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Symbiotic microbes impact the severity of a variety of diseases
through regulation of T-cell development. However, little is known
regarding the molecular mechanisms by which this is accomplished.
Here we report that a secreted factor, Erdr1, is regulated by
the microbiota to control T-cell apoptosis. Erdr1 expression was
identified by transcriptome analysis to be elevated in splenic T cells
from germfree and antibiotic-treated mice. Suppression of Erdr1
depends on detection of circulating microbial products by Toll-like
receptors on T cells, and this regulation is conserved in human
T cells. Erdr1 was found to function as an autocrine factor to induce
apoptosis through caspase 3. Consistent with elevated levels
of Erdr1, germfree mice have increased splenic T-cell apoptosis.
RNA sequencing of Erdr1-overexpressing cells identified the up-
regulation of genes involved in Fas-mediated cell death, and Erdr1
fails to induce apoptosis in Fas-deficient cells. Importantly, forced
changes in Erdr1 expression levels dictate the survival of auto-
reactive T cells and the clinical outcome of neuro-inflammatory
autoimmune disease. Cellular survival is a fundamental feature
regulating appropriate immune responses. We have identified a
mechanism whereby the host integrates signals from the micro-
biota to control T-cell apoptosis, making regulation of Erdr1 a
potential therapeutic target for autoimmune disease.
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The incidence of autoimmune diseases, such as type 1 diabe-
tes, multiple sclerosis, and rheumatoid arthritis, is increasing

in Western countries at confounding rates. These diseases are
thought to occur through a combination of genetic and envi-
ronmental factors. Research over the past decade has provided
compelling evidence that resident commensal microbes act as
one environmental feature that influences the induction of auto-
immunity (1–3). The effects of the microbiota on the development
of autoimmunity could be due in part to the known contribution
to steady-state immune system development (4, 5). A vast ma-
jority of the microbiota are found within the gastrointestinal tract;
however, many autoimmune diseases occur at extraintestinal sites.
Therefore, understanding the mechanisms by which resident gut
microbes regulate the immune response outside of the gut might
identify novel therapeutic targets for autoimmunity.
Regulation of T-cell apoptosis is an essential characteristic of

appropriate immunity. Survival of antigen-specific T cells is re-
quired to eradicate infectious agents whereas induction of cel-
lular death is key to resolution of inflammation (6). Apoptosis
also impacts steady-state T-cell responses during development in
the thymus and homeostatic turnover at mucosal surfaces (7, 8).
Dysregulation of T-cell death can have serious consequences to
health that can lead to autoimmunity or immunodeficiency.
Thus, the ability to modulate the persistence of T cells has clear
medicinal potential. One of the most well-studied death receptor
pathways in T cells is Fas, which functions through activation of
caspases 8 and 3 to induce apoptosis (9). Although pathogens are
known to exploit cell death or survival pathways to infect hosts
(10), little is known about whether cues from symbiotic bacteria
function to influence T-cell survival. Here we have identified that
the microbiota suppresses the expression of a secreted factor,

erythroid differentiation factor 1 (Erdr1), which functions to
control T-cell apoptosis in a Fas-dependent manner.
Erdr1 is highly conserved between mice and humans, and its

expression has been reported to be dysregulated in human can-
cer (11, 12). Erdr1 was originally identified in supernatants of
B-cell leukemic cells and named for its hemoglobin-inducing
activity on erythroid lines, but now has implicated roles in cellular
survival, NK cytotoxicity, and metastasis; however, its function
within T cells remains completely unexplored (11–15).

Results
Erdr1 Expression in T Cells Is Suppressed by the Microbiota. To
broadly characterize how the microbiota might affect T-cell re-
sponses outside of the gut and potentially identify novel genes
regulated by the microbiota, we compared transcriptional pro-
files from splenic, sort-purified CD4+ T cells from germfree or
specific pathogen-free (SPF) animals. Using Ingenuity Pathway
Analysis, we observed that genes involved in cellular mainte-
nance, death, and survival were among the most influenced by
the microbiota, implying that commensal organisms can affect
T-cell homeostasis (Fig. S1 A and B). One gene in particular,
Erdr1, was one of the most highly up-regulated genes in germ-
free T cells in the Kyoto Encyclopedia of Genes and Genomes
(KEGG) category “cellular maintenance,” suggesting that the
microbiota suppressed expression of Erdr1 in T cells (Fig. S1A).
We verified the results of our transcriptional profiling by qRT-
PCR of Erdr1 in either germfree or SPF splenic CD4+ T cells
and found that T cells from germfree mice consistently had el-
evated levels of Erdr1 transcripts and protein (Fig. 1A and Fig.
S1C). Antibiotics are known to cause perturbations to the
microbiota that are associated with harmful consequences to the
host (16, 17). To determine whether Erdr1 expression is sensitive
to changes in microbiota composition, adult SPF animals were
treated with a mixture of antibiotics to deplete commensal

