMs)

the lungs of pups depicted in (A), grouped by offspring genotype.

total protein.

pring genotype.

n = 16–17 mice per group.

ox-and-whisker plots display first and third quartiles and themedian; whiskers

t mean ± SD. Normality of the samples was assessed with D’Agostino Pearson

ann-Whitney test. *p < 0.05; **p < 0.01; ****p < 0.0001.
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Figure 2. Maternal regulation of first-breath-induced inflammation in the offspring occurs during delivery and fostering
(A) Breeding strategy employed to evaluate the role of fostering on perinatal lung inflammation.

(B) Concentration of cytokines within the whole lung homogenate; concentration was normalized to the total protein in the tissue.

(C and D) Concentration of cytokines within the whole lung homogenate of pups born naturally or via C-Sec from TCRd+/� or TCRd�/� dams grouped bymaternal

and foster genotype; concentration was normalized to the fold change relative to pups born naturally from TCRd+/� dams.

(E) Flow cytometry analysis of intracellular IL-5 and IL-13 in ILC2s isolated from the lungs and stimulated in vitro for 3 h in the presence of PMA, ionomycin, and

brefeldin A.

(F–I) Frequencies of (F and G) IL-13+ and (H and I) IL-5+ cells within the ILC2 population in the lungs, grouped by maternal genotype and mode of delivery.

(legend continued on next page)
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controlling surfactant and mucin production and barrier integrity

was similar between pups from both breeding strategies (Fig-

ure S2D). Finally, the differences between the progeny of

TCRd�/� and TCRd+/� dams seemed restricted to the lung, as

we found similar frequencies of ILC2 precursors and other

lymphoid and myeloid progenitors in the bone marrow (Fig-

ure S3A) and of innate lymphoid cells in the small intestine lamina

propria (Figure S3B). These data indicate that maternal gd T cells

‘‘vertically’’ (and selectively) regulate first-breath-induced pul-

monary reaction in the offspring.
Microbiota transfer in early life mediates differences in
the pulmonary immune system of the offspring from
TCRd+/� and TCRd�/� dams
Transfer of maternally derived factors during pregnancy has been

shown to regulate the development of the intestinal immune sys-

tem5,6 and suppress airway inflammation in the offspring.7 Sur-

prisingly, cross-fostering pups born from TCRd�/� dams with

TCRd+/� surrogates, and vice versa (Figure 2A), abrogated the dif-

ferences observed in the pulmonary milieu between their respec-

tive progeny (Figure 2B comparedwith Figure 1E). This suggested

that the vertical conditioning of offspring lung immunity did not

take place exclusively during pregnancy. To further rule out a

role for maternally transferred factors during gestation and deliv-

ery, pups born via C-Sec from either TCRd�/� or TCRd+/� dams

were co-fostered with pups naturally born (NB) by either a mother

of the same or the opposite genotype (Figures 2C and 2D).

Consistently, whereas NB pups from TCRd�/� dams retained

increased lung levels of IL-33 and IL-13-producing pulmonary

ILC2s, C-Sec delivery disrupted the increase in perinatal type 2

activation in the lungs of pups from TCRd�/� dams, irrespective

of the foster mother (Figures 2D–2I). Of note, fostering pups

born via C-Sec from TCRd+/� dams on their TCRd�/� counter-

parts did not induce an increase in lung inflammation (Figure 2D).

Maternal antibodies have been shown to prevent the develop-

ment of asthma in the offspring through the control of aberrant

type 2 immune responses,32 and gd T cells can regulate natural

and adaptive antibody production.21,22 However, the circulating

levels of total immunoglobulin G (IgG) and IgG subclasses were

similar between both TCRd�/� and TCRd+/� dams (Figures 3A

and 3B) and their respective progeny (Figures 3A and 3C). Further-

more, we established reciprocal breeding colonies by crossing

antibody-deficient JHT females with antibody-sufficient males,

and vice versa (Figure 3D). As expected, the offspring of both

JHT dams and their wild-type (WT) counterparts presented similar

tissue levels of type 2 cytokines IL-33, IL-4, and IL-5 in their lungs

and a slight increase in IL-12p40 (Figure 3E).

Vertical transfer of microbiota4 or its products5 has also been

implicated in modulating offspring immunity. Hence, we treated

parents and progeny from our reciprocal breeding strategies

with a wide-spectrum antibiotic (ABX) cocktail starting from

before pregnancy through gestation and fostering (Figure 3F).
(B) Data pooled from three independent litter swaps per maternal genotype; n = 1

maternal genotype; n = 35–7 mice per group. (E–G) Data from one litter per mate

display first and third quartiles and the median; whiskers are from each quartile

D’Agostino Pearson normality test; statistical analysis was then performed using
In contrast with the control setting (Figure 1E), pups born from

ABX-treated TCRd�/� and TCRd+/� dams presented similar tis-

sue levels of cytokines in their lungs (Figure 3G), suggesting

that the enhanced type 2 pulmonary responses observed in

pups born to TCRd�/� dams resulted from vertical transfer of mi-

crobiota or microbial-derived molecules.
TCRd�/� dams co-housed with TCRd+/� males retain
differences in cutaneous bacterial communities
Co-housing is known to highly homogenizes the microbiota be-

tween different mouse colonies.33 Thus, for our breeding setup,

we expected to observe no differences in the microbiota of

TCRd�/� and TCRd+/� dams upon co-housing with a male from

the opposing genotype. In fact, before establishment of the

reciprocal breeding pairs, TCRd�/� and TCRd+/� females dis-

played significant differences in fecal bacterial diversity (Figure

S4A) and bacterial richness and evenness, assessed by Shan-

non and Simpson indices, respectively (Figure S4B). As ex-

pected, after breeding establishment, beta diversity analysis of

the maternal fecal microbiota showed a significant change in

bacterial diversity of TCRd�/� and TCRd+/� females before and

after co-housing (Figures S4C and S4D); no changes in bacterial

richness were observed (Figures S4E and S4F). As a result, after

the establishment of breeding pairs, TCRd�/� and TCRd+/� dams

displayed similar bacterial diversity and richness in their fecal

(Figures S5A and S5B), vaginal (Figures S5C and S5D), and cuta-

neous (Figures 4A and 4B) microbiota. However, comparison of

the relative abundances of specific skin microbial communities

showed a significant increase of Bacteroidetes phyla and Oscil-

lospira genus in TCRd+/� dams (Figures 4C and 4D) and a minor

increase of Parvimonas and Tannerella genera in TCRd�/� dams

(Figure 4C). Hence, even though the co-housing process largely

homogenizes the microbiota, taxa-specific differences in the

skin microbiota are retained between TCRd+/� and TCRd�/�

dams. Given that gd T cells often act through the secretion of cy-

tokines and are major producers of IL-17A and IL-22,34 both of

which have been implicated in the regulation of commensal mi-

crobes,35,36 we employed the reciprocal breeding strategy using

Il17a�/� and Il22�/�mice in order to investigate if these cytokines

were implicated in the regulation of neonatal pulmonary immune

responses (Figures S6A and S6C). Surprisingly, and in clear

contrast to what we observed in the progeny of the TCRd�/�

dams (Figure 1E), the offspring of Il17a�/� and Il22�/� dams ex-

hibited a decrease in the levels of lung IL-33 (Figures S6B and

S6D), IL-5 (Figure S6B), and IL-12p40 (Figure S6D) when

compared with the offspring of control dams. As an alternative

mechanism, we next evaluated the expression ofmultiple antimi-

crobial peptides (AMPs)35,37 in the skin of TCRd+/� and TCRd�/�

dams. Interestingly, even though we observed no differences in

the expression of the genes encoding S100 proteins (S100a7,

S100a8, and S100a9), defensins (Defb2 and Defb4), or Reg1

(Reg1), TCRd�/� dams showed significantly lower expression
8–21 mice per group. (C and D) Data pooled from three independent litters per

rnal genotype; n = 4–6 mice per group. (B, D, F, and G) Box-and-whisker plots

to the minimum or maximum. Normality of the samples was assessed with

Student’s t test or Mann-Whitney test. *p < 0.05.
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Figure 3. Maternal regulation of first-breath-induced inflammation in the offspring is microbiota dependent but antibody independent

(A) Breeding strategy.

