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Abstract
Bone marrow-derived APC are critical for both priming effector/memory T cell responses to
pathogens and inducing peripheral tolerance in self-reactive T cells. In particular, dendritic cells (DC)
can acquire peripheral self-Ags under steady state conditions and are thought to present them to
cognate T cells in a default tolerogenic manner, whereas exposure to pathogen-associated
inflammatory mediators during the acquisition of pathogen-derived Ags appears to reprogram DCs
to prime effector and memory T cell function. Recent studies have confirmed the critical role of DCs
in priming CD8 cell effector responses to certain pathogens, although the necessity of steady state
DCs in programming T cell tolerance to peripheral self-Ags has not been directly tested. In the current
study, the role of steady state DCs in programming self-reactive CD4 cell peripheral tolerance was
assessed by combining the CD11c-diphtheria toxin receptor transgenic system, in which DC can be
depleted via treatment with diphtheria toxin, with a TCR-transgenic adoptive transfer system in which
either naive or Th1 effector CD4 cells are induced to undergo tolerization after exposure to cognate
parenchymally derived self-Ag. Although steady state DCs present parenchymal self-Ag and
contribute to the tolerization of cognate naive and Th1 effector CD4 cells, they are not essential,
indicating the involvement of a non-DC tolerogenic APC population(s). Tolerogenic APCs, however,
do not require the cooperation of CD4+CD25+ regulatory T cells. Similarly, DC were required for
maximal priming of naive CD4 cells to vaccinia viral-Ag, but priming could still occur in the absence
of DC.

Bone marrow-derived APC play a critical role in both priming effector/memory T cell
responses to pathogen-derived Ags (1–3) as well as inducing T cell tolerance to peripherally
expressed self-Ags (4–6). Owing to their efficiency in capturing and presenting exogenous Ags
as well as their abilities both to express critical costimulatory ligands and to interact with naive
T cells in secondary lymphoid organs, a large body of literature has suggested that dendritic
cells (DC)5 are the principal APC population that primes effector/memory T cell responses to
pathogen-derived Ags (reviewed in Refs. 7 and 8). This possibility has been confirmed more
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recently using transgenic mice in which transient depletion of DC blocks priming of
antipathogenic CD8 cells (9,10).

It has also been suggested that DCs present parenchymally derived self-Ags to induce T cell
tolerance. Thus, under steady state conditions, naive CD8 cells are able to recognize their
cognate parenchymally derived self-Ag in transgenic mice where DC are the only APC
population that is genetically capable of presenting the relevant class I-restricted epitope
(11). Furthermore, when APC populations are fractionated from lymph nodes (LN) draining a
particular self-Ag under steady state conditions, DCs are the only subset capable of stimulating
cognate T cell lines or hybridomas in vitro (12,13). Although the relevant DC subtype (i.e.,
CD8α− or CD8α+) might differ depending on the type or location of self-Ag (12,13), the
possibility that the same DC can induce either T cell tolerance or priming is supported by
studies in which delivery of exogenous Ags directly to DCs under steady state conditions
renders cognate naive T cells tolerant, whereas coadministration of either inflammatory
cytokines (14) or costimulatory agonists (15) redirects these T cell responses toward
immunogenic outcomes.

Even though the aforementioned studies demonstrate the tolerogenic potential of DCs, it has
not been directly tested whether DCs are essential for T cell tolerance induction to
parenchymally derived self-Ags. Because DCs appear to be the principal APC population that
can present Ag to naive T cells in lymphoid organs (8), it would seem likely that they play an
important role in the tolerization of naive self-reactive T cells. Given the differences in
migratory patterns (16,17) and requirements for activation (18,19) between naive and effector
T cells, however, tolerization of the latter might be more dependent on other APC populations
such as macrophages (20) or B cells (21,22).

In the current study, we assessed the role of DC in inducing tolerization and priming of naive
and effector CD4 cells by combining our previously established system in which naive (5,
23) or Th1 effector (24,25) TCR-transgenic hemagglutinin (HA)-specific clonotypic CD4 cells
are tolerized or primed following adoptive transfer into recipients that express HA either as a
parenchymal self-Ag or a recombinant vaccinia viral Ag, respectively, with the CD11c-
diphtheria toxin receptor (DTR) transgenic system in which DC can be depleted via treatment
with diphtheria toxin (DT; Ref. 9). Interestingly, naive self-reactive CD4 cells continue to
recognize self-Ag and to undergo nonimmunogenic responses in the absence of DC (albeit this
response was diminished), indicating the both DCs and other APC populations(s) can present
parenchymal self-Ag. Similarly, Th1 effector CD4 cells encountering self-Ag in the absence
of DC underwent partial tolerization. Furthermore, depletion of DCs caused naive CD4 cells
encountering viral Ag to undergo impaired clonal expansion and effector differentiation when
mice were infected with low viral titers, although effector differentiation did occur in response
to infection with higher viral titers. Thus, DCs are required to achieve complete CD4 cell
tolerization to parenchymal self-Ag and maximal priming to viral Ag but are not essential for
either of these processes.

