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against proinflammatory diseases, including NEC.

Introduction

Despite major advancements in medicine, the rate of preterm birth
has not decreased and remains one of the leading global causes
of infant mortality (1). Maternal pathogen-induced inflammation
potentially contributes to both preterm birth and fetal inflamma-
tory responses (2). This detrimental inflammation results in signifi-
cant deterioration of the microbial consortium of the neonatal gut
(3) that skews immunity toward proinflammatory responses, possi-
bly resulting in necrotizing enterocolitis (NEC), a potentially fatal
inflammatory bowel necrosis primarily affecting preterm infants
with risk factors (e.g., intestinal injury) (4). While the multifactorial
mechanisms involved in NEC and potential therapeutic approach-
es remain elusive (5), the need for novel therapeutic interventions
that redirect inflammation and reduce disease severity, leading to
its regression, is urgent (6). Maintaining gut homeostasis to swiftly
resolve gastrointestinal infections, which otherwise induce del-
eterious signals, is critically important and highly dependent on
the fitness of host regulatory mechanisms. These mechanisms are
dictated by critical nutrients in human breast milk (HBM) and the
mother’s and infant’s microbiomes (7), which together make up a
pivotal triad intricately involved in infant intestinal immunity (8).
Errors in these mechanisms may increase pathologic signals, result-
ing in dysfunctional gut homeostasis, potentially leading to NEC.
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Consumption of human breast milk (HBM) attenuates the incidence of necrotizing enterocolitis (NEC), which remains a
leading and intractable cause of mortality in preterm infants. Here, we report that this diminution correlates with alterations
in the gut microbiota, particularly enrichment of Propionibacterium species. Transfaunation of microbiota from HBM-fed
preterm infants or a newly identified and cultured Propionibacterium strain, P. UF1, to germfree mice conferred protection
against pathogen infection and correlated with profound increases in intestinal Th17 cells. The induction of Th17 cells

was dependent on bacterial dihydrolipoamide acetyltransferase (DIaT), a major protein expressed on the P. UF1 surface

layer (S-layer). Binding of P. UF1 to its cognate receptor, SIGNR1, on dendritic cells resulted in the regulation of intestinal
phagocytes. Importantly, transfer of P. UF1 profoundly mitigated induced NEC-like injury in neonatal mice. Together, these
results mechanistically elucidate the protective effects of HBM and P. UF1-induced immunoregulation, which safeguard

Thus far, it has been postulated that HBM not only increases
beneficial bacteria within balanced gut microbiota, but also pro-
motes host immune regulation and reduces the risk of NEC in
preterm infants (9-12). However, further mechanistic insights
are required to better understand the immune regulation orches-
trated by HBM, the beneficial bacteria within, and critical induced
metabolites, all of which may control T cell responses (e.g., Th17
cells) intricately involved in mucosal protection and the pathogen-
esis of proinflammatory diseases (13). This includes NEC, in which
the recruitment of inflammatory cells is robustly increased, while
functional Tregs are significantly decreased (14). Thus, if severe
induced inflammation leads to NEC, its redirection by novel ther-
apeutic approaches involving beneficial commensals, including
Propionibacterium (P.) University of Florida 1 (UF1) (P. UF1), may
enhance proinflammatory NEC regression.

Results

Characterization of P. UF1 bacterium. Focusing on the status of the
microbiota of 2 discrete cohorts, we demonstrate that the composi-
tion and diversity of the gut microbiota from human breast milk-
fed (HBMF) preterm infants (n = 20) were distinct from those of
formula-fed (FF) preterm infants (n = 20). Microbiota analyses of
these 2 cohorts revealed major differences in the Shannon diver-
sity, which estimates the total number of operational taxonomic
units existing in the given bacterial community, and the Pielou’s
evenness index, which demonstrates how evenly the individuals
in the community are distributed over different operational taxo-
nomic units (P < 0.01) (Figure 1A). Together, the microbial even-
ness and diversity were found to be significantly increased in the
HBMF cohort’s microbiota, while a trend toward an increase in
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Figure 1. Abundance of Propionibacterium in the fecal samples of HBMF preterm infants. Fecal samples were collected from HBMF (n = 20) and FF
preterm infants (n = 20), and microbiota composition was analyzed by 165 rDNA sequencing. (A) Summary box plots of Chao richness, Shannon diversity,

and Pielou’s evenness indices derived from analyses of fecal samples of HBMF
nant analysis (LDA) of taxons between HBMF and FF preterm infants’ microbio

(blue) and FF (red) preterm infants on day 13 + 2 to 3. (B) Linear discrimi-
ta on day 13 + 2 to 3. Taxa enriched in HBMF preterm infants’ microbiota

have a negative score (blue), and taxa enriched in FF preterm infants’ microbiota have a positive score (red). Only taxa with an absolute value of LDA score

of more than 2 are shown. (C) Phylum structure of the abundant bacteria in fec

al samples of HBMF and FF preterm infants on days 21+ 3. (D) Taxonomic

cladogram of HBMF versus FF preterm infants’ bacterial fecal samples on day 21 + 3 (blue, HBMF-enriched taxa; red, FF-enriched taxa). (E) Percentage of

operational taxonomic units (OTUs) of Propionibacteria in the fecal samples of

HBMF and FF preterm infants by day 13 + 2 to 3 and day 21 + 3. (F) Relative

abundance of different Propionibacteria (e.g., P. freudenreichii) in fecal samples of HBMF and FF preterm infants. Error bars indicate mean + SEM.
*P < 0.05; **P < 0.01, 2-tailed unpaired t test (A, E, and F). Kruskal-Wallis test (B and D).

bacterial richness was also observed (Figure 1A). Moreover, micro-
biota compositions between the HBMF and FF preterm infants
were principally different in the Actinobacteria phylum (e.g., Pro-
pionibacteriaceae), among other bacteria, including Bacteriodetes,
Firmicutes, and Proteobacteria (Figure 1, B-D). Thus, the focus was
drawn to key species of this Actinobacteria phylum, particularly
Propionibacterium, which contributed heavily to these differences
(Figure 1, B-D). Importantly, the proportion of Propionibacterium,
including P. freudenreichii, in the microbiota of the HBMF preterm
infants was significantly increased throughout days 13 to 21 after

birth, while these bacteria were poorly detected in the FF preterm
infants’ fecal samples (Figure 1, E and F). Subsequently, Propioni-
bacterium was isolated from HBMF preterm infants’ fecal samples
using carbohydrate separation and cultured optimally in de Man,
Rogosa, and Sharpe (MRS) broths and lactate.

