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SUMMARY
Manipulation of thegutmicrobiomeusing live biotherapeutic products showspromise for clinical applications
but remains challenging to achieve. Here, we induced dysbiosis in 56 healthy volunteers using antibiotics to
test a synbiotic comprising the infant gut microbe, Bifidobacterium longum subspecies infantis (B. infantis),
and human milk oligosaccharides (HMOs). B. infantis engrafted in 76% of subjects in an HMO-dependent
manner, reaching a relative abundance of up to 81%. Changes in microbiome composition and gut metabo-
lites reflect altered recovery of engrafted subjects compared with controls. Engraftment associates with in-
creases in lactate-consuming Veillonella, faster acetate recovery, and changes in indolelactate and p-cresol
sulfate, metabolites that impact host inflammatory status. Furthermore, Veillonella co-cultured in vitro and
in vivowithB. infantis and HMOconverts lactate produced byB. infantis to propionate, an importantmediator
of host physiology. These results suggest that the synbiotic reproducibly and predictablymodulates recovery
of a dysbiotic microbiome.
INTRODUCTION

The microbiota of the human gastrointestinal tract comprises a

complex community that plays an important role in the mainte-

nance of health and resistance to disease.1,2 A multitude of fac-

tors, including host diet, environmental exposures, and antibiotic

(Abx) usage influence the composition of themicrobiome, some-

times leading to dysbiosis and negative health consequences.

One promising approach to treat or prevent disease is via direct

manipulation of the dysbiotic microbiome. Clinical success has

been achieved for applications such as minimizing the recur-

rence of Clostridioides difficile infection.3,4 These therapies,

termed live biotherapeutic products (LBPs), may ‘‘engraft,’’ or

durably persist, in the recipient gastrointestinal tract and thereby

lead to positive outcomes.5,6 LBPs are under investigation for the

treatment of a wide variety of diseases, spanning infectious, in-

flammatory, and metabolic diseases, but control of their engraft-
Cell Ho
ment, accurate prediction of their efficacy, and effects on co-

resident microbes and their metabolic pathways have not yet

been demonstrated.7–12 Not only is selection of microbial spe-

cies a challenge, but questions remain about persistence and

function within the recipient microbiome.13–20

A synbiotic pairing of a microbe and its preferred nutrient

source, a prebiotic, increases the chance of engraftment by

providing the LBP with a competitive advantage within the gut

environment.21–23 We previously described successful engraft-

ment in healthy adults treated with a synbiotic product that con-

sisted of Bifidobacterium longum subspecies infantis (B. infantis)

as the LBP and a concentrate of human milk oligosaccharides

(HMOs) as the prebiotic.24 HMO are a structurally diverse class

of oligosaccharides unique to human milk that consist of at least

one lactose residue linked to various combinations of fucose,

sialic acid, N-acetylglucosamine, or lacto-N-biose.25,26 HMO

are indigestible by humans and therefore available to gut
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microbes, especially Bifidobacterium spp.27–30 B. infantis, which

is typically only found in the gut of breastfed infants, encodes

clusters of HMO-utilization genes that enable it to efficiently

import and metabolize the full spectrum of HMO molecules pre-

sent in human milk.31,32 Moreover, capacity for intracellular

degradation of HMO provides B. infantis with an exclusive

advantage over other species in the community.33 Lactate and

acetate are both produced during HMO degradation, and these

organic acids are then either absorbed by the host or utilized by

other members of the microbiota. Lactate and acetate cross-

feed other microbes, resulting in the subsequent production of

other short-chain fatty acids (SCFAs) like butyrate.34–40 SCFAs

are normally present in the lower gastrointestinal tract at

�100 mM and influence host physiology in multiple ways,

including promotion of gut barrier function and immune toler-

ance.41–45 By impacting microbes and metabolites, B. infantis

has the potential to be an important modulator of gut health.

Indeed, engraftment of B. infantis into the immature, low-diver-

sity microbiome of breastfed babies leads to measurable bene-

ficial results, including a reduction in the pathobiont-containing

taxon Enterobacteriaceae, a reduction in detectable virulence

genes, increases in levels of organic acids in fecal samples,

and modulation of intestinal immunity.46–48

Previously, we observed engraftment of B. infantis into the mi-

crobiome of healthy adults and altered metabolite levels when

B. infantis and HMO were both provided, but not in control co-

horts provided with only HMO or B. infantis. HMO-dependent

B. infantis engraftment occurred in �60% of subjects at an

average relativeabundanceof 5%andamaximumof 25%.24Sig-

nificant changes in gut metabolites occurred, but there were few

consistent changes in microbiome composition besides the ex-

pected increases in bifidobacteria.24 HMO-dependent engraft-

ment of B. infantis into unperturbed, colonization-resistant hu-

man microbiomes represents a powerful demonstration of a

specific glycan promoting expansion of a bacterial taxon equip-

ped to utilize that resource.23 However, the context of a healthy,

intactmicrobiome limits the ability tomeasure changes impactful

in patient populations. Therefore, the next stepwas to assess the

impact of the synbiotic in the context of microbiome dysbiosis.

To evaluate the effect of the synbiotic product in a perturbed

microbiome, we induced dysbiosis by dosing healthy subjects

with Abx, together with B. infantis and HMO, and measured re-

covery of microbiome composition and function. For compari-

son, we included a control cohort that did not receive HMO to

assess B. infantis engraftment when the prebiotic is not pro-

vided. Abx-induced dysbiosis leads to lowered resistance to

colonization by new microbial taxa and thereby likely enhances

engraftment of LBPs.5,49,50 In healthy adults, the acute disrup-

tion that occurs during and immediately following Abx is charac-

terized by decreased diversity and altered levels of microbially

produced metabolites. This period of severe dysbiosis is typi-

cally transient and limited to days or weeks, but some taxa

may remain depleted for months to a year.51–55 This may reflect

long-term damage to the community or may simply represent a

transition to a different but functionally equivalent stable state.56

Transient dysbiosis may or may not be distinct from persistent,

profound dysbioses, which require intervention to avoid disease.

Persistent dysbiosis may be caused by prolonged or repeated

treatment with Abx57 or chemotherapeutics,58 poor diet,59 or ge-
2 Cell Host & Microbe 31, 1–16, September 13, 2023
netic and inflammatory factors.60 In this study, we found that the

administration of a synbiotic that consisted of B. infantis and

HMO during and after Abx-induced dysbiosis resulted in signifi-

cant changes in gut metabolites and microbiome composition,

including high prevalence and abundance of engrafted

B. infantis, together indicating that the trajectory of microbiome

recovery had been altered. B. infantis and HMO reproducibly

increased levels of lactate-consuming Veillonella spp. in humans

and stimulated the production of the SCFA propionate by Veillo-

nella when grown together, both in vitro and in vivo. The alter-

ations to gut metabolites resulting from our treatment included

faster recovery of fecal acetate levels, increased levels of lactate

and indolelactate (ILA), and decreased levels of the pro-inflam-

matory metabolite p-cresol sulfate (pCS), all of which can impact

host physiology. These data predict robust HMO-dependent

engraftment of B. infantis into dysbiotic patient microbiomes

with the potential to produce positive changes in microbiome

composition and function.

RESULTS

High-level, HMO-dependent engraftment ofB. infantis in
healthy subjects after Abx exposure
We hypothesized that introduction of B. infantis and HMO into a

microbiome disrupted by Abxwould result in a high rate and level

of engraftment and would serve as a good model to test the pre-

dicted positive effects ofB. infantis onmicrobiome recovery. The

study design included healthy human subjects co-treated with

two different Abx: vancomycin, which primarily affects Gram-

positive bacteria, and metronidazole, which affects anaerobes,

including Gram-negative bacteria. Used together, these Abx

broadly impact the gut microbial community.61,62

A total of 56 subjects were assigned to three different cohorts.

Analyses of age, body mass index (BMI), sex, ethnicity, and race

revealed no statistically significant differences between cohorts

(Table S1). All cohorts received Abx, and the two test cohorts

also received B. infantis or B. infantis with HMO (Figure 1). All

subjects were followed through day 35, 1 week after all dosing

ceased. No serious adverse events were observed in any sub-

ject, and all events are listed in Table S2.

B. infantis abundance was measured in stool samples using a

qPCR assay (Figure 2A). For subjects who received Abx only (no

B. infantis), levels remained below or near the limit of detection

(LOD). For the two cohorts that receivedB. infantis, the low levels

detected during Abx dosing were interpreted as ‘‘pass-through’’

due to Abx sensitivity (in vitrominimum inhibitory concentrations:

vancomycin %0.5 mg/mL; metronidazole 8 mg/mL). After the

cessation of Abx and with continued B. infantis dosing, levels

rose in both B. infantis-treated cohorts above pass-through by

day 11. On days 21 and 28, a significant difference was observed

between the two B. infantis cohorts (Sidak’s post test, padj =

0.003 and padj = 0.002, respectively) and over time (mixed effects

model, p < 0.0001). Subjects without HMO exhibited a steady

decline after dosing ceased, while most subjects given HMOdis-

played stable, high levels of B. infantis through day 28. Levels

declined rapidly after HMO dosing ceased. Together, these

data demonstrate that while Abx may temporarily reduce coloni-

zation resistance to enable transient expansion of B. infantis, co-

dosing with HMO is essential for durable, high-level engraftment.



Figure 1. Healthy human subject study design

A schematic of the study design with 56 healthy participants assigned to 3 cohorts. Antibiotics (Abx) only: a 5-day course of vancomycin (250mg dose/3 times per

day) and metronidazole (500 mg dose/3 times per day) on days 1–5. Antibiotics and B. infantis: the same course of antibiotics with B. infantis (R83 109 colony-

forming unit [CFU]/dose once per day) on days 1–14. Antibiotics,B. infantis, and HMO: the same course of antibiotics withB. infantis andwith HMO (9 g twice daily

for a total of 18 g/day) on days 1–28. Stool collection days are indicated in bold text. See also Tables S1 and S2.
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In both cohorts dosed with B. infantis, there was evidence of

twosubpopulations: ‘‘engrafted,’’ forwhichB. infantiswasconsis-

tentlymaintained throughday28, and ‘‘not engrafted’’ (NE),where

B. infantiswasnot consistentlymaintained (Figures2Band2C).Of

subjects who received B. infantis + HMO, 76% (13/17) were

deemed engrafted (Figure 2B). The four subjects defined as NE

each produced at least one stool sample with no detectable

B. infantis during dosing, suggesting possible non-compliance.

B. infantis levels in engrafted subjects were significantly higher

than in NE subjects over time (mixed effects model, p < 0.0001).

The mean level of B. infantis at day 14 in engrafted subjects was

�5-fold higher than the overall mean of the cohort. Moreover,

when only engrafted subjects within the B. infantis + HMO cohort

werecomparedwith theB. infantis-onlycontrol, levelsweresignif-

icantly higher as early as day11 (FigureS1A;mixedeffectsmodel,

p < 0.0001; Sidak’s post test, padj < 0.0005).

