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Aging amplifies a gut microbiota immunogenic signature linked
to heightened inflammation
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1 | INTRODUCTION

The gut microbiota changes throughout the lifespan, and especially
during older age. Emerging evidence indicates that changes in the
microbiota may influence the aging process (DeJong et al., 2020),
and is associated with the development and progression of numer-
ous chronic, age-related inflammatory diseases including Type 2
diabetes, cancer, and neurological conditions including Parkinson's
disease (PD) and Alzheimer's disease (AD) (Alsegiani & Shah, 2022;
Conway et al., 2021; Ghosh et al., 2022; Zhu et al., 2021).
Conversely, gut microbial signatures may be predictors of healthy
aging, including evidence showing that gut microbiota composition
and associated metabolic signatures can be used as strong predic-
tors of longevity in humans (Wilmanski et al., 2021). However, how
the gut microbiota directly contributes to long-term health and im-
mune system function with advanced age is not fully understood.

Chronic inflammation is a hallmark of both aging and aging-
related diseases. The gut microbiota is tightly linked to inflammatory
tone due to its plethora of immunogenic signals, including pathogen-
associated molecular patterns (PAMPS), including lipopolysaccharide
(LPS) and flagellin, which directly activate highly conserved innate
toll-like receptor (TLR) pathways in the host, TLR4 and TLR5, respec-
tively. Under certain environmental challenges, the gut microbiota
become dysbiotic whereby gut microbiota PAMPs can directly con-
tribute to unabated inflammation, within the gut and systemically
(Graham & Xavier, 2023; Malik et al., 2023). This effect has been
proposed as a mechanism in aging populations who exhibit altered
gut microbiome composition together with elevated levels of inflam-
matory cytokines (Thevaranjan et al., 2017). However, questions re-
main about how aging alters gut microbiota immunogenic patterns
that directly facilitate low-grade inflammation.

Older adults frequently experience unique environmental
challenges that may further exacerbate shifts in gut microbiome
function, potentially increasing the risk for chronic disease. These
challenges include antibiotic exposure which is highly prevalent
among older adults. For instance, in 2014, it was estimated that
US adults >65years of age received more than 50 million antibiotic
courses (Kabbani et al., 2018). Alongside off-target effects and long-
term community risk of antibiotic resistance, overuse of antibiotics
in older adults may drive long-term detrimental changes to the gut
microbiota. This is supported by data indicating that the microbi-
ota of aged mice fail to return to baseline composition for 6 months

acts on TLR signaling pathways of the innate immune system. We found that these
age-associated microbiota immunogenic signatures are less resilient to challenge and
strongly linked to host inflammatory status. Gut microbiota immunogenic signatures
should be thus considered as critical factors in mediating chronic inflammatory dis-

eases disproportionally impacting older populations.

aging, antibiotics, inflammation, microbiome, TLR4

following a single course of broad-spectrum antibiotic treatment
(Laubitz et al., 2021). However, the functional changes to the micro-
biome caused by late-life antibiotic use are largely underexplored.

In this study, we determined whether microbiota signatures as-
sociated with advanced age harbor a greater capacity to activate
host inflammatory signaling using ex vivo TLR reporter cell lines and
microbiota transplants into previously germ-free animals. We found
that colonic contents and mucosa of aged mice exhibit heightened
TLR4-signaling that paralleled multiple signs of low-grade intestinal
inflammation. The transfer of microbiota from aged to young germ-
free mice partially recapitulated increased colonic inflammation and
signs of barrier disruption, thus providing direct evidence for the mi-
crobiota as a mediator of intestinal immunity during aging. Lastly,
we also determined how aging primes gut microbiota responses to
a clinically relevant microbiota challenge—a 7-day course of broad-
spectrum antibiotics. We demonstrate that the microbiota from
aged mice exhibited altered gut microbiota composition and immu-
nogenic signatures in response to an antibiotic challenge.