(B and C) Concentration of total IgG and its subclasses in the serum of (B) TCRd+/� and TCRd�/� dams and their (C) progeny.

(D) Breeding strategy employed to evaluate if maternal transfer of antibodies impact on perinatal lung inflammation.

(E) Concentration of cytokines within the whole lung homogenate normalized by total protein, grouped by maternal genotype.

(F) Breeding strategy employed to evaluate the role of microbiota in mediating maternal gd T cell conditioning of the pulmonary immune system of the offspring.

(G) Concentration of cytokines within the whole lung homogenate normalized by total protein, grouped by maternal genotype.

(B) n = 7–14mice per group. (C) n = 19–21mice per group. (E) n = 18–22 mice per group. (G) n = 17–18mice per group. (C–G) Data pooled from three independent

litters per maternal genotype. (B, C, E, and G) Box-and-whisker plots display first and third quartiles and the median; whiskers are from each quartile to the

minimum or maximum. Normality of the samples was assessed with D’Agostino Pearson normality test; statistical analysis was then performed using Student’s t

test or Mann-Whitney test. **p < 0.01.
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of Reg3g and Gpr15l, encoding the AMP Reg3-g and GPR-15L,

respectively (Figure 4E). Of note, we found no differences in the

expression of AMP genes in vaginal tissue (Figure S7A). Thus,
6 Cell Reports 42, 112074, February 28, 2023
the regulation of particular AMPs, such as Reg3-g and GPR-

15L, selectively in the skinmay explain how gd T cells shape local

commensal bacterial communities.



Figure 4. TCRd+/� and TCRd�/� dams display discrete skin microbiota and antimicrobial peptide profiles even after co-housing

(A and B) Microbial composition differences in skin microbiota from TCRd+/� and TCRd�/� dams are plotted using (A) beta diversity (Bray-Curtis dissimilarity

principal-coordinate analysis [PCoA]) and (B) alpha diversity (Shannon and Simpson indices).

(C) Skin microbiota taxa associated with TCRd+/� and TCRd�/� dams and plotted as relative abundance ratios.

(D) Relative abundance of taxa significantly enriched (p < 0.05, q < 0.2) in the skin microbiota of TCRd+/� dams.

(E) Gene expression of AMP genes in total skin tissue from TCRd+/� and TCRd�/� dams normalized to the average expression of 18S and Actb.

(A–D) n = 14–15mice per group. Box-and-whisker plots display first and third quartiles andwhiskers are from each quartile to theminimumormaximum. (E) n = 10

mice per group. Error bars represent mean ± SD. Normality of the samples was assessed with D’Agostino Pearson normality test; statistical analysis was then

performed using Student’s t test or Mann-Whitney test. *p < 0.05; **p < 0.01.
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The progeny of TCRd+/� dams acquires postnatally an
intestinalmicrobiotawith increased capacity to produce
SCFAs
Taken together, our data led us to hypothesize that the offspring

of TCRd�/� and TCRd+/� dams are subjected to a distinct

neonatal microbial colonization. While no differences were found

in bacterial diversity and richness in the lung microbiota from the

progeny of TCRd�/� and TCRd+/� dams (Figures S8A and S8B),

analysis of the microbial composition of the cecal contents evi-

denced significant, albeit minor, differences in bacterial diversity

(Figure 5A) and a decrease in bacterial richness in pups born
from TCRd�/� dams (Figure 5B). No differences in bacterial di-

versity or richness were found based on the genotype of the

progeny (Figure S8C and S8D). Pups born from TCRd+/� dams

displayed significantly increased relative abundances in the

genera Rikenellaceae RC9 gut group, Muribaculaceae, and

Lachnospiraceae UCG-006. At the family level, the relative abun-

dance of Rikenellaceae, Muribaculaceae, Oscillospiraceae, Ru-

minococcaceae, and Erysipelatoclostridiaceae was significantly

higher in the offspring of TCRd+/� dams (Figures 5C and S9C).

Pups born from TCRd�/� dams, on the other hand, displayed

an increase in the genus Lachnoclostridium (Figures 5C and
Cell Reports 42, 112074, February 28, 2023 7
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S8E). Most importantly, to evaluate the relevance of these taxon-

omy changes, we used the Phylogenetic Investigation of Com-

munities by Reconstruction of Unobserved States (PICRUSt)

pipeline to predict the functional metagenome of cecal bacterial

communities found in the offspring of TCRd�/� and TCRd+/�

dams.38 Several metabolic pathways were predicted to be upre-

gulated in themicrobiota of pups born from TCRd+/� dams. Inter-

estingly, the 20 most significantly different metabolic pathways

were enriched for pathways comprising fatty acid biosynthesis

and degradation and fermentation to SCFAs (Figure 5D). Corrob-

orating our in silico predictions, analysis of cecum levels of

SCFAs by gas chromatography-mass spectrometry showed a

distinct SCFA profile for the progeny of TCRd�/� and TCRd+/�

dams (Figure 5E), with pups born from TCRd+/� dams presenting

increased levels of pentanoate and hexanoate and, although not

statistically significant, a trend for increased levels of acetate (p =

0.0506); no differences were observed in other SCFAsmeasured

(Figures 5F and S9F). Altogether, these results indicate that a dif-

ferential neonatal intestinal bacterial colonization between pups

born from TCRd�/� and TCRd+/� dams results in changes in the

availability of microbial-derived metabolites, ultimately impact-

ing on the first-breath-induced reaction.

Germane to our working hypothesis, given that cross-fostered

and C-Sec-delivered pups showed no differences in lung type 2

immunity, we predicted that disruption of neonatal colonization

by cross-fostering and C-Sec surgeries also abrogated the dif-

ferences in bacterial composition and their metabolic potential.

Indeed, we found no differences in intestinal bacterial richness

in cross-fostered pups (Figure S9A), even though they still pre-

sented a significant difference in bacterial diversity (Figure S9B).

For C-Sec-delivered pups we observed a more complex picture:

the use of the Shannon index revealed no significant differences

in bacterial richness between the analyzed C-Sec groups, irre-

spective of their birth or foster mother (Figure S9C); the Simpson

index, however, shows small differences in bacterial evenness

depending on the genotype of the foster mother (Figure S9C).

Likewise, C-Sec-delivered pups still retained some significant

differences in bacterial diversity, again mostly dependent on

the genotype of the foster mother (Figure S9D). As expected,
Figure 5. The offspring of gd-sufficient dams acquire postnatally a disc

pups born from gd-deficient dams

(A and B) Microbial composition differences in cecum microbiota from pups born

PCoA) and (B) alpha diversity (Shannon and Simpson indices).

(C) Cecum microbiota taxa associated with maternal genotypes (p < 0.05, q < 0.

