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Abstract
Dendritic cells (DCs) have been shown to play a major role in oral tolerance and this function has
been associated with their ability to produce anti-inflammatory cytokines and to induce
suppressive T regulatory cells. Herein, we demonstrate that upon oral administration of Ag,
lamina propia (LP) DCs engage specific T cells and acquire a novel mechanism by which they
transfer tolerance against diverse T cell specificities. Indeed, when Ig-MOG carrying the myelin
oligodendrocyte glycoprotein (MOG)35–55 epitope was orally administered into either T cell
sufficient or deficient mice, only the T cell sufficient hosts yielded CD8α+ and CD8α− LP DCs
that were able to transfer tolerance to a variety of MHC class II-restricted effector T cells.
Surprisingly, these LP DCs up-regulated programmed cell death ligand 1 (PD-L1) during the
initial interaction with MOG-specific T cells and utilized this inhibitory molecule to suppress
activation of T cells regardless of Ag specificity. Furthermore, oral Ig-MOG was able to overcome
experimental allergic encephalomyelitis (EAE) induced with central nervous system (CNS)
homogenate, indicating that the DCs are able to modulate disease involving diverse T cell
specificities. This previously unrecognized attribute potentiates DCs against autoimmunity.

INTRODUCTION
Oral tolerance represents a practical and effective approach to counter autoimmunity (1).
This is most likely due to the proficiency of the gut immune system to mount T regulatory
(Treg) cell responses (2, 3) capable of producing anti-inflammatory cytokines such as TGFβ
(4) and IL-10 (5). Dendritic cells (DCs)3 in the gut-associated lymphoid tissues have proven
effective in capturing Ag from the intestinal lumen (6, 7) and are conditioned to present oral
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Ag in a tolerogenic fashion (8). By many accounts DCs have proven efficient in inducing
tolerance either by producing IL-10 (9), a powerful anti-inflammatory cytokine, or by Ag-
driven induction of Tregs, which can display highly suppressive function against
inflammatory T cells (8, 10–12). Despite these attributes, oral delivery of Ag, while
effective in preventive settings against diseases such as EAE (1, 13, 14), collagen-induced
arthritis (15), type I diabetes (16–18), and colitis (19), has met with challenges in the
reversal of ongoing autoimmunity in many animal models of these diseases and translation
to human has yet to be achieved. Herein, we report yet another mechanism by which lamina
propria (LP) DCs acquire and execute tolerogenic functions that overcome overt
autoimmune inflammation. Indeed, Ig-MOG given to sick mice with EAE by oral gavage
was able to overcome the disease as it did upon delivery by intraperitoneal injection (20).
Intriguingly, however, this was accomplished in an IL-10 independent manner, prompting
the question as to whether DCs are endowed with an unknown tolerance mechanism yet to
be defined. The initial observation in this gut-priming induced tolerance indicated that only
lamina propria, but not mesenteric LN, APCs from Ig-MOG recipient mice can transfer
tolerance to T cells. Even more surprising, the LP APCs had to have had contact with
effector T cells in an antigen specific manner in order to tolerize target T cells of the same or
unrelated specificity. Ultimately, we discovered that the initial antigen-mediated interactions
with T cells lead LP DCs to up-regulate the inhibitory molecule programmed death ligand 1
(PD-L1) and utilize it to counter subsequent activation of T cells. These findings reveal yet
another DC tolerance attribute specifically acquired via the oral route that could drive broad
suppressive function against diverse T cell specificities and overcome overt autoimmunity.

MATERIALS AND METHODS
Mice

C57BL/6, C57BL/6 IL-10−/ −, B6.129S2-H2dlAb1-Ea/J (MHC class II-deficient), and C57BL/
6 Rag2−/ − were purchased from The Jackson Laboratory (Bar Harbor, Michigan). C57BL/6
2D2 mice, expressing a transgenic TCR recognizing MOG35-55, have previously been
described (21). C57BL/6 FoxP3.GFP.DTR mice expressing the green fluorescence protein
(GFP) and human diphtheria toxin receptor (DTR) were previously described (22). C57BL/6
OTII mice, expressing a transgenic TCR recognizing OVA323–339, have been described
previously (23). Fcerg1 (FcγRI and III deficient) mice were purchased from Taconic and
used as previously described (20). All mice were bred and maintained in our animal care
facility for the duration of the experiments. All experimental procedures were performed
according to the guidelines of the University of Missouri animal care and use committee.

Antigens
Peptides—The peptides used in this study were purchased from EZBiolab (Westfield, IN).
MOG peptide (MEVGWYRSPFSRVVHLYRNGK) encompasses aa residues 35–55 of
MOG. OVA peptide (SQAVHAAHAEINEAGR) encompasses aa residues 323–339 of
ovalbumin. PLP1 peptide (HSLGKWLGHPDKF) encompasses aa 139–151 of proteolipid
protein. CNS homogenate was made from frozen unstripped rat brains (Pelfreez Biologicals)
which were homogenized in PBS using a Waring blender and adjusted to 300mg/mL as
described previously (24).

Ig chimeras—Ig-MOG (20), and Ig-OVA (25, 26) incorporate MOG and OVA peptide,
respectively, inserted within the H chain complementarity determining region 3. Ig-W is the
parental IgG2b,κ molecule not encompassing any myelin or other peptide. All chimera
transfectants are grown up in large-scale cultures and purified from culture supernatant on
affinity chromatography columns made of rat anti-mouse κ-chain coupled to CNBr-
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activated Sepharose 4B (Amersham Biosciences). Aggregation of Ig chimeras was done
using 50%-saturated (NH4)2SO4 as described previously (24).

Cell isolation
CD4+ T cells were isolated from the spleen of 2D2 or OTII transgenic mice by positive
selection using the MACS cell separation system (Miltenyi). Bulk splenic and lymph node
APCs were obtained by tissue disruption in a collagenase solution and isolation of the cells
on a dense BSA gradient. For isolation of bulk APCs from the lamina propria, the intestines
were washed clean and the IEL were removed using a CMF-EDTA wash buffer as described
(27). The cells were then incubated in a collagenase solution (100U/mL RPMI-10) for 1
hour at 37°C and separated on a dense BSA gradient. CD8α+CD11c+,
CD8α−CD4+CD11c+, and CD11b+ cells were purified from the dense-BSA enriched bulk
APCs by the differential adherence method previously described (28). Briefly, the APCs
were allowed to adhere to petri dishes for 90 min at 37°C, washed, and incubated overnight
at 37°C at 7% CO2. The non-adherent dendritic cells were collected and the subsets were
purified by positive selection using the MACS separation system.