Significance

Little is known about the molecular mechanisms by which the
microbiota influences T-cell responses. We have determined
that a secreted protein, Erdr1, is highly upregulated in germ-
free T cells and that microbial products can suppress Erdr1
through MyD88. Erdr1 functions to induce apoptosis through a
Fas-dependent pathway that can impact the process of im-
munization and dictate the clinical course of autoimmunity.
Thus, microbial colonization functions to regulate T-cell sur-
vival through suppression of the cytokine Erdr1, revealing a
potentially new T-cell factor that can be therapeutically targeted.

Author contributions: R.S., R.S.F., A.B., R.M.O., and J.L.R. designed research; R.S., C.P., C.L.N.,
J.L.K., R.B., W.Z.S., R.S.F., and A.B. performed research; T.E.L. contributed new reagents/
analytic tools; J.L.R. analyzed data; and R.S., W.Z.S., and J.L.R. wrote the paper.

The authors declare no conflict of interest.

This article is a PNAS Direct Submission.
1To whom correspondence should be addressed. Email: june.round@path.utah.edu.

This article contains supporting information online at www.pnas.org/lookup/suppl/doi:10.
1073/pnas.1619336114/-/DCSupplemental.

www.pnas.org/cgi/doi/10.1073/pnas.1619336114 PNAS | May 23, 2017 | vol. 114 | no. 21 | 5497–5502

IM
M
U
N
O
LO

G
Y
A
N
D

IN
FL
A
M
M
A
TI
O
N

http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1619336114/-/DCSupplemental/pnas.201619336SI.pdf?targetid=nameddest=SF1
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1619336114/-/DCSupplemental/pnas.201619336SI.pdf?targetid=nameddest=SF1
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1619336114/-/DCSupplemental/pnas.201619336SI.pdf?targetid=nameddest=SF1
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1619336114/-/DCSupplemental/pnas.201619336SI.pdf?targetid=nameddest=SF1
http://crossmark.crossref.org/dialog/?doi=10.1073/pnas.1619336114&domain=pdf
mailto:june.round@path.utah.edu
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1619336114/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1619336114/-/DCSupplemental
www.pnas.org/cgi/doi/10.1073/pnas.1619336114


microbes. As with germfree mice, Erdr1 expression became el-
evated within splenic CD4+ T cells from antibiotic-treated SPF
animals from two different genetic backgrounds, demonstrating
that the microbiota continuously regulates Erdr1 (Fig. 1B and
Fig. S1 D and E). Expression levels of Erdr1 in CD4+ T cells
isolated from multiple tissues including the colon, mesenteric
lymph node, and spleen remained similar, indicating that prox-
imity to the microbiota does not affect expression of Erdr1 in
T cells (Fig. S1F). Additionally, Erdr1 expression is not signifi-
cantly different in naive, activated, or Treg subsets sort-purified
directly from the spleen of an animal (Fig. S1G), suggesting that
Erdr1 expression is similarly expressed during a variety of T-cell
activation states.
Given that Erdr1 levels are sensitive to cues provided by the

microbiota, we sought to determine the mechanism by which
commensal bacteria can influence T-cell expression of Erdr1.
The microbiota is an abundant source of Toll-like receptor
(TLR) ligands; therefore, we tested whether regulation of Erdr1
was dependent on MyD88, an adaptor molecule that controls
signaling through most TLRs. Erdr1 expression was elevated in
splenic CD4+ T cells isolated from MyD88 total body knockout
animals (MyD88−/−) as well as from mice with a T-cell–specific