(D) PICRUSt analysis of the neonatal cecum microbiota plotted as differentially r

(E) Principal-component analysis (PCA) plot depicting the clustering of pups bas

(F) Concentration of SCFAs present in the cecum of pups normalized by cecal c

(G and H) Heatmap depicting the relative abundance ratios for the selected ta

maternal genotypes.

(I and J) Heatmap depicting the selected metabolic pathways associated with

associated with maternal genotype.

(A–D) Data pooled from two independent litters per maternal genotype; n = 38–26

mice per group. (G–J) Data pooled from at least two independent litters per mater

born from TCRd�/� via C-Sec and fostered by a mother of the same genotype, wh

statistical analyses for taxonomy and PICRUSt results were performed using the

value) q < 0.05 and p < 0.05 being considered significant. (F) Box-and-whisker

quartile to the minimum or maximum; normality of the samples was assessed w

using Student’s t test or Mann-Whitney test. *p < 0.05; ***p < 0.001; ****p < 0.00
cross-fostering largely homogenized the top 30 most abundant

taxa between the offspring of TCRd�/� and TCRd+/� dams;

C-Sec delivery, on the other hand, was less consistent but sug-

gested that some of the most represented taxa are acquired

vertically after birth and are highly dependent on the genotype

of the foster dam (Figure S9E). Taken together, the comparison

of the microbiota from cross-fostered and C-Sec-delivered

pups indicates that most bacterial communities are transferred

postnatally, with some being seeded around birth and persisting

even after a perturbation such as cross-fostering. Accordingly,

when we focused our analysis specifically on the taxa found to

be significantly different between the offspring of TCRd�/� and

TCRd+/� dams, we observed that cross-fostering completely

abrogated those differences (Figures 5G and S10A). Analysis

of the microbiota from C-Sec-delivered pups showed that bac-

teria from the family Rikenellaceae and genus Rikenellaceae

RC9 gut group are transferred during fostering and only by

TCRd+/� dams (Figures 5H and S10B); all other significantly

different bacterial communities, however, were found to be

largely similar between groups, with the exception of bacteria

from the family and genus Muribaculaceae, which were signifi-

cantly increased in pups born from TCRd�/� dams via C-Sec

and fostered by TCRd+/�mothers (Figures 5H and S10B). Finally,

in silico prediction of microbial functionality confirmed that

cross-fostering abrogated the differences in the metabolic path-

ways related to fatty acid biosynthesis and degradation and

SCFA production observed in pups born from TCRd�/� and

TCRd+/� dams (Figures 5I and S10C). Interestingly, C-Sec-

delivered pups fostered by TCRd+/� dams retained the upregula-

tion of pathways controlling fatty acid metabolism but lost the

differences in the pathways related to SCFA production

(Figures 5J and S10D). Given that bacteria from the families Os-

cillospiraceae,Ruminococcaceae, and Erysipelatoclostridiaceae

and genus Lachnospiraceae UCG-006 were significantly

decreased in the progeny of TCRd�/� dams but equally distrib-

uted among cross-fostered and C-sec-delivered pups, we pro-

pose that these taxa are vertically transferred postnatally to the

pups from TCRd+/� dams having a suppressive effect on

neonatal lung type 2 immunity. Moreover, our data, together
rete gut microbiota with increased SCFA production compared with

from TCRd+/� and TCRd�/� dams are plotted using (A) beta diversity (Unifrac

05) and plotted as relative abundance ratios.

egulated pathways associated with maternal genotype (p < 0.05, q < 0.05).

ed on their cecal SCFA profile.

ontent.

xa in (G) cross-fostered pups and (H) C-Sec-delivered pups associated with

maternal genotype in (I) cross-fostered pups and (J) C-Sec-delivered pups

mice per group. (E and F) Data from one litter per maternal genotype; n = 9–10

nal genotype; n = 13–7 mice per group (with the exception of the group of pups

ere only one pup survived the procedure). (C) Error bars represent mean ± SD;

MaAsLin pipeline with Benjamini-Hochberg false discovery rate (BH-FDR) (q

plots display first and third quartiles and the median; whiskers are from each

ith D’Agostino Pearson normality test; statistical analysis was then performed

01. b., born from.
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Figure 6. Microbiota-derived SCFAs in the offspring suppress exacerbated perinatal type 2 inflammatory responses in the lung

(A) Breeding strategy employed to evaluate the role of SCFAs in regulating perinatal lung inflammation.

(B) Concentration of cytokines within the whole lung homogenate normalized by total protein, grouped by maternal genotype.

(C) Flow cytometry analysis of intracellular IL-5 and IL-13 in ILC2s isolated from the lungs and stimulated in vitro for 3 h in the presence of PMA, ionomycin, and

brefeldin A.

(D and E) Frequencies of (D) IL-13+ and (E) IL-5+ cells within the ILC2 population in the lungs of pups depicted in (A), grouped by maternal genotype.

(legend continued on next page)
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with reports from the literature,39,40 link these taxa to SCFA pro-

duction, suggesting that these microbial-derived metabolites

may mediate the proposed regulatory gut-lung axis.

Microbial-derived SCFAs prevent exacerbated
pulmonary first-breath-induced type 2 inflammation and
control postweaning response to helminth infection
In order to test if exogenous SCFA supplementation was suffi-

cient to suppress the increased type 2 activation observed in

the lungs of pups born from gd T cell-deficient dams, we admin-

istered an SCFA cocktail to the offspring of TCRd�/� dams (Fig-

ure 6A). Confirming our hypothesis, administration of the SCFA

cocktail to pups born from TCRd�/� dams abrogated the differ-

ences observed in the tissue levels of IL-33 while significantly

decreasing IL-4 and IL-12p40 concentrations (Figure 6B). More-

over, the treatment also downregulated ILC2 activation and

function in the offspring of TCRd�/� dams, as evidenced by

similar frequencies of IL-13+ and IL-5+ cells (Figures 6C–6E).

Importantly, administration of the SCFA cocktail via drinking wa-

ter to TCRd�/� dams was not sufficient to decrease the fre-

quencies of IL-13- and IL-5-producing ILC2 in their progeny

when compared with that of their TCRd+/� counterparts

(Figures S11A–S11D); lung levels of IL-33 were also still higher

in pups born from TCRd�/� dams (Figure S11E). In order to in-

crease our mechanistic understanding of how SCFAs regulated

type 2 immunity, we employed an in vitro system to restimulate

purified ILC2s with IL-33 in the presence of the SCFA cocktail,

its individual components, or butyrate as a positive control for

ILC2 suppression.41 Corroborating our in vivo data, the addition

of the SCFA cocktail to IL-33-stimulated ILC2s decreased the

production of IL-13 and IL-5 (Figures 6F–6H). Moreover, addition

of pentanoate alone was sufficient to recapitulate the effects of

the full cocktail (Figures 6F–6H); hexanoate, on the other hand,

significantly decreases IL-5 production but not IL-13 (Figures

6F–6H). Notably, no differences in cytokine production were

observed upon the addition of acetate (Figures 6F–6H). Alto-

gether, these findings suggest that bacterial-derived SCFAs as

inferred from the microbial consortial analysis, in particular pen-

tanoate and hexanoate, regulate the first-breath reaction by

directly suppressing ILC2 cytokine production.

The increase in first-breath-induced type-2 inflammation in the

pups born from gd T cell-deficient dams, together with our initial

results using the N. brasiliensis infection model, prompted us to

further investigate how the offspring of TCRd�/� dams would

respond to a type 2-promoting insult. In order to address this

question, mice were infected at the postweaning period with

N. brasiliensis (Figure 7A). Although we did not observe differ-

ences in lung damage at day 2 or 6 postinfection (p.i.) or in gut
(F–H) ILC2s were electronically sorted, plated, and restimulated for 24 h in vitro

(F) Representative fluorescence-activated cell sorting (FACS) plots showing IL-5

(G and H) Quantification of (G) IL-13+ and (H) IL-5+ ILC2s.

