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Abstract

Intravenous (i.v.) administration of autoantigen effectively induces Ag-specific tolerance against
experimental autoimmune encephalomyelitis (EAE). We and others have shown enhanced EAE
severity in mice lacking IL-12 or its receptor, strongly suggesting an immunoregulatory effect of
IL-12 signaling. To examine the role of IL-12 responsiveness in autoantigen-induced tolerance in
EAE, we administered autoantigen i.v. in two distinct treatment regimes to wildtype and
IL-12RB2~ mice, immunized to develop EAE. Administration at the induction phase suppressed
EAE in wildtype and IL-12RB2™/~ mice however the effect was somewhat less potent in the
absence of IL-12RB2. Expression of pro-inflammatory cytokines such as IFN-y, IL-17 and IL-2,
was inhibited in wild-type tolerized mice but less so in IL-12RB2~/~ mice. I.v. antigen was also
effective in suppressing disease in both genotypes when given during the clinical phase of disease
with similar CNS inflammation, demyelination and peripheral inflammatory cytokine profiles
observed in both genotypes. There was however a mild impact of a lack of IL-12 signaling on
Treg induction during tolerance induction compared to WT mice in this treatment regime. These
findings show that the enhanced severity of EAE that occurs in the absence of IL-12 signaling can
be effectively overcome by i.v. autoantigen, indicating that this therapeutic effect is not primarily
mediated by IL-12 and that i.v. tolerance could be a powerful approach to suppressing severe and
aggressive MS.
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1. Introduction

Induction of intravenous (i.v.) tolerance with specific autoantigens has been accomplished
by administration of antigen in a variety of tolerogenic forms, including soluble protein/
peptide, and antigen-coupled splenocytes (Ferguson et al., 2003; Kennedy et al., 1988; Li et
al., 2008; Santambrogio et al., 1995). A range of mechanisms are involved in the induction
of i.v. tolerance, including selective suppression of antigen-specific Thl cytokines and
induction of regulatory cytokines (Benson et al., 2000; llarregui et al., 2009; Smith and
Miller, 2006). We have shown that when soluble antigen is administered after clinical
disease onset, clonal deletion of antigen-reactive T cells by apoptosis is a major mechanism
for the reversal of EAE (Zhang et al., 1999). In contrast, when soluble antigen is
administered before or immediately after immunization for EAE induction, an antigen-
specific regulatory mechanism, but not deletion, prevails and appears to be the main
mechanism for tolerance induction (Hilliard et al., 2000).

IL-12 is a heterodimeric cytokine composed of a heavy chain (p40) and a light chain (p35).
Heterodimeric IL-12 is produced mainly by activated APCs and has been shown to play an
important role in the differentiation and expansion of Th1 cells (Mullen et al., 2001;
Trinchieri, 1998). IL-12 exerts its effects through a receptor (IL-12R) composed of two
chains, IL-12Rp1 and IL-12Rp2 (Gately, 1998). In the mouse, IL-12RB1 mediates both low
and high affinity binding to IL-12, whereas IL-12Rp2 is thought to mediate transmembrane
signaling, with negligible effects on binding (Gately, 1998). Gene targeting studies suggest
that the absence of either IL-12RB1 or IL-12RB2 impairs functional responses to I1L-12 (Wu
etal., 1997; Wu et al., 2000). The p40 subunit of 1L-12 is also shared by IL-23, also a
heterodimeric cytokine (p40 and p19 subunits) which has a strong effect in promoting the
function and survival of Th17 cells (Langrish et al., 2005). The receptor for IL-23 is a
heterodimer composed of IL-12Rp1 and IL-23R (Parham et al., 2002). IL-12RB2 is required
for biological response of 1L-12 but not IL-23. Thus, the IL-12RpB2-deficient model is a
valuable tool to differentiate the role of these closely related cytokines and to specifically
investigate a role for IL-12 signaling in the induction of tolerance. The enhanced clinical and
pathological disease in this EAE model also provides an opportunity to test the effect of i.v.
tolerance on highly severe EAE, which is of significant importance for clinical therapy of
aggressive MS.