Engraftment was also observed in four subjects who received

B. infantis alone (without HMO), representing�24% (4/17) of the

cohort (Figure 2C).B. infantis levels in these subjects were�100-

fold lower than for engrafted subjects who received HMO. The

rate of engraftment also differed significantly between the two

cohorts (13/17 engrafted vs. 4/17 engrafted; Fisher’s exact

test, p = 0.0053). Our previous study in healthy adults with unper-

turbedmicrobiomes showed no evidence of engraftment without

co-dosing with HMO.24 Here, Abx exposure likely lowers coloni-

zation resistance.

Interestingly, some engrafted subjects from both cohorts re-

tained B. infantis signal at day 35 (Figures 2B and 2C) To follow

up, we collected additional stool samples from available sub-

jects on or after day 90 (Table S3). B. infantis was below the

LOD for nine subjects from the B. infantis + HMO cohort. For

three subjects from the B. infantis (without HMO) cohort, levels

were either low or undetectable (Table S3). These data suggest

that in most subjects, B. infantis did not durably engraft without

continued HMO treatment.
We next used whole metagenomic sequencing (WMS) of stool

samples and a strain-specific tracking algorithm to quantify the

relative abundance ofB. infantis in themicrobiomeof each cohort.

For engrafted subjects that receivedHMO, themedianabundance

over days 14–28 was 45.9%, with a maximum of 81% in one sub-

ject at day 9 (Figures 2D and S1B). Abundance was significantly

lower over time in engrafted subjects that did not receive HMO,

ranging from 0.7%–7.8% with a median of 3.4% (mixed effects

model, padj = 0.0003). Using an orthogonal method with different

sequence biases, we also calculated the ratio ofB. infantis to total

bacterial (16S) qPCR signal (Figures S1C and S1D). The results of

this method were similar, with median relative abundance of en-

grafted subjects in the B. infantis + HMO cohort at 8.6% and a

maximum of 48.4% during days 14–28.

Our previous study utilized the same methodology to measure

engraftment in non-Abx-treated healthy adults.24 A direct com-

parison of B. infantis abundance across both studies at days

14–15 in subjects receiving both B. infantis and HMO showed

significantly higher levels in subjects with Abx-induced dysbiosis

(Figure S1E; Sidak’s post test, padj < 0.0001). This controllable,

high-level engraftment maximizes the likelihood of positively im-

pacting the gutmicrobiome. For this reason, analyses comparing

the engrafted subset of subjects in theB. infantis+HMOcohort to

the Abx-only control are most relevant for measuring impacts of

high-level engraftment on the microbiome and gut metabolites.

HMO-mediated engraftment of B. infantis alters
microbiome communities after transient, Abx-induced
dysbiosis in healthy subjects, leading to a reproducible
enrichment of Veillonella
Initially, WMS data from all subjects was evaluated for changes in

microbial community composition. As expected, Abx induced

transient, acute dysbiosis in all three cohorts. From days 1 (base-

line) through 5 (end of Abx dosing), there were robust decreases

in microbial diversity and a consistent shift in community
Cell Host & Microbe 31, 1–16, September 13, 2023 3



A B
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Figure 2. Perturbation of healthy microbiomes with Abx led to consistently high levels of B. infantis engraftment in subjects co-treated

with HMO

(A) B. infantis abundance in stool samples was determined by qPCR and plotted as the average for all subjects in each cohort. Data are geometric means (Abx

only, n = 19; B. infantis + HMO, n = 17; B. infantis only, n = 17) with 95% confidence intervals. The dotted line represents the limit of detection (LOD), 27 copies/ng

DNA. Significance at individual time points and over time was determined for B. infantis + HMO vs. B. infantis only.

(B and C) Data for the indicated cohorts from (A) were replotted to separate engrafted from non-engrafted subjects. Subjects were deemed engrafted ifB. infantis

signal for two consecutive time points was two geometric standard deviations above the pass-through level (geometric mean of signal for all subjects dosed with

B. infantis on days 3–5; equivalent to 5.4 3 103 copies/ng DNA). Traces represent individual subjects.

(D)B. infantis abundance in stool samples was determined bywholemetagenome sequencing (WMS) using a strain-tracking algorithm. Each point represents the

median of the indicated cohort subpopulation, and error bars represent the interquartile range. Undetected values were imputed with the LOD (lowest detected

value). Significance at individual time points and over time were determined for B. infantis + HMO (engrafted) vs. B. infantis only (engrafted).

See also Figure S1 and Table S3.
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composition (Figures 3 and S2A–S2C). Shannon diversity was

significantlydecreased inbothcohortsbyday5 (Figure3A;Sidak’s

post test, padj < 0.0001). Total bacterial abundancealsodecreased

(Figure S2B), and microbiome community structure (Bray-Curtis

dissimilarity) was significantly different by day 5 (Figure 3B;

Table S4; PERMANOVA, padj < 0.001). Notably, levels of Lactoba-

cillaceae and Enterobacteriaceae increased from %0.2% of the

population to>76%and>16%, respectively (Figures3CandS2C).

From days 5 to 35, all measures of microbiome diversity re-

bounded in all three cohorts. Shannon diversity increased by

day 35 but remained significantly different from day 1 levels, sug-

gesting that recovery was incomplete (Figure 3A; Sidak’s post

test, padj < 0.01). Similarly, while community composition tre-

nded toward day 1measures, it remained distinct from this base-

line in all cohorts at all post-Abx time points, suggesting incom-

plete recovery or recovery to an alternate stable state (Figure 3B;

Table S4; PERMANOVA, padj < 0.001). Levels of Lactobacilla-

ceae and Enterobacteriaceae decreased during the post-Abx

period; conversely, bacteria characteristic of a healthy human

microbiome, such as Lachnospiraceae and Bacteroidaceae,63

increased in all cohorts by day 28 (Figures 3C and S2C).
4 Cell Host & Microbe 31, 1–16, September 13, 2023
Measures of alpha diversity suggested a reduction in diversity in

the B. infantis + HMO cohort compared with the two control co-

horts (Figures 3A and S2A), although total bacterial abundance

didnotdiffer (FigureS2B).Microbiomecompositiondifferedsignif-

icantlybetweenall subjects in theB. infantis+HMOand thecontrol

cohorts at day 14 (Figure S2D; PERMANOVA padj < 0.01). En-

grafted subjects differed from Abx-only controls on both days 14

and 28 (Table S4; PERMANOVA, padj < 0.001). The abundant

B. infantis in engrafted subjects at these timepointscould haveex-

plained the differences, however, we predicted changes in the un-

derlying community as well. To address this, we subtracted reads

corresponding to the genus Bifidobacterium using an approach

similar to that used by the American Gut Project to exclude data

frommicrobial bloomsduring sample storage.64WithBifidobacte-

rium excluded, there were indeed significant differences in com-

munitystructurebetweenengraftedsubjects receivingB. infantis+

HMO and the Abx-only control (Figure 3D; Table S4; PERM-

ANOVA,padj < 0.001). Furthermore, bymeasuring the distancebe-

tweeneachpoint and thecentroidwithina cohort, therewas signif-

icantly less Bray-Curtis dissimilarity among individual engrafted

subjects within the B. infantis + HMO cohort compared with the
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Abxcohortatday14, regardlessof the inclusionofBifidobacterium

reads (Figure 3D; ANOVA, padj < 0.05). This suggests that engraft-

ment ofB. infantis after Abx may have steered microbiome recov-

ery toward a more consistent community structure.

We next compared abundance of specific taxa, again between

engrafted subjects who received B. infantis + HMO and the Abx-

only cohort. Besides the expected increase in Bifidobacterium at

various timepoints, Lactobacillus andVeillonellawere significantly

higher in theB. infantis+HMOengrafted subset at days14 and 28,

as was Pediococcus at day 14 (Figures 3E, 3F, S3B, S3D, S3F,

S3H, and S3J;Wilcoxon’s rank sum test, all padj < 0.05).Veillonella

abundancewas <0.05%at day 1 and increased in both cohorts to

amaximum of 9.8% (average of�2%) at day 9. In the presence of

B. infantis and HMO, higher levels were maintained (average of

�2%) by day 14, whereas in the Abx-only cohort, levels had

declined to <1% (Figure 3F). Veillonella is known to consume

lactate,which isproducedbyB. infantisduringHMO fermentation,

so thismayexplainVeillonellaenrichment. AbundantLactobacillus

may also increase lactate availability, and increased Lactobacillus

duringAbx dosingmay explain early (day 9) increases inVeillonella

in both cohorts. Additional changes in the B. infantis + HMO en-

grafted subset included significantly less Clostridiales at the end

of the Abx dosing period (day 5) and less Ruminococcus at day

14 (Figure 3E; Wilcoxon’s rank sum test, both padj < 0.05). Many

of these changes were consistent in pairwise comparisons of all

subjects in all three cohorts (Figures S2E–S2H, padj < 0.05;

Figures S3A, S3C, S3E, S3G, S3I, and S3K). Significant increases

inBifidobacteriumwere noted at certain time points for all pairs of

cohorts thatwerecompared (FiguresS2E–S2G).Pediococcusand

Lactobacillus were also increased when the engrafted subset of

the B. infantis + HMO cohort was compared with the B. infantis-

only cohort (Figure S2H). With all subjects in the B. infantis +

HMO cohort included, Veillonella was increased at day 14 com-

pared with the Abx-only cohort (Figure S2E). Additionally, a rep-

eated measures correlation of abundance of Bifidobacterium

and Veillonella was significant for days 14 to 35 (Figure S3L;

Spearman correlation r = 0.4227, p = 0.01).

Treatment withB. infantis and HMOduring and after Abx
disruption results in significant changes in gut
metabolites
The impacts of B. infantis + HMO on fecal and serum metabolite

profiles were explored using a fecal assay for SCFAs and lactate,
Figure 3. Treatment with B. infantis and HMO results in microbiome c

WMS analysis of stool samples.

(A) Shannon diversity of observed reads rarefied to 76,000 reads. Data are median

was determined for each of the three cohorts.

(B) Bray-Curtis dissimilarity for each sample with rarefied sequences aggregated

analysis (PCoA) plot specifically noting the trajectory from pre-treatment (day 1)

(C) Stacked bar charts displaying aggregated families at >1% abundance in each

subjects are separated into engrafted and not engrafted (NE).

(D) PCoA plots of Bray-Curtis dissimilarity calculated with rarefied sequences agg

compared with engrafted subjects in the B. infantis + HMO cohort, including (top

(E) Volcano plot of aggregated genera >1% comparing abundance in the engraft

change (centered log-ratio [CLR] transformedmedian value from 150Dirichlet sam

change are colored by taxon.

(F) Relative abundance of Veillonella over time in the Abx-only cohort (orange) a

calculated using CLR transformed abundances.

See also Figures S2 and S3 and Table S4.
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an untargeted global fecal metabolomics method, and a tar-

geted serum assay for microbiome-associated metabolites. To

identify the most relevant changes associated with B. infantis

engraftment, we focused on comparisons between engrafted

subjects within the B. infantis + HMO cohort and the Abx-only

control (Figure 4) but have also included comparisons between

all subjects within the three cohorts (Figures S4 and S5).

