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IMMUNOLOGY

Bifidobacterium infantis associates with T cell immunity
in human infants and is sufficient to enhance antigen-
specific T cells in mice

Donald D. Nyangahu'#, Anna-Ursula Happel®, Jerome Wendoh?, Agano Kiravu?, Yuli Wang?,
Colin Feng’, Courtney Plumlee’, Sara Cohen’, Bryan P. Brown’, Danijel Djukovic*, Tariq Ganief®,
Melanie Gasper', Daniel Raftery?, Jonathan M. Blackburn®, Nancy L. Allbritton?, Clive M. Gray*®,
Jisun Paik’, Kevin B. Urdahl"2, Heather B. Jaspan*3*

Bacille Calmette-Guerin (BCG) vaccine can elicit good Ty1 responses in neonates. We hypothesized that the
pioneer gut microbiota affects vaccine T cell responses. Infants who are HIV exposed but uninfected (iHEU)
display an altered immunity to vaccination. BCG-specific immune responses were analyzed at 7 weeks of age
in iHEU, and responses were categorized as high or low. Bifidobacterium longum subsp. infantis was enriched in
the stools of high responders, while Bacteroides thetaiotaomicron was enriched in low responders at time of BCG
vaccination. Neonatal germ-free or SPF mice orally gavaged with live B. infantis exhibited significantly higher
BCG-specific T cells compared with pups gavaged with B. thetaiotaomicron. B. infantis and B. thetaiotaomicron
differentially affected stool metabolome and colonic transcriptome. Human colonic epithelial cells stimulated
with B. infantis induced a unique gene expression profile versus B. thetaiotaomicron. We thus identified a causal
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role of B. infantis in early-life antigen-specific immunity.

INTRODUCTION

The gut microbiota is a crucial determinant of various processes in
the human body including metabolism (I) and immune develop-
ment (2). In infants, the composition of the pioneer microbiota is
largely determined by the mother (3). Consequently, factors that
perturb the maternal microbiota during pregnancy and breastfeed-
ing may potentially affect offspring microbiota (4). There is emerg-
ing observational evidence linking the gut microbiota to vaccine
immunogenicity (5, 6). A positive association between the abun-
dance of Bifidobacterium early in infancy with CD4 T cell prolifer-
ation to purified protein derivative (PPD) and tetanus toxoid at 2
years has been observed (7). However, no causal data linking the
early gut microbiota to vaccine immunogenicity in infants exists
to date.

Bacille Calmette-Guerin (BCG) is administered at birth to mil-
lions of infants worldwide, including in South Africa. Known as the
prototypical neonatal T cell vaccine, it can elicit robust T helper 1
(Tyl) cytokine responses in neonates who generally have Ty2
skewed immunity (8). Following the World Health Organization
(WHO) 2013 recommendations for immediate lifelong antiretrovi-
ral therapy of pregnant mothers living with HIV globally, there has
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been a decline in vertical transmission of HIV (9). However, this has
led to an increasing population of infants who are HIV exposed but
uninfected (iHEU) (9). These iHEU infants have a higher risk of
infectious disease morbidity and mortality compared to infants
who are HIV unexposed (iHU) (10), making them an important
target population for vaccinations. Infants exposed to HIV exhibit
increased inflammation and immune activation (11). Moreover,
iHEU have an altered gut microbiota compared to iHU infants
(12). Studies on cell-mediated immunity, including to BCG, are
confounded by the type of immune readout, assay conditions,
antigen stimulations, and age at which vaccine responses are as-
sessed. Jones and colleagues (13) observed no effect of HIV expo-
sure on infant BCG-specific T cells or secreted cytokines. However,
we and others have reported altered vaccine response to BCG in
iHEU in response to BCG stimulation (14, 15). In addition,
within both iHEU and iHU, we have observed variable BCG re-
sponses (15), but whether the birth gut microbiota that is present
at the time of BCG administration influences vaccine-induced im-
munity is unknown.

To address these outstanding questions, we assessed BCG re-
sponses in iHEU at week 7 of life and binarized the infants into
high versus low vaccine responders. We restricted our analyses to
iHEU to avoid heterogeneity introduced by HIV exposure, and
because these infants have a high infectious disease morbidity,
they thus require interventions to improve their immunity. To iden-
tify key gut bacteria influencing vaccine response in iHEU, we pro-
filed the gut microbiota of high versus low BCG responders early in
life when the vaccine is administered. Last, we used both a germ-free
(GF) and a specific pathogen—free (SPF) neonatal mouse model to
study the causative relationships between gut microbiota at birth
and BCG vaccine response. We hypothesized that an aberrant gut
microbiota in iHEU early in life influences immune ontogeny and
vaccine immunogenicity.
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RESULTS

T cell response to BCG are variable in infants exposed

to HIV

BCG recall responses were measured at 7 weeks of age after neonatal
vaccination in 66 iHEUs, the age closest to the peak BCG response
(16). iHEU displayed highly variable responses, which were mea-
sured as the frequency of CD4" T cells producing any cytokine [in-
terferon-y (IFN-y), interleukin-2 (IL-2), or tumor necrosis factor—a
(TNF-a); Fig. 1A]. Some infants displayed high CD4" cytokine pro-
duction following stimulation [high polyfunctionality (Fig. 1A,
right)], while others had low polyfunctionality (Fig. 1A, left).
BCG responses ranged from none to 4.86% of T cells (Fig. 1B and
fig. S1). This wide spectrum of responses was observed regardless of
BCG strain used for vaccination (Danish or Russian). To probe
these findings further, we binarized BCG responses into high re-
sponders (HRs) versus low responders (LRs) around the median re-
sponse (median of 0.594% for BCG-Danish and 0.153% for BCG-
Russian). Infants with BCG responses above the median (green line
in Fig. 1B) were classified as HRs, while those below were

A Low responder

categorized as LRs. COMPASS polyfunctionality analysis on a
subset of infants (17) demonstrated a strong positive correlation
(r = 0.74) between total Ty1 cytokine response and polyfunctional-
ity score (Fig. 1C). There were no differences in median gestational
age, maternal age, birth weight, or most recent maternal CD4 count
between HRs versus LRs. However, there was a significant associa-
tion between infant sex and vaccine response (table S1).

High versus low BCG responders have different gut
microbiota composition and differentially affect immune
cell populations in infant mice

To investigate whether variations in BCG response in infants were
correlated with differences in gut microbiota at the time of vaccina-
tion, we profiled the gut microbiota from iHEU in the first week of
life, closest to the time of BCG vaccination, by deep sequencing of
the 168 ribosomal RNA (rRNA) gene V6 hypervariable region.
Thirty-six infants (19 LR and 17 HR) passed our quality and se-
quence read depth filtering and had matching BCG response data
at week 7. From these, we observed a total of 1148 amplicon
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Fig. 1. BCG response varies in HIV-exposed uninfected infants at postnatal week 7. (A) Representative flow plot showing CD4" T cell cytokine expression following
stimulation with BCG in a whole-blood assay. CD4" IL-2* cells depicted by blue overlay. (B) Spectrum of BCG vaccine responses by BCG strain in 7-week-old HIV-exposed
infants measured as any Boolean combination of CD4" T cells positive for IFN-y or TNF-a or IL-2 in FlowJo. Infants were categorized into HRs or LRs around the median
BCG response (green dotted line). (C) Correlation of polyfunctional scores generated from COMPASS analysis and BCG response. Data shown are from 66 HIV-

exposed infants.
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sequence variants (ASVs) across the entire dataset. There was no  metric (permutational multivariate analysis of variance, P = 0.170;
clustering of HR versus LR stool microbial communities in a prin-  Fig. 2A). LR infants displayed significantly higher alpha diversity as
cipal components analysis (PCA) by Bray-Curtis dissimilarity —measured by Shannon index compared to HR infants (P = 0.034;
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Fig. 2. The gut microbiota differs between HRs and LRs in the first week of life. (A) PCA by Bray-Curtis dissimilarity. (B) Microbial alpha diversity by Shannon index. (C)
Heatmap showing centered log-ratio (CLR) transformed values of differentially abundant taxa after merging taxa at the lowest annotation by metagenomeSeq. (D) gPCR
quantification of B. longum infantis in infant stool in the first week of life in HR versus LR infants. (E) Correlation of abundance of B. longum infantis with BCG vaccine

response.
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Fig. 2B). Next, we used metagenomeSeq (18) to identify differen-
tially abundant taxa between HR and LR groups after merging
taxa at the lowest taxonomic annotation. Bifidobacterium longum
subspecies infantis was present at significantly higher differential
abundance in stool of HR compared to LR infants after adjusting
for birth seasonality (P,g; < 0.001; Fig. 2C and table S2). On the
other hand, multiple taxa, including Bacteroides thetaiotaomicron,
were present at significantly higher differential abundance in LR
compared to HR stool (P,g; < 0.001; Fig. 2C and table S2). Quanti-
tative polymerase chain reaction (QPCR) on DNA isolated from
stools of a subset of infants with sufficient remaining DNA (n =
18) showed B. infantis to be more abundant in the HR infant
stools (P = 0.069; Fig. 2D), and there was a weak positive correlation
between copy number of B. infantis by gPCR and BCG responses in
these infants (P = 0.093, Spearman r = 0.407; Fig. 2E), although not
significant likely because of sample size.