In addition to bone marrow-derived APC, CD4+CD25+ regulatory T cells (Tregs) have also
been shown to play an important role in maintaining peripheral T cell tolerance in numerous
models (reviewed in Refs. 26 and 27), although the precise mechanisms by which Tregs
suppress autoreactive T cell responses in vivo have not been well defined. Given in vitro studies
suggesting that Tregs are most active when DCs remain in nonactivated or steady state (28,
29), we hypothesized that Tregs might work in concert with steady state DC to program T cell
tolerance to parenchymal self-Ags. To the contrary, neutralization of Tregs did not appreciably

5Abbreviations used in this paper: DC, dendritic cells; DT, diphtheria toxin; DTR, diphtheria toxin receptor; HA, hemagglutinin; LN,
lymph node; NT, nontransgenic; viral-HA, recombinant vaccinia virus expressing HA; Treg, CD4+CD25+ regulatory T cell.
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alter the response of CD4 cells encountering parenchymal self-Ag. Taken together, these data
suggest that steady state bone marrow-derived APC (including but not limited to DCs), but not
CD4+CD25+ Tregs, are critical for inducing tolerance in both naive and effector CD4 cells
encountering parenchymal self-Ag.

Materials and Methods
Mice, adoptive transfer, and flow cytometry

C3-HAlow (5) and C3-HAhigh (30) transgenic mice that express influenza HA as a parenchymal
self-Ag on both the B10.D2 (H-2d) and B6 (H-2b) Thy1.2+ backgrounds as well as 6.5-
transgenic mice expressing a TCR specific for an I-Ed-restricted HA epitope (31) that have
been backcrossed to the B10.D2 Thy1.1+ background have previously been described. CD11c-
DTR-transgenic mice (9) were backcrossed from the B6 to the B10.D2 Thy1.2+ background.
Adoptive transfers of 6.5 clonotypic naive and Th1 effector CD4 cells, vaccinia inoculations,
and subsequent functional analyses were performed as previously described (23–25). Briefly,
in experiments analyzing the response of naive clonotypic CD4 cells, single-cell suspensions
prepared from pooled LN plus spleen dissected from naive 6.5 Thy1.1+-transgenic donors were
depleted of CD8+ cells using magnetic beads and then labeled with the fluorescent dye CFSE
to allow visualization of cell division after adoptive transfer. Thy1.2+ recipient mice included
C3-HAlow and C3-HAhigh transgenic mice as well as nontransgenic (NT) mice that had been
inoculated 1 day earlier with the indicated titer of a recombinant vaccinia virus that expresses
HA (viral-HA). Single-cell suspensions were prepared from spleens of recipient mice 5 days
after adoptive transfer, and the transferred clonotypic CD4 cells were identified in FACS
analyses via expression of Thy1.1. Analysis of clonotypic CD4 cell frequency and CFSE
dilution were performed directly ex vivo, whereas intracellular cytokine expression was
measured on fixed and permeabilized cells after 5 h of in vitro restimulation with synthetic HA
peptide in the presence of brefeldin A (23,25). To analyze the response of Th1 effector
clonotypic CD4 cells, naive 6.5 clonotypic CD4 cells were first transferred into multiple NT
mice that had been infected with 106 PFU of viral-HA and recovered from spleens 6 days later,
and then pooled and relabeled with CFSE and aliquots containing 2.5 × 106 clonotypic CD4
cells were retransferred into the indicated secondary recipients as previously described (24,
25). The University of Connecticut Health Center’s Institutional Animal Care and Use
Committee approved all protocols used in this study.

Bone marrow chimeras and DC depletion
Bone marrow chimeras were generated as previously described (23). In short, NT, C3-
HAlow, and C3-HAhigh hosts on the B6 (H-2b) Thy1.2+ background were depleted of NK cells
by i.p. injection of 15 μl rabbit anti-asialo-GM1 γ-globulin (Wako Chemicals) 1 day before
receiving 900–1000 rads of ionizing radiation followed by i.v. injection of 106 T cell-depleted
bone marrow cells prepared from either NT or CD11c-DTR-transgenic donors on a B10.D2
(H-2d) Thy1.2+ background. Chimeras were allowed a minimum of 6 wk of recovery before
experimentation. DC depletions were subsequently performed as previously described (32) by
treating chimeric mice i.p. with DT (Sigma-Aldrich) at 4 ng/g body weight in PBS on days −4,
−1, and +2 relative to adoptive transfer, and adoptively transferred clonotypic CD4 cells were
recovered from spleens on day +5 for analysis. Verifying that splenic APCs from DT-treated
chimeras reconstituted with DTR bone marrow could function equivalently to control chimeric
APC in stimulating clonotypic CD4 cell intracellular cytokine expression in vitro, we found
that splenocytes prepared from DTR→NT and NT→NT chimeras that had been treated with
DT 3 days earlier elicited similar IFN-γ and TNF-α expression in cocultured clonotypic Th1
effectors that had themselves been depleted of MHC class II+ cells (data not shown).
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Treg neutralization
In vivo neutralization of CD4+CD25+ Tregs was performed using the anti-CD25 mAb PC61
(eBioscience) as previously described (28,33–35). In short, adoptive transfer recipients were
treated i.v. with 100 μg of PC61 or control rat Ig 4 days before receiving adoptive transfers of
clonotypic CD4 cells.

