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Abstract
We have previously demonstrated that splenic B cells, transduced with peptide-IgG fusion proteins,
are efficient tolerogenic APCs in vivo. Specific hyporesponsiveness to epitopes encoded in the
peptide-IgG fusion protein has been achieved to over one dozen Ags, and clinical efficacy has been
established in animal models for several autoimmune diseases and hemophilia. Previous studies also
demonstrated that tolerance in this system requires MHC class II expression by the transduced B
cells. Yet, the mechanisms of this B cell tolerogenic processing pathway remain unclear. In this study,
we show that MHC class II molecules on tolerogenic B cells present epitopes derived from
endogenous, but not exogenous (secreted), peptide-IgG fusion protein. These class II epitopes from
the IgG fusion protein are processed in lysosomes/endosomes in an IFN-γ-inducible lysosomal thiol
reductase-dependent manner. We suggest that the MHC class II presentation of endogenously
produced fusion protein epitopes represents a novel mechanism for tolerance induced by peptide-
IgG-transduced B cells. An understanding of this process might provide insights into central and
peripheral tolerance induced by other professional and nonprofessional APCs.

The induction of both central and peripheral tolerance to control autoreactive T cells requires
the expression of self Ag:MHC complexes on professional and/or nonprofessional APCs (1,
2). We have previously shown that splenic B cells, retrovirally transduced with a gene encoding
a target Ag and IgG H chain fusion protein (peptide-IgG), are highly tolerogenic in vivo for
the IgG-associated Ag (3–5). This in vivo tolerance-inducing system has shown efficacy in
multiple animal models of autoimmune diseases, such as experimental autoimmune uveitis,
diabetes, and experimental autoimmune encephalomyelitis, and in a mouse model for
hemophilia (6–13). Further studies demonstrated that the expression of the MHC class II and
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B7 costimulatory molecules on the transduced (tolerogenic) B cells is required for tolerance
induction (14,15). Taken together, these results indicate that peptide-IgG B cells function as a
tolerogenic APC to present target Ags directly on MHC class II.

Classically, endogenous and exogenous self or nonself Ags are degraded via proteasomes and
lysosomes, and presented by APCs via MHC class I and class II molecules, respectively (16–
18). Although they primarily present exogenous peptides, MHC class II molecules can also
present endogenously derived peptides to CD4+ T cells. For example, measles and influenza
A viral Ags are the earliest examples of cytosolic proteins being intracellularly processed and
then presented by MHC class II molecules in a proteasome-independent manner (19,20).
Subsequent biochemical and genetic studies have indicated that endogenously derived
peptides, such as cytoplasmic and nuclear Ags, account for up to 20% MHC class II epitopes
(21–23).

Recent studies also have demonstrated that a broad variety of cytosolic viral, tumor, or self
Ags is endogenously processed and then presented by MHC class II molecules in a number of
cell lines, such as macrophages, B cells, dendritic cells, and epithelial cells (24–31). More
importantly, MHC class II-restricted CD4+ T cell recognition of endogenously derived epitopes
is altered by the manipulation of the formation of autophagosomes or the expression of
lysosome-associated membrane protein (Lamp)3-2a and its ligand chaperone protein, the heat
shock cognate protein (hsc) 70 (29,30,32). Based on these in vitro studies, two types of
autophagy pathways, macroautophagy and chaperone-mediated autophagy, have been
proposed as the mechanism for the delivery of intracellular proteins for MHC class II Ag
presentation (33,34). However, the molecular mechanisms of these endocytic pathways are
largely unknown. In addition, due to the lack of an ideal in vivo model, the contribution of
MHC class II presentation of endogenous Ags to immunity, particularly tolerance, remains
unclear.

In this study, we have focused on the intracellular processing of peptide-IgG by tolerogenic B
cells. Our results demonstrate that endogenously produced peptide-IgG is processed by
tolerogenic B cells in the lysosomes/endosomes in an IFN-γ-inducible lysosomal thiol
reductase (GILT)-dependent manner. This lysosomal processing of peptide-IgG then generates
tolerogenic peptide:MHC class II complexes on B cells, most likely via chaperone-mediated
autophagy. This intracellular processing pathway for endogenous peptide-IgG might represent
a novel mechanism for the expression of self Ag:MHC class II complexes by APCs. In addition,
our findings allow us potentially to improve this tolerance-inducing system for future clinical
applications.

Materials and Methods
Mice

C57BL/6 and BALB/c mice were purchased from The Jackson Laboratory. GILT knockout
(KO) mice were a gift from P. Cresswell (Yale University, New Haven, CT) (35) and have
been backcrossed for at least 10 generations. All recipient animals were used at 3–6 wk of age
and housed in pathogen-free microisolator cages in the University of Maryland animal facility.