Next, we assessed whether the infant gut microbiota influences
immune development using a GF mouse model. We orally gavaged
stools from HR or LR iHEU into neonatal GF mice. We selected
stools from HR iHEU that had the highest BCG response and
those from LR iHEU with the lowest BCG response for animal ex-
periments. Each experiment used a pair of human infant stool (one
from a HR and one from a LR infant), and two independent exper-
iments with different infant stool pairs were conducted. Swiss-
Webster (SW) neonatal GF pups were orally gavaged with either
HR stool, LR stool, or phosphate-buffered saline (PBS) at day 7 of
life and euthanized at day 10 (fig. S2A). Immune analyses was done
by flow cytometry to measure frequencies of circulating immune
subsets in the spleen. There were clear experimental effects, but
trends were similar regardless of experiment. There was no differ-
ence in body weights and spleen cellularity in pups across all groups
(fig. S2, B and C). Proportions of Ly6Chigh monocytes were signifi-
cantly increased in HR stool-gavaged pups compared to LR-
gavaged pups or PBS controls (P = 0.032 HR versus LR; 0.003 HR
versus PBS; fig. S2E), although no difference in Ly6Clow monocytes
and Ly6G" neutrophils was evident (fig. S2, F and G). HR- or LR-
gavaged pups exhibited similar proportions of naive CD4 T cells
(CD4"CD44lowCD62L"), although both were significantly lower
compared to PBS-gavaged controls (fig. S2, H and I). HR-gavaged
pups displayed significantly increased frequencies of effector
memory CD4 T cells (CD4"CD44highCD62Llow) compared to
PBS controls, but there was no difference compared to LR-
gavaged mice (P = 0.013 PBS versus HR; P = 0.22 LR versus HR;
fig. S2]). Central memory CD4 T cells (CD4"CD44highCD62Lhigh)
were significantly increased in HR compared to both LR and PBS (P
= 0.002 HR versus LR; 0.001 HR versus PBS; fig. S2K). Total
memory CD4 T cells (CD4"CD44high) were significantly higher
in both HR and LR compared to PBS (fig. S2, L and M).

Together, we show that the relative abundance of specific taxa in
iHEU stool around the time of vaccination may associate with BCG
T cell responses measured at later time points. In addition, we show
that gut microbial communities from HR versus LR iHEU cause dif-
ferential development of innate and adaptive immune cells early in
life in colonized GF mice.

Specific bacterial taxa differentially affect early immunity
in pups

To test whether the differential bacteria identified in human infants
affect immune development early in life, we used a neonatal GF or
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SPF murine model. We first asked whether monocolonization with
B. infantis (higher relative abundance in HR iHEU) versus B.
thetaiotaomicron (higher relative abundance in LR iHEU) would
differentially affect developing immunity in a GF environment.
Both B. infantis and B. thetaiotaomicron have previously been
shown to be involved in immunoregulation and dampening inflam-
mation in murine studies (19, 20). However, the effect of these
bacteria on developing immunity during infancy is unknown. To
interrogate this, we monocolonized GF SW mice with 10° colony-
forming units (CFUs) of B. infantis, B. thetaiotaomicron, heat-killed
B. infantis, or PBS at days 7 and 10 of life (experiment 1 in Materials
and Methods; Fig. 3A). Animals that received B. infantis had
significantly lower body weight compared to those that received
B. thetaiotaomicron (Fig. 3B), but there was no difference in
spleen cellularity (Fig. 3C). Inflammatory (Ly6Chigh) and
noninflammatory monocytes (Ly6Clow) were both significantly
reduced in B. infantis monocolonized mice compared to B.
thetaiotaomicron monocolonized mice (Fig. 3, D to F). Frequencies
of neutrophils (Ly6G") were elevated in B. infantis versus all
other groups (Fig. 3G). Effector memory CD4 T cells
(CD4"CD44highCD62Llow) were significantly elevated in animals
that received B. infantis compared to those that received
B. thetaiotaomicron, but not heat-killed B. infantis (Fig. 3, H and I).
Central memory CD4 T cells (CD4"CD44highCD62Lhigh) were
significantly elevated in all monocolonized groups compared to
PBS (Fig. 3]), but naive CD4 T cells (CD4"CD44lowCD62L")
were elevated in B. infantis— and B. thetaiotaomicron—gavaged
animals versus PBS. Furthermore, live B. infantis—gavaged
animals had significantly higher proportions of naive CD4 T cells
compared to heat-killed B. infantis (Fig. 3K). To evaluate whether
we could detect live bacteria in monoassociated GF mice, we per-
formed viability qPCR using B. infantis— or B. thetaiotaomicron—
specific primers on day 14 stools. Propidium monoazide (PMA)
qPCR has been widely used to differentiate viable from dead bacte-
ria on the basis of the principle that PMA permeates dead cells and
covalently cross-links DNA, resulting in PCR inhibition (21). DNA
from PMA-treated stool samples obtained from live B. infantis—
gavaged gnotobiotic mice amplified at lower C, values compared
to those from PBS- or heat-killed bacteria—gavaged mice, suggesting
that the bacteria remained live in vivo (fig. S3A). A similar phenom-
enon was observed for B. thetaiotaomicron in PMA-treated samples
(fig. S3B).

Next, we tested whether effects of B. infantis and B. thetaiotao-
micron gavage are maintained in the presence of other gut commen-
sals. The above described experiments were repeated under SPF
conditions (experiment 2 in Materials and Methods; Fig. 4A).
Like in the GF experiments, we observed significantly reduced
body weight in SPF mice orally gavaged with B. infantis compared
to B. thetaiotaomicron mice or heat-killed B. infantis—gavaged mice
(Fig. 4B). Cell counts in the spleen were also significantly reduced in
B. infantis— versus B. thetaiotaomicron—gavaged mice (Fig. 4C).
Ly6Chigh monocytes, Ly6Clow monocytes, and neutrophils dis-
played similar results in SPF to what we had observed in GF
(Fig. 4, D to F). Akin to GF animals, B. infantis group had signifi-
cantly higher frequencies of central memory CD4 T cells than PBS-
gavaged animals but so did heat-killed B. infantis—gavaged mice,
which was not the case in GF experiments (Fig. 4H). Unlike in
GF mice, proportions of naive CD4 T cells were reduced in mice
gavaged with B. infantis compared with PBS (Fig. 4I). In addition,
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Fig. 3. Monocolonization of neonatal GF mice with B. longum subspecies infantis or B. thetaiotaomicron differentially affects developing immunity in
spleen. (A) Experimental approach: GF mice were monocolonized with either 10® CFUs of B. longum subspecies infantis (Bl), heat-killed Bl (HK_BI), or B. thetaiotao-
micron (BT) at day 7 of life. Control animals were colonized with PBS alone. Boost gavages of similar dosage were performed at day 10 of life. All animals were
euthanized, and immunity was analyzed in spleen at day 14 of life. (B and C) Body weights and spleen counts. (D) Representative flow plot showing frequencies of
Ly6Chigh and Ly6Clow monocytes and Ly6G" neutrophils. (E to G) Frequencies of Ly6Chigh, Ly6Clow monocytes, and Ly6G* neutrophils. (H) Representative flow plot
of effector memory (CD4*CD44highCD62Llow), central memory (CD4"CD44highCD62Lhigh), and naive CD4" T cells (CD4*CD44lowCD62L+). (I to K) Proportions of
effector memory, central memory, and naive CD4" T cells. Data are combined from three different experiments. Means + SEM are plotted (*P < 0.05, **P < 0.01, ***P <
0.001, and ****P < 0.0001).

we observed no difference in effector memory CD4 T cells between
B. infantis and B. thetaiotaomicron groups (Fig. 4G). Akin to the GF
experiments, we assessed bacterial viability by PMA qPCR in the
SPF mice at day 14 of life (4 days after the last oral gavage). Although
we could detect species-specific DNA in all live B. infantis, heat-
killed B. infantis, and B. thetaiotaomicron, B. infantis, DNA ampli-
fied at similar C, values in both live and heat-killed gavaged mouse

