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ABSTRACT Early-life antibiotic exposure may provoke long-lasting microbiota per-
turbation. Since a healthy gut microbiota confers resistance to enteric pathogens,
we hypothesized that early-life antibiotic exposure would worsen the effects of a
bacterial infection encountered as an adult. To test this hypothesis, C57BL/6 mice re-
ceived a 5-day course of tylosin (macrolide), amoxicillin (B-lactam), or neither (con-
trol) early in life and were challenged with Citrobacter rodentium up to 80 days
thereafter. The early-life antibiotic course led to persistent alterations in the intestinal
microbiota and even with pathogen challenge 80 days later worsened the subsequent
colitis. Compared to exposure to amoxicillin, exposure to tylosin led to greater disease
severity and microbiota perturbation. Transferring the antibiotic-perturbed microbiota to
germfree animals led to worsened colitis, indicating that the perturbed microbiota was
sufficient for the increased disease susceptibility. These experiments highlight the long-
term effects of early-life antibiotic exposure on susceptibility to acquired pathogens.

IMPORTANCE The gastrointestinal microbiota protects hosts from enteric infections;
while antibiotics, by altering the microbiota, may diminish this protection. We show
that after early-life exposure to antibiotics host susceptibility to enhanced Citrobacter
rodentium-induced colitis is persistent and that this enhanced disease susceptibility
is transferable by the antibiotic-altered microbiota. These results strongly suggest
that early-life antibiotics have long-term consequences on the gut microbiota and
enteropathogen infection susceptibility.

KEYWORDS Citrobacter rodentium, pathogen-induced colitis, gastrointestinal
microbiota, host resistance, murine model, bioluminescence, colonic inflammation,
antibiotics

he gastrointestinal tract carries highly complex and dense microbial populations

(1-3), known to have important beneficial functions, including nutriment absorp-
tion, vitamin synthesis, and protection against pathogens (4). The microbiota protects
the host from pathogen invasion either directly, by producing antimicrobial substances
or competing for nutrients or space, or indirectly, by eliciting mucosal immune re-
sponses (5-7).

Antibiotics affect gut microbiota composition (8, 9). Studies since the 1950s have
shown that exposure of mice to antibiotics prior to experimental inoculation with
Salmonella worsens outcome (10, 11). In humans, antibiotic exposure enhances sus-
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ceptibility to Clostridium difficile infection (12). These observations suggest that antibi-
otic exposure, by perturbing the composition of the host microbiota, may directly
influence the severity of enteric infections. Such model studies have largely been
conducted in adult animals in which pathogen exposure follows closely after the
antibiotic course has ended (7, 13, 14).

Sharing host-interactive mechanisms with certain pathogenic strains of Escherichia
coli (15), Citrobacter rodentium is a mouse-restricted Gram-negative bacterium that
induces colitis (16, 17). The severity and consequences of C. rodentium infection are
affected by the host strain genetic background: while NIH or C57BL/6 mice develop
diarrhea and weight loss, these ill effects are transient (18) and the mice develop
resistance against subsequent infections (19), whereas C3H-HeJ mice suffer high mor-
tality (20). Interstrain variation in host microbiota composition also influences the
outcome of C. rodentium infection (14, 21-23). That transferring host microbiota from
resistant to susceptible mouse strains or vice versa affects mortality (21, 23, 24)
indicates that the composition of the host microbiota affects disease outcome. In
particular, specific commensals, e.g., segmented filamentous bacteria (“Candidatus
Savagella”), augment resistance to C. rodentium (22), influencing its colonic colonization
(25).Conversely, exposure of adult mice to metronidazole, an antimicrobial with broad
antianaerobic activity, led to more severe C. rodentium infection (14).

In both mice (26) and humans (27), early life is the crucial period for the develop-
ment of the mature adult microbiome. Consequently, exposure to antibiotics early in
life may induce long-term alterations in the diversity, composition, and metagenomic
content of the microbiota (28), even following a single antibiotic course (29, 30), and
the antibiotic-induced selection of the microbiota was both necessary and sufficient for
changing immunological development (30).

All over the world, young children are receiving multiple antibiotic courses, often
inappropriately for mild and self-limiting conditions (31). Although epidemiologic
studies provide evidence that such exposures during early life may increase suscepti-
bility to subsequent infections (32, 33), this hypothesis has not yet been directly tested
experimentally. Therefore, we examined the effects of a single early-life antibiotic
course on the characteristics of subsequent pathogen challenge. We found that early-
life antibiotic exposure worsened the outcome of C. rodentium infection in adult life
and that the perturbed microbiota was sufficient for transferring the enhanced effect to
antibiotic-naive recipient mice.