(B–E) Data pooled from three independent litters permaternal genotype; n = 17–18

5 C57Bl6/J mice pooled per experiment; n = 10mice per group. (B, D, and E) Box-

from each quartile to the minimum or maximum; (G–H) Each symbol represents

assessed with D’Agostino Pearson normality test; statistical analysis was then p

****p < 0.0001. (F–H) &p < 0.0001 when compared with non-stimulated control;

compared with IL-33-stimulated control.
worm burden at day 6 p.i. (Figures S12A–S12C), mice born

from TCRd�/� dams presented an increased inflammatory

response to the infection when compared with the offspring of

gd T cell-sufficient dams, characterized by higher numbers of to-

tal leukocytes infiltrating the lung (Figure 7B) and enhanced

eosinophilia and neutrophilia (Figures 7C and 7D). Surface

expression of programmed cell death-ligand 2 (PD-L2) in macro-

phages and dendritic cells (DCs) has been reported to occur un-

der strong type 2 conditions.42,43 Accordingly, we observed

increased numbers of PD-L2-expressing macrophages (Figures

7E and 7F) and DCs (Figures 7G and 7H) in mice born from

TCRd�/� dams when compared with controls. In line with these

results, we also found an increase in IL-13+ and IL-17A+ (but

not interferon g [IFN-g]+) CD4+ T cells (Figures 7I and 7J) in the

progeny of TCRd�/� dams. When mice were categorized ac-

cording to their own genotype, we observed no differences be-

tween TCRd�/� and TCRd+/� animals in any of the aforemen-

tioned parameters (Figures S12D–S12I). Taken together, we

have found that the offspring of TCRd�/� dams display stronger

type 2 immune responses, irrespective of their own genotype,

both in steady state and upon an infectious challenge.

Next, we sought to evaluate if SCFA supplementation pre-

weaning would also be able to suppress the increased inflamma-

tory response during helminth infection observed in the progeny

of TCRd�/� dams (Figures 7A–7J). Therefore, we infected with

N. brasiliensis SCFA-treated mice, born from TCRd�/� dams,

togetherwith vehicle-treatedmice, born from TCRd+/� dams (Fig-

ure 7K). Critically, upon SCFA administration, the offspring of

TCRd�/� dams showed no differences, when compared with

controls, in the numbers of total leukocytes (Figure 7L), neutro-

phils (Figure 7M), and eosinophils (Figure 7N) infiltrating the

lung upon infection. Furthermore, we also found the number of

infection-induced PD-L2-expressing macrophages (Figure 7O)

and DCs (Figure 7P) to be similar between mice born from

TCRd�/� and TCRd+/� dams. Finally, after SCFA supplementa-

tion, the progeny of TCRd�/� dams presented similar frequencies

of lung IL-13+, IL17+, and IFN-g+ CD4+ T cells in response to N.

brasiliensis infection when compared with mice born from

TCRd+/� dams (Figure 7Q). Taken together, our data ascribe the

phenotypes observed in the TCRd�/� progeny to decreased

maternal transfer of SCFA-producing bacteria, which, beyond

increasing first-breath-induced type 2 inflammation, exacerbates

inflammatory responses to helminth infection after weaning.

DISCUSSION

Non-heritable factors, including the microbiome, are perceived

as major contributors to systems physiology and immune
with the conditions depicted.

and IL-13 production.

mice per group. (F–H) Data pooled from two independent sorting sessions with

and-whisker plots display first and third quartiles and the median; whiskers are

a replicate; error bars represent mean ± SD. Normality of the samples was

erformed using Student’s t test or Mann-Whitney test. *p < 0.05; ***p < 0.001;

$p < 0.01 when compared with IL-33-stimulated control; #p < 0.0001 when
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variation in healthy humans.11,44 In mice, many changes in

cellular and humoral immune responses have been demon-

strated to be microbiota dependent.45,46 While this makes the

design of experiments aimed at evaluating gene-intrinsic effects

on a given phenotype more complex, it can be resolved by the

use of littermate controls.11 Despite being considered ‘‘gold

standard,’’ this practice it is still not common in biomedical

research; in particular, in the field of gd T cells and infectious dis-

eases, only about 15% of the published studies since the devel-

opment of TCRd�/� mice (1993) have used littermate controls

over the years (Figures S13A and S13B), including a notable

absence from top-ranked journals (Figure S13C). This may be

the basis of some of the inconsistencies reported over the years

regarding the role of gd T cells in lung immunity.

The fact that mice from the TCRd�/� colony had a very

different fecal microbiota, when compared with their counter-

parts coming from the TCRd+/� colony, was striking: first,

because the heterozygous breeding was established with

founder animals from the TCRd�/� colony, and second, because

both mouse lines were kept under the same selective environ-

mental pressures. Interestingly, Krishnan et al.25 reported signif-

icant differences in the oral microbiota of TCRd�/� mice when

compared with genetic background-matched C57BL/6J mice.

Moreover, using a model for acute depletion of gd T cells, Wil-

harm et al.26 found that continuous ablation of gd T cells induces

profound changes in the oral microbiome compared with control

(non-depleted) animals. Altogether, these data suggest that gd

T cells—found in abundant numbers at barrier tissues—actively

select bacterial commensals and could explain our findings that,

even after co-housing, TCRd�/� dams retain differences in cuta-

neous bacterial communities. This is in line with evidence that

co-housing does not equalize niche-specific microbiota within

the intestines of genetically identical mice.47 As we observed

persisting differences in cutaneous bacterial communities in

TCRd�/� dams alongside decreased expression of the AMPs

Gpr15l and Reg3g, we propose that gd T cells may shape skin

microbiota through AMP regulation in a process that is indepen-

dent of IL-17A and IL-22. Of note, AMPs have already been

shown to shape the microbiota.24,48,37 In our system, this seems

to be tissue specific, as we did not observe differences in the mi-
Figure 7. SCFAs control exacerbated response to N. brasiliensis infec

(A) Breeding strategy employed to evaluate the gene-extrinsic and -intrinsic role

(B–D) Numbers of (B) total leukocytes, (C) eosinophils, and (D) neutrophils in mic

(E) Flow cytometry analysis of surface major histocompatibility complex (

CD45+CD64+CD24� live cells).

(F) Numbers of MHC class II+PD-L2+ macrophages in the lungs.

(G) Flow cytometry analysis of surface PD-L1 and PD-L2 expression in lung dend

isolated from the lungs.

(H) Numbers of PD-L1+PD-L2+ DCs in the lungs.

(I and J) Flow cytometry analysis of IL-13+, IFN-g+, and IL-17A+ CD4+ (I) and the

(K) Breeding strategy employed to evaluate the role of SCFAs on regulation of o

(L–P) Numbers of (L) total leukocytes, (M) eosinophils, (N) neutrophils, (O) MHC c

described in (K).