The first draft genome-sequence analyses of one of these
newly identified Propionibacterium strains, tentatively designated
P. UF1, exhibited 90% identity to known Propionibacterium spe-
cies, including P. freudenreichii subsp. freudenreichii DSM20271"
and subsp. shermanii CIRM-BIA1 (Figure 2A). The genome of
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Figure 2. Characterization of P. UF1 bacterium. (A) Genome sequence comparison of isolated P. UF1 with known P. freudenreichii spp. Shermanii
CIRM-BIA1 (red) and P. freudenreichii spp. freudenreichii DSM20271" (blue). Prophage was identified by PHAST (green). Sequence identity between

P. freudenreichii strains and P. UF1is shown. (B) Correlation of the annotated genome sequence on the RAST platform with different metabolic
pathways of P. UF1. Numbers in parentheses indicate numbers of annotated genes belonging to subcategories of pathways. (C and D) C57BL/6 mice
(n = 3) were gavaged with P. UF1 (10° CFU/mouse) 1time, and mice were sacrificed every day to detect P. UF1in the fecal (C) and cecal (D) contents. (E)
GF mice (n = 5) were gavaged with P. UF1 (10° CFU/mouse) 1time, and fecal samples were collected every day to detect P. UF1. DL indicates the gPCR
detection limit. Asterisks indicate statistical significance compared with day 0. Data are representative of 1 (E) or 3 (C and D) independent experi-
ments. Error bars indicate mean + SEM. *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001, 2-tailed unpaired t test (C-E).

P. UF1 (2.63 Mb) encodes for critical enzymes involved in fermen-
tation, catabolism, and biosynthetic pathways for all amino acids
(Figure 2B). Furthermore, introducing this bacterium to conven-
tional C57BL/6 mice via a single oral gavage resulted in transient
gut colonization, potentially due to bacterial competition for space
and nutritional resources (15, 16), whereby this bacterium was no
longer detectable in the fecal or cecal contents of C57BL/6 mice
after 5 to 6 days (Figure 2, C and D). In contrast, P. UF1 perma-
nently colonized the gut of germfree (GF) mice, as detected in the
fecal contents of these mice until day 7 (Figure 2E). Such coloni-
zation in GF mice was expected, as P. UF], like other beneficial
(e.g., Bifidobacterium bifidum) (17) or pathogenic bacteria (e.g.,
Citrobacter rodentium) (18), demonstrates the same trend due to
the lack of competitive commensal bacteria.

Regulation of intestinal proinflammation by P. UF1. To explore
the potential immunologic differences caused by the microbi-
ota of the aforementioned cohorts, fecal microbes derived from
HBMF and FF preterm infants were transfaunated into GF mice

jci.org  Volume127  Number11  November 2017

(19). GF mice receiving HBMF preterm infants’ microbiota did
not exhibit the enhanced proinflammation (e.g., IL-1B) in colonic
DCs that was observed in the GF mice transfaunated with FF pre-
term infants’ microbiota (Supplemental Figure 1A; supplemental
material available online with this article; https://doi.org/10.1172/
JC195376DS1). Moreover, transfaunating GF mice with HBMF
preterm infants’ microbiota increased Th17 cells and sustained
IL-10* Tregs, a trend that was less evident in GF mice transfaunat-
ed with FF preterm infants’ microbiota (Figure 3A). Not only were
proinflammatory DC responses attenuated upon P. UF1 gavage
of GF mice transfaunated with FF preterm infants’ microbiota,
but Th17 cells and IL-10* Tregs were also significantly increased
to the levels seen in GF mice transfaunated with HBMF preterm
infants’ microbiota (Supplemental Figure 1A and Figure 3A). Addi-
tionally, the composition of the gut microbiota in GF mice trans-
faunated with FF preterm infants’ microbiota and subsequently
gavaged with P. UF1 showed changes in bacterial organization,
including decreased levels of y-Proteobacteria, when compared
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Figure 3. Modulation of colonic immune responses by HBMF preterm infants’ microbiota. (A-C) GF mice were transfaunated with HBMF preterm infants’
microbiota (blue), FF preterm infants’ microbiota (red), or FF preterm infants’ microbiota plus 4 treatments with P. UF1 (green) or were left untransfaunated
(black). Colonic immune responses and microbiota were analyzed 2 weeks later. Representative data of flow plots, percentages, and total cell counts of Th17
cells and IL-10*TGF-B* Tregs (A). Microbial phyla structure (B) and LDA analysis (C) of fecal samples from indicated group. (D) GF mice were monoassociated
with P. UF1 (green) or gavaged with PBS (white), and induced colonic immune responses were analyzed. Representative data of flow plots, percentages, and
total cell counts of Th17 cells, IL-10*TGF-B* Tregs, and IFN-y*CD4* cells (Th1 cells). (E and F) Heatmap of selected metabolites differentiating fecal samples
from PBS- and P. UF1-gavaged GF mice (E), and significant metabolic pathways of fecal samples from PBS- versus P. UF1-gavaged GF mice (F). Red dashed
line shows permutation of P = 0.05. Data are pooled from 2 independent experiments (n = 3-7 mice/group, A-C) or representative of 3 (n = 4-5 mice/group,
E and F) or 6 (n = 4 mice/group, D) independent experiments. Error bars indicate mean + SEM. *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001, ANOVA

plus Tukey’s post test (A) or 2-tailed unpaired t test (D).

with the FF preterm infants’ microbiota, indicating the potential
influence of P. UF1 on the FF preterm infants’ microbiota (Figure
3, B and C). The same trend was also observed in GF mice that
were transfaunated with HBMF preterm infants’ microbiota,

wherein y-Proteobacteria levels were also decreased, possibly by
the elevated growth of Actinobacteria, since beneficial bacteria
may compete with indigenous pathobionts (e.g., y-Proteobacteria)
(20-22) in the given environment of GF mice (Figure 3B). To
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Figure 4. Induction of Th17 cell differentiation by P. UF1. (A) CD4* splenic cells derived from C57BL/6 mice gavaged with P. UF1 were transferred into
H2-Ab1- recipient mice. H2-Ab717/~ mice were gavaged 4 times (4x) with P. UF1 (10° CFU/mouse) or with PBS (n = 4-5 mice/group). Representative data of
flow plots, percentages, and total cell counts of colonic Th17 cells. (B) Splenic CD4* T cells were sorted and labeled with CFSE. T cells were cocultured with
pulsed BMDCs with S-layer (10 ug/ml) or DIaT peptides (20 pg/mg) for 5 days. Cells were stained and analyzed by flow cytometry. Representative histogram
plots of CFSE-labeled IL-17A* CD4* T cells. (C) C57BL/6 mice were gavaged 4 times with P. UF1. Splenic and MLN tetramer DIaT?** cells were enriched with
phycoerythrin (PE) beads and analyzed. Representative plots depicting the percentage of DlaT?** tetramer CD4* T cells with a majority of IL-17A*IL-10* T cells,
but negative for FoxP3* T cells. (D) Th17 cell differentiation from naive splenic Thy1.1*CD4*CD45RB" cells in Thy1.2* RagT/- mice gavaged with P. UF1 or PBS.
Th17 cell differentiation was analyzed in the colon (CL), small intestine (SI), MLN, and spleen (SP) (n = 5 mice/group). Data are representative of 2 (D) or 3
(A-C) independent experiments. Error bars indicate mean + SEM. *P < 0.05; **P < 0.01, ANOVA plus Tukey's post test (A) or Mann-Whitney U test (D).

