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ABSTRACT

The commensal microbiota influences many aspects of immune system regulation, including T cells,
but molecular details of how this occurs are largely unknown. Here we review our findings that the
microbiota regulates Erdr1, a secreted apoptotic factor, to control T cell survival. Erdr1 is highly
upregulated in CD4+ T cells from germfree mice and antibiotic treated animals, and our study
shows that Erdr1 is suppressed by the microbiota via Toll-like receptor signaling and MyD88
dependent pathways. Erdr1 functions in an autocrine fashion and promotes apoptosis through the
FAS/FASL pathway. Suppression of Erdr1 leads to survival of autoreactive T cells and exacerbated
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autoimmune disease in the EAE model, and overexpression of Erdr1 results in lessened disease. This
novel T cell apoptotic factor has implications for autoimmunity, cancer biology, and invasive
pathogens and thus represents a novel therapeutic target in disease.

Introduction

Symbiotic bacteria that reside abundantly throughout
the mammalian body are commonly referred to as the
microbiota. These commensals have been shown to
have beneficial effects on the host, and disruptions to
the composition of the microbiota can be detrimental
to the organism." One such deleterious result is the
increasing prevalence of autoimmunity within indus-
trialized civilizations that is beginning to extend across
the globe. In most autoimmune diseases, T cells react
against innocuous antigens such as environmental
particles or self-tissue. Gut microbes are known to
drive both inflammatory and regulatory T cell
responses that influence autoimmune disease, how-
ever, the mechanisms by which the microbiota regu-
lates these responses is still unclear.>’

The commensal microbiota also has a role in
protecting the body from pathogenic infections.
Germfree (GF) and antibiotic-treated mice are more
susceptible to enteric pathogens than mice with a
diverse gut microbiota.*” Resident gut microbiota can
provide competition against invading bacteria by
nutrient acquisition, directed toxins, and by altering
the host environment to favor commensals, and gut

microbial signals work to sculpt induction of
lymphoid tissue and activate immune cells capable of
targeting and clearing invading pathogens.”®

Recent studies have uncovered specific roles for
the microbiota on CD4+ T cell differentiation and
function at both extra-intestinal and mucosal locations.
Systemically, it has been shown that germfree mice
have a lower number of CD4+ T cells in their spleen
than specific pathogen free (SPF) mice.” After mono-
colonization of GF mice with B. fragilis, a gut commen-
sal, the mono-colonized mice had an expansion and
restoration of CD4+ T cells to levels of SPF mice,
showing that the proportion of systemic CD4+ T cells
are directly related to microbial presence.” The subsets
and therefore function of those T cells can also change
depending on what types of microbes are residing
within the gastrointestinal tract. The presence of
segmented filamentous bacteria (SFB) can drive
Th17 expansion from CD4+4 T cells in the lamina
propria, leading to inflammation and boosting mucosal
immunity.'” A human commensal, Bifidobacterium
adolescentis, shows the same Thl7 induction but
without inflammation.'" In the colonic mucosa, Clos-
tridium species and polysaccharide A (PSA) producing
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B. fragilis induce the production and differentiation of
CD4+ T cells into inducible T regulatory cells (Tregs).
A robust Treg presence was shown to induce IL-10
production, an anti-inflammatory cytokine, and pro-
vided resistance to colitis.'*">

Given the breadth of the types of microbes present
in the mammalian microbiota, identifying how the
immune system responds to different microbial prod-
ucts is crucial in understanding the complex relation-
ship between microbiota-mediated diseases and
resulting pathologies. To identify genes that are regu-
lated by microbial signals, we screened for genes that
were differentially regulated in splenic CD4+ T cells
between GF and SPF animals. Genes involved in cellu-
lar maintenance, death, and survival had the greatest
difference between GF and SPF mice and from that
group Erythroid differentiation factor 1 (Erdrl) was
one of the most highly up-regulated genes in T cells
from GF mice."*

Erdrl is a vesicle associated secreted protein that is
ubiquitously expressed with multiple reported func-
tions.'” Erdr1 was originally identified as hemoglobin
synthesis factor in human cells, but has since been
shown to also influence cellular survival, growth and
motility in cancer cells'®.'” However, how Erdrl
functions within T lymphocytes had yet to be
explored. As there were multiple functions ascribed
to Erdrl within the literature we tested multiple
hypotheses prior to uncovering a role for Erdrl in
T cell death and its importance during autoimmune
disease.