RESULTS

Exposure to tylosin accelerates the course of C. rodentium infection when mice
are challenged 1 day after stopping the antibiotic. To determine whether antibiotic
exposure can affect host resistance even after it is no longer being administered, we
challenged young adult mice with C. rodentium immediately after a 5-day tylosin
(macrolide) course was completed; control mice were unexposed to tylosin and/or
inoculated with Luria broth (LB) rather than C. rodentium (Fig. 1A). All uninfected mice
gained weight over time (Fig. 1B; see also Fig. S1E in the supplemental material),
whereas all infected mice lost weight (Fig. 1B); however, among infected mice, those
that had been exposed to tylosin started losing weight ~5 days earlier than antibiotic-
naive mice. Two infected antibiotic-naive mice died 9 days postinfection (dpi), and all
remaining infected mice were sacrificed at 11 dpi due to excessive weight loss. Fecal
occult blood was absent in uninfected mice but among infected mice was present
~1 day earlier and more frequently in those that had been exposed to tylosin than in
the antibiotic-naive mice (Fig. 1C). Among infected mice, those that had been tylosin
exposed had higher fecal and in vivo C. rodentium levels from 1 to 4 dpi than did the
antibiotic-naive mice (Fig. 1D to F). Specific IgM antibodies were absent in the sera of
mice prior to C. rodentium challenge and were absent at all times in uninfected mice
(Fig. 1G). At 7 dpi, specific IgM levels were higher in mice exposed to tylosin than in
antibiotic-naive mice (0.80 * 0.060 versus 0.23 = 0.012; P = 0.015). By the day of sac-
rifice (11 dpi), IgM levels became similar in both groups of infected mice, whether
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FIG 1 Characteristics of mice challenged with C. rodentium (or Luria broth) 1 day after stopping tylosin or water. (A) Study design. Twenty-one-day-old mice
received a 5-day course of tylosin (n = 8) or water (n = 12). The following day, mice from both treatment groups were challenged by luxCDABE C. rodentium
(CR) (water + CR [n = 10; blue] or tylosin + CR [n = 5; green]) or Luria broth (LB) (water + LB [n = 2] or tylosin + LB [n = 3]; black). The group treated with
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tylosin exposed or not (Fig. 1G). Specific serum IgG was absent throughout the brief
experimental course in all mice (data not shown). This experiment confirmed prior
studies indicating that in adult mice, proximate antibiotic exposure worsens subse-
quent pathogen challenge (14).

Effects of tylosin exposure and subsequent C. rodentium challenge on micro-
biota. In the model system with adult mice, we next sought to assess how substantially
the tylosin exposure affected the gastrointestinal microbiota. Tylosin exposure signifi-
cantly decreased community richness (Fig. 2A) and affected community structure
(B-diversity) (Fig. 2B), as we now expected (28, 30). Tylosin exposure decreased the
relative abundances of certain anaerobes (e.g., Bacteroidetes and Tenericutes) and
increased Proteobacteria (Fig. 2C). Among tylosin-exposed mice, C. rodentium challenge
transiently (2 dpi) increased a-diversity (P < 0.001) (Fig. 2A). The C. rodentium challenge
further affected B-diversity, but these effects appeared earlier (4 dpi) in the tylosin-
exposed mice (Fig. 2B). This experiment indicates that in adult mice, both the tylosin
exposure and C. rodentium challenge affect microbiota community richness and struc-
ture, with effects persisting until the time of sacrifice in this acute infection model.

Mice exposed to early-life antibiotics develop enhanced colitis when chal-
lenged 23 days later with C. rodentium. With the development of the experimental
system and phenotype measurement in our lab, we now could examine whether
early-life antibiotic exposure would influence the course of infection in young adults
(33 days of life). In this experiment, nursing dams were exposed to one of two different
antibiotics (tylosin or amoxicillin) in their drinking water or not (control) when their
pups were 5 to 10days old. The pups were exposed to therapeutic doses of the
antibiotics through their mothers’ milk (28, 30) and at P33 (23 days later) were chal-
lenged with C. rodentium or LB (as a control) (Fig. 3A). The antibiotic exposures did not
significantly affect immediate survival and weight loss (Fig. 3B and C). However, the
early-life-tylosin-exposed mice were more susceptible than the antibiotic-naive mice to
C. rodentium invasion immediately following challenge (Fig. 3E and F and Fig. S2A).
Amoxicillin exposure worsened colitis severity with increased fecal blood (Fig. 3D). At
P44, 34 days after the early-life antibiotic exposure had ceased, the mice exposed to
either of the antibiotics had more severe colonic tissue injury from the C. rodentium
challenge than did the antibiotic-naive mice (Fig. 3G and H). Among the challenged
mice, those exposed to tylosin had a significantly lower proportion of colonic T,;17 cell
levels at sacrifice than did the antibiotic-naive mice; the total number of colonic T,;17
cells followed the same trend (Fig. 3l and Fig. S3). Among infected mice, there were no
significant differences in the frequencies of regulatory (Foxp3™*) T cells, or T;1 (CD4*
IFN-y*) cells, between the exposure groups (data not shown).

Both prior to and following C. rodentium challenge, early-life tylosin exposure
significantly reduced intestinal a-diversity compared to that of antibiotic-naive mice,
while amoxicillin exposure had an intermediate effect (Fig. 4A and B). After the early-life
exposures, microbial populations remained skewed for at least the next 23 days (Fig. 4C
and D) and following C. rodentium challenge (Fig. 4E). Compared to uninfected mice,
those challenged with C. rodentium developed higher Proteobacteria abundances, as
reported previously (34), whether the mice had been exposed to antibiotics or not
(Fig. 4E). Among the tylosin-exposed mice, those challenged with C. rodentium had
lower abundances of an unidentified Bacteroidetes S24-7 family member than those
that were uninfected (Fig. 4E). This experiment indicates that 23 days following early-
life antibiotic exposure, the host microbiota remained perturbed and that C. rodentium
challenge induced more severe infection in these young adult animals that had
received either antibiotic in early life.