2 | RESULTS

2.1 | Gut microbiota composition changes with
host age and parallel colonic inflammatory status

We compared the gut microbiome composition of distal colon contents
from young (3-4 months) versus aged (19-20months) C57 BI/6é mice
using 16S rRNA gene sequencing. Aged mice demonstrated a marked
shift in microbiome composition when compared to young mice, as
evidenced by a significant difference in p-diversity (p=0.002) and
lower a-diversity (Chao-1 p=0.009) (Figure 1a,b). Moreover, aging in-
duced alterations in gut microbiota composition at multiple taxonomic
levels; for example, we found that Clostridium, Erysipelatoclostridium,
Mucispirillum, and Eubacterium ventriosum were increased in aged mice,
while members of Anaerostipes, Bacteroides, Lachnospiraceae, and
Ruminococcaceae were diminished in aged mice compared to younger
counterparts. Altogether, our data show that aging is associated with
gut microbial alterations in the distal colon (Figure 1c).

We next determined whether age-dependent alterations in gut
microbial composition paralleled host inflammatory status in the
distal gut. We identified signs of age-induced innate immune cell
infiltration in the colon, including genes encoding the macrophage
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chemoattractant chemokine ligand 2 (Ccl2/Mcp1) and the innate

immune cell cytoplasmic protein calprotectin (5S100a8) (Figure 1d;
p<0.05). Next, we implemented a custom multiplex Fluidigm gene
expression panel that revealed differences in colonic transcription
in aged as compared to young mice suggesting innate inflamma-
tory signaling and signs of bacterial penetration into mucosal tissue
(Figure 1e). Of note, we found indicators that advanced aged was
associated with increased LPS sensing through TLR4, including el-
evations in colonic expression of LPS-binding protein (Lbp) and TIR
domain-containing adaptor protein (Tirap) (Figure 1e; p<0.05). The
later encodes a membrane localized adaptor protein that initiates
the TLR4 intracellular signaling. Further implicating a heightened
innate inflammatory signaling through TLRs, we found a trend for
increased Nuclear factor Kappa-B p65 subunit RelA in the colon of
aged mice (Figure le; p<0.10).

Following up on differences in colonic transcription indicative of
bacterial-directed inflammatory signaling, we next determined protein
levels of surrogate markers for barrier disruption, bacterial transloca-
tion, and innate immune infiltration. We first focused on LBP, given its
critical role in the recognition of LPS and modulating the downstream
inflammatory cascade. In parallel to expression profiles in the colon,
we found significantly higher LBP protein levels in the serum of aged
versus their young mouse counterparts (Figure 1f; p<0.001). Next, we
measured calprotectin, a critical cytoplasmic protein found in innate
immune cells, including neutrophils and macrophages, and a well-
known biomarker of immune cell infiltration and intestinal inflamma-
tion in inflammatory bowel disease (IBD) patients (Park, 2020; Sakurai
& Saruta, 2022). Indeed, we found remarkably higher levels (>4-fold;
p<0.0001) of calprotectin in colonic contents of aged as compared to
young mice. Our data indicate that advanced aged is associated with
an increase in innate inflammatory infiltrate within the colonic niche.

To begin delineating potential relationships between age-induced
changes in microbiota composition and colonic inflammation, we uti-
lized Spearman rank correlation analysis to reveal multiple age-sensitive
bacteria associated with host inflammatory outcomes. For example,
Erysipelatoclostridium that is increased with age was positively associ-
ated with calprotectin and LBP protein expression, whereas members
of Lachnospiraceae that are decreased by age were negatively associ-
ated with both inflammatory markers (Figure 1g; FDR p<0.05).