Erdr1 is suppressed by the gut microbiota

Antibiotics are used heavily around the world,
often prescribed without solid evidence of a bacterial
infection and through different periods of develop-
ment.'®'” The implications of the overuse of antibiot-
ics in our society have become apparent through the
selection of multi-drug resistant bacteria.'®*>*' In
addition, disruptions to resident commensal microbes
by antibiotic usage can have detrimental effects on
host immunity and contribute to IBD.">** To mimic
the use of antibiotics in our society and to test that the
microbiota has a role in regulating Erdr1, a mixture of
antibiotics was administered to adult SPF mice to
deplete commensal bacteria. Reduction of the micro-
biota by antibiotics lead to elevated levels of Erdrl
expression within splenic CD44 T cell populations,
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similar to what was observed in GF mice. That Erdrl
suppression can be disrupted by antibiotics in adult
animals suggests that there is constant microbial pres-
sure on Erdr1 regulation.

Toll-like receptors are a family of cellular recep-
tors located on immune cells that respond to specific
microbial patterns ranging from bacterial peptidogly-
can, lipopolysaccharide, and flagella to non-self RNA
and DNA.>> Most TLRs signal through the MyD8$-
dependent pathway and activate the transcription
factor NFkB, resulting in production of pro-inflam-
matory cytokines and a robust immune response. As
the microbiota is a source of TLR ligands, we tested
whether Erdrl could be regulated by TLR signaling.
Indeed, animals deficient in Myd88 or TLR2 had ele-
vated levels of Erdrl, and treatment of T cells in vitro
with a TLR2 agonist suppressed Erdrl expression.
This suggests that TLR2 and MyD88 signaling down-
regulates Erdrl (Fig. 1). Because most of the gut
microbiota is present within the intestine, we
wondered how TLR ligands from the gut could influ-
ence populations of T cells outside the intestine. Sev-
eral reports have identified that TLR agonists can be
found circulating within the intestine.** Supporting
this, we demonstrated that TLR2 signaling was
detected in the serum of SPF but not GF animals.
Moreover, feeding purified TLR2 ligands to GF ani-
mals potently suppressed Erdrl expression. While
this suggests that T cells at systemic sites might be
directly influenced by circulating TLR ligands pres-
ent within the blood, the possibility still exists that
T cells traffic from gut to the spleen and therefore
might encounter local TLR ligands. Future studies
will be needed to differentiate between these
possibilities.

Uncovering a function for Erdr1 in T cells

Erdrl was originally discovered in the supernatants of
B-cell leukemic cells and was identified as a factor that
induces hemoglobin production in erythroid progeni-
tor lines.'® Since then, work has demonstrated that
Erdrl is downregulated in human cancer cell lines and
contributes to metastasis.'®'” Its properties as an apo-
ptosis factor had been suggested in other cell types,
but a role in T cells had yet to be explored.””™"” As the
microbiota has been shown to influence the differenti-
ation of CD4+ T helper cell subsets, we initially
performed a myriad of experiments to determine
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Figure 1. Model of Erdr1 Regulation and Downstream Pathways in CD4+ T Cells Figure 1: Erdr1 suppression is regulated by the micro-
biota via TLR signaling in CD4+ T cells. In the presence of commensal microbes, TLR2 signals through a MyD88 dependent pathway
and suppresses Erdr1, resulting in RankL and Fas activation. Apoptosis is induced by Caspase 3 following Fas activation. The data
suggests that the working model is 1) microbial ligands activate TLR2, which activates MyD88. MyD88 then either: A) suppresses Erdr1
independent of NFkB and outside the nucleus, or B) induces activated NFkB suppression of Erdr1 from inside the nucleus. 2) Free
cytosolic Erdr1 is secreted by an unknown channel and works in an autocrine manner on the 3) currently unknown Erdr1 receptor, which
upregulates RankL and Fas. 4) Activated RankL activates Fas/FasL pathway 5) Activation of FasL/FasR pathway leading to Caspase 8 and