(Q) Frequencies of IL-13+, IFN-g+, and IL-17A+ CD4+ T cells in the lungs of mice

Data pooled from three independent litters per genotype. (B–J) n = 14–16 mice p

represents an individual mouse. Error bars represent mean ± SD. (J and Q) Box-a

from each quartile to the minimum or maximum. Normality of the samples was a

performed using Student’s t test or Mann-Whitney test. *p < 0.05; **p < 0.01; ***
crobiota or AMP expression in the female reproductive tract of

TCRd�/� mice. Importantly, GPR15L has been shown to be crit-

ical for the maintenance of dendritic epidermal T cells (DETCs;

Lahl et al., 201449), a major gd T cell population in the skin, and

disruption of this axis in GPR15�/� mice leads to skin

dysbiosis.50

Previous analysis of human mother-infant pairs corroborates

our results, showing that maternal skin and vaginal strains trans-

ferred perinatally start the earlier colonization, followed by gut-

derived strains.51 The results we obtained from our cross-

fostering and C-Sec experiments indicate that most bacterial

communities found to be increased in the offspring of TCRd+/�

dams were transferred postbirth. Furthermore, although some

metabolic pathways remained different between the pups deliv-

ered by C-Sec from TCRd�/� or TCRd+/� dams, we observed an

equalization of the pathways associated with the production of

SCFAs. Thus, our results seem to indicate that the period

comprising delivery and the few following days are crucial not

only to determine the microbiota composition but also its func-

tional capacity. While our results do not directly show which

maternal compartment provides the pioneering bacterial com-

munities, our data suggest that the skin of TCRd�/� and TCRd+/�

dams display differences that may influence neonatal gut

colonization and ultimately regulate the first-breath-induced pul-

monary reaction.

Even though rodent pulmonary immune system development

starts during fetal life,52 the main changes occur during the first

2 weeks of life. Changing from a fluid-filled to an air-filled envi-

ronment entails sustained basal type 2 immune responses—a

critical feature to keep organ function during this heavy remod-

eling phase.9,10 Our results indicate that early-life gut-colo-

nizing microbes and their metabolites are able to fine-tune

this lung type 2 activation, indicating that the process of IL-

33 release by airway epithelial cells involves more than physical

stress.10 To date, little was known about the effects of penta-

noate and hexanoate on type 2 immune responses. Reports

in the literature indicate that pentanoate can present both sup-

pressive and enhancing effects on lymphocytes either by

reducing IL-17 production in CD4+ T cells53 or inducing IFN-g

production in CD8+ T cells.54 Our in vivo and in vitro approach
tion in the offspring of gd T cell-deficient dams

s of gd T cell depletion on pulmonary immunity.

e described in (A).

MHC) class II and PD-L2 expression in lung macrophages (defined as

ritic cells (DCs; defined as CD45+CD64�CD24+CD11c+MHC class II+ live cells)

ir frequencies (J) in the lungs.

ffspring pulmonary immunity.

lass II+PD-L2+ macrophages, and (P) PD-L1+PD-L2+ DCs in the lungs of mice

described in (K).

er group. (L–P) n = 12–14 mice per group. (B–D, F, H, and L–P) Each symbol

nd-whisker plots display first and third quartiles and the median; whiskers are

ssessed with D’Agostino Pearson normality test; statistical analysis was then

p < 0.001.
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demonstrated that pentanoate (and to a lesser extent hexa-

noate) is also able to directly suppress ILC2 activation and

cytokine production. In addition, it is important to note that

for the intestinal immune system, the action of SCFAs seems

to occur at the time of weaning.3 In our study, however, we

show that lung immunity is affected by microbiota-derived

SCFAs before weaning, and in utero transfer of SCFAs was

not responsible for the regulation of lung type 2 immunity in

the offspring of TCRd�/� dams. These findings underscore

the discrete maturation time windows for the immune cells

residing within different tissues and the context-specific effects

of SCFAs.

While nutrition, especially during pregnancy and breast

feeding, has a major impact on early microbiota composition

and offspring physiology,7,12,55 our study highlights the impor-

tance of microbiota transmission from mother to infant at the

perinatal stage51 to the establishment of gut microbiota function-

ality, which conditions the physiology of a distant organ, the lung,

undergoing major immune remodeling during early life.

Limitations of the study
Our data suggest that maternal gd T cells regulate postnatal mi-

crobial colonization and microbial-derived metabolite availabil-

ity in the offspring, ultimately impacting the pulmonary immune

system development. Even though we observed the presence

of different bacterial taxa in the skin of TCRd�/� and TCRd+/�

dams even after co-housing, together with tissue-specific dif-

ferences in the expression of AMP genes, we could not

pinpoint the mechanism by which gd T cells might change mi-

crobiota composition. Moreover, our data do not allow us to

fully determine from which maternal compartment the pioneer-

ing bacterial communities are coming from. As gd T cells are

found in relatively high numbers in the female reproductive

tract, it was somewhat surprising to observe no differences in

either the microbiota or the expression of AMPs in vaginal tis-

sue from TCRd�/� and TCRd+/� dams. However, a caveat is

that the vaginal tissue used for both 16S sequencing or gene

expression analysis was not obtained from pregnant females

just before birth. Maternal vaginal microbiota changes signifi-

cantly during gestation, with a particularly dramatic change

happening during the late phases of pregnancy and at birth,56

thus raising the possibility that the absence of gd T cells might

differentially impact the pre-partum changes in the microbiota.

Finally, future studies should address the temporal scale that

gd T cells (and other immune cells) require to stably modify

the microbiota.
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din, F., Sparwasser, T., Bérard, M., Cerf-Bensussan, N., and Eberl, G.

(2019). A weaning reaction to microbiota is required for resistance to im-

munopathologies in the adult. Immunity 50, 1276–1288.e5. https://doi.

org/10.1016/j.immuni.2019.02.014.

4. Wampach, L., Heintz-Buschart, A., Fritz, J.V., Ramiro-Garcia, J., Habier,

J., Herold, M., Narayanasamy, S., Kaysen, A., Hogan, A.H., Bindl, L.,

et al. (2018). Birth mode is associated with earliest strain-conferred gut mi-

crobiome functions and immunostimulatory potential. Nat. Commun. 9,

5091. https://doi.org/10.1038/s41467-018-07631-x.

5. Gomez de Ag€uero, M., Ganal-Vonarburg, S.C., Fuhrer, T., Rupp, S., Uchi-

mura, Y., Li, H., Steinert, A., Heikenwalder, M., Hapfelmeier, S., Sauer, U.,

et al. (2016). Thematernal microbiota drives early postnatal innate immune

development. Science 351, 1296–1302. https://doi.org/10.1126/science.

aad2571.

6. Ramanan, D., Sefik, E., Galván-Peña, S., Wu, M., Yang, L., Yang, Z., Kos-

tic, A., Golovkina, T.V., Kasper, D.L., Mathis, D., and Benoist, C. (2020). An

immunologic mode of multigenerational transmission governs a. Cell 181,

1276–1290.e13. https://doi.org/10.1016/j.cell.2020.04.030.

7. Thorburn, A.N., McKenzie, C.I., Shen, S., Stanley, D., Macia, L., Mason,

L.J., Roberts, L.K., Wong, C.H.Y., Shim, R., Robert, R., et al. (2015). Evi-

dence that asthma is a developmental origin disease influenced by

maternal diet and bacterial metabolites. Nat. Commun. 6, 7320. https://

doi.org/10.1038/ncomms8320.

8. Renz, H., and Skevaki, C. (2021). Early life microbial exposures and allergy

risks: opportunities for prevention. Nat. Rev. Immunol. 21, 177–191.

https://doi.org/10.1038/s41577-020-00420-y.

9. de Kleer, I.M., Kool, M., de Bruijn, M.J.W., Willart, M., van Moorleghem, J.,

Schuijs, M.J., Plantinga, M., Beyaert, R., Hams, E., Fallon, P.G., et al.

