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Abstract

Dendritic Cells (DCs) can induce peripheral immune tolerance that prevents autoimmune
responses. Antigen presentation by peripheral DCs under steady state conditions leads to a
conversion of some peripheral CD4" T cells into Treg cells that require Homeodomain Only
Protein (Hopx) to mediate T cell unresponsiveness. However, the roles of these peripheral (p)Treg
cells in averting autoimmune responses as well as immunological mechanisms of Hopx remain
unknown. Here we report that Hopx* pTreg cells converted by DCs from Hopx"9 T cells are
indispensible to sustain tolerance that prevents autoimmune responses directed at self-antigens
during experimental acute encephalomyelitis (EAE). Our studies further reveal that Hopx inhibits
intrinsic IL-2 expression in pTreg cells after antigenic re-challenge. In the absence of Hopx,
increased levels of 1L-2 lead to death and decreased numbers of pTreg cells. Therefore formation
of Hopx™ pTreg cells represents a crucial pathway of sustained tolerance induced by peripheral
DCs and the maintenance of such pTreg cells and tolerance requires functions of Hopx to block
intrinsic IL-2 production in pTreg cells.

Introduction

The task of silencing autoimmune responses mediated by autoreactive T cells is a complex
process referred to as immune tolerance that begins in the thymus and continues in the
peripheral lymphoid system (1-8). Mechanisms of peripheral tolerance can inactivate
antigen-specific T cell responses after an exposure to non-inflammatory forms of antigens
introduced as soluble peptides/proteins or as cell-bound material. Therefore peripheral
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tolerance induced by defined tolerizing neural antigens, including myelin oligodendrocyte
glycoprotein (MOG), can prevent a specific autoimmune process such as experimental acute
encephalomyelitis (EAE), a model of multiple sclerosis (MS) (9-17). DCs play a central role
in peripheral tolerance to prevent autoimmune EAE because DCs present specific antigens
and induce tolerogenic responses in T cells. Mechanisms of T cell tolerance mediated by
DCs include T cell anergy, deletion, skewing of effector T cell responses, expansion of
thymically-derived tTreg cells and also de novo induction of pTreg cells (18-27). However
it remains unclear what are the relative roles of these mechanisms as well as their specific
molecular pathways in tolerance (20-23, 28). We recently discovered that the transcription
cofactor Homeodomain Only Protein (Hopx) is required for Treg cell-mediated immune
unresponsiveness induced by DCs but the specific roles of Hopx in the regulation of
autoimmune responses remain unknown (29). Here we report that maintenance of antigen-
specific peripheral tolerance requires de novo induced Hopx* pTreg cells that develop from
Hopx"®9Foxp3"€9CD25"9 precursors in response to tolerizing antigens presented by DCs.
Our findings show indispensible functions of pTreg cells in antigen-specific peripheral
tolerance induced by DCs and they also reveal that by inhibiting intrinsic IL-2 expression in
induced pTreg cells Hopx promotes maintenance of pTreg cells and peripheral tolerance.

Materials and Methods

Mice

Hopx ™/~ mice (30) bred on the C57BL/6 background and also crossed with Foxp3RFP mice
(31) were previously described (29). They were also bred with MOG-specific TCR
transgenic (2D2 TCR tg) mice (32) to produce both 2D2 TCR tg and non-TCR tg /
Hopx~/~Foxp3RFP and Hopx*/*Foxp3RFP mice. IL-2/~ mice (33) were bred with Hopx™/~
mice and 1L-2*/~ heterozygotes were used to produce Hopx~/~1L-27/~ and Hopx ™/~ IL-2*/* /
2D2 TCR tg Foxp3RFP and non-TCR tg Foxp3RFP mice. HopxFlag-viral2A-GFP renorter mice
(34) that faithfully track Hopx expression were first bred on the C57BL/6 background and
then crossed with Foxp3RFP reporter mice (31) and also with 2D2 TCR tg mice (32). Sex
and age-matched littermates were used for experiments. Mice were used at 6-8 weeks of age
except for IL-27~ and IL-2*/* littermate control mice that were used at 4-5 weeks of age as
donors for adoptive transfers. All mice were maintained in our facility under specific
pathogen free conditions and used in accordance with the guidelines of Saint Louis
University’s Institutional Animal Care and Use Committee.

Production of chimeric antibodies

Chimeric antibodies were produced as previously described (28, 35). Briefly, antibodies
were expressed in A293 cells by transient transfection using calcium/phosphate method.
Cells were grown in serum free DMEM supplemented with Nutridoma SP (Roche) and
antibodies were purified on protein-G columns. Chimeric antibodies were injected in PBS
intraperitoneally.