Results
Role of DC in presenting parenchymal self- and viral Ag to naive CD4 cells

To study peripheral tolerization of CD4 cells specific for parenchymal self-Ags, we previously
generated C3-HA-transgenic mice that express influenza HA as a self-Ag in a variety of
parenchymal tissues. When naive clonotypic HA-specific TCR-transgenic CD4 cells are
adoptively transferred into C3-HA recipients expressing either high (C3-HAhigh) or low (C3-
HAlow) levels of parenchymal HA, they undergo an initial proliferative response (albeit
proliferation is more robust in C3-HAhigh recipients), followed by the development of a tolerant
phenotype marked by an impaired ability to undergo further Ag-induced proliferation and to
express cytokines such as IL-2, IFN-γ, and TNF-α (5,23,30,36). Clonotypic CD4 cells that are
initially primed by viral Ag to differentiate into Th1 effectors also develop impaired function
after adoptive retransfer into C3-HA recipients (24), with a particularly rapid loss in their ability
to express IFN-γ and TNF-α (25). Additionally, analysis of a series of bone marrow chimeric
C3-HA mice in which the parenchymal and bone marrow compartments differentially express
the relevant MHC-restricting element indicated that bone marrow-derived APC (rather than
HA-expressing parenchyma) present parenchymally derived self-HA to induce the tolerization
of both naive (5,23) and Th1 effector (24) HA-specific CD4 cells.

To assess the role of DCs in presenting parenchymal self-Ag to induce CD4 cell tolerance in
C3-HA mice, we used the CD11c-DTR transgenic system in which expression of a DTR-GFP
fusion construct under the control of the DC-specific CD11c promoter simultaneously marks
DCs by GFP expression and renders them susceptible to depletion after treatment with DT
(9). Because DT treatment of CD11c-DTR mice is toxic (presumably due to transgene
expression on unidentified parenchymal tissue), this issue was circumvented as previously
described (32) by reconstituting lethally irradiated C3-HA hosts with bone marrow from
CD11c-DTR (DTR) donors. To avoid the possibility that residual host-derived DCs (which
cannot be depleted because they do not express DTR) would continue to present parenchymal
HA after DT treatment, irradiated C3-HAhigh transgenic hosts backcrossed to the B6
background that expresses the HA-nonrestricting H-2b haplotype were reconstituted with bone
marrow from DTR or control NT donors on the B10.D2 background that expresses the HA-
restricting H-2d haplotype. Thus, in both DTR→C3-HA and NT→C3-HA chimeras, bone
marrow-derived APC, but not HA-expressing parenchyma, are genetically capable of
presenting the relevant I-Ed-restricted HA epitope. Additionally, in DTR→ C3-HA chimeras,
all of the DC capable of presenting the relevant HA epitope should be susceptible to depletion
via DT.

To confirm that DC could be efficiently depleted in chimeras reconstituted with DTR bone
marrow, DTR→NT chimeras were treated twice with either DT or PBS 3 days apart, and
spleens analyzed the day after the second treatment (Fig. 1). After mechanical disruption of a
PBS-treated spleen, DTR-transgenic DCs (identified as MHC class II+CD11c+GFP+)
constituted ~5% of splenocytes. When a portion of the same spleen was digested with
collagenase to liberate more DCs, their frequency increased to ~8%. In DT-treated DTR→NT
chimeras, the frequency of DTR/GFP-transgenic DCs decreased to 0.1% in both collagenase-
digested and -nondigested spleen. As expected, a population of residual host DCs that did not
express the DTR/GFP transgene (identified as MHC class II+CD11c+GFP−) persisted in DT-
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treated DTR→NT spleen. As mentioned earlier, these residual host DCs do not express
H-2d, and therefore cannot complicate adoptive transfer experiments using TCR-transgenic
HA-specific CD4 cells. There also seemed to be a residual population of
CD11cintermediateGFP+ cells in DT-treated DTR→NT spleen, but in actuality they appear to
represent background staining because a similar pattern was observed in NT→NT chimeras in
which DCs do not express GFP. Taken together, these results confirm that DT can efficiently
deplete donor-derived transgenic DCs in DTR chimeras.

