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T cells proliferate vigorously following acute depletion of CD4+

Foxp3+ T regulatory cells [natural Tregs (nTregs)] and also when
naive T cells are transferred to syngeneic, nTreg-deficient Rag1−/−

hosts. Here, using mice raised in an antigen-free (AF) environment,
we show that proliferation in these two situations is directed to
self ligands rather than food or commensal antigens. In both situ-
ations, the absence of nTregs elevates B7 expression on host den-
dritic cells (DCs) and enables a small subset of naive CD4 T cells
with high self affinity to respond overtly to host DCs: bidirectional
T/DC interaction ensues, leading to progressive DC activation and
reciprocal strong proliferation of T cells accompanied by peripheral
Treg (pTreg) formation. Likewise, high-affinity CD4 T cells prolif-
erate vigorously and form pTregs when cultured with autologous
DCs in vitro in the absence of nTregs: this anti-self response is
MHCII/peptide dependent and elicited by the raised level of
B7 on cultured DCs. The data support a model in which self toler-
ance is imposed via modulation of CD28 signaling and explains the
pathological effects of superagonistic CD28 antibodies.
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Tolerance to self components involves a combination of
intrathymic deletion (negative selection) of T cells with overt

self reactivity and suppression by a subset of CD4 T regulatory
cells (Tregs) expressing the transcription factor Foxp3 (1, 2).
Absence or mutation of Foxp3 causes a lethal syndrome of un-
controlled T cell proliferation and lymphadenopathy, as seen in
Foxp3null scurfy mice and diphtheria toxin (DT)-treated Foxp3-
DTR mice; in humans, mutation of Foxp3 leads to immune
dysregulation, polyendocrinopathy, enteropathy, X-linked syn-
drome (3). Tregs suppress the activation and effector function of
conventional CD4 and CD8 T cells through release of inhibitory
cytokines, such as IL-10 and TGFβ, and by regulating cos-
timulatory molecule expression on dendritic cells (DCs) (4, 5).
Typical Tregs are generated in the thymus [natural Tregs

(nTregs)] through recognition of MHC II/self peptide ligands in
the presence of IL-2 and display strong suppressive function for
responses of normal T cells (6). However, optimal suppression
requires an additional population of Foxp3+ Tregs generated
from conventional CD4 T cells in the peripheral lymphoid tissues
(7). Most peripherally induced Tregs (pTregs) are induced in the
lamina propria of the small and large intestine through rec-
ognition of dietary and commensal microbial antigens in the
presence of TGFβ and retinoic acid synthesized by mucosal
DCs (8–10), while some pTregs may be generated by tolero-
genic DCs in lymph nodes (LNs) draining the skin (11). Col-
lectively, these findings imply that the primary function of
pTregs is to suppress immune responses to microbial antigens,
whereas effective self tolerance may require the combined
action of nTregs and pTregs (7).
The stimulus for the onset of T cell proliferation in the ab-

sence of Tregs is unclear. Uncontrolled responses to commensal

microbiota could be involved, but this possibility is unlikely be-
cause lymphoproliferative disease still occurs in DT-treated
Foxp3-DTR mice maintained in a germ-free (GF) environment
(12). This finding does not rule out a response to food antigens.
However, it does raise the possibility that lymphoproliferation in
the absence of Tregs could be directed largely to self antigens.
Although direct evidence on this notion is sparse, culturing
T cells with autologous antigen-presenting cells (APCs) in vitro
leads to low-level proliferation of naive CD4 T cells; this phe-
nomenon is termed the auto-mixed lymphocyte reaction (auto-
MLR) and represents the “background” response for T cell re-
sponses to allogeneic APCs (13–15). This response is enhanced
in the absence of Tregs (14) and associated with APC activation
and up-regulation of costimulatory molecules (16), implying a
dysregulated response to self antigens.
Under in vivo conditions, proliferation of CD4 T cells in syn-

geneic irradiated hosts is weak (17) and is largely a reflection of
slow MHC-dependent homeostatic proliferation induced by the
elevated levels of IL-7 in lymphopenic hosts (18, 19). Far stronger
proliferation occurs when naive CD4 T cells are transferred to
syngeneic T cell-deficient SCID or Rag1−/− hosts (20, 21). Such
fast T cell proliferation is more intense in specific-pathogen–free
(SPF) than GF hosts, implying that much of the proliferation is
directed to commensal microbiota (20). Nevertheless, even in GF
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Rag1−/− hosts, a proportion of donor CD4 T cells does undergo
rapid proliferation.
In SPF Rag1−/− hosts, levels of B7 (CD80, CD86) on DCs are

higher than in normal mice and can be returned to normal levels
by injection of purified CTLA4+ nTregs (22). This interesting
finding is in line with the evidence that nTregs remove B7 from
DCs via CTLA4 (23) and raises the possibility that the fast
proliferation of normal naive T cells in Rag1−/− hosts could be
precipitated by the raised density of DC B7 in these mice.
However, in the SPF Rag1−/− hosts used for these studies, the
fast proliferation of normal T cells is directed largely to micro-
bial antigens rather than self antigens (see above).
To seek direct information on the stimulus for T cell pro-

liferation induced by removal or absence of Tregs, we have in-
vestigated the fate of naive T cells transferred to antigen-free
(AF) mice raised on a protein-free amino acid diet (8). The
results show that, both for constitutively T-deficient Rag1−/−

mice and acutely Treg-depleted DT-treated Foxp3-DTR mice as
hosts, a small proportion of the donor T cells proliferates vig-
orously irrespective of whether these hosts are SPF, GF, or AF.
This proliferation is dependent on CD28/B7 interaction and
correlates with the elevation of B7 density on DCs induced by
removal or absence of Tregs, and is associated with pTreg for-
mation. These findings with AF mice correlate closely with fea-
tures of the auto-MLR in vitro and indicate that the break in self
tolerance occurring after Treg removal is a reflection of en-
hanced CD28 signaling in response to elevated B7 expression.