Flow cytometry and antibodies used for staining

Anti-CD4 (GK1.5), anti-CD25 (PC-61), anti-Va3.2 (RR3-16), anti-CD45.2 (104), anti-
CD44 (IM7), anti-CD62L (MEL-14), anti-ICOS (C398.4A), anti-PD-1 (29F.1A12) and anti-
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CD73 (TY/11.8) were from BioLegend. Anti-Foxp3 (FJK-16a) was from eBioscience. Cell
sorting and analyses were performed on ARIA 1ll, FACS CALIBUR, LSRII, and CANTO
(BD). For detection of apoptosis, FITC Annexin V staining kit and Zombie Violet viability
dye were used from BioLegend. For intracellular staining cells were fixed and permeabilized
using Fixation/Permeabilization buffers from eBioscience and BD according to
manufacturers’ manual.

Adoptive transfers

EAE Model

Lymph nodes and spleen cells from multiple mice were pooled and CD4* T cells were
enriched by depletion of CD8*, B220*, CD11c*, CD11b* and NK1.1* cells with magnetic
microbeads (Miltenyi) and then Foxp3(RFP)"®9/CD25"89 or Foxp3(RFP)™ cells were
purified by subsequent automated cell sorting performed on ARIA 111 (BD). Cells were
washed 3x with PBS and 1x108 Foxp3* or 10x108 RFP"®9/CD25"9 cells or 5x108 2D2
TCR tg RFP™9/CD25"49 cells were transferred into mice by intravenous injection into a tail
vein. In some experiments cells were labeled with 3 uM CFSE (Sigma) in 5% FCS RPMI at
37 °C for 20 min and washed 3x with PBS and 5x10° cells were injected intravenously per
mouse.

To induce EAE mice were injected with 100ug of synthetic Myelin Oligodendrocyte
Glycoprotein peptide (MOGg3s.55, Yale Keck Protein Synthesis Facility) in Complete
Freund’s Adjuvant (Difco) subcutaneously in each flank. CFA was enriched with
Mycobacterium tuberculosis (10 ml CFA + 40 mg M. Tuberculosis from Difco). Pertussis
Toxin (List Biological Laboratories Inc.) was injected 200ng per mouse in PBS
intraperitoneally on days 0 and 2 after MOGg3s_g5 injections. Clinical score of EAE was
graded on a scale of 1-4 - 0, no clinical signs; 1, flaccid tail; 2, hind limb weakness,
abnormal gait; 3, complete hind limb paralysis; 4, complete hind limb paralysis and forelimb
weakness or paralysis. Mice were scored daily. Each experimental group was scored in a
blinded fashion. Spinal cords were extracted from the spinal columns of experimental mice.
The spinal cords were then mashed through 70 um filters using a 5 ml syringe plunger and
prepared for FACS analysis.

Chimeric Antibody and aCD25 Antibody injections

aDEC-MOG or IC-MOG chimeric antibodies in PBS were injected intraperitoneally 15ug
per mouse. 250ug per mouse of aCD25 (PC-61.5.3) or rat 1IgG1 antibodies (BioX cell) were
injected in PBS intraperitoneally.

Cell cultures

CD4" cells were enriched using magnetic microbeads (Miltenyi) and then Foxp3(RFP)"€9/
CD25"¢9 cells were purified by subsequent automated cell sorting performed on ARIA 111
(BD). Treg cells were differentiated for 5 days in 96-well plates (Thermo-Fisher) coated
with aCD3 (145-2C11) (1 ug/ml), in Click’s media containing 10% FBS, Penicilin-
Streptomycin, L-Glutamine, B-Mercaptoethanol (Gibco) and in the presence of soluble
aCD28 (37.51) (1.5 pg/ml), recombinant IL-2 (200 units /ml), and TGF-f (4 ng/ml) (all
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from BioLegend). Foxp3(RFP)* were then sorted and re-stimulated with PMA (100 ng/ml)
for 90 min.

Real-time RT- PCR analysis

RNA was isolated from in vitro cultured iTreg cells using TRIZOL Reagent (Invitrogen) and
Qiagen mRNAEasy kit (Qiagen). Total RNA was reverse transcribed and the cDNA was
subsequently used for real-time PCR on an ABI Prism instrument using commercial primer-
probe sets (Applied Biosystems) for Hypoxanthineguanine phosphoribosyltransferase
(HPRT) and IL-2. The results of Q-PCR were standardized to the HPRT expression levels
and analyzed by the dd CT method.

Statistical analysis

Results

Mice of particular genotypes were randomly assigned to individual experimental groups.
The numbers of groups and mice in each group were determined to achieve statistical
significance based on commonly used statistical techniques, two-way and one-way ANOVA
and the Student’s t test. All experimental groups and individual mice were included in
statistical analysis. Individual P values were calculated using Student’s t-test with Welch’s
correction, one-way ANOVA or two-way ANOVA.