ablation of MyD88 (T-MyD88−/−) (18, 19) (Fig. 1C). As MyD88
can also signal through IL-1 and IL-18 receptors, we tested the
involvement of these cytokines in Erdr1 regulation as well.
Erdr1 expression levels in splenic CD4+ T cells from IL-1R– and
IL-18–deficient animals were similar to those of wild-type (WT)
controls, indicating that Erdr1 is not regulated by these cytokines
(Fig. 1C) (12). It is possible that microbiota composition could
be different in these various knockout strains and account for the
differential expression of Erdr1. Therefore, we tested whether
TLR ligands could directly suppress Erdr1 in T cells in vitro. To
identify the most relevant T-cell intrinsic TLRs, we analyzed
RNA sequencing data from splenic SPF CD4+ T cells and ob-
served that TLR1, -2, -6, and -7 were most highly expressed
under homeostatic conditions (Fig. 1D). Innate immune signal-
ing agonists including Pam3CysK (TLR1/2), FSL-1 (TLR2/6),
IL-33, Poly I:C (TLR3), Muramyl Dipeptide (NOD2), LPS
(TLR4), and Imiquimod (TLR7) were used to stimulate T cells
in vitro in the presence of anti-CD3. T cells treated with TLR2
ligands suppress Erdr1 expression compared with media con-
trols (anti-CD3 alone), whereas other stimuli do not affect
Erdr1 transcripts (Fig. 1E and Fig. S1H). These data suggest that
T-cell–intrinsic TLR2 signaling is most relevant for suppression
of Erdr1 within T cells.
Previous reports have demonstrated that TLR4 ligands from

the microbiota are present in the serum and are able to enhance
neutrophil function within the bone marrow (20). Consistent
with this, elevated TLR2 activity could be detected from the
serum of SPF animals compared with germfree mice (Fig. 1F).
This suggests that TLR2 agonists can escape from the intestine
and into the blood to potentially modulate Erdr1 expression.
Based on this, we introduced Pam3CysK into the gut of germfree
mice and observed that Erdr1 expression in splenic T cells was
significantly reduced (Fig. 1G). This pathway for Erdr1 sup-
pression is conserved in human T cells. Primary CD4+ T cells
isolated from healthy donors and treated with the TLR2 ligands
Pam3CysK and Pam2CysK had significantly reduced Erdr1 ex-
pression compared with media-treated controls (Fig. 1H). These
data indicate that Erdr1 can be regulated under homeostatic
conditions by microbial cues from the gut by TLR signals in an
MyD88-dependent fashion.

Erdr1 Functions to Induce T-Cell Apoptosis. Erdr1 is a vesicle-
associated secreted protein that is ubiquitously expressed (11,
15). It has reported functions in keratinocytes and NK cells, al-
though there are currently no known roles for Erdr1 in T lym-
phocytes (13, 14). A knockout mouse model does not exist to
study the role of Erdr1, and our attempts to make a whole-body
knockout using Crisper/Cas9 technology revealed that loss of this
gene is not tolerated in utero (Fig. S2 A and B). Additionally, two
independent attempts to insert LoxP sites to create a conditional
allele were not successful due to the highly repetitive nature of
the locus surrounding Erdr1 (Fig. S2 C and D). Therefore, we
manipulated Erdr1 expression using overexpression and de-
pletion approaches in primary mouse T cells. We used retroviral
constructs encoding GFP to express an Erdr1-specific shRNA for
silencing endogenous expression or to overexpress the Erdr1
cDNA. We validated that these constructs either suppressed or
enhanced Erdr1 expression in splenic mouse T cells at both the
mRNA and the protein levels (Fig. S3 A–F). Importantly, over-
expression of Erdr1 using this construct causes elevated levels of
Erdr1 that are similar to those found in germfree and antibiotic-
treated animals (Fig. S3E).
The microbiota has important impacts on the differentiation