specifically investigate P. UF1-induced Th17 cells, GF mice were  nine were increased in the fecal samples of the GF mice monoas-
monoassociated with P. UF1 (4 oral gavages with 10° CFU/mouse,  sociated with P. UF1 (Figure 3E), potentially regulating Th17 cell
every 3 days), and DC and T cell responses were analyzed. Once =~ homeostasis (25, 26). Accordingly, pathway analyses (27) revealed
again, proinflammatory cytokines (e.g., IL-1) promoting intesti-  that these enriched gut metabolites (Figure 3F) are highly involved
nal pathology (23) were decreased in colonic DCs (Supplemental ~ in C21-steroid hormone biosynthesis (28), tryptophan metabo-
Figure 1B and Supplemental Figure 11). Additionally, cytokine  lism, multiple vitamin biosynthetic pathways (e.g., vitamin B,)
transcripts (e.g., IL-1B) were not only diminished in colonic tis-  (29), and porphyrin biosynthesis (30).

sues of GF mice monoassociated with P. UF1, but also in sorted Bacterial dihydrolipoamide acetyltransferase drives Th17 cells.
colonic DCs (Supplemental Figure 2, B and C). The generation of  Sensing receptor interactions with the bacterial surface layer (S-lay-
Th17 cells, particularly IL-10*IFN-y~ Th17 cells, and IL-10* Tregs er) stimulate intestinal DCs, leading to T cell activation (31-34). Acti-
was also substantially increased in GF mice monoassociated  vated T cells, in general, and antigen-specific Th17 cells, in particu-
with P. UF1, while the IFN-y*CD4" T cell response (Th1 cells) was  lar, are tightly controlled by gut commensals, including segmented
decreased compared with that in the control groups (Figure 3D  filamentous bacteria (SFB) (35, 36) along with regulated cytokines
and Supplemental Figure 12), suggesting that P. UF1 not only criti-  (e.g., IL-6, TGF-B, IL-18) (37). To elucidate the role of the P. UF1
cally regulates DCs, but also specifically augments the formation  S-layer in Th17 cell differentiation, the S-layer was isolated by guani-
of Th17 cells. Such differential dependency of the Th17 cells on  dine hydrochloride (GdnHCI) and characterized by mass spectrom-
P. UF1 was then highlighted in GF mice monoassociated with  etry. Dihydrolipoamide acetyltransferase (DlaT) was found to be one
P. UF1 or E. coli JM109 (24). Here, E. coli J]M109, when compared  ofthe major S-layer proteins, from which three 15-mer peptides were
with P. UF1, did not induce Th17 cell differentiation (Supplemen-  deduced exhibiting high affinity for MHC II. Interestingly, DlaT is
tal Figure 1C). Furthermore, tryptophan, tyrosine, and phenylala- critically involved in pyruvate decarboxylation, which links glycoly-
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Figure 5. Differentiation of DlaT-specific Th17 cells. (A) Genetic organization of the dlaT locus from P. UF1 and AdlaT P. UF1. P1, P2, P3, and P4 primers was
used for identifying AdlaT P. UF1. cmR, chloramphenicol resistance gene (P. UF1); bla, ampicillin resistance gene (E. coli); ori, replication origin of pUC19
plasmid. (B) PCR amplification of d/aT with primers P1/P2. (C) Quantitative reverse-transcriptase PCR (qRT-PCR) analyses of dlaT mRNA expression using
primers P3/P4 (n = 3 samples/group). (D) Western blot analysis of DlaT expression in the cell lysates and S-layer using polyclonal anti-DlaT antibodies. (E)
Exponential growth rate of P. UF1 and Ad/aT P. UF1in MRS-lactate medium (n = 3 samples/group). (F) Colonization of P. UF1 and Ad/aT P. UF1in C57BL/6
mice (n = 2 mice/group). (G) GF mice were gavaged with P. UF1 (green), AdlaT P. UF1 (blue), or PBS (white). Colonic cell immune responses were analyzed

2 weeks later (n = 4 mice/group). Representative data of flow plots, percentages, and total cell counts of Th17 cells, CD4*FoxP3* Tregs, IL-10*TGF-B* Tregs,
and 1L-22*CD4* T cells. Data are representative of 1 (F) or 3 (B-E and G) independent experiments. Error bars indicate mean + SEM. *P < 0.05; **P < 0.01;
***P < 0.001, 2-tailed unpaired t test (C and E) or ANOVA plus Tukey's post test (G).

sis to the citric acid cycle (38); however, this protein could also be  not observed in H2-AbI7~ deficient mice gavaged with P. UF1 alone
expressed by other, yet to be identified mechanism(s) on the S-lay-  or with P. UF1 plus adaptively transferred CD4* T cells (Figure 4A).
er to exert immune activation. Importantly, we demonstrate the = Thus, these data once again illuminate the critical role of MHC II in
dependency of P. UF1 S-layer-induced Th17 cells in H2-AbI** suffi-  antigen-specific CD4" T cell differentiation, as also previously dem-
cient mice (MHC II'/*) (Supplemental Figure 3A). However, thiswas ~ onstrated for SFB-dependent Th17 cells (39).
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Figure 6. Restoring Th17 cell differentiation by complementation of AdlaT P. UF1 with dlaT. (A) Complementation of AdlaT P. UF1 with the dlaT gene (P. UF1-1,
orange), the 3 dlaT peptides (P. UF1-2, purple), and the dlaT gene minus the 3 peptides (P. UF1-3, gray). (B) Western blot analysis of DIaT expression and the 3
peptides in cell lysates of the complemented strains using polyclonal anti-DlaT antibodies. (C) Exponential growth rate of the complemented strains in MRS-
lactate medium (n = 3 samples/group). (D) GF mice were gavaged with P. UF1-1, P. UF1-2, P. UF1-3 (10° CFU/mouse), or PBS on days 0, 3, 6, and 9. Two weeks
later, induced colonic immune responses were analyzed. Representative data of flow plots, percentages, and total cell counts of Th17 cells, CD4*FoxP3* Tregs,
and IL-10*TGF-B* Tregs. (E and F) Fecal sample metabolomic analyses of GF mice gavaged with aforementioned complemented strains or PBS. PCA of fecal
sample metabolites (E) and comparison of significant pathways between P. UF1: P. UF1-1and AdlaT P. UF1: P. UF1-2 (F). Red dashed line shows permutation

P value of 0.05. Data are pooled from 2 independent experiments (n = 3-7 mice/group, D) or are representative of 1(n = 3 mice/group, E and F) or 3 (B and C)
independent experiments. Error bars indicate mean + SEM. *P < 0.05; **P < 0.01, ANOVA plus Tukey's post test (C) or Kruskal-Wallis plus Dunn’s post test (D).