Results
T Cell Proliferation Following Treg Depletion Is Directed Largely to
Self Antigens. As mentioned above, transfer of naive T cells to
Rag1−/− hosts induces a combination of slow lymphopenia-
induced proliferation (LIP) in response to the raised levels of
IL-7 in these hosts plus fast proliferation to microbial antigens
(18, 19). This latter finding is illustrated in Fig. 1A. Here, with
transfer of a small number (1 × 106) of Cell Trace Violet (CTV)-
labeled purified naive (CD44loCD62Lhi) B6 CD4 T cells to SPF
Rag1−/− hosts, these Treg cell-depleted donor T cells showed a
conspicuous population of expanded CTV− T cells in LN and
spleen at day 7 after transfer, indicating substantial expansion of
a subset of the donor T cells. Confirming prior findings (20), this
pattern of fast proliferation was less marked in GF Rag1 −/−

hosts. Nevertheless, fast proliferation of donor T cells was clearly
present in these mice, indicating a response directed either to
food antigens or self antigens. Significantly, an essentially iden-
tical pattern of fast proliferation applied in AF mice raised on an
amino acid (protein-free) diet (Fig. 1A). These findings there-
fore indicate that fast proliferation of donor T cells in GF and
AF Rag1−/− hosts reflects an unregulated immune response di-
rected to self antigens. In SPF Rag1−/− hosts, by contrast, the
much larger component of fast proliferation is presumably driven
largely by commensal microbiota. In line with this notion, total
cell yields in the lymphoid organs were far lower in spleen and
mesenteric lymph nodes (MLNs) of T cell-injected GF and AF
mice than in SPF mice (Fig. 1B). For GF hosts, that donor cell
proliferation was substantially reduced by cotransfer of Tregs
(Fig. 1A). No proliferation occurred following T cell transfer to
T-sufficient normal B6 hosts.
The above findings applied to Rag1−/− hosts, that is, immuno-

deficient hosts lacking Tregs. Hence, the question arose whether
similar findings would apply following acute depletion of Tregs, for
example, in Foxp3-DTR mice (12). To investigate this question,
Foxp3-DTR mice raised under SPF, GF, or AF conditions were
treated with DT every 2 d for 10 d to remove Tregs (DT-Foxp3.
DTR). Surprisingly, these DT-treated mice all showed prominent
splenomegaly and large numbers of cells in spleen synthesizing
IFNγ (Th1 cells) and/or IL-13 (Th2 cells) but not IL-17
(Th17 cells), accompanied by prominent inflammatory infiltrates

in the liver (Fig. 1 C and D). Since these responses were un-
diminished in AF mice, we conclude the responses were directed
predominantly to self antigens rather than foreign antigens. How-
ever, cytokine production in MLN and colonic lamina propria were
lower in AF mice than in SPF or GF mice, especially for Th17 cells
(Fig. 1E). Hence, a component of the proliferation induced by Treg
depletion was directed to food and microbial antigens in the gut-
associated lymphoid tissues. Nevertheless, for other organs, the
bulk of the proliferation was directed to self antigens.
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Fig. 1. T cell proliferation following Treg depletion is predominantly di-
rected to self antigens. (A) Donor T cell proliferation at day 7 postinjection in
lymphoid organs of SPF (n = 3), GF (n = 8), or AF (n = 7) Rag1−/− hosts
adoptively transferred with CD44lo CD62Lhi naive CD4 T cells from CD45.1
Foxp3-GFP mice. Also shown are the percentage of fast-dividing (CTV−)
T cells in SPF (n = 3) and GF (n = 2) Rag1−/− hosts injected with CD45.1 naive
CD4 T cells (1 × 106) ± CD90.1 nTregs (2 × 105). Representative CTV dilution
profile on CD45.1 donor T cells in peripheral LN (PLN) (Left), and graph for
fast-dividing cells among CD45.1 total donor T cells (Right). (B) Total donor
T cell numbers in PLN, mesenteric LN (MLN), or spleen (SPL) of SPF (n = 3), GF
(n = 3), or AF (n = 4) Rag1−/− hosts injected with naive CD4 T cells at day
7 postinjection. (C–E) Comparison of induction of lymphoproliferative syn-
drome at day 10 following PBS or DT treatment of age-matched SPF, GF, or
AF Foxp3-DTR mice (n = 2 for PBS-treated mice and n = 4 for DT-injected
groups). (C) Representative FACS plots for IFNγ and IL-13 production by SPL
Foxp3−CD4+ T cells (Left) after 4 h of ex vivo stimulation in the presence of
PMA/ionomycin and protein transport inhibitors, and total numbers of IFNγ+

or IL-13+ CD4+ T cells (Right). (D) H&E staining of sections of liver from
Foxp3-DTR mice treated with PBS or DT, raised under SPF, GF, or AF condi-
tions. Scale bars, 100 um. The arrows indicate lymphocyte infiltrations. (E)
Total numbers of IL-17A–producing CD4 T cells from MLN (Left) or colonic
lamina propria (Right) in mice from each group. P values were determined
by Student’s t test or one-way ANOVA with Newman–Keuls multiple-
comparison test. Error bars show mean ± SEM. *P < 0.05; **P < 0.01;
***P < 0.001. Note that details of materials and methods for these and other
experiments are provided in SI Appendix, Materials and Methods.
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Adoptive T Cell Proliferation in DT-Foxp3-DTR Hosts Involves High-
Affinity T Cells. To examine whether the T cells proliferating in
DT-Foxp3-DTR mice arose from naive precursor cells, we
adoptively transferred CTV-labeled purified populations of
CD45 congenic naive CD4 or CD8 T cells into SPF Foxp3-DTR
mice, followed 1 d later by repeated injection of DT to selectively
deplete host Tregs. For both CD4 and CD8 T cells, host Treg
depletion led to rapid proliferation of a subset of donor T cells,
which expanded to form a substantial component of CTV− cells
in peripheral LN (PLN), MLN, and spleen (Fig. 2A). Pro-
liferation was most prominent for donor CD4 T cells, and ex-
panded numbers of these cells were also present in liver and the
lamina propria of the small and large intestine (sLP, cLP) (SI
Appendix, Fig. S1A). Treg markers on a proportion of these cells
(SI Appendix, Fig. S1B) will be discussed later.
The precursor frequency of the responding T cells (SI Ap-

pendix, Materials and Methods) was quite small, namely ∼1% in
PLN and ∼3% in MLN (SI Appendix, Fig. S2A). These estimates
were close to the 4% precursor frequency reported previously for
donor CD4 T cells recovered from spleen of SPF DT-Foxp3.