(2016). Perinatal activation of the interleukin-33 pathway promotes type

2 immunity in the developing lung. Immunity 45, 1285–1298. https://doi.

org/10.1016/j.immuni.2016.10.031.

10. Saluzzo, S., Gorki, A.D., Rana, B.M.J., Martins, R., Scanlon, S., Starkl, P.,

Lakovits, K., Hladik, A., Korosec, A., Sharif, O., et al. (2017). First-breath-

induced type 2 pathways shape the lung immune environment. Cell Rep.

18, 1893–1905. https://doi.org/10.1016/j.celrep.2017.01.071.

11. Stappenbeck, T.S., and Virgin, H.W. (2016). Accounting for reciprocal

host-microbiome interactions in experimental science. Nature 534,

191–199. https://doi.org/10.1038/nature18285.

12. Kimura, I., Miyamoto, J., Ohue-Kitano, R., Watanabe, K., Yamada, T.,

Onuki, M., Aoki, R., Isobe, Y., Kashihara, D., Inoue, D., et al. (2020).

Maternal gut microbiota in pregnancy influences offspring metabolic

phenotype in mice. Science 367, eaaw8429. https://doi.org/10.1126/sci-

ence.aaw8429.

13. Macpherson, A.J., de Ag€uero, M.G., and Ganal-Vonarburg, S.C. (2017).

How nutrition and the maternal microbiota shape the neonatal immune

system. Nat. Rev. Immunol. 17, 508–517. https://doi.org/10.1038/nri.

2017.58.

14. Perez, M.F., and Lehner, B. (2019). Intergenerational and transgenera-

tional epigenetic inheritance in animals. Nat. Cell Biol. 21, 143–151.

https://doi.org/10.1038/s41556-018-0242-9.

15. Itohara, S., Farr, A.G., Lafaille, J.J., Bonneville, M., Takagaki, Y., Haas, W.,

and Tonegawa, S. (1990). Homing of a gamma delta thymocyte subset

with homogeneous T-cell receptors to mucosal epithelia. Nature 343,

754–757. https://doi.org/10.1038/343754a0.
16. Pinget, G.V., Corpuz, T.M., Stolp, J., Lousberg, E.L., Diener, K.R., Robert-

son, S.A., Sprent, J., and Webster, K.E. (2016). The majority of murine

gammadelta T cells at the maternal-fetal interface in pregnancy produce

IL-17. Immunol. Cell Biol. 94, 623–630. https://doi.org/10.1038/icb.

2016.48.

17. Monin, L., Ushakov, D.S., Arnesen, H., Bah, N., Jandke, A., Muñoz-Ruiz,
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KEY RESOURCES TABLE
REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

anti-CD3 (145.2C11) BD Biosciences AB_394591

anti-CD3 (17A2) BioLegend AB_1595492

anti-TCRd (GL3) BioLegend AB_313832

anti-CD90.2 (Thy1.2; 53–2.1) BioLegend AB_2650924

anti-CD19 (6D5) BioLegend AB_313645

anti-CD23 (B3B4) BioLegend AB_312833

anti-CD45 (30F11) BioLegend AB_2563061

anti-CD4 (GK1.5) BioLegend AB_312693

anti-NK1.1 (PK136) BioLegend AB_313395

anti-PD-L1 (10F.9G2) BioLegend AB_2563619

anti-PD-L2 (TY25) BioLegend AB_2728123

anti-CD11b (M1/70) BioLegend AB_2562904

anti-ST2 (IL-33R; DIH9) BioLegend AB_2561917

anti-CD11c (N418) BioLegend AB_313777

anti-Sca-1 (D7) BioLegend AB_493596

anti-Gr-1 (RB6-8C5) BioLegend AB_313373

anti-Ly6G (1A8) BioLegend AB_1877261

anti-Ly6C (HK1.4) BioLegend AB_1732076

anti-IA/IE (MHC II; M5/114.15.2) BioLegend AB_2650896

anti-CD24 (M1/69) BioLegend AB_312839

anti-Siglec-F (E50-2440) BD Biosciences AB_2687570

anti-CD64 (X54-5/7.1) BioLegend AB_2629778

anti-CD206 (CO68C2) BioLegend AB_2561992

anti-IL-13 (eBio13A) eBiosciences AB_2573530

anti-IL-9 (RM9A4) BioLegend AB_2562730

IL-5 (TRFK5) BioLegend AB_315330

Chemicals, peptides, and recombinant proteins

Sodium hexanoate, 99–100% Sigma-Aldrich 10051-44-2

Sodium acetate, anhydrous,

for molecular biology, R99%

Sigma-Aldrich 127-09-3

Sodium pentanoate Fluorochem 6106-41-8

Sodium butyrate Sigma-Aldrich 156-54-7

Recombinant Mouse IL-33 Protein Biotechne Cat#3626-ML-010/CF

Critical commercial assays

LEGENDplexTM Mouse Cytokine

Panel 2 (13-plex)

BioLegend Cat#740134

LEGENDplexTM Mouse Immunoglobulin

Isotyping Panel (6-plex) with V-bottom Plate

BioLegend Cat#740493

LEGENDplexTM MU Th1/Th2 Panel

(8-plex) w/VbP V02

BioLegend Cat#741054

RNeasy Micro Kit Qiagen Cat#74004

QIAamp Fast DNA Stool Mini Kit Qiagen Cat#51604

(Continued on next page)
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REAGENT or RESOURCE SOURCE IDENTIFIER

Deposited data

Metagenomic Raw Sequencing Data This paper https://figshare.com/s/77865dbbf0daab588b8d

16S rRNA Amplicon Sequencing Data This paper https://figshare.com/s/77865dbbf0daab588b8d

Experimental models: Organisms/strains

Mouse: B6: C57BL/6J The Jackson Laboratory IMSR_JAX:000664

Mouse: TCRd�/�: B6.129P2-Tcrdtm1Mom/J The Jackson Laboratory IMSR_JAX:002120

Mouse: JHT: B6.129P2-Igh-Jtm1Cgn/J Instituto Gulbenkian de Ciências IMSR_JAX:002438

Mouse: IL-17�/�: B6.IL-17�/� Instituto de Medicina Molecular MGI: 5695091

Mouse: IL-22�/�: B6.IL-22�/� The University of Manchester MGI: 4453827

Oligonucleotides

qPCR primers Sigma-Aldrich See Table S1

Software and algorithms

Graphpad Prism v9.0a GraphPad Software, LLC www.graphpad.com

FlowJo v10.1 Tree Star https://www.flowjo.com

LEGENDplexTM Data Analysis Software Suite Qognit https://legendplex.qognit.com/user/login

QIIME v1.9.1 Caporaso et al., 2010 http://qiime.org

R (v3.6.2) Packages for analytical parts:

tidyverse, ape, vegan, nlme,

stats, DEseq2, edgeR, ggtree

https://www.r-project.org/

phyloseq Bolyen et al., 2019; McMurdie

and Holmes, 2013

https://joey711.github.io/phyloseq/

PICRUSt2 Douglas et al., 2020 https://github.com/picrust/picrust2/releases

MaAsLin2 Morgan et al., 2012 https://huttenhower.sph.harvard.edu/maaslin/

Article
ll

OPEN ACCESS
RESOURCE AVAILABILITY

Lead contact
Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, Bruno

Silva-Santos (bssantos@medicina.ulisboa.pt).

Materials availability
This study did not generate new unique reagents.

