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Clostridium difficile is one of the most common health care–associated infections with almost half a million estimated
cases per year and costing the healthcare system at least 1 billion dollars per year in the US.1,2,3 People aged 65 or
older are more susceptible to infection and more likely to have poor outcome – severe infections, deaths, and
recurrences. Using a mouse model of Clostridium difficile infection (CDI), we have demonstrated the effect of aging.4 In
this study, we aim to elucidate the role of the intestinal microbiota on outcome and immune response in CDI in the
context of aging.

Principal Coordinate Analysis (PCoA)
In the aged vs young mice CDI experiment, the baseline microbiota was significantly different between young (lavender)
and aged (green) mice. Young mice also had variability in microbiota at baseline from batch to batch while aged mice
are similar regardless of batch. After antibiotic treatment and with CDI, the variability between groups and between
individual mice decreased.
In the cage bedding switching experiment as well, there was a significant difference in baseline microbiome between
young (yellow) and aged (blue) mice at baseline. With cage exchange the microbiota of the aged mice shifted towards
the young mouse microbiota (blue → green) while young mouse microbiota stay constant (yellow → lavender).
Antibiotic exposure and CDI decreased the differences between groups and between individual mice.

Composition of Microbiome (Phylum Level - qPCR)
Composition of the intestinal microbiota at the phylum level was analyzed by qPCR using common primers for major
phyla. Firmicutes, Bacteroidetes, and Enterobacteriaceae primers were used. At baseline Firmicutes and
Enterobacteriaceae numbers were not different between young and aged mice. Bacteroidetes number was significantly
lower in the aged mice at baseline. Antibiotic exposure decreased the difference between young and aged mice.
Antibiotic exposure decreased both Firmicutes and Bacteroidetes numbers and increased Enterobacteriaceae number.
With cage switching, Bacteroidetes number in aged mice increased to be similar to young mice. With cage switching,
Firmicutes number increased in aged mice, to be higher than young mice.

Methods
Young (8 weeks old) and aged (18 months old) C57BL/6 male mice were infected with Clostridium difficile strain VPI
10463 after broad spectrum antibiotic exposure in two different experiments.
In the first infection experiment, young and aged mice were infected and monitored daily for disease severity and
survival. A separate group of mice was euthanized on days 2 and 5 to harvest blood and intestinal tissue. Peripheral
blood was analyzed for differential blood cell counts. Histologic scoring was done on cecal and colonic tissues. Cecal
tissue KC, MIP-2, IL-1β, IL-6, IL-10, IL-17, TNF-α, G-CSF, and GM-CSF were measured using qPCR for gene
expression and Luminex for protein levels. Cellular components were analyzed using flow cytometry.
In the next cage switching experiment, dirty cage beddings were switched every other day between young and aged
mice for one week prior to antibiotic exposure and infection and data was collected regarding clinical outcome and
immune response.
Stool samples were collected at baseline, after cage exchange, after antibiotic exposure, and after infection. Clostridial
burden was quantified by qPCR for tcdB gene and ELISA for C. difficile toxins A and B in the stool. DNA was extracted
from stool and the intestinal microbiota was analyzed in two ways. First, qPCR using common primers for major phyla
was done, looking at Firmicutes, Bacteroidetes, and Enterobacteriaceae, along with total 16S counts. A second method
of analysis was sequencing using MiSeq Reagent Kit v3. after amplification of V1-V3 hypervariable regions of 16S rRNA
using broad range primers. Changes in the bacterial composition before and after antibiotics and before and after cage
switch were analyzed using multivariate technique Principal Coordinate Analysis (PCoA).
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Bacterial Population Diversity
Diversity of the bacterial population within each individual mouse (alpha diversity) was measured using Shannon
Diversity Index. In the aged vs young infection experiment, there was significantly lower diversity in aged mice
compared to young mice at baseline, but after antibiotics diversity in both groups decreased and there was no significant
difference between the groups. In the cage switching experiment also, there was significantly lower diversity in aged
mice. This difference persisted despite cage switching and antibiotic exposure.
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Signature Genera
We identified signature genera in aged vs young mice and in aged mice before and after the cage switching. Random
Forrest analysis identified genera Bacteroides, rc4-4 and Alistipes as the top three ranked genera that distinguished
young and aged mice at the baseline and they were also the top three ranked genera that distinguished old mice before
and after cage switching, indicating old mice acquired the signature genera from young mice after cage switching.
Bacteroides was substantially more abundant in young mice and in old mice after cage switching.
Genus (Phylum)
Bacteroides (Bacteroidetes)
rc4-4 (Firmicutes)
Alistipes (Bacteroidetes)

Results
Clinical Outcome
Mortality with CDI after 7 days was significantly worse in the aged group compared to the young group (83% vs 17%,
p<0.05). Aged mice also showed higher clinical scoring and delayed but persistent weight loss compared with young
mice.

Clinical Outcome After Cage Bedding Switching
Mortality with CDI was same in both groups (20%). Aged mice again showed delayed but persistent weight loss and
higher clinical scores compared with young mice.

Genus (Phylum)

Composition of Microbiome (Phylum Level – Illumina Sequencing)
Composition of the intestinal microbiota at the phylum level was analyzed using Illumina Miseq Sequencing. Baseline
proportion of Bacteroidetes was significantly lower in aged mice compared to young mice, but after switching the cages,
Bacteroidetes increased in the aged mice to be closer to the level in the young mice. Firmicutes and Verrucomicrobia
made up the most of the rest of the baseline microbiota, with more Firmicutes in the young mice and more
Verrucomicrobia in the aged mice. Antibiotic treatment significantly decreased the proportion of Firmicutes while
Proteobacteria increased to fill a significant portion of the microbiota, which continues with CDI.

rc4-4 (Firmicutes)
Alistipes (Bacteroidetes)
Bacteroides (Bacteroidetes)

Mean % increase in error on
removal
(s.d.)
8.03 (0.98)
6.26 (0.89)
4.11 (0.68)
Mean % increase in error on
removal
(s.d.)
6.86 (0.81)
2.99 (1.02)
2.28 (0.50)

Relative abundance in young/aged
mice
15.4% / 0.3%
0.7% / 0.0%
0.2% / 0.0%
Relative abundance before/after
cage switch
0.0% / 1.7%
0.0% / 0.2%
0.3% / 27.2%

Discussion
We were able to demonstrate both the detrimental effect of advanced age on outcome of CDI and the role of intestinal
microbiota to reverse the age effect using a mouse model. There are clearly characteristics in the aged mouse
microbiome that separates it from the young mouse microbiome, which seems to exert some effect on outcome. Most
notable is the deficit in Bacteroidetes phylum, more specifically in the Bacteroides genus, in the aged mouse
microbiome. In this model, the overall bacterial diversity did not seem to change with cage switching, which is different
from conventional knowledge of higher diversity leading to better colonization resistance against CDI.5 These findings
point to more complex effects from the microbiome rather than simple competition for resources.
One striking finding from this study is that the difference in microbiome between young and aged mice and even
changes in microbiome seen with cage switching were all diminished with antibiotic exposure, to the point of
disappearance of statistically significant difference. However, the change in microbiome did lead to a difference in
clinical outcome. This suggests the presence of changes in the host caused by the microbiome which are resistant to
antibiotics. Our studies suggest an association with host immune response, which would be consistent even with
antibiotic treatment. Further studies to elucidate this microbiome-related effect would be more illuminating for the study
of CDI in aged hosts.
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