Nyangahu et al., Sci. Adv. 9, eade1370 (2023) 8 December 2023

stools in samples treated with PMA and with similar C; values to
PBS (Fig. 4, ] and K). Similar results were observed for B. thetaio-
taomicron. These results suggested that at day 14 (4 days after
gavage), the time point of immune assessment, both B. infantis
and B. thetaiotaomicron, which were administered live to the SPF
mice, were likely not viable anymore, unlike our findings in GF
mice. To determine the time course of a live gavage in the presence
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Fig. 4. Monocolonization of neonatal SPF mice with Bl or BT differentially affects developing immunity in spleen. (A) Experimental approach: SPF mice were orally
gavaged with either 10® CFUs of BI, heat-killed BI (HK_BI), or BT at day 7 of life. Control animals were colonized with PBS alone. Boost gavages of similar dosage were
performed at day 10 of life. All animals were euthanized, and immunity was analyzed in spleen at day 14 of life. (B and C) Body weights and spleen counts. (D to F)
Frequencies of Ly6Chigh and Ly6Clow monocytes and Ly6G* neutrophils. (G to 1) Proportions of effector memory, central memory, and naive CD4" T cells. (J) C, values
with and without PMA treatment in Bl-specific gPCR. (K) C; values with and without PMA treatment in BT-specific gPCR. (L) Concentrations of lipocalin-2 in serum at day 14
of life. Data are representative of two independent experiments. Means + SEM are plotted (*P < 0.05, **P < 0.01, and ***P < 0.001).
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of a native microbiota, we performed viability qPCR at 6 and 72
hours after gavage. We detected live B. infantis and B. thetaiotaomi-
cron at these time points (fig. S3, C to F). We noted lower C, values
in B. thetaiotaomicron—gavaged mice versus PBS compared to B. in-
fantis, suggesting different colonization efficiencies for the two bac-
teria. Together, our data shows that B. infantis affects development
of innate immune cells in a similar manner regardless of the pres-
ence of a native microbiome early in life. In addition, the effect of B.
infantis on circulating monocytes is distinct from that of B. thetaio-
taomicron. Moreover, we find that the impact of heat-killed B. in-
fantis on CD4 T cells is influenced by other gut commensals.

To test whether the induced immune effects in spleen were due
to inflammation from receipt of gavaged microbes, rather than a
microbe-specific effect, we measured levels of lipocalin-2 (Lcn-2),
a master mediator of inflammation shown to be elevated in serum
during inflammation (22). We observed no difference in concentra-
tion of serum lipocalin-2 across all the groups at day 14 of life
(Fig. 4L), suggesting that B. infantis or B. thetaiotaomicron bacterial
gavage does not induce systemic inflammation in mice.

In summary, our results show that B. infantis and B. thetaiotao-
micron differentially affect the developing immune system in neo-
natal mice and do not cause inflammation. Furthermore, we find
that B. infantis induces a decrease in inflammatory monocytes com-
pared to heat-killed B. infantis or B. thetaiotaomicron regardless of
microbial environment, but the effect of live or heat-killed B. infan-
tis on T cells is influenced by the native microbiota.

B. infantis enhances antigen-specific T cells following BCG
vaccination in GF and SPF mice
Correlative relationships between relative abundance of Bifidobacte-
rium in stool and vaccine responses in human infants have been
demonstrated (7). We too identified B. infantis relative abundance
to correlate with higher BCG responses and identified B. thetaiotao-
micron to be inversely correlated in infants (Fig. 2C). We next tested
whether these bacteria were causally driving BCG response (exper-
iment 3 in Materials and Methods; Fig. 5A). After oral gavage at
days 7 and 10 into GF mice and BCG immunization at day 11 of
life, animals were euthanized 4 weeks after immunization to
measure BCG-specific CD4 T cells in spleens using a TB10.4 class
I tetramer. We confirmed the presence of live bacteria in mono-
colonized mice by culturing stools in agar from day 4 through
day 29 after gavage and confirmed the identity of the bacteria by
Sanger sequencing of the colonies (Fig. 5B). Mice gavaged with B.
infantis exhibited significantly higher number of TB10.4-specific
CD4 T cells versus those that had been gavaged with B. thetaiotao-
micron (P = 0.037; Fig. 5, C and D). Heat-killed B. infantis failed to
elicit a similar response to live B. infantis in the GF environment.
To more closely mimic real-life situations, where B. infantis sup-
plementation would be administered in the presence of other gut
commensals, we tested effects of B. infantis on BCG response
using SPF pups (experiment 4 in Materials and Methods). Again,
animals orally gavaged with B. infantis in early life displayed signifi-
cantly higher number of TB10.4-specific CD4 T cells compared to
those gavaged with PBS or B. thetaiotaomicron (P = 0.049 B. infantis
versus PBS; P = 0.001 B. infantis versus B. thetaiotaomicron;
Fig. 5E). SPF animals orally gavaged with heat-killed B. infantis
also displayed significantly higher number of antigen-specific T
cells compared to B. thetaiotaomicron mice (P = 0.007) but were
not different to live B. infantis, suggesting that the
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immunomodulatory effect of heat-killed B. infantis can be potenti-
ated by other gut commensals (Fig. 5E). Together, we show that B.
infantis supplementation in early life can improve T cell vaccine
responses.

B. infantis and B. thetaiotaomicron differentially affect the
intestinal metabolome

The gut microbiota interacts with the host by converting complex
carbohydrates into readily absorbable metabolites. B. infantis is well
known for its unique ability to metabolize human milk oligosaccha-
rides (23). To investigate whether B. infantis or B. thetaiotaomicron
gavage alters the host fecal metabolome, we performed targeted me-
tabolomics of 200 aqueous metabolites in stool from SPF mice at
day 14 of life (4 days after gavage; experiment 2 in Materials and
Methods). We observed distinct separation of stool metabolites by
gavage group by partial least squares—discriminant analysis (PLS-
DA). The metabolome of B. infantis and heat-killed B. infantis
groups, although distinct, clustered most closely, indicating
similar metabolite profiles but both clustered distinctly from PBS
and B. thetaiotaomicron groups (Fig. 6A). Performing pairwise dif-
ferential abundance testing by limma (24), we identified 98 metab-
olites to be differentially abundant between live B. infantis— and B.
thetaiotaomicron—gavaged mice, 78 metabolites between live B. in-
fantis and PBS, and only 19 metabolites between B. infantis and
heat-killed B. infantis groups (P,g; < 0.05; tables S3 to S5). The
top 25 differentially abundant metabolites by an analysis of variance
(ANOVA) displayed distinct clusters among the groups (Fig. 6B).
When we filtered to include only those that had an absolute
log,fold change >2, 3-methoxy-4-hydroxy-phenylglycol sulfate, ri-
boflavin, glucuronate, myristic acid, allantoin, pseudouridine, urate,
and xanthurenic acid were elevated in live B. infantis—gavaged mice
compared to B. thetaiotaomicron mice (Fig. 6C). Furthermore, o-
phosphoethanolamine, myristic acid, urate, and indole were
higher in live B. infantis— versus PBS-gavaged mice (Fig. 6D). Sup-
plementation with riboflavin has been shown to enhance macro-
phage function and dampen inflammation (25). Similarly, indole
strengthens epithelial integrity and increases production of anti-in-
flammatory cytokines (26). There were no metabolites with log,fold
change >2 in B. infantis versus heat-killed B. infantis. However, thy-
midine monophosphate and homovanillate were elevated in heat-
killed B. infantis relative to live B. infantis—gavaged mice
(Fig. 6E). PLS-DA identified linolenic acid, o-phosphoethanol-
amine, and myristic acid to exhibit high variable importance projec-
tion (VIP) scores in live B. infantis—gavaged mice compared to all
the other groups (Fig. 6F and table S6). Linolenic acid and myristic
acid are part of the milk fat globule and important for gut health
(27). Pathway analysis revealed glycine and threonine metabolism,
alanine and glutamate metabolism, glycerophospholipid metabo-
lism, and biosynthesis of unsaturated fatty acids to be the top path-
ways enriched in B. infantis—gavaged animals (Fig. 6G and table S7).
Arginine biosynthesis, aminoacyl-tRNA biosynthesis, butanoate
metabolism, and histidine metabolism were the top pathways in
B. thetaiotaomicron mice (Fig. 6H and table S8). In aggregate,
these findings reveal that colonization with B. infantis early in life
induces a fecal metabolome signature distinct from that by B. the-
taiotaomicron. Moreover, B. infantis leads to enrichment of the
milk-derived and tryptophan metabolite indole, which influence
function of innate immune cells and epithelial barrier integrity, re-
spectively. Furthermore, we observe very minimal differences
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gavaged with either 108 CFUs of BI, BT, heat-killed B, or PBS alone at day 7 of life. A second gavage of similar dosage was performed at day 10. All animals were immunized
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between the metabolite profiles induced by live versus heat-killed B.
infantis in animals with a native microbiota.

