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ABSTRACT

Invariant Natural Killer T (iNKT) cells are unconventional T cells that respond to glycolipid antigens
found in microbes in a CD1d-dependent manner. iNKT cells exert innate-like functions and produce
copious amounts of cytokines, chemokines and cytotoxic molecules within only minutes of activa-
tion. As such, iNKT cells can fuel or dampen inflammation in a context-dependent manner. In
addition, iNKT cells provide potent immunity against bacteria, viruses, parasites and fungi.
Although microbiota-iNKT cell interactions are not well-characterized, mounting evidence suggests
that microbiota colonization early in life impacts iINKT cell homeostasis and functions in disease. In
this study, we showed that CD1d™~ and Va14 Tg mice, which lack and have increased numbers of
iNKT cells, respectively, had no significant alterations in gut microbiota composition compared to
their littermate controls. Furthermore, specific iINKT cell activation by glycolipid antigens only
resulted in a transient and minimal shift in microbiota composition when compared to the natural
drift found in our colony. Our findings demonstrate that iNKT cells have little to no influence in
regulating commensal bacteria at steady state.
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Introduction

The mammalian immune system is equipped with
diverse populations of unconventional T cells that
respond to antigens otherwise invisible to conven-
tional CD4" and CD8" T cells. These unconven-
tional T cells include y§ T cells, mucosa-associated
invariant T (MAIT) cells and invariant natural
killer T (iNKT) cells." iNKT cells respond to glyco-
lipid antigens, such as a-galactosylceramide (aGC),
presented by the non-polymorphic major histo-
compatibility complex (MHC) class Ib molecule
CD1d>. iNKT cells have a restricted T cell receptor
(TCR) repertoire characterized by a canonical and
invariant TCRa chain (Val4-Jal8 in mice and
Va24-Jal8 in humans) paired with a limited set of
TCRp chains. iNKT cells produce copious amounts
of a large array of cytokines (e.g. IFN-y, TNF-a, IL-

4, IL-17A), chemokines and cytotoxic molecules
within minutes following activation, which can
influence other innate and adaptive immune
cells."* As such, iNKT cells participate in anti-
infectious and anti-tumor immunity and can posi-
tively or negatively regulate autoimmune and
inflammatory responses.

iNKT cells recognize a-galacturonosylceramides
from species of Sphingomonas and Ehrlichia,>* a-
glucosyldiacylglecerols from Borrelia burgdorferi
and Streptococcus pneumoniae,”® as well as other
microbe-derived lipid-based antigens.” Commensal
bacteria such as Bacteroides fragilis also express
glycolipids capable of activating iNKT cells.®°
Microbe-induced pro-inflammatory cytokines,
such as IL-12 and/or IL-18 can also activate iNKT
cells, which seems to be a prominent activation
pathway during bacterial and viral infection.”"'"
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Other microbial molecules or their by-products can
regulate iNKT cell activation. These include short
chain fatty acids, tryptophan metabolites, bile acids,
and oxazoles.” iNKT cells participate in
bacterial**'*"'® and viral'’"** clearance, which
can be achieved through the recruitment and/or
activation of macrophages, neutrophils and B cells.

The intestinal microbiota regulates the develop-
ment, maturation and function of a variety of
immune cells.”>** Germ-free (GF) mice, which
are devoid of commensal microflora, have hypo-
trophic and disorganized Peyer’s patches as well as
reduced IgA-producing plasma cells and CD4"
T cells in the intestinal lamina propria.>
Colonization of GF mice by individual microbial
species or defined consortia can restore defects in
specific mucosal CD4" T cell subsets.”> For exam-
ple, colonization of mice with either segmented
filamentous bacteria (SFB) or the protozoa
Tritrichomonas stimulates the development of
intestinal Ty17 cells and/or Tyl cells,®*® while
the colonization with consortia of Clostridium spe-
cies induces the development of regulatory
T cells.”**' In addition, feral and pet store mice,
which have a broader environmental exposure,
have increased prevalence of circulating effector/
memory T cells.”>>* iNKT cell homeostasis and
functions are altered in GF mice’®” and early-life
colonization by the microbiota limits their accumu-
lation at mucosal surfaces and regulates their pro-
inflammatory role in induced models of asthma
and colitis.”*®

Whether specific T cell populations, including
unconventional T cells, or their by-products influ-
ence the composition of the intestinal microbiota
remains unclear.” Specifically, several studies have
reported alterations of the gut microbiota composi-
tion in iNKT cell-deficient mice.”®** In this study,
we have analyzed the microbiota of CD1d™"~ mice,
which lack iNKT cells, and Val4 transgenic (Tg)
mice, which have increased iNKT cell numbers. We
found that these mice had no consistent alteration
in their microbiota composition compared to their
respective  wild-type  littermate  controls.
Furthermore, specific iNKT cell activation by gly-
colipid ligands such as aGC led to a moderate and
transient shift in composition. This shift was not
consistently found between mouse colonies and
was minimal compared to the natural drift that

occurred in our mouse colony over time. In addi-
tion, we found that maternal transmission and
caging had greater impacts on microbiota compo-
sition than the absence, overrepresentation, or acti-
vation of iNKT cells. Together, these data suggest
that iNKT cells have little to no influence on the
composition of the intestinal microbiota in mice.

Results

Cross-fostering of CD1d-deficient mice impacts
microbiota composition

We previously reported that CD1d-deficient
mice harbored a proinflammatory microbiota
that exacerbated colitis induced by dextran
sodium sulfate (DSS).*> This microbiota was
characterized by the presence of SFB and the
increased abundance of certain phyla including
Proteobacteria, Deferribacteres, as well as
Prevotella and Mucispirillum spp. As the micro-
biota composition was compared to that of
non-littermate wild type (WT) B6 mice, it
remained unclear whether these differences
were a consequence of adjacent breeding or
driven by the lack of CD1d and the absence of
iNKT cells. We first attempted to rid CDI1d-
deficient mice of certain microbes that are
known to influence the immune landscape
and/or fuel inflammation, such as Helicobacter
hepaticus,** Tritrichomonas species’”*® and the
mouse norovirus (MNV).*> To achieve this, we
cross-fostered CD1d™"~ newborn pups within
24 h of birth and subsequently housed them
in a designated suite with enhanced specific
pathogen-free (eSPF) status.*® CD1d heterozy-
gous eSPF breeding pairs were established for
colony maintenance and subsequent experi-
ments (Figure la). PCR testing for common
mouse pathogens revealed that cross-fostered
mice were devoid of Helicobacter, MNV and
Tritrichomonas (Table 1 and not shown).

We next analyzed the colon microbial commu-
nities from eSPF CD1d"* and CD1d ™'~ littermate
mice (post-cross-fostering [Post]) and compared to
that of SPF CD1d""* and CD1d ™~ non-littermate
mice (pre-cross-fostering [Pre]) via 16S rRNA
sequencing (Figure 1b). The principal coordinates
analysis (PCoA) generated through Bray-Curtis
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Figure 1. Cross-fostering of CD1d™’~ mice impacts microbiota composition. (a) Schematic of cross-fostering, breeding and
housing. (b) 165 bacterial rRNA sequencing was used to define the microbiota profiles of CD1d** and CD1d™~ non-littermate mice
prior to cross-fostering (Pre) and CD1d** and CD1d ™" littermate mice post-cross-fostering (Post) (n = 6 to 8 mice per group). These
groups were separated by principal coordinates PCo1 and PCo2, collectively explaining 83.4% of the total similarity between samples,
based on Bray-Curtis distances. (c) Relative abundance (family level) varied between CD1d** and CD1d ™~ mice pre-cross-fostering, as
well as between mice pre- and post-cross-fostering. (d) MetagenomeSeq analysis shows the top 10 most enriched OTUs in CD1d™/~
mice pre- and post-cross-fostering. Log2 fold-change values are shown.

Table 1. Mice were tested for the presence of mouse norovirus
(MNV) and several Helicobacter species before (Pre) and after
(Post) cross-fostering.

Pre Post
MNV + -
H. bills - -
H. ganmani - -
H. hepaticus
H. mastomyrinus
H. rodentium
H. typhlonius

+ 0+

dissimilarity revealed that pre- and post-cross-
fostering mice segregated along PCol (58.1% of
the variance), while pre-cross-fostering CD1d"'*
and CD1d™"~ mice segregated along PCo2 (23.3%
of the variance). Although post-cross-fostering
eSPF CD1d"* and CDI1d™" littermate mice
appeared to cluster together, they were significantly
different from both CD1d*"* and CD1d™’" non-

littermate SPF mice, indicating that the cross-
fostering procedure altered microbiota composi-
tion. Relative abundance plots revealed that the
microbiota from cross-fostered (Post) mice had
reduced abundance of Erysipelotrichaceae,
Rikinellaceae and Bacteroidetes, and was almost
completely devoid of Prevotellaceae, Helicobacter-
iaceae and Proteobacteria (Figure 1c). On the other
hand, cross-fostered mice had increased abundance
of Lachnospiraceae (Figure 1c). The relative abun-
dance of operational taxonomic units (OTUs) in
the pre- and post-cross-fostering groups were com-
pared using a combination of MetagenomeSeq and
DESeq2 analyses.”” These combined methods
revealed that 85 OTUs were significantly different
between pre- and post-cross-fostering mice
(Supplementary Table 1). The top 10 OTUs
enriched in pre- and post-cross-fostering are
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depicted in Figure 1d. Specifically, 17 OTUs were
enriched in pre-cross-fostering samples including
several members of Porphyromonadaceae as well as
Lactobacillus intestinalis. On the other hand, 68
OTUs, including  several  species  of
Lachnospiraceae and Clostridia, were significantly
enriched in post-cross-fostering mice. In sum, these
results demonstrate that cross-fostering of newborn
CD1d™"" mice changed the composition of the
intestinal microbiota compared to their birth
mothers.