Depletion of Tregs
C57BL/6 FoxP3.GFP.DTR mice were depleted of T regulatory cells by i.p. injection of 300
ng Diphtheria Toxin (DT) from Corynebacterium diphtheria (Sigma) in PBS once daily for
three days.

Induction of EAE
Active EAE—Induction of active EAE has been previously described (20, 24). Briefly,
female mice (6–8 wk old) were induced for EAE by s.c. injection of a 200μL IFA/PBS (v/v)
solution containing 300μg MOG peptide or 6mg CNS homogenate and 200μg of
Mycobacterium tuberculosis H37Ra (Difco) in the footpads and at the base of the limbs. Six
hours later, mice were given i.v. 500ng purified Bordetella pertussis toxin (List Biological
Laboratories). A second injection of B. pertussis toxin was given after 48 h. The mice were
scored daily for clinical signs of EAE as follows: 0, no clinical signs; 1, loss of tail tone; 2,
hind limb weakness; 3, hind limb paralysis; 4, forelimb paralysis; and 5, moribund or death.

Induction of EAE in MHC II−/ − mice—MHC II−/ − female mice (6–8 wk old) were
given i.p. 1 × 106 splenic or LP APCs along with 10 × 106 purified 2D2 CD4 T cells i.v. The
following day, mice were induced for active EAE as above.

Oral Ig treatment of EAE
Mice that were induced for EAE received 300μg sol or agg Ig-MOG or Ig-W and 1mg soy
trypsin inhibitor in PBS by oral gavage. Treatments were administered 4 times at 2 day
intervals beginning on day 7 post disease induction. For analysis of APCs following oral Ig
exposure, mice received a one-time dose of 1mg agg Ig-MOG, Ig-OVA, or Ig-W along with
1mg soy trypsin inhibitor in PBS. APCs were harvested 24 h later for experiments.

Measurement of cell proliferation
5 × 105 purified 2D2 or OTII T cells were cultured with 1 × 105 APCs in the presence of
antigen at the indicated concentrations for 48 h. 1μCi 3[H] thymidine was added per well
during the last 14.5 h of culture. The cells were harvested on a Trilux 1450 Microbeta
Wallac Harvester and incorporated 3[H] thymidine was counted using the Microbeta
270.004 software (EG&G Wallac, Gaithersburg, MD).
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Measurement of cytokines by ELISA
IFNγ and IL-17 were detected by ELISA according to BD Pharmingen’s (San Jose, CA)
standard protocol. For IFNγ, the capture antibody was rat anti-mouse IFNγ (R4-6A2) and
the biotinylated detection antibody was rat anti-mouse IFNγ (XMG1.2). For IL-17
detection, the capture antibody was anti-mouse IL-17A (eBio 17CK15A5) and the
biotinylated detection antibody was anti-mouse IL-17A (eBio 17B7). The OD450 was read
on a SpectraMAX 190 counter (Molecular Devices, Sunnyvale, CA) and analyzed using
SOFTmax PRO 3.1.1 software. Graded amounts of recombinant cytokine were included for
construction of the standard curve. Cytokine concentrations were extrapolated from the
linear portion of the standard curve.

Flow cytometry
Most antibodies were purchased from BD Biosciences or Ebiosciences. Antibodies used
were phycoerythrin (PE)-conjugated PD-L1 (10F.9G2), PD-L2 (TY25), CD80 (16-10A1),
CD86 (PO3.1), and I-Ab (NIMR-4); fluorescein isothiocyanate (FITC)-conjugated CD8α
(53-6.7) and CD11b (M1/70); PE-Cy7-conjugated CD4 (RM4-5) and CD11c (HL3);
allophycocyanin (APC)-conjugated CD4 (RM4-5), CD11b (M1/70), and CD11c (HL3);
biotinylated CD103 (2E7), CD40 (3/23), and goat anti-mouse Ig. FcγR’s were blocked prior
to staining using mouse IgG (Sigma, St. Louis, MO). Dead cells were excluded using 7-
amino-actinomycin D (7AAD) (EMD Biosciences). Cells were collected using a Beckman
Coulter CyAn (Brea, CA) and data were analyzed using FlowJo version 8.8.6 (Tree Star) or
Summit Software version 4.0 (Dako).

PD-L1 inhibition
Anti-mouse PD-L1 (10F.9G2) and isotype control (LTF-2) antibodies were purchased from
BioXCell (West Lebanon, NH). To block PD-L1, APCs (1 × 106 cells/mL) were cultured in
DMEM supplemented with 10% fetal calf serum in the presence of 20μg/mL anti-PD-L1 or
isotype control for 2 hours at 37°C. Following incubation, APCs were washed twice with
PBS and used for experiments.

Statistical analysis
Data were analyzed using a one-sample t test, unpaired two-tailed Student’s t test, or one-
way ANOVA as indicated using Prism software v4.0c (Graphpad).