FIG 1 Legend (Continued)

water plus CR consisted of 5 mice each that received one or two CR gavages (see Fig. S1A to D). Fecal pellets were collected before and after antibiotic exposure
and challenge, and bioluminescence was imaged every 2 days after infection. All mice were sacrificed 11 days postinfection. (B) Body weight over time,
calculated as a percentage of prechallenge weight. (C) Proportion of mice with fecal occult blood. (D) Quantitation of C. rodentium in fecal culture. (E)
Quantitation of C. rodentium by in vivo bioluminescent imaging. (F) In vivo bioluminescent images of mouse bodies. (G) Anti-C. rodentium IgM antibody levels.
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FIG 2 Gut microbiota characteristics of mice challenged with C. rodentium (or LB) 1 day after stopping tylosin (or water). For the study design,
see the legend to Fig. 1A. (A) a-diversity in fecal samples. Using the phylogenetic diversity (PD whole tree) metric, a-diversity was measured in
fecal samples obtained at the times pre- and postinfection shown in bold. Mice were exposed to tylosin (or water) and then challenged with CR
(or LB). (B) Unweighted UniFrac analysis of fecal specimens from four time points visualized by principal-coordinate analysis (PCoA) (for statistical
significance, see Table S1). The three components explain 32.3% of the total variance, and the colors are as in panel A. (C) LefSe analysis, with
cladogram showing significantly differential taxa between tylosin- and water-exposed mice at day 0, immediately prior to infection. Shading
indicates significant overrepresentation of the indicated taxa (P < 0.05; LDA [linear discriminant analysis] > 2).
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Mice exposed to early-life antibiotics develop enhanced colitis when chal-
lenged with C. rodentium as adults, 80 days later. Since the consequences of
early-life antibiotics may persist into adulthood (28, 30, 35), we next examined the
severity of C. rodentium-induced colitis exactly as before, but now the interval to
pathogen challenge was 80 days and mice were sacrificed 12 days postchallenge
(Fig. 5A). Compared to that of the antibiotic-naive mice, those exposed to antibiotics
trended toward decreased survival (P = 0.07 for the antibiotic groups combined, log
rank test) (Fig. 5B) and showed greater weight loss during C. rodentium infection
(Fig. 5C). The mice exposed to tylosin in early life more frequently had fecal occult
blood (Fig. 5D) and had higher fecal C. rodentium loads (Fig. 5E), higher cecal and
colonic C. rodentium counts (Fig. 5F), and higher in vivo C. rodentium levels (Fig. 5G and
Fig. S2B). The antibiotic-exposed mice developed higher IgM responses to C. rodentium
infection than the antibiotic-naive mice (Fig. 4H and I). Among the C. rodentium-
infected mice, those exposed to antibiotics had more extensive colonic tissue injury
(which was more severe in tylosin-exposed mice than amoxicillin-exposed mice) than
did antibiotic-naive mice (Fig. 5J and K).

Seventy-eight days following the antibiotic exposure and 2 days prior to C. roden-
tium or LB (control) inoculation, the exposed mice significantly differed from the
antibiotic-naive mice in both microbial community structure (B-diversity) (Fig. 6A) and
taxon composition (Fig. 6B and C), confirming that a single early-life antibiotic course
had long-lasting effects on the host’s microbiota (28, 30). C. rodentium challenge further
affected B-diversity (Fig. 6A). Both prior to and following C. rodentium challenge,
early-life tylosin exposure significantly reduced gastrointestinal a-diversity compared to
that of antibiotic-naive mice, while amoxicillin exposure had an intermediate effect
(Fig. 6D to F). This experiment reveals that early-life antibiotic exposure has effects on
both host microbiota and subsequent C. rodentium infection severity in adult mice.

The antibiotic-perturbed microbiota transfers enhanced susceptibility to colitis
after subsequent C. rodentium challenge. In prior studies, the antibiotic-perturbed
microbiota harvested 2 days after tylosin exposure ceased was sufficient to transfer
immunological phenotypes to germfree mice (30). We now sought to examine whether
the antibiotic-perturbed microbiota, in the current models, would lead to differential
responses to C. rodentium challenge. To this end, we harvested the cecal contents of
32-day-old mice that had received tylosin or not (control) between days 5 and 10 of life.
We then gavaged 6-week-old germfree mice with these tylosin-perturbed or control
cecal contents and 5 days later challenged them with C. rodentium (Fig. 7A). Mice were
sacrificed at 9 dpi since by this time, recipients of the tylosin-perturbed microbiota had
experienced substantial weight loss compared to that of controls (Fig. 7B). Recipients
of the tylosin-perturbed microbiota also suffered more severe colitis than did controls,
with more frequent fecal occult blood (P = 0.026, log rank test) (Fig. 7C) and more
extensive colonic tissue injury (Fig. 7D and E). Fecal C. rodentium levels, but not in vivo
C. rodentium levels, trended higher in the recipients of the perturbed microbiota (Fig. 7F
and G).