3 activation and resulting apoptosis.

whether Erdrl functioned in this process. However,
neither over-expression nor knockdown of Erdrl by
shRNA had an effect on how T cells differentiated
into various subsets.'* As Erdrl had been reported to
function in apoptosis and survival we began to further
analyze these aspects of T lymphocyte biology. Sup-
porting this, GF, MyD88 and TLR2 deficient mice had
elevated levels of apoptotic splenic CD4+T cells. As
these are the signals that suppress Erdrl within T cells,
these data suggested that Erdrl expression might
induce T cell apoptosis.'*

We made several attempts to produce an Erdrl
knock-out mouse model. Initially, we created a whole-
body knockout using Crispr/Cas9 technologies, how-
ever there were never any surviving animals indicating
that it was embryonic lethal. Moreover, insertion of
LoxP sites surrounding Erdrl to create a conditional
allele was difficult, potentially due to highly repetitive
sequences surrounding the locus. In lieu of a knockout
mouse, overexpression and shRNA silencing tools
were used to manipulate Erdrl expression and identify
a function for Erdrl. Suppression of Erdrl by shRNA
led to a reduction in the proportion of pre-apoptotic
cells, resulting in significant increases in the absolute
numbers of live cells compared to the control. Forced
over-expression of Erdrl had the opposite effect, as it

caused significant deficiencies in live T cells through
apoptosis.

To investigate the mechanism responsible for
Erdrl-mediated apoptosis, RNA-seq was performed
on primary splenic Erdrl overexpressing CD4+
T cells. The most significantly different genes and
pathways were those involved in cell death and sur-
vival. One of the most significantly upregulated genes
was RankL, which has previously been shown to be
highly expressed in activated T cells. However, the
function of RankL in T cells has been shown to
be induction of cellular survival, therefore was
unlikely to influence Erdrl induced apoptosis on its
own. Interestingly, RankL has been reported to
enhance cell death in a collaboration with the Fas/
FasL signaling pathway.”>*” Fas/FasL is a primary
and well-studied pathway within T cells that leads to
apoptosis through caspase 3 activity in T cells.”**’

Based on this, we first determined whether Erdrl
regulated the Fas pathway. Supporting this, suppres-
sion of Erdrl expression by shRNA led to a reduction
of both activated caspase 3 and surface expression of
Fas. Moreover, chemical inhibition of caspase-3 or
neutralization of Fas using a blocking antibody pre-
vented Erdrl induced apoptosis. How RankL might
function in this pathway is still not fully understood.



RankL has been reported to have many different func-
tions including a report that it enhances T cell
growth.”” However, RankL has also been shown to
induce apoptosis in dendritic cells when in collabora-
tion with the Fas/FasL signaling pathway that could
drive tolerance.?” In T cells, it could be that when the
Fas/FasL pathway is engaged, RankL functions to
upregulate apoptosis, but in the absence of Fas/FasL it
acts as a growth factor (Fig. 1).

Previous work has shown that Erdrl can function
in both an autocrine and paracrine manner, but this
had not been tested in T cells.’® To test this, we over-
expressed Erdrl in CD45.2 T cells and incubating
them with CD45.1 control cells. Within 48 hours of
co-incubation the CD45.1 cells had outcompeted the
CD45.2 T cells, demonstrating that Erdrl likely acts in
an autocrine manner to induce apoptosis. Taken
together these data have continued to paint the picture
of Erdrl in T cells, regulated by the microbiota, as an
inducer of apoptosis by way of the RankL and Fas/
FasL signaling pathway affecting T cells in an auto-
regulatory manner (Fig. 1).