As expected, Abx radically impacted microbially produced

metabolite levels in both fecal and serumsamples,with decreases

from days 1 to 5 in, for example, SCFAs, secondary bile acids,

and certain tryptophan and tyrosine metabolites (Figures 4, S4,

and S5). Lactate increased in all subjects as well (Figures 4C and

S4C), likely attributable to blooms of Lactobacillaceae (Figure 3).

Organic acidswere expected to be at higher levels in engrafted

subjects due to HMO fermentation by B. infantis.65 However,

analysis of SCFAs in stool samples may be confounded by diff-

ering absorption through the distal gastrointestinal tract.41,66,67

Nonetheless, consistent with microbiome recovery after Abx

dosing,68,69 acetate levels increased in all cohorts after day 5

(Figures 4A and S4A). A significant difference between engrafted

subjects in theB. infantis + HMO cohort and the Abx-only control

was noted when acetate levels were analyzed over time (Fig-

ure 4A; mixed effects model, padj = 0.03). When all three cohorts

were compared, with no emphasis on engraftment status, there

was no significant difference (Figure S4A). Acetate in engrafted

subjects in the B. infantis + HMO cohort recovered back to day

1 average levels and recovered significantly faster than in the

Abx-only cohort, where two subjects were still not at baseline

by day 35 (Figure 4B). An impact on recovery was also observed

when all subjects in the B. infantis + HMO cohort were included

(Figure S4B). B. infantis directly produces acetate and, indeed,

increased acetate levels correlated with B. infantis abundance

across days 5–28 in engrafted subjects in the B. infantis + HMO

cohort (Table S5; Pearson r2 = 0.53).

Lactate levels in stool were also significantly increased in the

B. infantis + HMO cohort on days 11–28 compared with the Abx-

only control (Figures 4C and S4C; mixed effects model, padj =

0.03). Consistent with an increase in organic acids, the pH of stool

fromsubjects treatedwithB. infantis trended lower onall post-Abx

days, with a significant difference at day 9 comparedwith theAbx-

only control (Figure S4D; mixed effects model with Sidak’s post

test, padj = 0.022; 5.6 vs. 6.6). AlthoughB. infantisproductionof ac-

etate and lactate is thought to cross-feed SCFA producers and
hanges following Abx perturbation

and 95% confidence interval. Significance between time points and over time

to the genus level and displayed by cohort and day in a principal coordinate

to the end (day 5) of antibiotic dosing (arrow).

cohort on each day. Taxa <1% were assigned to ‘‘other.’’ Where appropriate,

regated to the genus level for days 1, 5, and 14 only. The Abx-only control was

row) and excluding (bottom row) taxa assigned to the genus Bifidobacterium.

ed subjects in the B. infantis + HMO cohort vs. the Abx-only cohort. Log2-fold

ples) and p valueswere plotted. Points with an adjusted p < 0.05 and >|0.6|-fold

nd engrafted subjects receiving B. infantis + HMO (purple). Differences were
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Figure 4. HMO-dependent engraftment with B. infantis following Abx perturbation results in changes in gut metabolites

(A and C) (A) Levels of acetic and (C) lactic acids in stool samples from subjects in the Abx-only cohort (n = 19) and engrafted subjects in the B. infantis + HMO

cohort (n = 13). Data are geometric mean and 95% confidence intervals. Dotted lines represent LOD. Significance was determined between days 1 and 5 for

individual cohorts in (A) and between cohorts at individual time points in (C).

(B) Kaplan-Meier curve plotting recovery of stool acetate back to baseline (the average of day 1 values across both cohorts).

(D) Volcano plot showing log2 fold change in fecal metabolites on day 14 between engrafted subjects in the B. infantis + HMO cohort and the Abx-only cohort

plotted against significance of the observed change. The dotted line represents p = 0.05. Metabolites that significantly differed are colored by category. Notable

metabolites are labeled.

(E and F) Levels of (E) indolelactate and (F) p-cresol sulfate in stool at day 14 (left) and in serum at multiple time points (right). For scatterplot data, horizontal lines

are geometric mean, and dotted lines are the imputed value for samples without detected signal. Time course data are geometric mean and 95% confidence

interval, and dotted lines represent the limit of detection.

See also Figures S4 and S5 and Table S5.
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promote the productionof butyrate andpropionate,70we found no

difference in levels of butyrate or propionate in stool between co-

horts over time (Figures S4E and S4F).

To look more broadly at the impact of B. infantis engraftment

on themetabolome and the host, we employed two complemen-

tary approaches: global metabolomics analysis to compare the

B. infantis + HMO and Abx-only cohorts at days 1, 5, and 14,

and a quantitative targeted panel of microbial metabolites in
serum over time to highlight changes that reflect systemic im-

pacts for all cohorts. As expected, fecal metabolite profiles

were radically altered by Abx treatment (Figures S4G–S4P) but

did not robustly differ between cohorts on day 1 or day 5, with

the exception of detectable levels of HMOs in the cohort towhich

they were dosed (Figures S4I and S4M). On day 14, when

B. infantis was at high levels in engrafted subjects, 231 metabo-

lites significantly differed between engrafted subjects in the
Cell Host & Microbe 31, 1–16, September 13, 2023 7
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B. infantis + HMO cohort compared with the Abx-only cohort

(Figure 4D; Table S5; two-way repeated measures ANOVA, all

padj < 0.05). A subset of these (56/231) were unidentified com-

pounds, and others could be linked directly to treatment with

B. infantis + HMO. For example, levels of 3-fucosyllactose

(HMO) and the B. infantis-produced metabolites lactate and

ILA were increased. When all subjects in the B. infantis + HMO

cohort were included, 325 metabolites significantly differed be-

tween cohorts: 109 that gained significance and 15 that were

no longer significantly different (Figure S4H; Table S5).

Similarly, metabolite levels in serum were robustly altered after

Abx treatment (Figure S5A). When the engrafted subset of the

B. infantis +HMOcohort and the Abx-only control were compared

over time, eightmetabolitesdiffered: deoxycholate, pCS, ILA, phe-

nyllactate, isovalerate, phenylacetic acid, 3-hydroxybenzoate, and

phenylacetylglutamine (TableS5;mixedeffectsmodelwithSidak’s

post test, all padj < 0.05). ILA isapotentially beneficial immunomod-

ulatory tryptophanmetabolite, known to beproducedbyB. infantis

and other gut microbes,71–74 and was significantly elevated in

engrafted subjects in both stool and serum at day 14 and in serum

at day 28 (Figures 4E and S5B). This finding was maintained

when all subjects from all three cohorts were included (Fig-

ures S5C–S5F).

The uremic toxin, pCS, was decreased in both stool and serum

of subjects receivingB. infantis +HMO, regardless of engraftment

status (Figures 4F, S5B, andS5G). pCS is a host-generated conju-

gate of p-cresol that contributes to inflammatory conditions and is

produced fromtyrosineorphenylalanineby intestinalbacteria.75,76

Serum levels of other tyrosine andphenylalaninemetaboliteswere

also shifted, including decreases in the uremic toxins phenol sul-

fate and p-cresol-glucuronide (pCG) in engrafted subjects along

with other intermediates (Figures S5BandS5H). Conversely, there

were increases in serum 4-hydroxyphenylacetate, a precursor of

p-cresol, and fecal and serum phenyllactate, from an alternative

metabolic pathway present inB. infantis for tyrosine and phenylal-

anine (Figures S5B, S5C, S5H, and S5I; Table S5). Together, these

changes suggest that high abundance of B. infantis supported by

HMOmay redirect tyrosine and phenylalanine flux away from pro-

duction of inflammatory toxins.

Levels of several fecal bile acids differed between cohorts by

global metabolomics analysis. Host-generated glucuronide con-

jugates of theprimary bile acid cholate and its associatedsecond-

ary bile acid deoxycholatewere increased in theB. infantis+HMO

cohort (Figures 4D and S4H). Additionally, the secondary bile

acids ursocholate, ursodeoxycholate, and isoursodeoxycholate

decreased (Figures4DandS4H).Ursodeoxycholatewas included

in theserumanalysis, but nochangeswereobservedbetweenco-

horts for that or the bile acids chenodeoxycholate and cholate

(Table S5). Interestingly, serum levels of the secondary bile acid

deoxycholate significantly decreased in the B. infantis + HMO

cohort over time (Table S5).

High-level engraftment ofB. infantis influenced other fecal me-

tabolites indicative of changes in microbial metabolism (Fig-

ure 4D). Over a quarter of the identified metabolites (47) were

considered xenobiotics. Others were associated with carbohy-

drate metabolism (12), amino acids and derivatives (45), or lipid

synthesis and metabolism (39), suggesting general shifts in mi-

crobial metabolism, gut mucosal properties, and/or enterocyte

energetics. For example, increases in carbon sources, such as
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sugar alcohols and plant-based molecules like feruloylquinates,

suggested either decreased degradation or absorption of these

molecules, and increases in eight gamma-glutamyl amino acids

suggested altered protein degradation, similar to HMO-induced

changes occurring in infants linked to lowered rates of respira-

tory illness.77 When all subjects in the B. infantis + HMO cohort

were included in the analysis, metabolites that gained signifi-

cance included additional xenobiotics and core metabolic

pathway intermediates.

Enhanced in vitro and in vivo growth of and production of
propionate by Veillonella spp. co-cultured with
B. infantis and HMO
Our data suggest that the introduction of B. infantis + HMO dur-

ing and after Abx dosing enriches for Veillonella. Veillonella do

not metabolize carbohydrates; rather, they consume lactate to

produce propionate and acetate.78 Thus, we hypothesized that

expansion of this taxon was due to the elevated levels of lactate

produced by B. infantis during growth on HMO (Figure 4C). To

explore this potential cross-feeding relationship further, we iso-

lated two Veillonella strains from stool of subjects in the

B. infantis + HMO cohort and evaluated growth and SCFA pro-

duction in vitro (Figures 5 and S6; Tukey’s multiple comparisons

of log-transformed data for all comparisons, p values detailed in

Table S6). A commercially available strain of Veillonella parvula

sourced from the human gut was used for comparison. Although

growth kinetics varied, all Veillonella conformed to expectations

by growing and producing propionate and acetate in a lactate-

dependent manner (Figures 5A and S6A–S6E), while neither

HMO alone nor B. infantis alone supported Veillonella growth

or propionate production (Figures 5B–5D, S6F, and S6G). With

both B. infantis and HMO, all Veillonella grew and produced pro-

pionate while consuming lactate (Figures 5B–5D, S6F, and S6G),

supporting the model that cross-feeding led to increased abun-

dance of Veillonella in the adult subjects in our study.

