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Summary

The autoimmune regulator (A/RE) is essential for prevention of autoimmunity; its role is best
understood in the thymus where it promotes self-tolerance through tissue-specific antigen (TSA)
expression. Recently, extrathymic AJre-expressing cells (eTACs) have been described in murine
secondary lymphoid organs, but the identity of such cells and their role in immune tolerance
remains unclear. Here we have shown that eTACs are a discrete major histocompatibility complex
class Il (MHC 1), CD80'°, CD86, epithelial cell adhesion molecule (EpCAM)N, CD45° hone
marrow-derived peripheral antigen presenting cell (APC) population. We also have demonstrated
that eTACs can functionally inactivate CD4* T cells through a mechanism that does not require
regulatory T cells (Treg), and is resistant to innate inflammatory stimuli. Together these findings
further define eTACs as a distinct tolerogenic cell population in secondary lymphoid organs.

Introduction

Clonal diversity within the adaptive immune system allows responsiveness to a wide range
of pathogens, but can also predispose to autoimmunity in the absence of appropriate self-
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tolerance. Education of developing T cells in the thymus is a critical component of such
tolerance, and involves removal of developing autoreactive T cells (Anderson et al., 2005;
Metzger and Anderson, 2011) in part through the activity of A/RE. AIRE was first identified
in humans by positional cloning as the defective gene in the monogenic autosomal-recessive
Autoimmune Polyglandular Syndrome Type I (APSI; (Nagamine et al., 1997), and Ajre™~
mice develop severe, pleiotropic, multi-organ autoimmunity (Anderson et al., 2002). Thymic
Aire expression prevents autoimmunity by exposing developing T cells in the thymus to
otherwise tissue-specific antigens (TSAS) like insulin (pancreas; (Anderson et al., 2005;
Derbinski et al., 2001) and vomeromodulin (lung; (Shum et al., 2009), which are transcribed
in specialized AJre-expressing medullary thymic epithelial cells (mTECSs); exposure to such
antigens induces central T cell tolerance to the peripheral organs in which these antigens are
normally expressed.

Aire expression has also recently been described in a population of extrathymic AJre-
expressing cells (eTACSs) in murine peripheral lymphoid organs. These cells express unique,
Aire-regulated TSAs distinct from those driven by thymic Aire, and can cause activation-
induced cell death of interacting CD8* T cells (Gardner et al., 2008). Other cell populations
in the periphery have also been suggested to promote self-tolerance through intrinsic
expression of TSAs (Cohen et al., 2010; Fletcher et al., 2010) and TSA expression in non-
obese diabetic (NOD) mice lymph nodes was recently suggested to correlate with diabetes
progression (Yip et al., 2009).

Despite this accumulating evidence of peripheral expression of both AJreand diverse TSAS,
there are conflicting reports on the exact identity of the Ajre-expressing population in the
periphery. A/RE transcript has been found in human lymph nodes (Nagamine et al., 1997)
and has also been detected at the protein level (Poliani et al., 2010). Investigations into Aire
expression in mice have also identified AJretranscripts in secondary lymphoid organs, but
detection of Aire protein in these tissues has been variable (Anderson et al., 2002; Halonen
etal., 2001; Heino et al., 2000; Hubert et al., 2008). Also, the type of cell expressing AIRE
in the periphery has been controversial, with groups reporting AIRE in both the
hematopoietic and stromal lineages (Fletcher et al., 2010; Gardner et al., 2008; Poliani et al.,
2010).

Previously, we showed that eTACs express high amounts of major histocompatibility
complex class Il (MHC I1) and relevant antigen processing machinery, but lack the high
expression of CD80 and CD86 that characterize other antigen presenting cell (APC)
populations (Gardner et al., 2008). While low expression of CD80 and CD86 has also been
described for other peripheral TSA-expressing populations (Lukacs-Kornek et al., 2011),
these cells appear to express minimal MHC 11 in the absence of inflammatory signals
(Malhotra et al., 2012). Nevertheless, the ability of any peripheral TSA-expressing
population to interact with CD4* T cells or affect the development of autoimmune disease
has remained unclear.

Here we have identified eTACs as a distinct CD45!° bone marrow-derived APC population,
thus reconciling conflicting reports about the identity of eTACs. We also found that targeted
expression of pancreatic antigens in eTACs robustly prevented CD4* T cell-mediated
autoimmune diabetes. We demonstrated that such tolerance induction was highly resistant to
conversion from tolerance to immunogenicity and persisted upon serial transfer to
susceptible secondary hosts. Finally, we have shown that the mechanism of eTAC-mediated
tolerance depends primarily on the induction of functional inactivation among effectors and
not on regulatory T cell (Treg) enrichment, and does so through a mechanism involving
deficient costimulation. Together, these results identify eTACs as a discrete, unique
population of bone marrow-derived tolerogenic APCs.

Immunity. Author manuscript; available in PMC 2014 September 19.
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Murine eTACs are a distinct bone marrow-derived APC population