RESULTS
Oral treatment with Ig-MOG suppresses inflammation and attenuates EAE

We have previously shown that the aggregated (agg) form of Ig-MOG is effective against
EAE when given to mice via the intraperitoneal route (20). Herein, we sought to test Ig-
MOG for suppression of EAE via the oral route which is presumably more effective for
induction of T cell tolerance (2, 29) and would be more practical and relevant for human
circumstances. Accordingly, C57BL/6 mice were induced for EAE with either MOG peptide
(MOG EAE) or CNS homogenate (CNS EAE) and then given Ig-MOG in a soluble (sol) or
agg form on day 7, 9, 11 and 13 after disease induction by oral gavage. The animals were
simultaneously given soy bean trypsin inhibitor (STI) to minimize gastric degradation of Ig-
MOG. The mice were monitored for signs of paralysis until day 30 post disease induction.
The results show that mice given sol Ig-MOG +STI had reduced disease severity relative to
animals recipient of the control sol Ig-W+STI or STI alone (STI) (Fig. 1A, left). Indeed, for
MOG EAE the mean maximal disease severity score (MMS) went down from 2.0 ± 0.5 in
the control groups (STI and Ig-W +STI) to 0.6 ± 0.3 in mice recipient of sol Ig-MOG +STI
(p < 0.005). Likewise, disease severity of CNS homogenate-induced EAE was reduced from
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2.0 ± 0.5 in the STI and Ig-W+STI-treated mice to 1.2 ± 0.3 (p < 0.004) in those recipient of
sol Ig-MOG +STI (Fig. 1A, right). Furthermore, the aggregated form of Ig-MOG also
reduced disease severity in both MOG peptide (Fig.1B, left) and CNS homogenate (Fig. 1B,
right) induced EAE. In fact, the mean maximal disease score was reduced from 1.8 ± 0.4 in
the agg Ig-W +STI treated mice to 0.5 ± 0.4 (p < 0.001) for MOG peptide EAE and from 1.8
± 0.4 to 0.83 ± 0.3 (p < 0.002) for CNS homogenate EAE. Thus, oral treatment with Ig-
MOG is effective against EAE whether the chimeras are given in a sol or agg form.
Suppression of disease is likely due to modulation of both Th1 and Th17 cells. This is drawn
from the finding that IFNγ and IL-17 production by peripheral (PLN) and mesenteric
(MLN) lymph node as well as LP CD4 T cells was significantly reduced by treatment with
agg Ig-MOG (Fig. 1C). Indeed, MOG-specific IFNγ production was significantly reduced in
the PLN, MLN, and LP of oral agg Ig-MOG +STI treated mice compared to STI alone
treated mice (Fig. 1C, top row). Similarly, production of IL-17 was significantly reduced
compared to STI mice (Fig. 1C, bottom row). This effect was antigen specific, as PLP1
peptide did not elicit cytokine responses from either treatment group. Taken together, these
results indicate that oral agg Ig-MOG induces modulation of both Th1 and Th17 T cells in
an antigen specific manner.

IL-10 displays partial contribution to modulation of EAE by oral agg Ig-MOG
Previous studies have suggested that tolerance in the gut requires local production of
suppressive cytokines such as IL-10, along with the expansion, activation, and accumulation
of regulatory T cells in the gut associated lymphoid tissues (5). This bodes well with prior
observations made with agg Ig-MOG given via the intraperitoneal route because the chimera
crosslinks Fc gamma receptors (FcγR’s) on APCs (20) and induces the production of IL-10,
a cytokine which sustains both bystander suppression (24) and expansion of regulatory T
cells (30). However, given that sol Ig-MOG, which does not stimulate IL-10 production by
APCs or expand Tregs (24, 30), had similar effects as the agg form of the chimera when
given via the oral route (Fig. 1), one has to probe whether IL-10 contributes to modulation
of EAE by oral agg Ig-MOG. Since the aggregated, but not soluble, form of the chimera
induces IL-10 production by APCs (20, 24), only agg Ig-MOG was used to test the premises
in IL-10-deficient C57BL/6 mice. The findings indicate that IL-10-deficient mice treated
with Ig-MOG+STI displayed reduced disease severity compared to mice recipient of STI
alone whether EAE was induced with MOG peptide (MMS 2.5 ±0.5 versus 1.2 ± 0.5, p <
0.01) or CNS homogenate (MMS 2.4 ± 0.6 versus 1.4 ± 0.5, p < 0.02) (Fig. 2A). In fact, Ig-
MOG treatment had a similar suppressive effect in both IL-10-deficient and sufficient mice
(Fig. 2B). Overall, these results suggest that the oral route for delivery of agg Ig-MOG is
less dependent on IL-10 and other mechanisms are likely involved in oral T cell tolerance
and modulation of EAE.

Oral Ig-MOG interferes with the presenting function of lamina propria APCs
To further define the mechanism by which oral Ig-MOG modulates effector T cells and
suppresses EAE, we sought to determine whether the treatment operates through
interference with the presenting function of APCs. Accordingly, mice were given oral Ig-
MOG and their SP, LP and PLN as well as MLN APCs were harvested, loaded with MOG
peptide in vitro, and tested for stimulation of naïve 2D2 T cells. The results show that SP,
PLN and MLN APCs were able to stimulate 2D2 T cells in a fashion similar to APCs
emanating from mice that were not exposed to oral Ig-MOG (Fig. 3A and B). Surprisingly,
however, the LP APCs displayed a reduced ability to stimulate the naïve T cells (Fig. 3A
and B). In fact, T cell proliferation was reduced from 17,098 ± 577 cpm when the
stimulation used LP APCs from STI mice to 8,856 ± 3,081 cpm for oral Ig-MOG +STI LP
APCs (Fig. 3A). In parallel, IFNγ production by the T cells was also significantly reduced
when the stimulation used LP APCs from oral Ig-MOG + STI recipient mice versus LP
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APCs from STI mice (compare 6.8 ± 0.9 versus 2.4 ± 0.5 ng/mL) (Fig. 3B). As with
proliferation, there was no significant difference in IFNγ production by T cells stimulated
with SP, PLN, or MLN APCs from oral agg Ig-MOG +STI versus APCs from STI alone
treated mice. Given that the relative frequency of the major professional APCs was similar
in the spleen and lamina propria (Fig. S1), it is unlikely that cell composition accounts for
differential T cell inhibitory effects. Overall, these results suggest that oral agg Ig-MOG
affects the stimulatory function of LP APCs. Previously, we have shown that Ig-MOG
internalizes into APCs mostly via FcγRs for processing and delivery of MOG peptide to
MHC class II molecules (20). Thus, we sought to determine whether the effect of oral Ig-
MOG on the function of lamina propria APCs is dependent on FcγR-mediated up-take of
the chimera. Accordingly, FcγR−/ − mice were given 1mg oral agg Ig-MOG and 24h later
the LP APCs were assessed for stimulation of naïve 2D2 T cells in comparison with
FcγR+/+ LP APCs. The results show that contrary to FcγR+/+ APCs, the LP APCs from
FcγR−/ − mice were able to present free MOG peptide and stimulate 2D2 T cells similar to
FcγR+/+ mice treated with STI alone (Fig. 3C). In fact, T cell proliferation was increased
from 37,420 ± 1,419 cpm by FcγR+/+ LP APCs to 65,570 ± 4,026 cpm by the FcγR−/ − LP
APCs (Fig. 3C, left panel). Similarly, IFNγ production increased from 13.4 ± 1.8 to 28.3 ±
6.7 ng/ml by the FcγR+/+ versus FcγR−/ − LP APCs (Fig. 3C, right panel). This data
indicates that the effects of oral Ig-MOG on LP APCs is dependent on FcγR mediated
uptake of Ig-MOG. Overall, the findings indicate that oral exposure to Ig-MOG affects the
presenting function of lamina propria APCs. We then sought to test whether such a
functional shift would be operational in vivo and counter the encephalitogenicity of MOG-
specific 2D2 TCR transgenic T cells (21). Accordingly, C57BL/6 mice were fed 1mg agg
Ig-MOG and their LP APCs (referred to as LPIg-MOG) were adoptively transferred into
MHCII-deficient mice and tested for suppression of EAE mediated by 2D2 T cells. The
results indicate that hosts recipient of LPIg-MOG APCs were resistant to EAE while control
hosts given LP APCs (LPIg-W) from donors treated with Ig-W were susceptible to EAE (Fig.
4A). Indeed, the MMS of mice transferred with LPIg-W APCs was 1.7 ± 0.3 compared to 0.7
± 0.3 for mice recipient of LPIg-MOG APCs (Table I). Furthermore, the animals were able to
recover from disease and their cumulative clinical score was lower than those recipient of
LPIg-W APCs (Table I). This phenomenon was specific to the LP, because splenic APCs
(SPIg-MOG) from Ig-MOG fed mice did not confer resistance to EAE (Fig. 4B) and the
pattern of disease was similar to hosts recipient of SPIg-w APCs (Table I). Thus, the
functional shift of LP APCs induced by oral Ig-MOG is operational in vivo and counters
EAE mediated by 2D2 TCR transgenic T cells. The results are interpreted to point toward an
oral Ig-MOG mediated acquisition of tolerogenic function by LP APCs as the cells were
unable to stimulate T cells both in vitro and in vivo.