Data and code availability
d 16S rRNA amplicon sequencing dataset with processed files and the entire details of used samples can be downloaded using

the following link: https://figshare.com/s/77865dbbf0daab588b8d (https://doi.org/10.6084/m9.figshare.15121245). Any addi-

tional information required to reanalyze the data reported in this paper is available from the co-author, Bahtiyar Yilmaz (bahtiyar.

yilmaz@unibe.ch), upon request. This paper does not report original code.
EXPERIMENTAL MODEL AND SUBJECT DETAILS

Mice and breeding setups
C57BL/6J (B6) mice were purchased from Charles River Laboratories, C57BL/6J.TCRd�/� (referred to as TCRd�/�, hereon in) were

purchased from The Jackson Laboratory. C57BL/6J.JHT (referred as JHT) mice were obtained from Instituto Gulbenkian de Ciência

(Oeiras, Portugal). All themouse lines were bred andmaintained in the specific pathogen-free animal facilities of Instituto deMedicina

Molecular Jo~ao Lobo Antunes (Lisbon, Portugal), with the exception of IL-22�/�, which were generated and acquired from Jean-

Cristophe Renauld, and bred in-house at The University of Manchester. After reaching sexual maturity (at around 8 weeks) TCRd�/�

females were crossed with TCRd+/�males (obtained from the cross of TCRd heterozygous animals derived, in turn, from a TCRd�/� x

B6 breeding), and vice-versa; the pups obtained from the aforementioned crossings were kept with the parents until weaning, to be

later divided by sex. All the pups were used at PN16 ± 2, unless stated otherwise.
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Study approval
All experiments performed in Lisbon involving animals were done in compliancewith the relevant laws and institutional guidelines and

were approved by local and European ethic committees. All animal experiments were performed in Manchester are in accordance

with the UK Animals (Scientific Procedures) Act of 1986 under a Project License (70/8548) granted by the UK Home Office and

approved by the University of Manchester Animal Welfare and Ethical Review Body. Euthanasia was performed by asphyxiation

in a rising concentration of carbon dioxide.

METHOD DETAILS

Cross-fostering and C-Sec surgeries
For cross-fostering experiments, mice were time-mated. Briefly, female mice were put in a cage containing the bedding of a cage

containing male animals for a period of 48h. After this period of time, 1 or 2 females were introduced to a single-housed male.

The following day, the presence of vaginal plugs (considered as E0.5) was recorded and males were transferred into a new cage.

In some cases, the animals were left together for 2 days. Subsequently, pups born from a TCRd�/� dam were swapped with those

from a TCRd+/� dam at day 1 post-birt (and vice-versa), respecting litter sizes (differences of 3 pups maximum).

For C-Sec experiments TCRd+/� and TCRd�/� females were bred with males from the opposing genotype in two groups, with an

interval of 1 day between them. The group of females giving birth first was then defined as the surrogate mothers. Between days 18.5

and 19.5 the females from the second group underwent C-Sec surgery. Briefly, females are euthanized; the uterus is removed and

submerged in iodine. Pups are taken out from the uterus on top of a sterile heated plate, cleaned and reanimated. When presenting

regular respiratory movements, pups are put together with surrogate dams (from the same genotype of their own dam) and their

progeny.

Cell preparation, flow cytometry, and analysis
For cell surface staining, single-cell suspensions were incubated in presence of anti-CD16/CD32 (eBioscience) with saturating con-

centrations of combinations of themAbs listed above. Lungs were dissected and tissue was cut into pieces, then digested with colla-

genase D (0.66 mg/mL; Roche) and DNase I (0.10 mg/mL) (Sigma-Aldrich) in RPMI 1640 containing 5% Fetal Bovine Serum (FBS) at

37�C for 30 min. For lamina propria cell preparation, small intestines were dissected, washed in ice-cold PBS and Peyer’s patches

were excised. The organ was then cut into pieces and incubated with EDTA 0.05M at 37�C for 20 min; cells were then washed and

passed through a 100-mm cell strainer and then digested as the lungs. Single cells were isolated by passing the tissue through a 40-

mm cell strainer, followed by a 70%/20% Percoll (Sigma-Aldrich) gradient and 30-min centrifugation at 2400 rpm. Leukocytes were

recovered from the interface, resuspended, and used for further analyses.

For intracellular cytokine staining, cells were stimulated with PMA (phorbol 12-myristate 13-acetate) (50 ng/mL) and ionomycin

(1 mg/mL), in the presence of Brefeldin A (10 mg/mL) (all from Sigma) for 3h–4h at 37�C. Cells were stained for the identified above

cell surface markers, fixed 30 min at 4�C and permeabilized with the Foxp3/Transcription Factor Staining Buffer set (eBioscience)

in the presence of anti-CD16/CD32 (eBioscience) for 10 min at 4�C, and finally incubated for 1h at room temperature with identified

above cytokine-specific Abs in permeabilization buffer. Cells were analyzed using FACSFortessa (BD Biosciences) and FlowJo soft-

ware (Tree Star).

For cell sorting of lung interstitial macrophages (IM), lung cell suspensions were prepared and immuno-stained as described

above. IM were defined as CD45+CD64+CD24�CD11b+CD11c� live cells, and then electronically sorted on a FACSAria (BD Bio-

sciences) into sterile RNase-free eppendorfs containing 200mL of lysis buffer (Qiagen), for posterior mRNA isolation. For cell sorting

of ILC2s, lung cell suspensions were prepared and immuno-stained as described above. ILC2s were defined as

CD45+Lin�Thy1.2+CD127+ST2+ live cells.

In-vitro ILC2 stimulation
To maximise cell yield for sort-purification, mice were injected intraperitoneally with 1mg of recombinant IL-33 (BioTechne) on day 0,

2, 4 and 6. Mice were culled on day 7, lungs were then processed and stained as described before for cell sorting.

Sorted ILC2s were plated at a density of 70,000 cells/well (round bottom plate) in 200uL of GlutaMAXmedia (Gibco) (supplemented

with 10% FBS, 1% MEM Non-Essential Amino Acids Solution (100X) (Gibco), 1% Penicillin-Streptomycin (Sigma), 1% Sodium py-

ruvate solution 100mM (Sigma), and b-mercaptoethanol (Sigma)) with IL-7 (25 ng/mL, Peprotech). Cells were stimulated with IL-33

(20 ng/mL, BioTechne) plus the individual SCFA acetate (0.25mM), pentanoate (0.25mM), hexanoate (0.25mM) or Butyrate (0.25mM)

or a cocktail containing the first three SCFA (acetate, 0.25mM; pentanoate, 0.125mM; hexanoate, 0.125mM). Cells were incubated

for 24 h at 37�C in the presence of CO2, stained intracellularly for IL-13 and IL-5 and analyzed using FACSFortessa (BD Biosciences).

Immuno-detection of cytokines in lung tissue samples
Lung tissue was homogenized in 2 mL sterile tubes containing PBS plus a cocktail of protease inhibitors (cOmplete ULTRA tablets,

Mini; Roche) and 1mm of diameter zirconia/silica beads (BioSpec Products), with the help of a tissue homogenizer. The homogenate

was centrifuged in order to remove cellular debris and beads, and stored at �80�C until usage. Cytokine concentrations were as-

sessed using LEGENDplex Mouse Th1/Th2 and Mouse Cytokine Panel 2 kits – both bead-based assays that use the principles of
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sandwich ELISA to quantify soluble analytes using a flow cytometer (Biolegend) – according to manufacturer’s instruction. Cytokine

concentrations were normalized using total protein concentration in tissue homogenate, determined in a NanoDrop spectrophotom-

eter (ThermoFisher).