Increased Veillonella in subjects treated with B. infantis + HMO

did not correspond to concomitant increases in fecal propionate

(FigureS4F).Given that SCFAs like propionatemayhavebeen ab-

sorbed during transit, we employed a mouse model to sample

across multiple gastrointestinal compartments. Germ-free mice

were inoculated with V. parvula (or B. infantis as a control), stabi-

lized for 1 week, and then given either PBS or B. infantis + HMO

(Figure 6A). PBS or HMO treatment continued for 3 days.

V. parvula levels increased over time in mice treated with

B. infantis + HMObut not in the controls (Figure 6B; mixed effects

model with Sidak’s post test, padj < 0.0001). B. infantis was only

detected when it was dosed (Figure S6I). After the final treatment,

levelsofpropionate, lactate, andacetate indifferent intestinal seg-

ments were quantified (Figures 6C, 6D, and S6J). The cecum of

mice colonized with V. parvula and subsequently treated with

B. infantis+HMOhad increasedVeillonella abundance and propi-

onate relative toPBS-treatedmice (Figures6CandS6H;mixedef-

fects model, padj = 0.0004 and padj = 0.0003, respectively), indi-

cating that cross-feeding occurred. In contrast, propionate did

not significantly differ in rectal or fecal samples, reflecting previ-

ously observed variability in both rodents and humans.41,67,79,80

Lactate levels were high in mice monocolonized with B. infantis

and treated with HMO but lower in V. parvula-associated mice tr-

eated with B. infantis + HMO (Figure 6D), even though B. infantis



A B

C D

Figure 5. In vitro cross-feeding of Veillonella species by B. infantis + HMO

(A) Propionate levels in Veillonella cultures after 30 h of growth in the indicated lactate concentrations. Propionate was measured using LC-MS/MS.

(B–D) Cultures were grown with or without B. infantis, HMO, or lactate. After 30 h, propionate (B), B. infantis (C), and Veillonella (D) were measured. Dotted lines

indicate the limit of quantitation (A and B) or detection (C and D). Data represent the geometric mean and standard deviation of three independent experiments.

*indicates padj < 0.05; ‘‘ns’’ indicates padj > 0.05; p values for all comparisons in Table S6.

See also Figure S6 and Table S6.
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levels were similar for each group (Figure S6I), suggesting con-

sumption of lactate by Veillonella.

Together, these in vitro and in vivo results are consistent with

the observed increase inVeillonella in human trial subjects dosed

withB. infantis + HMO, due to cross-feeding with the lactate pro-

duced by B. infantis. Further, these data suggest that local levels

of propionate likely increased—at least transiently—in the gut of

engrafted subjects, even though changes were not detected in

stool or serum samples (Figures S4F and S5).

DISCUSSION

In this study, healthy adultswere treatedwithAbx to inducea tran-

sient period of dysbiosis, allowing us to observe how HMO-

dependent engraftment ofB. infantis alteredmicrobiome compo-

sition and function during recovery. We demonstrated high-level

engraftment of B. infantis in �76% of subjects receiving a synbi-

otic that consistedofB. infantis+HMO,withamaximumobserved

abundance of 81%. Accompanying changes in microbiome

composition and gut metabolites reflected the influence of the

synbiotic product on the gut environment.

In tandem with B. infantis engraftment, Veillonella was enriched

in subjects receivingB. infantis+HMO, suggestingacross-feeding

relationship that is also supported by in vitro andmouse data.Veil-

lonellaarecommensals in thehumanoral andgutmicrobiomes that

consume lactate and produce the SCFAs propionate and acetate,

which likely benefit the host.63,78,81,82 One positive effect of propi-
onate is regulationof immunehomeostasisbypromoting thedevel-

opment of regulatory T cells.83,84 Additionally, both propionate and

acetate play a role in regulating glucose homeostasis and lipid

metabolism and are linked to both satiety and improved control

of glucose.85 Propionate did not significantly increase in stool

from our human subjects; however, it may have been rapidly uti-

lized in the gut or subject to the variability reported for human fecal

samples.66 Indeed, our in vivo mouse data, where we observed

increased propionate in cecal samples, but not rectal or fecal sam-

ples, point to differences between regions of the gastrointes-

tinal tract.

Weobservedsignificantchanges inhost-active,microbially pro-

duced metabolites upon HMO-dependent engraftment of

B. infantis. Increases were measured for ILA, a product of trypto-

phan metabolism by B. infantis and other bifidobacteria, both

in vitro and in infants harboringB. infantis.47,71,73,74 ILAwas shown

in vitro tohaveanti-inflammatory, immunomodulatory, andprotec-

tive effects on immune and gut epithelial cells via activation of the

aryl hydrocarbon receptor (AhR). Other indoles positively impact

diseases including graft-vs.-host disease (GvHD),86 colitis,87–90

and gastrointestinal infection.91 These activities are linked to the

modulation of T cell differentiation and regulation of cytokines. In-

doles are broadly known tobindAhRor thepregnaneX receptor to

influence the host.92,93 However, binding affinities for AhR differ

among indoles94 and likely have distinct effects on downstream

regulation,95–97 so more investigation is needed to determine the

specific impact of ILA.
Cell Host & Microbe 31, 1–16, September 13, 2023 9
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Figure 6. In vivo cross-feeding of Veillonella species by B. infantis + HMO

(A) A schematic of the study design. Germ-free mice were divided into three groups: two inoculated with Veillonella parvula and the third with B. infantis alone.

After 1 week, the V. parvula-associated groups received either PBS orB. infantis +HMO;B. infantis-associated animals received HMO only. Over the subsequent

3 days, animals received once-daily gavages of PBS or HMO. Stool collection days are indicated in bold text.

(B) Veillonella levels were quantified in cage-bottom fecal pellets using qPCR. Each pair of connected symbols represents an individual mouse.

(C and D) Levels of propionate (C) and lactate (D) were measured in the contents of the indicated intestinal segments using LC-MS/MS. The dotted line indicates

the limit of quantification (LOQ).

See also Figure S6.
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HMO-dependent engraftment of B. infantis also resulted in

changes indicative of altered flux through tyrosinemetabolic path-

ways. For example, themicrobially derived pro-inflammatorymol-

eculespCS, pCG, andphenol sulfatewere all decreased. Elevated

levelsof thesemoleculesareassociatedwithkidneydisease,98–100

gut barrier dysfunction,101 and risk for GvHD.102 Thus, a reduction

of these uremic toxins may generally be beneficial.

In patient populations where administration of LBPs is linked to

positive clinical outcomes, engraftment is thought to be necessary

for efficacy.5,6 Here, we show that our synbiotic not only leads to

B. infantis engraftment but also drives a very high relative abun-

dance.Wepropose that this isadvantageousbecause it correlates

with increased levels of certain beneficial microbial metabolites. In

our study, lactate, acetate, and ILA, metabolites produced by

B. infantis, all increased. These products cross-feed other organ-

isms in the microbiome, triggering changes in downstream

metabolites.

As expected, based on data from our previous human study,24

B. infantis abundance and engraftment rate was higher when

dosed in combination with HMO. HMO supplementation, espe-

cially at later time points, strongly enhanced the ability of

B. infantis to influence microbiome community structure and gut

metabolite levels.
10 Cell Host & Microbe 31, 1–16, September 13, 2023
The magnitude of the engraftment we achieved represents a

>10,000-fold expansion of B. infantis. This compares favorably

with reports of 10- to 100-fold expansion of LBPs upon engraft-

ment in Abx-treated healthy adults49 and reports of successful

engraftment in dysbiotic patient populations, where presence/

absence is used.5,8,50 Our engraftment was comparable to levels

observed in breastfed infants treated with a B. infantis probi-

otic.46 The results presented here extend our previous findings

in healthy adults and further predict that in patients suffering

from profound and prolonged dysbiosis, B. infantis may reach

equal or even greater levels than during the transient, Abx-

induced dysbiosis observed in this study.

High levels of engrafted B. infantis corresponded with lower

alpha diversity, which then rebounded after HMO dosing ended.

Although diversity is typically considered a proxy measure for

microbiome health, high-level engraftment of a single bacterial

taxon may protect a low-diversity gut environment and allow

for subsequent expansion of beneficial species. Indeed, HMO

is theorized to have evolved in human milk to promote a high

abundance of bifidobacteria in the infant gut.27,30 In the infant

gut, bifidobacteria are considered keystone species because

they are primary degraders of glycans that cross-feed diverse

bacterial taxa. Reduced bifidobacterial abundance affects
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development of the infant immune system, leading to, for

example, inappropriate immune development and subsequent

atopy and asthma.103,104 High abundance may further protect

against domination and subsequent infection by gastrointestinal

pathogens.105 Bifidobacteria may similarly benefit dysbiotic,

fragile adult patient populations by, for example, preventing

the domination by opportunistic pathogens that often precedes

bloodstream infections in allogeneic hematopoietic stem cell

transplant (allo-HCT) patients.106–112 Microbial community

composition and metabolites in this patient population have

also been linked to risk of GvHD, an outcome resulting in high

morbidity and mortality.102,113 Altered levels of host-active

metabolites during high-level B. infantis engraftment

(for example, increases in SCFAs and ILA and decreases in

pCS and phenol sulfate) may promote immune tolerance and

thereby reduce GvHD.

In this study, we demonstrate that HMO-dependent

B. infantis engraftment during transient dysbiosis leads to

consistent changes in both microbiome composition and

metabolic output. In certain patient populations, or during dys-

bioses induced by other classes of Abx, dysbiosis may not

resolve without deliberate intervention. Our results represent

a significant advance toward precision microbiome engineering

to address such conditions, drawing from knowledge of the

natural progression of healthy microbiome development in

infants.
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STAR+METHODS
KEY RESOURCES TABLE
REAGENT or RESOURCE SOURCE IDENTIFIER

Bacterial and virus strains

Bifidobacterium longum subspecies infantis B. infantis isolate that shares

>99.9% nucleotide identity with the

B. infantis type strain (ATCC 15697)

PBI001

Bifidobacterium longum subspecies infantis Button et al.24; isolated from a

commercially available probiotic

PLMB0001

Veillonella parvula American Type Culture Collection

(Manassas, VA)

ATCC 10790

Veillonella sp. This study PL001

Veillonella rogosae This study PL002

Biological samples

Donor-derived human milk

oligosaccharides (HMO) concentrate

This study N/A

Chemicals, peptides, and recombinant proteins

Brucella Blood agar Anaerobe Systems Cat#AS-141

Reinforced Clostridial Medium BD Difco Cat#218081

Lactobacilli MRS Broth BD Difco Cat#288130

Beef extract Hardy Cat#C5100

Yeast extract Gibco Cat#212750

Peptone Gibco Cat#211677

2-(N-morpholino)ethanesulfonic acid (MES) Sigma Cat#69892

Sodium chloride Sigma Cat#S3104

Cysteine hydrochloride Sigma Cat#7880

Hemin Sigma Cat#51280

Menadione Sigma Cat#M5625

ATCC vitamin supplement American Type Culture Collection Cat#MD-VS

ATCC trace mineral supplement American Type Culture Collection Cat#MD-TMSC

Sodium lactate Sigma Cat#L4263

Critical commercial assays

Exo-SapIT Applied Biosystems/

ThermoFisher

Cat# 78201.1.ML

ZymoBiomics 96 MagBead

DNA Kit (Lysis Tubes)