The endowment of LP APCs with tolerogenic functions is dependent on T cells
Since Ig-MOG, but not Ig-W, was able to endow LP APCs with tolerogenic function, we
hypothesized that antigen contributes to the acquisition of tolerogenic function by LP APCs.
In this line of reasoning one would envision that communication with T cells, a phenomenon
that requires antigen (presumably MOG peptide of Ig-MOG), influences acquisition of
tolerance by LP APCs. To test this premise, oral Ig-MOG was administered to Rag2-
deficient (Rag2−/ −) mice, which would be devoid of T cells, and the resulting LP APCs
were evaluated for suppression of EAE. The findings show that upon transfer into MHC
II−/ − mice along with 2D2 T cells, the hosts were unable to resist EAE induced with MOG
peptide (Fig. 4C). Indeed, LP APCs from Rag2−/ − mice fed Ig-MOG (LP-Rag2−/ −

IgMOG)
did not confer resistance against EAE and the pattern of disease was similar to mice
recipient of control LP APCs from Rag2−/ − mice fed Ig-W (LP-Rag2− /−IgW). Also, there
was no significant difference among the test and control LP APCs in the onset of disease,
the mean maximal or the cumulative scores (Table I). Furthermore, while LP APCs from
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Rag2+/+ mice (LP-Rag2+/+
IgMOG) acquired tolerogenic function and were unable to

stimulate proliferation of 2D2 T cells in vitro, those emanating from Rag2−/ − mice (LP-
Rag2−/ −

IgMOG) did stimulate the 2D2 T cells to a similar extent as LP-Rag2−/ −
IgW APCs

(Fig. S2)4. Taken together, these results indicate that acquisition of tolerogenic function by
LP APCs is dependent on T cells. Also, since Ag was also required (compare Ig-MOG and
Ig-W) it is likely that Ag driven interaction of LP APCs with T cells is necessary for the
acquisition of tolerogenic function.

Tolerogenic LP APCs display broad suppressive function against diverse T cell
specificities

Oral Ig-MOG was able to suppress both MOG peptide and CNS homogenate EAE (Fig. 1).
This implies that LP APCs were able to drive tolerance against diverse T cell specificities.
To test this premise, we assayed tolerogenic LP APCs for suppression of T cells of unrelated
specificity both in vitro and in vivo. Accordingly, we utilized Ig-OVA, carrying ovalbumin
(OVA)323–339 peptide (25), to generate LP APCs to target the corresponding OVA-
specific OTII T cells (23) or the unrelated MOG-specific 2D2 T cells and vice versa with Ig-
MOG. This was accomplished as follows: 2D2 mice were fed 1mg agg Ig-MOG, agg Ig-
OVA, or agg Ig-W to generate LP2D2/Ig-MOG, (matching specificity), LP2D2/Ig-OVA
(mismatched specificity) and LP2D2/Ig-W, (no Ag control). On the other hand, OTII mice
were fed 1 mg agg Ig-MOG, agg Ig-OVA, or agg Ig-W to generate LPOTII/Ig-MOG,
(mismatched specificity), LPOTII/Ig-OVA (matched specificity) and LPOTII/Ig-W, (no Ag
control). These LP APCs were then tested for suppression of diverse T cell specificities. The
results show that LP2D2/Ig-MOG and LPOTII/Ig-OVA APCs were able to suppress both 2D2
and OTII cells (Fig. 5A and B). On the other hand, the mismatched APCs (LP2D2/Ig-OVA and
LPOTII/Ig-MOG) could not suppress either transgenic T cell and the proliferation levels were
similar to those observed with LP APCs from TCR transgenic mice fed Ig-W, the chimera
that does not carry any MOG or OVA (Fig. 5A and B). Again, the SP APCs were not able to
display broad suppression under any circumstance (Fig. 5C). These results indicate that
while the initial contact (induced by orally fed Ig chimera) between T cells and LP APCs
must be Ag specific, the acquired tolerogenic functions are broad and extend to diverse T
cell specificities. Similar findings were observed when the LP APCs were tested for
tolerogenic function in vivo (Fig. 5D and E). Indeed, LPOTII/Ig-OVA APCs were able to
suppress 2D2 T cell-driven EAE induced by immunization of MHC class II-deficient hosts
with MOG peptide. Again LPOTII/Ig-MOG, like LPOTII/Ig-W, APCs were unable to suppress
MOG/2D2 EAE (Fig. 5D). In fact, LPOTII/Ig-OVA APCs reduced the MMS from 2.0 ± 0 to
1.0 ± 0 relative to LPOTII/Ig-MOG and LPOTII/Ig-W APCs (Table I). The in vivo broad
suppressive functions are restricted to LP APCs as SPOTII/Ig-OVA APCs could not suppress
MOG/2D2 EAE (Fig. 5E, and Table I). Overall, these results indicate that the acquired
tolerogenic functions are broad and extend to diverse T cell specificities as tested by
suppression of proliferation in vitro and modulation of EAE in vivo.