2. METHODS

Mice, EAE induction, and i.v. tolerance induction

Female, 8-12 week old, IL-12RB2~/~ mice and wild type C57BL/6 mice were purchased
from the Jackson Laboratories (Bar Harbor, ME). To induce EAE, mice were injected
subcutaneously with 200 pg MOGg3s.55 in CFA containing 4 mg/ml Mycobacterium
tuberculosis H37Ra (Difco, Detroit, MI) over 2 sites on the back. Two hundred ng pertussis
toxin was given i.p. on days 0 and 2 post immunization (p.i.). To induce i.v. tolerance,
MOGg3s.55 at a dose of 200 pg/mouse was i.v. injected either on days -3, 0, +6 p.i or at days
14 and 17 p.i. Identical volumes (100 w.l) of PBS were i.v. injected in parallel to serve as
controls. EAE was scored according to a 0-5 scale as follows (Benson et al., 2000): 1, limp
tail or waddling gait with tail tonicity; 2, waddling gait with limp tail (ataxia); 2.5, ataxia
with partial limb paralysis; 3, full paralysis of one limb; 3.5, full paralysis of one limb with
partial paralysis of second limb; 4, full paralysis of 2 limbs; 4.5, moribund; and 5, death. All
work was performed in accordance with the Thomas Jefferson University guidelines for
animal use and care.
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Histopathology

Mice were extensively perfused transcardially with PBS and spinal cords were harvested.
Five-pm sections were stained with H&E or Luxol fast blue (myelin stain) to examine
inflammation and demyelination respectively.

Flow cytometric analysis of mononuclear cells (MNCs) in the CNS

MNCs from pooled spinal cords were isolated as previously described (Zhang et al., 1999).
Cells were washed in staining buffer (1% FCS + 0.1% NaNs3 in PBS). After blocking with
anti-CD16/CD32 antibodies, cells were incubated with fluorescent antibodies to murine
CD4 and CD11b (BD PharMingen, San Jose, CA) for 20 mins in the dark at 4° C. Cells
were fixed and data were acquired on a FACSAria (Becton-Dickinson, Mountain View,
CA). MNCs were gated and fluorescence was analyzed using CellQuest (Beckson-Dickson)
software.

Cytokine production and proliferation assay

Suspensions of MNCs from spleen were prepared as previously described (Zhang et al.,
2002). Cells were cultured at a density of 2.5 x 10%/ml in complete RPMI with 10% FCS
and activated with MOGg3s.55 (25 peg/ml), Con A (5 g/ml), or cultured without antigen/
mitogen. Supernatants were collected after 48 h. Quantitative ELISAs for IFN-y IL-2, TNF-
a, and IL-17 were performed using paired mAbs according to the manufacturer's
recommendation (BD PharMingen). To assess proliferation, cells were cultured in triplicate
with of MOGg3s.55 (25 g/ml), Con A (5 pg/ml), or without antigen/mitogen. After 60 h,
cells were pulsed for 12 h with 1 uCi of 3H-methylthymidine. Cells were harvested and
analyzed using a p-counter. Results were expressed as cpm or stimulation index (SI).

Statistics—Datasets were analyzed for statistical significance using unpaired Student's t
tests or Mann-Whitney tests for non-parametric data and tests were performed on values of
area under the curve for each mouse in EAE clinical score datasets.

3. RESULTS

Intravenous MOGg3s.55 given at disease induction inhibits severe EAE in IL-12RB2~/~ mice

Previously we have shown that IL-12RB2~/~ mice developed earlier and more severe EAE
than wildtype animals, with significantly enhanced antigen-specific IL-17 responses (Zhang
et al., 2003). We have shown that complete tolerance to EAE can be induced with MOGg3s5_55
given i.v. before and shortly after EAE immunization of wildtype mice (Zhang et al., 2005).
To investigate if i.v. tolerance can suppress severe EAE and if IL-12R signaling is required
for i.v. tolerance, we immunized 1L-12RB2~/~ mice, and wildtype control mice, to develop
EAE and induced tolerance with i.v. autoantigen at the induction phase of disease. To this
end, wildtype and IL-12RB2/~ mice were given either MOGgs_55 (200 pg/mouse/day) i.v.
or an equivalent volume of PBS i.v. on days —3, 0 and +6 of EAE immunization. With this
treatment regime, i.v. MOGg3s_55 completely suppressed the development of EAE in
wildtype mice (Fig. 1A, data pooled from 3 independent experiments). Interestingly
however, the induction of tolerance was significant, but incomplete in IL-12RB2~/~ mice
(Fig. 1A) suggesting, that IL-12R signaling may play a partial, albeit minor role in the
induction of tolerance by i.v. autoantigen during the priming phase of disease, before
clinical signs have developed. It is also possible that the extent of tolerance was similar in
both genotypes but incomplete in IL-12RB2~~ mice due to enhanced disease severity.
However neither interpretation supports a major role for IL-12 signaling in the early
induction of tolerance.
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We examined the pathological and immunological profile of the CNS at day 14-21 post
immunization (p.i.). Spinal cord histopathology demonstrated extensive inflammation and
demyelination in the spinal cords of PBS-treated mice of both genotypes with the most
severe pathology clearly evident in IL-12R[52‘/‘ mice (Fig. 1B). However, little pathology
was detectable in wildtype mice treated with MOG3s_55 i.v. (Fig. 1B). Moderate
inflammation and demyelination was detectable in the spinal cords of IL-12RB2~/~ mice
treated with MOGg3s_s5 i.v. demonstrating CNS immunopathology as a result of incomplete
induction of tolerance (Fig 1B). Analysis of mononuclear cells recovered from pooled spinal
cords showed considerable variability, however, there was a clear trend of reduced CNS
infiltration in tolerized WT mice compared to PBS treated controls, which was not as
striking in IL-12RB2~/~ mice (Fig. 1C).