of CD4+ T-helper-cell subsets in both the gut and the spleen (4,
21, 22). To address whether Erdr1 directly influences T-helper-
cell responses, we performed in vitro T-cell–skewing assays
during Erdr1 shRNA knockdown. Control or Erdr1 shRNA-
treated T cells were placed in media (anti-CD3/CD28 only)
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Fig. 1. Erdr1 is a conserved T-cell factor that is dynamically regulated by the
microbiota through MyD88. (A) RNA was collected from CD3+CD4+ T cells
from indicated animals and Erdr1 was analyzed by qRT-PCR. n = 8/group
compiled from three experiments. (B) qRT-PCR was performed for Erdr1
from CD4+ T cells in antibiotic-treated animals. The n = 10/group was
compiled from three experiments. (C) qRT-PCR was performed for Erdr1
from CD4+ T cells isolated from the indicated animals. n = 3–6/group.
(D) RNA was collected from the CD3+CD4+ splenic T cells isolated and used
for RNA-seq. n = 4/group. (E) Germfree CD4+ T cells were stimulated with
anti-CD3 either alone or in combination with indicated stimuli. n = 5–8/
group. (F) HEK293T NF-κB reporter cells activated by TLR2 were incubated
with serum isolated from either SPF or germfree animals. Performed from
the sera of six independent animals. (G) qRT-PCR was performed for Erdr1
from CD4+ T cells from germfree mice provided Pam3CysK in their drinking
water. Data were compiled from two experiments; n = 6–8/group. (H) Pri-
mary human CD4+CD3+ T cells were isolated from whole blood and stim-
ulated with anti-CD3 either alone or in combination with the indicated
TLR2 ligands. Representative of three experiments. *P < 0.05 and ****P <
0.0001 were determined by a Student’s t test.
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and in Th1-, Th17-, or Treg-skewing conditions, and Ki-67 was
used to measure proliferation. Reduction of Erdr1 expression
levels in primary T cells did not result in differences in the
percentage of in vitro-skewed T-helper-cell populations (Fig. S4
A–C), nor did it result in any differences in proliferation (Fig. S4
D–E). Additionally, transcriptional profiling of primary T cells
overexpressing Erdr1 did not reveal any changes in the expres-
sion of the transcriptional regulators known to be important for
differentiation of these T-cell lineages including Gata3, Tbet,
Foxp3, and Rorc (Fig. S4F). These data suggest that Erdr1 does
not directly influence the differentiation of any particular T-
helper-cell subset.
Throughout these in vitro experiments, we consistently ob-

served changes in the number of cells upon Erdr1 manipulation
despite equal proliferation rates. One of the many functions
suggested for Erdr1 is regulation of cell death; however, this has
not been well studied. Consistent with this, genes involved in
cellular survival and death are significantly regulated by the
microbiota in our microarray analysis (Fig. S1B). Using Annexin
V, a well-known marker for cells about to undergo apoptosis and
7AAD, a dead-cell stain, we observed that splenic CD4+ T cells
isolated from germfree mice had a small, but significant, increase
in preapoptotic (AnnexinV+7AAD−) and dead cells (Annexin
V+7AAD+) (Fig. 2 A–C). Additionally, splenic CD4+ T cells
isolated from animals deficient in MyD88 or TLR2 also have
significant increases in cellular death (Fig. S5 A and B). As

macrophages rapidly engulf dead cells, it might be difficult to
appreciate differences in actively dying cells under homeostatic
conditions in vivo. To address a role for Erdr1 in T-cell apo-
ptosis, we used overexpression and shRNA in primary splenic
T cells in vitro. Suppression of Erdr1 by shRNA in cultured
splenic CD4+ T cells led to an ∼10–15% reduction in the pro-
portion of preapoptotic cells. This rate of apoptosis results in a
twofold decrease in the absolute numbers of cells undergoing
apoptosis and significantly more live cells within the culture
compared with control (Fig. 2 D–G). The opposite phenotype is
observed in cells overexpressing Erdr1. Overexpression of Erdr1
increases the percentage of preapoptotic T cells and reduces the
number of live cells observed in culture (Fig. 2 H–J). Erdr1 in-
fluences T-cell survival during homeostatic cellular development
in vivo. Indeed, adoptive transfer of control or Erdr1 shRNA-
expressing bone marrow into Rag−/− recipients reveals a signif-
icant reduction in the proportion of apoptotic cells (Fig. 2 K and
L). This modest, but significant, decrease in the proportion of
T-cell apoptosis has substantial effects on the absolute number
of CD4+ T cells. Although there is no difference in the per-
centage of CD4+ T cells in control versus Erdr1 shRNA-
expressing T cells (Fig. S5 C and D), there is a sixfold increase
in the absolute numbers of T cells in the spleen of animals
expressing Erdr1 shRNA (Fig. 2M). Further supporting a role for
Erdr1 as a mediator of T-cell death, T cells treated with recombi-
nant Erdr1 (rErdr1) also induced an increase in the percentage
of preapoptotic T cells (Fig. S5 E and F). This result demon-
strates that modulation of Erdr1 expression can alter T-cell
survival and have profound impacts on the number of func-
tionally available T cells.