Abs and peptides
The Y-Ae mAb, which recognizes Eα52–68:I-Ab peptide MHC complexes, is a gift from M.
Jenkins (University of Minnesota Medical School; Minneapolis, MN). FITC anti-mouse

3Abbreviations used in this paper: Lamp, lysosome-associated membrane protein; ER, endoplasmic reticulum; GILT, IFN-γ-inducible
lysosomal thiol reductase; HEL, hen egg lysozyme; hsc, heat shock cognate protein; KO, knockout; LN, lymph node; RFP, red
fluorescence protein; WT, wild type; SNARF, seminaphtharhodafluor.
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Lamp-2 (CD107b) and PE anti-mouse CD19 mAbs were purchased from BD Pharmingen. The
anti-EBV nuclear Ag 1 mAb 5F12 is a gift from M.-R. Chen (National Taiwan University;
Taipei, Taiwan (ROC)) and C. Munz (Rockefeller University; New York, NY) (36). FITC anti-
human Lamp-1 was purchased from eBioscience. Hen egg lysozyme (HEL) protein was
purchased from Sigma-Aldrich. The Eα52–68 peptide, as well as peptides p12–26 and p73–
88 of λ CI repressor protein (p1–102 domain) were synthesized at New England Peptide.

Virus-producing cell lines
The peptide-IgG1 H chain cDNA was subcloned into the murine Moloney leukemia retroviral
vector (MBAE), as previously described (4,5). Briefly, a construct Δss 1–102-IgG containing
1–102 fused with the IgG1 H chain, but without the signal sequence, was generated by deleting
the signal sequence from the BSSK-IgG vector using a site-directed mutagenesis kit
(Stratagene). The fusion cDNA constructs encoding Δss 1–102 or Eα red fluorescence protein
(RFP) in frame with the IgG1 H chain were subsequently subcloned into the MBAE retroviral
vector. Virus-producer cell lines were prepared by lipofection of GP-E86 packaging cells with
the engineered constructs. Viral titers of these cell lines were ∼5 × 104 to 106 neomycin-
resistant NIH3T3 CFU. These cell lines were cultured in DMEM (Invitrogen Life
Technologies) supplemented with 10% FBS, 2 mM L-glutamine, and 2-ME. The cell lines were
stably selected and then maintained in 0.6 mg/ml geneticin (Invitrogen Life Technologies).

B cell purification and retroviral transduction
Spleen B cells were purified to ∼95% homogeneity with anti-T cell Ab mixture (anti-Thy1,
anti-CD4, and anti-CD8) plus complement (Low Tox M; Cedarlane Laboratories and Accurate
Chemical & Scientific). Purified B cells were cultured with RPMI 1640 medium (Invitrogen
Life Technologies) supplemented with 5% FBS, 2 mM L-glutamine, and 2-ME. B cells were
prestimulated with 5 μg/ml bacterial LPS (Escherichia coli 055:B5; Sigma-Aldrich) overnight.
Purified, LPS-stimulated B cells were infected in vitro via coculture with 1500 rad irradiated
virus-producing packaging cells for 24 h in the presence of 6 μg/ml polybrene and 5 μg/ml
LPS.

Tolerance induction and immune challenge
Normal recipient animals were injected via i.p. with 107 virally transduced B cells. Seven to
10 days following transduced B cell injection, animals were immunized in a hind footpad and
the base of tail with 25 μg of indicated protein or peptide emulsified in CFA. Two weeks after
immunization, serum samples were collected and assayed by ELISA for Ab titers or
concentration. Ab titers were determined by the endpoint dilution method. Serial 3-fold
dilutions were made in 2% BSA/PBS. Undiluted mouse serum was used as negative control.
The endpoint titer represents the highest dilution of sample with an OD450 reading greater than
the negative control. The total IgG concentrations were calculated using a standard curve
generated with B3.11, a mAb specific for the 12–26 peptide. Cellular responses from draining
popliteal and inguinal lymph nodes (LNs) were also assayed 2 wk after immunization. A total
of 5 × 105 LN or splenic cells was seeded per well in 96-well plate in the presence of indicated
concentration of Ag. After 48 h, cultures were pulsed with 1 μCi/well [3H]thymidine
(Amersham Life Sciences) and incubated for an additional 16–20 h. Cells were then harvested
on glass fiber filters, and incorporated [3H]thymidine was detected via gas scintillation
counting in a Packard Matrix 9600 reader. Data are expressed as Δcpm (cpm by subtraction of
the background (without Ag)). All tolerance induction experiments followed this protocol,
unless stated otherwise.
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Flow cytometry
Cells were incubated with 2.4G2 mAb (anti-CD16/32) for 15 min to block FcR, and then were
stained with indicated Abs for 40 min at 4°C. To detect the Eα:I-Ab epitopes, B cells were
stained with PE-CD19 and biotin-Y-Ae, followed with streptavidin-FITC. Propidium iodide
buffer was used to gate live cells. To detect the Lamp-2, cells were fixed and permeabilized
and then intracellularly stained with FITC anti-Lamp-2. Seminaphtharhodafluor (SNARF) (2
μM; Molecular Probes) was used to label cells for 10 min at 37°C, and then was washed with
FBS-containing medium. Cells were analyzed on a FACScan or FACSCalibur flow cytometer
(BD Biosciences). Data were analyzed by CellQuest software.