Peripherally induced tolerance requires Hopx

To study peripherally induced tolerance, we used a well-established method to target DCs in
vivo with a recombinant chimeric antibody specific for DEC205 (28, 35). MOG is delivered
as a fusion protein linked to the C terminus of the heavy chain of a chimeric aDEC-MOG
antibody that targets DCs in a process resembling in vivo uptake of self-antigens (21, 28,
35-37). A single treatment of C57BI/6 mice with aDEC-MOG induces T cell tolerance that
protects from autoimmune EAE induced by a subsequent immunization with MOGg35_55
peptide (MOG) in Complete Freund’s Adjuvant (CFA) and Pertussis toxin (PT) (21, 28).
DCs mediate several distinct pathways of T cell tolerance including a de novo induction of
pTreg cells (18-27). Hopx is expressed in Treg cells induced by DCs but the roles of these
peripheral (p)Treg cells in averting autoimmune responses as well as immunological
mechanisms of Hopx remain unknown (29). To directly examine the role of Hopx in
tolerance, we used Hopx ™/~ mice (30) bred on C57BI/6 background (29). The induction of T
cell tolerance by DCs requires initial T cell proliferation and such T cell activation is
independent of Hopx expression in T cells (29, 35, 36). To exclude that the absence of Hopx
might affect presentation of tolerogenic antigens by DCs, we transferred CFSE-labeled
congenic CD4* T cells from MOG-specific TCR transgenic (tg) (2D2) mice into Hopx*/*
mice and Hopx ™/~ mice and measured their proliferation in response to aDEC-MOG-
targeted DCs (Supplemental Fig. 1A). We found that a proliferation of the transferred 2D2 T
cells in response to MOG-targeted DCs was similar in Hopx*/* and Hopx~/~ mice
(Supplemental Fig. 1A). To directly test a requirement for Hopx in tolerance, we induced
EAE in Hopx** and Hopx~/~ mice either 1 week, 3 weeks or 6 weeks after the initial
treatment of these mice with either a DEC-MOG or isotype chimeric antibody control (I1C-
MOG) (Figure 1A—C). We found that a treatment with aDEC-MOG protected both Hopx*/*
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and Hopx™/~ mice from EAE that was induced 1 week later (Figure 1A). Further, we found
that such a pre-treatment with aDEC-MOG limited a skewing toward Th1 and Th17 effector
phenotype similarly in both Hopx*/* and Hopx ™'~ T cells (Supplemental Fig. 1B and 1C).
We also examined the spinal cords of aDEC-MOG-treated and control mice by flow
cytometry to examine CD4* T cells within the “lymphoid gate™ that consists of about 90%
live CD45* cells (Figure 1D) and (Supplemental Fig. 2A and 2B). In contrast to the similar
increased numbers of CD4* T cells in spinal cords of Hopx** or Hopx™'~ mice that were not
treated with aDEC-MOG and developed EAE, we observed that a treatment with aDEC-
MOG prevented such T cell spinal cord infiltration, consistent with the absence of effector T
cells (Figure 1D). However, when we delayed an induction of EAE after the initial treatment
with aDEC-MOG, we observed in the spinal cords of Hopx™'~ mice an infiltration with T
cells that was comparable to the T cell infiltration observed in the spinal cords of Hopx*/* or
Hopx ™/~ mice that were not treated with «DEC-MOG (Figure 1E). Consistent with the
presence of encephalitogenic T cells in their spinal cords, such Hopx™~ mice developed
symptoms of EAE comparable to either Hopx*/* or Hopx~/~ mice that were not treated with
aDEC-MOG (Figure 1B and 1C). In contrast, Hopx** mice remained protected form EAE
either 3 weeks (Figure 1B) or 6 weeks (Figure 1C) after the initial treatment of mice with
aDEC-MOG. Therefore DCs induced sustained tolerance that requires Hopx to prevent a
subsequently triggered autoimmune attack. To confirm that such tolerance induced by DCs
is antigen-specific, we used aDEC-OVA that targets unrelated OVA antigen to DCs and we
found that treatment with aDEC-OVA did not protect from EAE that was induced by
immunization with MOG (Supplemental Fig. 2C).