Recent evidence suggests that peripheral A/re expression maps to a radioresistant cell
population (Fletcher et al., 2010; Gardner et al., 2008) but a lack of clarity on markers
expressed on eTACs has hindered direct analysis of these cells. Utilizing our previously
described Aire-reporter mouse (Adig) in which Aire drives expression of GFP and the islet-
specific glucose-6-phosphatase-related protein (IGRP) antigen (Gardner et al., 2008), we
sought to more precisely define this cell population. To map the origin of these cells, we
first generated reciprocal bone marrow chimeras and examined the ability of Aire-driven
antigen to induce proliferation of transferred IGRP-specific T cells. Consistent with our
previous work, we observed that radioresistant cells drove T cell proliferation (Figure 1A),
but also found strong evidence for increased proliferation in wildtype (WT) recipients of
Adig bone marrow, suggesting that eTACs may be a bone marrow-derived but partially
radioresistant population. Importantly, while residual radioresistant eTACs were sufficient
to induce 83 T cell deletion as we reported previously (Gardner et al., 2008), eTACs
recently generated from the bone marrow were also capable of deleting 83 T cells (Figure
S1A). We next examined peripheral lymphoid organs of these reciprocal chimeric mice, and
observed that the vast majority of GFP* CD45!© MHCII* eTACs were in fact derived from
the bone marrow compartment (Figure 1B), and nuclear Aire staining colocalized with GFP
only when the Ajre-GFP transgene was expressed by bone marrow-derived cells (Figure
1C). However, we did occasionally observe residual Ajre-GFP* eTACs in transgenic mice
receiving WT bone marrow (Figure S1B), consistent with prior identification of some
radioresistance by eTACs (Gardner et al., 2008). Together, these results demonstrate that
eTACs represent a radioresistant bone marrow-derived and not a stromal lineage.

We next revisited expression of the pan-hematopoietic marker CD45 on eTACs. Through
the use of additional markers such as epithelial cell adhesion marker (EpCAM) and CD86,
we found that eTACs were not strictly negative for CD45, as reported previously population
(Fletcher et al., 2010; Gardner et al., 2008), but rather expressed low amounts of CD45
(Figure 2A, 2B, S2A). Interestingly, we analyzed the appearance of eTACs on the stromal
cell gating strategy used previously (Fletcher et al., 2010) to identify AJre message among
gp38~ CD31~ CD45'° events, and found that eTACs likely fell within this gate due to low
but non-negative CD45 expression (Figure 2C, 2D). This likely explains previous reports of
Aire message being detectable in CD45™ populations, and definitively establishes eTACs as
a bone marrow-derived population.

We next sorted eTACs for comparison to Aire* mTECs and conventional DCs (cDC), two
APC populations with similar transcriptional profiles to eTACs (Gardner et al., 2008), and
found that while TSA and Aire expression were highly restricted to eTACs and mTECs,
eTACs exhibited low expression of the characteristic DC markers CD45 and CD11c (Figure
2B). Importantly, eTACs and DCs had comparable expression of Zbtbh46, a recently
identified marker of the classical DC lineage (Satpathy et al., 2012) (Figure 2B). We also
examined eTACs from Zbtb46 reporter mice and found equivalent GFP expression in
eTACs and cDCs (Figure 2E). In contrast to DCs, eTACs only weakly expressed CD80 and
CD86 by gPCR (Figure 2F), and lacked expression of most Fc receptors examined (Figure
S2B), suggesting a limited potential internalize and present opsonized foreign antigen. Of
note, eTACs and DCs both expressed Deaf-1, (Figure 2F), although the transcriptional
variant of Deaf-1 that Yip et al. associated with TSA expression was undetectable in sorted
cell populations (2009). Finally, sorted eTACs also displayed cDC-like morphological
features, namely a large, highly vacuolated cytoplasm (Figure 2G). To further characterize
the relationship of cDCs and eTACs, we examined a panel of surface markers characteristic
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of ¢DCs (Figure 2H) and plasmacytoid DCs (Figure S2C), and found that eTACs fell into
neither group, and appeared to represent a distinct, non-conventional APC population.

eTACs are present in human secondary lymphoid organs

To identify and characterize peripheral A/RE-expressing populations in humans, we
examined lymph node sections by immunofluorescence and were able to identify discrete
cells expressing intranuclear AIRE protein (Figure 3A) in all patient samples examined
(6/6). Further, as in mouse, human eTACs were uniformly MHC 11", and localized to the
subcapsular zone at the boundary between the T cell paracortex and B cell follicles within
the lymph node (Figure 3A). Importantly, we found that AIRE protein in human eTACs and
mTECs was exclusively intranuclear and concentrated in nuclear speckles (Figure 3B, S3A,
S3B), similar to the localization of transcriptionally active AIRE protein in the thymus (Su
et al., 2008). As in mice (Gardner et al., 2008) (Figure 2), human eTACs did not stain
strongly for the conventional DC markers CD11c and CD45, and also lacked CD11b (Figure
3C). Together, these results identify a discrete population of eTACs in human secondary
lymphoid organs closely resembling their murine counterparts.

Transgenic Aire-driven BDC peptide is expressed in mTECs and eTACs

Given the high expression of MHC Il by mouse and human eTACs, we hypothesized that
eTACs might interact with CD4* T cells. To investigate this we turned to the BDC2.5 TCR-
transgenic mouse model of diabetes (Katz et al., 1993), in which diabetogenic CD4* T cells
react to a pancreatic antigen derived from chromogranin A (Stadinski et al., 2010), as well
as its mimetope peptide p31 (Judkowski et al., 2001). By inserting the BDC mimetope
peptide into the MHC class Il molecule-associated invariant Chain (li or CD74) under
direction of the Aire promoter (van Santen et al., 2004), we were able to direct presentation
of p31 and expression of GFP to mTECs and eTACSs in an A/re-driven BDC antigen
(AdBDC) transgenic mouse (Figure 4A). Localization of mTECs and eTACs to the thymic
medulla and boundary of the T and B cell zones, respectively, was confirmed, as was
colabeling of AJre-expressing cells with both Aire protein and GFP (Figure 4B).
Examination of surface marker expression on GFP* cells from Adig and AdBDC mice
confirmed that Aire-expressing cells identified by the two reporters had identical profiles
(Figure 4C, 4D). Together, these results demonstrate that the AdBDC transgene faithfully
recapitulates endogenous AJre expression in mTECs and eTACs.

eTACs interact with cognate CD4* T cells and drive tolerance in AdBDC mice

To test whether eTACs could present antigen to CD4" T cells, we performed adoptive
transfers of congenically-marked, CFSE-labeled BDC2.5 CD4* T cells. Three days post-
transfer, BDC2.5 T cells were found to proliferate only in the pancreatic lymph nodes in WT
recipients. In contrast, robust proliferation of BDC2.5 T cells was observed in all secondary
lymphoid organs of AdBDC mice, and by two weeks post-transfer, notable residual
populations remained which had completely diluted CFSE (Figure 5A). Importantly,
proliferation was also observed in ADBDC mice reconstituted with MHCII deficient bone
marrow (Figure S4A), demonstrating that that direct antigen presentation by radioresistant
eTACs (Figure S1B) was sufficient to drive BDC2.5 T cell proliferation.