Compared to that in the control microbiota recipients, a-diversity in fecal specimens
obtained both prior to and following C. rodentium challenge was decreased in the
recipients of the tylosin-perturbed microbiota (Fig. 8A) and in their colonic and cecal
contents obtained at sacrifice (Fig. 8B). The fecal microbiota of the two groups differed
significantly in B-diversity, and the cecal microbiota showed specific taxonomic differ-
ences, which persisted after the C. rodentium challenge (Fig. 8C and D). This experiment

FIG 3 Legend (Continued)

analysis was censored at day 11 due to multiple deaths. (D) Proportion of mice with fecal occult blood. (E) Quantitation of C. rodentium in fecal culture. (F)
Quantitation of C. rodentium by in vivo bioluminescent imaging. (G) Cumulative histopathology scores (means * SEM), calculated by evaluating luminal necrosis,
crypt elongation, goblet cell depletion, and submucosal edema. ***, P <0.01; ****, P < 0.0001. (H) Representative H&E-stained (or, in the third row,
AB/PAS-stained) distal colonic sections (scale bars: for luminal necrosis, 100 um; for crypt elongation, 100 um; for goblet cell depletion, 50 um; and for
submucosal edema, 500 um). (I) Flow cytometric analysis of colonic CD4* cells after tylosin, amoxicillin, or water exposure and subsequent C. rodentium
challenge. Populations were gated on live CD45* CD4" cells, and representative proportions of IL17A* CD4" cells are shown. *, P < 0.05. For symbols, see key.
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FIG 4 Gut microbiota characteristics of mice challenged with C. rodentium (or LB) 23 days after antibiotic or water exposure. (A) Study
design (see the legend to Fig. 3A), with all samples obtained at sacrifice unless as noted. Fecal pellets were collected at the times shown
in bold, and a-diversity using the Shannon index of evenness is shown. The red bar on the x axis corresponds to C. rodentium challenge.
(B) a-Diversity in cecal and colonic samples using Shannon index of evenness. Samples were obtained 11 days after C. rodentium challenge
from mice preexposed to water (blue), amoxicillin (red), or tylosin (green). *, P < 0.05. (C) Unweighted UniFrac analysis of fecal specimens
visualized by PCoA (weaning, 2 days before challenge, and the day of challenge) for each group (for statistical significance, see Table S2).
The three components explain 45.3% of the total variance. (D) LefSe analysis, with cladograms showing significantly differential taxa
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reveals that 23 days following cessation of the antibiotic exposure, the antibiotic-
perturbed microbiota continues to be sufficient to enhance C. rodentium-induced
colitis.

Mice exposed to early-life antibiotics had decreases in Bacteroidia that per-
sisted up to 78 days postexposure. To determine whether specific bacterial species
are associated with protection against C. rodentium, in two experiments we compared
microbiota compositions between the antibiotic-exposed and control groups 21 days
(Fig. 4D) and 78 days (Fig. 6B and () after the exposure ended, in both cases immedi-
ately before the C. rodentium challenge. In both experiments, the antibiotic-exposed
mice had reductions of Bacteroidia members (especially of the S24-7 family), and of
Alphaproteobacteria and Deltaproteobacteria members (Fig. 4D and Fig. 6B and C); the
effects of tylosin exposure were more pronounced than with amoxicillin, as reported
previously (28). The S24-7 family was similarly depleted in the tylosin-perturbed inocula
that had been used in the transfer studies (Fig. 8D). These results provide evidence
associating Bacteroidales with protection against C. rodentium.

DISCUSSION

Antibiotic use, particularly in young children, is occurring at high levels (31, 36, 37).
Perturbations of the microbiota induced by antibiotic exposure can be long term
(38-41) and also can compromise host mucosal immunity (24). Both clinical and
epidemiologic studies provide evidence that antibiotic use, especially in young chil-
dren, increases susceptibility to gastrointestinal infections in the postantibiotic period
(32, 42).

In this study, using a model system, we examined the effects of early-life antibiotic
exposure on the host microbiota and on the course of bacterial colitis induced after
antibiotic cessation. Since early life is critical to microbiota development in humans
(43-45), and microbiota perturbations during this critical window may be more long
lasting (46), we studied whether the durability of these effects is enhanced in mice
exposed to antibiotics as pups.

Our first model involved mice exposed to tylosin as young adults and challenged
with C. rodentium immediately after the course was completed. The resulting microbi-
ota perturbations and more severe colitis were consistent with studies involving
exposure to a different antibiotic (metronidazole) prior to C. rodentium-induced colitis
(14) and with studies in the context of other antibiotic classes and other gastrointestinal
pathogens (13, 47-49).