2.2 | Microbiota from aged mice possess an
increased capacity to activate TLR-4 across multiple
colonic regions

Our results indicate that age-induced alterations in colonic microbes
correspond to higher colonic and systemic inflammatory markers
likely mediated through TLR-signaling, thus we tested the ability of
gut microbiota to directly stimulate two canonical innate inflamma-
tory receptors that are sensitive to bacterial PAMPs—TLR4 and TLR5.
Using ex vivo immunogenicity assays (with reporter cell lines), we
found that fecal slurries from aged mice have an elevated capacity
to activate TLR4, the canonical receptor for bacterial-derived LPS,

compared to their younger counterparts (Figure 2b; p<0.0001). To
confirm that the phenomenon was not solely associated with the dis-
tal region of the gut, we also examined contents in proximal regions
of the colon and confirmed that TLR4 reactivity was increased by age
in both contents and mucosal scrapings (Figure 2c; p<0.05). Unlike
TLR4, gut microbiota immunogenicity towards TLR5, the canonical re-
ceptor for bacterial-derived flagellin, was unaltered by age in the feces
(Figure 2d; p>0.05) and proximal colonic regions (Figure 2e; p>0.05).
This indicates that age-induced alterations in colonic microbes can di-

rectly drive inflammation through a mechanism involving TLR4.

2.3 | Microbiota transplant from aged mice to
young germ-free mice partially recapitulates colon
inflammation and signs of intestinal barrier disruption

Following up on ex vivo immunogenicity assays, we next wanted
to further explore the hypothesis that an age-induced increase in
microbiota TLR4 immunogenicity could directly mediate low-grade
inflammation in vivo. To accomplish this, a mixture of intestinal con-
tents (cecal and colonic contents, and feces) from aged or young
donor mice was weighed, homogenized in a single slurry, and trans-
planted into young gnotobiotic recipients. After 4 weeks of coloniza-
tion, we analyzed the gut microbiota of recipient mice and found
differences in both beta-diversity (Figure 3b; p=0.05) and alpha-
diversity (Figure 3c; p=0.01) between aged-MT and young-MT after
4 weeks of colonization, indicating age-associated microbiome pat-
terns can be transferred to gnotobiotic mice. This included genera
like Bacteroides sp. that remained different by age in recipient mice
(Figure 3d), reflecting their donor counterparts. However, not all age-
associated microbiota patterns were maintained in recipient mice
after 4weeks of colonization. For example, Erysipelatoclostridium
was higher in donor aged mice, yet did not differ in aged-MT versus
young-MT. We also found increased markers of colonic inflamma-
tion and low-grade endotoxemia in mice that received a microbiota
transplantation (MT) from aged donors (Figure 3). In the colon, we
found increased expression of the inflammatory genes 116, Tnf, and
Tir4 in mice that received an aged microbiota transplant (Figure 3e;
p<0.05) and a trend for increased circulating LBP (Figure 3g; p <0.1).

While TLR4 reactivity increased in aged donors, we found no dif-
ferences in the TLR4 reactivity in feces among recipient gnotobiotic
animals at 4 weeks post-transfer (Figure 3d; p>0.05). These findings
indicate that age-dependent changes to the gut microbiota and TLR4
immunogenicity transfer inflammatory phenotypes, yet these signa-
tures are not fully maintained after extended periods of gnotobiotic

colonization and are likely sensitive to the age of the host.
2.4 | Microbiota from aged mice is less resilient to
an acute antibiotic challenge

Older adults are treated with antibiotics at higher rates (King
et al., 2020). Moreover, while the microbiome appears largely
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FIGURE 2 Colonic microbiota from aged mice exhibits elevated capacity to activate TLR4. (a) A schematic representation of
immunogenicity experiment. The ability of colonic microbiota to activate (b, ¢) TLR4 and (d, €) TLR5 activity in (b and d) feces and (c and e)
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was used to assess TLR4 or TLR5 activity. Data were normalized within each independent experiment and relativized to young control at
AU =1. Fecal data correspond to n=4 cohorts with n=23-25 per group. Proximal colon content and mucosal scrapings data correspond to

n=2 cohorts with n=17-21 per group.

resilient to acute antibiotic challenges in young populations, few
studies have explored how composition and immunogenic capac-
ity of the gut microbiota recovers from antibiotic usage during ad-
vanced age. Thus, we next compared how the gut microbiota from
young and aged mice would respond to, and recover from, a broad-
spectrum antibiotic (Abx) challenge. Young and aged mice were pro-
vided an Abx cocktail in drinking water for 7 days. We then analyzed
immunogenic activity from feces immediately after Abx treatment
(DO) (Figure 5) as well as microbiome, host inflammatory status
(Figure 4), and immunogenicity (Figure 5) at 7 days after the cessa-
tion of Abx treatment (D7).