Zymo Research, Inc. Cat#D4308

Applied Biosystems� TaqMan�
Fast Advanced Master Mix

ThermoFisher Scientific Cat # 4444556

Deposited data

Whole metagenomic sequencing data This study; NCBI Sequencing

Read Archive

BioProject: PRJNA993161

Experimental models: Organisms/strains

Mouse: C57BL/6NTac (Germ-free) Taconic Biosciences Model#GF-B6-F; RRID: IMSR_TAC:b6

Oligonucleotides

B. infantis-specific sialidase; forward primer

5’-ATACAGCAGAACCTTGGCCT

Lawley et al.114 N/A

B. infantis-specific sialidase; reverse primer

5’-GCGATCACATGGACGAGAAC

Lawley et al.114 N/A

(Continued on next page)
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

B. infantis-specific sialidase; probe

5’-FAM/TTTCACGGA/ZEN/TCACCGG

ACCATACG-3IABkFQ

Lawley et al.114 N/A

Veillonella 16S rRNA; forward primer

5’-CCGTGATGGGATGGAAACTGC

Chalmers et al.115 N/A

Veillonella 16S rRNA; reverse primer

5’-CCT TCG CCA CTG GTG TTC TTC

Chalmers et al.115 N/A

Eubacterium 16S rRNA; forward primer

5’-CGGTGAATACGTTCCCGG

Furet et al.116 N/A

Eubacterium 16S rRNA; reverse primer

5’-TACGGCTACCTTGTTACGACTT

Furet et al.116 N/A

Universal 16S 27F

5’-AGAGTTTGATYMTGGCTCAG

Weisburg et al.117 N/A

Universal 16S 1492R

5’-GTTTACCTTGTTACGACTT

Weisburg et al.117 N/A

Veillonella rpoB; forward primer

5’-GTAACAAAGGTGTCGTTTCTCG

Djais et al.118 N/A

Veillonella rpoB; reverse primer

5’-GCA CCR TCA AAT ACA GGT GTA GC

Djais et al.118 N/A

Software and algorithms

GraphPad Prism GraphPad Software;

Version 9.0.2 or higher

https://www.graphpad.com/

scientific-software/prism/

BURST Al-Ghalith and Knights119 https://github.com/

knights-lab/BURST

R package phyloseq (v1.41.0) McMurdie and Holmes120 https://www.bioconductor.org/

packages/release/bioc/html/

phyloseq.html

R package ALDEx2 (v1.29.1) Fernandes et al.121 https://bioconductor.org/packages/

release/bioc/html/ALDEx2.html

R package finalfit (v1.0.5) Harrison et al.122 https://finalfit.org/

R package usedist (v0.4.0) Bittinger123 https://github.com/kylebittinger/usedist

R package vegan (v2.6-2) Dixon124 https://github.com/vegandevs/vegan

R package pairwiseAdonis (v0.4) Martinez125 https://github.com/pmartinezarbizu/

pairwiseAdonis

Other

Sanger sequencing Azenta Life Sciences https://www.genewiz.com/en/

Public/Services/Sanger-

Sequencing

Short chain fatty acid quantification Precion https://www.precion.com/services/

short-chain-fatty-acid/

Untargeted global metabolomics platform Metabolon https://www.metabolon.com/

solutions/global-metabolomics/

Serum metabolite quantification Precion https://www.precion.com/

services/metabolite-profiling/

BoosterShot shallow shotgun metagenomic

sequencing

Diversigen https://www.diversigen.com/

services/boostershot/
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RESOURCE AVAILABILITY

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

McKenzie (gmckenzie@prolacta.com).
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Materials availability
HMOconcentrate will be provided under amaterial transfer agreement depending upon product availability. Bacterial isolates gener-

ated during this study will be provided under a material transfer agreement.

Data and code availability
d Raw whole metagenomic sequencing data derived from human samples are deposited at the NCBI Sequencing Read Archive

(SRA) and will be made publicly available by the date of publication.

d Metabolomics data derived from human samples are available in Table S5.

d In vivo and in vitro data reported in this paper will be shared by the lead contact upon request.

d This paper does not report original code.

d Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.
EXPERIMENTAL MODEL AND SUBJECT DETAILS

Human subjects
Table S1 reports metadata, including age and sex, corresponding to the 56 healthy adult subjects enrolled in an unblinded study

(clinicaltrials.gov ID NCT05141903). This study was reviewed and approved by Alpha IRB, an independent IRB located in Costa

Mesa, CA. All subjects were provided with an explanation of the study and gave informed consent in writing prior to the start of their

participation in the study.

Murine studies
In vivo studies used singly-housed germ-free female C57BL/6 mice (age 5-6 weeks, Taconic) maintained on Teklad Global Rodent

Diet 2918. Animals were housed in a positive-pressure clean room with HEPA filtration (bioBubble) in solid-bottom micro-isolator

cages (Innovive Innocage MVX6 with M-feed food hoppers), given sterile water ad libitum (Innovive Aquavive M-WB-300A), and pro-

videdwith sterile 1/8" corn cob bedding (Teklad 7902). Environmental conditions weremaintained at 20-26�C, humidity 30-70%,with

a 12/12 hour light/dark cycle. Health checks were performed at least twice daily and included observation of behavior and appear-

ance. Animal work was carried out in accordance with the recommendations in the Guide for the Care and Use of Laboratory Animals

of theNational Institutes of Health. All protocols were approved by the TransPharmPreClinical Solutions Institutional Animal Care and

Use Committee. For additional study details, see ‘‘method details’’ section.

Bacterial strains and growth conditions
The Bifidobacterium longum subspecies infantis strain PBI001 used in in vitro co-culture and murine studies is an isolate that shares

>99.9% nucleotide identity with the B. infantis type strain ATCC 15697. For determination of antibiotic susceptibility, B. infantis was

isolated from the commercially available probiotic that was used in the human study and designated as PLMB0001.B. infantis strains

were propagated at 37�C anaerobically on Reinforced Clostridial Medium (RCM, BD Difco # 218081), lactobacilli MRS Broth (BD

Difco # 288130), and Brucella Blood agar (BRU, Anaerobe Systems AS-141). Veillonella parvula ATCC 10790 was acquired from

the American Type Culture Collection and two additional strains of Veillonella, PL001 and PL002, were isolated from subjects in

the B. infantis + HMO cohort of this study. All Veillonellawere propagated anaerobically at 37�C in liquid Reinforced Clostridial Media

(RCM) with 60% sodium lactate and on Brucella Blood agar (BRU, Anaerobe Systems AS-141).

METHOD DETAILS

Healthy human subject study methods
Two hundred and twenty-four healthy adult subjects were initially screened for suitability (see inclusion and exclusion criteria used to

evaluate subject suitability listed below). Ninety-two of the subjects were then enrolled in an unblinded, multi-dose study

(clinicaltrials.gov ID NCT05141903) designed to test multiple hypotheses. This publication focused on results from three cohorts

(n=56 subjects, Table S1) and addressed a subset of the hypotheses: that B. infantis and HMO treatment influence microbiome re-

covery after antibiotics, and that antibiotic treatment enhances B. infantis engraftment. This study was reviewed and approved by

Alpha IRB, an independent IRB located in Costa Mesa, CA. All subjects were provided with an explanation of the study and gave

informed consent in writing prior to the start of their participation in the study. Eligibility for enrollment was determined by screening

samples of blood, urine, and stool for markers of health and for the absence of vancomycin-resistant enterococci and C. difficile.

Inclusion criteria were:

d Healthy adults between the ages of 18-75 years (required at the time of consent) who can provide proof of vaccination against

SARS-CoV-2. Proof may be a physical or electronic record of vaccination or self-attestation (to include approximate vaccina-

tion date and manufacturer of vaccine) if a copy of the vaccination record is not available

d Subjects must have a BMI of 18 - 30 at screening visit

d Willingness to complete study specific questionnaires
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d Willingness to complete journal to record investigational product (IP) dosing times, Bristol stool scores, and IP flavor question-

naires

d Willingness to complete all study procedures, clinic visits, and provide required biospecimen samples

d Willingness to collect and process stool samples at home and transport stool samples to clinic

d Sexually active females of child-bearing potential must agree to use highly effective methods of contraception during hetero-

sexual intercourse throughout the study period and for three days following discontinuation of IP, whichever comes later. Ex-

amples of highly effective methods include the use of two forms of contraception with one being an effective barrier method

(e.g., a condom and spermicide used together), or have a vasectomised partner. Abstinence is acceptable as a life-style

choice. Female subjects who utilize hormonal contraceptives as one of their birth control methods must have used the

same method for at least 3 months before study dosing

d Provide informed consent

Exclusion criteria were:

d Subjects with a BMI of 17 or less or 31 or greater are excluded

d Women who are pregnant or breastfeeding, or intend to become pregnant during the course of this study

d Subjects who intend to take a probiotic during the study

d Subjects with self-reported diarrhea on day 1 prior to dosing, whereby diarrhea is defined as two or more episodes of watery

and/or unformed stool within 24 hours

d Alcohol or drug abuse during the last 12months, including failing a screen for drugs of abuse at screening and day 1 of the study

d Unstable medical condition, in the opinion of the investigator

d Subject with a history of allergy to vancomycin and/or metronidazole

d Clinically significant abnormal laboratory test results at screening

d Subjects who are unable or unwilling to provide stool samples on a regular basis as per study protocol

d Participation in a clinical research trial within 30 days prior to screening

d Unable to give informed consent

d Any condition whichmay preclude subject’s ability to complywith and complete the study ormay pose a risk to the health of the

subject

d Known carriers of C. difficile prior to study start, as determined by qPCR of stool

d Known carriers of vancomycin-resistant enterococci (VRE) prior to study start, as determined by stool culture

d Subjects with history of lactose intolerance

Subjects were assigned into 5 cohorts of 18 subjects each. The randomization scheme for this study was as follows. The first

twenty subjects were randomized into the antibiotics only control or B. infantis + HMO cohorts using a randomized permuted block

scheme. The next thirty-four subjects were randomized into the antibiotics only control,B. infantis +HMO, andB. infantis only cohorts

using a similar separate randomized permuted block scheme employing a 4:4:9 ratio in blocks of 17. Four of the subjects terminated

their participation in the study early, and two of these, both receiving only the antibiotics, were replaced. One of the four subjects who

terminated early, belonging to the antibiotics only cohort, withdrew after their day 14 sample was provided and was therefore

included in analyses. Of the four that withdrew, one had scheduling conflicts and could not attend the clinic for blood and stool sam-

pling as required, one provided no reason for withdrawal of consent, and two withdrew consent because of an adverse event unre-

lated to the product. None were terminated for safety-related reasons.