Dendritic cells induce Hopx* pTreg cells and Treg cell-dependent tolerance

A sustained long-lasting immunological tolerance may require presence and functions of
Treg cells (6, 7). Therefore to test the general requirement for Treg cells in such DCs
induced tolerance, we used a well-established treatment with aCD25 antibody (PC-61.5.3)
to remove Foxp3*CD25* Treg cells in vivo. A treatment with aCD25 antibody resulted in an
about 60% reduction in the numbers of Foxp3* Treg cells and this reduction lasted for at
least 3 weeks (Supplemental Fig. 3A). We treated C57BI/6 mice with aDEC-MOG or IC-
MOG and 5 days later injected aCD25 antibody or an 1gG1 isotype control antibody. After
another 2 days (or 1 week after chimeric antibody treatment) EAE was induced in these
mice (Figure 2A). Alternatively, we treated C57BI/6 mice with aDEC-MOG or IC-MOG
and 7 days later injected aCD25 antibody or an IgG1 isotype control antibody. After another
2 weeks (3 weeks after chimeric antibody treatment) EAE was induced in these mice (Figure
2B). Whereas Treg cell depletion did not affect tolerance to EAE induced 1 week after
treatment with aDEC-MOG (Figure 2A), a depletion of Treg cells completely abolished
tolerance when EAE was induced 3 weeks after the aDEC-MOG treatment (Figure 2B). To
further substantiate these results, we depleted Treg cells 3 weeks after treatment with
aDEC-MOG and also found an abolished protection from EAE induced after another 3
weeks (6 weeks after the initial tolerance induction by treatment with aDEC-MOG)
(Supplemental Fig. 3B). We conclude that after the initial exposure to MOG, tolerance
induced within 1 week by DCs does not rely on Hopx or Treg cells. However, Treg cells are
required for tolerance lasting longer than 3 weeks after exposure of DCs to MOG. Therefore
DCs induce a sustained, long-lasting tolerance that requires both Treg cells and Hopx.
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It remains unknown if Hopx-expressing pTreg cells induced by DCs can develop from
Hopx"€d precursor T cells. To study the expression of Hopx and Foxp3 in T cells upon
induction of tolerance by DCs, we produced a HopxF!ag-viral2A-GFP /gy n3IRES-RFP goyp|e-
reporter mouse (here referred to as HopxGFPFoxp3RFP reporter mice). We sorted
GFP"9(Hopx"®9)RFP€9(Foxp3Me9)CD25"9 CD4 cells from 2D2 TCR tg
HopxCFPFoxp3RFP mice and transferred such isolated T cells into new recipient mice
(Figure 2C-E and Supplemental Fig. 3C). We found that within 21 days after treatment of
the recipients with aDEC-MOG, over 70% of T cells responding to MOG in lymph nodes
and spleens became Foxp3*CD25* double positive pTreg cells and such pTreg cells also
induced expression of Hopx. In contrast no induction of CD25, Foxp3 or Hopx expression
was observed in MOG-specific T cells either 8 or 21 days after treatment with IC-MOG
(Figure 2C-E and Supplemental Fig. 3C) Therefore presentation of MOG by DCs to T cells
leads to an induction of Hopx* pTreg cells from precursor T cells.

Hopx™ pTreg cells are indispensible for tolerance

In addition to converting pTreg cells, tolerogenic stimulation by DCs can increase numbers
and enhance functions of pre-existing Foxp3*CD25* tTreg cells and therefore it remains
unclear whether the newly induced pTreg cells or the expanded tTreg cells are crucially
required to ameliorate symptoms of EAE and MS (17, 19-21, 23, 38, 39). To distinguish
between the roles of these different types of Treg cells in tolerance, we attempted to restore
DCs-induced and Hopx-dependent tolerance by transferring either pre-existing Foxp3* Treg
cells that include mostly tTreg cells or the Foxp3™9CD25"9 precursors of pTreg cells (6, 7)
into Hopx ™/~ mice that were treated with aDEC-MOG and then 6 weeks later immunized to
induce EAE (Figure 3). In separate experiments, we determined the numbers of such
transferred pre-existing tTreg cells and the pTreg cells that were induced from the
transferred Foxp3"€9CD25"Y cells 6 weeks after the initial presentation by dendritic cells of
MOG delivered by aDEC-MOG. We found about 6 times more remaining pre-existing
tTreg cells than the induced pTreg cells (Supplemental Fig. 3D-F). Further, by using either
Hopx*"* or Hopx ™/~ transferred cells, we also directly tested the role of Hopx in Treg cells to
confer tolerance. As expected, in the absence of any cells transferred (PBS only) treatment
with aDEC-MOG failed to induce tolerance in Hopx~/~ mice. However, we found that mice
transferred with Hopx*/* Foxp3™9CD25M9 precursors of pTreg cells were protected from
EAE. In contrast, mice transferred with Hopx™~ Foxp3™9CD25"9 cells developed similar
symptoms of EAE and similar infiltrations of spinal cords as observed in mice that did not
receive precursors of pTreg cell (Figure 3B and 3C). However, a transfer of neither Hopx*/*
nor Hopx ™/~ tTreg cells prevented symptoms of EAE or blocked T cell infiltration of spinal
cords in recipient mice (Figure 3D and 3E). Thus we conclude that tolerance induced by
DCs depends on Hopx expression in de novo-induced pTreg cells.