We next tested whether cognate antigen expression in eTACs could directly impact
BDC2.5-mediated autoimmune diabetes. Purified populations of naive, CD25-depleted
BDC2.5 T cells rapidly cause diabetes in NOD severe combined immunodeficiency (SCID)
hosts after adoptive transfer (Figure 5B). However, cognate antigen expression on host
eTACs in AdBDC SCID recipients led to complete protection from BDC2.5-mediated
diabetes and prevention of islet infiltration (Figure 5B, 5C), suggesting that proliferating
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BDC2.5 T cells in AdBDC SCID recipients died or remained functionally sequestered prior
to reaching the target tissue.

We next addressed whether such tolerogenic function was a non-specific result of antigen
presentation by any non-inflammatory APC. To accomplish this we covalently conjugated
BDC2.5 mimetope antigen to an anti-DEC205 antibody (DEC1040), which leads to
presentation of the conjugated antigen by tolerogenic DEC205* DCs (Bonifaz et al., 2002).
Although this method of delivery differed from the transgenic approach used in AdBDC
eTACs, DEC1040-mediated loading of DCs induced robust proliferation of cognate BDC2.5
T cells (Figure S4B). However, such BDC2.5 T cell-DC interactions in DEC1040-treated
NOD SCID recipients failed to prevent or slow progression of BDC2.5-mediated
autoimmune diabetes (Figure 5B). Together, these data indicate that antigen-specific eTAC-
CD4" interactions lead to rapid proliferation and subsequent inactivation of interacting T
cells, and result in complete protection from both insulitis and autoimmune diabetes.

eTAC interaction leads to Treg cell enrichment, but tolerance is Treg cell-independent

We next attempted to investigate the mechanism of such tolerance by characterizing the
phenotype and function of residual eTAC-experienced CD4* T cells in AdBDC hosts
(Figure 5A). Despite prolonged interaction with antigen-bearing eTACs, residual BDC2.5 T
cells retained avidity for I-Ag7-p31 tetramer (Figure 6A), suggesting that the surviving T
cells in this context had not lost their antigen-specificity or undergone T cell receptor (TCR)
downregulation. These residual BDC2.5 T cells were enriched for Foxp3* Treg cells (Figure
6B, 6C) despite pre-transfer CD25 depletion, and enrichment was most prominent in non-
antigen draining sites, suggesting eTAC interactions in the absence of competing APC
populations may favor the preferential expansion, retention, or survival of Treg cells.

To determine whether this peripheral Treg cell expansion and enrichment explained the
mechanism of tolerance induced by eTACs, we next crossed BDC2.5 TCR-transgenic mice
with NOD Foxp3-diphtheria toxin receptor (DTR) transgenic mice, which rapidly deplete
Foxp3* Treg cells upon exposure to diphtheria toxin (Feuerer et al., 2009) (Figure S5A). We
adoptively transferred BDC2.5* Foxp3-DTR* T cells into WT or AdBDC SCID mice
treated continuously with diphtheria toxin and found that while WT SCID hosts progressed
rapidly to diabetes, AdBDC SCID recipients remained disease-free (Figure 6D).
Furthermore, the islets of ADBDC SCID hosts remained devoid of T cell infiltrates,
demonstrating the inability of eTAC-experienced BDC2.5 effector T cells to reach the target
organ even in the absence of Treg cells (Figure S5B). These results suggest that while
eTAC-CD4" T cell interactions support the enrichment of Treg cells, such regulatory
populations are not required for eTAC-mediated tolerance.

As the activity of Treg cells in #rans was not critical for eTAC-mediated tolerance of
BDC2.5 T cells, we next explored whether effector T cells might be functionally inactivated
in c/swith a serial co-transfer system. Ten days after adoptive transfer of CD25-depleted
BDC2.5 T cells into WT and AdBDC SCID hosts, lymphocytes were harvested, purified,
and re-transferred into secondary WT lymphopenic recipients either alone or mixed 1:1 with
freshly isolated naive, CD25-depleted BDC2.5 T cells (Figure 6E). BDC2.5 lymphocytes
serially transferred from WT SCID mice again induced diabetes in secondary SCID hosts,
while serially transferred lymphocytes from AdBDC SCID mice still failed to induce
diabetes, despite the absence of continued exposure to cognate antigen-loaded eTACs
(Figure 6F). Consistent with the results of the Foxp3-DTR experiments above, BDC2.5 T
cells harvested from either WT or AdBDC SCID hosts did not mediate tolerance in #rans, as
serial co-transfer of purified CD4* lymphocytes mixed 1:1 with freshly isolated naive
BDC2.5 T cells failed to suppress or delay disease onset (Figure 6F). Together, these data
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suggest that eTAC-mediated tolerance operates primarily in c/s—via induction of functional
inactivation of effectors—and not in frans—via expansion of Treg cells.

eTAC-CD4* T cell interaction induces functional inactivation via absence of costimulatory

signals

To further examine effector T cell inactivation following eTAC encounter, we characterized
tolerized BDC2.5 T cells following transfer to AdBDC hosts. Consistent with functional
inactivation of effectors, we observed that tolerized T cells expressed high amounts of
programmed cell death 1 (PD-1) and the tolerance-associated markers CD73, FR4, and Lag3
(Bettini et al., 2011; Martinez et al., 2012), and also had diminished interleukin-2 (IL-2)
production (Figure S5C-F). Next, we adoptively transferred naive BDC2.5 T cells into
AdBDC and WT mice, immunized these recipients at day 14 post-transfer with p31 and
adjuvant, and measured interferon-y (IFN-y) production three days later (Figure 7A).
Whereas BDC2.5 T cells isolated from WT hosts retained the ability to produce IFN-y after
immunization, BDC2.5 T cells from AdBDC mice remained unresponsive (Figure 7B).
Likewise, and consistent with the disease transfer results described above, pretreatment of
recipient mice with DEC205* DC-targeted antigen failed to induce anergy upon rechallenge,
and indeed led to a more robust secondary recall response (Figure 7B), further suggesting
that eTACs induce anergy through a cell-type specific mechanism.