Erdr1 mediated cell death affects antigen specific
immune responses

Apoptosis, or programmed cell death, is an essential
means by which the life of a cell can be regulated. In
immune cells, if there are too many active cells, overly
inflammatory reactions can cascade into autoimmune
scenarios. Conversely, too little cells and an adequate
response to an invading pathogen cannot be mounted.

Considering that Erdr1 induces T cell apoptosis, we
thought it likely that the immune response would be
affected by manipulation of Erdrl expression. To test
this, Erdrl was overexpressed or silenced by shRNA
in CD44 OT-II TCR transgenic T cells, which were
adoptively transferred into TCRp-knockout mice
(which have no T cells). The mice were then immu-
nized with OVA and analyzed for their immune
response to the OVA. Animals with suppressed Erdrl
had increases in spleen size with more total cells in
them, increased numbers of OT-II cells and a reduced
percentage of antigen-specific preapoptotic CD4+ T
cells. Animals with suppressed Erdr1 also had a signif-
icant increase in inflammatory OT-II Th17 cells and
enhanced germinal center B cells. The overexpression
of Erdr1 had the converse result. The same experiment
was repeated, but with Fas KO mice as a T cell donor.
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Without the presence of the Fas pathway, differential
expression of Erdrl did not lead to a difference in apo-
ptotic cells. This strengthened the conclusion that
Erdrl enhances T cell apoptosis through the Fas path-
way in vivo.

Erdr1 mediated cellular death dictates the severity
of a multiple sclerosis model

Previous work has shown that GF mice are resistant to
Experimental Autoimmune Encephalomyelitis (EAE),
which is used as an animal model of multiple sclerosis
(MS).>*! In this model, immunization by an adjuvant
containing myelin glycoprotein results in uncontrolled
autoreactive T cells directed at myelin, which is a pro-
tective coating on nerves, leading to a loss of the mye-
lin sheath and subsequent paralysis.’>*> Part of the
reason that GF animals are resistant to EAE is likely
due to a loss of inflammatory T cell lineages, leading
to a decrease in an autoimmune phenotype. Given
that the suppression of Erdrl decreases T cell apopto-
sis, therefore increasing pro inflammatory T cells, we
hypothesized that suppression of Erdrl would lead to
exacerbated autoimmune disease in the EAE model.

Indeed, suppression of Erdrl within T cells
enhanced cellular survival of autoreactive T cells dur-
ing EAE, leading to increased paralysis and a worse
outcome. Consistent with enhanced diseased, there
were more infiltrating cells within the brains of ani-
mals with reduced Erdrl. Overexpression of Erdrl
showed the opposite effect: animals with elevated
Erdrl levels developed milder disease noted by partial
loss of their hind limbs and no forelimb paralysis,
fewer T cells infiltrated the brain, and T cells had an
increased expression of Fas, again validating that
Erdr1 leads to upregulation of apoptosis via Fas.

These experiments have shown that Erdr1 regulates
T cell survival and its suppression can have
detrimental effects in autoimmune disease progres-
sion. These experiments also show that Erdrl could be
used as a therapeutic target — inducing expression of
Erdrl in T cells could help alleviate MS symptoms.

Discussion and future directions

Future work is needed to identify Erdrl’s receptor.
While we have shown that Fas is a downstream target
and is the apoptotic signaling pathway affected by
Erdrl, Fas is not likely to be the primary receptor. It is
also possible Erdr1 has no surface receptor, but rather
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is taken back into the cell by the vesicles it is contained
within. More work is needed to tease apart one, or sev-
eral, different molecules that Erdrl is directly acting
upon. Once a receptor is found, both Erdrl and its
receptor could be targeted as a therapeutic interven-
tion both during autoimmune disease or during can-
cer progression.