Of note, the observation that OT-II LP APCs exposed to oral Ig-MOG could not transfer
tolerance to MOG EAE indicates that this phenomenon is not due to carry over of residual
Ig-MOG to the host mice, but rather relies upon the APC-T cell interaction during the initial
exposure.

Oral Ig-MOG induces a T cell-dependent up-regulation of PD-L1 on LP APCs
The tolerogenic functions of LP APCs could be due to blockade of MHC class II molecules
by peptide carryover or to a lack of up-regulation of costimulatory molecules. The fact that
LP-OTII/Ig-MOG APCs were able to present the I-Ab-restricted OVA peptide and stimulate

4Supplemental Material. The online version of this article contains supplemental material.
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OTII T cells indicates that MHC II molecules were not saturated with MOG peptide (also
restricted to I-Ab) carryover (Fig. S3). Similarly, LP2D2/Ig-OVA APCs were able to induce
proliferation of 2D2 T cells upon stimulation with MOG peptide, again indicating that MHC
II blockade was not responsible for the tolerogenic function of LP APCs. In regards to
costimulation, the tolerogenic LP APCs generated by feeding Ig-MOG to Rag2-sufficient
mice had a pattern of expression of key costimulatory molecules such as CD80, CD86, and
CD40, similar to non tolerogenic APCs generated in Rag2-deficient mice (Fig. S4). Thus, it
is unlikely that a lack of up-regulation of costimulatory molecules was responsible for
acquisition of tolerogenic functions by LP APCs. Moreover, CD103, which marks a subset
of LP DCs specialized in tolerance by promoting the generation of T regulatory cells (8) was
not affected, indicating that oral Ig-MOG may not affect the function of this subset. In the
face of this dilemma, we resorted to explore an alternative mechanism in which LP APCs
may up-regulate inhibitory molecules such as PD-L1 and PD-L2 to exercise tolerogenic
function. To this end, we assessed the expression of these molecules on LP APCs under
tolerizing (Rag2+/+) and non-tolerizing (Rag2−/ −) conditions. The findings indicate that PD-
L1, but not PD-L2, expression is up-regulated on the surface of CD4+CD11c+ and
CD8α+CD11c+ DC subsets from Rag2+/+, but not Rag2−/ −, mice fed Ig-MOG (Fig. 6A). No
significant PD-L1 up-regulation was observed on LP CD11b+ cells. The fold change in
mean fluorescence intensity of PD-L1 was 3.3 ± 0.5 and 3.1 ± 0.4 for CD4+ and CD8α+

DCs, respectively, from Rag2+/+ relative to those from Rag2−/ − (which were set to 1) (Fig.
6B). PD-L2 had similar MFIs for both DC subsets from both strains (Fig. 6B). Taken
together, these results indicate that the acquired tolerogenic function by LP APCs may lie
upon the up-regulation of PD-L1 on the CD8α−CD4+ and CD8α+ DC subsets.

PD-L1 sustains the tolerogenic functions of LP APCs
PD-L1 on APCs usually binds its ligand PD-1 and the interactions serve to alleviate T cell
hyperactivation (31). Since the LP APCs up-regulated PD-L1 and were unable to stimulate
T cells, it is possible that PD-L1 plays a prominent role in the tolerogenic function of the
APCs. To test this premise, we performed blockade of PD-L1 with anti-PD-L1 antibody and
tested the LP APCs for loss of tolerogenic functions. Indeed, this postulate proved correct
and LPIg-MOG APCs that were coated with anti-PD-L1 antibody regained the ability to
induce proliferation and the production of IFNγ or IL-17 by 2D2 T cells upon stimulation
with MOG peptide in vitro (Fig. 7A–C). This is due to blockade of PD-L1 because
LPIg-MOG APCs that were incubated with the isotype control retained their tolerogenic
function and could not stimulate the 2D2 T cells (Fig. 7A–C). In fact, proliferation and
cytokine production during PD-L1 blockade was significantly higher relative to isotype
control but comparable to non-tolerogenic LPIg-W APCs that originated from mice given
oral Ig-W. In vivo, when the anti-PD-L1-coated LPIg-MOG APCs were transferred to MHC
class II−/ − mice recipient of 2D2 T cells, the hosts developed MOG-peptide-induced EAE
similar to mice recipient of non-tolergenic LP-Ig-W APCs while those recipient of isotype-
coated LPIg-MOG APCs remained resistant against the disease (Fig. 7D). Indeed the isotype
coated LPIg-MOG APCs had a reduced MMS compared to LPIg-W APCs (2.0 ± 0.5 versus
1.16 ± 0.3, p<0.03), while disease induced by anti-PD-L1-coated LPIg-MOG APCs remained
severe (MMS 2.3 ± 0.2). Taken together, this data set demonstrates that the tolerogenic
function of LP APCs lies on the up-regulation of PD-L1 and operates through its inhibitory
functions.