To investigate the role of steady state DC in the tolerization of naive CD4 cells specific for
parenchymal self-Ag, naive clonotypic HA-specific CD4 cells were labeled with the
fluorescent tracking dye CFSE, adoptively transferred into DT-treated DTR→C3-HAhigh and
NT→C3-HAhigh (control) chimeras, and recovered from spleens 5 days posttransfer for
analysis. DC begin to repopulate the spleen of CD11c-DTR mice 3 days after DT treatment
but are not fully reconstituted until 6 days (9). To thus ensure that DC were depleted throughout
the course of the adoptive transfer experiment, we used the previously described protocol
(32) of treating chimeras with DT every third day (i.e., days −4, −1, and +2). As expected, in
control DT-treated NT→C3-HAhigh chimeras, the transferred naive clonotypic CD4 cells
underwent vigorous division as indicated by CFSE-dilution (Fig. 2A) and expanded to ~5% of
splenocytes (Fig. 2B). At day +5, these clonotypic CD4 cells were no longer undergoing cell
cycle progression as indicated by a lack of blastogenesis (data not shown) despite the continual
presence of the transgenically expressed Ags that initiated the transient proliferative response,
however, indicating that they had developed an anergic or nonresponsive phenotype (5,24).
This non-responsive state was further illustrated by the severely impaired ability of these self-
Ag-exposed clonotypic CD4 cells to express intracellular TNF-α (a sensitive indicator of
tolerization; see Refs. 25 and 36) and IFN-γ (indicating a lack of Th1 effector function) after
in vitro restimulation with HA peptide-pulsed APCs relative to control CD4 cells recovered
from NT recipients that had been infected with viral-HA (Fig. 2, C and D). In DT-treated
DTR→C3-HAhigh recipients CFSE-dilution was only slightly reduced (Fig. 2A), although
clonal expansion was reduced ~3-fold (p = 0.0005, unpaired two-tailed t test) (Fig. 2B) relative
to control chimeras. Nevertheless, those clonotypic CD4 cells that encountered parenchymal
self-HA in the absence of DC developed a similar inability to express IFN-γ and TNF-α (Fig.
2, C and D) and to undergo blastogenesis (data not shown) as did DC nondepleted counterparts.
A comparable effect of DC depletion was also observed in chimeras generated from C3-
HAlow hosts (data not shown). Taken together, these data suggest that although steady state
DC do present parenchymal self-Ag, they are not essential for inducing the tolerization of
cognate naive CD4 cells.

To assess the role of DC in programming naive anti-viral CD4 cells to differentiate into Th1
effectors, similar transfers were also performed in DT-treated DTR→NT and NT→NT
(control) chimeras that had been infected with viral-HA. DC depletion resulted in a reduction
of ~2-fold in both CFSE-dilution (Fig. 2A) and clonal expansion (p < 0.0001; Fig. 2B). Thus,
similar to parenchymal self-Ag, DC also present vaccinia viral-Ag to naive CD4 cells but are
not the only APC population that can present. Those clonotypic CD4 cells that did proliferate
in response to viral-Ag in the absence of DC were able to express equivalent levels of IFN-γ
and TNF-α compared with counterparts primed in the presence of DC (Fig. 2, C and D).

The ability of naive anti-viral CD4 cells to develop effector function (albeit with reduced clonal
expansion) in the absence of DC was somewhat surprising given the superiority of DC relative
to other APCs in priming naive T cells in vivo (37) as well as the previously observed defects
in pathogen-induced CD8 cell priming in the CD11-cDTR system (9,10). Because a relatively
high titer of recombinant vaccinia virus (106 PFU) was used in the preceding experiment, we
next analyzed whether DCs might be more critical in programming effector function when
viral titers are more limiting (Fig. 3). When naive clonotypic CD4 cells were adoptively
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transferred into control DT-treated NT→viral-HA chimeras that had been infected with 105

PFU of virus, the percentage of cells that displayed diluted CFSE was reduced to 55% (Fig.
3A) compared with 89% elicited by 106 PFU (Fig. 2A) and was further reduced to 28% with
104 PFU (Fig. 3A). Likewise, accumulation was reduced from 5% of total splenocytes with
106 PFU (Fig. 2B) to 4% with 105 PFU and 2% with 104 PFU (Fig. 3B). Despite the reduced
clonotypic CD4 cell proliferation elicited by lower viral titers, those cells that did divide
developed a similar capacity to express the Th1 effector cytokine IFN-γ (compare Fig. 2D to
Fig. 3C). Similar to the result using the 106 PFU (Fig. 2B), depletion of DC in DTR→viral-
HA chimeras infected with 105 and 104 PFU of virus reduced clonotypic CD4 cell accumulation
~2-fold (Fig. 3B). Additionally, at the lower viral titers, DC depletion resulted in reduced
development of IFN-γ expression potential in the divided clonotypic CD4 cells, in particular
at the 104 PFU dose, DC depletion resulted in a 3-fold reduction in IFN-γ expression (p = 0.04;
Fig. 3C. Thus, with a limiting viral load, DCs are critical for priming effector function in naive
CD4 cells, and although another APC population(s) can prime effector function when the viral
load is high, DCs are still required to achieve maximal clonal expansion.