We also examined the profile of the peripheral immune system at day 14-121 post-
immunization in this model of early tolerance induction. We found significant suppression
of proliferative responses to MOGgs.s5 in wildtype and IL-12RB2~/~ mice that received
MOG3s.55 i.v. suggesting that IL-12 signaling does not play a major role in suppression of T
cell proliferation induced by tolerance (Fig. 2A). Splenocytes from these mice were cultured
with MOG35.55 or Con A and pro-inflammatory cytokine expression was measured by
ELISA. Administration of i.v. autoantigen did not affect mitogen-stimulated expression of
IL-2, IL-17, IFN-y or TNF-a (Fig. 2 B-E). However, activation of splenocytes with
MOGg3s.55 demonstrated that in WT animals, i.v. autoantigen significantly inhibited IFN-y
and IL-2 expression with a trend towards suppression of IL-17 and TNF-a.. While there was
a trend towards suppression of these cytokines in tolerized IL-12RB2~~ mice, this only
reached statistical significance in the case of IL-2 (Fig. 2D) suggesting that IL-12 signaling
may play a partial role in the suppression of pro-inflammatory cytokines such as IFN-y,
IL-17 and TNF-a during early tolerance induction.

Intravenous tolerance effectively overcomes enhanced ongoing EAE in IL-12RB2~/~ mice

To investigate if i.v. tolerance can also suppress severe EAE during the clinical phase of
disease which is relevant to treating human disease, we immunized IL-12R2~/~ mice and
wildtype controls to develop EAE and i.v. injected either MOG3s.55 (200 pg/mouse/day) or
an equivalent volume of PBS as a control on days 14 and 17 p.i. via the tail vein. In
agreement with our previous findings (Zhang et al., 2003), IL-12RB2~/~ mice developed
earlier and more severe EAE than wildtype animals (Fig. 3A; data pooled from 3
independent experiments). Intravenous administration of MOGss_55 during the clinical phase
(day 14 and 17) effectively suppressed disease in wildtype mice and also in IL-12Rp27/~
mice. Interestingly, and somewhat in contrast to early tolerance induction (Fig 1A),
administration of i.v. autoantigen during clinical disease suppressed EAE in both genotypes
to a comparable degree, despite enhanced severity of EAE in IL-12RB2™/~ mice (Fig 3A;
data pooled from 3 independent experiments) demonstrating the potency of this therapeutic
approach. Histopathology of spinal cords of mice in each group correlated with clinical
findings. More extensive inflammation (H+E) and demyelination (Luxol Fast Blue; LFB)
was observed in IL-12RB2™~ mice compared to wildtype mice and i.v. antigen largely
inhibited the development of pathology in both genotypes (Fig 3B). Analysis of
mononuclear cells recovered from pooled spinal cords also correlated with clinical disease
as the greatest yield was from spinal cords of the IL-12RB2~/~ group and i.v. tolerance
resulted in less infiltration of mononuclear cells in both genotypes (Fig 3C; data pooled from
3 independent experiments). Qualitative immunophenotyping of mononuclear cells isolated
from spinal cords showed that i.v. tolerance in both genotypes resulted in a mild reduction of
CD4" cells as well as CD11b™* cells (Fig 3D; data pooled from 3 independent experiments),
however, as spinal cords were pooled in each of 3 experiments, statistical analysis was not
possible. The findings from this study demonstrate that i.v. tolerance is an effective
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approach for suppressing ongoing EAE, even in a highly enhanced EAE model, and the
mechanism of i.v. tolerance during clinical disease is independent of IL-12R signaling.