Hopx is required for maintenance of DCs-induced pTreg cells after antigenic re-challenge
under inflammatory conditions

To examine Hopx-dependent responses in pTreg cells, we transferred Foxp3"€9CD25M€d
CD4 T cells isolated from either Hopx*/* or Hopx™/~ 2D2 TCR tg Foxp3RFP mice into
individual groups of recipient mice that we subsequently treated with aDEC-MOG. We then
analyzed expression of Foxp3 and CD25 in the transferred cells (Supplemental Fig. 4A). We
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found that populations of both Hopx*/* and Hopx™/~ pTreg cells developed similarly after
treatment with aDEC-MOG (Supplemental Fig. 4A). Also in agreement with our previous
studies (29), we found similar expression of PD-1, ICOS and CD73 in Hopx*/* and Hopx ™/~
pTreg cells (Supplemental Fig. 4B). To further examine the fate of such pTreg cell
populations, we examined the percentage of the Foxp3*CD25* cells converted from the
transferred Foxp3M®9CD25"9 cells among the total CD4 cells in recipient mice before and
after immunization with MOG3s.55 in CFA and PT and also determined the absolute
numbers of such pTreg cells (Figures 4A and 4B). We found that after a similar initial
formation of Hopx*/* and Hopx~/~ pTreg cells, we recovered more than twice as many
Hopx*/* pTreg cells as Hopx™/~ pTreg cells after we immunized the recipient mice with
MOG (Figure 4A and 4B). To examine a specific down-regulation of Foxp3 expression, we
analyzed Foxp3 expression in the remaining Hopx™~ and Hopx*/* cells (Figure 4C). We
observed only negligible numbers of Foxp3™9 T cells among Hopx ™~ and Hopx*/*
remaining cells, consistent with a lack of down-regulation of Foxp3 and therefore suggesting
deletion as a possible mechanism behind the decreased numbers of Hopx™~ pTreg cells
(Figure 4C). To confirm an apoptotic death of pTreg cells in the absence of Hopx, we
examined binding of Annexin V and found an increased staining with Annexin V of Hopx ™~
pTreg cells (Figure 4D). We conclude that maintenance of pTreg cells after antigenic re-
challenge depends on Hopx.

Hopx mediated inhibition of IL-2 expression is required for maintenance of induced pTreg

cells

The c-fos/c-jun AP-1 complex induces IL-2 expression in T cells (6, 40, 41). Since Hopx
inhibits the expression of c-fos and c-jun in various types of cells including T cells (29, 30,
42), we hypothesized that Hopx could govern IL-2 expression in induced pTreg cells. Since
Hopx~/~ pTreg cells that express IL-2 are expected to die rapidly in vivo (Figure 4), we
examined IL-2 expression by quantitative PCR in Hopx** or Hopx™~ in vitro induced Treg
cells after a brief re-stimulation (Figure 5A). We found expression of IL-2 to be about 3
times higher in Hopx ™/~ than in Hopx*/* induced Treg cells (Figure 5A). To directly
examine the impact of endogenously produced IL-2 on functions of Hopx™'~ pTreg cells, we
used T cells from IL27/~ mice that we crossed with Hopx** and Hopx ™/~ mice. IL2~/~ Treg
cells can develop in the presence of exogenous IL-2 (43). Therefore we first confirmed
induction of IL2~/~ pTreg cells in a IL-2-sufficient environment by adoptively transferring
sorted Hopx™/~IL2*/* and Hopx/~1L2~/~ Foxp3Me9CD25"9 2D2 cells into 1L2*/* recipient
mice that were then treated with «DEC-MOG. We found that both Hopx™/~1L2*/* and
Hopx~/~1L27/~ Foxp3™9CD25M9 cells converted to Foxp3*CD25" pTreg cells at a similar
rate (Supplemental Fig. 4C). To examine the impact of antigenic re-challenge on
Hopx~/~1L27/~ and Hopx~/~IL2*/* pTreg cells, we immunized the recipient mice that
harbored pre-formed pTreg cells with MOG3s.55 in CFA and PT. We recovered about 3
times fewer Hopx/~IL2*/* pTreg cells than Hopx~/~1L2~/~ pTreg cells (Figure 5B). In
contrast, we recovered similar numbers of Hopx*/*1L2*/* and Hopx*/*1L2~/~ pTreg cells
under the same conditions in vivo (Figure 5C). We also determined that neither Hopx =~ nor
Hopx™* IL-2-deficient pTreg cells underwent apoptotic cell death following antigenic re-
challenge under pro-inflammatory conditions (Supplemental Fig. 4D). Therefore an
increased expression of IL-2 in Hopx™~ pTreg cells adversely affects their maintenance after
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antigenic re-challenge. To examine directly the impact of such increased expression of 1L-2
on tolerance, we followed the experimental design introduced in Figure 3. We transferred
multiple groups of Hopx™~ mice with Hopx*/*IL2*+/* Hopx*/*IL27/=, Hopx~/~IL2*/* or
Hopx™~1L2~/~ Foxp3ne9CD25M9 cells or PBS only. We treated all the recipients with
aDEC-MOG and after another 6 weeks immunized them to induce EAE (Figure 5D and
5E). As expected, all Hopx-sufficient Foxp3"®9CD25"¢9 cells restored tolerance, whereas
Hopx/~IL2*+/* Foxp3™9CD25M9 cells failed to restore tolerance and prevent symptoms of
EAE. In contrast, Hopx™/~1L2~/~ Foxp3Me9CD25M¢9 cells prevented EAE symptoms and T
cell infiltration of spinal cords to a similar extent that we observed with the Hopx-sufficient
Foxp3"®9CD25"¢ cells (Figure 5D and 5E). Thus a genetic deletion of IL-2 restores
defective tolerance in the absence of Hopx. We conclude that Hopx blocks intrinsically
expressed IL-2 from disrupting pTreg cell-dependent maintenance of long-term tolerance.