As expected, substantial shifts in the microbiome composition of
both young and aged mice were observed 7 days post Abx challenge
(D7) (Bray-Curtis p-diversity PERMANOVA p <0.01; Figure 4b). Yet,
aged animals exhibited a unique response to Abx compared to young
mice including a reduction in a-diversity (as measured by Chao-1) in
aged, but not young, mice (Figure 4c). Abx treatment increased the
abundance of Erysipelatoclostridium and Parasuterella, and decreased
the abundance of members of Lachnospiraceae, Ruminococcus,
and Tuzzerella in young mice. Conversely, Abx treatment in-
creased Anaerostipes, Clostridium, and Escherichia, and decreased
Eubacterium xylanophilum, Lachnospiraceae, and Ruminococcus in
aged mice (Figure 4e, FDR p<0.05). We also observed unique

colonic transcriptional signatures between aged and young mice in
response to Abx, primarily in genes associated with inflammation
and immune response, as well as oxidative stress and redox signal-
ing (Figure 4f). This included age and Abx-induced increases in key
reactive oxygen (ROS) and reactive nitrogen species (RNS) produc-
ing enzymes Duox2, Duoxa2, and Nos2 (Figure 4f); dual-oxidase 2
(DUOX2) and its maturation factor (DUOXAZ2), as well as inducible
nitric oxide synthase (iNOS) are critical for maintenance of redox
tone in the distal bowel.

We next determined how age would impact microbiota im-
munogenicity in response to a broad-spectrum Abx challenge.
We found that Abx exposure led to a robust age-independent in-
crease in fecal TLR4 reactivity immediately post Abx challenge (DO)
(Figure 5b, p<0.01). This effect contrasted a robust decrease in the
ability of feces of both age groups to activate TLR5 immediately
after Abx (Figure 5b, p<0.01). After a 7-day recovery period (D7),
fecal (p <0.05), proximal colon (PC) contents (p <0.01), and mucosal
scrapings (p=0.07) TLR4 reactivity remained elevated in both age
groups (Figure 5c¢). In contrast, while colonic contents and mucosal
scrapings of young mice recovered TLR5 activity 7days after Abx
(p>0.05 vs. young no Abx), aged mice exposed to antibiotics showed
suppressed restoration of proximal colon content TLR5 immunoge-
nicity (p<0.05 vs. aged no Abx; Figure 5d).
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To support the role of the microbiome as adriver of TLR-mediated
immunogenicity, we analyzed Spearman correlations between mi-
crobial taxa and TLR4/TLR5 activity (Figure 5e). We showed that
TLR4 activity was associated with Erysipelatoclostridium sp. and
Escherichia sp., both of which were increased by age. Colidextribacter
sp. and Muribaculaceae sp. were decreased by age, and positively
correlated with TLR5, whereas Clostridium sp. were increased by age
and negatively associated with TLR5.

3 | DISCUSSION

The gut microbiota changes throughout the host's lifespan and is as-
sociated with various aspects of aging physiology, including chronic

low-grade inflammation. However, the functional relationships
between the gut microbiota and inflammatory processes during
advanced age are still not fully understood. Here, we unraveled a
previously unexplored role of gut microbiota immunogenic signa-
tures within the distal bowel that are tightly linked to host inflamma-
tory tone with advanced aged.