Erdr1-Mediated Apoptosis Is Dependent on Fas. To better un-
derstand the mechanism by which Erdr1 influences T-cell apo-
ptosis, RNA-seq was performed on primary splenic Erdr1-
overexpressing CD4+ T cells. Consistent with enhanced cell
apoptosis mediated by Erdr1, the most significantly different
genes and pathways affected by Erdr1 were those involved in cell
death and survival (Fig. 3A and Fig. S6A). Three of the five genes
that were most highly up-regulated by forced Erdr1 overexpression
were Amotl1, Tnfsf11, and Yap1, all of which are known to be in-
volved in cell death (Fig. 3B) (23–26). The most significantly up-
regulated gene was Tnfsf11, also known as RankL. RankL is highly
expressed in activated T cells and has a myriad of functions (27).
However, RankL has been reported to enhance the growth of
T cells and therefore is not likely to mediate T-cell death through
Erdr1 on its own (26). Interestingly, RankL can up-regulate
apoptosis in dendritic cells and enhance cell death only in col-
laboration with Fas/FasL signaling (28). Fas/FasL interactions
are a primary, well-studied mechanism leading to apoptosis
through caspase 8 and caspase 3 within T cells (29–31). To de-
termine whether Fas expression and caspase 3 activation are
influenced by Erdr1, we analyzed these molecules during Erdr1
knockdown by shRNA. Reduced Erdr1 expression in primary
splenic CD4+ T cells led to a reduction in the level of cleaved
and activated caspase 3 (Fig. 3C) and a significant reduction in
the surface expression of Fas (Fig. 3D). Whereas caspase-3 is
associated with the induction of apoptosis, caspase 1 is known to
influence the cleavage and activation of innate cytokines such as
IL-1. To demonstrate that Erdr1 functions within the caspase-3–
dependent cell death pathway, control or Erdr1-overexpressing
primary T cells were incubated with caspase 1 or 3 inhibitors.
Enhanced T-cell death induced by Erdr1 is blocked by a caspase
3, but not by a caspase 1 inhibitor (Fig. 3E). To further validate
these findings, we constructed an Erdr1-overexpressing DO11.10
hybridoma T-cell line (32) (Fig. S6 B and C). Importantly,
overexpression of Erdr1 in this cell line is only three- to fourfold
higher than in control lines and therefore has similar levels of
overexpression as is observed in germfree mice. Consistent with
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Fig. 2. Erdr1 induces T-cell apoptosis. (A–C) Cell apoptosis was analyzed by
Annexin V and 7AAD in CD4+ T cells from germfree mice by flow cytometry.
n = 7–8/group compiled from two experiments. (D–G) Indicated CD4+ T cells
were stimulated with anti-CD3/CD28 and analyzed for cell death. Preapoptotic
are Annexin V+7AAD−, live are Annexin V−7AAD−. The data represent two
pooled independent experiments. n = 4/group. (H–J) Indicated CD4+ sort-
purified T cells were stimulated with anti-CD3/CD28 and analyzed for cell
death as above. The data represent two pooled independent experiments. n =
4/group. (K–M) Total bone marrow was infected with either control shRNA or
Erdr1 shRNA-containing virus. GFP+ cells were flow-sorted and injected into Rag−/−

animals. Eight weeks postreconstitution animals were analyzed for cellular death.
n = 3/group. *P < 0.05 and **P < 0.01 were determined by a Student’s t test.
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our findings in primary mouse T cells (Fig. 3D), forced over-
expression of Erdr1in this cell line significantly elevated the levels
of Fas on the cell surface (Fig. 3F). More importantly, Erdr1
overexpression in this cell line led to a dramatic increase in the
percentage of dead cells found in the culture (Fig. 3G andH), and
the addition of a Fas-blocking antibody or a caspase 3 inhibitor
completely ameliorates Erdr1mediated cell death (Fig. 3H).
Erdr1 is secreted and can function in both an autocrine and a

paracrine fashion (15). To establish whether Erdr1 represents a
mechanism of autoregulation, we forced expression of Erdr1 in
CD45.2 T cells and incubated them with CD45.1-marked control
cells (Fig. S6D). If Erdr1 functioned as a paracrine factor, there
would be an equal representation of CD45.1 and CD45.2 cells in
the culture. However, although Erdr1 protein was verified to be
secreted into the T-cell media (Fig. S6C), within 48 h of cell
culture, splenic CD4+ T cells overexpressing Erdr1 were rapidly
out-competed by control cells (Fig. 3 I and J). Collectively, these
data demonstrate that Erdr1 acts in an autocrine manner to in-
duce apoptosis through induction of Fas and caspase 3.