CD1d deficiency does not affect microbiota
comporsition in littermate mice

We next focused on the comparison between
CD1d"* and CD1d ™'~ littermate mice that were
eSPF status after cross-fostering (experiment 1).
Of note, mice were caged according to sex and
genotype after weaning. The PCoA plot generated
from Bray-Curtis dissimilarity showed that the
bacterial communities found in the proximal
colon fecal matter of CD1d*"* and CD1d™'" litter-
mate mice were significantly different (p < 0.0042)
(Figure 2a,b), whereas there was no statistical dif-
ference found in fecal pellets (not shown).
However, permutational multivariate analysis of
the variance (PERMANOVA) using Adonis
revealed that genotype only accounted for about
20% of the observed variance (effect size or
R? = 0.195), (Figure 2b). On the other hand, par-
ental group accounted for most of the observed
variance (R* = 0.464). Combined MetagenomeSeq
and DESeq2 analyses showed that no OTU was
significantly different between genotypes (not
shown). This suggested that parental vertical
transmission had a greater effect on microbiota
composition than the lack of CD1d and the
absence of iNKT cells.

To minimize the variability between dams
and mitigate parental transmission, we set up
a CD1d heterozygous breeding harem (1 male +
3 dams). We separated the pregnant dams from
the male before delivery and we sequenced the
proximal colon microbiota of 2 consecutive lit-
ters from these 3 dams (experiment 2).
Although the PCoA showed no obvious segre-
gation between CD1d"'*, CD1d*'~ and CD1d™/~

mice, the genotype significantly (Adonis p <
0.0028) impacted microbiota composition
(Figure 2c, d). However, the genotype only
accounted for ~12% of the variance. In these
settings, parental group and caging accounted
for 17% and 52% of the variance, respectively
(Figure 2d). Again, no OTU was significantly
differentially represented between genotypes
(not shown). When the two experiments were
combined, the contribution of the genotype
became even less apparent (R* = 0.048, p <
0.0266) Figure 2(e,f) and no OTU was found
to be significantly different between genotypes
(not shown). Parental group and caging
accounted for ~10% and 40% of the variance,
respectively (figure 2f). Sampling, or experi-
ment, also accounted for 40% of the observed
variance. When comparing all samples from
experiments 1 and 2, combined
MetagenomeSeq and DESeq2 analyses revealed
that only 2 OTUs of the Clostridium IV and
Oscillibacter genera (Ruminococcaceae), were
significantly enriched in experiment 1 com-
pared to experiment 2 (not shown).

As it has been suggested that genes can have
context-dependent  effects on  microbiota
composition,*® we next compared microbial com-
munities from CD1d-sufficient and CD1d-deficient
littermate mice housed in a SPF suite (not cross-
fostered). Due to low availability of samples from
CD1d""* mice, we used CD1d"~ mice, which have
the same iNKT cell frequency, absolute number,
and effector subset distribution as CD1d""* mice
in all tissues tested (thymus, spleen, liver and
mesenteric lymph nodes) (Supplementary
Fig. 1A, B and not shown). The PCoA generated
from Bray Curtis distances revealed no statistical
difference in microbiota composition between
CD1d"~ and CD1d ™'~ littermate mice, both in the
terminal  ileum  and  proximal  colon
(Supplementary Fig. 1C, D). Taken together,
these results demonstrated that CD1d deficiency,
and the consequential lack of iNKT cells, does not
measurably and reproducibly impact microbiota
composition beyond the “natural drift” observed
in our mouse colony, which was primarily driven
by maternal vertical transmission and the random
selection of breeders for colony maintenance.
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Figure 2. CD1d-deficiency and loss of iNKT cells does not alter microbiota composition. (a, b) 16S bacterial rRNA sequencing was
used to define the microbiota profiles of CD1d™* and CD1d ™" littermate mice (n = 6 mice per group). These groups were separated by
principal coordinates PCo1 and PCo2, collectively explaining 58.8% of the total similarity between samples, based on Bray-Curtis
distances (a). Permutational multivariate analysis of the variance using Adonis (b). Data shows R? (effect size) and adjusted p values for
genotype, sex, caging and parental group. (c, d) 165 bacterial rRNA sequencing was used to define the microbiota profiles of CD1d™'*,
CD1d*~ and CD1d™" littermate mice (n = 8 mice per group) obtained from 2 consecutive litters from heterozygous harem breeding (1
male + 3 females). These groups were separated by principal coordinates PCo1 and PCo2, collectively explaining 29.9% of the total
similarity between samples, based on Bray-Curtis distances (c). Permutational multivariate analysis of the variance using Adonis (d).
Data shows R? (effect size) and adjusted p values for genotype, sex, caging and parental group. (e, f) Combined Bray-Curtis PCoA of the
two experiments (e) and Adonis (f) shows R? (effect size) and adjusted p values for genotype, sex, caging, parental group and sampling/
experiment.

Increased iNKT cell prevalence does not impact
microbiota composition

Mice that overexpress the rearranged Val4-Jal8
iNKT TCRa chain (Val4 Tg) have increased pre-
valence of iNKT cells*”*° Figure 3(a,b). In addition,
iNKT cell effector differentiation is severely biased
toward the iNKT2 subset in these Val4 Tg

mice’™”" Figure 3(a,b), which predominantly pro-
duces IL-4.>> To assess whether this impacted
microbiota composition, we sequenced the proxi-
mal colon microbiota from Val4 Tg and WT lit-
termate mice from 3 litters resulting from a harem
(I male + 3 dams). The PCoA generated from Bray
Curtis distances revealed no obvious segregation
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Figure 3. Increased iNKT cells prevalence in Va14 Tg mice does not impact microbiota composition. (a, b) Frequency of TCRB*
PBS57-CD1d tetramer-positive iNKT cells out of live CD19™ lymphocytes and subset distribution of iNKT cell subsets in the mesenteric
lymph nodes (mLN, A) and colon (b) of WT and Va14 Tg mice. Data shows individual and mean values + s.e.m. (n = 3 to 4 mice per
group). **p < 0.01 , Mann-Whitney. (c) 16S bacterial rRNA sequencing was used to define the microbiota profiles of WT and Va14 Tg
littermate mice. These groups were separated by principal coordinates PCo1 and PCo2, collectively explaining 50.2% of the total
similarity between samples, based on Bray-Curtis distances. 8 WT and 14 Va14 Tg mice from 3 litters were analyzed. (d) Permutational
multivariate analysis of the variance using Adonis. Data shows R? (effect size) and adjusted p values for genotype, sex, caging and

parental group.

based on genotype, which only accounted for 6% of
the variance Figure 3(c,d). Mice from the second
dam clearly segregated from the other two groups
along PCol, and parental group accounted for
about 30% of the variance (p < 0.0042). Sex and
cage accounted for 10% and 17% of the variance,
respectively (Figure 3d). No OTU was significantly
different between Val4 Tg and WT mice. These
results demonstrate that the increased prevalence of
iNKT cells in Val4 Tg mice has no measurable
impact on gut microbiota composition.

iNKT cell activation minimally and transiently
impacts microbiota composition

We next selectively activated iNKT cells in WT
mice through the gavage of either aGC or the
analog OCHY, which has been shown to induce
a Ty2-biased cytokine response.”> We found
that oral gavage of aGC induced proliferation

of iNKT cells in the spleen, mesenteric lymph
nodes and colon lamina propria, with a peak at
72 h (d3), as assessed by iNKT cell frequency
and Ki67 expression Figure 4(a,b) and
Supplementary Fig 2A).°*°*° In addition,
colons from aGC-gavaged mice produced sig-
nificantly higher amounts of IFN-y, IL-4, IL-
17A, TNF-a, IL-1f, IL-2 and IL-12p70, but not
IL-13, GM-CSF, M-CSF and RANTES
(Figure 4c, Supplementary Fig. 2B and not
shown). Elevated amount of IL-5 and MCP-1,
known to recruit eosinophils and monocytes,
respectively, were also produced by the colons
of aGC-treated mice (Supplementary Fig. 2B).
We found no difference in cytokine and che-
mokine production in the sera of aGC-treated
mice compared to control mice (not shown).
Together, these data show that oral administra-
tion of aGC leads to iNKT cell activation and
the local production of cytokines and
chemokines.
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Figure 4. iNKT cell activation transiently affects microbiota composition. (a) C57BL/6 mice were administered 2 pg aGC or vehicle
control (Ctrl) orally, or 0.5 pg aGC intravenously (i.v.) and their mLN were analyzed at d3 and d5 (for oral) and d3 (i.v.). (b) C57BL/6 mice
were administered 2 ug aGC or vehicle control (Ctrl) and their colons were analyzed at d3. The data shows the frequency of iNKT cells
out of live CD19™ lymphocytes (a) as well as the frequency of Ki67" iNKT cells (a, b). (c) C57BL/6 mice were administered 2 pg aGC or
vehicle control (Ctrl). At d3, colon biopsy punches were cultured for 48 h and cytokines production was assessed using a multiplex
cytokine array. Data shows individual and mean values + s.e.m. (n = 3 to 5 mice per group). *p < 0.05, **p < 0.01, *** p < 0.001, **** p <
0.0001, Unpaired Student t test (a-c). (d, e) 16S bacterial rRNA sequencing was used to define the microbiota profiles of mice before
(d0). 3 (d3) and 10 days (d10) after the oral gavage of aGC (d) or OCH9 (e). These groups were separated by principal coordinates PCo1
and PCo2, collectively explaining 43.7% (d) and 47.1% (e) of the total similarity between samples, based on Bray-Curtis distances (left
panels). Pairwise Adonis comparison of microbiota composition at d0, d3 and d10 following aGC (d) or OCH9 (e) administration is
shown (right panels). (f, g) MetagenomeSeq analysis shows differentially abundant OTUs before (d0) and after (d3) oral administration
of aGC (f) or OCH9 (g).
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With this in mind, we sequenced the fecal pellet
microbiota from mice before, as well as 3 and
10 days following the gavage of aGC or OCH9.
We used mice born to two B6 dams from our in-
house colony (colony 1) as well as mice born to
two dams recently acquired from the Jackson
Laboratories (colony 2). PCoA analyses from the
Bray Curtis distances revealed that the 2 colonies
segregated mainly along PCo2 for aGC and PCol
for OCH9 Figure 4(c,d). Both aGC and OCH9
induced a significant shift in microbiota composi-
tion 3 days post-gavage Figure 4(c,d). By day 10,
the microbiota composition was not significantly
different than prior to gavage. This suggested that
iNKT cells activation by aGC or OCH9 induced
a transient shift in microbiota composition.
However, only a few OTUs were significantly dif-
ferentially abundant at day 3 and these differences
were not consistent between colonies and antigens
Figure 4(e,f). Only Faecalibacter prausnitzii was
consistently enriched at day 3 following activation.
Finally, to assess whether repeated iNKT cell sti-
mulation had a greater impact on microbiota
composition, we treated mice with aGC orally
once per week for 3 consecutive weeks
(Supplementary Fig. 2C). PCoA analyses from
the Bray Curtis distances revealed that aGC-
treated and control mice clustered together
by day 21, revealing a minimal shift in microbiota
composition (Supplementary Fig. 2D, E).
Combined MetagenomeSeq and DESeq2 analyses
revealed no difference in OTUs in aGC-treated
mice between day 0 and day 21 (not shown).
Together these data suggest that iNKT cell activa-
tion by glycolipid antigens only minimally and
transiently impacts gut microbiota composition.