The role of DCs in presenting parenchymal self- and viral-Ag to Th1 effector CD4 cells
Similar to naive CD4 cells (5), tolerization of Th1 effector CD4 cells to parenchymal self-Ag
can be mediated by bone marrow-derived APC (24). Given the many functional differences
between naive and effector CD4 cells, steady state DCs might play different roles in their
tolerization to parenchymal self-Ag. Thus, to assess the role of DCs in Th1 effector CD4 cell
tolerization, we utilized our previously established adoptive retransfer protocol in which naive
clonotypic CD4 cells are initially transferred into viral-HA recipients, recovered 6 days later
from spleens after they have differentiated into resting Th1 effectors, relabeled with CFSE,
and retransferred into secondary recipients expressing either parenchymal self-HA or viral-
HA (24). In the current experiment (Fig. 4), the secondary recipients consisted of DT-treated
NT→C3-HAhigh, DTR→C3-HAhigh, NT→viral-HA (106 PFU) and DTR→viral-HA (106

PFU) chimeras. Consistent with our previous results using nonchimeric recipients (24,25),
clonotypic effectors retransferred into control NT→C3-HAhigh and NT→viral-HA secondary
recipients underwent robust CFSE-dilution (Fig. 4A). Additionally, these CD4 cells either
maintained their ability to express IFN-γ and TNF-α in NT→viral-HA secondary recipients or
became impaired in both their ability to express IFN-γ (2-fold reduction, p = 0.06) and TNF-
α (18-fold reduction, p < 0.0001; Fig. 4C) and to undergo blastogenesis (data not shown) after
retransfer into NT→C3-HAhigh chimeras. DC depletion in DTR→viral-HA secondary
recipients reduced clonal expansion ~2-fold (p = 0.005; Fig. 4B), although IFN-γ and TNF-α
expression potentials were not altered (Fig. 4C), indicating that DC are required for maximal
clonal expansion but not maintenance of effector function after viral rechallenge. DC depletion
in DTR→C3-HAhigh secondary recipients did not impact clonal expansion (Fig. 4B), but
tolerization was partially mitigated. Thus, IFN-γ expression potential was no longer impaired,
although TNF-α expression potential was not significantly rescued (Fig. 4C).

CD4+CD25+ regulatory T cells are not required for CD4 cell tolerization to parenchymal self-
Ag

Given that in vitro studies have suggested that CD4+CD25+ Tregs are most active when DC
remain in a nonactivated or steady state (28,29), as well as the preceding data demonstrating
the involvement of steady state DC in presenting parenchymal self-Ag and programming the
tolerization of cognate CD4 cells, we hypothesized that Tregs might work in concert with
steady state DC to program CD4 cell tolerance. To test this possibility, Treg function was
neutralized using the established protocol of treatment with the anti-CD25 mAb PC61 (33–
35,38). Naive clonotypic CD4 cells were adoptively transferred into C3-HAlow and viral-HA
(control) recipients that had been treated with either PC61 or rat Ig (control) 4 days earlier, and
were recovered from spleens 5 days posttransfer for analysis. PC61 treatment reduced the
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frequency of CD4+ CD25+ cells from ~7% of the total CD4+ T cell population to background
as measured on both the day after treatment (data not shown) and the day of adoptive transfer
(Fig. 5A). Neutralizing levels of the PC61 mAb did not appear to be present at the time of
clonotypic CD4 cell adoptive transfer, however, because the clonotypic CD4 cell response was
not diminished in PC61-treated viral-HA recipients compared with rat Ig controls. Thus,
because naive clonotypic CD4 cells transferred into viral-HA recipients transiently express
high levels of CD25 (23,39), they should have been susceptible to neutralization if the PC61
mAb remained at high levels. To the contrary, PC61 treatment did not influence the ability
viral-HA-primed clonotypic CD4 cells to divide (Fig. 5B), to expand (Fig. 5C), or to express
either IFN-γ (data not shown) or TNF-α (Fig. 5D). PC61 treatment, however, did not markedly
rescue the ability of naive clonotypic CD4 cells encountering parenchymal self-Ag in C3-
HAlow recipients to either express TNF-α (which is the most reliable indicator for tolerance in
this system; Refs. 25 and 36) and Figs. 2 and Fig. 5D) or to undergo blastogenesis (data not
shown). Similarly, PC61 treatment did not alter the response of either naive clonotypic CD4
cells transferred into C3-HAhigh recipients, or Th1 effector clonotypic CD4 cells transferred
into either C3-HAlow or C3-HAhigh secondary recipients (data not shown). Furthermore,
pretreatment of the TCR-transgenic clonotypic CD4 cell donor mice with PC61 did not alter
the tolerogenic outcome (data not shown), arguing against a potential role of Tregs in the
transferred T cell population.