Erdr1-Mediated Cell Death Influences the Immune Response. Regu-
lation of cellular survival is a critical component to the mainte-
nance of appropriate immunity. Our data suggest that signals
from the microbiota can function to promote cellular survival
through Erdr1, and this could have important consequences for
T-cell reactions in vivo. To test this, we manipulated Erdr1 ex-
pression by shRNA or overexpression in OT-II T cells. Use of
OT-II TCR transgenic cells allows analysis of a T-cell population
responding to the same antigen, ovalbumin peptide (OVA) (SI
Materials and Methods). CD4+OT-II+Erdr1 shRNA or control
T cells were adoptively transferred into TCRβ-deficient mice
(animals that lack T cells) and subsequently immunized with
OVA (Fig. S7A). Consistent with our findings in vitro, suppres-
sion of Erdr1 led to a reduced percentage of antigen-specific
preapoptotic CD4+ T cells (Fig. 4 A and B). Suppression of
Erdr1 led to moderate 15–20% decreases in the proportion of
preapoptotic cells; however, this rate of cellular death has significant
impacts on the immune response. Indeed, animals that received
T cells with Erdr1 shRNA had marked increases in spleen size with
greater cellularity and increased numbers of OT-II T cells (Fig. 4 C
and D and Fig. S7B). There was also a significant increase in the
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Fig. 3. Erdr1-induced death is dependent on Fas and caspase 3. (A and B)
Indicated CD4+ T cells were used for RNA-seq and analyzed using Ingenuity
Pathway Analysis. n = 4/group. (B) The five most significantly changed genes
between Erdr1 MigRI and controls are shown. (C and D) Indicated CD4+
T cells were analyzed for active caspase 3 or Fas by flow cytometry. Three
experiments were performed with n = 2–3/group. (E) Indicated CD4+ T cells
stimulated with anti-CD3/CD28 in vitro in the presence of indicated inhibi-
tors. n = 4/group from two trials. (F and G) Fas expression was measured by
flow cytometry in control MigR1- or Erdr1 MigR1-expressing DO11.10 hy-
bridoma T cells or (H) incubated with indicated inhibitors or Fas-blocking
antibody and subsequently measured for cell death. Representative of
four trials. (I and J) Equal numbers of Erdr1- and control MigRI-expressing
T cells were mixed and stimulated with anti-CD3 to anti-CD28 for 6 days. n =
3/group. *P < 0.05, **P < 0.01, and ***P < 0.001 were determined by Student’s
t test. ns, not significant.
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Fig. 4. Erdr1 regulates apoptosis in vivo during immunization. (A–D) In-
dicated OT-II CD4+ T cells were transferred into TCRβ−/− animals and im-
munized with OVA and CFA. Representative plots are from the draining
lymph node stained for Annexin V and 7AAD, spleen size in milligrams,
number of live OT-II T cells in the spleen after red blood cell (RBC) lysis. n = 9/
group compiled from two experiments. (E and F) Representative plots
of cells from the draining lymph node of experiments in A stained for
CD3+CD4+IL-17A+. (G and H) Representative plots of cells stained for Fas
and GL-7 and gated on B220+ IgD− cells. n = 9/group. Data were compiled
from two experiments. (I–L) Indicated OT-II CD4+ T cells were transferred
into TCRβ−/− animals and subsequently immunized with OVA and CFA. Seven
days postimmunization, spleen size in milligrams (I), number of OT-II T cells
(J), and apoptotic cells (K and L) were analyzed. n = 4–5/group. Data were
compiled from two independent experiments. (M) Splenic CD4+ T cells from
B6 or FAS−/− mice immunized with OVA-overexpressing Erdr1 or the control
vector were transferred into TCRβ−/− mice and immunized with OVA. T-cell
numbers were determined in the draining lymph nodes. n = 3–6/group. *P <
0.05 and **P < 0.01 were determined by Student’s t test. ns, not significant.
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percentage of inflammatory OT-II Th17 cells and enhanced ger-
minal center B cells (Fig. 4 E–H). Of note, there was equal
Ki-67 staining of cells within these experiments, emphasizing that
Erdr1 does not influence proliferation (Fig. S7 C and D).
Conversely, the opposite phenotype is observed in animals

receiving T cells that overexpress Erdr1. Indeed, elevated ex-
pression of Erdr1 led to enhanced T-cell apoptosis and signifi-
cantly smaller, less cellular spleens and reduced OT-II T-cell
numbers compared with control animals (Fig. 4 I and J and Fig.
S7E). Notably, there was no difference in non-CD4 cellular ap-
optosis within the spleen, supporting an intrinsic role for Erdr1
(Fig. S7 F and G). To further investigate the dependence of
Erdr1-mediated cell death on Fas signaling in vivo, Fas-deficient
or WT animals were immunized with OVA, and these cells were
used to manipulate Erdr1 expression. This was done to expand
the number of antigen-specific T cells in our assay. Fas−/− or WT
T cells were transferred into TCRβ−/− mice, and these animals
were subsequently immunized to measure cell death of OVA-
specific T cells. Mice receiving Erdr1-overexpressing cells had in-
creased apoptosis of T cells and fewer numbers of T cells com-
pared with controls (Fig. 4M and Fig. S8). However, when mice
received T cells from Fas KOmice that overexpressed Erdr1, there
were no differences in apoptosis or live T-cell counts in the spleen
(Fig. 4M and Fig. S8). Thus, modulation of Erdr1 expression
in vivo can impact the immune response through regulation of
cellular survival, and this activity is dependent on induction of Fas.