To further delineate the mechanisms of eTAC-mediated tolerance, we next interrogated a
broad range of established tolerogenic pathways. Notably, blockade of other established
inhibitory pathways including programmed cell death ligand 1 (PD-L1) and interleukin-10
(IL-10) failed to break eTAC-mediated tolerance (Figure S6A-C). Likewise, we
investigated the OX40 alternative costimulatory pathway, which is able to override tolerance
in some situations (Lathrop et al., 2004). OX40 was upregulated on BDC2.5 T cells shortly
after eTAC encounter (Figure S6D) and provision of agonist signal through this receptor
could drive an activated phenotype in otherwise tolerized BDC2.5 T cells (Figure S6E),
although signaling through this pathway was similarly unable to override the diabetes
protection observed in ADBDC SCID mice (Figure S6F). Because strong costimulation
through OX40 engagement could partially override tolerance, we next explored the
possibility that the paucity of B7 costimulation on eTACs contributed to their tolerogenic
activity (Harding et al., 1992). First, we addressed whether low CD80 expression by eTACs
was sensitive to inflammatory signals, and found that while poly I:C and anti-CD40 caused
CD80 upregulation on CD11c* DCs (Mukhopadhaya et al., 2008), eTACs appeared
unresponsive to these inflammatory signals, as they failed to upregulate CD80 and were still
able to induce tolerance in this setting (Figure 7C, 7D). To determine whether lack of
costimulation contributed to eTAC-mediated tolerance induction, we employed an /n vitro
system of CD4-eTAC interaction in which we used an anti-CD28 agonist. Naive BDC2.5 T
cells were stimulated by either AABDC APCs, or by p31-pulsed WT APCs (Figure S6G).
Similar to /n vivo observations, BDC2.5 T cells became unresponsive to secondary antigen
exposure following eTAC interaction, while BDC2.5 T cells stimulated by bulk APCs were
able to mount a strong secondary IFN-y response (Figure 7E). Importantly, provision of
exogenous costimulation with anti-CD28 caused a partial reversion of the observed anergy
in AdBDC cultures, suggesting that lack of CD28 costimulatory signaling during eTAC
interaction with antigen-specific T cells contributes to the mechanism of eTAC-mediated
antigen unresponsiveness. Given the high expression of MHC Il by eTACs relative to other
common APC populations (Figure 7F), we also investigated the contribution of strong TCR
signaling to the induction of tolerance. We found that the addition of MHC Il blocking
antibodies to AdBDC cultures could attenuate the peptide:MHC signal delivered by eTACs,
as evidenced by reduced cell cycling (Figure S6H), and result in increased antigen
responsiveness among BDC2.5 T cells that had diluted CFSE (Figure 7G). Together, these
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results suggest that induction of CD4* T cell tolerance by eTACs involves a combination of
factors that include the delivery of a strong TCR stimulus in the absence of effective
costimulation.

Finally, to further address the mechanism of BDC2.5 T cell tolerance and unresponsiveness
following interactions with eTACs, we examined signaling events downstream of TCR
ligation in BDC2.5 T cells following eTAC-driven tolerance induction. BDC2.5 T cells that
had encountered eTACs expressing cognate antigen in lymphoreplete AdBDC mice were
severely impaired in their ability to increase calcium in response to TCR stimulus (Figure
7H), and were also unable to initiate TCR signaling through the parallel Ras-MAPK
pathway as evidenced by impaired ERK phosphorylation (Figure 71). These results
demonstrate that eTAC-tolerized T cells have impaired TCR signaling, at least affecting
events downstream of phospholipase C gamma-1 (PLCgl) activation. These results suggest
that eTAC interaction induces robust functional inactivation and antigen unresponsiveness
of autoreactive T cells that is highly resistant to conversion from tolerance to
immunogenicity.

Discussion

The recent description of AJre-expressing cells and ectopic TSA transcription in the
periphery has raised the important question of whether intrinsic peripheral self-antigen
expression can directly prevent autoimmune disease. Previous descriptions of putatively
tolerogenic TSA-expressing populations have focused on deletional tolerance of CD8* T
cells (Gardner et al., 2008; Lee et al., 2007; Nichols et al., 2007), but given widespread
MHC class | expression, it was not clear whether this represented a unique feature of these
populations or was merely a byproduct of previously unappreciated antigen expression in
non-professional APCs. Further, the presence, identity, and ontogeny of A/re-expressing
populations in the secondary lymphoid organs, and the identity of human eTAC equivalents,
have remained unclear. Here we show that mouse and human secondary lymphoid organs
contain similar populations of discrete extrathymic Aire-expressing cells, that such cells
represent a novel bone marrow-derived population of APCs, and that eTACs play a unique
role among peripheral TSA-expressing populations by interacting with CD4* T cells.
Further, such interactions promote robust, stable T cell tolerance and prevent progression of
autoimmune diabetes.