Additionally, it has recently been reported that bacterial-
induced metabolites support the differentiation of T cells, including
Th17 cells (40). To demonstrate whether P. UF1-induced metabo-
lites can prime Th17 cell differentiation, metabolomic analyses of
P. UF1-gavaged H2-AbI7- mice compared with H2-AbI7- mice plus
CD4" T cells and PBS-gavaged H2-Ab1”~ mice were performed.
Data revealed different metabolic pathways, particularly in tryp-
tophan and butanoate metabolism; however, no Th17 cells were
promoted in the H2-AbI7/~ mice lacking MHC II (Supplemental Fig-
ure 3, B and C), once again highlighting the critical role of MHC II
in differential T cell activation (41). Furthermore, cytokines (e.g.,

jci.org  Volume127  Number11  November 2017

IL-1B, IL-6) alone were not sufficient to induce Th17 cells in mice
that were gavaged with the S-layer P. UF1, denoting that the S-layer
and its deduced peptides are essential in Th17 cell differentiation
(Supplemental Figure 3A).

To further evaluate S-layer-specific Thl7 cells, C57BL/6
mice were gavaged with P. UF1. Subsequently, splenic CD4*
T cells were sorted and cocultured with bone marrow-derived
DCs pulsed with the S-layer or with the 3 DlaT-peptides. Data
demonstrate the differential DlaT positivity for only splenic and
mesenteric lymph node (MLN) Th17 cells, but not IL-10* Tregs,
using the DlaT-specific tetramer?*® (Figure 4, B and C). To specifi-
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Error bars indicate mean + SEM. P < 0.05; *P < 0.05; **P < 0.01; ***P < 0.001, ANOVA plus Tukey's post test (A).

cally determine the differentiation of Th17 cells by P. UF1, sorted
naive splenic Thyl.1'*CD4*CD45RB" cells were transferred into
P. UF1- or PBS-gavaged Thyl.2* Ragl”~ mice (42) lacking mature
T and B cells (43). Data document the differentiation of Th17 cells
from Thyl.1*CD4*CD45RB" T cells by P. UF1 in the intestines,
MLNSs, and spleens of Thy1.2* Ragl”~ mice (Figure 4D).

To investigate the mechanistic paradigm associated with
DlaT-specific Th17 cell differentiation, the dlaT gene was deleted
from the bacterial chromosome by homologous recombination
with a single crossover event (44), resulting in the AdlaT P. UF1
(Figure 5, A-D). Importantly, the bacterial growth kinetics and
detection of AdlaT P. UF1 in conventional C57BL/6 mouse fecal
and cecal contents were comparable to P. UF1 (Figure 5, E and
F). When compared with P. UF1, GF mice monoassociated with
AdlaT P. UF1 exhibited significantly increased expression of IL-1,

IL-6, and IL-12/23p40 in colonic DCs and colonic tissue (Supple-
mental Figure 2, A-C). AdlaT P. UF1 also substantially abrogated
Th17 cells, while IL-10* Tregs were generally comparable to those
of PBS-gavaged mice, suggesting a crucial role for DIaT in IL-10*
Th17 cell differentiation. Such P. UF1-induced Th17 cells did not
significantly express IL-22 (45) (Figure 5G).

To delineate any potential changes in AdlaT P. UF1 transcrip-
tomic machinery that may affect gut homeostasis, the transcriptic
and metabolic changes in AdlaT P. UF1 compared with P. UF1 were
analyzed. Deletion of diaT in P. UF1 resulted in significant tran-
scriptic changes involved in the glycolytic and multiple metabolic
pathways, including the metabolism of carbohydrates, nitrogen,
folate, and cysteine biosynthesis (Supplemental Figure 4, A-C).
More importantly, multiple tryptophan-derived metabolites (e.g.,
hydroxykynurenamine, formyl-acetyl-5-methoxykynurenamine)
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were significantly observed in P. UF1, but not in AdlaT P. UF1 (Sup-
plemental Figure 4, D and E), potentially qualitatively influencing
the regulation of DC and T cell responses.

To specifically elucidate the relevance of DlaT in Th17 cell dif-
ferentiation and to exclude possible ectopic effects resulting from
dlaT deletion in P. UF1, we then complemented the dlaT gene
(P. UF1-1), the 3 DlaT peptide sequences (P. UF1-2), or the dlaT
gene without these 3 peptides (P. UF1-3) in the AdlaT P. UF1 (Fig-
ure 6, A and B), whereby the bacterial growth kinetics of these
P. UF1 recombinants were comparable to those of P. UF1 (Figure
6C). GF mice were then monoassociated with P. UF1-1, P. UF1-2,
or P. UF1-3. Data demonstrate the significance of DlaT and the 3
DlaT peptides, such that mice receiving P. UF1-1 or P. UF1-2, but
not P. UF1-3, exhibited differentiation of Th17 cells and induction
of IL-10* Tregs (Figure 6D). Furthermore, metabolomic analyses
of P. UF1-1 and P. UF1 separated similarly from the other groups
of GF mice gavaged with AdlaT P. UF1, P. UF1-2, P. UF1-3, or PBS,
indicating a physiologic role for DIaT in P. UF1 molecular machin-
ery supporting bacterial metabolic homeostasis (Figure 6, E and F).