Fluorescence microscopy analysis
C57BL/6 B cells were stimulated with 5 μg/ml LPS overnight and then transduced with
irradiated EαRFP-IgG-producing packaging cells or a mock control. After 24-h coculture, cells
were collected and centrifuged over Lympholyte M (Cedarlane Laboratories) to remove dead
cells. Cells were adhered to glass slides and then fixed with Cytofix/Cytoperm solution (BD
Biosciences). Cells were blocked with rat serum and then stained with FITC anti-Lamp-2 (BD
Pharmingen) for 40–60 min, followed by three washes in PBS. Finally, cells were mounted
with FluorSave reagent (Calbiochem) and covered with cover slides. All steps were conducted
at room temperature. Cells were analyzed with a Nikon Eclipse E800 microscope, and pictures
were taken with the LaserSharp 2000 (Zeiss) software.

Statistics
Paired or unequal variances one-tailed Student's t test statistics were applied.

Results
Exogenous peptide-IgG is not required for tolerance induction

Use of the peptide-IgG B cell system for tolerance induction in vivo was based on the findings
that B cells were highly efficient tolerogenic APCs (37–39) and that the IgG molecules were
excellent tolerogenic carriers (3,40–43). This model system has been shown to be effective
with over one dozen Ags, and provided clinical efficacy in three autoimmune disease models
and hemophilia (7–10,12,13,44). The use of an IgG cassette in our model allowed us to insert
different Ags to ask specific questions (45). We initially designed a secretory peptide-IgG
fusion protein that includes a signal sequence for extracellular secretion, the target gene, and
the murine IgG1 H chain backbone (Fig. 1A) (3–5). We originally hypothesized that the
peptide-IgG protein expressed by transduced B cells assembles with the L chains in the
endoplasmic reticulum (ER) of the host B cells and the fully assembled peptide-IgG molecules
(H2:L2) are secreted. Secreted peptide-IgG would then be endocytosed and processed by B
cells or neighboring APC as an exogenous Ag. However, transduced donor cells from MHC
class II KO and B7 KO mice were not able to induce tolerance in vivo, suggesting peptide-IgG
B cells tolerize T cells directly (14,15). Moreover, B cells transduced with an Ig fusion lacking
the signal sequence for secretion were still tolerogenic (Fig. 1, B and C). Thus, these results
suggest that the secretion of peptide-IgG is not required for tolerance induction and that the
peptide-IgG is processed by B cells as an endogenous protein, but not as an exogenous protein.

Taken together, these observations indicate that the secretion of peptide-IgG is not required
for tolerance induction. This finding led us to modify our original hypothesis to propose that
peptide-IgG-expressing B cells function as APCs to directly present endogenously processed
peptide-IgG to target T cells and induce tolerance.
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Tolerogenic B cells directly present express endogenously derived peptide:MHC class II
complexes

We previously demonstrated that MHC class II expression on the transduced B cells was
absolutely required for tolerance induction in our system (33). To confirm that B cells directly
present endogenously processed peptide and function as tolerogenic APC, we examined the
expression of peptide:MHC class II complexes on transduced B cells. Eα is the α subunit of
the I-Ed MHC class II molecules, and the Y-Ae mAb specifically recognizes the complexes of
immunodominant peptide (residues 58–68) from α subunit of I-Ed presented in the context of
I-Ab (that is, Eα p52–68: I-Ab) on APCs (46). The Y-Ae mAb has been used to track the
pEα52–68:I-Ab expression by DCs in vivo (47). In this study, we used the Y-Ae mAb to
examine the expression of pEα52–68:I-Ab complexes on tolerogenic B cells. First, to examine
the expression of the pEα52–68:I-Ab on EαRFP-IgG B cells, we generated a construct
(EαRFP-IgG) encoding the fusion protein of the pEα45–75 fragment, RFP, and the IgG H chain
in the presence of the signal sequence. After 24-h incubation with irradiated EαRFP-IgG-
producing packaging cells, B cells were collected and stained with the Y-Ae mAb. Compared
with untransduced, LPS-activated B cells or a mock control (HEL-IgG) transduced B cells, a
significant population (>20%) of EαRFP-IgG B cells is Y-Ae positive (Fig. 2A), suggesting
that EαRFP-IgG fusion protein is processed and presented by B cells.