Our investigation into the origin of eTACs led us to the unexpected conclusion that eTACs
are in fact not a stromal population as suggested previously, but are rather bone marrow-
derived. The lack of high expression of CD45 and APC markers such as CD11c among cells
labeled with the Adig reporter, combined with evidence of radioresistance in adoptive
transfer experiments with cognate T cells, had originally indicated that at least some A/re-
expressing cells in the peripheral lymphoid tissues were radioresistant stromal cells,
although initial experiments had also shown that peripheral A/re-expressing cells could
develop from the bone marrow (Gardner et al., 2008). A comparison of the relative
induction of cognate T cell proliferation in reciprocal Adig chimeras in which AJre-driven
antigen was restricted to either the radioresistant or bone marrow-derived compartment
showed that the bone-marrow restricted condition most closely replicated initial
observations in unmanipulated Adig mice (Gardner et al., 2008). Further analysis of bone
marrow chimeras made with both the Adig and AdBDC reporters of AJre expression
revealed that the bone marrow compartment was the primary source of Ajre-driven GFP in
these mice, demonstrating that eTACs are bone marrow-derived, and that a degree of
radioresistance by eTACs explains their detection in the radioresistant compartment. The
possibility also remains that authentic radioresistant stromal cell types express low amounts
of Aire and explain our detection of Ajre-driven antigen in this compartment, but CD45°
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MHCIIN cD80'° CD86!° EpCAMN e TACs appear to be the primary source of Aire in the
periphery, and the use of an improved eTAC gating strategy allowed us to identify
equivalent amounts of Ajre expression among sorted peripheral eTACs and Airet mTECs
from the thymus.

Identification of the bone marrow origin of eTACs led to the question of their relationship to
other APC populations. Here we have shown that eTACs express low CD45, consistent with
their development from the bone marrow. We also identified low CD11c expression in
eTACs, as reported in peripheral human lymph nodes (Poliani et al., 2010). Furthermore, we
found that eTACs and conventional DCs expressed equivalent amounts of the recently
identified transcription factor Zbtb46 (Satpathy et al., 2012), which suggests that eTACs
develop through the committed classical DC precursor. Nevertheless, a comparison of
surface marker expression between eTACs and conventional DCs shows that while eTACs
have a homogenous flow cytometry profile with respect to the markers investigated, they do
not clearly fall into any previously identified subset of DCs, supporting the conclusion that
eTACs are a distinct and previously undescribed population of APCs.

Consistent with their identity as a distinct professional APC population, we observed that
eTACs in transgenic AdBDC mice drove extensive proliferation of cognate T cells.
Importantly, direct antigen presentation by eTACs, rather than antigen handoff, was
sufficient to induce robust CD4* T cell proliferation, which led to tolerance among CD4*
BDC2.5 T cells in a SCID setting. While both functional inactivation of effectors and
enrichment of Treg cells may promote such tolerance, it appears that functional inactivation
alone following eTAC:T cell interactions is sufficient to prevent autoimmunity, as BDC2.5
FoxP3-DTR* T cells depleted of Treg cells remain unable to transfer disease into AdBDC
SCID recipients. Also, eTAC-experienced BDC2.5 T cells were unable to transfer disease
serially in cis into secondary lymphopenic hosts, and failed to suppress adoptive transfer of
disease by other naive BDC2.5 T cells in trans.

Consistently, tolerized BDC2.5 T cells have impaired signaling TCR signaling leading to
both the calcium and Ras-MAPK pathways. The precise site of defective signaling likely
involves phospholipase C-g1 (PLCg1) activation or upstream events. Biochemical
characterization of the site of defective signaling is challenging due to the small number of
antigen specific unresponsive cells and will require further study. However, the origin of this
impaired signaling is not likely simply attributable to high PD-1 expression since co-ligation
of PD-1 with the TCR is required for inhibition of TCR signaling (Chemnitz et al., 2004).
Such antigen unresponsiveness might result from incomplete signaling events through T
cells undergoing tolerance induction, such as the delivery of antigen in the absence of
costimulatory signals in clonal anergy, but is also observed in conditions of repeated antigen
exposure including chronic viral infections, where costimulatory pathways are not
specifically impaired (Frebel et al., 2010). While eTACs are incompetent to deliver a full
signal through the CD28 costimulatory pathway, persistent self-antigen presentation by
eTACs and high MHC 11 expression may also contribute to their tolerance induction through
an exhaustion-like pathway of acquired antigen unresponsiveness in which costimulatory
signaling is not a major factor in tolerance induction (Singh et al., 2007). However, the
inactivation of Erk signaling we observed in eTAC-tolerized cells was more associated with
clonal anergy than exhaustion or adaptive tolerance in a biochemical comparison of models
for the two states (Chiodetti et al., 2006). Taken together, our results indicate that the
primary mechanism of eTAC-mediated disease prevention in this model is recessive—via
functional anergy of effectors as opposed to enrichment of Treg cells.

Our results also suggest that eTACs may have uniquely pro-tolerogenic capabilities. In
support of this, targeting of a BDC mimetope peptide to another putative tolerogenic APC
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population, DEC205" DCs, induces proliferation of adoptively transferred BDC2.5 T cells
similar to that seen in AdBDC recipients, but fails to protect from adoptively transferred
diabetes. While the lack of tolerance by DEC1040 was surprising given the established role
for immature DEC205* DCs in tolerance induction (Bonifaz et al., 2002; Mukhopadhaya et
al., 2008), DCs from NOD mice may have impaired tolerance (Hamilton-Williams et al.,
2009), and prior studies of DEC205* DCs have focused on tolerance induction of CD8* T
cells. Also, the lymphopenia in SCID mice may override tolerogenic DEC205* DC antigen
presentation, as peripheral antigen display can convert from tolerogenic to immunogenic in
the context of lymphopenia (King et al., 2004). It should also be mentioned that delivery of
antigen via anti-DEC1040 and via the AJre promoter may differ in the dose and length of
antigen exposure, which could affect the differential tolerance induction by DEC205* DCs
and eTACs. However, our DEC1040 experiments suggest that eTAC-induced tolerance is
not simply a result of the presence of cognate antigen in our disease model, but instead
likely depends on additional antigen presentation qualities of eTACs. Indeed, T cell
tolerance induced upon eTAC encounter appears insensitive to the perturbations that
mitigate many other characterized forms of peripheral tolerance. For example, it is striking
that self-antigen expression in eTACs prevents autoimmunity even in lymphopenic SCID
mice, and that CD40 and toll-like receptor (TLR) stimuli do not revert eTAC-induced
tolerance, in contrast to studies with conventional DC-targeted antigens (Mukhopadhaya et
al., 2008). Together these findings suggest that self-antigen expression in eTACs induces a
remarkably robust T cell tolerance that is highly resistant to conversion from tolerance to
immunogenicity.