B. infantis and B. thetaiotaomicron differentially affect the
colonic transcriptome in mice

To interrogate the mucosal molecular signatures associated with B.
infantis or B. thetaiotaomicron colonization, we assessed colonic
gene expression of orally gavaged SPF mice at day 14 of life (exper-
iment 2 in Materials and Methods). Colonic transcriptomes of live
and heat-killed B. infantis—gavaged animals clustered distinctly
from PBS or B. thetaiotaomicron—gavaged mice (Fig. 7A). There
were 97 differentially expressed genes (DEGs) between live B. infan-
tis— and B. thetaiotaomicron—gavaged mice. There were 83 DEGs
between live B. infantis— and PBS-gavaged groups, and only one
gene was differently expressed between live and heat-killed B. infan-
tis—gavaged animals. Among others, expression of Apoa4 DIkI and
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Madcam1 were elevated in the live B. infantis compared to PBS-
gavaged group (Fig. 7B). Expression of Madcaml and Apoa4 were
also increased in live B. infantis— compared to B. thetaiotaomicron—
gavaged mice, along with genes such as Col6a4. Apoa4 inhibits in-
testinal inflammation (28). DIk expression is essential for normal B
cell development (29), and Madcam]I is an adhesion molecule in-
volved in leukocyte homing to the gut epithelium (30). In contrast,
the expression of Car4, which induces intestinal inflammation (31),
and the neutrophil marker Ly6g were elevated in B. thetaiotaomi-
cron compared to live B. infantis—gavaged mice (Fig. 7C). Only
Madcam1 was elevated in live B. infantis when compared to heat-
killed B. infantis—gavaged group, suggesting live bacteria are impor-
tant for gut mucosal homing. Pairwise comparisons of DEGs are
shown in tables S9 and 10. Gene set enrichment analysis (GSEA)
(32) demonstrated that extracellular matrix-receptor interaction
[normalized enrichment score (NES), —2.388; P,q; = 0.041]
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Fig. 6. Bl and BT differentially affect the stool metabolome in unvaccinated mice at day 14 of life. (A) PLS-DA analysis of fecal metabolite profiles of mice orally
gavaged with PBS, BI, heat-killed B. infantis (HK_BI), or BT. (B) Heatmap showing supervised hierarchical clustering of the top 25 metabolites that were most different
between groups by ANOVA. (C) Volcano plot comparing metabolite profile between BT and BI. (D) Volcano plot comparing metabolite profile between PBS and BI. (E)
Volcano plot comparing metabolite profile between HK_BI and BI. (F) PLS-DA analysis showing the importance of fecal metabolites across all groups identified by VIP
scores. (G) Dot plot showing enriched pathways in Bl-gavaged mice. Size of the circle per pathway shows enrichment ratio, and color represents the P value. (H) Dot plot
showing enriched pathways in BT-gavaged mice. Size of the circle per pathway shows enrichment ratio, and color represents the P value.
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Fig. 7. Bl and BT differentially affect the colonic transcriptome in unvaccinated mice at day 14 of life. (A) PCA of colonic transcriptomes across groups. (B) Volcano
plot showing DEGs between mice orally gavaged with Bl versus those gavaged with PBS. (C) Volcano plot showing DEGs between mice orally gavaged with Bl versus
those gavaged with BT. (D to F) GSEA showing top pathways enriched in Bl-gavaged mice compared to BT-gavaged mice. (G to I) GSEA showing top pathways enriched in
BT-gavaged mice compared to Bl-gavaged mice. Volcano plots were generated by EnhancedVolcano package with the fold change (FC) cutoff set at 1.5.
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complement and coagulation cascades (NES = —2.335, P,4j = 0.041)
and vitamin digestion and absorption (NES = —1.857, P,4j = 0.045)
were enriched in live B. infantis— compared to B. thetaiotaomicron—
gavaged mice (Fig. 7, D to F). Other pathways like ribosome and fat
digestion and absorption were also enriched in B. infantis—gavaged
mice (table S11). Steroid hormone biosynthesis (NES = 2.009, P,g; =
0.036), retinol metabolism (NES = 1.995, P,4; = 0.036), and nonob-
ese diabetic mice (NOD)-like receptor signaling (NES = 1.856, P,g;
=0.036) were enriched in B. thetaiotaomicron groups (Fig. 7, G to I).
IL-17 signaling pathways were also enriched in B. thetaiotaomicron—
gavaged animals (table S11). In summary, we demonstrate that B.
infantis and B. thetaiotaomicron colonization early in life induce
distinct colonic gene expression profiles and metabolic pathways.
Live B. infantis colonization leads to the up-regulation of anti-in-
flammatory genes, extracellular matrix interaction, and adhesion
molecules that induce mucosal homing of leukocytes, while B. the-
taiotaomicron up-regulates proinflammatory genes and IL-17 sig-
naling pathways.

B. infantis and B. thetaiotaomicron differentially affect the
transcriptome in human colonic cells

Having established that B. infantis and B. thetaiotaomicron affect
gene expression profiles in murine colons in vivo, we next assessed
how these bacteria may interact with their canonical human host
colons using an in vitro culture model. Although we found B. infan-
tis to induce a distinct fecal metabolome, which may be the mech-
anistic link between bacteria-immune system cross-talk, secreted
bacteria products other than metabolites can also drive distinct im-
munological effects (33). To enhance our mechanistic understand-
ing of how B. infantis and its secreted by-products may affect
human host response, we included a B. infantis metabolite fraction
and B. infantis protein fraction, as well as live bacterial cultures. We
expanded human colonic epithelial cells using a recently developed
monolayer culture format based on a collagen-hydrogel scaffold
(34). This system is advantageous over the organoid model, as it
allows for the apical and basal side of the epithelium to be
exposed, enhancing the robustness of observed findings (35).
Once colonic epithelial cells were mature and fully differentiated,
we stimulated the cells with B. infantis or B. thetaiotaomicron live
bacteria, B. infantis metabolite fraction, B. infantis protein fraction,
or PBS control for 6 hours and then analyzed the gene expression
profile (experiment 5 in Materials and Methods). In a PCA, gene
expression clustered by stimulation condition (Fig. 8A). B. infantis
metabolites elicited a distinct gene expression signature from all
other groups on PC1 (Fig. 8A). Pairwise DESeq2 comparisons
showed 184 DEGs between B. infantis metabolite— and B. infantis
metabolite-stimulated cells, 10 DEGs between B. infantis protein—
and B. infantis protein—stimulated cells, 15 DEGs between B. infan-
tis and B. thetaiotaomicron groups, 3 DEGs between B. infantis and
heat-killed B. infantis, and 37 DEGs between B. infantis and PBS.
This suggested that B. infantis—secreted proteins are likely to drive
the majority of the response compared to secreted metabolites. Fur-
thermore, we observed 252 DEGs between B. infantis metabolite—
and PBS-stimulated cells, 51 DEGs between B. thetaiotaomicron
and PBS, 65 DEGs between heat-killed B. infantis and PBS
groups, and 23 DEGs between B. infantis proteins and PBS-stimu-
lated cells. TAP2 gene, which displayed elevated expression in B. in-
fantis versus PBS (Fig. 8B), is involved in the antigen presentation
process (36). SMDTI expression was elevated in B. infantis—
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stimulated cells compared to PBS, B. infantis metabolites, B. infantis
protein, or heat-killed B. infantis (Fig. 8, C, E, and F). This gene reg-
ulates calcium intake in the mitochondria, and its up-regulation is
associated with the inhibition of programmed death-ligand 1 (PD-
L1) expression in T cells (37). Across all groups following pairwise
comparisons with B. infantis—stimulated cells, we observed a down-
regulation of INTS3 and FAMI120B genes in cells treated with B. in-
fantis compared to all other conditions. These genes have been im-
plicated in DNA damage repair and fat cell differentiation,
respectively. MGAM2, which may be involved in mediating
pattern recognition receptor signaling (38), and DDX39B, which
mediates immune tolerance (39), were elevated in B. infantis— com-
pared to B. thetaiotaomicron—stimulated colonic cells (Fig. 8D).
Analyses of pathways by GSEA showed N-glycan biosynthesis to
be enriched in B. infantis—stimulated cells compared to cells stimu-
lated by B. thetaiotaomicron (NES = —1.879, P,g; = 0.035; Fig. 8G).
Pathway analysis showed antigen processing, and presentation was
enriched in B. infantis cells versus B. infantis metabolite cells (NES
score = —2.215, P,g; = 0.009; Fig. 8H). Together, we find that B. in-
fantis leads to the up-regulation of genes involved in antigen pro-
cessing and presentation and fostering immune tolerance in human
colonic epithelial cells cultured in vitro. Moreover, B. infantis—se-
creted proteins and not metabolites induce a molecular signature
that is similar to live bacteria.