The acquisition of tolerogenic function by LP APCs is independent of T regulatory cells
Since interaction with T cells is required for induction of tolerogenic LP APCs, and T
regulatory cells have been shown to play a profound role in oral tolerance (2, 3, 5), we
sought to determine whether interaction with Tregs is necessary for the generation of these
PD-L1 expressing APCs. This was accomplished by depleting Tregs with diphtheria toxin
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(DT) and examining LP APCs for PD-L1 expression and suppressive function. The results
show that C57BL/6 FoxP3.GFP.DTR mice given DT for 3 consecutive days display Treg
depletion in peripheral blood, SP, and LP (Fig. 8A). Mice that were depleted of Tregs and
given oral Ig-MOG yielded PD-L1-expressing LP APCs that were able to suppress 2D2
effector T cells (Fig. 8B-D). Indeed, relative to the mice depleted of Tregs but treated with
STI alone (STI+DT + No Ig-MOG), the fold change in PD-L1 MFI for LPIg-MOG DCs was
similar (2.1 ± 0.1 versus 2.0 ± 0.1) in Treg depleted (STI+ DT+IgMOG) versus non-
depleted (STI+NO DT+ Ig-MOG) mice (Fig. 8C). Furthermore, the LPIg-MOG DCs from
Treg depleted and non-depleted mice induced equivalent suppression of 2D2 T cells when
loaded with MOG peptide (Fig8 D). In fact, T cell proliferation was reduced from 18,013 ±
1077 cpm when the stimulation used non-tolerogenic LP DCs (STI+DT + No Ig-MOG) to
9,826 ± 637 with LPIg-MOG DCs from Treg depleted (STI+ DT+IgMOG) mice, a reduction
that is equivalent (9470 ± 223 cpm) to tolerogenic LP DCs from mice that were not depleted
of Tregs (STI+NO DT+ Ig-MOG). Thus, the acquisition of tolerogenic function by LP DCs
does not require interaction with Tregs.

Both CD8α+ and CD8α−CD4+ LP dendritic cell subsets acquire tolerogenic function upon
treatment with oral Ig-MOG

We have previously shown that intraperitoneal (i.p.) agg Ig-MOG drives modulation of
myelin-reactive T cells through lack of costimulation and IL-10 production exclusively by
the CD8α−CD4+ DC subset (20). However, given that T cell tolerance by oral Ig-MOG is
less dependent on IL-10, and that both the CD8α+ and CD8α−CD4+ DC subsets in the LP
have up-regulated PD-L1, it is likely that both subsets play a major role in oral tolerance. To
test this premise, the LP DCs from mice recipient of oral Ig-MOG were separated into
CD8α+ and CD8α−CD4+ subsets and tested for suppression of EAE. Accordingly, LP
CD8α+

Ig-MOG and LP CD8α−CD4+
Ig-MOG were co-transferred with 2D2 TCR transgenic T

cells into MHCII−/ − mice and the hosts were induced for EAE with MOG peptide. The
results show that LP CD8α+

Ig-MOG and LP CD8α−CD4+
Ig-MOG, but not splenic CD8α+

counterparts (SP CD8α+
Ig-MOG), were able to transfer tolerance against EAE (Fig. 9). In

fact, the MMS of mice recipient of CD8α+ or CD8α−CD4+ LP DCs was 1.0 ± 0 whilethose
transferred with control SP CD8α+ DCs had a MMS of 2.33 ± 0.1 (p<0.001). Overall, these
results indicate that both CD8α+ and CD8α−CD4+ DC subsets acquire tolerogenic function
within the lamina propria upon treatment with oral Ig-MOG.

DISCUSSION
In recent years the Ig delivery system has proven effective against autoimmune diabetes and
EAE when applied via the intraperitoneal route (20, 24, 32–36). In fact, a wealth of
information has been gained on the mechanisms underlying Ig chimera-mediated tolerance
including control of costimulation (37), migration (36), expansion of Tregs (30, 35) and
induction of suppressive cytokines (20, 24).

Oral tolerance, despite being the most vital means for preventing immune responses to
nutritional essentials and gut floral commensals, remains poorly defined (29, 38). Moreover,
given the practicality and the versatility of the gut immune system, a tremendous
consideration has lately been given to the oral route for vaccination and stimulation of
immunity as well as induction of tolerance and suppression of self-reactivity to overcome
autoimmune diseases (29, 38). Thus, we sought to determine whether Ig-MOG given via the
oral route would be effective against EAE and to delineate the mechanisms by which oral
tolerance restrains myelin-reactive encephalitogenic T cells. IL-10, whether produced by
Tregs (30), B cells (39, 40), or DCs (9, 24), usually serves an anti-inflammatory role and
contributes to the modulation of autoimmunity. In fact, IL-10 produced by APCs upon
intraperitoneal treatment with agg Ig-MOG contributed bystander suppression of
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autoreactive T cells and modulation of EAE (20, 24). In the oral Ig-MOG model, however,
this cytokine did not seem to play a major role in the induction of protection against EAE
(Fig. 2). The alternative then was to explore IL-10-independent and other mechanisms for
the observed effective suppression of EAE by oral Ig-MOG. The earliest investigations of
peripheral T cell tolerance indicated that APCs play a major role in the modulation of self-
reactive T cells, particularly through limited costimulation (37). Studies conducted towards
the role of APCs in Ig-MOG oral tolerance pointed to lamina propria APCs as major
contributors to such tolerance (Fig. 3). Indeed, LP APCs, but not their splenic or lymph node
counterparts, were unable to stimulate T cell responses in vitro and in vivo after oral Ig-
MOG exposure (Fig. 3 & 4). In fact, these LP APCs displayed tolerogenic function against
EAE (Fig. 4). While the observations bode well with previous findings suggesting that
mucosal dendritic cells are required for oral tolerance (41), the present study demonstrates
that T cells are also required during exposure to oral Ig-MOG for the LP APCs to acquire
the tolerogenic functions. This is supported by the findings that, if the exposure to oral Ig-
MOG is carried out in Rag2−/ − mice, where T cells are minimal, the LP APCs could not
become tolerogenic (Fig. 4). Interestingly, the T cells have to engage the LP APCs through
Ag in order for the latter to acquire the tolerogenic functions. This was initially evident
when FcγR−/ − mice fed Ig-MOG could not generate tolerogenic LP APCs as T cells are
available in this mouse but up-take and presentation of Ig-MOG is not operative due to the
deficiency in FcγRs (Fig. 3). A more direct evidence for the requirement of Ag-specific
interaction between LP APCs and T cells for the former to acquire tolerogenic functions
emanates from the observation that the specificity of naïve T cells had to match the oral
chimera for the process to materialize (Fig. 5). This gut-priming induced tolerance, which
we believe represents an Ag-specific APC education process, is not unique to Ig-MOG as
Ig-OVA was also able to yield tolerogenic LP APCs and also required the presence of OVA-
specific OT-II T cells (Fig. 5). As much as we were surprised by the requirement for
interaction with T cells for the LP APCs to acquire tolerogenic function, we were puzzled by
the findings showing that LP APCs subsequently display broad suppressive functions
against diverse T cells regardless of Ag specificity. Notably, LP APCs, which acquired
tolerogenic functions by exposure to Ig-MOG, were able to suppress stimulation of OVA-
specific OTII T cells and vice versa (Fig. 5). Moreover, LP APCs generated by exposure to
Ig-OVA were able to suppress 2D2 T cells in vivo and protect against EAE (Fig. 5). While
blockade of MHC molecules and lack of costimulation have previously been shown to
suppress the development of autoimmunity (37, 42), neither scenario is likely in this form of
suppression. Saturation of MHC II molecules by peptide carry over from exposure to the Ig
chimera is not plausible because LP APCs exposed to chimeras that do not match the
effector T cells were able to stimulate T cells restricted to the same I-Ab MHC II allele (Fig.
S2). In the same line of reasoning, a lack of costimulation is not a likely mechanism for the
acquired tolerogenic function because there was no evident down regulation of the key
costimulatory molecules (Fig. S3). Since Ag presentation and costimulation capabilities
remained intact, it was logical to envision that LP APCs carry out their tolerogenic function
through a process of active suppression, especially since the cells displayed up-regulation of
PD-L1, a member of the B7 molecule family that is expressed by APCs and functions as an
inhibitory receptor ligand for control of self-reactive T cells and modulation of
autoimmunity (31, 43–45). In fact, blockade of PD-L1 with an anti-PD-L1 antibody nullifies
the tolerogenic functions of LP APCs (Fig. 7). These findings not only explain the lack of
oral tolerance in mice deficient for PD-L1 (46, 47) but also bode well with the broad
suppressive function observed with LP APCs (Fig. 5) and the inhibition by oral Ig-MOG of
CNS homogenate induced EAE which involves multiple epitopes and diverse T cells
specificities. Finally, in contrast to the intraperitoneal route, which relied solely on the
CD8α−CD4+ splenic DC subset to suppress EAE (20), the oral route extended tolerogenic
function to both CD8α−CD4+ and CD8α+ DC subsets, though this was restricted to the
lamina propria.