Second, we tested tolerance to pEα52–68 induced by this construct expressed in B cells. As
shown in Fig. 2B, mice that received EαRFP-IgG B cells exhibited significantly reduced T cell
responsiveness to pEα52–68 compared with that of control animals. The Ab response to
pEα52–68 was also reduced in animals receiving EαRFP-IgG B cells (Fig. 2C). These results
indicate that the EαRFP-IgG-transduced B cells are tolerogenic for the peptide expressed
endogenously by these cells.

To further examine the source of pEα52–68 (endogenous or exogenous EαRFP-IgG) that is
presented by I-Ab molecules, we incubated untransduced B cells with EαRFP-IgG-transduced
B cells and then examined the expression of Y-Ae epitopes on untransduced B cells.
Untransduced B cells (as control) and EαRFP-IgG- or mock-transduced B cells were labeled
with a red fluorescent intracellular dye SNARF after viral transduction. These three groups of
SNARF+ B cells were then mixed in a 1:1 ratio with LPS-activated, untransduced B cells
(SNARF−). After 24 h, cells were collected and stained with the Y-Ae mAb and analyzed by
flow cytometry. SNARF+ (transduced) and SNARF− (untransduced) cells were gated,
respectively. As shown in Fig. 3A, EαRFP-IgG B cells (SNARF+) expressed a high level of
Y-Ae epitopes compared with the controls (untransduced or mock). However, SNARF− cells
in all three groups only exhibited similar background levels of Y-Ae expression (Fig. 3A). The
percentage of Y-Ae+ population in SNARF+ cells and the mean fluorescence intensity are listed
in Fig. 3B. These results suggest that the pEα52–68:I-Ab complexes expressed on tolerogenic
B cell surface are derived from an endogenous source, but not from an exogenous source
(secretion and re-presentation by transduced B cells).

Lastly, to confirm that an exogenous source of peptide-IgG (secretion and re-presentation) does
not contribute to generation of tolerogenic B cells, we transduced MHC class II KO B cells
with a peptide (p1–102)-IgG construct that contains the signal sequence for extracellular
secretion and is known to be secreted (45). We mixed these p1–102-IgG MHC class II KO B
cells with activated, but nontransduced wild-type (WT) B cells for 24 h in vitro. The mixtures
were then injected into WT recipients as donor B cells. If the transduced (MHC II KO) B cells
secreted sufficient fusion Ig to be cross-presented by bystander (WT, MHC-sufficient) B cells,
then tolerance would be observed. When the recipient animals were immunized with an
immunodominant peptide from the 1–102 protein (p73–88), no tolerance was observed in terms
of both cellular and humoral responsiveness (Fig. 4). Hence, even if transduced B cells produce
and secrete peptide-IgG, this pathway does not contribute significantly to generation of
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pEα52–68:I-Ab complexes and to induction of tolerance. Rather, we conclude that tolerogenic
B cells are generated by endocytic processing of endogenous peptide-IgG to directly present
epitopes in a tolerogenic manner.

Peptide-IgG localizes to late endosomes and lysosomes in tolerogenic B cells
Lamp-2a can mediate the delivery of cytosolic proteins to lysosomes through its ligand,
chaperone protein hsc70; overexpression of human Lamp-2a in Chinese hamster ovary cells
can upregulate this selective lysosomal proteolytic pathway (48,49). This pathway is referred
to as the chaperone-mediated autophagy. Zhou et al. (30) found that manipulation of Lamp-2a
or hsc70 in a human B cell line could alter the MHC class II presentation of a cytoplasmic Ag
glutamate decarboxylase, suggesting that chaperone-mediated autophagy could mediate the
delivery of cytosolic proteins to endocytic compartments for subsequent MHC class II Ag
presentation. In lieu of anti-Lamp-2a Ab, we used anti-Lamp-2 to examine the role of Lamp-2
proteins in sorting of peptide-IgG. First, we found that both resting and LPS-activated C57BL/
6 (H2b haplotype) B cells express Lamp-2 (Fig. 5A), as well as in BALB/c (H2d haplotype) or
B10.A (H2k/d haplotype) B cells (data not shown). To determine whether peptide-IgG is
delivered to the late endosomes/lysosomes in tolerogenic B cells, a colocalization assay was
performed. EαRFP-IgG B cells were stained with anti-Lamp-2, and the colocalization between
Lamp-2 and RFP was examined under confocal fluorescence microscopy. As shown in Fig.
5B, EαRFP-IgG fusion protein detected by RFP fluorescence was colocalized with Lamp-2 in
transduced B cells, demonstrating that the peptide-IgG fusion protein is delivered to the
lysosomes/endosomes.