The microbiota composition in wild-type mice shifts
over time

To assess whether the composition of the micro-
biota changed over time in our in-house C57BL/6
colony (colony 1 used above), we sampled mice
from the same colony again approximately
12 months later (colony 1b). We also included
mice from colony 2 described above in our com-
parison. PCoA analyses from the Bray Curtis dis-
tances revealed that colonies 1 and 1b segregated
mainly along PCol, which accounted for 33.7% of

the variance, while colonies 1 and 2 separated along
PCo2, which accounted for 12.5% of the variance
(Figure 5a). PERMANOVA using Adonis revealed
that the 3 colonies had significantly distinct micro-
biotas (R* = 0.40992, p < 0.001). Through com-
bined MetagenomeSeq and DESEqQ2 analyses, we
found that 20 OTUs were significantly enriched in
colony 1b, including several members of the
Clostridiales order and the Lachnospiraceae and
Coriobacteriaceae families (Figure 5b). These
results indicated that the composition of the micro-
biota in our in-house colony shifted significantly
over time.

Discussion

In this study, we have shown that mice that lack
iNKT cells (CD1d™"~ mice) and mice that have
increased iNKT cell numbers (Val4 Tg mice) had
no significant alterations in the composition of
their intestinal microbiota relative to their respec-
tive littermate controls. Specific iNKT cell activa-
tion by 2 distinct glycolipid antigens (aGC and
OCHD9) led to a transient shift in microbiota com-
position, mainly characterized by increased abun-
dance of F. prausnitzii. Together, our work suggests
that iNKT cells have little influence on the compo-
sition of the intestinal microbiota at steady state,
and that their activation only transiently shifts
microbiota composition.

Differences in microbiota composition have
been reported in CD1d™~ or Jal8'" mice, the
latter specifically lacking iNKT cells due to the
inability to generate the canonical Val4-Jal8
TCRa chain, compared to wild-type mice.’® *
The discrepancy between these studies and ours
most likely lies in the experimental design and
methods of analysis used. In some of the published
studies, it is unclear whether iNKT cell-deficient
and sufficient littermate mice were used, in other
words, mice that were the product of heterozygous
breeding. Comparing groups of mice that are bred
separately, or sourced from different facilities (e.g.
wild-type mice purchased from outside vendors),
has clear limitations and does not provide conclu-
sive evidence that the genotype studied drives the
observed difference in microbiota composition.””>®
Although co-housing of iNKT cell-deficient and -
sufficient mice has been used in efforts to normalize
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Figure 5. The composition of the microbiota in C57BL/6 mice shifts over time. (a) 16S bacterial rRNA sequencing was used to
define the microbiota profiles of C57BL/6 mice sampled from the same colony one year apart (colonies 1, n = 8, and 1b, n = 20) and
from a separate colony (colony 2, n = 8). These groups were separated by principal coordinates PCo1 and PCo2, collectively explaining
46.2% of the total similarity between samples, based on Bray-Curtis distances. (b) MetagenomeSeq analysis shows the top 10 most
enriched OTUs in colony 1 and the 5 OTUs enriched in colony 1b. Log2 fold-change values are shown.

the microbiota for several weeks prior to sampling,
such methods have been proven ineffective at nor-
malizing microbiota composition, especially for
mucosa-associated microbes.””*® Here, we have
used littermate mice and accounted for other con-
founding factors in our analyses, such as sex, caging
and parental transmission. Our results clearly
demonstrate that iNKT cells or their specific activa-

tion only minimally influence microbiota

composition. In fact, in experimental settings
using harem breeding (and sire removal prior to
delivery), maternal transmission and caging invari-
ably had a greater impact on microbiota composi-
tion than genotype.

Many factors such as diet, lifestyle, metabolism,
and infection history regulate the microbiota.
However, the relative contribution of host genetics
on microbiota composition remains unclear.
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Although genetic manipulation in otherwise inbred
mice offers the possibility to study how specific
genes and their products impact microbiota com-
position, these studies have failed to provide unify-
ing findings. This is the case of studies of
mammalian innate receptors involved in the recog-
nition of microbe-associated molecular patterns
(MAMPs). Such molecules seem like ideal candi-
dates, and initial studies indeed reported that defi-
ciencies in toll-like receptor (TLR) 5 or the adaptor
protein MyD88 changed the microbiota
composition.’”*> However, a subsequent study
using littermate mice revealed that deficiency in
MyD88 or several TLRs did not impact microbiota
composition, richness, or diversity.s'7 Similarly,
mice lacking the Nod-like receptor NLRP6 or
inflammasome components such as ASC were
shown to have fecal dysbiosis,®*** but multiple
subsequent studies have failed to reproduce these
data.®* " It has been argued that genetic influence
on the microbiota could be context-specific (e.g.
particular microbiota composition in a given ani-
mal facility) and that microbiota studies in gene-
targeted mice should be conducted with several
microbiota environments, such as through fecal
microbiota transfer.***® However, we found no
difference in microbiota composition between
CD1d-deficient and sufficient littermate mice
before and after cross-fostering, housed in SPF
and eSPF conditions, respectively. In humans, mul-
tiple studies of Dutch, Flemish and Israeli popula-
tions found that host genetics plays a minor role in
determining microbiota composition.””””" A key
finding from these studies is that confounding fac-
tors should be considered when analyzing human
data’ and when designing preclinical mouse stu-
dies, such as the systematic use of littermate-
controlled experiments.””~>>%®

Cross-fostering is a simple and effective method
for generating mice with a desired gut microbiota.
Multiple studies have demonstrated that newborn
pups fostered by dams with a different microbiota
develop the same microbiota and associated phe-
notypes as their nursing mother rather than their
birth mother.****”>7* In line with this, cross-
fostering of our SPF CD1d-deficient mice with sur-
rogate mothers in barrier conditions effectively
eliminated several microbes that are known to

alter the microbiota and immune

27,28,44,45,75- .
landscape,””*®***>7>"7% and engrafted the mice

with a new conventional microbiota from which
we could then track how it is selectively shaped by
CD1d and/or iNKT cells over time. However,
a question that may arise from experiments that
study the impact of host genetics on the microbiota
is how long should the microbiota be monitored to
determine whether a genotype effect becomes bio-
logically relevant? In this study, we examined the
microbiota composition of littermate mice at 7 to
8 weeks of age to match with previous studies that
reported the age of the mice used.”” ** While we
found that the effect of genotype on microbiota was
indeed statistically significant, it was minimal com-
pared with other non-genetic factors. Consistent
with our finding, a recent study by Viennois et al.
demonstrated that the influence of peptide trans-
porter 1 (PepT1) deficiency on the microbiota is
minimal between F1 PepT1** and PepT1™'~
littermates.”” The effect of PepTl gradually
emerged along with its associated phenotypes
after several generations of separate homozygous
breeding of PepT1"* and PepT1~'~ mice from the
initial intercross, which suggests that certain gene
mutations may take longer to exert their effect on
the microbiota.”” However, a limitation of such
experimental design is that it becomes unclear
whether the ecological drift in the microbiota is
driven by the genotype or randomly introduced
by adjacent breeding. Our work showed that the
microbiota of our WT mouse colony can shift over
time despite consistent housing conditions and
absence of genetic manipulation. This is likely due
to random breeder selection, wherein certain inher-
ent microbiota differences within and between
breeding pairs are selectively propagated through
their progeny, ultimately leading to a change in the
microbial landscape of the entire colony.*
Therefore, any microbiota changes observed in
a gene-targeted mouse line that is bred and main-
tained in isolation must be interpreted with care in
order to determine the true effect of the host genet-
ics. Nevertheless, we cannot exclude the possibility
that the influence of CD1d and/or iNKT cells may
increase with age, and hence the microbiota of
older CD1d littermate mice may warrant further
examination in subsequent studies. In addition, it is
also possible that iNKT cell deficiency could impact
microbiota resilience (i.e. the ability to recover



from perturbations), which has been associated
with better health.®’ In line with this, Nod2-/-
mice have altered and/or delayed microbiota recov-
ery after antibiotic treatment, which impacts colitis
susceptibility.*>*’

iNKT cell activation by the specific glycolipid
ligands aGC and OCHJY led to a transient shift in
microbiota composition, characterized by an
increased abundance of F.  prausnitzii.
Interestingly, a low proportion of F. prausnitzii
was associated with recurrence of Crohn’s disease
in patients following surgical resection.** In addi-
tion, F. prausnitzii was shown to exert anti-
inflammatory functions in experimental colitis
in mice.** This could explain the beneficial effects
of aGC and OCHY treatment during dextran
sodium sulfate (DSS)-induced  colitis.®>®¢
However, we have not been able to reproduce
these findings, and our previous findings sug-
gested that the outcome of OCHY treatment
could be modulated by the intestinal
microbiota.*’

In sum, we found that mice that are genetically
deficient in iNKT cells or mice that have increased
frequency of these cells have no alteration in their
microbiota composition at steady state. In addition,
their specific activation in wild-type mice leads to
a moderate and transient shift in microbiota com-
position. Together, our findings suggest that iNKT
cells have little to no influence on the composition
of intestinal commensal bacteria in mice.