Immune regulation by P. UF1 against Listeria monocytogenes infec-
tion. Knowing the importance of commensals in the instruction of
Th17 cell differentiation (46, 47), the protective role of Th17 cells
in response to intracellular pathogens, including Listeria monocy-
togenes (L. m), may demand consideration (48). To further evaluate
the regulatory effects of P. UF1 on protective colonic DlaT-depen-
dent Th17 cells against L. m infection, AactA L. m was established.
AactA L. m lacking the ActA polypeptide cannot interact with
actin filaments and is, as a consequence, nonmotile to spread in
the periphery (49). Subsequently, AactA L. m*< was generated by
introducing pIMK2, which specifically harbors the 3 DIaT peptides
into AactA L. m (Supplemental Figure 5, A and B). Indeed, AactA
L. m?®, like P. UF1, controlled DCs by attenuating proinflamma-
tory signals (e.g., IL-1B) (Supplemental Figure 5C) and regulating
IFN-y* Th1 cells, potentially minimizing pathogenic inflammation
and induced DlaT tetramer**IL-10* Thl7 cell responses when
compared with other mouse groups infected only with AactA L. m
or gavaged with AdlaT P. UF1 and infected with AactA L. m (Fig-
ure 7A and Supplemental Figure 6, A and B). These data highlight
the critical involvement of DlaT in colonic Th17 cell differentia-
tion, whereby its deletion significantly abated Th17 cell responses
against AactA L. m infection (Figure 7A). As expected, these DlaT
tetramer***IL-10* Th17 cells were completely diminished in AactA
L. m*®<-infected Rorc(yt)S*”/S* mice deficient for retinoid-related
orphan receptor (RORyt) (50) required for the Th17 cell lineage
(Supplemental Figure 6A). Importantly, IL-10* Tregs, which con-
tract upon L. m infection (51), were not only functionally sustained,
but their frequency was markedly increased in mice orally infect-
ed with AactA L. m*® or gavaged with P. UF1 and infected with
AactA L. m, potentially regulating protective CD4" T cell subsets,
including Th1 cells and Th17 cells, all of which may synergistically
contribute to the resolution of this pathogenic infection (Figure
7A). Moreover, AactA L. m infection was significantly reduced
in mice gavaged with P. UF1 on day 4, in contrast with the other
groups (Supplemental Figure 5D). When compared with that of
other mouse groups, the composition of the gut microbiota of mice
gavaged with P. UF1 and infected with AactA L. m demonstrates
enrichment of Lactobacillus and Ruminococcus species (Figure 7B).
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This may suggest that regulation of pathogen-induced inflamma-
tion by P. UF1 not only plays a role in sustaining the microbiota
upon intestinal infection, but may also critically affect the pattern
of induced gut metabolites, including citrulline involved in nitric
oxide production and innate signaling (52), ultimately controlling
protective immune responses to AactA L. m infection. Such regu-
latory responses were not observed in mice gavaged with AdlaT
P. UF1orin AactA L. m-infected mice (Figure 7C).

To demonstrate the role of P. UFl-induced IL-10* Tregs in
the regulation of gut homeostasis, the frequency of these cells
was significantly reduced in B6.129(Cg)-Foxp33PTR/GFDAT /T mice
(Foxp3P™ mice) through diphtheria toxin (DT) injection (53). Con-
versely, regulated immunity against AactA L. m infection was sig-
nificantly diminished when compared with functional Tregs from
mice with no DT injection (Figure 7A and Supplemental Figure 7, A
and B), again highlighting the regulatory role of sustained P. UF1-
induced IL-10* Tregs in controlling inflammatory responses (54)
against AactA L. m infection.

Regulation of P. UFI-induced immunity requires SIGNRI. To
identify the cognate receptor that binds to the P. UF1 S-layer, gov-
erning DC function and subsequent regulation of T cells, includ-
ing Th17 cells, the focus was centered on C-type lectin recep-
tors (CLRs), particularly SIGNR1 (CD209b). SIGNRI recognizes
microbes via lipoglycan moieties inducing regulatory signals con-
trolling DCs to initiate T cell activation (55). In fact, SIGNRI, but
not SIGNR3 (CD209d) (56), was identified as the binding receptor
for P. UF1 when released by CHO cells in the form of a SIGNR1-
hFc complex (Figure 8, A-C). Binding of P. UF1 to the SIGNR1-hFc
complex was significantly reduced when SIGNR1-hFc was satu-
rated with zymozan consisting of a protein-carbohydrate complex
(Figure 8D). Additionally, gavaging mice with P. UF1 upregulated
SIGNRI1 in colonic tissue and in DCs (Figure 8, E and F). To assess
SIGNRI involvement in limiting pathogen-induced inflammation,
Signr1** and Signrl”~ mice were gavaged with P. UF1, AdlaT P. UF1,
or PBS and then orally infected with AactA L. m. Data illustrate
the role of SIGNRI in assuaging AactA L. m-induced inflamma-
tion seen in P. UF1-gavaged Signr1”* mice (Figure 8G), which was
not evident in P. UF1-gavaged SignrI7~ mice infected with AactA
L. m (Figure 8G and Supplemental Figure 8). Furthermore, con-
trolled protection by P. UF1 in Signrl*/* mice was not observed in
P. UF1-gavaged Signrl”~ mice infected with AactA L. m or L. m®,
asreduction of AactA L. m burden was not detected in any group of
AactA L. m-infected Signrl”~ mice (Figure 8H). Comparing meta-
bolic pathway analyses of Signr17- with SignrI”* mice also revealed
notable metabolic changes, despite the shared metabolites (e.g.,
fatty acid metabolism) seen in both mouse strains (Supplemen-
tal Figure 9A), while no significant gut microbiota modifications
were obvious in Signrl”- mice compared with SignrI”* mice (Sup-
plemental Figure 9B). Collectively, these data support the notion
that SIGNR1 regulates protective immunity by potentially activat-
ing regulatory signals, including SOCS1 against pathogens (e.g.,
L. m) (57), whereby its deficiency promotes pathogen persistence.
Accordingly, the differential suppressors of SocsI activation were
induced in the colonic tissue of SignrI”* mice, but not in Signrl”-
mice infected with AactA L. m (Figure 8I). Furthermore, criti-
cal to SIGNRI signaling is the activation of the serine/threonine
kinase Raf-1; inhibition of Raf-1 downstream signaling (e.g., MEK)
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blocks SIGNR1 responses (58). To specifically delineate the signal-
ing induced by the P. UF1 S-layer-SIGNR1 interaction controlling
SOCS1 in DCs, MEK was optimally blocked by the PD0325901
inhibitor (59) within 3 hours. This led to significant reduction of
Socsl expression in P. UFl-activated DCs; in contrast, this trend
was not observed in Signrl”- DCs (Figure 8]). These data may
highlight the interplay between SIGNR1 and SOCS1 signaling to
limit deleterious inflammation (57).

To evaluate any potential SIGNRI binding to DIaT, DlaT was
overproduced by P. UF1 and purified to demonstrate its interac-
tion with SIGNR1-hFC (Supplemental Figure 9, C and D). No sig-
nificant binding of DIaT to the SIGNR1-hFc complex was observed
(Supplemental Figure 9E). Thus, further studies are required to
elucidate the possible implication of P. UF1 S-layer mannosylation
for its optimal binding to SIGNR1 to activate signals (e.g., SOCS1)
in DCs controlling T cells in inflammatory conditions.