Further, these findings distinguish eTACs among putative TSA-expressing peripheral
populations in the secondary lymphoid organs. While expression of individual TSA genes
has been reported in fibroblastic reticular cells and lymphatic endothelium, these
populations do not express A/re (Cohen et al., 2010; Fletcher et al., 2010; Lee et al., 2007;
Nichols et al., 2007), and while other transcriptional regulators such as Deaf1 may fulfill this
same function (Yip et al., 2009), the role of any such factor(s) has not yet been linked to
TSA expression in a specific population or to the promotion of immunologic tolerance.
Further, while the identification of individual candidate TSA genes expressed in such
populations may represent genuine antigen production for the sake of immune education,
enrichment for a broad range of ectopically expressed TSA genes appears unique to eTACs
(Gardner et al., 2008). This provides an appealing model for complementary tolerance
induction to self-reactive T cells that evade adequate negative selection in the thymus, and
the fact that such TSA-expressing eTACs can induce tolerance among both CD4* and CD8*
T cells further supports a broad role for this population in peripheral tolerance.

Together these results demonstrate that eTACs are a distinct type of bone marrow-derived
APC, and that targeted antigen expression in e TACs induces robust peripheral self-tolerance
through the induction of antigen unresponsiveness. The ability of eTACs to confer such
tolerance in secondary hosts represents an attractive therapeutic application for this
population in the re-establishment of immune tolerance in both autoimmunity and
transplantation. Finally, our findings that eTACs are a distinct bone marrow-derived
population from the classical DC lineage should facilitate the identification and development
of /n vitro differentiation and expansion conditions that will make therapeutic eTAC
transfers feasible for the induction of antigen-specific immune tolerance.

Experimental Procedures

Transgene construction, BAC recombineering, and purification

Aire-driven BDC2.5 peptide (AdBDC) transgenic mice were generated by standard cloning
methods using a bacterial artificial chromosome (BAC) recombineering and transgenesis
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strategy. Full description of primers, reagents, and recombineering strategy can be found in
Supplemental Experimental Procedures.

Mice and genotyping

AdBDC and Adig transgenic NOD mice were screened by real-time PCR for GFP, and were
maintained in heterozygosity for all experiments. Additional information on mouse strains
and genotyping appears in the Supplemental Experimental Procedures. All mice were
maintained in microisolator cages and treated in accordance with NIH and American
Association of Laboratory Animal Care standards, and consistent with the animal care and
use regulations of the University of California, San Francisco.

Flow Cytometry and Cell Sorting

All flow cytometry antibodies were purchased from BD Pharmingen, eBioscience,
Invitrogen, or Southern Biotech with the exception of anti-CD16/32 (clone 2.4G2), which
was purified by the UCSF hybridoma core. Lymphocytes for flow cytometry were prepared
by mashing thymi, lymph nodes, or spleens, filtering through a 70um cell-strainer, ACK
lysis of red blood cells (spleen only), counting by trypan blue exclusion, resuspending in Fc
block (2.4G2), and staining in FACS buffer.

eTAC, mTEC, DC and macrophage populations were isolated by digestion in a mixture of
collagenase, dispase, and DNase followed by Percoll density centrifugation, as described by
Gardner et al. (2008). Populations were identified as follows: cDCs (DAPI-, CD45M,
MHCII*, CD11c¢"), Aire+ mTECs (DAPI~, CD11c™, EpCAM*, CD45~, MHCII*, Aire-
GFP*), B cells (FSC vs. SSC, CD19*, CD45*, CD11c™), CD4* T cells (FSC vs. SSC, CD4%,
CD45%, CD11c™), macrophages (FSC vs. SSC, F4/80+, CD45+). Cells were analyzed with a
BD LSRII cytometer and sorted on a BD FACSAria Il cell sorter. Tetramer, Foxp3,
phospho-Erk, Calcium FACS assays, and mRNA transcript analysis by qPCR were
performed as described in Supplemental Experimental Procedures.

Immunofluorescent staining and histology

Immunofluorescent staining was conducted as described in the Supplemental Experimental
Procedures. To visualize cytosolic GFP in AdBDC mice, tissues were fixed in 1.5% PFA
followed TSA amplification of GFP staining (Perkin Elmer). For human sections, formalin-
fixed, paraffin-embedded sections obtained from the JDRF nPOD project were processed for
antigen retrieval prior to TSA amplification of AIRE signal.

Reciprocal bone marrow chimeras

WT and Aire-GFP reporter mice (Adig for 8.3 adoptive transfers, AdBDC mice for the
displayed Aire-GFP plots) were used as donors and/or recipients to generate chimeric mice
to restrict transgene expression to the bone marrow, radioresistant host, neither, or both
compartments. Recipient mice received two irradiation cycles totaling 1300 rads (900 rads,
400 rads), with at least 3 hours between doses. Donor bone marrow was harvested, depleted
of T cells as described previously (Gardner et al., 2008), and injected i.v. at 1 x 107 cells per
host. Mice were harvested after at least 8 weeks of reconstitution.