To further explore the relationship between Treg function and CD4 cell response to
parenchymal self- and viral-Ags, naive clonotypic CD4 cells were transferred into PC61-
treated C3-HAlow recipients that had been infected with viral-HA. Similar to our previous
results using non-Ab-treated mice (24), clonal expansion (Fig. 5C) in control rat Ig-treated
viral-HA + C3-HAlow recipients was intermediate to that observed in viral-HA and C3-
HAlow recipients, perhaps because the clonotypic CD4 cells that were primed by viral-HA
were immediately subject to self-HA-mediated tolerization (24). Similarly, TNF-α expression
potential in control viral-HA + C3-HAlow recipients was at best only marginally elevated
relative to C3-HAlow recipients (Fig. 5D). PC61 treatment of viral-HA + C3-HAlow recipients
did augment clonal expansion ~2-fold relative to control rat Ig-treated counterparts (p = 0.0002;
Fig. 5C) but did not rescue TNF-α expression potential (Fig. 5D) or increase blastogenesis
(data not shown). Taken together, these data suggest that although CD4+CD25+ Tregs can limit
the clonal expansion of virally primed CD4 cells, they are not required to program tolerogenic
CD4 cell differentiation to parenchymal self-Ag.

Although the previous experiment suggested that CD4+CD25+ Tregs are not required to
program CD4 cell peripheral tolerance to parenchymal self-Ag in the presence of steady state
DCs, given that a non-DC APC population(s) also appears to be capable of presenting
parenchymal self-Ag to induce tolerization (Figs. 2 and 4), it might have been possible that
Tregs act in concert with this other cell type(s) to program tolerance. Thus, we next analyzed
the effect of Treg neutralization in DT-treated chimeric recipients that either contained
(reconstituted with control NT bone marrow) or lacked (reconstituted with DTR bone marrow)
HA-presenting DC (Fig. 6). Thus, DT-treated NT→C3-HAhigh, DTR→C3-HAhigh,
NT→viral-HA (106 PFU) and DTR→viral-HA (106 PFU) chimeras were treated with PC61
or rat Ig 4 days before adoptive transfer of naive clonotypic CD4 cells, and spleens were
analyzed 5 days posttransfer. In the previous DC depletion experiments (Figs. 2–4), the
chimeric recipients were treated with DT every 3 days based on the previously reported rate
of DC replenishment in the spleen of CD11c-DTR transgenics after DT injection (9). Because
we could not exclude the possibility that tolerance-inducing DC could reside in other organs
where replenishment might occur more rapidly, however, in the current experiment (Fig. 6)
DT was administered daily after adoptive transfer to more rigorously prevent the potential for
the clonotypic CD4 cells to encounter DCs presenting the relevant HA epitope. This daily DT
treatment regimen does not appear to nonspecifically influence in vivo APC or T cell function
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because adoptively transferred clonotypic CD4 cells responded comparably in untreated and
daily DT-treated non-chimeric viral-HA and C3-HAhigh recipients (data not shown). Similar
to the results presented in Fig. 2, clonal expansion of the transferred HA-specific CD4 cells
was reduced ~2-fold in control rat Ig-treated DTR→C3-HAhigh relative to NT→C3-HAhigh

recipients (p = 0.002), although this effect was less pronounced in viral-HA chimeras (Fig.
6A). Additionally, DC depletion did not rescue impaired TNF-α expression potential (Fig.
6B) or increase blastogenesis (data not shown) in control rat Ig-treated C3-HAhigh chimeric
recipients. Importantly, PC61 treatment in DTR→C3-HAhigh recipients had no effect on clonal
expansion (Fig. 6A) and blastogenesis (data not shown), and only weakly rescued TNF-α
expression (<2-fold, p = 0.03; Fig. 6B). Taken together, regardless of whether DC are present
or absent, PC61 treatment does not appreciably influence the tolerogenic outcome of CD4 cells
encountering cognate parenchymal self-Ag. Thus, CD4+CD25+ Tregs do not appear to work
in concert with either steady state DC or other APC(s) to program this tolerogenic response.