Cascio et al. Page 10

J Immunol. Author manuscript; available in PMC 2014 June 15.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Overall, this study uncovers a novel mechanism by which APCs acquire tolerogenic
function upon oral administration of tolerogen. Indeed, we show that the lamina propria is
the organized lymphoid tissue uniquely suited to facilitate interaction of resident APCs
presenting the oral tolerogen and the cognate T cells. Interestingly, interaction with effector
rather than Tregs are responsible for acquisition of tolerogenic function by LP APC (Fig.8).
Ultimately, during this antigen-specific contact the APCs are schooled to acquire tolerogenic
functions capable of broad suppression against diverse T cell specificities. Specifically, the
broad suppression was mediated by the inhibitory PD-L1 molecule which was up-regulated
on the LP APCs during oral tolerogen-driven interaction with effector T cells. Interestingly,
both CD8α+ and CD8α−CD4+ DC subsets acquired PD-L1-dependent tolerogenic functions
and were able to transfer tolerance against myelin-reactive T cells and suppress EAE.
Usually DCs promote tolerance by supporting the induction of Tregs (8) or by producing
anti-inflammatory cytokines such as TGFβ (48) or IL-10 (9). This study reveals an as of yet
unrecognized mechanism whereby DCs acquire active tolerance from T cells and execute
suppression through the PD-L1 inhibitory molecule. Although the study raises new
questions pertaining to the specific acquisition of tolerogenic function in the LP but not
other lymphoid tissues, as well as the mechanism by which effector T cells induce up-
regulation of PD-L1, it underscores the usefulness of the oral route as an effective, practical,
and attractive approach for amelioration of autoimmunity.
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Figure 1. Oral Ig-MOG diminishes Th1 and Th17 responses and reverses EAE
Groups of 6- to 8-wk-old C57BL/6 mice were induced for EAE with MOG peptide (MOG
EAE) or CNS homogenate (CNS EAE). Seven days later, the mice were treated orally with
300 μg sol (A) or agg (B) Ig-MOG or Ig-W and 1 mg soy trypsin inhibitor (STI) for four
times at 2-day intervals. Mice recipient of STI alone (STI) were included for control
purposes. Mice were monitored daily for clinical signs of disease. Data is representative of
three individual experiments with 5 mice per group. (C) Mice were induced for MOG EAE
and treated orally with agg Ig-MOG +STI or STI alone (STI) as in B. Mice were sacrificed
15 days after the last treatment (day 21 peak of disease) and their mesenteric lymph node
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(MLN), lamina propria (LP), and peripheral lymph node (PLN) including axial and popliteal
were harvested and the cells were re-stimulated in vitro with free MOG peptide for 48 hours.
IFNγ (top row) and IL-17 (bottom row) cytokine production was analyzed by ELISA. PLP1
peptide was included for control purposes. Data is representative of three individual
experiments. Each bar represents the mean ± SD of triplicate wells. * p<0.005
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Figure 2. Evaluation of the contribution of IL-10 to Ig-MOG induced suppression of EAE
(A) IL-10−/ − C57BL/6 mice were induced for EAE with MOG peptide (left) or CNS
homogenate (right), and seven days later were treated orally with agg Ig-MOG + STI four
times at 2-day intervals. Mice were monitored daily for disease severity for 30 days. The
graphs show the mean clinical scores of mice treated with agg Ig-MOG + STI or STI alone.
(B) shows comparison of mean clinical scores of IL-10−/ − and IL-10+/+ C57BL/6 mice
induced for EAE with MOG peptide (left) or CNS homogenate (right), and treated orally
with agg Ig-MOG + STI as in (A). Data is representative of two independent experiments
with 5 mice per group.
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Figure 3. Lamina propria APCs from oral Ig-MOG treated mice display a diminished ability to
stimulate MOG specific T cells
Groups of C57BL/6 mice were given STI alone or 1mg oral agg Ig-MOG + STI and their
APCs from different lymphoid tissues were tested for stimulation of MOG-specific 2D2 T
cells. (A) shows the proliferative responses of 2D2 CD4 T cells stimulated with MOG
peptide-loaded SP, PLN, MLN and LP APC. (B) shows the cytokine responses of the 2D2 T
cells described in (A) as measured by ELISA. (C) shows proliferative and IFNγ responses
of 2D2 T cells stimulated with MOG peptide-loaded LP APCs that were obtained from
FcγR+/+ and FcγR−/ − C57BL/6 mice recipient of 1mg oral agg Ig-MOG+STI. APCs from
FcγR+/+ mice treated with STI alone were included for control purposes. Data is
representative of two independent experiments and each bar represents the mean ± SD of
triplicate wells from 3 to 4 mice. *p < 0.04 (A and B) or < 0.003 for (C).
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Figure 4. Effector T cells are required for lamina propria APCs to acquire tolerogenic functions
MHC II−/ − C57BL/6 mice adoptively transferred with 2D2 T cells and MHCII+/+ APCs
were induced for EAE with MOG peptide. Donor APCs were harvested from the LP or SP