The endogenous peptide-IgG is processed in the lysosomes/endosomes in a GILT-
dependent manner

MHC class II epitopes are processed in the lysosomes. To further study how the endogenous
peptide-IgG may be processed in the lysosomes, we used GILT KO B cells as donors to induce
tolerance to two-model disulfide bond-containing or disulfide-free Ags, namely, HEL and p1–
102, respectively. GILT is an enzyme that is constitutively expressed in the late endocytic
compartments, such as lysosomes and mature endosomes of APCs in both human and mouse
(35,50). GILT functions in the reduction of inter- and intrachain disulfide bonds and facilitates
the processing of disulfide bond-containing proteins. Thus, GILT KO mice have been shown
to be defective in processing and presenting the HEL, which has four disulfide bonds (35). To
determine whether GILT mediates the processing of disulfide bond-containing peptide-IgG in
our gene therapy model, we transduced GILT KO or syngeneic WT C57BL/6 B cells with
HEL-IgG (or a mock control; both have the signal sequence) and then transferred these B cells
into normal C57BL/6 recipients. One week later, the recipients were immunized with HEL.
As shown in Fig. 6A, mice that received HEL-IgG WT B cells exhibited a significantly reduced
T cell responsiveness to HEL protein compared with that of control mice. In contrast, HEL-
IgG GILT KO B cells failed to induce T cell tolerance to HEL protein (Fig. 6A). Furthermore,
as shown in Fig. 6B, HEL-IgG WT B cells, but not GILT KO B cells, induced significantly
lower primary Ab response against HEL protein. These data demonstrate that GILT expression
is required for peptide-IgG processing and subsequent presentation on MHC class II molecules
by tolerogenic B cells, suggesting that endogenously produced peptide-IgG is processed in the
late endocytic compartments.

In contrast, when this experiment was repeated with GILT KO or WT B cells transduced with
disulfide bond-free Ag p1–102-IgG, tolerance was induced by both types of B cells. As shown
in Fig. 7, mice that received p1–102-IgG WT C57BL/6 or GILT KO B cells significantly
reduced T cell (Fig. 7A) and Ab (Fig. 7B) responses to the immunodominant H-2b epitope,
p73–88, compared with those of control animals. These data demonstrate that GILT KO B
cells could process and present Ag (disulfide bond free) and induce tolerance as efficiently as
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normal B cells. Therefore, disulfide bond processing by GILT appears to be a critical event for
tolerance induction by transduced B cells and confirms that endogenous Ags undergo
lysosomal/endosomal processing.

Discussion
In this study, we show that endogenously produced peptide-IgG is processed by transduced
splenic B cells in the lysosomes/endosomes in a GILT-dependent manner, and this endocytic
processing pathway is essential for generating tolerogenic B cells. Our demonstration that
peptide:MHC II complexes are exhibited on transduced B cells directly supports the hypothesis
that transduced B cells are tolerogenic APCs.

The requirement of MHC class II and B7 molecules on tolerogenic bone marrow or B cells for
tolerance induction suggests that peptide-IgG might be directly processed and presented as
endogenous protein to target T cells (12,14,15). Nonetheless, with the current constructs, a
secretory pathway cannot be ruled out as a mechanism of tolerance induction. If the expression
level of peptide-IgG molecules is low, these secreted peptide-IgG molecules might not be
captured by host APCs. Hence, even though the Fc/FcR interaction is not required for tolerance
induction (51), transduced B cells might uptake freshly secreted peptide-IgG molecules by
endocytosis or other unknown mechanisms and then re-present these molecules as exogenous
Ag.

Our accumulated data, however, indicate that the secretion of peptide-IgG is not required for
generating tolerogenic B cells. More importantly, the direct demonstration of pEα52–68:I-
Ab epitopes on EαRFP-IgG-transduced B cells indicates that tolerogenic B cells process
endogenous peptide-IgG and directly present peptide on MHC class II molecules. The pEα52–
68 epitopes on tolerogenic B cell surface are not derived from an exogenous source. As a result,
the secretion and/or re-presentation pathway does not contribute significantly to generation of
the tolerogenic B cells. Together, these findings clearly suggest that tolerogenic B cells are
most likely generated through intracellular processing of endogenously produced peptide-IgG.
Moreover, the epitope:MHC class II complexes are essential for inducing tolerance. Indeed,
in vitro treatment with the Y-Ae mAb completely abrogates the tolerogenicity of EαRFP-IgG
B cells (data not shown).