Cohort treatment regimensareas follows.Briefly,onecohort receivedantibioticsalone,onecohort receivedantibioticsandacommer-

cially available B. infantis probiotic, and the remaining cohort was dosed with antibiotics, the B. infantis probiotic, and 18 g/day HMO.

Subjects received 250 mg vancomycin and 500 mg of metronidazole three times per day on days 1-5. Subjects receiving B. infantis

were given 8 x 109 colony-forming units (CFU) per oral dose of a commercially available probiotic once a day from days 1–14. HMO

was prepared as described below and given to subjects orally in liquid form twice a day from days 1–28. Stool samples were collected

during eligibility screening and on days 1, 3, 4, 5, 7, 9, 11, 14, 17, 21, 28, and 35, where day 1 was the first day of the protocol. Some

subjects were asked to return to the study site and provide a stool sample on or after day 90. Blood samples were also drawn on

days 1, 5, 14, 28 and 35, processed to serum, and frozen. On study days 1, 5, 9, 14, 28, and 35, stool was refrigerated at 4�C after pro-

duction and frozen at -80�Cwithin 24 hours. On days 3, 4, 7, 11, 17, and 21 of the study, a portion of each stool was preserved in ethanol

immediately after production and frozen at -80�C within one week.

Preparation of HMO Concentrate
The HMO concentrate used in the human study and in in vivo and in vitro experiments was manufactured by Prolacta Bioscience

(Duarte, CA). Prolacta Bioscience makes human milk nutritional products from donated breast milk, intended for use by extremely

premature infants in the neonatal intensive care unit, and by term infants born with congenital malformations requiring immediate

surgery. The milk is obtained from healthy donors who produce excess milk beyond the needs of their own infants. The donors

are carefully screened for a variety of infectious diseases and lifestyle elements, such as drug use including nicotine, similar to

what occurs in a blood bank. All potential donors provide attestation from their baby’s pediatrician that the baby will not be adversely

affected if the mother donates her excess breast milk. Individual milk donations are also screened for a variety of pathogens of
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concern. All donors sign informed consent as part of their contract with Prolacta prior to donation and are aware that a portion of their

milkmay be used for the development of newproducts or other research purposes.Multiple lots of pooled humanmilk, from up to 200

donors per lot, were used to prepare the HMO product. Human milk permeate, a by-product of ultrafiltration used during the manu-

facture of commercial humanmilk-based humanmilk fortifier and ready-to-feed products (Prolacta Bioscience, Duarte, CA), consists

primarily of water, lactose, HMO, and minerals. HMO concentrate was generated by subsequently removing lactose from the

permeate and carrying out further ultrafiltration and pasteurization steps. The test product was supplied as a frozen liquid, stored

at %-20�C, and thawed prior to administration.

Determination of pH of human stool
For the determination of the pH of neat feces, approximately 100 mg of feces were suspended in 100 mL HPLC grade water, thor-

oughly mixed, and centrifuged. The supernatant was applied to narrow range pH strips (pH 4.5-9.0, life2o).

DNA extraction from human stool, quantification, and B. infantis-specific qPCR
Genomic DNA was extracted from frozen neat stools or stools preserved in ethanol using ZymoBiomics� 96 MagBead DNA kits

(Zymo Research) following the manufacturer’s instructions. The concentration of the extracted DNA was measured on a Nanodrop

8000 (Thermo Scientific). To quantify B. infantis in stool samples, qPCR was performed with primers specific to a B. infantis sialidase

gene, as previously described.114 Oligonucleotides are listed in the key resources table. The qPCR assay composition consisted of

Applied Biosystems� TaqMan� Fast Advanced Master Mix (ThermoFisher), 10 mM forward and 10 mM reverse primers (IDT), 10 mM

probe (IDT), andmolecular biology grade water (Fisher). Sample DNAwas added to reach a final concentration of 3 ng in the reaction.

The final reaction volume for the qPCR assay was 10 mL. All reactions were run in 384-well Applied Biosystems�MicroAmp Optical

Reaction plates (ThermoFisher) and sealed with Applied Biosystems� MicroAmp Optical adhesive films (ThermoFisher). Samples

were run in triplicate. Experiments were run on an Applied Biosystems�QuantStudio 5 Real-Time PCRmachine (ThermoFisher) us-

ing the following assay conditions: initial activation of the polymerase at 50�C for two minutes and 95�C for 30 seconds, followed by

40 cycles of 95�C for 10 seconds, then 60�C for 30 seconds. Analysis was performed using Applied Biosystems� QuantStudio

Design & Analysis Software v1.5.2 and reported as gene copies per nanogram of DNA.

Quantification of short-chain fatty acids and lactate in human stool
Stool samples fromdays 1, 5, 9, 11, 14, 17, 28, and 35were sent to Precion, Ltd. (Morrisville, NC) for extraction and analysis. A portion

of a neat samplewas transferred into a 2mLcryotube containing three stainless steel 1/8’’ cone balls, and the exactweight of the sam-

ple was recorded. A solution of deuterium-labelled internal standards in water (50 mL) and 1.5 mL of methanol was added to the

cryotube and the sample was homogenized by vortex-mixing for 2 minutes. Alternatively, ethanol-preserved stool samples were

centrifuged and 50 mL of the supernatant was transferred to a 2 mL cryotube together with 50 mL standards and 1.0 mL methanol,

and vortex-mixed for 2 minutes. The resulting suspensions were centrifuged at 2,000 x g at 20�C for 10 minutes, and 50 mL of the su-

pernatant was transferred to a 96-well plate and derivatized using a modified version of the published protocol.126 An aliquot of the

reaction mixture was analyzed by liquid-chromatography mass spectrometry (LC-MS/MS) using an Exion UHPLC (Sciex) coupled

to a 5500+ Triple Quadrupole Mass Spectrometer (Sciex) in ESI negative mode using a C18 column (Zorbax Eclipse plus C18 1.8

micron, 2.1x50 mm, Agilent). The peak areas of the respective parent to product ion transitions were measured against the peak

area of the parent to product ion transitions of the corresponding labelled internal standards for the quantitated metabolites. Quanti-

tation was performed with Sciex OS-MQ software (Sciex) based on fortified calibration standards prepared immediately prior to

each run.

For neat stool samples, raw data were weight corrected to account for the individual wet weight of each sample providing the an-

alyte content in mg/g wet weight. Additionally, using a separate sample aliquot, the dry weight/wet weight ratio was determined for

each sample and each dry weight/wet weight ratio was used to calculate the analyte content of each sample in mg/g dry weight. For

ethanol-preserved samples, raw data were weight corrected to account for the individual dry weight of each sample. Using a sepa-

rate sample aliquot (750 mL sample suspension), the dry weight/volume ratio was determined for each sample. Each dry weight/vol-

ume ratio was used to calculate the analyte content of each sample in mg/g dry weight. Data were then transformed to mmol/kg by

dividing by the molecular weight of the analyte.

Quantification of metabolites in human serum
Serum samples from days 1, 5, 14, 28, and 35 were analyzed quantitatively by LC-MS/MS for 70 analytes at Precion Ltd., Morrisville,

NC, USA. This analysis consisted of two extractions of the serum samples. To the first extraction (100 mL), a solution of stable labelled

internal standards was added followed by protein precipitation. After centrifugation, one portion of the supernatant was removed,

evaporated to dryness, reconstituted and an aliquot analyzed on a Sciex Exion LC/Sciex 5500+ Triple Quadrupole Mass Spectrom-

eter LC-MS/MS system in ESI negative mode using C18 reversed phase chromatography. This assay covered organic acids,

phenolic compounds, sulfates, and other analytes that are negatively charged under negative ESI mass spectrometer conditions.

A second portion of the supernatant was removed, evaporated to dryness, reconstituted, and an aliquot analyzed on a Sciex Exion

LC/Sciex 5500+ Triple Quadrupole Mass Spectrometer LC-MS/MS system in ESI positive mode using C18 reversed phase chroma-

tography. This analysis covered amino acids, amines, and other analytes that were positively charged under positive ESI mass spec-

trometer conditions.
Cell Host & Microbe 31, 1–16.e1–e10, September 13, 2023 e5



ll
Clinical and Translational Report

Please cite this article in press as: Button et al., Precision modulation of dysbiotic adult microbiomes with a human-milk-derived synbiotic reshapes gut
microbial composition and metabolites, Cell Host & Microbe (2023), https://doi.org/10.1016/j.chom.2023.08.004
A second extraction was performed from 50.0 mL of the serum sample. A solution of stable labelled internal standardswas added to

serum samples followed by protein precipitation. After centrifugation, a portion of the supernatant was removed and derivatized with

a substituted hydrazine to form the corresponding acid hydrazides of short chain fatty acids. An aliquot of the resulting mixture was

analyzed on a Sciex Exion LC/Sciex 5500+ Triple QuadrupoleMass Spectrometer LC-MS/MS system in ESI positivemode using C18

reversed phase chromatography.

For all methods, the peak areas of the respective parent to product ion transitions were measured against the peak areas of the

parent to product ion transitions of the corresponding labelled internal standards. Stable labelled versions of each of the 70 analytes

were used as internal standards. Quantitation was performed using a weighted linear least squares regression analysis generated

from fortified calibration standards (6 to 10 concentration levels, depending on analyte) prepared concurrently with study samples

and quality control samples in each analytical run.

Global metabolomics analysis of human stool
Untargeted metabolomic profiling was performed on stool samples from days 1, 5, and 14 at Metabolon, Inc (Morrisville, NC, USA)

using a combination of LC-MS methods as described.127 All methods utilized a Waters ACQUITY UPLC and a Thermo Scientific

Q-Exactive high resolution/accurate mass spectrometer interfaced with a heated electrospray ionization (HESI-II) source and Orbi-

trap mass analyzer operated at 35,000 mass resolution. Briefly, the sample extract was dried then reconstituted in solvents compat-

ible to each of the four methods. Each reconstitution solvent contained a series of standards at fixed concentrations to ensure injec-

tion and chromatographic consistency. Based on Metabolon, Inc protocols and previously published methods, the first aliquot was

analyzed using acidic positive ion conditions, chromatographically optimized for more hydrophilic compounds. The second aliquot

was also analyzed using acidic positive ion conditions; however, it was chromatographically optimized for more hydrophobic com-

pounds. The third aliquot was analyzed using basic negative ion optimized conditions and a separate dedicated C18 column. The

fourth aliquot was analyzed via negative ionization following elution from a HILIC column (Waters UPLC BEH Amide 2.1 3

150 mm, 1.7 mm) using a gradient consisting of water and acetonitrile with 10 mM Ammonium Formate, pH 10.8. The MS analysis

alternated between MS and data-dependent MSn scans using dynamic exclusion. The scan range varied slighted between methods

but covered 70–1000 m/z.