of C57BL/6 mice (A–B) or Rag2−/ − C57BL/6 mice (C) recipient of agg Ig-MOG + STI or
agg Ig-W + STI. Mice were monitored daily for clinical signs of disease. Data is
representative of three individual experiments with 5 mice per group. LPIg-MOG, LPIg-W and
SPIg-MOG refer to LP or SP APCs from mice treated with oral Ig-MOG or Ig-W.
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Figure 5. Lamina propria APCs display suppressive function against diverse T cell specificities
OT-II and 2D2 TCR transgenic mice were given oral agg Ig-OVA, agg Ig-MOG, or agg Ig-
W along with STI and their LP and SP APCs were tested for transfer of tolerance both in
vitro and in vivo. (A) shows proliferative responses of OVA-specific OTII T cells stimulated
with OVA peptide presented by the indicated LP APCs (B) shows proliferative responses of
2D2 T cells stimulated with MOG peptide presented by the indicated LP APCs. (C) shows
proliferative responses of 2D2 T cells stimulated with MOG peptide presented by the
indicated SP APCs. *p<0.04. LP2D2/Ig-MOG refers to LP APCs from 2D2 TCR transgenic
mice treated with Ig-MOG; LPOTII/Ig-OVA refers to LP APCs from OTII TCR transgenic
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mice treated with Ig-OVA; LP2D2/Ig-OVA refers to LP APCs from 2D2 TCR transgenic mice
treated with Ig-OVA; LP2D2/Ig-W refers to LP APCs from 2D2 TCR transgenic mice treated
with Ig-W; LPOTII/Ig-W refers to LP APCs from OTII TCR transgenic mice treated with Ig-
W; Similar nomenclature is used for SP APCs. (D and E) shows the mean clinical score of
EAE of MHCII−/ − C57BL/6 mice recipient of 2D2 TCR transgenic T cells and the indicated
LP or SP APCs. EAE was induced with MOG peptide after transfer of the T cells and APCs.
Mice were graded for disease severity daily using the scale described in Materials and
Methods. Data represents 3 individual experiments with 5 mice per group.
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Figure 6. Exposure to oral Ig-MOG induces PD-L1 up-regulation on lamina propria DCs
LP APCs were harvested from Rag2+/+ and Rag2−/ − C57BL/6 mice 24 h after oral
administration of agg Ig-MOG + STI and expression of PD-L1 and PD-L2 was analyzed on
specific subsets. (A) shows representative histograms of PD-L1 (top row) and PD-L2
(bottom row) expression on the indicated cell populations. Shaded histograms represent
staining with matching isotype control. (B) shows the fold change in MFI for the indicated
markers for LP DC subsets of Rag2+/+ relative to Rag2−/ − mice. This was determined by
setting the MFI of LP DCs of Rag2−/ −mice to 1. Data is representative of at least three
independent experiments. *p < 0.05 by one-sample t test.
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Figure 7. Blockade of PD-L1 on lamina propria APCs nullifies T cell tolerance
LP APCs were harvested from C57BL/6 mice recipient of agg Ig-W + STI or agg Ig-MOG +
STI, incubated with blocking anti-PD-L1 antibody and tested for tolerogenic function. (A–
C) shows proliferation (A) and IFNγ (B) and IL-17 (C) production by 2D2 T cells
incubated with MOG peptide-loaded LP APCs that were previously blocked with anti-PD-
L1 antibody or isotype matched control. *p < 0.05. (D) shows the mean clinical score of
EAE induced by MOG peptide in MHCII−/ − mice recipient of 2D2 T cells and LP APCs
that were previously blocked with anti-PD-L1 antibody or isotype matched control. Data is
representative of three independent experiments with 5 mice per group.
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Figure 8. LP APCs acquire tolerogenic function independent of T regulatory cells
FoxP3.GFP.DTR C57BL/6 mice were depleted of Tregs by injection of 300 ng diphtheria
toxin or saline i.p. for 3 consecutive days. At the time of the third DT treatment, the mice
were given 1mg oral agg Ig-MOG + STI or STI alone and their LP APCs were analyzed for
PD-L1 expression and tolerogenic function. (A) shows the frequency of Tregs in the
peripheral blood (PBL), SP, and LP of mice recipient of 3 injections of DT or control saline.
This was determined by staining with anti-CD4 and analyzing GFP (FoxP3) expression on
CD4-positive T cells. (B) shows representative histograms of PD-L1 expression on LP
APCs 24hrs after oral treatment. (C) shows the fold change in MFI of PD-L1 on LP APCs of
the indicated groups. The bars represent the ratio relative to the MFI obtained with the STI +
DT treatment which was set to 1. *p < 0.04 by one-sample t test. (D) shows the proliferative
responses of 2D2 CD4 T cells stimulated with MOG peptide-loaded LP APCs from the
indicated treatment groups. *p < 0.02. Data is representative of three independent
experiments.
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Figure 9. Lamina propria CD8α+ and CD8α− DC subsets transfer tolerance
EAE was induced by MOG peptide in MHCII−/ − mice recipient of 2D2 T cells and LP or
SP DC subsets from agg Ig-MOG fed mice. Mice were monitored for disease severity for 30
days. Data is representative of 2 independent experiments with 5 mice per group.
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