DISCUSSION

Neonates are highly susceptible to infection and respond poorly to
most vaccines. Our findings demonstrate that the gut microbiota in
the first few days of life influences immune development including
antigen-specific T cell responsiveness to neonatal vaccination.
Infants who responded well to neonatal vaccination had higher
stool relative abundance of B. infantis and were relatively B. thetaio-
taomicron deficient compared to poor responders. Monocoloniza-
tion of GF pups with B. infantis or B. thetaiotaomicron showed that
live B. infantis is sufficient to elicit significantly higher antigen-spe-
cific T cells after BCG immunization. The presence of live B. infantis
was short-lived in the SPF mouse gut, but its transient presence was
sufficient to improve BCG-specific T cell responses. Furthermore,
colonization with B. infantis early in life induced a distinct
colonic transcriptome and metabolome signature. The unique
effect of B. infantis on the transcriptome extended to human
colonic epithelial cells.

Previous studies have profiled vaccine responses in HIV-exposed
versus unexposed infants (40, 41), but none has dissected the causal
role of the gut microbiota within iHEU in driving the spectrum of
immune alterations, despite reports of their altered gut microbiota
(12, 42). Binarizing infants into HRs versus LRs allowed us to assess
microbiota variation within iHEU and tease out the effects of gut
microbes on immunity independent of other potential confounders
such as antiretroviral post-exposure prophylaxis, which may associ-
ate with immune phenotypes. Elegant work on the human micro-
biota has revealed that compositional differences in bacteria
communities do not necessarily translate to functional differences.
To delineate the role of specific differentially abundant bacterial
taxa in LR versus HR infant stool on immune development, we as-
sessed whether B. infantis and B. thetaiotaomicron differentially in-
fluence early immune development using both GF and SPF mice.
We noted consistent results for innate cells but not memory CD4
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Fig. 8. Bl or its secreted products and BT differentially affect the transcriptome in stimulated human colonic epithelial cells. (A) PCA showing gene expression
profiles in human colonic epithelial cells stimulated for 6 hours with BI, Bl metabolites, Bl proteins, BT, or PBS. Volcano plot showing DEGs in human colonic epithelial cells
stimulated under different conditions: (B) Bl versus PBS. (C) Bl versus Bl metabolites. (D) Bl versus BT. (E) Bl versus Bl proteins. (F) Bl versus heat-killed BI. (G) Enriched
pathway in Bl-stimulated cells by GSEA compared to BT-stimulated cells. (H) Enriched pathway in Bl-stimulated cells compared to Bl metabolite—stimulated cells. Volcano
plots were generated by EnhancedVolcano package with the fold change cutoff set at 1.5.

T cells both in GF and in SPF conditions, suggesting that the influ-
ence of B. infantis on early development of the T cell compartment
may be influenced by other gut commensals. Administration of B.
infantis led to lower proportions of inflammatory monocytes com-
pared to B. thetaiotaomicron mice. Inflammatory monocytes can
exacerbate inflammatory processes in the tissue (43), suggesting
that B. infantis may dampen inflammation and may be consistent

weight (45).

with previous work (44). In addition, B. infantis also affects host
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metabolism. B. infantis gavage led to lower body weight compared
to other groups. Considering that pups are only consuming breast
milk at this age, our data shows that B. infantis is able to breakdown
milk compounds, consistent with its role in digesting human milk
oligosaccharides. Our results are consistent with those of others that
have shown an association between Bifidobacterium and lean
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A positive correlation between gut microbiota at 6 to 15 weeks of
life and T cellular proliferative responses to vaccine antigens in
humans at 2 years of age has been reported (7). Monocolonization
of GF pups with live B. infantis caused a significant increase in
antigen-specific CD4" T cells versus B. thetaiotaomicron, PBS, or
heat-killed B. infantis. B. infantis but not B. thetaiotaomicron was
able to enhance antigen-specific T cells when administered in the
presence of other gut commensals, suggesting a causal association
between colonization with B. infantis early in life and antigen-spe-
cific T cell responses. There was no difference in prevaccination
concentrations of serum lipocalin-2 across all groups, suggesting
that the orally administered bacteria were not inducing inflamma-
tion. Furthermore, it is plausible that the anti-inflammatory envi-
ronment induced by B. infantis may promote Tyl adaptive
immune responses, including to BCG vaccination. Together, our
data shows an impact of B. infantis on cell-mediated immunity fol-
lowing BCG and emphasizes an indispensable role of the underly-
ing gut microbiota early in life in shaping antigen-specific
responses.

B. infantis and B. thetaiotaomicron gavage in early life led to a
distinct fecal metabolome and colonic transcriptome in SPF mice.
B. infantis led to an increase in tryptophan metabolism—derived me-
tabolites. Up-regulation of riboflavin in the B. infantis group sug-
gests elevated vitamin biosynthesis or a competitive advantage of
this bacteria to use environmental vitamin B2 for its growth and
survival. Transcriptomic data revealed an enrichment of vitamin bi-
osynthesis in B. infantis—gavaged mice. Riboflavin is also associated
with control of immune cell proliferation and differentiation (46),
physiological processes that are likely enriched in B. infantis—
gavaged mice. Enrichment of indole and xanthurenic acid in B. in-
fantis—gavaged mice suggests elevated tryptophan metabolism and
potential for enhancement of intestinal barrier function and anti-
inflammatory activity in the gut (26), consistent with previous
work (44). Transcriptomics revealed an enrichment of pathways as-
sociated with fat absorption and digestion in B. infantis mice, sup-
porting the idea of elevated breakdown or utilization of myristic
acid, which is one of the most abundant fatty acids in milk fat
(47). Myristic acid has also been shown to have a unique immuno-
modulatory effect in murine models (48). Imidazole propionate was
enriched in B. thetaiotaomicron—gavaged mice, indicating elevated
histidine utilization by the gut microbiota and potential for low-
grade inflammation and impaired glucose metabolism (49).

Consistent with the elevation of metabolites involved in mucosal
immune programming, our transcriptomics data revealed an in-
creased expression of MadcamI, which regulates leukocyte traffick-
ing, in colons of B. infantis mice. Other genes including Apoa4,
which mediate anti-inflammatory responses, were also elevated in
B. infantis—gavaged animals. Pathways associated with immune de-
velopment and interaction of immune cells were enriched in B. in-
fantis, emphasizing a critical role of B. infantis in shaping mucosal
immunity in early life and beyond. On the other hand, IL-17 signal-
ing was repressed in B. infantis mice compared to B. thetaiotaomi-
cron—gavaged animals. These findings are consistent with previous
work, which showed B. infantis to inhibit T17 T cell polarization
(50). In contrast, B. thetaiotaomicron—gavaged mice exhibited an
enrichment of proinflammatory pathways including NOD-like re-
ceptor signaling, indicative of elevated inflammation due to
immune recognition of bacterial antigens. B. infantis—derived me-
tabolites induced a distinct transcriptome in human colonic
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epithelial cells compared to live B. infantis cells. However, the B. in-
fantis protein fraction elicited a gene expression profile similar to
that of live B. infantis, suggesting that secreted proteins may
mediate the effect of live B. infantis on vaccine response.
Unexpectedly, our metabolomics and transcriptomics data re-
vealed minimal differences in the metabolome and gene expression
induced by live and heat-killed B. infantis in SPF murine colons in
vivo and human colonic epithelial cells in vitro. Heat-killed B. in-
fantis given to SPF mice also led to enhanced antigen-specific T cells
following vaccination, suggesting that the immune-mediated effects
of B. infantis may be independent of bacterial viability when admin-
istered in a nonsterile environment early in life, as it would be in
human infants. Gene expression profile and metabolomic profile re-
mained distinct from that of B. thetaiotaomicron, suggesting that
certain conserved molecular patterns in live or heat-killed B. infan-
tis are recognized in a similar manner by the host triggering a ben-
eficial immune effect during vaccination. Together, our data suggest
that a surface protein of B. infantis may have these immunomodu-
latory properties. It is worth mentioning that gut colonization and
engraftment efficiencies of these bacteria may be variable between
mice and humans. Therefore, the effects described herein need to be
tested in a clinical trial to properly assess the effect of B. infantis on
vaccine responses. Nonetheless, our study shows a direct role for gut
microbiota early in life in shaping immune development and
antigen-specific T cell responses. Furthermore, we identify B. infan-
tis as a potential therapeutic intervention for improved T cell immu-
nity and vaccine responsiveness in neonates. Because B. infantis is
already available as a live biotherapeutic, future studies should
examine its impact on vaccine responses in human infants.