DTR mice (24). For AF hosts, the precursor frequency was ∼1–
1.5% for donor cells in PLN, MLN, and spleen (SI Appendix,
Fig. S2B).
In agreement with the data on precursor frequency, pro-

liferation of donor naive CD4 T cells in PLN of Foxp3-DTR
mice was as high in GF and AF hosts as in SPF hosts (Fig. 2B).
Notably, similar results occurred with H2M−/− hosts, that is, mice
that exclusively express self CLIP peptide/MHC II complexes
(25). Thus, strong proliferation occurred when naive CD4 T cells
from H2M−/− mice were transferred to autologous DT-treated
H2M−/− SPF Foxp3-DTR mice (Fig. 2C). Hence, following
Treg removal, strong proliferation by donor naive CD4 T cells
was elicited by contact with a single ubiquitously expressed
self peptide.
T cell responsiveness to self antigens is known to involve a

range of TCR affinities and correlates with relative expression of
CD5 (26, 27). Surprisingly, it was reported that donor T cell
proliferation in DT-treated SPF Foxp3-DTR hosts was higher
for CD5lo than CD5hi cells (24). In our hands, however, pro-
liferation of donor CD4 T cells was significantly less with CD5lo

cells than CD5hi cells (Fig. 2D). Further evidence came from
studies with T cells from Nur77-GFP reporter mice (28). Thus,
CD4 T cells sorted for high Nur77 expression, that is, cells
considered to have high self reactivity, gave much stronger pro-
liferation in DT-treated Foxp3-DTR mice than T cells with low
Nur77 expression (SI Appendix, Fig. S3 A and B). Together,
these data imply that T cell proliferation induced by Treg de-
pletion is skewed to high-affinity cells.
The above data applied to DT-Foxp3-DTR mice. Similar

findings applied to T cell transfer to GF Rag1−/− hosts. Thus,
proliferation of naive CD4 T cells was more intense for CD5hi

than CD5lo cells (SI Appendix, Fig. S3C); this finding applied in
spleen and MLN as well as in PLN.

APC Requirements for Inducing Anti-Self Responses. Donor T cell
responses in DT-Foxp3-DTR mice were partly IL-2 dependent.
Thus, IL-2 blockade had little or no effect on T cell expansion
(SI Appendix, Fig. S3D) but did cause a significant decrease in
Th1 and Th2 effector cell generation (SI Appendix, Fig. S3E).
With regard to the role of B7, lymphoproliferation of T cells in
Scurfy and DT-treated Foxp3-DTR mice is known to be strongly
dependent on CD28/B7 (CD80, CD86) interaction (29, 30). In
support of this finding, donor CD4 T cell proliferation in SPF
DT-treated Foxp3-DTR hosts was abolished by coinjection of a
mixture of anti-CD80 and anti-CD86 mAbs (SI Appendix,
Fig. S3F).
In line with the capacity of Tregs to reduce B7 expression on

APCs (3–5), DT treatment of SPF Foxp3-DTR mice induced a
progressive increase in both CD80 and CD86 on DCs in PLN
when examined at 1 wk after injection (Fig. 3A). Confirming
previous findings (3), DT treatment also induced a marked in-
crease in numbers of host DCs (Fig. 3A). Interestingly, there was
prominent expansion and differentiation of these cells into
CD11b+Ly6C+ inflammatory DCs (Fig. 3B), which correlated
with the marked differentiation of host CD4 cells into Th1 and
Th2 effector cells (Figs. 1C and 3C). This finding suggested that
cytokine production by the effector cells may have caused an
influx of DCs into LN from elsewhere, perhaps the bone marrow.
Notably, impairing T–APC interaction by injecting a mixture of
neutralizing mAbs against TNFα, CD40L, and ICOSL (block,
referring to mAb addition in figure) prevented DC expansion
and B7 up-regulation, and also blocked host CD4 T cell pro-
liferation and differentiation into effector cells (Fig. 3 A–C).
These findings in SPF DT-Foxp3.DTR mice were extended to
AF DT-Foxp3.DTR mice. Here, kinetic studies showed that total
numbers of PLN DCs rose sharply between days 2 and 4 after
starting DT treatment and reached peak high levels around day 7
(Fig. 3D). In parallel, B7 levels on DCs also rose abruptly after
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Fig. 2. Preferential proliferation of CD4 T cells with high TCR affinity for
self-pMHC following Treg depletion. (A and B) Comparison of donor T cell
proliferation at day 7 postinjection in Foxp3-DTR hosts adoptively trans-
ferred with 2 × 106 purified CTV-labeled CD44lo CD62Lhi naive CD4 or CD8
T cells from CD45.1 Foxp3-GFP mice, followed 1 d later by DT injection. (A)
Representative FACS plots for proliferation and graphs of percent fast-
dividing cells for donor CD4 or CD8 T cells in SPF Foxp3-DTR hosts (n =
4 per each group). (B) Representative FACS plots for proliferation and graph
of percent fast-dividing donor CD4 T cells in SPF, GF, or AF Foxp3-DTR hosts
(n = 5 per each group). (C) H2m−/−Foxp3-DTR hosts adoptively transferred
with 2 × 106 CD44lo CD62Lhi naive CD4 T cells purified from WT or H2m−/−

Foxp3-GFP mice followed by DT injection as in A and B. Shown are repre-
sentative FACS plots for proliferation and graph of percent fast-dividing
donor T cells at day 10 following Treg depletion (n = 4). (D) Representa-
tive CTV dilution profile of donor T cells and graph of percent fast-dividing
donor T cells at day 7 postinjection in Foxp3-DTR hosts adoptively trans-
ferred with 2 × 106 CD5hi or CD5lo CD44lo CD62Lhi naive CD4 T cells from
Foxp3-GFP mice followed 1 d later by DT injection as in A and B; upper 25%
or lower 25% of naive CD4 T cells were isolated based on their
CD5 expression. Shown are representative FACS plots for proliferation and
graph of percent fast-dividing donor T cells (n = 4 per each group). P values
were determined by Student’s t test or by one-way ANOVA with Newman–
Keuls multiple-comparison test. Error bars show mean ± SEM. *P < 0.05;
**P < 0.01; ***P < 0.001.
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day 2 to reach peak levels by day 4. With regard to phenotype,
the DCs at the start of DT treatment (day 0) consisted largely of
MHCIIhi CD11cint skin migratory DCs, with smaller numbers of
MHCIIint CD11chi LN-resident DCs and no detectable CD11b+