Materials and methods
Mice and reagents

Mice were used between 6-8 weeks of age, unless
otherwise specified. C57BL/6 (B6) mice were pur-
chased from Jackson Laboratories. CD1d™"~ mice
were generated and generously provided by
Dr. Chyung-Ru Wang (Northwestern University,
USA).*” Val4 Tg mice were a generous gift from
Dr. Albert Bendelac (University of Chicago).*’ All
strains were bred at the Division of Comparative
Medicine, University of Toronto animal facility
under barrier conditions in separate designated
areas, with either specific-pathogen free (SPF) or
enhanced (e) SPF status. The mice used in this
study were the product of in-house heterozygous
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breeding pairs or triads, unless specified. All animal
procedures were approved by the Faculty of
Medicine and Pharmacy Animal Care Committee
at the University of Toronto (Animal use protocols
20010135, 20010715, 20011113, 20011656). a-
galactosylceramide (KRN7000, aGC) was pur-
chased from Diagnocine. Antibodies used were
purchased from ThermoFisher Scientific,
Biolegend or BD Biosciences. OCHY, as well as
PBS57-loaded and unloaded biotinylated CD1d
monomers were obtained from the NIH Tetramer
Core Facility. CD1d monomers were tetramerized
by addition of fluorochrome-conjugated
streptavidin.

Cross-fostering procedure & husbandry

Outbred CD-1 female mice were used as surrogate
mothers and housed under barrier conditions within
a designated quarantine suite within the Division of
Comparative Medicine. CD1d™" mice were trans-
ferred to quarantine and timed pregnancies were set.
Pregnant females were transferred into clean auto-
claved cages 2 days prior to delivery. Within 24 h of
birth, pups were placed on warm and wet PREempt
wipes on a heating pad and under a heating lamp in
a biosafety cabinet for 2 min. Pups were then placed
with surrogate outbred female mice that had littered
within the past 5 days (all outbred pups but one were
removed). Fecal pellets were collected from cages
housing cross-fostered pups for PCR testing to con-
firm the elimination of Helicobacter spp., MNV and
Tritrichomonas. These CD1d ™"~ mice were then bred
with C57BL/6 mice to generate CD1d*'~ mice. This
colony was maintained as CD1d"'~ x CD1d*"~ breed-
ing pairs housed in barrier conditions in the suite
designated with eSPF status. After breeding CD1d"'~
mice together for 5 generations, CD1d""*, CD1d"~
and CD1d™" littermate mice were used for our
studies.

16S rRNA sequencing and OTU assembly

The V4 hypervariable region of the 16S rRNA gene
was amplified using uniquely barcoded 515 F (for-
ward) and 806 R (reverse) sequencing primers to
allow for multiplexing.®® Amplification reactions
were performed using 12.5 ul of KAPA2G Robust
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HotStart ReadyMix (KAPA Biosystems), 1.5 pl of 10
uM forward and reverse primers, 7.5 pl of sterile
water and 2 pl of DNA. The V4 region was amplified
by cycling the reaction at 95°C for 3 minutes, 22x
cycles of 95°C for 15 seconds, 50°C for 15 seconds
and 72°C for 15 seconds, followed by a 5-minute 72°
C extension. All amplification reactions were done in
triplicate to reduce amplification bias, pooled, and
checked on a 1% agarose TBE gel. Pooled triplicates
were quantified using PicoGreen and combined by
even concentrations. The library was then purified
using Ampure XP beads and loaded on to the
[lumina MiSeq for sequencing, according to manu-
facturer instructions (Illumina, San Diego, CA).
Sequencing was performed using the V2 (150bp
x 2) chemistry. A single-species (Pseudomonas aeru-
ginosa DNA), a mock community (Zymo Microbial
Community DNA Standard) and a template-free
negative control were sequenced.

The UNOISE pipeline, available through
USEARCH v11.0.667 and vsearch v2.10.4, was used
for sequence analysis.**° The last base was removed
from all sequences using cutadapt v.1.18. Sequences
were assembled and quality trimmed using - fas-
tq_mergepairs with a — fastq_trunctail set at 2, a -
fastq_minqual set at 3, a -fastq_maxdiffs set at 5, a -
fastq_pctid set at 90, and minimum and maximum
assemble lengths set at 243 and 263 (+ 10 from the
mean) base pairs. Assembled sequences were quality
filtered using - fastq_filter with a — fastq_maxee set
at 1.0. The trimmed data was then processed follow-
ing the UNOISE pipeline. Sequences were first de-
replicated and sorted to remove singletons, then
denoised and chimeras were removed using the
unoise3 command. Assembled sequences were
mapped back to the chimera-free denoised zOTUs
at 99% identity, allowing for a 1% PCR error-rate.
Taxonomy assignment was executed using SINTAX,
available through USEARCH, and the UNOISE
compatible Ribosomal Database Project (RDP) data-
base version 16, with a minimum confidence cutoff
of 0.8. OTU sequences were aligned using align_-
seqs.py v.1.9.1 through QIIMEL.”" Sequences that
did not align were removed from the dataset and
a phylogenetic tree of the filtered aligned sequence
data was made using FastTree.”” The 16S copy num-
ber and V4 primer differences were estimated with
the SINAPS algorithm and the UNBIAS reference
databases, accessed through USEARCH.*

Quantification and statistical analyses

Analysis of the resulting OTU table was per-
formed in R, utilizing a variety of packages (R
Core Team, 2019). The OTU table was con-
verted from BIOM format to PhyloSeq™ and
normalized by estimated 16S copy number.”
The prevalence and abundance of OTUs was
determined and OTUs less prevalent or abun-
dant than the first quartile of data were
removed from the data set. Relative abundances
of OTUs were examined using PhyloSeq.”> The
OTU table was normalized using Cumulative
Sum Scaling, as determined through the
R package metagMisc::phyloseq_transform_css.
Bray-Curtis dissimilarity values were deter-
mined and Principal Coordinate Analysis
(PCoA) was performed. Axis 1 and axis 2
were visualized for each plot.

Significant sources of variation were identified
using the ‘adonis’ function (permutational ANOVA),
run with 1,000 permutations and a Benjamini-
Hochberg-Yekutieli false discovery rate correction,
available through the Vegan R package. Mouse meta-
data including parent group, sex, cage, experiment,
and genotype were input into the model when avail-
able. Significance was defined as p < .01.

The relative abundance of OTUs between experi-
mental  groups  were compared  using
MetagenomeSeq, which utilized RNA-seq Limma
software adapted for metagenomics,””> and
DESeq2.”® PhyloSeq was used to convert the data
to MetagenomeSeq format. Zero-inflated Gaussian
(FitZig) function in MetagenomeSeq was primarily
used to identify differences between genotypes,
retaining results with a p-value <0.01 and a log2
fold change (LFC) > 1. Mouse sex was controlled
for and results were filtered to remove species that
were not identified in the MetagenomeSeq:
EffectiveSampleSize. Results were adjusted for mul-
tiple comparisons using the Benjamini-Hochberg-
Yekutieli method. Comparisons were achieved
using the ‘makeContrasts’ function in
MetagenomeSeq. DESeq2 was used to further vali-
date these results. DESeq2 was performed on an
OTU table additionally filtered to remove OTUs
with less than 10,000 sequences per sample, to
reduce the impact of low coverage. The test was
performed using a parametric fit and a Wald test,



defined by the function nbinomWaldTest, compar-
ing by Genotype*Experiment. OTUs with an abso-
lute LFC > 2 and an adjusted p-value < 0.01 were
retained for analysis. These OTUs were used to
validate the results from MetagenomeSeq FitZig.

a-galactosylceramide administration in vivo

Mice were fasted for 6 h prior to oral gavage with
2 ug aGC in 200 pl PBS or PBS only. In parallel, mice
were injected intravenously (i.v.) with 0.5 pg aGC in
100 pl PBS. Spleens and mesenteric lymph nodes
(mLN) were analyzed at d3 or d5, as indicated. In
some experiments, colons were collected at d3.
Proximal colon biopsy punches (2 mm) were cul-
tured in complete RPMI 1640 medium supplemen-
ted with 10% FCS for 48 h. Culture supernatants
were analyzed using the Quantibody® Mouse
Cytokine array from RayBiotech Life, Inc.

Cell preparation and flow cytometry

Spleens and mesenteric lymph nodes (mLNs) were
mechanically disrupted and filtered through 40 pm
cell strainers into single cell suspensions. Colons
were opened longitudinally, and the mucus scraped
off. Small colon sections were shaken in PBS with
EDTA (5 mM) and Hepes (5 mM) for 15 min at
37°C, rinsed in 1X HBSS, and gently rubbed on
a paper towel to further remove mucus. Tissues
were minced using scissors, digested in HBSS buffer
containing 4% FBS, 0.5 mg/ml DNAse I, 0.5 mg/ml
collagenase IV and 10 mM Hepes at 37°C for
20 min, vortexed vigorously and processed through
40 um cell strainers. Lymphocytes were isolated
through a Percoll density gradient centrifugation,
according to the manufacturer specifications. Cells
were centrifuged, resuspended in 40% Percoll, and
overlaid on 80% Percoll. Recovered cells were
resuspended in MACS buffer (0.5 g/L bovine
serum albumin and 0.744 g/L ethylenediaminete-
traacetic acid) and stained with LIVE/DEAD™
Fixable Aqua and antibodies for surface markers.
Cells were then fixed and permeabilized using the
Intracellular Fixation & Permeabilization Kit
(eBioscience) and stained with antibodies against
transcription factors for 30 min. iNKT cells were
identified as live CD19”~ TCRB* PBS57-loaded
CD1d Tetramer® lymphocytes. iNKT cell subsets
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were discriminated by expression of the transcrip-
tion factors PLZF, T-bet and RORyt, as previously
described.”’ Samples were acquired on the LSR
Fortessa cytometer in the Temerty Faculty of
Medicine Flow Cytometry Facility at the
University of Toronto. FlowJo (BD Biosciences)
was used to analyze flow cytometry data and
GraphPad Prism was used for the Mann-Whitney
and  tests.