Discussion

We propose that under steady state tolerogenic conditions DCs confer long-lasting tolerance
that is sustained by peripherally-induced pTreg cells whose maintenance depends on
functions of Hopx to inhibit intrinsically produced IL-2. Tolerogenic presentation by
peripheral DCs of antigens, such as peptides from neural proteins, either expressed in DCs
or targeted to these antigen presenting cells in vivo can inactivate T cell responses by several
mechanisms including T cell anergy, skewing of effector T cell responses and induction of
Treg cell functions preventing a subsequent induction of EAE (1, 3-8, 20-24, 28, 36).
However, it has remained unknown how these DCs-dependent mechanisms of tolerance are
orchestrated and maintained.

A division of labor between various types of regulatory T cells results in different
contributions of either expanded pre-existing tTreg cells or de novo induced pTreg cells to
the prevention of general auto-inflammatory responses, maternal-fetal conflict and mucosal
tolerance in the airways and gut (44-47). However, Treg cells that accumulate during pro-
inflammatory processes such as EAE, a model of multiple sclerosis (MS), are inefficient in
controlling autoimmunity (48, 49). Such Treg cells appear to originate from expanded pre-
existing Foxp3* Treg cells that then may fail to maintain their regulatory phenotype (49,
50). Our present results now establish that sustained antigen-specific tolerance induced by
DCs specifically relies on functions of de novo induced, Hopx-expressing pTreg cells.

Hopx is an evolutionarily conserved, homedomain-containing, small transcription cofactor
expressed in stem cells, tumor cells, myocytes and various lymphocytes (29, 30, 42, 51-60).
Expression of Hopx in effector-memory T cells has been linked with their increased
survival, consistent with versatile and context-dependent functions of Hopx (60). However,
Hopx is not required for the functions of encephalitogenic effector T cells and Hopx~/~ mice
succumb to EAE at a similar rate and severity as Hopx-sufficient mice. Further, Hopx is
dispensable for the initially developing tolerance shortly after an exposure of DCs to MOG.
Instead, such Hopx-independent and Treg cell-independent tolerance appears to rely on
anergic cell-intrinsic mechanisms. Within 3 weeks such initially-tolerized T cells develop
into pTreg cells that sustain tolerance long-term. However, only Hopx*/* pTreg cells can
survive the antigenic re-challenge and then prevent subsequent infiltration of CNS by the
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newly-activated encephalitogenic T cells. Therefore Hopx™/~ mice fail to sustain antigen-
induced tolerance long-term. Consistent with the specific Hopx-dependent mechanisms in
pTreg cells, only Hopx** pTreg cells can restore the defective tolerance in Hopx™'~ mice.
Hopx is also expressed in thymically-derived tTreg cells but functions of Hopx in these T
cells remain unknown. Since tTreg cells are crucial for the maintenance of general immune
homeostasis, future studies would elucidate any role of such tTreg cells in the Hopx-
dependent functions of pTreg cells. Overall, our results establish a crucial role for Hopx
expressing-pTreg cells in the maintenance of antigen-specific peripheral tolerance induced
by DCs.

Although IL-2-mediated signals are essential for Treg cell development, Treg cells block
their own expression of IL-2 through multiple mechanisms including Foxp3 and Helios-
dependent pathways and such intrinsic inhibition of 1L-2 production in Treg cells may be
crucial for some suppressor functions of these cells (6, 61, 62). For example, a capture by
Treg cells of IL-2 made by effector cells may enhance immune regulation by depriving such
effector T cells of IL-2 in addition to other mechanisms including blocking of IL-2
production in effector T cells (41, 63, 64). Since Treg cells rely on extracellular sources of
IL-2 for their proliferation and survival, a treatment with recombinant IL-2 promotes
proliferation and functions of regulatory T cells (6, 41, 49, 65-71). However, the increased
IL-2 concentrations in vivo also lead to a disappearance of tTreg cell populations following
their initial expansion (67).