To investigate if similar tolerogenic mechanisms were at play both wildtype and
IL-12RB2~ mice, we analysed the recall immune response of each group. Proliferative
responses to MOG antigen and Con A did not differ significantly in control groups of each
genotype compared to MOG-treated mice (data not shown). We examined pro-inflammatory
cytokine production by antigen (MOG3s.55) and mitogen (Con A) stimulated splenocytes
from control and tolerized mice and while there were trends of suppression of IFN-y, IL-17
and IL-2 in wildtype mice, these did not reach statistical significance (data not shown).
Similar trends were observed in IL-12RB2~/~ groups suggesting that mechanistically, the
regulation of pro-inflammatory cytokines during tolerance is not dependent on 1L-12
signaling in the effector phase of disease. These data also differ somewhat from pro-
inflammatory cytokine profiles that were suppressed significantly when tolerance was
induced at the induction phase of disease (Figure 2) reinforcing the concept of distinct
tolerogenic mechanisms at different phases of disease.

We next examined the proportion of regulatory T cells in the peripheral immune system of
tolerized and control EAE mice. The frequency of naturally occurring CD4*CD25*
regulatory T cells was comparable in both wildtype and IL-12RB2~/~ mice (Fig. 3E) and this
proportion significantly increased in both genotypes after i.v. autoantigen. However, the
increase in the WT group was more robust than that observed in the IL-12RB2™/~ group
which resulted in a significantly higher proportion of CD4*CD25* Tregs in tolerized WT
mice than tolerized IL-12RB2~"~ mice (Fig. 3E). This suggests that IL-12 signaling may
contribute to autoantigen-induced expansion of Tregs. There was also a trend towards
increased Foxp3* cells also which did not quite reach statistical significance (Fig. 3F). These
data demonstrate robust increases in Tregs as a consequence of i.v. autoantigen and while
this is not dependent on IL-12 signaling, there does appear to be an influence of I1L-12
signaling in Treg expansion during tolerance.

4. DISCUSSION

Here we report that i.v. autoantigen efficiently induced tolerance to EAE even in the
clinically severe model of EAE that develops in IL-12RB2/~ mice. This finding also
demonstrates that I1L-12 signaling does not play a major role in tolerance induction.
Tolerance resulted in reduced infiltration of inflammatory cells into the CNS and
concomitantly less inflammatory lesions and demyelination. Expansion of Tregs in the
periphery was a feature of tolerance induction in both genotypes and is likely a major
cellular mechanism limiting EAE in this model.

Interestingly however, 1L-12 signaling appeared to be somewhat more influential in
tolerance induced during the priming phase compared to during the effector phase of EAE.
While treatment of WT mice with MOG3s.55 i.v. at day —3, 0 and +6 of immunization
completely suppressed the development of disease, parallel treatment of IL-12RB2~/~ mice
resulted in only partial tolerance. It is notable however that, as we have previously reported
(Zhang et al., 2003), IL-12RB2~/~ mice develop more severe EAE than WT and thus it is
possible that incomplete tolerance is due to the magnitude of disease. In this early treatment
regime, in contrast to treatment during clinical disease, significant suppression of pro-
inflammatory cytokine responses to antigen stimulation were observed in WT mice,
however while I1L-12RB2~/~ mice showed similar trends, of the cytokines examined, only
IL-2 expression was significantly suppressed in the absence of IL-12 signaling. This would
suggest that I1L-12 signaling contributes to constraint of the expression of pro-inflammatory
cytokines such as IL-17, IFN-y and TNF-a by antigen-specific cells. Interestingly, there
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was no suppression of pro-inflammatory cytokine responses to mitogen stimulation in
tolerized mice of either genotype demonstrating that immunoregulatory pathways induced
by i.v. autoantigen targeted antigen specific responses.