Acknowledgments

This work is dedicated to the memory of our colleague and
dear friend Susan Robertson.

Data availability statement

All the sequencing data generated in this manuscript is available at
the NCBI Sequence Read Archive (SRA) at https://www.ncbi.nlm.
nih.gov/sra/PRJNA692215 under the BioProject ID
PRJNA692215.

Disclosure statement

No potential conflict of interest was reported by the author(s).

Author contributions

Q.L. designed and performed experiments, analyzed the data and
wrote the manuscript. M.K. performed experiments and analyzed
the data. J K.C. and D.C. analyzed the data and reviewed the
manuscript. Z.L. and J.K. performed experiments. S.J.R. and D.S.
G. assisted with experimental design. E.K.B. and D.].P. designed
experiments and reviewed the manuscript. T.M. designed experi-
ments, analyzed the data and wrote the manuscript.

Funding

This work was supported by a CGS-M Scholarship (CIHR)
grant (363664), and a Canada Foundation for Innovation
Physical Infrastructure Grant (John R. Evans Leaders Fund
from the Canadian Foundation for Innovation 29186) to T.M.
T.M. is supported by a Canada Research Chair in NKT cell
Immunobiolog; Canadian Institutes of Health Research

ORCID

Dana ] Philpott
Thierry Mallevaey

http://orcid.org/0000-0003-3238-6254
http://orcid.org/0000-0001-8810-3482


https://www.ncbi.nlm.nih.gov/sra/PRJNA692215
https://www.ncbi.nlm.nih.gov/sra/PRJNA692215

€2104087-14 Q. LIN ET AL.

References

1.

10.

11.

Godfrey DI, Uldrich AP, McCluskey ], Rossjohn ],
Moody DB. The burgeoning family of unconventional T
cells. Nat Immunol. 2015;16(11):1114-1123. do0i:10.1038/
ni.3298.

. Matsuda JL, Mallevaey T, Scott-Browne J, Gapin L.

CD1d-restricted iNKT cells, the “Swiss-Army knife” of
the immune system. Curr Opin Immunol. 2008;20
(3):358-368. doi:10.1016/j.c0i.2008.03.018.

. Kinjo Y, Wu D, Kim G, Xing G-W, Poles MA, Ho DD,

Tsuji M, Kawahara K, Wong C-H, Kronenberg M.
Recognition of bacterial glycosphingolipids by natural
killer T cells. Nature. 2005;434(7032):520-525. doi:10.
1038/nature03407.

. Mattner J, Debord KL, Ismail N, Goff RD, Cantu C,

Zhou D, Saint-Mezard P, Wang V, Gao Y, Yin N, et al.
Exogenous and endogenous glycolipid antigens activate
NKT cells during microbial infections. Nature. 2005;434
(7032):525-529. doi:10.1038/nature03408.

. Kinjo Y, Tupin E, Wu D, Fujio M, Garcia-Navarro R,

Mr-e-i B, Zajonc DM, Ben-Menachem G, Ainge GD,
Painter GF, et al. Natural killer T cells recognize diacyl-
glycerol antigens from pathogenic bacteria. Nat
Immunol. 2006;7(9):978-986. d0i:10.1038/ni1380.

. Kinjo Y, Illarionov P, Vela JL, Pei B, Girardi E, Li X,

Li Y, Imamura M, Kaneko Y, Okawara A, et al.
Invariant natural killer T cells recognize glycolipids
from pathogenic Gram-positive bacteria. Nat
Immunol. 2011;12(10):966-974. d0i:10.1038/ni.2096.

. Lin Q, Kuypers M, Philpott DJ, Mallevaey T. The dia-

logue between unconventional T cells and the
microbiota. Mucosal Immunol. 2020;13(6):867-876.
doi:10.1038/s41385-020-0326-2.

. von Gerichten J, Lamprecht D, Opalka L, Soulard D,

Marsching C, Pilz R, Sencio V, Herzer S, Galy B,
Nordstrom V, et al. Bacterial immunogenic a-
galactosylceramide identified in the murine large intes-
tine: dependency on diet and inflammation. J Lipid Res.
2019;60(11):1892-1904. doi:10.1194/jlr. RA119000236.

. An D, Oh SF, Olszak T, Neves JF, Avci FY, Erturk-

Hasdemir D, Lu X, Zeissig S, Blumberg RS,
Kasper DL. Sphingolipids from a symbiotic microbe
regulate homeostasis of host intestinal natural killer T
cells. Cell. 2014;156(1-2):123-133. doi:10.1016/j.cell.
2013.11.042.

Wieland Brown LC, Penaranda C, Kashyap PC,
Williams BB, Clardy J, Kronenberg M, Sonnenburg JL,
Comstock LE, Bluestone JA, Fischbach MA. Production
of a-galactosylceramide by a prominent member of the
human gut microbiota. PLoS Biol. 2013;11(7):e1001610.
doi:10.1371/journal.pbio.1001610.

Opasawatchai A, Matangkasombut P. Cells and their
potential lipid ligands during viral infection. Front
Immunol. iNKT;2015:378.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

Brennan PJ, Brigl M, Brenner MB. Invariant natural
killer T cells: an innate activation scheme linked to
diverse effector functions. Nat Rev Immunol. 2013;13
(2):101-117. doi:10.1038/nri3369.

Brigl M, Tatituri RVV, Watts GFM, Bhowruth V,
Leadbetter EA, Barton N, Cohen NR, Hsu -F-F,
Besra GS, Brenner MB. Innate and cytokine-driven
signals, rather than microbial antigens, dominate in
natural killer T cell activation during microbial
infection. ] Exp Med. 2011;208(6):1163-1177. doi:10.
1084/jem.20102555.

Tupin E, Mr-e-i B, Kinjo Y, Patsey R, Lena C]J,
Haller MC, Caimano M]J, Imamura M, Wong C-H,
Crotty S, et al. NKT cells prevent chronic joint inflam-
mation after infection with Borrelia burgdorferi. Proc
Natl Acad Sci U S A. 2008;105(50):19863-19868. doi:10.
1073/pnas.0810519105.

Amprey JL, ImJS, Turco SJ, Murray HW, Illarionov PA,
Besra GS, Porcelli SA, Spith GF. A subset of liver NK
T cells is activated during Leishmania donovani infec-
tion by CD1d-bound lipophosphoglycan. J Exp Med.
2004;200(7):895-904. doi:10.1084/jem.20040704.

Ito Y, Vela JL, Matsumura F, Hoshino H, Tyznik A,
Lee H, Girardi E, Zajonc DM, Liddington R,
Kobayashi M, et al. Helicobacter pylori cholesteryl a-
glucosides contribute to its pathogenicity and immune
response by natural killer T cells. PLoS One. 2013;8(12):
¢78191. doi:10.1371/journal.pone.0078191.
Grubor-Bauk B, Simmons A, Mayrhofer G, Speck PG.
Impaired clearance of herpes simplex virus type 1 from
mice lacking CD1d or NKT cells expressing the semi-
variant V alpha 14-] alpha 281 TCR. J Immunol.
2003;170(3):1430-1434. doi:10.4049/jimmunol.170.3.
1430.

Wesley JD, Tessmer MS, Chaukos D, Brossay L. NK
cell-like behavior of Valphal4i NK T cells during
MCMV infection. PLoS Pathog. 2008;4:e1000106.
doi:10.1371/journal.ppat.1000106.

Paget C, Ivanov S, Fontaine ], Renneson J, Blanc F,
Pichavant M, Dumoutier L, Ryffel B, Renauld JC,
Gosset P, et al. Interleukin-22 is produced by invariant
natural killer T lymphocytes during influenza A virus
infection: potential role in protection against lung
epithelial damages. J Biol Chem. 2012;287:8816-8829.
De Santo C, Salio M, Masri SH, Lee LY-H, Dong T,
Speak AO, Porubsky S, Booth S, Veerapen N, Besra GS,
et al. Invariant NKT cells reduce the immunosuppres-
sive activity of influenza A  virus-induced
myeloid-derived suppressor cells in mice and humans.
J Clin Invest. 2008;118(12):4036-4048. doi:10.1172/
JCI36264.

Kakimi K, Guidotti LG, Koezuka Y, Chisari FV. Natural
killer T cell activation inhibits hepatitis B virus replica-
tion in vivo. ] Exp Med. 2000;192(7):921-930. doi:10.
1084/jem.192.7.921.


https://doi.org/10.1038/ni.3298
https://doi.org/10.1038/ni.3298
https://doi.org/10.1016/j.coi.2008.03.018
https://doi.org/10.1038/nature03407
https://doi.org/10.1038/nature03407
https://doi.org/10.1038/nature03408
https://doi.org/10.1038/ni1380
https://doi.org/10.1038/ni.2096
https://doi.org/10.1038/s41385-020-0326-2
https://doi.org/10.1194/jlr.RA119000236
https://doi.org/10.1016/j.cell.2013.11.042
https://doi.org/10.1016/j.cell.2013.11.042
https://doi.org/10.1371/journal.pbio.1001610
https://doi.org/10.1038/nri3369
https://doi.org/10.1084/jem.20102555
https://doi.org/10.1084/jem.20102555
https://doi.org/10.1073/pnas.0810519105
https://doi.org/10.1073/pnas.0810519105
https://doi.org/10.1084/jem.20040704
https://doi.org/10.1371/journal.pone.0078191
https://doi.org/10.4049/jimmunol.170.3.1430
https://doi.org/10.4049/jimmunol.170.3.1430
https://doi.org/10.1371/journal.ppat.1000106
https://doi.org/10.1172/JCI36264
https://doi.org/10.1172/JCI36264
https://doi.org/10.1084/jem.192.7.921
https://doi.org/10.1084/jem.192.7.921

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

Gaya M, Barral P, Burbage M, Aggarwal S, Montaner B,
Warren Navia A, Aid M, Tsui C, Maldonado P, Nair U,
et al. Initiation of antiviral B immunity relies on innate
signals from spatially positioned NKT. Cell. 2018;172
(3):517-533.€20. doi:10.1016/j.cell.2017.11.036.
Geuking MB, Burkhard R. Microbial modulation of
intestinal T helper cell responses and implications for
disease and therapy. Mucosal Immunol. 2020;13
(6):855-866. doi:10.1038/s41385-020-00335-w.