Since early-life antibiotic exposure induces long-term effects on host microbiota (28,
30), and microbiota composition directly influences the outcome of C. rodentium
infection (22, 23), we asked whether susceptibility to C. rodentium represents another
durable consequence of early-life antibiotic exposure. The antibiotics used in the
current models—tylosin (macrolide) and amoxicillin (B-lactam)—represent the two
classes of antibiotics most frequently prescribed to children (37). Moreover, they were
dosed at levels that are therapeutic in mice (50-52) and consistent with recommen-
dations for the treatment of acute infections in children (53, 54).

In agreement with our prior studies (28, 30), the microbiota perturbations induced
by early-life antibiotics remained present up to the longest interval studied (now up to
80 days postexposure). The severity and durability of these perturbations were greater
for the macrolide than the B-lactam, as reported for both mice (28) and children (38).
That the tylosin-exposed mice developed more severe disease than the amoxicillin-
exposed hosts links the extent of microbiota perturbation with colitis severity, a finding
consistent with studies of postantibiotic gastroenteritis severity correlating with the
antibiotic dose (47).

Although differences in mouse vendors and strains have been causally associated

FIG 4 Legend (Continued)

of the indicated taxa (P < 0.05; LDA > 2). (E) LefSe analysis between C. rodentium challenged (blue) and unchallenged (brown) mice on
day 11 after challenge.
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with interhost differences in C. rodentium infection susceptibility (22, 23), the enhanced
colitis we observed could have directly resulted from immunomodulatory effects of
macrolides early in life (55, 56) rather than from microbiota-mediated changes. Our
transfer experiment examined that issue. Compared to control recipients, the microbi-
ota in recipients of the tylosin-perturbed inocula showed diminished community
richness and altered community structure persisting throughout the posttransfer pe-
riod, highlighting the durability of the early-life tylosin-induced microbiota alterations
(30). That the recipients of the antibiotic-perturbed inocula experienced more severe
infection upon C. rodentium challenge than the control recipients confirms the causal
role of the perturbed microbiota in worsening the colitis.

Multiple mechanisms may explain how the antibiotic-perturbed microbiota in-
creases host susceptibility to C. rodentium infection. First, antibiotic-induced reductions
in the total microbiota burden may directly enable C. rodentium to colonize at higher
levels (57). However, total 16S microbial densities in mice exposed to early-life antibi-
otics return to normal almost immediately (30), indicating the importance of microbiota
composition rather than number, especially for the remote challenges. Proteobacteria
members known to compete with C. rodentium were reduced by antibiotics, which may
facilitate its mucosal colonization (58). Antibiotics alter production of microbiota me-
tabolites sensed by C. rodentium, like indole, which aid the organism in discriminating
lumen and epithelial surfaces (59). Ampicillin exposure also decreases short-chain fatty
acid (SCFA)-producing bacteria permitting Enterobacteriaceae expansion (7), providing
another mechanism for colonization resistance.

Second, through altering microbiota composition, antibiotics may reduce goblet cell
mucus production; a thinner mucus layer allows increased C. rodentium attachment to
the epithelium (14, 60). The greater severity of C. rodentium colitis in mice genetically
deficient in mucin production than in wild-type hosts highlights the protective impor-
tance of the mucus layer (57). However, regardless of mechanism, the effects of
antibiotic exposure on mucus production should be immediate and short term; thus, a
direct antibiotic role is not compatible with a model in which C. rodentium challenge
occurs months after the early-life antibiotic exposure has ended. However, an indirect
role of antibiotics in host mucus production—in which the antibiotic-perturbed micro-
biota serves as the intermediary factor—is consistent with our observations. We have
confirmed that a single early-life antibiotic course led to long-lasting reductions of
Bacteroidales— especially of the S24-7 family (29, 30), which are known to stimulate
colonic mucus production (61), perhaps by recruiting interleukin 6 (IL-6)-producing
intraepithelial lymphocytes (62). S24-7 family abundance has been associated with a
more resistant mucus layer (63).

Third, by depleting the native microbiota, antibiotics may reduce production of IL-22
and antimicrobial peptides, which are important innate immune defenses against C.
rodentium (23); however, a direct antibiotic role implies that these levels return to
normal after the exposure ceases.

Fourth, early-life tylosin exposure decreases colonic T,17 cells (30), as we recon-
firmed, and in other experimental models, we found that the T,17 cell reduction
persisted for >24 days following a similar antibiotic exposure (C. Ozkul and V. Ruiz,
unpublished data). That mice deficient in segmented filamentous bacteria (“Candidatus
Savagella”), a commensal species that induces intestinal T,;17 cell differentiation, were

FIG 5 Legend (Continued)

mBi

[n = 10; blue], tylosin + CR [n = 11; green], and amoxicillin + CR [n = 10; red]) or with LB (water + LB [n = 2], tylosin + LB [n = 3], or amoxicillin + LB
[n = 3]; black). (B) Percent surviving by exposure group. (C) Body weight over time, calculated as a percentage of prechallenge weight. For the tylosin group,
analysis was censored at day 12 due to multiple deaths. (D) Proportion of mice with fecal occult blood. (E and F) Quantitation of C. rodentium, by culture,
of feces (over time) and colon and cecum (at sacrifice). (G) Quantitation of C. rodentium by in vivo bioluminescent imaging. (H and 1) Anti-C. rodentium IgM
antibody levels 8 and 12 days postinfection (dpi), respectively. (J) Representative H&E-stained (or, in the third row, AB/PAS-stained) distal colonic sections
(scale bars: for luminal necrosis, 100 um; for crypt elongation, 100 uwm; for goblet cell depletion, 50 um; and for submucosal edema, 500 um). (K) Cumulative
histopathology scores (means *= SEM), calculated by evaluating luminal necrosis, crypt elongation, goblet cell depletion, and submucosal edema. **,