Purification, CFSE-labeling, and adoptive and serial transfers of T cells

For adoptive transfer of naive, CD25-depleted, CD4-enriched T cells, spleen and non-
pancreatic lymph nodes were harvested from nondiabetic donors, pooled by group, ACK-
lysed and counted. Cells were CD25-depleted with anti-CD25 (7D4) and CD4-enriched
using a Mouse CD4* Negative Selection Kit (StemCell). Aliquots at each step were
analyzed to confirm purity. Purified cells were pooled in a ~1:1 ratio of BDC2.5 T cells to
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polyclonal CD4* T cells, labeled in 2.5uM CFSE (Invitrogen) for proliferation experiments,
and injected intravenously (IV) at 1-2 x 108 cells/mouse in HBSS. 8.3CD8" T cells were
prepared similarly using a Robosep CD8* T cell Negative Selection kit. For adoptive
transfer of diabetes, 2 x 10° unlabeled cells/mouse were injected V. Serial co-transfer of T
cells was performed by harvesting non-pancreatic lymph nodes and spleen from SCID and
AdBDC SCID primary recipients at day 10. Cells were CD4-purified as described above,
and injected to secondary SCID hosts either alone or mixed 1:1 with naive BDC2.5 T cells
at 2 x 10° cells/recipient.

In vitro tolerance assay

Naive T cells were prepared and mixed with Percoll-enriched APCs isolated from WT or
AdBDC mice by density centrifugation as described previously (Gardner et al., 2008). 1 x
10° naive BDC2.5 T cells were mixed with 1x108 APCs in 24-well plates, and incubated for
7 days at 37° C in complete DMEM media. Acetylated p31 peptide (YVRPLWVRME,
GenScript) ((Judkowski et al., 2001) was added to control activating conditions at 1 ug/mL.
Anti-CD28 (PV-1) was added to indicated cultures at 0.5 ug/mL. Stimulated T cells were
isolated by Robosep CD4 enrichment, rested overnight in complete DMEM media, and
analyzed for IFN-y production to a second stimulation with 1 ug/mL p31 and bulk Thy1.2+
splenocytes (described for CFA immunization assay). For MHC I1 blocking experiments,
anti-1-A97 (clone AG2.42.7, provided by E. Unanue) was used at 10 ug/mL. 2 x 10* naive
BDC2.5 T cells were mixed with 2.5 x 10* APCs in flat-bottom 96-well plates, and
incubated for 7 days at 37° C in complete DMEM media before being rested overnight and
restimulated with PMA and lonomycin.

Statistical Analysis

Statistical analysis of data was performed with Microsoft Excel 2003 and GraphPad Prism
4.0. Statistical comparisons were made using paired t-tests and a two-tailed 95% confidence
interval.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.

eTACs are bone marrow-derived. (A) CFSE dilution among Thy1.1-labeled 83T cells in
non-pancreatic lymph nodes three days after adoptive transfer into reciprocal Adig chimeras.
Representative of two independent sets of chimeras. (B) Top: flow cytometric analysis of
peripheral lymphoid organs from reciprocal bone marrow chimeras, made using WT and
Aire-GFP reporter mice (performed in three independent experiments with Adig or AdBDC
mice, see Fig. 4). Pre-gated on DAPI~, CD45!° events. Bottom: Immunofluorescent images
of lymph node sections from reciprocal chimeras, with Aire-driven GFP (green) and B220
(red) staining. Scale bars = 50 pm. Performed in three independent experiments with Adig
or AdBDC mice, see Fig. 4. (C) Immunofluorescent detection of Aire protein (red) and
Aire-driven GFP (green) in chimeras from (B). Scale bars = 7 um, see also Figure S1.
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Figure2.

eTACs are a distinct type of antigen presenting cell. (A) Identification of splenic eTACs
without a GFP reporter. MHCII* DAPI~ events are shown on a CD45 vs. EpCAM plot, and
histograms of GFP expression are shown among a distinct EpCAM™* CD45!° population. (B)
Quantitative PCR results of relative mRNA expression, Mean + SD, standardized to Ppia, in
indicated populations. nd = not detected. Results are representative of at least two
independent experiments per target. (C) Flow cytometric analysis of DAPI-, FSC vs. SSC
Percoll light fractions from WT and Aire-GFP spleen. Representative of three independent
experiments. (D) Back-gating of eTAC events, identified with an equivalent gating strategy
to (A), onto the stromal cell identification approach shown in (C). (E) Flow cytometric
analysis of spleen tissue from Zbtb46-GFPANT mice showing GFP expression by the
indicated populations. n=4 Zbtb46-GFP/WT or Zbtb46-GFP/GFP mice. (F) Additional
gPCR analyses of target gene expression by eTACs and cDCs analyzed as in (B), mean +
SD. (G) Giemsa staining of indicated populations from the spleens of Adig donors, cytospun
onto slides, and visualized by light microscopy. Representative of two independent
experiments. eTACs: FSC vs. SSC, DAPI-, CD45!°, MHCI1M CD86™, Aire-GFP*. Scale
bars = 10 uym. (H) Flow cytometric analysis of the indicated markers on eTACs (green),
CDA45™ stromal cells (red), and cDCs (blue). Representative of at least three independent
experiments, see also Figure S2.
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Figure 3.

eTACs are present in human lymph nodes. (A) Immunofluorescent staining of eTACs from
indicated lymph nodes counterstained with DAPI (blue), showing localization of eTACs to
the T cell zone near B cell follicles. Note the rare Aire* MHC 11* cells in the T cell zones
(arrows). The outline of the follicle (Fo) is highlighted. Scale bar = 50 ym. Four independent
experiments were performed with human samples. (B) Representative confocal images of
eTACs in (A) showing nuclear Aire speckling. Scale bar = 10 um. (C) Confocal images of
eTACs with Aire (red) and co-staining of CD45 (left, scale bar = 10 um), CD11c (center,
scale bar = 25 ym), and CD11b (right, scale bar = 25 ym). Representative of at least two
independent experiments per target, see also Figure S3.
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Figure 4.