Raw data were extracted, peak-identified, and QC processed using Metabolon’s hardware and software. These systems are built

on a web-service platform utilizing Microsoft’s .NET technologies, which run on high-performance application servers and fiber-

channel storage arrays in clusters to provide active failover and load-balancing. Compounds are identified by comparison to library

entries of purified standards or recurrent unknown entities. Metabolonmaintains a library based on authenticated standards that con-

tains the retention time/index (RI), mass to charge ratio (m/z), and chromatographic data (including MS/MS spectral data) on all mol-

ecules present in the library. Furthermore, biochemical identifications are based on three criteria: retention index within a narrow RI

window of the proposed identification, accurate mass match to the library +/- 10 ppm, and the MS/MS forward and reverse scores.

MS/MS scores are based on a comparison of the ions present in the experimental spectrum to ions present in the library entry spec-

trum. While there may be similarities between these molecules based on one of these factors, the use of all three data points can be

utilized to distinguish and differentiate biochemicals. More than 4500 commercially available purified standard compounds have

been acquired and registered into a database for analysis on all platforms for determination of their analytical characteristics. Addi-

tional mass spectral entries have been created for structurally unnamed biochemicals, which have been identified by virtue of their

recurrent nature (both chromatographic and mass spectral). These compounds have the potential to be identified by future acqui-

sition of a matching purified standard or by classical structural analysis.

Metabolites were identified by comparison to a referenced library of chemical standards, and area-under-the-curve analysis was

performed for peak quantification and normalized to day median value. To ensure high quality of the dataset, control and curation

processes were subsequently used to ensure true chemical assignment and remove artifacts and background noise. Metabolites

were scaled by run-day medians and log-transformed before statistical analysis. Two-way repeated measures ANOVA contrasts

were used to analyze the data. For all analyses, missing values, if any, were imputed with the observed minimum for that compound.

The statistical analyses were performed on natural log-transformed data using ArrayStudio.

Whole metagenomic sequencing and analyses
DNA extracted from human stool samples from days 1, 5, 9, 14, 28, and 35 as described above was used to prepare libraries for

shotgun metagenomic sequencing, and paired-end sequencing (2 x 150 bp) was performed on an Illumina NovaSeq instrument

to generate a target of �2 million reads per sample (BoosterShot, Diversigen Inc.).

Sequence analyses followed an established pipeline (Diversigen Inc.). Briefly, sequences were aligned to a curated database con-

taining all representative genomes in RefSeq for bacteria with additional manually curated strains. Alignments were made at 97%

identity against all reference genomes. Every input sequence was compared to every reference sequence in the Diversigen Venti

database using fully gapped alignment with BURST.119 Ties were broken by minimizing the overall number of unique Operational

Taxonomic Units (OTUs). For taxonomy assignment, each input sequence was assigned the lowest common ancestor that was

consistent across at least 80% of all reference sequences tied for best hit. Samples with fewer than 10,000 sequences were dis-

carded. OTUs accounting for less than onemillionth of all strain-level markers and those with less than 0.01% of their unique genome

regions covered (and < 0.1% of the whole genome) at the species level were discarded. The counts for each OTU in this filtered table

were normalized to theOTU’s genome length, and filtered tables for the normalized counts and relative abundance of each OTUwere
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generated. Strain-level tracking, including for B. infantis, used the ‘‘capitalist’’ algorithm in BURST to assign reads to genomes in the

Diversigen Venti database. Rather than applying a lowest common ancestor approach, the ‘‘capitalist’’ algorithm returns a minimal

set of genomes that can explain all the reads in a sample. From that output, an OTU table was calculated with the read counts per

genome per sample. Alpha diversity metrics (observed reads and Shannon diversity) were calculated using the filtered OTU table

rarefied to a read depth of 76,000 using the R package phyloseq (v.1.41.0).120 Bray-Curtis dissimilarity was calculated on the

same filtered data, aggregated at the genus taxonomic level and rarefied to 76,000 reads using the R package phyloseq

(v1.41.0). The filtered OTU table aggregated at the Family taxonomic level was used to calculate the top Families among cohorts.

All taxa >1% abundance in any cohort were kept and all taxa <1% among taxa were grouped into an ‘‘Other’’ category. The count

table of aggregated genera was then centered log-ratio (CLR) transformed by taking the median CLR value for each OTU sampled

150 times from a Dirichlet model using the R package ALDEx2 (v.1.29.1).121

Determination of the susceptibility of B. infantis to vancomycin and metronidazole
Susceptibility of B. infantis PLMB0001 to vancomycin and metronidazole was determined by the Special Studies Laboratory at Tufts

Medical Center according to guidelines set by the Clinical and Laboratory Standards Institute (CLSI). In brief, B. infantis PLMB0001

was subcultured by purity streaking onto Centers for Disease Control (CDC) anaerobic blood agar (ABA) (Remel Products, Lenexa,

KS) for at least two serial transfers, and then a 48-hr culture was resuspended to a MacFarland standard of 0.5 and spotted onto

Supplemented Brucella Agar (BD BBL, Franklin Lakes, NJ) containing laked sheep blood (Hemostat Laboratories, Dixon, CA) (5%

v/v) and either vancomycin or metronidazole at various concentrations. Serial two-fold dilutions of each antibiotic were tested,

ranging from 0.06–128 mg/mL for vancomycin and 0.12–32 mg/mL for metronidazole. The minimum inhibitory concentrations

(MICs) of each antibiotic were interpreted using standards set by CLSI.

Culturing and isolation of Veillonella strains
Bacterial strains PL001 and PL002 were isolated from fecal samples of subjects in the B. infantis + HMO cohort. The fecal samples

had been previously preserved at -80⁰C, and an aliquot was thawed and serially diluted into anoxic filter-sterilized PBS (pH 7.0). Al-

iquots of serial dilutions were plated onto pre-reduced Brucella Blood Agar (Anaerobe Systems). Plates were incubated anaerobically

at 37�C for 2-5 days. Individual colonies were picked, arrayed onto a fresh plate of the same agar, and regrown for 2-5 days. DNAwas

extracted from the arrayed isolates using an alkaline lysis buffer technique128 and the bacterial 16S rRNA gene was amplified by PCR

using the established universal 16S primers 27F and 1492R.117 The PCR products were cleaned using Exo-SapIT (Applied Bio-

systems) and two-directional Sanger sequencing was performed using the same primers to assign taxonomic identity to each strain

(Azenta Life Sciences).

Under anaerobic conditions, pure cultures of arrayed isolates identified as Veillonellawere prepared by picking and streaking onto

fresh media three times. A single colony was inoculated into 30 mL of liquid Reinforced Clostridial Media (RCM) with 60% sodium

lactate, and the culture was grown anaerobically at 37�C for 1-3 days. The cell culture was mixed with pre-reduced glycerol and

PBS to a final concentration of 15% glycerol, aliquots were distributed to cryovials, and the cryovials were frozen and stored at

-80�C. The same culturing conditions were used to propagate and bank V. parvula ATCC 10790, after initial revival from a lyophilized

stock by streaking onto BRU.

PL001 and PL002 were subjected to PCR and Sanger sequencing using the 16S rRNA primers described above and primers spe-

cific to the Veillonella rpoB gene (see the key resources table), with resulting sequences aligned to known Veillonella sequences to

assign specific species identity. PL001 was highly similar to V. infantium, V. dispar, and V. nakazawae, and species identity could not

be definitively assigned based on rpoB or 16S sequences. PL002 was identified as V. rogosae.

Assessment of growth and SCFA production of Veillonella strains during growth on lactate and co-culture with
B. infantis

Frozen glycerol stocks (V. sp. PL001, V. rogosae PL002, V. parvula ATCC 10790) were used to inoculate cultures at 1 x 105 CFU/

mL. B. infantis PBI001 was inoculated at 1 x 104 CFU/mL. Assay media was a modification of reinforced clostridial medium and

contained 7.5 g/L bacto peptone (Gibco 211677), 7.5 g/L beef extract (Hardy C5100), 2.25 g/L yeast extract (Gibco 212750), 18.65

g/L 2-(N-morpholino)ethanesulfonic acid (MES) (Sigma 69892), 5 g/L sodium chloride (Sigma S3104), 0.55 g/L cysteine hydrochlo-

ride (Sigma C7880), 1 mg/L hemin (Sigma 51280), 1 mg/L menadione (Sigma M5625), 10 mL/L ATCC vitamin supplement (ATCC

MD-VS), and 10 mL/L ATCC trace mineral supplement (ATCC MD-TMSC), adjusted to pH 6.8. As indicated in figure legends, me-

dia was supplemented with 0.01-1% sodium lactate (Sigma L4263), 0.25% monosaccharide-depleted HMO concentrate, or no

additional carbon source. For co-culture experiments, bacteria were cultured in 1 mL volumes in deep-well 96-well plates and

incubated anaerobically at 37�C. For lactate titration experiments, bacteria were cultured in 200 mL volumes in flat-bottomed mi-

crotiter plates with liquid reservoirs and incubated anaerobically at 37�C in a spectrophotometer, taking OD600 readings every

30 minutes. After 30 hours of incubation, triplicate cultures were pooled, and 400 mL of pooled culture was frozen and used for

quantification of metabolites. A 200 mL aliquot of pooled culture was used to extract DNA using the ZymoBiomics 96

MagBead DNA Kit (Zymo Research, Inc). Extracted DNA was used to enumerate copy number of B. infantis via qPCR of the sia-

lidase gene as described above, as well as copy number of Veillonella via SYBR-green-based qPCR of the 16S gene employing

primers listed in the key resources table.
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Murine model of B. infantis engraftment
Frozen glycerol stocks of V. parvula were generated as described above. B. infantis PBI001was propagated for mouse studies in

Reinforced Clostridial Medium (RCM, BD Difco # 218081) or lactobacilli MRS Broth (BD Difco # 288130). Cultures were centrifuged,

and cell pellets were resuspended in phosphate-buffered saline (PBS) with glycerol at a final concentration of 15%, aliquoted, and

frozen at -80�C for long term storage. Viable colony-forming units (CFU) were determined by diluting and plating onto Brucella Blood

Agar (Anaerobe Systems AS-141) and growing anaerobically at 37�C.
Singly-housed germ-free female C57BL/6 mice (age 5-6 weeks, Taconic) were inoculated with 1 x 107 colony-forming units

V. parvula ATCC 10790 orB. infantis. After a 7-day stabilization period, V. parvula-associated animals were orally gavagedwith sterile

phosphate buffered saline (PBS) or 1 x 108 CFU of B. infantis resuspended in 0.2 mL of HMO concentrate (100 g/L). B. infantis-asso-

ciated animals were gavaged with 0.2 mL HMO concentrate (100g/L). For the following three days, animals were gavaged once daily

with PBS or HMO concentrate. Three hours after the final gavage, animals were humanely euthanized by CO2 asphyxiation followed

by cardiac exsanguination, and tissues were immediately harvested. Contents of the ileum, cecum, and rectumwere squeezed into a

sterile vial and immediately snap-frozen for analysis of short-chain fatty acids and lactate. Cage bottom fecal samples were collected

from each individual animal throughout the study and frozen. DNA extraction from fecal pellets was performed using the

ZymoBiomics 96 MagBead DNA Kit (Zymo Research, Inc). To quantify B. infantis in fecal samples, qPCR was performed as previ-

ously described. V. parvula abundance in fecal samples was quantified using qPCR as described above. One of the eighteen mice

associated with V. parvula did not exhibit detectable Veillonella signal after the 7-day stabilization period and was excluded from the

remainder of the study.