P <0.01; ***, P <0.001; ****, P < 0.0001. For symbols, see key.
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FIG 6 Gut microbiota characteristics of mice challenged with C. rodentium (or LB) 80 days after antibiotic or water exposure. (A) Study design (see the
legend to Fig. 5A). Shown is an unweighted UniFrac analysis of fecal specimens visualized PCoA (for statistical significance, see Table S3). This cohort
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more susceptible to C. rodentium-induced colitis underscores the importance of these
cells in C. rodentium resistance (22).

Our study is limited, since although we have identified a causal role for early-life
antibiotic-induced microbiota perturbation in the outcome of C. rodentium infection,
we have not identified the exact mechanisms enabling C. rodentium to flourish. Our
study also is limited to the effects of two antibiotics. While exposure to many antibiotic
classes enhances C. rodentium-induced colitis, exposure to streptomycin does not (14),
indicating that the selective effects on particular microbial taxa may be important. By
suppressing susceptible organisms, streptomycin selects for Bacteroidetes and is pro-
tective in murine DSS (dextran sulfate sodium)-induced colitis, limiting Enterobacteri-
aceae blooms (64); although the ecological effects of streptomycin exposure are
complex, that finding is consistent with a role of anaerobes in controlling C. rodentium
populations.

Although we cannot exclude the possibility that early-life antibiotic exposure may
reset immunological tone that directly leads to enhanced colitis susceptibility, the abil-
ity of the transferred microbiota to confer enhanced colitis indicates that the perturbed
microbiota of early life is at least causally involved. Studies involving the transfer of
immunocytes from antibiotic-exposed mice to immunodeficient mice will be required
to test specific immunological hypotheses.

In conclusion, early-life antibiotic exposure in mice induces a long-lasting state of
susceptibility to the consequences of C. rodentium infection. Extrapolating these results
to humans suggests that antibiotic courses given to children may increase susceptibility
to subsequent infections, even ones unrelated to those for which the antibiotic was
prescribed (65). Restoring the critical species that were reduced or depleted by early-life
antibiotics could alleviate such effects.

MATERIALS AND METHODS

Mice. Four separate experiments were conducted. The first experiment involved 21-day-old female
C57BL6/J mice obtained from the Jackson Laboratory (Bar Harbor, ME). These mice were exposed to
tylosin or water from days 27 to 32 of life (Fig. 1A). The second and third experiments involved
6-week-old male and female C57BL/6J obtained from the Jackson Laboratory, which were bred to
produce litters of newborn pups. Mothers were exposed to amoxicillin, tylosin, or neither in their drinking
water (n =6, n =6, and n = 5, respectively), and their pups were then exposed via their mother’s milk
(n =26, n=27,and n = 27, respectively). When pups reached 24 days of age, litters were weaned, and
mice were separated by sex and by antibiotic treatment. In assembling the groups for challenge and
follow-up, we maximized mixing of the pups between litters to minimize cage effects. Pups from these
groups were then challenged with C. rodentium (n = 10/treatment group) or LB (as a control; n = 3/
treatment group) either 23 days later (in the second experiment [Fig. 3A]) or 80 days later (in the third
experiment [Fig. 5A]). The fourth experiment (Fig. 7A) involved wild-type C57BL/6 mice that were
exposed to tylosin (n = 2) or water (n = 2) during days 5 to 10 of life (through their mother’s milk),
sacrificed at day 32 of life, and used as cecal content donors. Female germfree C57BL/6 mice at the age
of 6 weeks (n = 6) were used as recipients of either tylosin-perturbed (n = 3) or control (n = 3) cecal
contents. All mice were maintained on a 12-h light/dark cycle and allowed ad libitum access to food and
water in a level 2 animal facility. Mice were sacrificed via carbon dioxide asphyxiation and cervical
dislocation.

Ethics statement. All animal experimentation was approved by the New York University School of
Medicine Institutional Animal Care and Use Committee (IACUC protocol no. S15-01484) in accordance
with the National Institutes of Health’s Public Health Service Policy on Humane Care and Use of Laboratory
Animals (70) and the National Research Council of the National Academy of Sciences’ Guide for the Care
and Use of Laboratory Animals (71).

Antibiotic exposures. Tylosin tartrate and amoxicillin trihydrate (Sigma-Aldrich, St. Louis, MO) were
dissolved in distilled deionized water at concentrations of 0.333 and 0.167 mg/ml, respectively. Mice were
exposed to antibiotics through their drinking water or their mother’s milk, as described previously (28,
30). The serum half-lives of tylosin and amoxicillin both are less than 1 h (28).