The c-fos/c-jun AP-1 complex induces IL-2 expression in T cells (6, 40, 41). We now
established that consistent with its inhibition of the expression of c-fos and c-jun, Hopx
governs IL-2 expression in induced pTreg cells. We further established that an increased
production of IL-2 caused by the absence of Hopx is deleterious for pTreg cell maintenance
and functions and genetic deletion of I1L-2 restores numbers and functions in tolerance of
Hopx~/~ pTreg cells. Therefore we propose that Hopx-dependent inhibition of I1L-2
expression in pTreg cells is necessary for their maintenance and tolerance.

In conclusion, our results define how DCs orchestrate sustained tolerance to transiently
available neural antigens by inducing antigen-specific pTreg cells. Further, by establishing
the role for Hopx as an indispensible regulator of pTreg cell and tolerance maintenance in
vivo, our results could provide the foundation for more selective and efficient immune
therapies for specific immune disorders.
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Figure 1. Hopx is required to sustain peripherally induced tolerance
(A-C) Multiple groups of Hopx** and Hopx™/~ mice were treated with either «DEC-MOG

or IC-MOG 1 week (A), 3 weeks (B) or 6 weeks (C) before immunization with MOG3s.g5 in
CFA + PT to induce EAE. Graphs show mean disease scores (n=10-15 per group from 2
experiments). (D) Multiple groups of Hopx*/* and Hopx™~ mice were treated as in (A).
Results show mean percentages of CD4™ T cells in the “lymphoid” gate of spinal cord cell
suspensions 21 days after EAE induction (n=3-4 per group from 2 experiments). (E)
Multiple groups of Hopx*/* and Hopx ™/~ mice were treated as in (C). Results show mean
percentages of CD4* T cells in the “lymphoid” gate of spinal cord cell suspensions 17 days
after EAE induction (n=3-4 per group from 2 experiments). Results in (A-E) show mean +/
- SEM, * P<0.05, ** P< 0.01 and *** P< 0.001 determined by two-way ANOVA.
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Figure 2. Dendritic cells induce Hopx™ pTreg cells and Treg cell-dependent long-lasting
tolerance

(A and B) Multiple groups of C57BL/6 mice were treated with aDEC-MOG or IC-MOG.
Either (A) 5 days or (B) 1 week after treatment with chimeric antibodies individual groups
of mice were injected with either aCD25 or the same dose of rat IgG1. After another (A) 2
days or (B) 2 weeks EAE was induced. Graph shows mean disease scores (n=10 per group
from 2 experiments). Results show mean +/— SEM, * P<0.05, ** P< 0.01 and *** P< 0.001
determined by two-way ANOVA. (C-E) GFP"9/RFP"€9/CD25"¢d CD4* T cells were
purified by sorting from 2D2 TCR tg Hopx"1ag-viral2A-GFP/Egxn3RFP double-reporter mice
and then adoptively transferred into CD45.1* recipient mice. (C) Plots show Foxp3 (RFP)
expression (Y-axis) and staining intensity with anti-CD25 (X-axis) of gated populations of
adoptively transferred cells at multiple days after treatment with aDEC-MOG as indicated.
(D) Graphs show mean percentages of Foxp3*CD25" pTreg cells among transferred cells as
in (C) (n=3-5 per group), ** P<0.01 and **** P< 0.0001 determined by one-way ANOVA
with Turkey’s multiple comparisons test. (E) Overlaid histograms show induction of Hopx
(GFP) expression from (C) as indicated. The results in C and E represent one of two similar
experiments. Results shown in (C-E) are from lymph nodes.
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Figure 3. Hopx™ pTreg cells are indispensible for peripherally-induced tolerance
(A) Schematic outline of an experimental design to restore induced tolerance in Hopx ™/~