McCoy KD, Ronchi F, Geuking MB. Host-microbiota
interactions and adaptive immunity. Immunol Rev.
2017;279(1):63-69. doi:10.1111/imr.12575.
Macpherson AJ, Harris NL. Interactions between
commensal intestinal bacteria and the immune
system. Nat Rev Immunol. 2004;4(6):478-485.
doi:10.1038/nril1373.

Ivanov A II, Manel K, Brodie N, Shima EL, Karaoz T,
Wei U, Goldfarb D, Santee KC, Lynch CA, Lynch, et al.
Induction of intestinal Th17 cells by segmented fila-
mentous bacteria. Cell. 2009;139(3):485-498. doi:10.
1016/j.cell.2009.09.033.

Chudnovskiy A, Mortha A, Kana V, Kennard A,
Ramirez JD, Rahman A, Remark R, Mogno I, Ng R,
Gnjatic S, et al. Host-protozoan interactions protect
from mucosal infections through activation of the
inflammasome. Cell. 2016;167(2):444-456.e14. doi:10.
1016/j.cell.2016.08.076.

Escalante NK, Lemire P, Cruz Tleugabulova M,
Prescott D, Mortha A, Streutker CJ, Girardin SE,
Philpott DJ, Mallevaey T. The common mouse protozoa
Tritrichomonas muris alters mucosal T cell homeostasis
and colitis susceptibility. ] Exp Med. 2016;213
(13):2841-2850. doi:10.1084/jem.20161776.

Atarashi K, Tanoue T, Shima T, Imaoka A, Kuwahara T,
Momose Y, Cheng G, Yamasaki S, Saito T, Ohba Y, et al.
Induction of colonic regulatory T cells by indigenous
clostridiu species. Science. 2011;331(6015):337-341.
doi:10.1126/science.1198469.

Atarashi K, Tanoue T, Oshima K, Suda W,
Nagano Y, Nishikawa H, Fukuda S, Saito T,
Narushima S, Hase K, et al. Treg induction by
a rationally selected mixture of Clostridia strains
from the human microbiota. Nature. 2013;500
(7461):232-236. doi:10.1038/nature12331.

Geuking MB, Cahenzli ], Lawson MAE, Ng DCK,
Slack E, Hapfelmeier S, McCoy KD, Macpherson AJ.
Intestinal bacterial colonization induces mutualistic
regulatory T cell responses. Immunity. 2011;34
(5):794-806. doi:10.1016/j.immuni.2011.03.021.

Beura LK, Hamilton SE, Bi K, Schenkel JM,
Odumade OA, Casey KA, Thompson EA, Fraser KA,
Rosato PC, Filali-Mouhim A, et al. Normalizing the
environment recapitulates adult human immune traits
in laboratory mice. Nature. 2016;532(7600):512-516.
doi:10.1038/naturel7655.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

GUT MICROBES (&) €2104087-15

Abolins S, King EC, Lazarou L, Weldon L, Hughes L,
Drescher P, Raynes ]G, Hafalla JCR, Viney ME,
Riley EM. The comparative immunology of wild and
laboratory mice, Mus musculus domesticus. Nat
Commun. 2017;8(1):14811. doi:10.1038/ncomms14811.
Rosshart SP, Vassallo BG, Angeletti D, Hutchinson DS,
Morgan AP, Takeda K, Hickman HD, McCulloch JA,
Badger JH, Ajami NJ, et al. Wild mouse gut microbiota
promotes host fitness and improves disease resistance.
Cell. 2017:171(5):1015-1028.

Rosshart SP, Herz J, Vassallo BG, Hunter A, Wall MK,
Badger JH, McCulloch JA, Anastasakis DG,
Sarshad AA, Leonardi I, et al. Laboratory mice born to
wild mice have natural microbiota and model human
immune responses. Science. 2019;365(6452). doi:10.
1126/science.aaw4361.

Olszak T, An D, Zeissig S, Vera MP, Richter J, Franke A,
Glickman JN, Siebert R, Baron RM, Kasper DL, et al.
Microbial exposure during early life has persistent
effects on natural killer T cell function. Science.
2012;336(6080):489-493. doi:10.1126/science.1219328.
Wingender G, Stepniak D, Krebs P, Lin L, McBride §,
Wei B, Braun ], Mazmanian SK, Kronenberg M.
Intestinal microbes affect phenotypes and functions of

invariant natural killer T cells in mice.
Gastroenterology. 2012;143(2):418-428. doi:10.1053/j.
gastro.2012.04.017.

Sdez de Guinoa J, Jimeno R, Gaya M, Kipling D,
Garzon M]J, Dunn-Walters D, Ubeda C, Barral P. CD
1d-mediated lipid presentation by CD 11c + cells reg-
ulates intestinal homeostasis. EMBO J. 2018;37(5):
€97537. doi:10.15252/embj.201797537.

Maricic I, Marrero I, Eguchi A, Nakamura R, Johnson CD,
Dasgupta S, Hernandez CD, Nguyen PS, Swafford AD,
Knight R, et al. Differential activation of hepatic invariant
NKT cell subsets plays a key role in progression of non-
alcoholic  steatohepatitis. ] Immunol. 2018;201
(10):3017-3035. doi:10.4049/jimmunol.1800614.
Nieuwenhuis EES, Matsumoto T, Lindenbergh D,
Willemsen R, Kaser A, Simons-Oosterhuis Y,
Brugman S, Yamaguchi K, Ishikawa H, Aiba Y, et al.
Cd1d-dependent regulation of bacterial colonization in
the intestine of mice. ] Clin Invest. 2009;119
(5):1241-1250. doi:10.1172/JCI36509.

Shen S, Prame Kumar K, Stanley D, Moore R],
Van TTH, Wen SW, Hickey MJ], Wong CHY.
Invariant natural killer T cells shape the gut microbiota
and regulate neutrophil recruitment and function dur-
ing intestinal inflammation. Front
2018;9:999. doi:10.3389/fimmu.2018.00999.
de Aguiar Cf, Castoldi A, Amano MT, Ignacio A,
Terra FF, Cruz M, Felizardo RJF, Braga TT,
Davanzo GG, Gambarini V, et al. Fecal IgA levels and
gut microbiota composition are regulated by invariant
natural killer T cells. Inflamm Bowel Dis. 2020;26
(5):697-708. doi:10.1093/ibd/izz300.

Immunol.


https://doi.org/10.1016/j.cell.2017.11.036
https://doi.org/10.1038/s41385-020-00335-w
https://doi.org/10.1111/imr.12575
https://doi.org/10.1038/nri1373
https://doi.org/10.1016/j.cell.2009.09.033
https://doi.org/10.1016/j.cell.2009.09.033
https://doi.org/10.1016/j.cell.2016.08.076
https://doi.org/10.1016/j.cell.2016.08.076
https://doi.org/10.1084/jem.20161776
https://doi.org/10.1126/science.1198469
https://doi.org/10.1038/nature12331
https://doi.org/10.1016/j.immuni.2011.03.021
https://doi.org/10.1038/nature17655
https://doi.org/10.1038/ncomms14811
https://doi.org/10.1126/science.aaw4361
https://doi.org/10.1126/science.aaw4361
https://doi.org/10.1126/science.1219328
https://doi.org/10.1053/j.gastro.2012.04.017
https://doi.org/10.1053/j.gastro.2012.04.017
https://doi.org/10.15252/embj.201797537
https://doi.org/10.4049/jimmunol.1800614
https://doi.org/10.1172/JCI36509
https://doi.org/10.3389/fimmu.2018.00999
https://doi.org/10.1093/ibd/izz300

€2104087-16 Q. LIN ET AL.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

Selvanantham T, Lin Q, Guo CX, Surendra A, Fieve S,
Escalante NK, Guttman DS, Streutker CJ, Robertson SJ,
Philpott DJ, et al. NKT cell-deficient mice harbor an
altered microbiota that fuels intestinal inflammation dur-
ing chemically induced colitis. ] Immunol. 2016;197
(11):4464-4472. doi:10.4049/jimmunol.1601410.

Hue S, Ahern P, Buonocore S, Kullberg MC, Cua DJ,
McKenzie BS, Powrie F, Maloy KJ. Interleukin-23 drives
innate and T cell-mediated intestinal inflammation.
J Exp Med. 2006;203(11):2473-2483. doi:10.1084/jem.
20061099.

Cadwell K, Patel KK, Maloney NS, Liu T-C, Ng ACY,
Storer CE, Head RD, Xavier R, Stappenbeck TS,
Virgin HW. Virus-plus-susceptibility gene interaction
determines Crohn’s disease gene Atgl6L1 phenotypes
in intestine. Cell. 2010;141(7):1135-1145. do0i:10.1016/j.
cell.2010.05.009.

Daft JG, Ptacek T, Kumar R, Morrow C, Lorenz RG.
Cross-fostering immediately after birth induces
a permanent microbiota shift that is shaped by the
nursing mother. Microbiome. 2015;3(1):17. doi:10.
1186/540168-015-0080-y.

Weiss S, Xu ZZ, Peddada S, Amir A, Bittinger K,
Gonzalez A, Lozupone C, Zaneveld JR, Viazquez-
Baeza Y, Birmingham A, et al. Normalization and
microbial differential abundance strategies depend
upon data characteristics. Microbiome. 2017;5(1):27.
doi:10.1186/540168-017-0237-y.

Elinav E, Henao-Mejia ], Strowig T, Flavell R. NLRP6
and dysbiosis: avoiding the luring attraction of
over-simplification. Immunity. 2018;48(4):603-604.
doi:10.1016/j.immuni.2018.04.002.

Griewank K, Borowski C, Rietdijk S, Wang N, Julien A,
Wei DG, Mamchak AA, Terhorst C, Bendelac A.
Homotypic interactions mediated by Slamfl and
Slamf6 receptors control NKT cell lineage
development. Immunity. 2007;27(5):751-762. doi:10.
1016/j.immuni.2007.08.020.