FIG 6 Legend (Continued)

excluded a group treated with water plus LB. The three components explain 31.3% of the total variance. (B and C) LefSe analysis, with cladograms
showing significantly differential taxa between indicated treatment groups on day 88 (2 days prior to C. rodentium challenge). Shading indicates
significant overrepresentation of the indicated taxa (P < 0.05; LDA > 2). (D and E) Fecal pellets were collected at the times shown in bold, and a-diversity
using the phylogenetic diversity (PD whole tree) metric (D) or Shannon index of evenness (E) is shown. (F) Cecal and colonic contents were collected
at sacrifice, and a-diversity using the phylogenetic diversity (PD whole tree) metric is shown. Samples were obtained 12 days after C. rodentium challenge
from mice preexposed to water (blue), amoxicillin (red), or tylosin (green). For symbols, see key.
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see key.
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Citrobacter rodentium infection. We used a bioluminescent strain of C. rodentium that contained a
chromosomal promoterless luxCDABE operon from the nematode symbiont Photorhabdus luminescens
and a kanamycin resistance cassette (pUTmini-Tn5 luxKm2) (72). A single C. rodentium colony was
inoculated into Luria broth (LB) and grown overnight (at 37°C and 150 rpm). As confirmed by dilution
plating, mice were challenged by oral gavage with 0.1 ml of LB containing between 2.5 X 108 and
5 X 108 CFU of C. rodentium.

To establish an enteric infection challenge model, we asked whether a single C. rodentium gavage
was sufficient or whether two gavages was optimal. Since there were no significant differences between
the two approaches in mouse weight, fecal occult blood, or C. rodentium quantitation (Fig. STA to D), we
used a single gavage in subsequent experiments. Mice also were monitored for morbidity and mortality
following C. rodentium challenge. Mice were weighed every 2 days after challenge and were euthanized
if signs of extreme distress (>20% loss of prechallenge body weight, hunched posture, inactivity, or
seizure) were present. The presence of fecal occult blood was determined using Hemoccult (Beckman
Coulter, Indianapolis, IN). Fecal, cecal, and colonic specimens were collected and either diluted in
phosphate-buffered saline (PBS) for C. rodentium quantitation or frozen at —80°C for microbiota analyses.
Every other day during the postinfection period, mice were anesthetized with 2% isoflurane mixed with
2% oxygen, imaged using IVIS (PerkinElmer, Santa Clara, CA), and then returned to their cages after
imaging. Images were analyzed with Living Image v4.5.2 software (PerkinElmer) (72), and the average
radiance for each mouse was obtained.

Citrobacter rodentium quantitation. Fecal pellets collected from individual mice were weighed,
homogenized in 1ml of PBS with autoclaved beads, serially diluted, inoculated (in duplicate) on
MacConkey agar plates containing kanamycin (50 mg/ml), and incubated at 37°C. Bacterial colonies were
enumerated after 24 h.

Histopathological scoring. Formalin-fixed, paraffin-embedded distal colonic tissue sections (5 wm)
were obtained from mice upon sacrifice and were stained with hematoxylin and eosin (H&E) or with
alcian blue (AB)/periodic acid-Schiff (PAS) (Poly Scientific R&D Corp., Bay Shore, NY) for goblet cell
visualization. Stained slides were scanned for visualization on an SCN40OF instrument (Leica Biosystems
Inc, Buffalo Grove, IL). Tissue sections were scored, in a blinded fashion, using the following criteria
adapted from similar studies (48, 60). Each criterion was scored on a scale of 0 to 3, for a maximum
cumulative score of 12. The upper limits of the first, second, and third quartiles of the complied
measurements for criteria ii to iv were calculated and used as the thresholds for the minimum mean
measurement required for a scaled score of 1, 2, or 3, respectively. Scored characteristics were as follows.
(i) Luminal necrosis, i.e., the presence or density of necrotic epithelial cells in the lumen, was scored as
follows: 0,absent; 1,scant; 2, moderate; and 3,dense. (i) Crypt elongation, i.e., the heights of 20
well-oriented, randomly selected crypts, was measured, and the mean crypt length was scored as follows:
0, =209 um; 1,210 to 258 um; 2,259 to 318 um; and 3, =319 um. (i) For goblet cell depletion, 16
high-power fields (HPFs) (rectangular fields of dimensions 210 um by 210 wm) were randomly selected,
as described previously (48); within each HPF, goblet cell numbers and volumes were calculated using
ImageJ v1.50 software (73). The goblet cell counts per HPF were then normalized to the mean goblet cell
volume, and the mean goblet cell count per HPF was scored as follows: 0, =74; 1,39 to 73; 2, 15 to 38;
and 3, =14). (iv) For submucosal edema, the percent area of the intestinal wall occupied by the
submucosa was calculated using ImageJ v1.50 software and scored as follows: 0, =3.2%; 1, 3.3 to 5.7%;
2,5.8 t0 9.3%; and 3, =9.4%.

Microbiota transfer. Cecal contents were collected from donor mice as described above and the
contents divided, with half immediately immersed in prereduced anaerobic dental transport medium
(Anaerobe Systems, Morgan Hill, CA) and then frozen at -80°C, as described previously (66). Upon
thawing under anaerobic conditions, the cecal contents from 2 mice/group (tylosin preexposed or
control) were pooled and further diluted in dental transport medium. Germfree mice received this
suspension (150 ul) via oral gavage and 5 days later were challenged by C. rodentium, as described
above.