Immuno-detection of antibodies in serum samples
Blood was collected from the cheek pouch in adults, and from decapitation in pups. Serum samples were then stored at�20�C until

usage. Determination of immunoglobulins isotypes and serum concentrations were assessed using LEGENDplex Mouse Immuno-

globulin Isotyping Panel (Biolegend) according to manufacturer’s instruction.

RNA isolation, cDNA preparation and real-time PCR
mRNA was prepared from tissue homogenates using RNeasy Mini Kit (Qiagen). Reverse transcription was performed with random

oligonucleotides (Invitrogen) using Moloney murine leukemia virus reverse transcriptase (Promega) for 1 h at 42�C. Relative quanti-

fication of specific cDNA species to endogenous reference Hprt, Actb or b2microglobulin was carried out using SYBR on ABI ViiA7

cycler (Applied Biosystems). The CT for the target gene was subtracted from the average CT for endogenous references, and the

relative amount was calculated as 2�DCT.

N. brasiliensis infection

N. brasiliensis was maintained by serial passage through Sprague-Dawley rats, as previously described.58 Third-stage larvae (L3)

were washed ten times with sterile PBS prior to subcutaneous infection of 300 L3s per mouse. On day 6 post-infection (p.i.) lungs

were excised and processed accordingly to the analysis to be conducted.

Histology and histopathological analysis
Lung samples were fixed in 10% neutral buffered formalin and processed for paraffin embedding, sectioned and stained with

Hematoxylin-Eosin. Each slide was digitalized using a NanoZoomer-SQ Digital slide scanner. To quantify emphysema like damage,

we used the Linear Mean Intercepts (LMI) method. After digitalization of each lung slide, between 10 and 20 non-overlapping pic-

tures, of each lung, were taken. The pictures were analyzed using ImageJ software. For each picture, 6 horizontal lines were drawn.

For the LMI calculation, the length of the line was multiplied by the number of pictures taken and the number of lines in one picture,

and then divided by the total number of times a line intercepted an alveolus.

Antibiotic treatment and SCFA supplementation
TCRd�/� and TCRd+/� female and male adult mice were maintained with a mixture of antibiotics (5 mg/mL of streptomycin, 1 mg/mL

of ampicilin, 1 mg/mL of collistin, and 0.5 mg/mL of vancomycin; Sigma Aldrich) in the drinking water for at least three weeks prior the

start of the breedings, and then crossed as already described. Antibiotic treatment was kept for the whole duration of pregnancy and

fostering.

For direct supplementation of SCFA, 50mL of a cocktail containing acetate (2 mg/mL), pentanoate (0.4 mg/mL) and hexanoate

(0.35 mg/mL) was administered i.p. 3 times/week, starting at PN7 and finishing at PN13 for experiments analyzing the steady-state

lung; and starting at PN14 and finishing at PN20 for experiments analyzing the response to N. brasiliensis infection. In both cases

controls were injected with PBS. When given to dams, an SCFA cocktail containing acetate (50mM), pentanoate (37.5mM) and hex-

anoate (12.5mM) was added to the drinking water at day 2 ± 1 after the litter was born and kept during the fostering period.

Microbiota profiling via 16S rRNA gene sequencing
Samples were collected in sterilized surfaces using autoclavedmaterials. Fecal microbiota was assessed from two to three fecal pel-

lets per animal. Skinmicrobiota was assessed upon removal of one ear per animal. Vaginal microbiota was assessed from the vaginal

wash with 30mL of sterile PBS. Lung and cecum mucosa associated microbiota were assessed from the whole excised organs.

Immediately after collection, samples were snap-frozen in liquid nitrogen and stored at�80�C until microbial DNA extraction. Before

extraction, samples were homogenized in 2mL sterile tubes containing 1mm of diameter autoclaved zirconia/silica beads (BioSpec

Products), with the help of tissue homogenizer. Microbial genomic DNA was extracted using the QIAamp Fast DNA Stool Mini kit

(Qiagen). The 16S rRNAV4 amplicons and ITS1-spanning ampliconswere both generated using the following EarthMicrobiome Proj-

ect benchmarked protocols. Amplicons were then sequenced using on a 2 3 250bp PE mode Illumina MiSeq platform at Instituto

Gulbenkian de Ciências (IGC) Genomics Unit (Oeiras, Portugal).

Raw sequences obtained from 2 independent IlluminaMiSeq runswere initially pooled and analyzed in theQIIME pipeline version 2

using custom analysis scripts for analysis on the UBELIX Linux cluster of the University of Bern (High-Performance Computing, Uni-

versity of Bern, Bern, Switzerland). Amplicon sequencing variants were assigned using Greengenes (13_8) databases with the

feature-classifier classify-sklearn function for 97% sequence identity threshold.59 The taxonomy, rep-seqs, and rooted-tree files

generated in QIIME2 were called out in the phyloseq pipeline in R. Calculation and plotting of the alpha diversity (Simpson and Shan-

non index), beta diversity (Bray-Curtis dissimilarities on NMDS plot), and statistical analysis using Adonis test were performed using

phyloseq pipeline.60–63 The multivariate analysis by linear models (MaAsLin2) was used to find associations between metadata and

microbial community abundance (https://huttenhower.sph.harvard.edu/maaslin/).64 Taxa that were present inR30%of the samples
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and had >0.001% of total abundance were set as the cut-off values for further analysis. After Benjamini-Hochberg’s false discovery

rate correction, the adjusted p value (<0.05 or <0.2) was considered significant.

The prediction of metagenome functional content was performed using 16S sequencing data in the Phylogenetic Investigation of

Communities by Reconstruction of Unobserved States (PICRUSt2) pipeline.65 PICRUSt2 predictions were categorized as levels 1–3

and further into Kyoto Encyclopedia of Genes and Genomes pathways.

SCFA measurement
Sample analysis was carried out by MS-Omics (www.msomics.com) as follows. Samples extracted by adding ultrapure water to the

cecum (100mL to samples with less than 30mg and 150mL to samples with more). The filtered cecum water was further extracted by

addition of deuterium labeled internal standards and mixing with MTBE directly in the injection vial. All samples were analyzed in a

randomized order. Analysis was performed using a high polarity column (ZebronTM ZB-FFAP, GC Cap. Column 30 m 3 0.25 mm x

0.25mm) installed in a GC (7890B, Agilent) coupled with a quadropole detector (5977B, Agilent). The system was controlled by

ChemStation (Agilent). Raw data was converted to netCDF format using Chemstation (Agilent), before the data was imported and

processed. The raw GC-MS data was processed by software developed by MS-Omics and collaborators. The software uses the

powerful PARAFAC2 model and can extract more compounds and cleaner MS spectra than most other GC-MS software.

Literature review
A search was performed in the PubMed database in May/2019, using the keywords ‘‘gamma delta T cells AND infection’’ and

‘‘gamma-delta T cells AND infection’’. Studies employing TCRd�/�mice were then divided regarding the use of littermates or genetic

background-matched mice as controls. Journals were divided by their impact factor at the moment of the literature search.

QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical analysis
In most experiments 3 independent litters were pooled together, unless stated otherwise. D’Agostino-Pearson normality test was

applied to assess the normality of the populations analyzed; statistical significance of differences between populations was, then,

assessed with the Student’s t-test or by using a two-tailed nonparametric Mann-Whitney U test, when applicable. For grouped sta-

tistical analysis, two-Way ANOVA was employed. The p values < 0.05 were considered significant and are indicated on the figures.
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