This study first corroborated the well-established effect of aging
on microbiome composition (DeJong et al., 2020). The gut microbi-
ota of aged mice was markedly reduced in microbial diversity and
shifts in microbial taxa that strongly corresponded to host inflam-
mation, indicating signs of dysbiosis associated with aging (Petersen
& Round, 2014). Our findings are in agreement with previous studies
(Hodgkinson et al., 2023; Lee et al., 2020; Vital et al., 2014), which
identified an age-induced decline in obligate anaerobes with known
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FIGURE 4 Ageimpacts gut microbiome and intestinal inflammation during recovery from treatment with antibiotics. (a) A schematic
representation of antibiotic experiment. Mice were exposed to broad-spectrum antibiotics (Abx) in drinking water for 7 days and then were
switched to regular drinking water for an additional 7 days. Microbiome and gene expression analyses were carried out in proximal colon
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Curtis—principal coordinate analysis (PcoA); dotted line ellipses corresponding to clusters in each group. (c) Microbiome a-diversity—Chao-1
represents community richness in aged versus young mice exposed to antibiotics. (d) Heat tree representing taxa changes in aged versus
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(p>0.10), light green represents a trend (0.05 <p <0.10), and dark green indicates a significant change (p <0.05). Gene expression data

correspond to n=3 cohorts with n=12-15 per group.

butyrate producing capacity, such as members of Lachnospiraceae
and Ruminococcaceae families.

Previous studies have also identified the gut microbiota to be
associated with an increased inflammatory status during aging. This
has been evidenced by increased systemic inflammatory markers
(Biagi et al., 2010), greater intestinal permeability, and decreased
macrophage function (Thevaranjan et al., 2017), which are linked
to concomitant shifts in the microbiome. We corroborated and ex-
panded on these findings by showing that an aging microbiota is
tightly associated with signs of barrier disruption and innate inflam-
matory infiltration, including robust elevations in LBP and calpro-
tectin, respectively. The cytoplasmic calprotectin, found in innate
immune cells, including neutrophils and monocytes, is a surrogate
marker of immune cell infiltration that results from bacterial-induced

barrier disruption and immune activation (Chen et al., 2012).
Notably, this is also a gold standard biomarker used for assessing on-
going inflammatory processes in the context of inflammatory bowel
diseases (Fernandes et al., 2023; Ling Lundstréom et al., 2023). While
largely understudied in the context of aging, our findings in mice cor-
roborates data from aged humans showing that fecal calprotectin
progressively increases with age, especially within individuals over
60years old of age (Joshi et al., 2010).

We showed for the first time that advanced age results in in-
creased capacity for both colonic contents and mucosal scrapings
to activate a critical inflammatory receptor, TLR4. Our findings re-
garding age-associated increases in microbiota-driven TLR4 immu-
nogenicity corroborate other studies that have indicated alterations
in host TLR4 signaling pathways that occur with age. For example,
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Bailey et al. (2019) has shown that aging dysregulates the innate im-
mune response to TLR4 ligands in humans and leads to increased
susceptibility to sepsis. Our work also corroborates recent work
which showed that the gut microbiota LPS fraction of aged mice
directly increases the inflammatory response in macrophages in
a TLR4-dependent fashion (Kim et al., 2016). Nevertheless, even
though TLR4 primarily recognizes bacterial LPS, certain endogenous
molecules, including specific saturated fatty acids such as lauric
acid (Hwang et al., 2016), high-mobility group box-1 (HMGB-1), heat
shock proteins (HSPs), and others (Karuppagounder et al., 2016) may
also activate TLR4 (Yousefi-Ahmadipour et al., 2022). Thus, our re-
sults suggest the possibility of a combined effect for microbiota LPS
and other immunogenic molecules in the gut environment that en-
hances TLR4 activity, but this remains to be tested.