Joseph C, Klibi ], Amable L, Comba L, Cascioferro A,
Delord M, Parietti V, Lenoir C, Latour S, Lucas B, et al.
TCR density in early iNKT cell precursors regulates
agonist selection and subset differentiation in mice.
Eur J Immunol. 2019;49(6):894-910. doi:10.1002/eji.
201848010.

Lau I, de Amat Herbozo C, Kuypers M, Lin Q, Paget C,
Mallevaey T. Altered innate-like T cell development in
Val4-Jal8 TCRa transgenic mice. Immunohorizons.
2020;4(12):797-808. doi:10.4049/immunohorizons.
2000100.

Lee YJ, Holzapfel KL, Zhu ], Jameson SC, Hogquist KA.
Steady-state production of IL-4 modulates immunity in
mouse strains and is determined by lineage diversity of
iNKT cells. Nat Immunol. 2013;14(11):1146-1154.
doi:10.1038/ni.2731.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

Miyamoto K, Miyake S, Yamamura T. A synthetic gly-
colipid prevents autoimmune encephalomyelitis by
inducing TH2 bias of natural killer T cells. Nature.
2001;413(6855):531-534. d0i:10.1038/35097097.
Crowe NY, Uldrich AP, Kyparissoudis K,
Hammond KJL, Hayakawa Y, Sidobre S, Keating R,
Kronenberg M, Smyth MJ, Godfrey DI. Glycolipid anti-
gen drives rapid expansion and sustained cytokine pro-
duction by NK T cells. ] Immunol. 2003;171
(8):4020-4027. doi:10.4049/jimmunol.171.8.4020.
Wilson MT, Johansson C, Olivares-Villagémez D,
Singh AK, Stanic AK, Wang C-R, Joyce S, Wick M],
Van Kaer L. The response of natural killer T cells to
glycolipid antigens is characterized by surface receptor
down-modulation and expansion. Proc Natl Acad Sci
U S A. 2003;100(19):10913-10918. doi:10.1073/pnas.
1833166100.

Lee YJ, Wang H, Starrett GJ, Phuong V, Jameson SC,
Hogquist KA. Tissue-Specific distribution of iNKT cells
impacts their cytokine response. Immunity. 2015;43
(3):566-578. d0i:10.1016/j.immuni.2015.06.025.

Ubeda C, Lipuma L, Gobourne A, Viale A, Leiner I,
Equinda M, Khanin R, Pamer EG. Familial transmission
rather than defective innate immunity shapes the dis-
tinct intestinal microbiota of TLR-deficient mice. ] Exp
Med. 2012;209(8):1445-1456. doi:10.1084/jem.
20120504.

Stappenbeck TS, Virgin HW. Accounting for reciprocal
host-microbiome interactions in experimental science.
Nature. 2016;534(7606):191-199. doi:10.1038/
naturel8285.

Robertson SJ, Lemire P, Maughan H, Goethel A,
Turpin W, Bedrani L, Guttman DS, Croitoru K,
Girardin SE, Philpott DJ. Comparison of co-housing
and littermate methods for microbiota standardization
in mouse models. Cell Rep. 2019;27(6):1910-1919.e2.
doi:10.1016/j.celrep.2019.04.023.

Caruso R, Ono M, Bunker ME, Nuiiez G, Inohara N.
Dynamic and asymmetric changes of the microbial
communities after cohousing in laboratory mice. Cell
Rep. 2019;27(11):3401-3412.e3. doi:10.1016/j.celrep.
2019.05.042.

Wen L, Ley RE, Volchkov PY, Stranges PB,
Avanesyan L, Stonebraker AC, Hu C, Wong FS,
Szot GL, Bluestone JA, et al. Innate immunity and
intestinal microbiota in the development of Type 1
diabetes. Nature. 2008;455(7216):1109-1113. doi:10.
1038/nature07336.

Vijay-Kumar M, Aitken JD, FA,
Cullender TC, Mwangi S, Srinivasan S, Sitaraman SV,
Knight R, Ley RE, Gewirtz AT. Metabolic syndrome and
altered gut microbiota in mice lacking Toll-like receptor
5. Science. 2010;328(5975):228-231. doi:10.1126/
science.1179721.

Carvalho


https://doi.org/10.4049/jimmunol.1601410
https://doi.org/10.1084/jem.20061099
https://doi.org/10.1084/jem.20061099
https://doi.org/10.1016/j.cell.2010.05.009
https://doi.org/10.1016/j.cell.2010.05.009
https://doi.org/10.1186/s40168-015-0080-y
https://doi.org/10.1186/s40168-015-0080-y
https://doi.org/10.1186/s40168-017-0237-y
https://doi.org/10.1016/j.immuni.2018.04.002
https://doi.org/10.1016/j.immuni.2007.08.020
https://doi.org/10.1016/j.immuni.2007.08.020
https://doi.org/10.1002/eji.201848010
https://doi.org/10.1002/eji.201848010
https://doi.org/10.4049/immunohorizons.2000100
https://doi.org/10.4049/immunohorizons.2000100
https://doi.org/10.1038/ni.2731
https://doi.org/10.1038/35097097
https://doi.org/10.4049/jimmunol.171.8.4020
https://doi.org/10.1073/pnas.1833166100
https://doi.org/10.1073/pnas.1833166100
https://doi.org/10.1016/j.immuni.2015.06.025
https://doi.org/10.1084/jem.20120504
https://doi.org/10.1084/jem.20120504
https://doi.org/10.1038/nature18285
https://doi.org/10.1038/nature18285
https://doi.org/10.1016/j.celrep.2019.04.023
https://doi.org/10.1016/j.celrep.2019.05.042
https://doi.org/10.1016/j.celrep.2019.05.042
https://doi.org/10.1038/nature07336
https://doi.org/10.1038/nature07336
https://doi.org/10.1126/science.1179721
https://doi.org/10.1126/science.1179721

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

Elinav E, Strowig T, Kau AL, Henao-Mejia J, Thaiss CA,
Booth CJ, Peaper DR, Bertin J, Eisenbarth SC,
Gordon JI, et al. NLRP6 inflammasome regulates colo-
nic microbial ecology and risk for colitis. Cell. 2011;145
(5):745-757. doi:10.1016/j.cell.2011.04.022.
Henao-Mejia J, Elinav E, Jin C, Hao L, Mehal WZ,
Strowig T, Thaiss CA, Kau AL, Eisenbarth SC,
Jurczak MJ, et al. Inflammasome-mediated dysbiosis
regulates progression of NAFLD and obesity. Nature.
2012;482(7384):179-185. doi:10.1038/nature10809.
Blazejewski AJ, Thiemann S, Schenk A, Pils MC,
Galvez EJC, Roy U, Heise U, de Zoete MR, Flavell RA,
Strowig T. Microbiota normalization reveals that cano-
nical caspase-1 activation exacerbates chemically
induced intestinal inflammation. Cell Rep. 2017;19
(11):2319-2330. doi:10.1016/j.celrep.2017.05.058.
Lemire P, Robertson SJ, Maughan H, Tattoli I,
Streutker CJ, Platnich JM, Muruve DA, Philpott DJ,
Girardin SE. The NLR protein NLRP6 does not impact
gut microbiota composition. Cell Rep. 2017;21:3653-3661.
Mamantopoulos M, Ronchi F, Van Hauwermeiren F,
Vieira-Silva S, Yilmaz B, Martens L, Saeys Y,
Drexler SK, Yazdi AS, Raes ], et al. Nlrp6- and
ASC-dependent inflammasomes do not shape the com-
mensal gut microbiota composition. Immunity. 2017;47
(2):339-348.e4. doi:10.1016/j.immuni.2017.07.011.
Woullaert A, Lamkanfi M, McCoy KD. Defining the
impact of host genotypes on microbiota composition
requires meticulous control of experimental variables.
Immunity. 2018;48(4):605-607. doi:10.1016/j.immuni.
2018.04.001.

Rothschild D, Weissbrod O, Barkan E, Kurilshikov A,
Korem T, Zeevi D, Costea PI, Godneva A, Kalka IN,
Bar N, et al. Environment dominates over host genetics
in shaping human gut microbiota. Nature. 2018;555
(7695):210-215. doi:10.1038/nature25973.

Zhernakova A, Kurilshikov A, Bonder M]J,
Tigchelaar EF, Schirmer M, Vatanen T, Mujagic Z,
Vila AV, Falony G, Vieira-Silva S, et al. Population-
based metagenomics analysis reveals markers for gut
microbiome composition and diversity. Science.
2016;352(6285):565-569. doi:10.1126/science.aad3369.
Falony G, Joossens M, Vieira-Silva S, Wang J, Darzi Y,
Faust K, Kurilshikov A, Bonder M]J, Valles-Colomer M,
Vandeputte D, et al. Population-level analysis of gut
microbiome variation. Science. 2016;352(6285):560-564.
doi:10.1126/science.aad3503.

Vujkovic-Cvijin I, Sklar J, Jiang L, Natarajan L,
Knight R, Belkaid Y. Host variables confound gut
microbiota studies of human disease. Nature. 2020;587
(7834):448-454. doi:10.1038/s41586-020-2881-9.
Garrett WS, Lord GM, Punit S, Lugo-Villarino G,
Mazmanian SK, Ito S, Glickman JN, Glimcher LH.
Communicable ulcerative colitis induced by T-bet defi-
ciency in the innate immune system. Cell. 2007;131
(1):33-45. doi:10.1016/j.cell.2007.08.017.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

GUT MICROBES (&) €2104087-17

Couturier-Maillard A, Secher T, Rehman A,
Normand S, De Arcangelis A, Haesler R, Huot L,
Grandjean T, Bressenot A, Delanoye-Crespin A, et al.
NOD2-mediated dysbiosis predisposes mice to trans-
missible colitis and colorectal cancer. J Clin Invest.
2013;123(2):700-711. doi:10.1172/JCI162236.