Ly6C+ inflammatory DCs (Fig. 3D). After DT treatment, in-
flammatory DCs began to appear on day 2 and reached a peak of
∼30% of total DCs on day 4 before declining to ∼10% of DCs
around day 9. These findings implied that the sharp increase in
total DCs induced by DT treatment was due in part to an influx
of inflammatory DCs but also involved local expansion of LN
DC populations.
In the above experiments with DT-Foxp3.DTR mice, B7 on

host DCs was at a low physiological level at the time of donor
T cell injection and then rose progressively after DT treatment,
which was initiated at 1 d after T cell injection. The situation in
GF Rag1−/− hosts was somewhat different. In these hosts,
reflecting the constitutive absence of Tregs, the density of B7 was
significantly higher than in normal mice (Fig. 4A), presumably
reflecting the lack of transendocytosis of B7 by Tregs (23).
Confirming previous findings (22), injection of Treg-containing
populations of CD4 T cells into GF Rag1−/− hosts reduced
B7 expression to the level found in normal mice (Fig. 4B). By
contrast, as with DT treatment of Foxp3.DTR mice, injection of
purified naive CD4 T cells into GF Rag1−/− hosts caused a
marked increase in B7 expression and the appearance of a high
proportion of inflammatory DCs at 1 wk posttransfer (Fig. 4B).
The opposing effects of injecting Tregs versus naive CD4 T cells
on B7 (CD86) expression on host DCs was confirmed by

RNA-sequencing (RNA-seq) analysis: Tregs reduced CD86
RNA, whereas naive CD4 cells increased CD86 RNA along with
elevation of monocyte (CD14, Ly6C2) markers (Fig. 4C). With
regard to kinetics, there was little or no change in host DCs for the
first 5 d after naive CD4 T cell transfer (Fig. 4D). Thereafter,
B7 expression rose progressively to reach high levels by day 12,
along with an increase in total DCs; as in DT-Foxp3.DTR mice,
there was a prominent influx of inflammatory DCs, which reached a
peak on day 8 and then declined.
Collectively, these findings indicated that Treg depletion not

only increased B7 expression on host DCs but caused these cells

A

C

D

B

Fig. 3. DCs undergo progressive phenotypic changes following acute Treg
depletion. (A–C) Foxp3-DTR mice were treated with PBS (n = 2), DT (n = 3), or
DT plus a mixture of neutralizing mAbs against TNFα, CD40L, and ICOSL
(block) (n = 3) and assayed 1 wk later. (A) Mean fluorescence intensity (MFI)
of CD80/86 on PLN DCs (Left). Total numbers of PLN DCs (Right). (B) Per-
centages of CD11b+ Ly6C+ cells among PLN DCs and total numbers of PLN
CD11b+ Ly6C+ DCs. (C) Representative FACS plots for IFNγ and IL-
13 production by splenic CD4 T cells after 4 h of ex vivo restimulation in
the presence of PMA/ionomycin and protein transport inhibitors (Left), and
total numbers of Th1 or Th2 cells (Right). (D) PLN DC activation kinetics at
day 0 (n = 2), day 2 (n = 3), day 4 (n = 6), day 7 (n = 3), and day 9 (n = 4)
following DT injection of AF Foxp3-DTR mice. Numbers of total PLN DCs, MFI
of CD80 on total PLN DCs, and percent graphs of skin migratory DCs, LN-
resident DCs, or CD11b+ Ly6C+ DCs among total PLN DCs. Gating on TCRβ−

B220− Thy1.2− NK1.1− Ly6C− cells, MHCIIhi CD11cint cells were defined as skin
migratory DCs, and MHCIIint CD11chi cells as LN-resident DCs. P values were
determined by one-way ANOVA with Newman–Keuls multiple-comparison
test. Error bars show mean ± SEM. *P < 0.05; **P < 0.01; ***P < 0.001.
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Fig. 4. DCs undergo progressive activation following Treg-depleted CD4
T cell transfer into GF Rag1−/− hosts. (A) Mean fluorescence intensities (MFIs)
of CD80 and CD86 on total PLN DCs from uninjected B6 mice (n = 3) or GF
Rag1−/− mice (n = 3). (B) Comparison of PLN DC populations in GF Rag1−/−

hosts at day 7 following transfer of CD4 T cell populations, namely total CD4
T cells (5 × 106) (n = 3), Tregs (5 × 105) plus CD44lo CD62Lhi naive CD4 T cells
(4 × 106) (n = 3), or naive CD4 T cells alone (4 × 106) (n = 3). Shown are MFI of
CD80 on total PLN DCs (Left) and percentages of Ly6C+ CX3CR1+ DCs among
PLN DCs (Right). (C) RNA-seq analysis of highly purified PLN DCs from
uninjected GF Rag1−/− mice, and GF Rag1−/− mice injected 1 wk before with
CD44lo CD62Lhi naive CD4 T cells or purified Tregs; each RNA sample was
combined from more than five mice. Shown are heatmap comparisons of
representative genes. (D) PLN DC phenotype in GF Rag1−/− hosts following
injection of a large dose (5 × 106) of CD44lo CD62Lhi naive CD4 T cells from
CD45.1 Foxp3-GFP mice; recipients were assayed at day 0 (n = 4), day 5 (n =
3), day 8 (n = 3), and day 12 (n = 4) postinjection. Shown are total PLN DC
numbers, CD80 MFI on total PLN DCs, and percentages of CD11b+ Ly6C+ cells
among total PLN DCs. (E and F) PLN DC phenotype and donor T cell pro-
liferation in GF Rag1−/− hosts at day 7 following injection of a standard dose
(1 × 106) or large dose (1 × 107) of CTV-labeled CD44lo CD62Lhi naive CD4
T cells from CD45.1 Foxp3-GFP mice. (E) Shown are CD80 MFI on total PLN
DCs and percentages of CD11b+ Ly6C+ cells among total PLN DCs (no T cell
injection, n = 2; standard dose injection, n = 3; large dose injection, n = 3). (F)
CTV dilution profile on donor T cells (Left). Percentages of fast-dividing
T cells (Right) (standard dose, n = 7; large dose, n = 9). P values were
determined by Student’s t test or by one-way ANOVA with Newman–
Keuls multiple-comparison test. Error bars show mean ± SEM. **P < 0.01;
***P < 0.001.
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to become overtly activated and also to replicate via interaction
with autologous normal CD4 T cells. Hence, there was a se-
quence of bidirectional T/APC signaling, resulting in expansion
and differentiation of both T cells and DCs.
In considering the consequences of T/APC interaction, it