The AdBDC transgene drives expression of the p31 mimetope peptide in A/re-expressing
cells. (A) Schematic of AJ/re-driven BDC peptide Invariant Chain-GFP construct targeting
the bacterial artificial chromosome (BAC) containing the murine Ajre locus. The MHC class
I1-associated invariant chain peptide (CLIP) was replaced with the p31 peptide to facilitate
its loading into MHC Il molecules of Aire-expressing cells. (B) Immunofluorescent staining
of AdBDC tissues with anti-GFP (green; all panels), B220 (red; spleen and lymph node left
panels), cytokeratin 5 (red; thymus left panel) and anti-Aire (red, right panels).
Representative of at least two independent experiments per analysis. (C) Flow cytometric
analysis of GFP and MHC Il expression from WT and AdBDC NOD tissues (pre-gated on
CD45!°, DAPI7). Representative of multiple independent experiments. (D) Flow cytometric
analysis of DAPI~, CD45!9, GFP* populations with isotype control (black), or indicated
markers from Adig (blue) and AdBDC (red) mice.
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Figureb5.

eTACs in AdBDC mice interact with CD4* BDC2.5 T cells and prevent induction of
autoimmune diabetes in SCID mice. (A) Flow cytometric analysis of CD4* lymphocyte
populations in after adoptive co-transfer of CFSE-labeled Thy1.1* BDC2.5 T cells and
Thy1.2* polyclonal T cells to indicated hosts. Representative of at least three independent
experiments. (B) Blood sugar values (mg/dl) among indicated mice following adoptive
transfer of BDC2.5 T cells. Results are pooled from two independent cohorts. (C)
Hematoxylin and eosin-stained pancreatic islet histology of indicated adoptive transfer
recipients at day 10 post-transfer. Upper panel scale bars = 200 um, lower panel scale bars =
50 um. Representative of two independent experiments, see also Figure S4.
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Figure®6.

Regulatory T cells are dispensable for eTAC-induced tolerance. (A) Flow cytometric
analysis of 1-Ag7-p31 tetramer avidity among residual Thyl.1* BDC2.5 T cells at day 14
post-adoptive transfer into indicated hosts compared with mock 1-Ag7-CLIP tetramer
(black). (B) Foxp3 staining of CD4* Thy1.1* BDC2.5 T cells 14 days after adoptive transfer
to indicated hosts. (C) Quantitation of (B) showing percentage of Thyl1.1* CD4* cells that
are Foxp3* (left) and total number of Foxp3™ cells (right) in indicated recipients, Mean +/-
SD. (D) Blood sugar values (mg/dl) among DT-treated hosts after adoptive transfer of CD4-
enriched, DT-treated BDC2.5 Foxp3-DTR T cells, n=3 per condition. (E) Schematic
illustration of BDC2.5 serial adoptive transfer strategy. Naive BDC2.5 T cells were
transferred into primary hosts; at day 10, lymphocytes were re-harvested, purified, and
serially transferred into WT SCID secondary hosts alone or in a 1:1 mixture with fresh,
naive BDC2.5 T cells. (F) Diabetes incidence after adoptive transfer among secondary hosts
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indicated in (E), n=6 per condition, pooled from two independent cohorts, see also Figure
S5.
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Figure7.

eTACs induce functional inactivation of cognate T cells by presenting antigen in the absence
of costimulation. (A) Schematic of p31+CFA immunization protocol to measure recall
response of adoptively transferred BDC2.5 T cells. Naive BDC2.5 T cells were transferred
to indicated mice, which were immunized with p31 in complete freund’s adjuvant (CFA) 14
days later. IFN-y production to this second stimulation was assessed ex vivo after three days.
(B) IFN-y production among CD4* Thy1.1* BDC2.5 T cells isolated from mice indicated in
(A); bar graph shows quantification of pooled data with n=4 for each group, Mean +/- SD.
Results are pooled from two independent experiments. (C) Representative flow cytometric
analysis of CD80 staining in DAPI~, CD45*, CD11c* DCs and DAPI~, CD45!°, MHCII*,
GFP* eTACs in response to anti-CD40+Polyl:C stimulus; quantification of MFI shifts
above isotype levels shown at right. (D) Blood sugar values (mg/dL) among anti-
CDA40+Polyl:C treated hosts after adoptive transfer of naive BDC2.5 T cells, n=4 per
condition, pooled from three independent experiments. (E) IFN-y recall responses (% of
CD4* T cells) by CD4-enriched BDC2.5 T cells cultured with AdBDC or p31-pulsed WT
primary APCs, and with anti-CD28 where indicated, responding to p31 + APC re-
stimulation, Mean + SD. Data was pooled from three independent experiments. (F)
Representative flow cytometric analysis of MHC |1 expression among by indicated
populations. M® = macrophages. (G) IFN-y recall responses by CD4* Thy1.1* CFSEI°
BDC2.5 T cells following culture with AJBDC APCs and either anti-1-A%3” MHC I
blocking antibody or isotype, Mean + SD. (H) Kinetic plots of relative Calcium signaling
over time (seconds) of ex vivoBDC2.5 Thyl.1* T cells recovered from indicated hosts and
14 days post-transfer, as detected by Indo-1 dyes. A - anti-CD3, C - cross-linking secondary,
| —ionomycin. Results are representative of three independent experiments. (1) Flow
cytometric analysis of Erk phosphorylation of rested Thy1.1* CD4" T cell populations in
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(H) after a 2 minute stimulation with anti-CD3 (blue) or PMA (green). Results are
representative of three independent experiments, see also Figure S6.
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