mice. (B) Multiple groups of Hopx™/~ mice were transferred with PBS or Foxp31€9CD25"9
CD4" cells purified by sorting from either Hopx** or Hopx™~ Foxp3RFP mice as indicated.
All mice were treated with aDEC-MOG 6 weeks before EAE induction by immunization
with MOG35._55 in CFA + PT. Graph shows mean disease scores (n=6-8 per group from 2
experiments). (C) Multiple groups of Hopx™/~ mice each were treated as in (B). Results
show mean percentages of CD4" T cells in the “lymphoid” gate of spinal cord cell
suspensions 19 days after EAE induction (n=3-4 per group from two experiments). (D)
Multiple groups of Hopx™/~ mice were transferred with PBS or Foxp3* CD4™ cells purified
by sorting from either Hopx*/* or Hopx™/~ Foxp3RFP mice as indicated. All mice were
treated with aDEC-MOG 6 weeks before EAE induction. Graph shows mean disease scores
(n=6-7 per group from 2 experiments). (E) Multiple groups of Hopx™~ mice were treated as
in (D). Results show mean percentages of CD4* T cells in the “lymphoid” gate of spinal
cord cell suspensions 19 days after EAE induction (n=2-3 per group from two experiments).
Results in (B-E) show mean +/- SEM, * P< 0.05, ** P< 0.01 and *** P< 0.001 determined
by one-way or two-way ANOVA.
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Figure 4. Hopx is required for maintenance of pTreg cells after antigenic re-challenge under
inflammatory conditions

(A-D) Foxp3Me9CD25"e9 CD4* T cells were purified by sorting from either Hopx*/* or
Hopx ™~ 2D2 TCR tg Foxp3RFP mice and then adoptively transferred into CD45.1* recipient
mice that were then treated with a DEC-MOG. (A) Results show mean percentages of
induced Hopx*/* or Hopx™/~ Foxp3*CD25* pTreg cells among the total CD4* cells in the
recipients at indicated time points before and after immunization with MOGg3s_g5 in CFA +
PT (n=5 per group for each time point and type of cells transferred). (B) Absolute numbers
of induced Hopx*/* or Hopx™~ Foxp3*CD25* pTreg cells after immunization with MOG in
CFA + PT as in (A), (n=5 per group). Results in (A and B) show mean +/- SEM, * p<0.05
determined by two-way ANOVA or Student’s T test with Welch’s correction. (C) Plots
show Foxp3 (RFP) expression (Y-axis) and staining intensity with anti-CD45.2 (X-axis)
among CD4" cells in mice transferred with either Hopx*/* or Hopx ™/~ cells after
immunization with MOG in CFA + PT as in (A). The results represent one of three similar
experiments. (D) Overlaid histograms show staining intensity with Annexin V in Hopx™* or
Hopx ™/~ Foxp3*CD25" pTreg cells 5 days after immunization with MOG in CFA + PT. The
results shown represent one of two similar experiments. Results shown in (A-D) are from
lymph nodes and similar results were obtained from spleens.
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Figure 5. Hopx mediated inhibition of IL-2 expression is required for maintenance of pTreg cells
and tolerance

(A) 1L-2 transcripts from Hopx*/* or Hopx ™~ Treg cells induced in vitro and then either re-
stimulated or not re-stimulated were analyzed by real-time PCR. The results were
normalized for expression of Hprt and standardized by the dd CT method to expression of
IL-2 in not re-stimulated Hopx*/* iTreg cells. Error bars represent SD, ***P < 0.001
determined by one-way ANOVA. Results represent one of two similar experiments. (B)
Foxp3MeICD25"e9 CD4* T cells were purified by sorting from either Hopx™~ IL-2*/* or
Hopx ™~ IL-27/~ /2D2 TCR tg Foxp3RFP mice and then adoptively transferred into CD45.1*
recipient mice. Graphs show percentages of induced Foxp3*CD25* pTregs cells among
adoptively transferred cells in the indicated groups of mice after treatment with aDEC-
MOG and then immunization with MOGg3s.55 in CFA + PT (n=2-4 per group from two
experiments). (C) Foxp3"®9CD25"89 CD4™* T cells were purified by sorting from either
Hopx*/* 1L-2*"* or Hopx** IL-27/~ /2D2 TCR tg Foxp3RFP mice and then adoptively
transferred into CD45.1* recipient mice that were then treated as in (B) (n=3-4 per group
from two experiments). Results shown in (B and C) are from lymph nodes and similar
results were obtained from spleens. (D) Multiple groups of Hopx™/~ mice were transferred
with PBS or Foxp3"9CD25"4 cells purified by sorting from Hopx*/* IL-2*/*, Hopx ™/~
IL-2*"*, Hopx™~ IL-27/~ or Hopx*/* 1L-27/~ Foxp3RFP mice as indicated. All mice were
treated with aDEC-MOG 6 weeks before induction of EAE by immunization with
MOGg3s.55 in CFA + PT. Graph shows mean disease scores (n=6-11 per group from 2
experiments). (E) Multiple groups of Hopx™'~ mice were treated as in (D). Results show
mean percentages of CD4* T cells in the “lymphoid” gate of spinal cord cell suspensions 21
days after EAE induction (n=2-3 per group from 2 experiments). All results show mean +/-
SEM, * P<0.05 and ** P< 0.01 determined by one-way or two-way ANOVA.
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