We also provided evidence that transfer of microbiota from aged
mice could elicit age-associated inflammatory phenotypes in young
germ-free recipients, suggesting that microbiota-driven TLR4 overacti-
vation may have a direct role in shaping the pro-inflammatory environ-
ment through factors such as IL6 and TNF. This corroborates previous
evidence showing that a microbiota transfer from aged mice to young
germ-free mice contributes to heightened gut and systemic inflamma-
tion. For example, the microbiota from aged mice has been reported to
have obesogenic properties (Binyamin et al., 2020), exacerbate inflam-
matory markers including IL-6, IL-1B, and TNF-a (Crossland et al., 2023),
and increase translocation of inflammatory bacterial products into the
circulation of germ-free recipients (Fransen et al., 2017).

Older adults are exposed to antibiotics at higher rates as com-
pared to young individuals. This is critical because older adults have
higher rates of infection (Ciarambino et al., 2023) and antibiotic-
induced perturbations to the gut microbiota have been directly
linked with reduced vaccine efficacy in older adults who already
suffer from reduced responses to vaccine (Ciarambino et al., 2023;
Hagan et al., 2019). Our findings revealed notable variations in re-
covery from antibiotics in aged versus young mice. This included
taxa such as Clostridium sp., Erysipelatoclostridium sp., Eubacterium
ventriosum, and Escherichia sp. that responded differentially to anti-
biotic treatment in aged mice.

Further, we showed that age-associated attenuation in gut mi-
crobiota recovery from an antibiotic challenge paralleled changes in
colonic inflammatory status, inducing genes encoding dual-oxidase
2 (DUOX2) and inducible nitric oxide synthase (iNOS; also known as
NOS2), two critical proteins that control redox tone in the distal bowel
(Aviello & Knaus, 2018; Mu et al., 2019). Altered redox balance in the
gut is critical for shaping the gut microbiota composition. Higher con-
centrations of host-derived nitrate and ROS (driven by genes such as
Nos2 and Duox2) lead to the expansion of bacterial taxa that can se-
lectively survive in a high ROS/RNS niche like Escherichia, which is
resistant to ROS and can use nitrate as an electron acceptor (Byndloss
et al., 2017; Winter et al., 2013). The observed concurrent elevations
of Escherichia sp. and colonic Nos2 and Duox2 in aged mice exposed
to antibiotics suggests that elevated ROS activity in the aging gut is a
potential mediator of microbiota perturbations.

Aged mice showed a more pronounced reduction in TLR5 ac-
tivity during recovery after treatment with antibiotics. In contrast

Aging

to TLR4, TLR5 activation by the gut microbiota is recognized for
its capacity to suppress inflammation, promote tissue regenera-
tion in models of disease, and strengthen gut barrier function (Lim
et al., 2024). Moreover, previous studies have indicated that antibi-
otics decrease TLR5-mediated flagellin sensing, leading to a reduc-
tion in vaccine efficacy (Oh et al., 2014). Our findings extend this
observation by demonstrating that antibiotics robustly impact TLR5
immunogenicity in aged mice versus their young counterparts and
underscore the microbiota as a potential promotor of immunosenes-
cence in the distal gut.

Collectively, our data point to unique immunogenic signatures
of the aged gut microbiota, underscored by enhanced TLR4 immu-
nogenicity that is directly linked to inflammation of the colon. We
also provide evidence that a microbiota of aged mice is less resilient
to environmental challenges, as highlighted by a reduced ability to
recover microbiota immunogenic properties following exposure to
broad-spectrum antibiotics. While these findings are valuable, fur-
ther research is needed to fully elucidate the detailed mechanisms
and microbiota patterns in this context. Future studies will define
the immunogenic capacity of the microbiota as a regulator of age-

associated inflammation and chronic disease.

3.1 | Study limitations

Our study utilized 16S rRNA gene sequencing as a preliminary step
to link immunogenic outcomes with microbiota community composi-
tion. Future studies incorporating metagenomic sequencing will be
needed to untangle the specific microbial properties that contribute
to aging-induced changes to microbiota immunogenicity.