However, the data presented here demonstrate that 1L-12 signaling plays a complex role
during the induction of tolerance as the presence of exogenous IL-12 and the lack of IL-12
signaling both prevent complete induction of tolerance (Zhang et al., 2002). These
seemingly contradictory findings may be explained by recent studies showing that IFN-y
and other Thl-associated factors promote the development of induced Tregs from
CD4*CD25" cells both /n vivoand in vitro (Hong et al., 2005; Ouaked et al., 2009; Wang et
al., 2006). IL-12 potently induces IFN-y and a lack of IL-12 signaling may result in changes
to IFN-y production /n vivo that affects the downstream production of Tregs. Indeed, our
data here show significantly less Treg induction following i.v. autoantigen during clinical
disease in the absence of IL-12RB2. However, it is important to note that our analysis of
changes in CD4+ CD25+ Treg may include predominantly naturally occurring Treg but also
a population of effector T cells that upregulated CD25 expression following activation.
Indeed, given the complete induction of tolerance in IL12RB2~/~ mice in the face of severe
EAE and our cautious interpretation of impaired Treg generation in IL-12RB2~/~ mice, these
findings would argue against Treg as principal mediators of tolerance in this model The role
of exogenous IL-12 in abrogating the induction of tolerance is also understandable given the
potent role of IL-12 in inducing pro-inflammatory Th1 cells (Gately, 1998; Trinchieri,
1998).

While Ouaked et a/. did not find an effect of exogenous IL-12 on Treg development /n vitro
(Ouaked et al., 2009), the data presented above suggest that IL-12 signaling plays a role in
the development of CD4*CD25* Tregs /n vivo. In support of this, we have previously
shown that induction of Treg by TGF- is significantly impaired in IL-12RB2~/~ mice (Zhao
et al., 2008). Interestingly, llarregui ef al. observed increased IL-12 production from T cells
incubated with tolerogenic dendritic cells and also observed that incubation of CD4* T cells
with the same tolerogenic dendritic cells led to increased proportions of CD4*CD25* Tregs
(Narregui et al., 2009). The moderate difference in efficacy of tolerance induction in
IL-12RB2~ mice at induction versus effector phases of EAE reported here aligns with our
previously published findings. These studies showed that apoptosis of effector cells
primarily underlies tolerance induced at the effector stage while tolerance induction at the
time of immunization is dependent on an antigen specific immunoregulatory mechanism that
may include CD4*CD25" Treg cells (Zhang et al., 1999; Zhang et al., 2002).

Taken together, our studies demonstrate that enhanced severity of clinical EAE and pro-
inflammatory responses can be effectively overcome by i.v. autoantigen, indicating that i.v.
tolerance may be a powerful approach to suppress severe and aggressive MS.
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Figure 1. Intravenous MOGg3s.55 given at disease induction inhibits severe EAE in IL-12R[32'/'
mice

Wildtype and 1L-12RB2~/~ mice immunized to develop EAE were given MOG3s_ss i.v. on
days -3, 0 and +6 days p.i. (200 pg/mouse/day). (A) Mice were scored daily for clinical
signs (n=7-9). (B) Spinal cord inflammation and demyelination were characterized
histologically. (C) Mononuclear cells recovered from pooled spinal cords of each group
were quantified between days 14-21 p.i. (n=3). Results shown are pooled from three
independent experiments with a total n=7-9 mice. WT control vs. WT MOG ***p=0.0003,
KO control vs. KO MOG **p=0.0038, both statistically significant.
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Figure 2. Peripheral immune response during EAE and early tolerance induction

Splenocytes were harvested between days 14-21 p.i. and stimulated with MOGg35.55 or
concanavalin A. (A) Proliferative responses were measured in MOG-stimulated cells by
[3H]thymidine incorporation after 60 hours (n=3-4). (B—E) Cytokine production was
measured by ELISA after 48 hours, (n=4). Results shown are pooled from four independent
experiments.
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Figure 3. Intravenous MOGg3s_55 given during clinical disease inhibits severe EAE

Wildtype and 1L-12RB2~/~ mice immunized to develop EAE were given MOG3s_ss i.v. on
days 14 and 17 p.i. (200p.g/mouse/day). (A) Mice were scored daily for clinical signs. (B)
Spinal cord inflammation and demyelination were characterized histologically. (C)
Mononuclear cells recovered from pooled spinal cords of each group were quantified
between days 18-21 p.i. (n=3). (D) Mononuclear cells from CNS tissue were
immunophenotyped by flow cytometry. Splenocytes were harvested between days 18-21
p.i., stained with fluorescently labeled antibodies and analyzed by flow cytometry. (E)
Proportions of CD4*CD25* Treg in splenocyte CD4" populations (n=4-5). (F) Proportions
of CD4*Foxp3* Treg in splenocyte CD4™ populations (n=4-5). Results shown are pooled
from three independent experiments with a total n=8-10 mice. WT control vs. WT MOG
*p=0.0311, KO control vs. KO MOG **p=0.0015, both statistically significant.
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