Pearson JA, Tai N, Ekanayake-Alper DK, Peng J, Hu Y,
Hager K, Compton S, Wong FS, Smith PC, Wen L.
Norovirus changes susceptibility to type 1 diabetes by
altering intestinal microbiota and immune cell
functions. Front Immunol. 2019;10:2654. doi:10.3389/
fimmu.2019.02654.

Dingemanse C, Belzer C, van Hijum SAFT,
Giinthel M, Salvatori D, den Dunnen JT,
Kuijper EJ, Devilee P, de Vos WM, van

Ommen GB, et al. Akkermansia muciniphila and
Helicobacter typhlonius modulate intestinal tumor
development in mice. Carcinogenesis. 2015;36
(11):1388-1396. doi:10.1093/carcin/bgv120.

Kullberg MC, Jankovic D, Feng CG, Hue S,
Gorelick PL, McKenzie BS, Cua DJ, Powrie F,
Cheever AW, Maloy K], et al. IL-23 plays a key
role in  Helicobacter hepaticus-induced T
cell-dependent colitis. ] Exp Med. 2006;203
(11):2485-2494. doi:10.1084/jem.20061082.

Lencioni KC, Seamons A, Treuting PM, Maggio-Price
L, Brabb T. Murine norovirus: an intercurrent variable
in a mouse model of bacteria-induced inflammatory
bowel disease. Comp Med. 2008;58:522-533.

Viennois E, Pujada A, Sung J, Yang C, Gewirtz AT,
Chassaing B, Merlin D. Impact of PepT1 deletion on
microbiota composition and colitis requires multiple
generations. NPJ Biofilms Microbiomes. 2020;6(1):27.
doi:10.1038/541522-020-0137-y.

Hoy YE, Bik EM, Lawley TD, Holmes SP,
Monack DM, Theriot JA, Relman DA. Variation in
taxonomic composition of the fecal microbiota in an
inbred mouse strain across individuals and time.
PLoS One. 2015;10:e0142825. doi:10.1371/journal.
pone.0142825.

Lozupone CA, Stombaugh JI, Gordon JI, Jansson JK,
Knight R. Diversity, stability and resilience of the
human  gut microbiota.  Nature.  2012;489
(7415):220-230. do0i:10.1038/nature11550.

Goethel A, Turpin W, Rouquier S, Zanello G,
Robertson §]J, Streutker CJ, Philpott DJ, Croitoru K.
Nod2 influences microbial resilience and susceptibility
to colitis following antibiotic exposure. Mucosal
Immunol. 2019;12(3):720-732. doi:10.1038/s41385-
018-0128-y.

Moltzau Anderson J, Lipinski S, Sommer F,
Pan W-H, Boulard O, Rehman A, Falk-Paulsen M,
Stengel ST, Aden K, Hisler R, et al. NOD2 influ-
ences trajectories of intestinal microbiota recovery
after antibiotic perturbation. Cell Mol Gastroenterol
Hepatol. 2020;10(2):365-389. doi:10.1016/j.jcmgh.
2020.03.008.


https://doi.org/10.1016/j.cell.2011.04.022
https://doi.org/10.1038/nature10809
https://doi.org/10.1016/j.celrep.2017.05.058
https://doi.org/10.1016/j.immuni.2017.07.011
https://doi.org/10.1016/j.immuni.2018.04.001
https://doi.org/10.1016/j.immuni.2018.04.001
https://doi.org/10.1038/nature25973
https://doi.org/10.1126/science.aad3369
https://doi.org/10.1126/science.aad3503
https://doi.org/10.1038/s41586-020-2881-9
https://doi.org/10.1016/j.cell.2007.08.017
https://doi.org/10.1172/JCI62236
https://doi.org/10.3389/fimmu.2019.02654
https://doi.org/10.3389/fimmu.2019.02654
https://doi.org/10.1093/carcin/bgv120
https://doi.org/10.1084/jem.20061082
https://doi.org/10.1038/s41522-020-0137-y
https://doi.org/10.1371/journal.pone.0142825
https://doi.org/10.1371/journal.pone.0142825
https://doi.org/10.1038/nature11550
https://doi.org/10.1038/s41385-018-0128-y
https://doi.org/10.1038/s41385-018-0128-y
https://doi.org/10.1016/j.jcmgh.2020.03.008
https://doi.org/10.1016/j.jcmgh.2020.03.008

€2104087-18 Q. LIN ET AL.

84.

85.

86.

87.

88.

Sokol H, Pigneur B, Watterlot L, Lakhdari O, Bermudez-
Humaréan LG, Gratadoux -J-J, Blugeon S, Bridonneau C,
Furet J-P, Corthier G, et al. Faecalibacterium prausnitzii is
an anti-inflammatory commensal bacterium identified by
gut microbiota analysis of Crohn disease patients. Proc
Natl Acad Sci U S A. 2008;105(43):16731-16736. doi:10.
1073/pnas.0804812105.

Saubermann LJ, Beck P, De Jong YP, Pitman RS,
Ryan MS, Kim HS, Exley M, Snapper S, Balk SP,
Hagen SJ, et al. Activation of natural killer T cells by
alpha-galactosylceramide in the presence of CD1d pro-

vides  protection against colitis in  mice.
Gastroenterology. 2000;119(1):119-128. doi:10.1053/
gast.2000.9114.

Ueno Y, Tanaka S, Sumii M, Miyake S, Tazuma S,
Taniguchi M, Yamamura T, Chayama K. Single dose
of OCH improves mucosal T helper type 1/T helper
type 2 cytokine balance and prevents experimental coli-
tis in the presence of valphal4 natural killer T cells in
mice. Inflamm Bowel Dis. 2005;11(1):35-41. doi:10.
1097/00054725-200501000-00005.

Chen YH, Chiu NM, Mandal M, Wang N,
Wang CR. Impaired NK1+ T cell development and
early IL-4 production in CDI-deficient mice.
Immunity. 1997;6(4):459-467. doi:10.1016/S1074-
7613(00)80289-7.

Caporaso JG, Lauber CL, Walters WA, Berg-Lyons D,
Huntley ], Fierer N, Owens SM, Betley ], Fraser L,
Bauer M, et al. Ultra-high-throughput microbial com-
munity analysis on the illumina HiSeq and MiSeq
platforms. ISME J. 2012;6(8):1621-1624. d0i:10.1038/
ismej.2012.8.

89.

90.

91.

92.

93.

94.

95.

96.

Edgar RC, Flyvbjerg H. Error filtering, pair assembly
and error correction for next-generation sequencing
reads. Bioinformatics. 2015;31(21):3476-3482. doi:10.
1093/bioinformatics/btv401.

Rognes T, Flouri T, Nichols B, Quince C, Mahé F.

VSEARCH: a versatile open source tool for
metagenomics. Peer]. 2016;4:e2584. doi:10.7717/
peerj.2584.

Caporaso JG, Kuczynski J, Stombaugh ], Bittinger K,
Bushman FD, Costello EK, Fierer N, Pena AG,
Goodrich JK, Gordon JI, et al. QIIME allows analysis
of high-throughput community sequencing data. Nat
Methods. 2010;7(5):335-336. doi:10.1038/nmeth.f.303.
Price MN, Dehal PS, Arkin AP. FastTree: computing
large minimum evolution trees with profiles instead of
a distance matrix. Mol Biol Evol. 2009;26(7):1641-1650.
doi:10.1093/molbev/msp077.

McMurdie PJ, Holmes S. phyloseq: an R package for
reproducible interactive analysis and graphics of micro-
biome census data. PLoS One. 2013;8(4):e61217. doi:10.
1371/journal.pone.0061217.

Edgar RC. Accuracy of microbial community diversity
estimated by closed- and open-reference OTUs. Peer].
2017;5:€3889. doi:10.7717/peerj.3889.

Ritchie ME, Phipson B, Wu D, Hu Y, Law CW, Shi W,
Smyth GK. limma powers differential expression analyses
for RNA-sequencing and microarray studies. Nucleic
Acids Res. 2015;43(7):e47. doi:10.1093/nar/gkv007.

Love MI, Huber W, Anders S. Moderated estimation of
fold change and dispersion for RNA-seq data with
DESeq2. Genome Biol. 2014;15(12):550. doi:10.1186/
513059-014-0550-8.


https://doi.org/10.1073/pnas.0804812105
https://doi.org/10.1073/pnas.0804812105
https://doi.org/10.1053/gast.2000.9114
https://doi.org/10.1053/gast.2000.9114
https://doi.org/10.1097/00054725-200501000-00005
https://doi.org/10.1097/00054725-200501000-00005
https://doi.org/10.1016/S1074-7613(00)80289-7
https://doi.org/10.1016/S1074-7613(00)80289-7
https://doi.org/10.1038/ismej.2012.8
https://doi.org/10.1038/ismej.2012.8
https://doi.org/10.1093/bioinformatics/btv401
https://doi.org/10.1093/bioinformatics/btv401
https://doi.org/10.7717/peerj.2584
https://doi.org/10.7717/peerj.2584
https://doi.org/10.1038/nmeth.f.303
https://doi.org/10.1093/molbev/msp077
https://doi.org/10.1371/journal.pone.0061217
https://doi.org/10.1371/journal.pone.0061217
https://doi.org/10.7717/peerj.3889
https://doi.org/10.1093/nar/gkv007
https://doi.org/10.1186/s13059-014-0550-8
https://doi.org/10.1186/s13059-014-0550-8

	Abstract
	Introduction
	Results
	Cross-fostering of CD1d-deficient mice impacts microbiota composition
	CD1d deficiency does not affect microbiota composition in littermate mice
	Increased iNKT cell prevalence does not impact microbiota composition
	iNKT cell activation minimally and transiently impacts microbiota composition
	The microbiota composition in wild-type mice shifts over time

	Discussion
	Materials and methods
	Mice and reagents
	Cross-fostering procedure & husbandry
	16S rRNA sequencing and OTU assembly
	Quantification and statistical analyses
	α-galactosylceramide administration <italic>in</italic> <italic>vivo</italic>
	Cell preparation and flow cytometry

	Acknowledgments
	Data availability statement
	Disclosure statement
	Author contributions
	Funding
	ORCID
	References