4 | METHODS

4.1 | Animals

Young (3-4months) and aged (18-20months) conventionally raised
(CONV-R) C57BL/6 mice were provided through National Institutes
of Aging (NIA) SPF aging colony. Mice were shipped to and main-
tained at University of lllinois Urbana-Champaign under institution-
ally approved protocol (IACUC #22203). After a 2-week acclimation
period, young and aged mice were assessed across independent co-
horts, balancing male and female. The number of cohorts and n per
group are described in the figure legends. Mice were housed with
three to four mice per cage with ad libitum access to water and reg-
ular chow diet throughout the experiments. A light:dark 12hcycle
was used, with lights on at 6 AM and off at 6 PM.

411 | Germ-free (GF) mice

Three to 4-month-old germ-free mice were obtained from The
Ohio State University gnotobiotic and germ-free mouse resource.
To prevent microbial contamination, germ-free animals were kept
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in sentry sealed positive pressure cages (Allentown, Allentown, NJ)

for a 1-week acclimation period and throughout the course of the
study. After the acclimation period, the protocol from the National
Gnotobiotic Rodent Resource Center (NGRRC) was utilized to confirm
germ-free sterility in such mice at the Research Institute at National
wide Children's Hospital (Columbus, OH). Microbiota transplantation
(MT) was prepared utilizing a weight standardized mixture of intesti-
nal contents (cecal contents, colonic contents, and feces) from young
and aged CONV-R mice. Frozen fecal matter was added to anaero-
bic PBS (1:4 weight to volume) and then homogenized by pipetting
without introducing air bubbles. The sample was then centrifuged at
500g for 1 min to obtain the supernatant. MT to germ-free mice from
young (n=10) and aged (n=15) CONV-R mice was performed by ad-
ministering an aliquot of supernatant (100puL) by oral gavage. Mice

were euthanized by CO, asphyxiation 4 weeks after MT.

4.1.2 | Antibiotics treatment

The study with antibiotic (Abx) treatment was performed by provid-
ing a broad-spectrum antibiotic cocktail (neomycin 40mg/kg/day,
ampicillin 33 mg/kg/day, metronidazole 21.5mg/kg/day, and vanco-
mycin 4.5mg/kg/day; Sigma-Aldrich) in drinking water for 7 days to
the assigned mice for each group. Control mice (No Abx) received
regular water throughout the experiment. Abx did not affect water
consumption.

Feces were collected from all mice immediately after completion
of Abx treatment (DO), and 7 days after cessation of Abx treatment
(D7). After the sacrifice by CO, asphyxiation at D7, colon length, colon
weight, spleen weight and cecum weight were measured. Serum and

large intestine were collected and stored at -80°C for further analysis.

4.2 | 16srRNA gene sequencing

Colon contents (~10mg) were incubated for 45min at 37°C in
lysozyme buffer (22mg/mL lysozyme, 20mM TrisHCI, and 2mM
EDTA, 1.2% Triton-x, pH 8.0) before homogenization for 150s
with 0.1 mm zirconia beads. Then, samples were incubated at 95°C
for 5min with InhibitEX Buffer, followed by incubation at 70°C
for 10 min with Proteinase K and lysis Buffer AL. Next, QlAamp
Fast DNA Stool Mini Kit (Cat # 51604, Qiagen, Hilden Germany)
was utilized to extract DNA from the homogenized content. All
the conditions followed manufacturer's instructions, with slight
modifications as previously described by Allen et al. (2022).
dsDNA Broad Range Assay Kit was used to quantify DNA with
Qubit 2.0 Fluorometer (Life Technologies, Carlsbad, CA). lllumina
MiSeq was used to obtain amplified PCR libraries sequencing done
from both ends of 250nt region of V4 16S rRNA hypervariable re-
gion. Amplicon processing and downstream taxonomic assignment
using the ribosomal RNA database SILVA v138 was performed
using DADA2 and QIIME 2.0 platform. EMPeror was used to vis-
ualize the microbial diversity (B-diversity, Bray-Curtis) in three-
dimensional PCoA plots.