Mitigation of the intestinal inflammation by P. UFI. The
functional microbiota of the mother shapes the immature
immunity of the offspring during gestation (60). In contrast,
alteration of the gut microbiota not only affects the immunity
of the neonates, but it may also contribute to proinflammatory
diseases, including NEC (61, 62). To determine whether P. UF1
regulates immunity in newborn mice, pregnant C57BL/6 dams
were gavaged with P. UF1 or PBS. Once these dams had deliv-
ered their newborn mice, all newborn mice were euthanized 5
days later to analyze immune responses. Compared with the
newborn mice of PBS-gavaged dams, newborn mice of dams
gavaged with P. UF1 exhibited regulated TGF-B*IL-10" DCs
(Supplemental Figure 10A) and significantly induced IL-10*
Th17 cells and IL-10* Tregs (Figure 9A). Additionally, to dem-
onstrate any generation of group 3 innate lymphoid cells (ILC3)
in newborn mice delivered by dams gavaged with P. UF1 or
PBS, these newborns were further gavaged with P. UF1 or PBS 4
times. Twelve days later, the activation of small intestinal ILC3
of these groups of newborn mice was analyzed. Here, the fre-
quency of IL-17A*IL-22* ILC3 in P. UF1-gavaged newborn mice
was significantly increased when compared with control new-
born mice (Supplemental Figure 10B and Supplemental Figure
13). To elucidate whether P. UF1 can mitigate pathologic con-
ditions induced by NEC-like injury (63, 64), newborn mice (5
days of age) delivered by P. UF1-gavaged dams were compared
with newborn mice of dams given PBS. The weight and survival
rates were significantly increased in the newborn mice of P.
UFl-gavaged dams that were also gavaged twice with P. UF1
during NEC-like injury (Figure 9B). Newborn mice subjected to
NEC-like injury also demonstrated significant villous slough-
ing and necrosis within the small intestine when compared with
newborn mice gavaged with P. UF1 (Figure 9C). P. UF1 also sig-
nificantly reduced the expression of iNOS, Il-1b, Ii-6, and 1I-23
transcripts implicated in NEC and tissue inflammation (14, 65)
(Figure 9D). This correlated significantly with the regulation
of IL-10"TGF-B* DCs and elevated frequencies of IL-10* Tregs,
potentially controlling Th17 cells during the height of proin-
flammatory NEC-like injury, a trend that was less evident in the
control newborn mice subjected to NEC-like injury (Figure 9, E
and F). Moreover, intestinal IL-17A*IL-22* ILC3 activation (66-
68) was significantly enhanced in newborn mice gavaged with
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P. UF1 compared with the control group, which could potential-
ly account for the reduction of pathology at the mucosal sur-
face (Supplemental Figure 10C). Further studies are required
for understanding the complementary maintenance of regula-
tory IL17A*IL-22* ILC3 by P. UF1in the pathologic conditions of
NEC-like injury, in which the interplay between DCs and ILC3
implicated in the maintenance of epithelial barrier function
(69-71) and CD4" T cells (e.g., IL-10* Th17 cells, Tregs) sustains
functional intestinal homeostasis to potentially redirect delete-
rious signals (e.g., IL-1f) (72) involved in neonatal immature
immunity during inflammation (e.g., NEC). Together, these
data indeed demonstrate the potency of P. UF1 in controlling
the proinflammatory cells (e.g., Th17 cells) (14, 65) toward reg-
ulatory cells potentially resisting disease progression.

Discussion

Collectively, nutritional HBM and the bacterial species within (73,
74) not only govern both the development and the health of new-
born infants (75, 76), but also affect optimal bacterial composition
and related metabolites of the neonatal gut (77), thus influencing
intestinal immunity and disease risk later in life (12). Yet mechanis-
tic insights highlighting the critical role of HBM feeding are limited
and require further investigation for understanding the underlying
inputs promoting protective and regulated immune signaling that
may be fine-tuned by gut microbiota and their induced metabo-
lites. With this notion in mind, our studies demonstrate that HBM
directs the fate of the bacterial composition of preterm infants and
promotes the propagation of beneficial bacteria, including P.UF1,
within preterm infants’ gut microbiota; this critical trend was lack-
ing in preterm infants fed formula. Importantly, this deficiency in
the levels of beneficial bacteria undoubtedly contributes to uncon-
trolled inflammation that may potentially result in serious proin-
flammatory diseases such as NEC, wherein functional gut homeo-
stasis is significantly impaired (14). This was evidenced by the
fact that transfaunation of GF mice with FF fecal microbiota aug-
mented proinflammation; however, addition of P. UF1 to this trans-
faunation mitigated the inflammatory responses and increased
protective Th17 cells and Tregs. Such immune regulation was also
shown in GF mice monoassociated with P. UF1, where, in addition
to regulated innate and T cell responses, particularly those of Th17
cells and Tregs, critical regulatory metabolites (e.g., tryptophan,
phenylalanine) (78) were also induced.

It was recently demonstrated that the differentiation of intes-
tinal Th17 cells is highly dependent on their constant interaction
with the gut microbiota, including SFB, a delicate association that
determines the nature of immune responses in steady state and
with disease (79). Likewise, we demonstrate that bacterial-depen-
dent Th17 cell formation and its regulation is tightly intertwined
with the bacterial DlaT gene product and is significantly fortified
by functional Tregs and potentially key metabolites (e.g., trypto-
phan, kynurenine) (80). Importantly, the formation of protective
DlaT-specific Th17 cells was robustly sustained during L. m infec-
tion, a trend that was not observed using SFB-specific peptides
expressed by L. m that skewed these cells toward Th1 responses
(35). Here, the nature of the bacterial species (34) may influence T
cell plasticity to either differentiate into gut regulatory Th17 cells
(e.g., P. UF1) or proinflammatory Th1 cell responses (e.g., SFB).
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Figure 9. Mitigation of NEC-like injury by P. UF1 in newborn mice. (A) C57BL/6 pregnant dams were gavaged with P. UF1 or PBS twice/week during
gestation. Five days after birth, newborn mice were sacrificed. Representative data of flow plots, percentages, and total cell counts of Th17 cells and
IL-10*TGF-B* Tregs in newborn mice. Each dot represents 3 pooled small intestinal tissues from each group of newborn mice. (B and C) Five days after
birth, newborn mice of dams gavaged with P. UF1 or PBS were separated and subjected to NEC-like injury. Newborn mice gavaged with PBS or P. UF1
(107 CFU/mouse) on days 1, 3, and 5. Newborn mice were sacrificed 6 days later. Survival curve and weight incidence of the newborn mice subjected
to NEC-like injury (B), and representative H&E sections of the small intestine of control newborn mice (PBS) or mice subjected to NEC-like injury
with or without P. UF1. (C) Original magnification, x10. (D) gRT-PCR demonstrating expression of proinflammatory genes in the small intestine of
P. UF1-gavaged or untreated newborn mice subjected to NEC-like injury. Control newborn mice (PBS) with no NEC-like injury. (E and F) Representative
data of flow plots, percentages, and total cell counts of IL-1B*, IL-6%, IL-12/23p40*, IL-10*, and TGF-pB* DCs (E), IL-10* Th17 cells, and IL-10* TGF-p* Tregs (F) in the indi-
cated groups. Data are pooled from 3 experiments in steady state (n = 15 newborn mice/group, A) and for NEC-like injury (PBS, n = 10 newborn mice;
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Error bars represent mean + SEM. *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001, 2-tailed unpaired t test (A and B) or Kruskal-Wallis test (D-F).
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Further, P. UF1 not only regulated protective IFN-y* Th1 cells and
IL-10* Th17 cells (81) and sustained IL-10* Tregs to successfully
eliminate AactA L. m (82), but it also resisted microbial dysbiosis
potentially induced by L. m infection. P. UF1 also elicited critical
metabolites (e.g., citrulline) involved in immune protection. In
thisregard, DlaT not only influences Th17 cells, but also directs the
bacterial molecular machinery, as its deletion profoundly changes
the bacterial transcriptome orchestrating metabolomic cycles,
resulting in further inflammation deleterious to protection against
pathogen infection. Yet, does IL-17 play a role against intracellular
pathogens such as L. m? Classically protective responses against
L. m were considered to require IFN-y* Th1 cells (48). However,
IFN-y deficiency does not exclude the activation of CD4" T cells
against this pathogen (83). Moreover, protective Th17 cells were
induced against several intracellular pathogens, including Salmo-
nella typhimurium (84) and L. m (85), indicating that Th17 cells
are not redundant against intracellular pathogens. Thus, syner-
gistically induced Th1 and Th17 cell responses will swiftly resolve
the infection and limit tissue damage (86). Here, we demonstrate
this side of protective immunity directed by P. UF1 against L. m
infection, a model in which both Th1 and Th17 cells were highly
regulated. Studies are required to further elucidate underlying
mechanisms implicated in protective Th17 cells that may bridge
protective responses to fortify Thl cell activation against intracel-
lular pathogens.