Discussion
Our current study indicates that although steady state DCs clearly present parenchymally
derived self-Ag and contribute in mediating the tolerization of cognate naive and Th1 effector
CD4 cells, they are not essential for these processes. Earlier work has described the ability of
other APC population such as macrophages (20) and B cells (21,22) to induce T cell tolerance;
however, more recent attention has focused on DCs as being the most likely APC population
that is responsible for inducing T cell tolerance to parenchymal self-Ags. Thus, delivery of
exogenous Ags to DCs under steady state conditions renders cognate naive T cells tolerant,
whereas coadministration of either inflammatory cytokines (14) or costimulatory agonists
(15) programs effector function. Additionally, under steady state conditions, naive CD8 cells
are able to recognize their cognate parenchymally derived self-Ag in transgenic mice where
DCs are the only APC population that is capable of presenting the relevant class I-restricted
peptide (11). Although these studies demonstrating the potential of steady state DCs to induce
T cell tolerance, they did not rule out the involvement of other APC populations. Nevertheless,
the possibility that DCs represent the only APC population that induces T cell tolerance to self-
Ags under steady state conditions was supported by studies in which DCs were the only APC
population that could be fractionated from LNs draining a particular self-Ag that could activate
cognate T cell lines or hybridomas in vitro (12,13). Our current observation that both naive
and Th1 effector CD4 cells continue to undergo tolerization (albeit at reduced efficiency) after
depletion of DCs suggests that other bone marrow-derived APC populations can also present
parenchymal self-Ag to induce tolerance, and further suggests that in vitro T cell stimulation
assays might not be sufficiently sensitive to detect Ag presentation by non-DC APC
populations that might be presenting lower (but biologically significant) levels of parenchymal
self-Ag. Consistent with this possibility, we have had difficulty activating the HA-specific
clonotypic CD4 cells in vitro using fractionated APC from C3-HAhigh spleens (data not shown),
despite the robust ability of these APC to induce the same T cells to proliferate in vivo.
Alternatively, the ability of non-DC APC populations to present parenchymal self-Ag and
induce tolerance in cognate T cells might depend on factors such as the level, location, and
conditions of Ag expression. In this regard, it is interesting that in contrast to the C3-HA
transgenic system examined in the current study in which parenchymal self-HA is expressed
in a variety of organs, we have found that DC depletion completely abrogates Ag presentation
to clonotypic CD4 cells in a model in which HA expression is limited to prostate epithelia and
tumors (40). Nevertheless, our current data do suggest that DCs are not the exclusive mediators
of T cell tolerance for parenchymal self-Ags.

Analogous to our results with parenchymal self-Ag, we also found that DC depletion did not
abrogate priming of naive vaccinia virus-specific CD4 cells. Although the absence of DCs
reduced clonal expansion and impaired the development of effector functions when viral titers
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were low, this result was nevertheless surprising given previous studies using the CD11c-DTR
system in which naive CD8 cell priming to Listeria monocytogenes, Plasmodium yoelii (9),
and lymphocytic choriomeningitis virus (10) was completely abrogated after DC depletion.
One possibility to explain these results is that DCs are more critical for priming naive CD8
than naive CD4 cells in vivo, although it might also be possible that only certain pathogens
can enable non-DC APC populations with the ability to prime naive T cells. Although this will
be an interesting question to address in future studies, our current data do indicate that DCs
are not the only APC population that can program naive T cells to develop effector functions
in response to pathogen challenge.

It has recently been shown that in addition to DCs, DT treatment of CD11c-DTR-transgenic
mice also induces the depletion of marginal zone and metallophilic macrophages (41). This
does not alter our current conclusion that a non-DC APC population(s) can both tolerize and
prime CD4 cells to parenchymal self- and vaccinia viral-Ags, respectively, but rather narrows
the possible identity of this APC(s) to either macrophages (e.g., red pulp macrophage) or B
cells (which are capable of priming CD4 cells under certain conditions (Refs. 42 and 43).

Given that CD4+CD25+ Tregs appear to be most active when DC remain in a nonactivated or
steady state (28,29), it was surprising that their neutralization did not alter the functional
response of CD4 cells undergoing tolerization in response to cognate parenchymal self-Ag in
our system. It was recently shown that CD4+CD25+ Tregs prevent autoimmune gastritis in
lymphopenic mice by limiting the ability of adoptively transferred naive gastric parietal cell-
specific CD4 cells to differentiate into IFN-γ-expressing Th1 effectors, even when an excess
of nonregulatory T cells are added to reduce lymphopenia-induced proliferation (44). It has
also been reported that Tregs facilitate the development of CD4 cell anergy during the recovery
from lymphopenia (45). Tregs might therefore be more critical for programming CD4 cell
tolerization under lymphopenic or partially lymphopenic conditions than during steady state
conditions. Alternatively, because the gastric environment appears to contain irritants or
inflammatory mediators that induce weak activation of gastric DC (13), Tregs may play a more
critical role in programming CD4 cell tolerance when steady state APCs have been partially
activated. Thus, in our C3-HA system, Treg function might be redundant because the relevant
steady state APCs remain fully nonactivated.
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FIGURE 1.
DT-induced depletion of DC in DTR chimeric mice. DTR→NT and NT→NT chimeras were
treated with DT (4 ng/g body weight) or PBS on days −4 and −1, and on day 0 spleens were
harvested. One half of each spleen was processed by mechanical disruption followed by
digestion with collagenase D (1 mg/ml) for 1 h, whereas the other half was processed by
mechanical disruption only. FACS plots show GFP vs CD11c expression on MHC class II+

gated cells, with the percentage of CD11c+GFP+ (DTR/GFP transgenic) and CD11c+GFP−
(nontransgenic host-derived) DC indicated.
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FIGURE 2.
Role of DC in presenting parenchymal self- and vaccinia viral-Ag to naive CD4 cells. Naive
Thy1.1+ CFSE-labeled clonotypic CD4 cells were adoptively transferred into Thy1.2+