Determination of anti-Citrobacter rodentium antibody titers in serum. Peripheral blood was
collected from mice before C. rodentium challenge, and at 8 and 11 dpi, by submandibular puncture.
Blood samples were centrifuged at 2,000 X g for 10 min and sera stored at - 80°C. Specific antibodies to
C. rodentium antigens were quantitiated by enzyme-linked immunosorbent assay (ELISA) using a
sonicated overnight culture of C. rodentium as the antigen source, and protein concentrations were
measured using a bicinchoninic acid (BCA) protein assay kit (Fisher Scientific). All assays were performed
in duplicate with positive and negative internal controls. The antigen was diluted in 0.5 M carbonate
buffer (pH 9.6) for a protein concentration of 10 wg/ml. Aliquots (0.1 ml) were added to wells of
flat-bottom Immulon 2 plates (Dynatech Laboratories, Alexandria, VA) and incubated overnight at
room temperature. Nonspecific binding was prevented by incubating plates with PBS buffer with
0.1% gelatin for 4 h at 37°C. After incubation, plates were washed 3 times and 0.1-ml volumes of
serum samples diluted to 1:100 in PBS were added. After incubation at 37°C for 1 h, plates were
washed 3 times and 0.1-ml volumes of peroxidase conjugates of goat anti-human IgG (Thermo
Fisher, Waltham, MA) or IgM (Invitrogen) diluted to 1:1,000 were added. Horseradish peroxidase
(HRP) substrate was added and the colorimetric reaction was quantified by MRX Revelation (Dynex
Technologies, Chantilly, VA).

DNA extraction, library preparation, and microbial community analysis. DNA was extracted from
fecal, cecal, and colonic specimens using a MoBio 96-well extraction kit. For amplicon library generation,
the 16S rRNA V4 region was amplified with gene-specific primers, as described previously (66). The
reverse amplification primers contained a 12-bp Golay barcode for multiplexed sequencing runs that
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support pooling >1,000 samples. Amplicons were prepared in triplicate, pooled, and quantified. The
254-bp V4 region was sequenced using the llumina MiSeq 2 X 150-bp platform. Operational taxonomic
units (OTUs) were picked using an open reference picking strategy and Greengenes 13_8 for reference.
Downstream processing of 16S rRNA sequences was performed using the QIIME 1.9.1 pipeline (67).
Sequences were quality filtered with a Phred score of 20, chimeras were removed (ChimeraSlayer), and
samples with a sequence depth of <600 were excluded. Filtered reads were clustered into 97% identity
OTUs using the program UCLUST, followed by taxonomy assignment using the RDP Classifier. The
phylogenetic tree and abundance tables generated were used to calculate unweighted and weighted
UniFrac diversity indices. The OTU absolute-abundance tables were extracted from the pipeline for
further analysis using the phyloseq package in the R statistical programming environment (68). Taxon
compositions were compared using LefSe (69).

Isolation of colonic lamina propria lymphocytes. The large intestine was excised, placed in
digestion medium containing 1 mM dithiothreitol (DTT) and 1 mM EDTA in calcium- and magnesium-free
Hanks balanced salt solution (HBSS) supplemented with 2% fetal calf serum (FCS), and subsequently
treated with collagenase IV-DNase digestion mix (0.5 mg/ml of collagenase IV and 200 ug/ml of DNase).
Lymphocytes were enriched using a 40%/80% discontinuous Percoll (GE Lifesciences, Pittsburgh, PA)
gradient. Lymphocytes derived from mesenteric lymph nodes were isolated through mechanical pro-
cessing using a sterile 70-um cell strainer (Corning, Corning, NY). Cells were stimulated with phorbol
12-myristate 13-acetate (PMA) and ionomycin for 4 h at 37°C in the presence of brefeldin A (GolgiPlug;
BD Biosciences, San Jose, CA). Following stimulation, cells were stained with LIVE/DEAD fixable aqua
(Thermo Fisher) and antibody-fluorophore combinations (i.e., allophycocyanin [APC]-Cy7-CD45, T cell
receptor B [TCR-Bl-fluorescein isothiocyanate [FITC], and CD4-V500 [BD Biosciences] and CD8-BV650,
Foxp3-phycoerythrin [PE]-Cy7, IL-17-PE, and gamma interferon [IFN-y]-FITC [eBioscience, San Diego,
CA]) and then fixed with fix/perm (eBioscience) according to the manufacturer’s instructions. Cells were
acquired on an LSRII flow cytometer (BD Biosciences) and analyzed with FlowJo software (Tree Star,
Ashland, OR); >100,000 events were collected for each sample. Samples with yields of <10,000 viable
events were excluded from analysis.

Statistical analysis. Data are expressed as means * standard errors of the means (SEM). Unless
otherwise indicated, group means were compared by Kruskal-Wallis test with a post hoc test (Dunn'’s) for
multiple comparisons, using Prism 8 software (GraphPad, La Jolla, CA).
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