should be noted that, in GF Rag1−/− hosts, the overt activation of
host DCs applied only with a relatively large dose of 5 × 106

naive CD4 T cells, which was fivefold higher that the standard
dose of 1 × 106 cells used to measure T cell proliferation (Fig.
1A). This difference was important because, unlike a large dose
(1 × 107), injection of the small dose (1 × 106) of naive CD4
T cells caused little or no change in B7 expression on host DCs at
day 7 and only a small influx of inflammatory DCs (Fig. 4E). This
T cell dose-dependent activation of host DCs had a marked ef-
fect on the intensity of the proliferative response. Thus, fast
proliferation was much more prominent with injection of large
numbers of T cells than with small numbers (Fig. 4F). The
functional consequences of this difference are considered below.

nTreg Depletion Leads to pTreg Generation.With Foxp3.DTR mice,
DT treatment ablates all host Tregs, including pTregs. With
adoptive transfer of normal T cells into these hosts, however, DT
treatment is unable to delete pTregs developing from the donor
T cells. In this respect, studies with T cells from Foxp3-GFP
reporter mice showed that pTreg generation from donor-derived
T cells was observed in virtually all of the above experiments
involving transfer of naive CD4 T cells to DT-Foxp3.DTR mice.
With normal B6 CD4 T cells, this finding applied equally to SPF,
GF, and AF mice. For these T cells, and also H2M−/− cells,
pTreg conversion applied to 10–20% of donor-derived cells (Fig.
5A). Notably, pTreg generation was heavily skewed to high-
affinity CD4 T cells, being much higher for CD5hi/Nur77hi than
CD5lo/Nur77lo B6 cells (Fig. 5B); and was associated with
CTLA-4 up-regulation in multiple sites, including nonlymphoid

tissues (SI Appendix, Fig. S1B). In agreement with the evidence
that pTreg generation is TGFβ dependent (31), pTreg formation
was low or absent with injection of anti-TGFβ mAb, or when
donor T cells were prepared from double-negative (DN) TGFβRII
mice (Fig. 5C). Functionally, the pTregs displayed suppressive
function as indicated by their capacity to inhibit the activation of
endogenous CD8 and CD4 T cells when they were retransferred
into secondary DT-treated Foxp3-DTR hosts (SI Appendix, Fig.
S4A). Their suppressive function was somewhat less potent than
that of nTregs prepared from normal mice, but both Treg pop-
ulations were able to prevent the induction of liver pathology
(SI Appendix, Fig. S4B).
Generation of donor-derived pTregs in DT-Foxp3.DTR hosts

applied irrespective of the number of T cells injected. The situ-
ation in Rag1−/− hosts was different. Here, the striking finding
was that pTreg generation only occurred if relatively large
numbers of T cells (1 × 107) were injected (Fig. 5D), that is,
numbers sufficient to induce strong host DC activation (Fig. 4E).
The data in these two models are thus in agreement with evi-
dence that pTreg generation is strictly B7 dependent (32).
Collectively, the above studies in DT-Foxp3-DTR and Rag1−/−

mice showed that depletion or absence of Tregs in vivo enabled a
subset of high-affinity CD4 T cells to mount B7-dependent overt
responses to self antigens associated with pTreg formation. Ac-
cordingly, similar findings would be expected to occur in vitro if
naive T cells and DCs were cultured together in the absence of
Tregs. This issue was addressed by studying T cell proliferation in
the auto-MLR.

Features of the Auto-MLR in Vitro. As discussed earlier, the auto-
MLR is the “background” level of proliferation seen when
T cells are cultured with allogeneic versus syngeneic APCs in
vitro (13, 15). As illustrated by the response of B6 (H2b) naive
CD4 T cells to BALB/c (H2d) FACS-purified CD11c+ MHCII+

A B

C D

Fig. 5. A fraction of dividing CD4 T cells differentiates into pTregs following Treg depletion. (A) Representative FACS plots for day 7 proliferation and Foxp3-
GFP expression on donor CD4 T cells in SPF, GF, or AF Foxp3-DTR hosts adoptively transferred with 2 × 106 CD44lo CD62Lhi naive CD4 T cells from Foxp3-GFP
mice followed 1 d later by DT injection as in Fig. 2B. (B) Representative CTV dilution and Foxp3-GFP expression profiles on donor T cells at day 7 postinjection
in Foxp3-DTR hosts adoptively transferred with 2 × 106 CD5hi or CD5lo CD44lo CD62Lhi naive CD4 T cells from Foxp3-GFP mice followed 1 d later by DT injection
as in Fig. 2D. (C) Effect of TGFβ on pTreg generation was measured by injecting Foxp3-DTR mice with a mixture of 1 × 106 CD90.1 WT naive CD4 T cells and 1 ×
106 CD45.1 CD4 DN TGFβRII naive CD4 T cells, both from Foxp3.GFP donors, followed 1 d later by Treg depletion; subsequently, host mice were treated with
DT or DT plus anti-TGFβ mAbs. Shown are representative FACS plots for proliferation and Foxp3-GFP expression on donor T cells (Left), and percentages of
Foxp3-GFP+ cells on total donor T cells at day 7 (Right) (n = 3–4). (D) pTreg induction was compared in GF Rag1−/− hosts at day 7 following injection of a
standard dose (1 × 106; n = 7) or large dose (1 × 107; n = 9) of CTV-labeled CD44lo CD62Lhi naive CD4 T cells from CD45.1 Foxp3-GFP mice. Shown are
representative FACS plots for CTV dilution and Foxp3-GFP expression on donor T cells (Left), and percentage of Foxp3-GFP+ cells on divided T cells (Right). P
values were determined by Student’s t test. Error bars show mean ± SEM. **P < 0.01; ***P < 0.001.
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Fig. 6. MHCII ligands plus raised B7 levels induce proliferation of naive CD4 T cells in auto-MLR. Shown are auto-MLR following coculture of syngeneic purified
CD11c+ MHCII+ PLN DCs with CTV-labeled CD44lo CD62Lhi B6 naive CD4 T cells from Foxp3-GFP mice in vitro. (A) Comparison of coculturing 1 × 105 B6 (H2b) naive
CD4 T cells with 5 × 103 BALB/C (H2d) or B6 (H2b) PLN DCs. Shown are representative FACS plots of proliferation of T cells in 3-d culture (Left), and percentage of
divided cells at various time points (Right). (B) Effect of MHCII or B7 blockade on auto-MLR. A total of 5 × 103 PLN B6 DCs was cocultured with 1 × 105 B6 naive CD4
T cells in the presence of PBS (n = 10), MHCII blocking mAb (10 μg/mL Y3P; n = 5), or B7 (CD80 + CD86) blocking mAbs (5 ug/mL 1G10 and GL-1; n = 10) for 7 d.
Shown is percentage of divided cells for each group. (C) Auto-MLR for 7 d following coculture of 1 × 104 GF unseparated Rag1−/− PLN cells (B6 APCs) or 1 × 104