MATERIALS AND METHODS

Human cohort description

Infants were recruited as part of an ongoing observational study of
mother-infant pairs at the Midwife Obstetric Unit in Site B Khaye-
litsha, Cape Town, South Africa, the INFANT study (15). This study
was approved by the University of Cape Town's Human Research
Ethics Committee (reference 285/2012). Inclusion and exclusion
criteria and visit schedule are described elsewhere in detail (15).
Briefly, mothers living with or without HIV are eligible for the
study, and mothers and their infants are recruited shortly after
birth. All mothers participating in the study provided written in-
formed consent for themselves and their infants. Exclusive breast
feeding was recommended. All mothers with HIV received antire-
troviral therapy and their infants (HIV-exposed uninfected) were
confirmed to be HIV negative at birth (and were termed iHEU)
by PCR and at later time points following the most recent guidelines
(51). At 0 to 2 days of life, BCG was administered to all infants ac-
cording to the WHO's Expanded Program on Immunization.
Infants received intradermal Danish BCG strain (1331; Statens
Serum Institut, Denmark) from April 2013 to January 2016 and
thereafter Russian strain (BCG-I Moscow, Serum Institute of
India, India) due to a shortage of the Danish strain worldwide.
Both strains were given at 2 x 10° CFUs per dose. BCG vaccine im-
munogenicity was measured at 7 weeks after birth from blinded
iHEU stored samples and randomly selected using the following cri-
teria: (i) born after 36 completed weeks of gestation, (ii) a birth
weight greater than 2.4 kg, and (iii) stored stool collected in the
first week of life.
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Clinical measurements

Whole-blood BCG assay to assess BCG immunogenicity

in iHEU

BCG responses were assessed in infants at 7 weeks of age as previ-
ously described (52). Briefly, 250 pl of anticoagulated blood was in-
cubated with Mycobacterium bovis BCG vaccine (12 x 10° CFU/ml;
Danish strain 1331, SSI, Denmark), media alone (negative control),
or PHA (50 pg/ml; positive control) within an hour of phlebotomy.
This was incubated at 37°C in the clinic and transported to the lab-
oratory in portable incubators. After 6 hours, Brefeldin A (Sigma-
Aldrich) was added at a final concentration of 10 ug/ml and incu-
bated for an additional 6 hours. Thereafter, red blood cells were
lysed followed by washing and staining with LIVE/DEAD violet
stain (Vivid, Thermo Fisher Scientific). Cells were then cryopre-
served in 10% dimethyl sulfoxide and 90% fetal bovine serum
(FBS) in liquid nitrogen (LN,) until analysis by flow cytometry.
Cell staining, data analysis, and flow cytometry in iHEU
Fixed, cryopreserved cells were thawed quickly at 37°C and washed
twice with Perm/Wash buffer (BD Biosciences). Cells were then in-
cubated in Perm/Wash for 10 min before staining with antibody
cocktail mix made up in 2% FBS in PBS. Cells were stained with
the following antihuman monoclonal antibodies: IL-2 PE, CD8
V500, IFN-y Alexa Fluor 700, TNF-a PE-Cy7, and Ki67 fluorescein
isothiocyanate (FITC) all from BD; CD 27 PE-cy5, HLA-DR APC-
cy7, CD3 and BV650 (BioLegend); CD4 PE-cy5.5 (Invitrogen); and
CD45RA PE-Texas Red (Beckman Coulter). Stained cells were in-
cubated at 4°C for 45 min. Cells were then washed twice, resuspend-
ed in 300 pl of PBS, and acquired on the LSR II flow cytometer (BD
Biosciences, San Jose, CA, USA). After acquisition, compensation
and data analysis was done using FlowJo v9.9 (Tree Star, Ashland,
Oregon, USA). BCG response was determined as the frequency of
CD4" T cells producing any cytokine (IFN-y, TNF-a, and IL-2)
minus the total Tyl cytokine response in the media alone condi-
tion. Net BCG responses in iHEU infants were then binarized
into high versus low around the median response. COMPASS, a
computational tool for analyses of polyfunctionality of antigen-spe-
cific T cells (17), was ran on a subset of infants.

16S rRNA library preparation of iHEU stool

16S rRNA gene sequencing libraries were prepared as previously de-
scribed from infant stools collected within 7 days of birth (53).
Briefly, DNA was extracted from stools using the PowerSoil DNA
extraction kit (Mo Bio Laboratories) and concentration determined
by a Quant-IT PicoGreen dsDNA HS assay kit (Invitrogen, UK).
The hypervariable V6 region of the 16S gene was amplified using
two PCR steps: The first barcoded the samples, while the second
added Illumina paired-end sequencing adapters (54). Resulting
PCR amplicons were purified and quantified, and 50 ng was
pooled into a single tube. Pooled DNA was gel-purified
(QIAGEN, CA). Final library concentration was determined, and
paired-end sequencing was performed at The Centre for Applied
Genomics at the Hospital for Sick Children in Toronto, Canada,
on the Illumina HiSeq 2000 platform [100-base pair (bp) paired-
end chemistry].

Quantitative B. longum infantis reverse transcription PCR of
iHEU stool DNA

For iHEU with sufficient remaining stool bacterial DNA, we per-
formed qPCR to determine the copy number of B. infantis. The re-
action mixture consisted of 5 pl of 2x PowerUP SYBR Green Master
Mix, each primer pair at 0.5 uM, 2 ng of template DNA, and 1 ul of

Nyangahu et al., Sci. Adv. 9, eade1370 (2023) 8 December 2023

molecular-grade PCR water to make a total volume of 10 pl. The
primer sequences for forward and reverse primer were 5'-ATG
ATG CGC TGC CAC TGT TA-3' and 5'-CGG TGA GCG TCA
ATG TAT CT-3/, respectively. Real-time PCR was performed
using the Applied Biosystems QuantStudio 7 Flex Real-Time PCR
System with the following PCR conditions: Uracil-DNA glycosy-
lases (UDG) activation (50°C for 2 min), initiation at 95°C for 2
min followed by 40 cycles at 95°C for 15 s, 56°C for 15 s, and 60°
C for 1 min. Melting curve analysis was performed at 95°C for 15 s,
60°C for 1 min, and 95°C for 15 s. Standard curves were made by
diluting B. infantis DNA from 10" to 10° copies/l, and results were
obtained using the Applied Biosystems software.

Mouse experimental descriptions

Mice

All GF animal studies were approved by the Institutional Animal
Care and Use Committee (IACUC) of University of Washington
(protocol 4230-02 and 4038-02). SPF animal work was approved
by the IACUC of Seattle Children’s Research Institute (SCRI)
under animal protocol IACUC00328. GF SW mice were purchased
from the University of Washington Gnotobiotic Animal Core or
Taconic and GF BALB/c mice were purchased from Taconic (Rens-
selaer, NY). All GF mice were bred and maintained in open-top
cages with autoclaved ALPHA-dri Plus bedding (Shepherd) and
fed autoclaved rodent chow (Lab Diet, St. Louis, MO) ad libitum
in flexible-film isolators. GF status of mice were checked monthly
by culturing fresh fecal pellets or by performing 16S rRNA PCR
with fecal DNA. SPF C57BL/6 and BALB/c mice (6 and 8 weeks
old) were purchased from the Jackson Laboratories (Bar Harbor,
ME) and maintained under SPF conditions at SCRI. Fecal transfers
and immunization experiments were performed in a sterilized bio-
safety cabinet.

Monocolonization of pups (experiment 1)

To test the causal effect of specific taxa on immune development
early in life, 6- to 12-week-old GF SW females were mated with
males for 8 days. Dams and pups were moved to isopositive cages
when the pups were 3 days old. Pups were monocolonized with 10°
CFUs of B. infantis, B. thetaiotaomicron, heat-killed B. infantis (in-
activated control bacteria), or PBS (abiotic control) at day 7 and day
10 of life in 40-ul volume. Monocolonized animals were euthanized
at day 14, and immunity was analyzed in the spleen by flow cytom-
etry as described below. Stool samples collected from a subset of
mice were used to assess bacterial viability by PMA qPCR (see
below). Two independent experiments were conducted.