Quantification of short-chain fatty acids and lactate in mouse cecal contents and in vitro supernatants
Frozen mouse cecal contents were thawed and approximately 100 mg of material was transferred into a 2 mL cryotube containing

three stainless steel 1/8’’ cone balls, and the exact weight of the sample was recorded. A solution of deuterium-labelled internal stan-

dards in water (50 mL) and 1.5 mL of methanol was added to the cryotube and the sample was homogenized by vortex-mixing for

2 minutes. Alternatively, frozen bacterial cultures were thawed, centrifuged to pellet cells, and 50 mL of supernatant transferred to

a 2 mL cryotube together with 50 mL standards and 1.0 mL methanol, and vortex-mixed for 2 minutes. The resulting suspensions

were centrifuged at 2,000 x g at 20 �C for 10 minutes, and 50 mL of the supernatant was transferred to a 96-well plate and derivatized

using a modified version of the published protocol.126 An aliquot of the reaction mixture was analyzed by liquid-chromatography

mass spectrometry (LC-MS/MS) using an Exion UHPLC (Sciex) coupled to a 5500+ Triple Quadrupole Mass Spectrometer (Sciex)

in ESI negativemode using a C18 column (Zorbax Eclipse plus C18 1.8micron, 2.1x50mm, Agilent). The peak areas of the respective

parent to product ion transitions were measured against the peak area of the parent to product ion transitions of the corresponding

labelled internal standards for the quantitatedmetabolites. Quantitation was performedwith Sciex OS-MQ software (Sciex) based on

fortified calibration standards prepared immediately prior to each run. Data were normalized to wet weight based on the exact wet

weight of each sample, or volume. The lower and upper limits of quantification in intestinal contents were 0.000680 and 121mmol/kg

for propionate, 0.00134 and 104 mmol/kg for lactate, and 0.00102 and 300 mmol/kg for acetate. The lower and upper limits of quan-

tification in culture supernatants were 0.00169 and 83.01 mM for propionate, 0.01665 and 188.2 mM for lactate, and 0.075 and

300 mM for acetate.

QUANTIFICATION AND STATISTICAL ANALYSIS

Unless otherwise noted, statistical analyses were performed using GraphPad Prism version 9.0.2 or higher for Windows, GraphPad

Software, San Diego, California USA, www.graphpad.com.

Statistical analyses of whole metagenomic sequencing data were performed using the R(v4.2.0) package vegan124 or the R pack-

age ALDEx2.121 Alpha diversity (Shannon diversity and observed reads) and beta diversity (Bray-Curtis dissimilarity) metrics were

calculated using the vegan124 and phyloseq120 packages in R (v2.6-2, v1.41.0). PERMANOVA was calculated on Bray-Curtis dissim-

ilarity using the pairwise Adonis2 package in R125 and employs a Benjamini-Hochberg correction formultiple comparisons. Distances

to centroid were calculated using phyloseq120 and usedist (v0.4.0)123 packages in R and compared across groups using ANOVA. Dif-

ferential abundance analysis was performed on centered-log-ratio (CLR) transformed data using the ALDEx2 package in R

(v1.29.1).121 Time course analyses employed the repeated measures ANOVA on log transformed data with time and treatment as

categorical variables. Time-to-event analysis (Kaplan Meier curve) was run on log transformed data using the finalfit package in R

(v1.0.5).122

p valueswere adjusted as appropriate. Ap-value <0.05was considered significant after adjustment formultiple comparisonswhere

appropriate. Unless otherwise stated, significance values are noted as follows: * p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001.

Figure 2: Significance of differences in B. infantis levels were calculated using a mixed effects model for repeated measures with

time treated as a categorical variable; significance between kinetic curves was determined using the time versus treatment factor,

and significance between groups at individual timepoints was determined using Sidak’s post-test for multiple comparisons. For

2A-C, data were log-transformed prior to analysis.

Figure 3A: Significance of differences in Shannon Diversity were calculated using a mixed effects model for repeated measures

with time treated as a categorical variable; significance between kinetic curves was determined using the time versus treatment fac-

tor, and significance between timepoints across groups was determined using Sidak’s post-test for multiple comparisons.
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Figures 3B and 3D: Significance of Bray-Curtis dissimilarity between groups was determined using PERMANOVA analysis with

Benjamini-Hochberg correction for multiple comparisons.

Figures 3E and 3F: Significance of differences in abundance was determined using Wilcoxon’s Rank Sum Test with Benjamini-

Hochberg correction for multiple comparisons. Data were CLR transformed prior to analysis.

Figure 4A: Significance of differences in metabolite levels were calculated using amixed effects model for repeated measures with

time treated as a categorical variable; significance between kinetic curves was determined using the time versus treatment factor,

and significance between timepoints across groups was determined using Sidak’s post-test for multiple comparisons. Data were

log-transformed prior to analysis.

Figure 4B: Significance of differences in acetate recovery were calculated using a log rank-test.

Figure 4C: Significance of differences in metabolite levels were calculated using amixed effects model for repeatedmeasures with

time treated as a categorical variable; significance between kinetic curves was determined using the time versus treatment factor,

and significance between groups at individual timepoints was determined using Sidak’s post-test for multiple comparisons. Data

were log-transformed prior to analysis.

Figure 4D: Significance of metabolite changes were calculated by two-way repeated measures ANOVA with Bonferroni 0.05 for

multiple comparisons.

Figures 4E and 4F: Significances of differences in fecal metabolites were calculated by two-way repeated measures ANOVA with

Bonferroni 0.05 for multiple comparisons. Significance of differences in serum metabolite levels were calculated using a mixed ef-

fects model for repeated measures with time treated as a categorical variable; significance between kinetic curves was determined

using the time versus treatment factor, and significance between groups at individual timepoints was determined using Sidak’s post-

test for multiple comparisons. Data were log-transformed prior to analysis.

Figure 5: Significances of differences between treatments were calculated by two-way ANOVA with Tukey’s test for multiple com-

parisons within each Veillonella inoculum condition. Data were log-transformed prior to analysis.

Figure 6B: Significance of differences in Veillonella levels were calculated using a mixed effects model for repeated measures with

time treated as a categorical variable and with two-factor matching; significance between groups at individual timepoints or between

timepoints within groups was determined using Sidak’s post-test for multiple comparisons. Data were log-transformed prior to

analysis.

Figures 6C and 6D: Significance of differences in metabolite levels were calculated using a mixed effects model for repeated mea-

sures; significance between groups for eachmetabolite was determined using Sidak’s post-test for multiple comparisons. Data were

log-transformed prior to analysis.

Figures S1A–S1D: Significance of differences in B. infantis levels were calculated using a mixed effects model for repeated mea-

sureswith time treated as a categorical variable; significance between kinetic curves was determined using the time versus treatment

factor, and significance at individual timepoints was determined using Sidak’s post-test for multiple comparisons. For S1A, datawere

log-transformed prior to analysis.

Figure S1E: Significance of differences in B. infantis levels were determined using two-way ANOVA with Sidak’s post-test for mul-

tiple comparisons.

Figures S2A and S2B: Significance of differences in diversity metrics were calculated using a mixed effects model for repeated

measureswith time treated as a categorical variable; significance between kinetic curveswas determined using the time versus treat-

ment factor, and significance between timepoints across groups was determined using Sidak’s post-test for multiple comparisons.

For S2B, data were log-transformed prior to analysis.

Figure S2D: Significance of Bray-Curtis dissimilarity between groupswas determined using PERMANOVA analysis with Benjamini-

Hochberg correction for multiple comparisons.

Figures S2E–S2H: Significances were calculated using Wilcoxon’s Rank Sum Test with Benjamini-Hochberg correction for multi-

ple comparisons.

Figures S3A–S3K: Significance of differences in abundance was determined using Wilcoxon’s Rank Sum Test with Benjamini-

Hochberg correction for multiple comparisons. Data were CLR transformed prior to analysis.

Figure S3L: Correlation and significance were calculated using the repeated measures correlation rmcorr package in R. Data were

CLR transformed prior to analysis.

Figures S4A and S4C–S4F: Significance of differences in metabolite levels or pH values were calculated using a mixed effects

model for repeated measures with time treated as a categorical variable; significance between kinetic curves was determined using

the time versus treatment factor, and significance between timepoints across groups or between groups at individual timepoints was

determined using Sidak’s post-test for multiple comparisons. For S4A,C,E,F, data were log-transformed prior to analysis.

Figure S4B: Significance of differences in acetate recovery were calculated using a log rank-test.

Figure S4G: Significance of Bray-Curtis dissimilarity between groups were determined using PERMANOVA analysis with

Benjamini-Hochberg correction for multiple comparisons.

Figures S4H–S4P: Significance in metabolite changes were calculated by two-way repeated measures ANOVA with Bonferroni

0.05 for multiple comparisons.

Figure S5: Significances of differences in serum metabolite levels were calculated using mixed effects model for repeated mea-

sureswith time treated as a categorical variable; significance between kinetic curves was determined using the time versus treatment

factor, and significance between groups at individual timepoints was determined using Sidak’s post-test for multiple comparisons.
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Significance of fecal metabolite changes were calculated by two-way repeated measures ANOVA with Bonferroni 0.05 for multiple

comparisons.

Figures S6D and S6F: Significances of differences between groups were calculated by two-way ANOVA with Tukey’s test for mul-

tiple comparisons within each Veillonella inoculum condition. Data were log-transformed prior to analysis.

Figures S6E and S6G: Significances of differences between Veillonella inoculum conditions were calculated by two-way ANOVA

with Tukey’s test for multiple comparisons within each treatment. Data were log-transformed prior to analysis.

Figures S6H and S6I: Significances of differences in Veillonella or B. infantis levels were calculated using a mixed effects model for

repeatedmeasures with time treated as a categorical variable; significance between groups at individual timepoints or between time-

points within groups was determined using Sidak’s post-test for multiple comparisons. Data were log-transformed prior to analysis.

Figure S6J: Significance of differences in acetate levels were calculated using a mixed effects model for repeated measures; sig-

nificance between groups for each metabolite was determined using Sidak’s post-test for multiple comparisons. Data were log-

transformed prior to analysis.

Table S1: Significance of differences between the three study arms were evaluated with respect to age and BMI using the 1-way

analysis of variance. For the three categorical variables of sex, ethnicity (Hispanic/non-Hispanic), and race (dichotomized to Cauca-

sian versus not), a chi-square test for homogeneity was used.

Table S4: Significance of Bray-Curtis dissimilarity between groups was determined using PERMANOVA analysis with Benjamini-

Hochberg correction for multiple comparisons.

Table S6: Significances of differences between treatments were calculated by two-way ANOVAwith Tukey’s test for multiple com-

parisons within each Veillonella inoculum condition. Data were log-transformed prior to analysis.
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