H2m−/− Rag1−/− PLN cells (H2M APCs) with 1 × 105 CTV-labeled naive CD4 T cells from B6 Foxp3-GFP mice or from H2m−/− Foxp3-GFP mice (n = 8∼10). Shown are
representative CTV histogram of cocultured T cells (Left) and percentages of divided cells among total cocultured T cells (Right). (D) Auto-MLR for 7 d with co-
culture of 1 × 104 B6 APCs with 1 × 106 or 1 × 105 CTV-labeled CD5hi or CD5lo B6 naive CD4 T cells from Foxp3-GFP mice (100/1, or 10/1 T:APC ratio; n = 10). For
purification, upper 25% or lower 25% of naive CD4 T cells were purified for CD5 expression. Shown are representative histogram for CTV-dilution profile of total
cocultured T cells (Left) and percentages of CTV− cells of total cocultured T cells (Right). (E) Suppressive effect of nTregs on auto-MLR. Total of 1 × 106, 1 × 105, or
1 × 104 CD45.1 B6 naive CD4 T cells were cocultured with 1 × 104 B6 APCs for 8 d in the absence (n = 5) or presence (n = 3) of CD90.1-marked nTregs. The ratio of
naive T cells (CD45.1):nTregs (CD90.1) was 2:1 in each situation. Shown are representative histogram of CTV dilution on cocultured CD45.1 T cells (Left) and
percentages of CTV− cells (Right). (F) Shown are mean fluorescence intensities (MFIs) of CD80 and CD86 on cultured DCs when purified PLN DCs from B6 mice were
incubated alone for 24 h. CD80 and CD86 levels of PLN DCs from fresh Rag1−/− or B6 mice are shown as controls. (G) Comparison of pTreg induction when 1 × 105

B6 naive CD4 T cells were coculturedwith 5 × 103 BALB/c (H2d) or B6 (H2b) PLN DCs for 5 d (see above) (H2d DCs, n = 5; H2b DCs, n = 10). P values were determined
by Student’s t test or one-way ANOVA with Newman–Keuls multiple-comparison test. Error bars show mean ± SEM. *P < 0.05; **P < 0.01; ***P < 0.001.
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PLN DCs, typical allo-MLR measured by CTV dilution were
associated with strong proliferation on days 3 and 5 of culture,
paralleled by only low-level proliferation with autologous B6
(H2b) PLN DCs (Fig. 6A). At later stages of culture, the allo-
MLR declined due to cell overcrowding in the cultures. How-
ever, the auto-MLR with B6 DCs increased progressively
thereafter and reached quite high levels by day 7 (Fig. 6A). This
response was abolished by addition of either anti-B7 or anti-
MHCII mabs (Fig. 6B and SI Appendix, Fig. S5E) and did not
occur with H2M−/− DCs (Fig. 6C), implying a polyclonal re-
sponse to MHCII-associated self peptides. Significantly, as in
vivo, the auto-MLR was skewed to high-affinity T cells; thus,
responses were higher with CD5hi than CD5lo B6 T cells (Fig.
6D). Also, as in vivo, H2M−/− naive CD4 T cells proliferated well
in vitro to autologous H2M−/− DCs (Fig. 6C); unlike in vivo (Fig.
2C), these DCs were nonstimulatory for B6 T cells, perhaps
reflecting the absence of DC expansion under in vitro conditions.
The above findings applied to responses by purified naive CD4

T cells. Notably, responses were absent or greatly reduced if
naive CD4 cells were supplemented with even small numbers of
Tregs (Fig. 6E). This finding focused attention on the stimulus
for the auto-MLR and the role of B7. On this point, it is well
documented that culturing DCs in vitro causes spontaneous up-
regulation of B7 (33). In accordance with this finding, culturing
DCs alone in culture for 1 d caused prominent up-regulation of
B7 (Fig. 6F). Since proliferation was blocked by B7 blockade, the
data indicated that, as in vivo, the in vitro response was directed
to self MHCII ligands and initiated by elevated expression of
B7 on DCs.
With regard to pTreg formation, in agreement with previous

studies (34) the strong proliferation in the allo-MLR directed to
BALB/c DCs on day 5 of culture was not associated with pTreg
generation (Fig. 6G). By contrast, pTreg formation was clearly
detectable in the delayed response to autologous B6 DCs. In
accordance with the evidence that pTreg generation is TGFβ
dependent (31), pTreg formation in the cultures was minimal
with TGFβ-unresponsive DN TGFβRII CD4 T cells as responder
cells (SI Appendix, Fig. S5A); interestingly, the cultured DCs
showed elevated expression of the TGFβ precursor LAP (SI
Appendix, Fig. S5B), implying that DCs were the main source of
TGFβ in the cultures.
The extent of pTreg generation depended on the T/DC ratio