GILT mediates the processing of endocytosed disulfide bond-containing Ags in lysosomes for
MHC class II Ag presentation (35,52–55). Thus, GILT KO APCs are deficient in presenting
exogenous disulfide bonds containing protein HEL (35). In this study, we used GILT KO B
cells to evaluate the role of lysosomal/endosomal processing of peptide-IgG in B cell-delivered
tolerance induction. GILT KO B cells exhibited same efficacy as normal B cells in inducing
tolerance to cysteine-free Ag, the λ cI protein p1–102, suggesting that the deficiency of GILT
does not alter the normal Ag-presenting ability if the Ag does not contain any disulfide bonds.
In addition, the reduction and unfolding of the IgG H chain carrier in lysosomes are independent
of processing of the cargo Ag. However, GILT KO B cells failed to induce tolerance to disulfide
bond-containing Ag, HEL, indicating that GILT plays a critical role in processing endogenous
HEL-IgG. Because GILT is mainly expressed in lysosomes/endosomes, these results suggest
that the intracellularly produced peptide-IgG is proteolytically processed in the lysosomal/
endosomal compartments.

Even though the mechanisms of the sorting of cytosolic proteins to endocytic pathway for
MHC class II presentation are not fully understood, two autophagy pathways (macroautophagy
and chaperone-mediated autophagy) play a role in this intracellular delivery. Paludan et al.
(32) reported that macroautophagy mediates the delivery of endogenous EBV nuclear Ag 1 for
MHC class II presentation. In another study, Nimmerjahn et al. (27) found that autophagy
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mediates the delivery of a cytosolic protein neomycin phosphotransferase II for MHC class II
presentation in an EBV-transformed B cell line, and that the inhibition of autophagy also altered
specific T cell recognition. Unlike macroautophagy, which is a nonselective process to deliver
cytosolic proteins to lysosomes or endosomes (56), chaperone-mediated autophagy is a
selective process mediated through the interaction between the chaperone protein hsc70 and
its receptor Lamp-2a (48). It was found that manipulation of the expression of Lamp-2a or
hsc70 in a human B cell line could alter the MHC II-restricted CD4+ T cell recognition of a
cytosolic protein glutamate decarboxylase, suggesting that chaperone-mediated autophagy is
involved in delivery of cytosolic proteins to endocytic pathway of MHC class II presentation
(30). However, other mechanisms might exist. In our system, colocalization between the
peptide-IgG fusion protein and Lamp-2 in tolerogenic B cells indicates the sorting of peptide-
IgG to the lysosomes/endosomes. More studies are required to clarify the mechanism(s) of
intracellular delivery of peptide-IgG to late endocytic pathway.

The IgG H chain was initially used in this system because of its long t1/2 and its ability to
interact with APCs via FcR and also to disseminate between the vasculature, although we now
know that these functions of secreted IgG fusions are not necessary in our model. In the absence
of IgG carrier, retrovirally transduced B cells could still induce tolerance to target Ag, but the
degree and persistence of tolerance are lower than that induced by the peptide-IgG construct.
Recently, we found that proper assembly of peptide-IgG with host L chains to form a whole
Ig molecule in the ER is required for generating tolerogenic B cells (Y. Su and D. Scott,
manuscript in preparation). Mutations in the hinge region of the IgG H chain carrier, which
prevent its assembly with L chain, completely abrogate the tolerogenicity of peptide-IgG. Even
though the molecular events that regulate the association of peptide-IgG and Lamp-2a in
tolerogenic B cells are unclear, we propose that in tolerogenic B cells, endogenous Ag (without
IgG H chain) and peptide-IgG are delivered to endocytic pathway via the same sorting
machinery. The difference is that the peptide-IgG fusion protein has to undergo assembly in
the ER. In addition, the peptide-IgG fusion protein might have a longer t1/2 in tolerogenic B
cells than that of peptide alone. It was found that some long-lived cytosolic proteins could be
degraded in lysosomes/endosomes, whereas short-lived proteins are degraded in the
proteasomes (31). Hence, in our model, the IgG H chain carrier might promote tolerance
induction by preventing associated cargo Ags from being rapidly degraded.