Erdr1-Mediated Cellular Death Dictates the Severity of Neuro-
Inflammatory Autoimmunity. The microbiota is known to influ-
ence autoimmune diseases outside of the intestine. Indeed,
germfree mice are reported to be resistant to Experimental Au-
toimmune Encephalomyelitis (EAE), an animal model of multiple
sclerosis (2, 33). Although the mechanisms are not fully un-
derstood for this resistance, the loss of inflammatory T-cell line-
ages in germfree mice is thought to be involved in part. Our data
demonstrate that microbiota-mediated suppression of Erdr1
promotes antigen-specific T-cell survival during immune re-
sponses; therefore, this could have critical implications for the
development of autoimmune diseases. We therefore sought to
test whether variation in Erdr1 expression levels could influence
autoimmunity using an EAE model. Erdr1 expression levels were
reduced by shRNA in 2D2 TCR transgenic T cells that recognize
the myelin oligodendrocyte protein (MOG35–55) (Fig. S9A).
Upon immunization with MOG35–55, animals develop ascending
paralysis that mimics many aspects of human disease. The 2D2
T cells expressing either Erdr1 shRNA or control shRNA were
adoptively transferred into Rag−/− animals and subsequently
immunized with MOG35–55 to induce disease. Consistent with
our findings, suppression of Erdr1 enhanced cellular survival of
MOG-specific T cells during EAE (Fig. 5 A–C). Reduction of
Erdr1 expression caused decreased T-cell apoptosis, increased
live cells, and promoted an accumulation of MOG-specific T
cells during disease (Fig. 5 A–C and Fig. S9B). Whereas control
animals developed symptoms of EAE that ranged from mild tail
paralysis to hind-limb paresis, animals with reduced Erdr1 ex-
pression in 2D2 T cells developed disease faster and had wors-
ened clinical scores compared with controls (Fig. 5 D and E).
Animals with Erdr1 shRNA-expressing T cells presented with
complete forelimb paralysis and a ruffled, hunched appearance
(Fig. 5E), indicating that differences in T-cell survival can have
critical consequences on host health. Consistent with worsened
symptoms of EAE and enhanced T-cell survival, there is a two-
fold increase in infiltrating cells within the brains of animals (Fig.
5F) and greater inflammatory Th1 cells within the CNS (Fig. 5 G
and H). Conversely, Erdr1 overexpression in MOG35–55–specific
T cells leads to fewer cells infiltrating into the brain (Fig. 5I).
Moreover, Erdr1 overexpression results in an increased expression
of Fas on T cells, corroborating our findings that overexpression of

Erdr1 leads to up-regulation of programmed cell death through
Fas (Fig. 5J and Fig. S9C). Importantly, animals with elevated
Erdr1 developed a milder form of disease that extended to partial
loss of their hind limbs, whereas control animals experienced com-
plete loss of their hind limbs and showed signs of forelimb paralysis
(Fig. 5 K and L). Collectively, these findings identify Erdr1 as an
autocrine factor that controls T-cell survival and has critical func-
tions during homeostasis, inflammation, and autoimmunity.