in the cultures (SI Appendix, Fig. S5C). Thus, at a high 100/
1 ratio, T cell proliferation was strong but associated with only
low pTreg induction, whereas a lower 10/1 ratio led to weaker
proliferation but higher pTreg induction. Notably, B7 levels on
DCs were higher in the 100/1 than the 10/1 ratio cultures (SI
Appendix, Fig. S5D); moreover, pTreg induction in the 100/
1 cultures increased with partial B7 blockade (SI Appendix, Fig.
S5E). These findings are consistent with the view that pTreg
formation is favored when CD28/B7 signaling is intermediate
rather than strong (35). As with partial B7 blockade, pTreg
formation was enhanced by the presence of nTregs. Thus, with
Foxp3-GFP–marked naive CD4 T cells as responder cells, the
few divided T cells in the cultures suppressed by addition of
nTregs (Fig. 6E) were nearly all pTregs.
With regard to in vivo relevance, it was mentioned earlier that

pTreg generation in vivo correlated with an influx of in-
flammatory DCs into LN. Notably, of the three populations of
DCs found in PLN of DT-treated Foxp3.DTR mice, the subset
of Ly6C+ CD11b+ inflammatory DCs was the most effective at
generating pTregs in vitro (SI Appendix, Fig. S5F); this finding
correlated with higher LAP and lower MHCII on the in-
flammatory DCs (SI Appendix, Fig. S6). These findings with in-
flammatory DCs in vitro were thus consistent with the strong
pTreg generation observed in DT-Foxp3.DTR mice.
Collectively, the in vitro data closely recapitulate the self

ligand-driven responses observed in Treg-depleted mice. In the

case of pTregs, the data support the view that pTreg formation
is favored by relatively weak TCR signaling combined with
moderate CD28/B7 signaling (36). This scenario raises the
question whether the conspicuous generation of pTregs that
accompanies unregulated responses to self ligands could
serve to protect the host against pathology. This question is
addressed below.

Role of pTreg in Suppressing Autologous T Cell Responses in Vivo. To
investigate the protective function of pTreg generation, naive
CD4 T cells were transferred to SPF versus GF Rag1−/− mice.
The host mice were then left for several weeks before examining
the mice for pathology. With T cell transfer to control SPF
Rag1−/− hosts, rapid proliferation of the donor T cells to the host
microbiota was associated with weight loss and the appearance of
inflammatory cells in the liver and colon at 3 wk posttransfer
(Fig. 7 A and B); as expected from previous studies (37), the
onset of weight loss and inflammatory disease failed to occur
following coinjection of naive T cells and Tregs (Fig. 7B), in-
dicating an important protective role of nTregs in preventing
disease. For GF Rag1−/− hosts, however, injection of the same
standard low dose of 1 × 106 naive CD4 cells without Tregs failed
to cause either weight loss or pathology in the liver or colon.
Interestingly, pTreg induction by the 1 × 106 donor CD4 T cells,
although undetectable at 1 wk posttransfer (Fig. 5D), was clearly
apparent by 3 wk (Fig. 7C) and correlated with B7 up-regulation
and a late influx of DCs into PLN.
This finding raised the question whether pTreg generation

accounted for the lack of pathology in the host mice. To examine
this question, GF Rag1−/− mice were injected with naive CD4
T cells prepared from Foxp3-DTR mice and then treated with
DT at 3 wk to prevent pTreg formation. Notably, this treatment
augmented proliferation of the donor T cells and induced sig-
nificant pathology in the liver by 4 wk posttransfer (Fig. 7 D and
E). In marked contrast, no pathology was seen when DT was not
injected (Fig. 7E). Hence, these findings indicated that the lack
of pathology in constitutively Treg-deficient GF Rag1−/− hosts
injected with naive T cells reflected differentiation of the donor
cells into a protective population of pTregs.

Discussion
A central finding in this paper is that the severe pathology seen
after Treg depletion is directed largely to self antigens rather
than to microbial or food antigens. For DT-Foxp3-DTR mice,
this conclusion follows from the observation that the prominent
lymphoproliferation and effector T cell generation occurring in
these mice was as intense in AF mice as in GF mice. However,
pathology was even more intense in SPF DT-Foxp3-DTR mice,
especially in the mucosal immune system, indicating that in these
mice the response to self antigens is accompanied by a con-
comitant strong response to gut microbial antigens. For AF mice,
strong T cell proliferation in DT-Foxp3-DTR hosts was con-
spicuous after adoptive transfer of autologous naive CD4 T cells.
Interestingly, for short-term adoptive responses, the intensity of
the proliferative response in AF, GF, and SPF mice was in-
distinguishable. Here, proliferation of naive T cells was mediated
largely by CD4 rather than CD8 T cells and was accompanied by
strong generation of Th1 and Th2 effector cells and in-
flammatory infiltration of the liver. Significantly, proliferation
was mediated predominantly by T cells with high intrinsic self
MHC reactivity, as indicated by their high expression of CD5 and
Nur77. As for typical responses to foreign antigens, the response
to self ligands was B7 and MHC dependent. These findings ap-
plied to polyclonal B6 T cells.
As in DT-Foxp3-DTR mice, transferring naive CD4 T cells to

Rag1−/− mice caused rapid proliferation of a proportion of the
donor cells. Confirming previous findings (20), fast pro-
liferation of donor naive CD4 T cells was weaker in GF than
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SPF Rag1−/− mice, reflecting the lack of gut antigens in GF
mice. The response was clearly significant, however, and nota-
bly was the same in AF as in GF Rag1−/− mice, indicating re-
sponsiveness to self antigens rather than food antigens. Hence,
in both DT-Foxp3-DTR mice and Rag1−/− mice, the lack of
Tregs broke self tolerance and caused a proportion of normal
T cells to become strongly responsive to autologous antigens.
Since the bulk of strongly autoreactive T cells are presumed to

be destroyed by negative selection in the thymus (38), how can
one explain the onset of autologous responses when Tregs are
removed? Here, it should be noted that precursor frequency
analysis showed that the proportion of naive CD4 T cells able to
proliferate in DT-Foxp3-DTR hosts was quite low, that is, ∼1%,
although this could be an underestimate because of competition
for APCs by the expanding host T cells. The nature of the self
ligands responsible for activating high-affinity T cells is clearly a
key issue. An obvious possibility is that the target ligands are
tissue-specific antigens (TSAs) entering the lymphoid tissues,

