










not stable and could be modified by re-exposure to a wild-type
microbiome.

Abx-treated mice show higher levels of
serum corticosterone
Our gene-expression analysis identified several gene sets that
were dysregulated following Abx treatment, including stress,
metabolism, proliferation, and death. As stress hormones, such as
the glucocorticoid corticosterone, have been shown to affect all
of these aspects of cell function [16], we first addressed whether
the Abx-treated mice showed higher glucocorticoid levels
compared with untreated mice. Indeed, corticosterone levels
were higher in the serum of 3- and 6-wk-old Abx-treated mice and
were still increased at the time point of analysis and transfer at
8 wk (Fig. 4D). In addition, we found heightened levels of
corticosterone in the thymus, proximal colon, and cecum (Fig.
4E). The increased concentrations of corticosterone in the
periphery of the Abx-treated mice did not have results in any
increased sensitivity or resistance against corticosterone-induced
apoptosis ex vivo (Fig. 4F). Thus, in addition to our results
showing equivalent production of cytokines (Fig. 2A), these
results suggest that the heightened levels of corticosterone in
Abx-treated mice have minimal bystander-immunosuppressive

effects on CD4+ T cells. Taken together, Abx treatment in early
life leads to increased levels of circulating corticosterone that is
maintained during aging. Importantly, the cohousing of un-
treated and Abx-treated mice resulted in a normalization of
corticosterone levels (Fig. 4D). As we observed a reduction in
disease in cohoused mice (Fig. 4A), these results suggest that
early-life Abx treatment leads to a stress response associated with
high levels of corticosterone, which impacts upon CD4+ T cell
function and not resistance to corticosterone-induced apoptosis.
We show that CD4+ T cells from Abx-treated mice have an

altered gene-expression profile that suggests a stressed pheno-
type. However, this phenotype could be reverted by cohousing
Abx-treated mice with untreated mice. From these results, we
conclude that an early-life Abx treatment has the potential to
change the behavior of naive CD4+ T cells to induce a faster
onset of experimental IBD. This finding is in line with previous
reports of changes in the phenotypical behavior of CD4+

T cells after early-life Abx treatment in a direct [17] or indirect
way [18] or of gnotobiotic mice [19]. However, results from
these studies demonstrate that Abx-induced changes are not
permanent and can be modified, suggesting that intervention
to manipulate the microbiome may provide a mechanism to
affect the development of IBD later in life.

TABLE 1. Gene set enrichment analysis of differentially expressed genes between naive CD4+

T cells isolated from untreated and Abx-treated mice

Gene set # of Genes P FDR

Stress
Response to stress 16 1.19 3 1028 9.80 3 1027

Metabolic process
Nucleic acids 32 8.52 3 10214 7.03 3 10211

Biopolymer 35 2.39 3 10212 9.84 3 10210

Cellular protein 25 9.4 3 10210 2.35 3 1027

Macromolecules 25 1.21 3 1029 2.35 3 1027

Protein 26 1.43 3 1029 2.35 3 1027

RNA 19 9.23 3 1028 4.76 3 1026

DNA 11 1.12 3 1027 5.42 3 1026

Regulation 18 1.70 3 1027 7.79 3 1026

Cell cycle
Mitotic cell cycle 10 7.96 3 1029 9.24 3 1027

Cell cycle 13 1.19 3 1028 9.80 3 1027

Phase 10 2.18 3 1028 1.50 3 1026

Process 10 7.24 3 1028 3.98 3 1026

M Phase 7 2.22 3 1026 7.97 3 1025

Mitosis 6 4.35 3 1026 1.44 3 1024

Checkpoint 5 4.90 3 1026 1.55 3 1024

Regulation 8 5.09 3 1026 1.58 3 1024

Cell death
Apoptosis 15 8.69 3 1029 9.24 3 1027

Regulation of apoptosis 10 1.23 3 1025 3.06 3 1024

Negative regulation of apoptosis 7 1.36 3 1025 3.20 3 1024

Programmed cell death 15 8.96 3 1029 9.24 3 1027

Regulation of programmed cell
death

10 1.26 3 1025 3.06 3 1024

Negative regulation of
programmed cell death

7 1.42 3 1025 3.25 3 1024

Gene set enrichment analysis on the top 100 up-regulated and 100 down-regulated genes was carried out
using Molecular Signatures Database (MSigDB; software.broadinstitute.org/gsea/msigdb). FDR, False-
discovery rate.
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Figure 4. The cohousing of Abx-treated mice with untreated mice leads to reduced pathogenicity of CD4+ T cells. (A) Weight changes of mice with
experimental IBD after transfer of splenic, naive CD4+ T cells from Abx-treated, control, and cohoused mice (n = 6/group). (B) Disease score of
mice in A. (C) Expression analysis of the indicated genes in the proximal colon of mice in A. (D) Serum corticosterone levels of mice that were
treated with Abx in utero and for the first 3 wk of life (Abx), control mice on regular water, and Abx-treated mice that were cohoused after 28
d with control mice (cohoused mice; n = 3–12/time point). (E) Corticosterone levels in the thymus, proximal colon, and cecum (same mice as in
D). (F) Analysis of corticosterone-induced apoptosis of CD4+ T cells. CD4+ T cells from Abx and control mice were incubated with indicated
concentrations of the corticosteroid DEX and analyzed after 16 h for early (Annexin V+, PI2) and late (Annexin V+, PI+) apoptotic cells (n = 3).
Data shown are representative of 2 individual experiments. *P # 0.05, **P # 0.01, ***P # 0.001. Error bars represent SEM.
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