T cell activation requires the MHC recognition and B7 costimulation. In the absence of
costimulatory molecules, APCs will induce T cell anergy. It is generally accepted that resting
B cells act as tolerogenic APCs because they do not express high levels of costimulatory
molecules, that is they lack signal 2 (38,39). However, in our model, B cells have to be activated
for the purpose of retroviral transduction. Our previous findings demonstrated that the
expression of B7, particularly B7.2, by tolerogenic B cells is required for tolerance induction
(15). In addition, in vivo anti-CTLA-4 treatment can interrupt the tolerogenicity of peptide-
IgG B cells, suggesting B7 costimulatory molecules selectively interact with the inhibitory
receptor CTLA-4 on helper or regulatory T cells (14). Taken together, we propose a model by
which tolerogenic B cells induce peripheral T cell unresponsiveness: mitogen treatment
stimulates tolerogenic B cells to express high-level B7 molecules that interact with CTLA-4
receptor on target T cells (perhaps regulatory T cells). At the same time, constitutively produced
peptide-IgG undergoes endocytic processing pathway for generating peptide:MHC II
complexes on the surface. With these two signals, target T cells are tolerized or regulatory T
cells are activated or induced. Once induced, regulatory T cells can be maintained with basal
B7 expression and constitutive expression of signal 1. The lysosomal processing of endogenous
self-peptide-IgG is critical for generating the tolerogenic epitopes, and this may represent an
important mechanism by which professional and nonprofessional APCs shape the T cell
repertoire during central and peripheral tolerance.
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Figure 1.
Secretion of peptide-IgG is not required for tolerance induction. A, The 1–102 cDNA was
subcloned into the BSSK-IgG1 cassette, and then the 1–102-IgG1 fusion gene was subcloned
into the MBAE retroviral vector. The signal sequence of IgG H chain was deleted to generate
the Δss 1–102-IgG construct. B, Normal BALB/c recipients were injected i.p. with 107 Δss 1–
102-IgG B cells, 1–102-IgG B cells, or an equal number of OVA-IgG B cells (mock control).
On day 7 postinjection, animals were immunized in a hind footpad, and the base of tail with
25 μg of 12–26 peptide emulsified in CFA. Two weeks later, animals were sacrificed and T
cells were isolated from draining LNs and assayed by [3H]thymidine incorporation. Data
represent mean Δcpm ± SE for three or four animals. The background [3H]thymidine
incorporation was in the range of 5,000–10,000 counts. This is representative of three
independent experiments. ***, p < 0.001; **, p < 0.01; *, p ≤ 0.05. C, Animals were treated
as described in B. Sera were collected 2 wk after immunization and analyzed by ELISA for
total anti-12–26 IgG. B3.11 Ab was used as standard. This is representative of three
independent experiments. **, p < 0.01.
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Figure 2.
EαRFP-IgG-transduced B cells express Eα:I-Ab complexes. A, C57BL/6 B cells were
stimulated with LPS for 24 h and then transduced with either EαRFP-IgG or HEL-IgG as a
mock control. After 24-h coculture with irradiated packaging cells, B cells were collected and
centrifuged over Lympholyte M to remove dead cells, and then stained with PE-CD19 and
biotin-Y-Ae, followed by FITC-streptavidin. The expression of Y-Ae epitopes in CD19+ cells
is shown. Nontransduced LPS B cells are depicted by the solid histogram; EαRFP-IgG-
transduced B cells by the thick line; OVA-IgG-transduced B cells by the dotted line. This
pattern is representative of four independent experiments. B, LPS-activated C57BL/6 B cells
were transduced with EαRFP-IgG or OVA-IgG as a mock control. Normal C57BL/6 recipients
were injected i.p. with 107 transduced B cells. On day 7 postinjection, animals were immunized
in a hind footpad and the base of tail with 25 μg of pEα52–68 emulsified in CFA. Two weeks
postimmunization, animals were sacrificed and draining LNs were removed. T cell
proliferation was assayed by [3H]thymidine incorporation. Data represent mean Δcpm ± SE
for three or five animals. The background [3H]thymidine incorporation was in the range of
3000–8000 counts. This is representative of three independent experiments. ***, p < 0.001;
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**, p < 0.01; *, p ≤ 0.05. C, Animals were treated as described in B. Sera were collected 2 wk
after immunization and analyzed by ELISA for total p52–68 IgG. This is representative of
three independent experiments.
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Figure 3.
The Eα52–68:I-Ab complexes are derived from endogenous, but not exogenous, EαRFP-IgG.
A, C57BL/6 B cells were stimulated with LPS for 24 h and then transduced with either EαRFP-
IgG or HEL-IgG as a mock control. After 24-h coculture with irradiated packaging cells, B
cells were collected and centrifuged over Lympholyte M to remove dead cells and then labeled
with an intracellular dye SNARF (5 μM). SNARF-labeled untransduced LPS blasts, HEL-IgG,
or EαRFP-IgG B cells were mixed with unlabeled, untransduced LPS B cells at 1:1 ratio. A