Impact of bacteria on early immune development in the
presence of other gut commensals (experiment 2)

To investigate the impact of live or heat-inactivated B. infantis or B.
thetaiotaomicron on early immune development while in the pres-
ence of other gut commensals, we conducted experiment 1 above
using SPF animals. For all SPF experiments, we crossed C57BL/6
females with BALB/c males. Pups were orally gavaged with 10°
CFUs of B. infantis, B. thetaiotaomicron, heat-killed B. infantis, or
PBS at days 7 and 10 of life. We analyzed splenic immunity at day 14
of life as in experiment 1. In addition, we assessed the impact of the
oral bacterial interventions on the stool metabolome (see below).
Furthermore, we assessed the impact of B. infantis, B. thetaiotaomi-
cron, and heat-killed B. infantis supplementation on the colonic
transcriptome by RNA sequencing of the colons (see below). To
assess whether bacteria were colonizing the mouse gut after oral
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administration, we performed viability PCR (PMA qPCR) in stool
collected at day 14. An additional experiment was performed to
assess the time course for the presence of live gavaged bacteria
with stool collected at 6 and 72 hours after gavage.

BCG-specific CD4 T cell response in monocolonized pups
(experiment 3)

To test how gut microbiota affect BCG response, we produced
mixed background pups by crossing GF SW females with GF
BALB/c males because tetramers to detect immune response were
only available on a BALB/c background. Pups were monocolonized
with 10® CFUs of B. infantis, B. thetaiotaomicron, heat-killed B. in-
fantis, or PBS at day 7 and day 10 of life as in experiment 1. All
animals were then immunized with 10° CFUs of BCG subcutane-
ously at day 11 and euthanized 4 weeks after immunization. We an-
alyzed vaccine-specific CD4 T cell responses using a tetramer
containing amino acids 73 to 88 of Mycobacterium tuberculosis
(M. tb) TB10.4 [I-A(d), NIH Tetramer Facility]. Stools were collect-
ed from all animals longitudinally for agar plating to confirm bac-
terial monocolonization. Two independent experiments were
performed.

Modulation of BCG-specific CD4 response in presence of
other commensals (experiment 4)

To test the effect of B. infantis or B. thetaiotaomicron in the presence
of other commensals on BCG vaccine response, we set up breeders
under SPF conditions as described in experiment 2. Pups were
orally gavaged with PBS or bacteria as described in experiment 2.
Pups were immunized with 10° CFUs of BCG at day 11, and
antigen-specific CD4 T cell responses were analyzed as in experi-
ment 3. At least three independent experiments were performed.
Stimulation of human colonic epithelial cells with whole
bacteria or their secreted products (experiment 5)

To assess the potential effect of B. infantis or B. thetaiotaomicron or
secreted bacterial products in the human gut, we stimulated human
colonic epithelial cells with bacteria or their by-products. Human
colonic epithelial stem cells were expanded from the transverse
colon of a cadaveric donor using a monolayer culture technique
as previously described (34). The expanded stem cells were then
plated on Falcon cell culture inserts having a porous membrane
(0.4-pum pore size) to form monolayers (35). Briefly, the inserts
were coated with 1% volume of Matrigel in PBS at 37°C overnight.
Inserts were rinsed twice with PBS, and epithelial cells were plated
on the top compartments of the inserts in expansion media. Cells
from one well of a six-well plate were dispersed into 20 different
inserts (0.4 ml in the apical side and 0.8 ml in the basal side). We
exchanged the media every 48 hours. To induce cell differentiation,
cells were transferred to differentiation media (media without
growth factors) after 6 days, and the medium was exchanged after
every 48 hours. At day 12, the monolayer was fully mature and dif-
ferentiated. Epithelial cells were stimulated at the apical side for 6
hours under the following conditions: PBS, B. infantis (2 x 10°
CFU per well), B. thetaiotaomicron (2 x 10° CFU per well), heat-
killed B. infantis (2 x 10° CFU per well), B. infantis metabolite frac-
tion, and B. infantis protein fraction (see below for separation of
these fractions).

Bacterial preparations for oral gavage in mice

Bacterial strains were obtained from the American Type Culture
Collection (ATCC) and cultured as recommended. B. infantis
(ATCC 15697) and B. thetaiotaomicron (ATCC 29148) vials were
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rehydrated with modified reinforced clostridial and modified
chopped meat medium, respectively. Bacterial contents were then
transferred and cultured in Trypticase soy agar plates anaerobically
at 37°C for 48 hours. Individual colonies were picked and frozen
down with 50% glycerol. New bacterial cultures were set up from
freezer stocks by inoculating in broth medium anaerobically at
37°C for 48 hours. Optical densities (ODs) at 600 nm of the
liquid culture were determined at 12-hour intervals alongside
plating serial dilutions to determine bacteria colony counts and to
establish the OD-CFU relationship. Bacterial cultures were spun
down at 2000g for 10 min, washed twice with PBS, and resuspended
in PBS for oral gavage in pups (10° CFUs per mouse). To calculate
the CFUs in colonized mice, stools were aseptically collected and
homogenized in PBS. Homogenates were diluted (1:10,000) and di-
lutions plated in agar. Plates were grown anaerobically at 37°C for 48
to 72 hours after which colonies were counted.

Fecal metabolomics

Aqueous metabolites for targeted liquid chromatography—mass
spectrometry (LC-MS) analysis were extracted using a protein pre-
cipitation method. Stool samples from mice were first homogenized
(Next Advance Bullet Blender Gold, Troy, NY) in 200 ul of purified
deionized water at 4°C using 1-mm zirconium oxide beads (Next
Advance). Because the amounts of stool samples varied, we back-
calculated volumes of homogenized samples needed to have an
identical amount of stool samples. We transferred the back-calcu-
lated volumes to new vials; added purified deionized water to a final
volume was 200 ul for rehomogenization. Methanol containing
known concentrations of 6C'*-glucose and 2C"*-glutamic acid
was added. Afterward, samples were vortexed, stored for 30 min
at —20°C, sonicated (Fisher CPX3800), centrifuged at 18,000g,
and supernatant collected. Supernatants were dried on a SpeedVac
(Eppendorf Vacufuge Plus, Enfield, CT) and reconstituted in LC-
matching solvent containing 3C'’-lactate and 2C'*-tyrosine to
monitor the assay performance. Targeted LC-MS metabolite anal-
ysis was performed on a duplex-LC-MS system composed of two
Shimadzu UPLC pumps, CTC Analytics PAL HTC-xt tempera-
ture-controlled auto-sampler, and AB Sciex 6500+ Triple Quadru-
pole MS equipped with ESI ionization source. Measured MS peaks
were integrated using AB Sciex MultiQuant 3.0.3 software. The LC-
MS assay targeted 361 metabolites across all major biological path-
ways/cycles (plus four spiked stable isotope-labeled internal stan-
dards). From 361 targeted metabolites, 200 were measured in the
study cohort (plus four spiked standards). In addition to the
study samples, two sets of quality control (QC) samples were used
to monitor the assay performance and data reproducibility. One QC
[QC(I)] was a pooled human serum sample used to monitor system
performance, and the other QC [QC(S)] consisted of a pooled study
sample, which was used to monitor data reproducibility and
perform data normalization and drift correction. The data were
well reproducible with a median CV of 4% for the QC samples.

PMA viability qPCR

To assess whether we can differentiate live from heat-inactivated
bacteria, we performed viability qPCR, a technique that uses
PMA coupled with PCR. This technique has previously been used
to differentiate viable from dead bacteria (21). Stools collected from
animals from experiments 1 and 2 at day 14 were homogenized and
resuspended in PBS at 10 mg/ml. Samples were spun at 2000g to
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pellet bacteria. Samples were then treated with PMA (Biotium) in
the dark and incubated for 10 min with gentle rocking at room tem-
perature (25 uM) or left untreated. Live or heat-killed B. infantis or
B. thetaiotaomicron (diluted 1:10) obtained from cultures were also
treated with PMA or left untreated. All PMA-treated or untreated
samples were exposed to light to cross-link the dye with DNA for 15
min. Free PMA was removed by pelleting cells by centrifugation at
5000g for 10 min. Pellet was resuspended in 100 pl of DNA/ribonu-
clease-free water and DNA extracted using the PowerSoil Pro Kit
(QIAGEN, MD). The qPCR assays were performed on the StepO-
nePlus system (Thermo Fisher Scientific). Previously published B.
infantis primers (5-ATGATGCGCTGCCACTGTTA-3 and 5-
CGGTGA GCGTCAATGTATCT-3) and B. thetaiotaomicron
primers (5-AACAGGTGGAAGCTGCGGA-3 and 5-AGCCTC
CAACCGCATCAA-3) were used for qPCR (55, 56). The reaction
was performed in a final volume of 20 pl consisting of 2x EvaGreen
master mix (Thermo Fisher Scientific) and 0.5 uM of each primer.
For B. thetaiotaomicron—specific qPCR, cycling conditions used
were 95 5 min, 95 1 min, 60 30s, 72 30 s, and 72 5 min. For B. in-
fantis—specific qPCR, 95 2 min, 95 15s, 56 15 s, and 60 1 min were
used. DNA extracted from live or heat-killed bacterial cultures was
included as positive controls. C, values were compared across all
samples with or without PMA treatment.