CLRs, particularly SIGNR1, expressed by phagocytes (e.g.,
DCs) are critical pattern-recognition receptors interacting with
microbial carbohydrate recognition domains (CRDs) (87) to effi-
ciently internalize and phagocytize microbes in concert with oth-
er molecules, including complement receptors (88), and to poten-
tiate the oxidative responses to pathogens (e.g., Candida albicans)
via dectin-1/SyK-dependent signaling (89). One can speculate
that the signaling pathways of SIGNR1 involve regulated immune
complexes (e.g., SOCS1) whose activation may be dependent on
a mannosylated S-layer binding to SIGNR1 to control proinflam-
mation in DCs that influence regulatory Th17 cells (90, 91). Here,
we show that SIGNR1 signaling participates in DC regulation by
activating SocsI to control proinflammatory signaling (e.g., IL-1B)
(92), promoting IL-10* Th17 cells by suppressing STAT1 signal-
ing, thus limiting IFN-y signaling in these cells (93). Disruption
of SIGNRI1 signaling (e.g., SOCS1) results in augmented patho-
genic conditions, leading to further disequilibrium and lack of
a functional homeostasis required for resolving L. m infection.
Accordingly, future investigations are warranted to assess the
impact of signals directed by SIGNRI interaction with P. UF1 that
mediate regulation during inflammatory conditions and whether
mannose-containing S-layer constituents of P. UF1, including
lipomannan synthesized by glycolipid pathways involving man-
nosyltransferases PimA and MptA (94), initiate regulatory signals
(SOCSY) in intestinal DCs that skew pathogen-induced inflam-
mation toward regulation.

Although the underlying pathological mechanisms involved
in NEC are currently elusive and what is commonly termed NEC
in human infants likely represents several different mechanistic
pathways, induced pathogenic inflammation implicated in dis-
ease manifestation is of significant relevance (6, 95). To inves-
tigate whether P. UF1 ameliorates pathogenic inflammation
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induced in newborn mice, an experimental NEC-like injury was
employed whereby severe epithelial damage can be observed
(63, 64). In this murine model, P. UF1 regulated deleterious sig-
nals (e.g., iINOS, IL-1B) involved in the pathogenesis of NEC-like
injury by controlling DCs and sustaining IL-10* Tregs to poten-
tially regulate IL-10* Th17 cells (81, 96) and IL-17A*IL-22* ILC3,
all of which render a condition to oppose the manifestation of
NEC-like injury in newborn mice. Such regulatory conditions
were also established by feeding P. UF1 to pregnant dams com-
pared with feeding it to control newborn mice after birth. In this
permutation, P. UF1 coordinates critical signals in DCs to pro-
duce protective IL-10 (97) and TGF-B; a trend that can potential-
ly promote IL-10* Tregs and their mobilization against ensuing
pathogenic inflammation, as seen in newborn mice subjected
to NEC-like injury. These encouraging data may pave the way
to further elucidate critical transcriptic and metabolic factors
embedded within the P. UF1 genomic machinery and their rel-
evance in the control of pathogenic inflammation occurring with
NEC in preterm infants and potential immunotherapeutic trans-
lation in the clinic setting in the near future.

In summary, the current studies elucidate mechanisms
involved in the attenuation of inflammatory responses affecting
cellular homeostasis via the interaction of P. UF1 with SIGNRI.
This results in the regulation of proinflammatory signals (e.g.,
IL-1B) promoting functional T cell homeostasis (regulatory Th17
cells) to efficiently clear pathogens and to limit disease progres-
sion. Errors in these molecular mechanisms mobilize pathologic
signals, resulting in destruction of intestinal homeostasis, leading
to devastating proinflammatory diseases, including NEC. Thus,
the current investigation may address some of the knowledge gap
related to HBM feeding and its impact on the signaling complexes
that directly reduce intestinal inflammation as well as distal tis-
sue damage associated with intestinal disorders (e.g., NEC). The
impact of P. UF1-induced metabolites on gut homeostasis remains
to be determined in order to draw a clear conclusion on the criti-
cal metabolites involved in regulated immunity against patho-
gens and disease. Independent of such considerations, our data
distinctly support the notion that HBM, the bacteria within (e.g.,
P. UF1), and their gene products (e.g., DlaT) critically regulate
the proinflammatory environment potentially implicated in NEC
affecting preterm infants. Accordingly, candidates for modulators
of the local response with translational importance would be ben-
eficial bacteria such as P. UF1. Future strategies to restore the bal-
ance of regulatory lymphocytes may provide novel approaches to
dampen inflammation and to prevent inflammatory disease pro-
gression such as that seen with NEC.

Methods

Human fecal sample collection. Preterm infants with gestational ages
less than or equal to 32 completed weeks and birth weights less than or
equal to 1,800 g were eligible for our study. Infants with major congen-
ital anomalies or malformations were excluded. Infants from 3 Univer-
sity of Florida-affiliated hospitals who met the inclusion criteria were
enrolled in the study shortly after birth. Stool samples were collected
weekly from the study infants starting with meconium and continued
until discharge. The samples were immediately stored at -80°C. The
analyzed selected samples were derived from control infants who did
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not develop NEC or culture positive for sepsis (Supplemental Table 1).
Two groups, each with 20 subjects, were selected and either received
an HBMF diet or an FF diet. For each group, subject samples from 2
different time points were analyzed: the first group of samples was col-
lected at 13 £ 2 to 3 days after birth with 11 * 3 days of feeding, and the
second group of samples was collected at 21 * 3 days after birth with
19 * 4 days of feeding.