total of 107 mixed cells was cultured in 5 ml of medium in 6-well plate. After 24 h, cells were
collected and stained with biotin-Y-Ae mAb, followed by FITC-streptavidin. SNARF+ and
SNARF− cells were gated and presented. Non-transduced LPS B cells are depicted by the solid
histogram; HEL-IgG-transduced B cells by the dotted line; EαRFP-IgG-transduced B cells by
the thick line. B, The percentages and mean fluorescence intensity (MFI) of Y-Ae+ and Y-
Ae− cells in SNARF+ cells are indicated.
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Figure 4.
Tolerance is not induced by processing exogenous peptide-IgG. A, LPS-activated MHC class
II KO or WT C57BL/6 B cells were transduced with 1–102-IgG or OVA-IgG as a mock control.
After 24-h coculture with viral producing packaging cells, transduced B cells were collected
and mixed at a 1:1 ratio with untransduced, LPS-activated B cells for another 24 h. A total of
107 mixed B cells was injected into normal C57BL/6 animals. On day 7 postinjection, animals
were immunized in a hind footpad and the base of tail with 25 μg of p73–88 emulsified in CFA.
Two weeks postimmunization, animals were sacrificed and draining LNs were removed. T cell
proliferation to p73–88 was determined by [3H]thymidine incorporation. Left panel,
Represents the mixture of transduced and untransduced WT C57BL/6 B cells as donors,
whereas the right panel represents the mixture of transduced MHC class II KO and
untransduced WT C57BL/6 B cells as donors. Values represent mean Δcpm ± SE for four
animals. The background [3H]thymidine incorporation was in the range of 4,000–13,000
counts. *, p < 0.05. B, Animals were treated as described in A. Two weeks postimmunization,
sera were assayed by the endpoint ELISA method. The Ab titer was determined by the highest
dilution of samples, with an OD450 greater than the negative control (undiluted mouse serum).
The result is shown as the mean ± SE of Ab titers.
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Figure 5.
RFP is colocalized with Lamp-2 in EαRFP-IgG-transduced B cells. A, C57BL/6 splenic B cells
were stimulated with LPS for 48 h. Cells were fixed, permeabilized, and then stained with
FITC anti-Lamp-2 mAb (rat IgG2a). Isotype staining is depicted by the solid histogram, and
Lamp-2 by the thick line. Data are representative of two independent experiments. B, LPS-
activated C57BL/6 B cells were transduced with EαRFP-IgG or a mock control. After 24 h,
cells were collected and centrifuged over Lympholyte M to remove dead cells. Cells were
adhered to poly(L-lysine)-treated glass slides. Fixed and permeabilized cells were stained with
FITC anti-Lamp-2 and analyzed by confocal fluorescence microscopy. Scale bars represent 10
μM. Representative fields from one experiment of two are shown.
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Figure 6.
Transduced GILT KO B cells could not induce tolerance to disulfide bond-containing Ag HEL.
A, LPS-activated GILT KO or WT C57BL/6 B cells were transduced with HEL-IgG or OVA-
IgG as a mock control. Normal C57BL/6 recipients were injected i.p. with 107 transduced B
cells. On day 7 postinjection, animals were immunized in a hind footpad and the base of tail
with 25 μg of HEL protein emulsified in CFA. Two weeks postimmunization, animals were
sacrificed and draining LNs were removed. T cell proliferation to HEL protein was determined
by [3H]thymidine incorporation. Values represent mean Δcpm ± SE for four animals. The
background [3H]thymidine incorporation was in the range of 13,000–20,000. Data are
representative of four independent experiments. *, p < 0.05. B, Animals were treated as
described in Fig. 6A. Two weeks postimmunization, sera were assayed by the endpoint ELISA
method. The Ab titer was determined by the highest dilution of samples, with an OD450 greater
than the negative control (undiluted mouse serum). The result is shown as the mean ± SE of
Ab titers. Data are representative of four independent experiments.
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Figure 7.
Transduced GILT KO B cells induce tolerance to disulfide bond-free Ag p1–102. A, LPS-
activated GILT KO or WT C57BL/6 B cells were transduced with 1–102-IgG or OVA-IgG as
a mock control. Normal C57BL/6 recipients were injected i.p. with 107 transduced B cells. On
day 7 postinjection, animals were immunized in a hind footpad and the base of tail with 25
μg of p73–88 emulsified in CFA. Two weeks postimmunization, animals were sacrificed and
draining LNs were removed. T cell proliferation to p73–88 was determined by [3H]thymidine
incorporation. Values represent mean Δcpm ± SE for four animals. The background [3H]
thymidine incorporation was in the range of 4,000–13,000. Data are representative of three
independent experiments. **, p < 0.01; *, p < 0.05. B, Animals were treated as described in
Fig. 7A. Two weeks postimmunization, sera were assayed by the endpoint ELISA method. The
Ab titer was determined by the highest dilution of samples, with an OD450 greater than the
negative control (undiluted mouse serum). The result is shown as the mean ± SE of Ab titers.
Data are representative of three independent experiments.
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