We do not yet understand the specific interactions
of Erdrl with different bacteria, be they commensals,
pathobionts or invasive pathogens. We know that the
microbiota works to regulate Erdrl expression in
splenic CD4+ T cells; however, which bacteria influ-
ence Erdrl and in what ways remain to be investi-
gated. While gut commensals suppress Erdrl, other
systemic inflammatory pathogens, such as Salmonella,
might stimulate Erdrl expression as a means of host
evasion by limiting T cell responses. Investigations are
needed to determine the roles of various invasive
pathogen infections verses commensal interactions.
Fig. 2 explores current models of Erdrl regulation in
T cells and resulting impacts on autoimmunity, inva-
sive pathogens and cancer.

The onset and exacerbation of certain cancers often
have a microbial component. For instance, H. pylori
can cause gastric cancer and E. coli NC101 and F.

nucleatum (among others) exacerbate colorectal
cancer.”*® Previous studies have showed an involve-
ment of Erdrl in cancer cells lines. In addition to its
a pro-apoptotic factor
cancer'® and melanoma,'” Erdrl has been shown to
have a pro-apoptotic role in keratinocytes during UV
challenge.”” How Erdrl might function in T cells dur-
ing different types of cancer is yet to be determined, as
is its role in certain cancers with closer proximity to

role as during gastric

the gut microbiota and with a known microbial com-
ponent, such as colon cancer.

We know from this work that Erdr1 acts on T cells
in an autocrine manner, but it is still unclear if Erdrl
from a T cell has a paracrine or autocrine effect on
nearby epithelial cells, which could be critical in regu-
lating cancer progression. More work is needed to
investigate its potential involvement in these cancers,
and how the microbiota might work to mediate sup-
pression and induction of Erdrl both in cancer cells
and in lymphocytes. Its utility as a therapeutic target
is reliant on understanding which nearby cell types
become affected.

Further, we investigated mainly CD4+ T cells in
this study without regard to specific subsets. It may be
that Erdrl is more actively expressed in certain
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Figure 2. Working Model of Erdr1 Regulation and Resulting Disease Phenotypes Figure 2: In our current model of Erdr1 regulation, com-
mensal microbes suppress Erdr1, which downregulates T cell apoptosis (left panel). Blue arrows indicate the order of events and purple
arrows indicate Erdr1 expression level and the resulting phenotype (e.g. upregulation, more apoptosis, less autoimmune disease).
Downregulation of Erdr1 leads to enhanced T cell survival, which in turn leads to greater autoimmune diseases and suppression of
Erdr1 is noted in several cancer cell lines. In the absence of microbes via germfree or antibiotic treated animals, (right panel) Erdr1
expression is upregulated, T cell apoptosis is increased, and autoimmune disease severity is decreased. Upregulation of Erdr1 could lead
to decreases in cancer. Invasive pathogens could exploit this pathway, upregulating Erdr1 and leading to immune cell apoptosis as a

mechanism of immune evasion.



populations of CD4+ T cells than others, which could
have important effects on inflammation and disease
progression. Additionally, the role of Erdrl in other
immune cells types such as CD8+ T cells, B cells, den-
dritic cells and macrophages have yet to be addressed.

There are also potential ways in which Erdrl could
be regulated by a viral infection. It would be interest-
ing to assess the role of Erdrl during HIV infection in
CD4+ T cells. A T cell apoptosis factor could have a
role in HIV progression or could be used as a therapy.
For instance, during an HIV latency phase, if Erdrl
could be overexpressed in those cells, leading to spe-
cific apoptosis of HIV containing CD4+ T cells, per-
haps the virus load in an individual could be lowered.
During AIDS, perhaps suppression of Erdrl could
help to diminish the depletion of CD4+ T cells. Much
more work would be needed to show these involve-
ments and the potential for therapy.

All told, elucidating the role of Erdr1 in T cells has led
to exciting insights in how the microbiota could be
regulating autoimmune disease, and could be used as a
therapeutic target alongside other treatments to help
alleviate MS symptoms. It also has a role in different can-
cer types, where suppression of Erdr1 leads to increased
oncogenesis, and induction of Erdr1 or stimulation of its
receptor could be a future therapeutic target.
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