4.3 | TLR4 and TLR5 reporter assays

Assessment of TLR4 and TLR5 activity was implemented using human
embryonic kidney (HEK)-Blue-mTLR4 and HEK-Blue-mTLR5 cells, re-
spectively (Invivogen) using a protocol as previously described (Allen
etal., 2022; Tran et al., 2019). Briefly, feces, intestinal contents or mu-
cosal scrapings were resuspended in PBS w/v (100mg/mL) and ho-
mogenized for 5min using vortex. Each sample was then centrifuged
at 80004 for 2min, serially diluted, and supernatant applied directly
to either HEK-Blue-mTLR4 or HEK-Blue-mTLR5 cells (2x 10°cells/
well). After 18 h of stimulation, cell culture supernatants were applied
to QUANTI-Blue medium (Invivogen) and measured for alkaline phos-
phatase activity at 620nm after 90 min. Relative fluorescence inten-
sity was used as an estimation for TLR4 or TLR5 activity, considering

young mice no Abx as control (Relative AU=1).

4.4 | Gene expression by Fluidigm

Colon tissue RNA was isolated using the PureLink RNA Mini Kit (Cat
# 12183018A, Thermo Fisher Scientific) and cDNA synthesized with
a High-Capacity cDNA Reverse Transcription Kit (Cat # 4368814,
Thermo Fisher Scientific). Primers (Fwd and Rv, Integrated DNA
Technologies, Coralville, 1A) used are listed in Table S1. Real-Time
PCR Analysis was performed by the University of lllinois at Urbana-
Champaign Functional Genomics Unit of the W.M. Keck Center by
Fluidigm analysis (96x96 chip) technology. The software Fluidigm
Real-Time PCR Analysis 3.0.2 (Fluidigm, San Francisco, CA, USA) was
used to acquire the data. Relative expression was determined using the
delta-delta cycle threshold method (ddC,) using Young No Abx mice as
control. Eukaryotic elongation factor 2 (Eef2) was used as housekeep-

ing gene. Values were log2 transformed prior to statistical analysis.

4.5 | Serum LBP and colon content calprotectin

Commercially available ELISA kits (Hycult Biotec, Uden, Netherlands)
were utilized according to manufacturers' instructions to assess
LPS-binding protein (LBP) and calprotectin concentrations in serum

and colon contents, respectively.

4.6 | Statistical analyses

All data were expressed as mean+SEM. Downstream Microbiome sta-
tistics were performed using the Microbiome Analyst software (http://
www.microbiomeanalyst.ca) (Lu et al., 2023). Data were rarefied to the
minimum library size and transformed using the center log ratio (CLR)
method to mitigate compositional biases. The Bray-Curtis dissimilar-
ity index (B-diversity) was implemented to assess community compo-
sitional differences between samples and assessed via Permutational
multivariate analysis of variance (PERMANQVA). Principal coordinate
analysis (PCoA) was utilized for visualization. Chao-1 index was uti-
lized to assess a-diversity. Effects of age and antibiotics on the gut
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microbiota was assessed by multiple linear regression with covariate
adjustment using a linear model and adjusted p <0.05. Taxonomic data
were visualized with heat trees (Foster et al., 2017). Spearman rank
correlation was used to analyze associations between microbiome
taxonomic/immunogenicity and host inflammatory outcomes.

To account for differences in experimental cohorts, data were
Z-scored relative to the control group within each independent
cohort. Student t tests or nonparametric Mann-Whitney U tests
were used to compare differences in immunogenicity and inflam-
matory outcomes in aged versus young mice. Two-way analysis of
variance (ANOVA) was implemented to examine age and antibiotic
effects on host inflammatory signatures. The statistical analyses
were performed using the statistical package GraphPad Prism 8.0.1
(GraphPad Software, Inc., San Diego, CA, USA) with a priori a set
at 0.05. The Benjamini-Hochberg method for controlling false dis-
covery rate (FDR) was implemented to limit chance of Type-1 errors
in multiple testing analyses. Outliers were identified and removed
based on a threshold of +2 standard deviations from the mean.
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