Animals. C57BL/6, B6.PL-Thyla/Cy], B6.129(Cg)-Foxp33PTR/CrDAr /]
(FoxP3P™), B6.129S2-H2%4b1Fa /T (H2-Ab17"), Ragl”, and BALB/c mice
were obtained from Jackson Laboratory. Signrl”- mice and B6.129P2(Cg)-
Rorc™2it /1 (Rorc(yt)°F”/S™) mice were provided by Huang Shau-Ku
(Johns Hopkins University School of Medicine, Baltimore, Maryland,
USA) and Liang Zhou (University of Florida). C57BL/6 GF mice were
provided by the Animal Care Facility of the University of Florida and
maintained there until the experiments were performed. Mice (5 days
old or 6 to 8 weeks old) were maintained under specific pathogen-free,
Helicobacter-free conditions.

First draft genome analyses of P. UF1. Fecal samples from HBMF
preterm infants (100 mg) were dissolved in sterile lectin-binding buf-
fer (98), and biotinylated Concanavalin A (ConA, 100 pg) (Vector
Laboratories) was added to the suspension. The fecal contents were
incubated at 4°C for 3 hours and subsequently washed with lectin-
binding buffer 3 times. The streptavidin-ferrous beads (Thermo Fisher
Scientific) were then added to the washed fecal contents, allowing
the ConA-bacteria complex to bind to the beads. The ferrous beads
were washed 6 times with lectin-binding buffer in the presence of a
magnet. The enriched bacteria, via bead complex, were spread over
several MRS-lactate agar plates (MRS agar with 1% sodium lactate;
w/v) to grow the separated bacteria for 3 days. Bacterial DNA of the
colonies was isolated, and bacterial identity was determined by the
amplification of 16S rRNA gene and sequencing analyses. One of the
isolates was designated as P. UF1. Genomic DNA of the P. UF1 was
isolated, purified, and subjected to PACBIO RS II for whole genome
sequencing (99). The sequenced contigs by PACBIO RS II were
assembled into 1 unique contig using SMRT Portal (Pacific Biosci-
ences), which was then compared with known sequences of P. freud-
enreichii subsp. shermanii CIRM-BIA1 and of P. freudenreichii subsp.
freudenreichit DSM20271". A distinguishable prophage identified by
PHAST (Phage Search Tool) was also shown in the comparison to
demonstrate the key bacterial strain differences and the missing gaps
visualized in a circular genome map. The circular map was generated
using Blast Ring Image Generator (BRIG) (100). The genome of the
P. UF1 was annotated and combined using Rapid Annotation Server
(RAST), KEGG Orthology And Links Annotation (KOALA) (101), and
Rapid Prokaryotic Genome Annotation (PROKKA) (102). The subsys-
tem categories were summarized and visualized by using RAST. The
genome sequence of P. UF1 was submitted to the NCBI’s Genome
database (CP018002). The P. UF1 isogenic strains were constructed
as described in Supplemental Experimental Procedures, using prim-
ers presented in Supplemental Table 2.

Ultra-high resolution metabolomic analyses. Mouse fecal samples
and P. UF1bacterial cultures were collected and analyzed at the Depart-
ment of Medicine Clinical Biomarkers Laboratory at Emory University
(27,103), as described in Supplemental Experimental Procedures.

Experimental NEC-like injury. C57BL/6 female (dam) mice were
gavaged during pregnancy with P. UF1 (10° CFU/dam) or PBS twice
weekly. On day 5, newborn mice were subjected to experimental
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NEC-like injury. Briefly, the cecal contents of 3 healthy adult mice
(6 weeks old) were cultured overnight at 37°C in regular bacterial
culture media (1:1) (LB Broth Base, GIBCO, Invitrogen). The CFU of
stock mixture bacteria was then determined. Multiple aliquots were
frozen at -80°C. The day prior to inducing NEC-like injury, an ali-
quot was cultured for 16 hours at 37°C to gavage newborn mice with
107 CFU-cultured bacteria. Newborn mice were gavaged twice daily
with 107 CFU of a standardized adult commensal bacterial mixture
(104) for 4 days. Newborn mice were gavaged 6 times daily with
formula (Similac Advance infant formula, Abbott Nutrition; Esbilac
canine milk replacer, PetAg; at the ratio 2:1). Newborn mice were
exposed to episodes of hypoxia (300 seconds in 95% N,, 5% O,)
twice daily for 4 days. Newborn mice were observed closely for clini-
cal signs, including severe abdominal distension, apnea, cyanosis,
lethargy, and weight loss. Newborn mice from P. UF1-gavaged dams
were also gavaged with P. UF1 (107 CFU/mouse) during experimental
procedures on days 1, 3, and 5. Newborn mice were sacrificed 6 days
later. PBS-gavaged newborn mice that remained with their mothers
were used as controls.

Histopathology. The severity of intestinal injury was determined
by histopathology. The entire small intestine was fixed, sectioned,
and stained with H&E. Stained sections were blindly evaluated by a
boarded veterinary pathologist.

Statistics. Statistical analyses were performed using GraphPad
Prism (version 6.0 for Mac OS X). Mean and SEM values and statis-
tical significance between 2 variables were determined by 2-tailed
unpaired ¢ tests. Normality was tested using the Shapiro-Wilk nor-
mality test. Where the groups follow a Gaussian distribution, para-
metric analyses were performed (2-tailed unpaired ¢ test for 2 vari-
ables or 1-way ANOVA followed by Tukey’s post test for 3 or more
variables). Where the groups did not follow a Gaussian distribution,
nonparametric analyses were performed (Mann-Whitney U test for
2 variables or Kruskal-Wallis test followed by Dunn’s post test for 3
or more variables). Differences were considered to be significant at
P < 0.05. For microbiota analyses, the Kruskal-Wallis test was used
in LEfSe to perform statistical testing for microbiota compositions.
Differences were considered to be significant at P values of less than
0.05, and only features with an LDA score of more than 2 were shown.
For tests in differential gene expression analyses, the negative bino-
mial (NB) model was applied as the statistical model to compute
Pvalues, followed by the Benjamini-Hochberg procedure to calculate
g values (105). For metabolomic analyses, the differential expression
of fecal metabolites among different groups was determined with
t tests or ANOVA tests using Python, and pathway and network anal-
yses were performed using Mummichog, a set of algorithms specifi-
cally designed for high-throughput metabolomics (106).

Study approval. Fecal samples were collected after informed writ-
ten consent from a parent and approval by the IRB (no. 386-2008)
at the University of Florida. All animal studies were approved by
the IACUC of the University of Florida under the following proto-
col numbers: 201406559, 201408484, and 201609388. Mice were
maintained in accordance with the Animal Welfare Act and the Public
Health Policy on Humane Care.
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