Preparation of bacterial metabolites and proteins from
culture for cell stimulation

B. infantis was grown anaerobically at 37°C in chopped meat carbo-
hydrate media and cultures harvested at the stationary phase. Bac-
terial cells were separated from the supernatant by centrifugation
(2000g, 10 min). To separate bacterial proteins from metabolites,
supernatant was filtered using Amicon (10 kDa) Ultra Centrifugal
filter units (Millipore). Filter units with supernatants were spun at
3000g for 30 min. Molecules smaller than 10 kDa went through the
filter (metabolites), while larger ones were retained (proteins). To
deactivate any proteins in the flow through, the metabolite fraction
was heated at 50°C for 10 min. Protein concentration was deter-
mined by the Bradford Assay. Protein and metabolite fractions
were used for stimulation of human colonic epithelial cells.

RNA extraction and sequencing

RNA was extracted from frozen mouse colonic samples. Samples
were obtained from mice in experiment 2 at day 14 of life. Similarly,
RNA was extracted from lysed human colonic epithelial cells 6
hours after stimulation (experiment 5 above). Total RNA extraction
in all samples was done using the RNeasy Mini Kit (QIAGEN) ac-
cording to the manufacturer’s instructions. RNA samples were
stored at —80°C until use. RNA library preparations and sequencing
reactions were conducted at Azenta Life Sciences (South Plainfield,
NJ). Briefly, RNA concentration was determined by Qubit Fluo-
rometer (Thermo Fisher Scientific, Waltham, MA) and quality
checked using Agilent TapeStation 4200 (Agilent Technologies,
Palo Alto, CA). ERCC RNA Spike-In Mix kit (catalog no.
4456740) was added to normalize total RNA according to the man-
ufacturer’s protocol. The RNA sequencing libraries were prepared
using the NEBNext Ultra II RNA Library Prep Kit for Illumina
using the manufacturer’s instructions (New England Biolabs,
Ipswich, MA). Briefly, mRNAs were initially enriched with
Oligod(T) beads. Enriched mRNAs were fragmented for 15 min
at 94°C. First strand and second strand cDNA were subsequently
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synthesized. cDNA fragments were end-repaired and adenylated
at 3’ ends, and universal adapters were ligated to cDNA fragments,
followed by index addition and library enrichment by PCR with
limited cycles. The sequencing libraries were validated on the
Agilent TapeStation and quantified by using Qubit 2.0 Fluorometer
and by qPCR (KAPA Biosystems, Wilmington, MA). The sequenc-
ing libraries were multiplexed and clustered onto a flow cell on the
[lumina NovaSeq instrument according to the manufacturer’s in-
structions. The samples were sequenced using a 2 x 150 bp paired-
end configuration. Every sample had at least 20 million reads.

Flow cytometry analysis of immune cells in mice
To analyze early splenic immunity in pups, T cells were stained with
anti-CD3 Alexa 700, anti-CD4 PerCPcy5.5, anti-CD8 BV510, anti-
CD44 FITC, and anti-CD62L BV421. For B cells, surface staining
was performed with anti-CD19 PEcy7, anti-B220 FITC, anti-
CD23 BV421, anti-CD21 PE, and anti-CD80 BV786. Myeloid
cells were stained with anti-CD11b FITC, anti-CD11c BV510,
anti-Ly6G PEcy7, anti-Ly6C PerCPcy5.5, anti-MHCII PE, anti-
NKI1.1 APC, and anti-B220 BV421. Samples were incubated with
antibody master mix (100 ul per sample) prepared in MACS
buffer (2 mM EDTA and 0.5% BSA in PBS) that included 1% Fc
block for 30 min at 4°C. Cells were washed, resuspended in acqui-
sition buffer, and acquired on the LSR IL

To measure TB10.4-specific CD4 T cells, splenocytes from BCG-
immunized mice were stained with PE-conjugated MHCII tetramer
[I-A(d)] containing amino acids 73 to 88 of M. tb TB10.4, (NIH Tet-
ramer Facility) for 1 hour at room temperature. Tetramer-bound
cells were then labeled with anti-PE magnetic beads (Miltenyi)
and enriched using magnetic columns. Tetramer-bound and
unbound cells were then stained with surface markers at 4°C for
30 min. Cells were resuspended in 1% formaldehyde and acquired
on the LSR II flow cytometer. After acquisition, compensation and
data analysis was done using FlowJo v10.7 (Tree Star, Ashland,
Oregon, USA). Antigen-specific CD4 T cells were identified as
CD3", CD4", CD87, Dump~ (CD11b, CD11c, F4/80, and B220),
and tetramer" cells. Total numbers of antigen-specific cells were re-
corded as the sum of antigen-specific cells in the bound and
unbound fractions.

Statistical analysis

General statistical testing among or between groups were made by
Kruskal-Wallis test followed by Mann-Whitney test. Data were con-
sidered statistically significant if P < 0.05. GraphPad Prism software
(v9) was used for all analyses.

For 16S microbiome analyses, raw reads were demultiplexed
using in-house scripts based on sample barcodes. Primers were
removed by Cutadapt using default parameters. Sequences were
then imported into R and processed using the DADA?2 pipeline
as previously described (57). Briefly, the pipeline performs quality
checks and filtering, learns error rates, merges paired-end reads,
constructs an ASVs table, removes chimeric sequences, and
assigns taxonomy to ASVs using the Silva (v138 release) reference
database. Downstream analyses was performed in R using phyloseq
and metagenomeSeq among other routine R packages. Community
diversity was assessed by alpha diversity (within sample) and beta
diversity (between sample). Before differential abundance testing by
metagenomeSeq, taxa were merged at the lowest taxonomic anno-
tation. Taxa with adjusted P values less than 0.05 were considered

16 of 18



SCIENCE ADVANCES | RESEARCH ARTICLE

significant. For differential abundance testing, we filtered taxa to
include only those with fold change >1.5.

For RNA sequencing analyses, quality trimming was performed
by fastp (58) to keep only sequences with a quality score higher than
20. All sequences were retained after filtering (quality >30). Reads
were then aligned by salmon (59) to the mouse (GRCm39) or
human (GRCh38) transcriptome on Ensembl to quantify tran-
script-level abundances. Data analyses and differential expression
analyses were performed by DESeq2 using publicly available code
(https://github.com/hbctraining/Intro-to-rnaseq-hpc-salmon-
flipped). Genes with an adjusted P value <0.05 and absolute log,fold
change >1.5 were considered differentially expressed between con-
ditions. All pairwise comparisons were made between different con-
ditions and B. infantis (for both mouse colons and human colon
cultures). Volcano plots were obtained using EnhancedVolcano
package at a log,fold change cutoff of 1.5. (https://bioconductor.
org/packages/devel/bioc/vignettes/EnhancedVolcano/inst/doc/
EnhancedVolcano.html). GSEA was performed in R using cluster-
Profiler package and the Kyoto Encyclopedia of Genes and
Genomes gene sets with minimum gene set size set to 20.

For metabolomics data, analysis was conducted using MetaboA-
nalyst (v5), a web-based tool designed for metabolomics (www.
metaboanalyst.ca/). Features with constant or a single value across
the entire dataset were deleted. As a default, missing values were re-
placed with a fifth of the minimum value for each metabolite. Data
were normalized by sample sum, transformed by log transforma-
tion, and scaled by mean centering and dividing by the SD of
each variable. MetaboAnalyst was used to generate PLS-DA,
heatmap of topmost significant metabolites following ANOVA,
and metabolite set enrichment plots. The VIP score obtained by
PLS-DA combined with false discovery rate P value from
ANOVA with post hoc test was used to evaluate differentially abun-
dant metabolites. Differential abundance testing was additionally
performed in R using limma package (24). Volcano plots were gen-
erated using EnhancedVolcano package with a log,fold change
cutoff of 2.
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