NT→C3-HAhigh, DTR→C3-HAhigh, NT→viral-HA, and DTR→viral-HA chimeric recipients
that were treated with DT on days −4, −1, and +2 posttransfer and recovered from spleens on
day +5 for analysis. Viral-HA chimeric recipients were infected with 106 PFU of viral-HA on
day −1. A, Representative CFSE-dilution histograms of clonotypic CD4 cells (identified as
CD4+Thy1.1+) with the percentage of CFSE-diluted cells indicated. B, Frequency of clonotypic
CD4 cells within total splenocytes. C, Representative FACS plots of intracellular IFN-γ vs
TNF-α expression on CFSE-diluted clonotypic CD4 cells after in vitro restimulation with HA
peptide-pulsed APCs. D, Quantitative analysis corresponding to C. Total IFN-γ and TNF-α
expression is expressed in arbitrary units (calculated as the product of the percent of cytokine-
positive clonotypic CD4 cells multiplied by the mean fluorescence intensity of cytokine
staining per positively expressing cell) as previously described (23). All quantitative data are
expressed as the mean ± SEM, and n = 5–7 for each group. BM, Bone marrow.
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FIGURE 3.
Role of DCs in priming naive antiviral CD4 cells in response to low viral titers. Adoptive
transfers of naive CFSE-labeled Thy1.1+ clonotypic CD4 cells into Thy1.2+ NT→viral-HA
and DTR→viral-HA chimeric recipients were performed as in Fig. 2, except that viral
inoculations were given at 105 and 104 PFU as indicated. Representative CFSE histograms
(A) and quantification of clonal expansion (B) and total IFN-γ expression (C) are also presented
as in Fig. 2. n = 3 for each group. BM, Bone marrow.
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FIGURE 4.
Role of DC in presenting parenchymal self- and vaccinia viral-Ag to Th1 effector CD4 cells.
CFSE-labeled Thy1.1+ Th1 effector clonotypic CD4 cells were adoptively retransferred into
Thy1.2+ NT→C3-HAhigh, DTR→C3-HAhigh, NT→viral-HA, and DTR→viral-HA chimeric
secondary recipients and recovered from spleens 5 days later. Viral inoculations were given at
106 PFU, and representative CFSE-dilution histograms (A) and clonotypic CD4 cell
frequencies (B) are presented as in Fig. 3 except that intracellular cytokine staining data are
also shown for the clonotypic effectors before retransfer (1° effector) in C. n = 4–7 for each
group, except for the control NT→C3-HA group in which n = 2. For the quantitative analyses
of the latter group, two additional nonchimeric C3-HA recipients on the B10.D2 background
were included, which displayed comparable responses to the NT→C3-HA recipients (data not
shown). BM, Bone marrow.
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FIGURE 5.
CD4+CD25+ Tregs are not required for CD4 cell tolerization to parenchymal self-Ag. Naive
Thy1.1+ CFSE-labeled clonotypic CD4 cells were adoptively transferred into NT recipients
infected with 106 PFU of viral-HA (viral-HA), C3-HAlow (C3-HA), and C3-HAlow recipients
infected with 106 PFU of viral-HA (viral-HA + C3-HA) that had been treated 4 days earlier
with either anti-CD25 (PC61) or control rat Ig, and were recovered from spleens for analysis
5 days posttransfer. A, Representative plots showing the frequency of CD4+CD25+ cells in
peripheral blood both before and 4 days after Ab treatment. CD25 staining was performed
using the 7D4 mAb, which does not cross-react with PC61. Representative CFSE-dilution
histograms (B) and quantification of clonal expansion (C) and total TNF-α expression (D) are
presented as in previous figures. n = 3 for each group.
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FIGURE 6.
CD4+CD25+ Tregs do not act in concert with non-DC-tolerogenic APCs to program CD4 cell
tolerization to parenchymal self-Ag. Naive Thy1.1+ CFSE-labeled clonotypic CD4 cells were
adoptively transferred into Thy1.2+ NT→C3-HAhigh, DTR→C3-HAhigh, NT→viral-HA, and
DTR→viral-HA chimeric recipients as in Fig. 2, except that DT injections were administered
daily and recipients were treated 4 days before adoptive transfer with either rat Ig or PC61
mAb as indicated. Clonal expansion (A) and total TNF-α expression (B) are presented as in
previous figures. n = 3–10, except for the rat Ig NT→viral-HA group where n = 2.
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