Discussion
Survival of antigen-specific T-cell populations is necessary for
appropriate inflammation to control pathogens, whereas in-
duction of apoptosis in self-reactive T cells is needed to prevent
autoimmunity. Thus, regulation of T-cell survival is a cardinal
feature of healthy immunity, making the identification of factors
that function to control apoptosis important therapeutic targets.
The microbiota is emerging as a critical component of T-cell
maturation and function. The complex interactions that take
place between commensal microbes and host cells are only be-
ginning to be defined. Many important immune genes and pro-
cesses have been discovered through the study of how pathogens
subvert immunity to cause disease, yet little is known about the
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Fig. 5. Erdr1 effects on T-cell survival influence extraintestinal autoimmu-
nity. (A–H) The indicated 2D2 T cells were transferred into Rag−/− animals
and EAE-induced. (A) Representative flow cytometry plots of Annexin V and
7AAD. (B) Compiled plots from splenic cells. n = 7–9/group from three ex-
periments. (C) Percentage of CD4+ T cells isolated from spleens. n = 9/group
from three experiments. (D and E) Clinical symptoms of disease are shown.
***P < 0.005 by two-way ANOVA statistical test. n = 9/group. Data were
compiled from three experiments. (F) Total number of infiltrating lympho-
cytes in the brains of indicated animals. n = 4–5/group representative of
three experiments. (G and H) Representative plots of brain infiltrating
IL-17 and IFN-γ from T cells. n = 4–5/group representative of three trials.
(I–L) The indicated 2D2 T cells were transferred into Rag−/− animals, and EAE
was induced. (I) Number of total lymphocytes isolated from the brains of
animals. n = 9–10/group. (J) Representative plot of Fas staining from the
brains of animals. Data were compiled from two experiments. (K and L)
Animals were monitored for signs of paralysis for 21 d. n = 9–10/group
representative of two experiments. *P < 0.05 by two-way ANOVA statistical
test. Data were compiled from two experiments. *P < 0.05, **P < 0.01, and
***P < 0.005 by Student’s t test unless otherwise indicated.
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mechanisms by which commensal bacteria influence homeostasis
of host tissues. We therefore hypothesized that studying how
commensal bacteria can influence host immunity might result in
identification of unappreciated pathways of immune system
regulation. Indeed, this strategy has led us to study the role of a
secreted autocrine factor, Erdr1, which we show functions within
T cells to regulate apoptosis.
It remains unclear which signals function to maintain Erdr1

levels; however, we demonstrate that suppression is dependent on
MyD88. Microbial molecules that activate TLR2 in particular ap-
pear to be relevant, although it is likely that other pathways exist.
Even potent bacterial molecules, such as LPS or muramyl di-
peptide, did not repress Erdr1 in T cells, despite reported expression
of these receptors on T cells (34). NF-κB has long been known
to promote T-cell survival and activation. Because most MyD88-
dependent signals activate an NF-κB–dependent program, it is likely
that Erdr1 suppression is dependent on NF-κB signaling. Given the
complexity and multiple pathways leading to activation of NF-κB,
we did not evaluate this within this study. Future experiments
should be aimed at addressing a role for NF-κB signaling, as NF-κB
could be acting to induce an intermediate factor that represses
Erdr1 or this could be an example of how NF-κB functions as a
transcriptional repressor (35). TLR2 is able to pair with other re-
ceptors including TLR1 and -6 that increase the array of agonists
that can bind to TLR2. Thus, multiple molecules from the micro-
biota might function to stimulate the immune system through TLR2.
Host–microbiota interactions are often thought to have ben-

eficial consequences for the host. Regulation of T-cell death
through suppression of Erdr1 by microbial products would pro-
mote T-cell survival and enhance host fitness by poising the
immune system to fend off pathogens. Supporting this, germfree
animals, which have elevated levels of Erdr1 and reduced T cells,
are susceptible to a myriad of pathogenic infections (36, 37). In
contrast, excessive reduction of Erdr1 may have pathological
consequences by promoting the survival of auto-reactive T

lymphocytes and consequently setting the stage for autoimmu-
nity. A role for Erdr1 in immune cells of the intestine should be
examined because Erdr1 levels are impacted by the presence of
microbial products. Given that the intestine has a greater diversity
and increased abundance of microbial molecules, it is likely that
Erdr1 is highly relevant within gut resident immune cells and might
be differentially expressed in distinct T-cell types, including CD8
T cells, that were not examined within this study. Additionally,
differences in sensitivity to microbial signaling may exist in various
T-cell populations of the gut through differential TLR expression,
making the study of Erdr1 within select T-cell subsets an important
future direction. Collectively, our results suggest that regulation of
Erdr1 by the microbiota could provide flexibility to fine-tune T-cell
responses against various antigens, whether self or foreign, and to
poise T cells for future insults and highlight the extensive cross-talk
that has evolved between commensal microorganisms and host to
promote homeostasis.

Materials and Methods
All experiments were performed in accordance with US regulations as well as
the guidelines for animal use set forth by the University of Utah Institutional
Animal Care and Use Committee. Retroviral knockdown was performed
using a Murine Stem Cell Virus backbone. EAE was induced by injection of
MOG35–55 peptide (Difco) emulsified in Complete Freund’s Adjuvant. Two-
tailed Student’s t test or two-way ANOVA statistical tests were used where
indicated (GraphPad Software).
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