and that the T cells reactive to TSAs are cells that evaded AIRE-
dependent deletion in the thymus (39). The alternative possi-
bility is that the ligands are largely ubiquitous self peptides
expressed by many, perhaps all, cells including APCs. This latter
notion fits well with the data shown here on the auto-MLR, that
is, that contact with isolated normal syngeneic DCs in vitro was
sufficient to elicit quite strong proliferative responses by synge-
neic naive CD4 T cells. However, more definitive information
came from the studies on DT-Foxp3-DTR H2M−/− mice, that is,
mice that expressed only a single ligand, namely MHC II-bound
CLIP peptide. In these mice, thymic selection to CLIP alone
generates a polyclonal repertoire of normal CD4 T cell subsets,
including Tregs, and normal self tolerance (25). However, when
used as hosts for adoptive transfer, these Treg-depleted mice
were strongly immunogenic for autologous naive H2M−/−

CD4 cells and, to a lessor extent, for naive normal B6 CD4 cells.
In this situation, therefore, Treg depletion led to the onset of
overt CD4 T cell responsiveness to a single ubiquitous self an-
tigen. In light of this finding, it seems likely that the anti-self
responses observed here in normal DT-Foxp3-DTR and GF
Rag1−/− hosts are directed largely to common self peptides
rather than to TSAs. Clearly, further information on this im-
portant issue is needed.
In considering how Treg removal causes naive T cells to re-

spond to self ligands, recent studies on superagonistic CD28SA
mAb [which caused florid pathology as TGN1412 in a clinical
trial (40)] are instructive. In particular, injection of CD28SA into
mice was shown to elicit proliferation of normal CD4 T cells, in
addition to Tregs, although only when CD4 cells maintained
contact with MHCII+ DCs (41). These findings imply that
the covert tonic TCR signals that keep normal T cells alive in
the lymphoid tissues (19, 42) can become overt following
CD28 ligation and drive the cells into division. Under physio-
logical conditions, this regulation could be controlled by the
level of B7 expression on APCs. In the presence of Tregs,
B7 expression on APCs is kept at a low level via CTLA4 stripping
(23) and also by CTLA4-mediated STAT3 phosphorylation
leading to suppression of B7 gene transcription (43); such
B7 modulation causes naive T cells to remain in interphase un-
less they contact foreign antigens. In the absence of Tregs,
however, B7 expression on APCs is known to increase (3, 22) and
could thereby promote CD28 signaling in T cells contacting
these APCs. Hence, for T cells with relatively high self MHC
affinity, one can envisage that the slight increase in CD28
signaling in conjunction with constitutive TCR signals causes
these T cells to undergo activation and begin to proliferate,
thereby breaking self tolerance. This model was proposed
previously to explain rapid proliferation of donor T cells
transferred to SPF Rag1−/− mice (22). However, proliferation
in this SPF model is known to be directed largely to microbial
antigens, so it was unclear whether the data were applicable
to self antigens.
The notion that self tolerance is basically a reflection of the

intensity of steady-state TCR/CD28 signaling in naive T cells
implies that even a small increase in B7 expression on APCs
could break self tolerance and be sufficient to induce T cells to
become overtly self reactive. In this respect, it was mentioned
earlier that the lack of Tregs in SPF Rag1−/− mice was associated
with a significant increase in DC B7 expression, which returned
to normal levels following injection of Tregs (22). We confirmed
this finding in GF Rag1−/− mice by the finding that elevation in
B7 levels in PLN of these mice (relative to normal B6 mice)
decreased to normal following injection of Treg-containing cell
populations but rose markedly to high levels following transfer of
naive CD4 T cells.
In view of the above findings, it seems highly likely that the

anti-self response seen in GF and AF Rag1−/− mice was initiated
by the above-normal B7 density on host DCs. We envisage that,
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Fig. 7. pTregs suppress autologous T cell responses in vivo. (A and B)
Comparison of induction of lymphoproliferative disorder in SPF or GF
Rag1−/− hosts upon transfer of 1 × 106 CD44lo CD62Lhi naive CD4 T cells from
CD45.1 Foxp3-GFP mice. (A) H&E staining of sections of liver and colon at day
21 after injection (n = 4 per each). Scale bars, 100 μm. The arrows indicate
lymphocyte infiltrations. (B) Graph for weight change percentages of SPF or
GF Rag1−/− hosts after transfer of indicated T cell populations. SPF and GF
Rag1−/− hosts (n = 2–3) were injected with naive CD4 T cells (1 × 106) alone or
a mixture of naive CD4 T cells (1 × 106) and purified Tregs (2 × 105). (C)
Percentages of Foxp3+ cells among donor T cells at day 7 (n = 4) or day 21
(n = 4) in the GF Rag1−/− hosts injected with 1 × 106 CD44lo CD62Lhi naive
CD4 T cells from CD45.1 Foxp3-GFP mice. (D and E) Effect of depleting
pTregs in GF Rag1−/− hosts adoptively transferred with 1 × 106 CD44lo

CD62Lhi naive CD4 T cells from Foxp3-DTR mice. Host mice were analyzed at
1 wk (n = 3), 2 wk (n = 3), or 4 wk (n = 2) posttransfer. Where indicated, DT
was administered during the last week (n = 3). (D) Shown are total donor
T cell numbers in spleen. (E) H&E staining of liver, with arrows pointing to
lymphocytic infiltrations. P values were determined by Student’s t test or by
one-way ANOVA with Newman–Keuls multiple-comparison test. Error bars
show mean ± SEM. *P < 0.05; **P < 0.01; ***P < 0.001.

1014 | www.pnas.org/cgi/doi/10.1073/pnas.1818624116 Yi et al.

https://www.pnas.org/cgi/doi/10.1073/pnas.1818624116


in these hosts, and also in DT-Foxp3.DTR mice, this slight in-
crease in B7 density caused naive CD4 T cells with the highest
affinity for self ligands to become overtly activated by DCs and
start to divide and up-regulate costimulatory molecules such as
CD40L: in turn, this response elicited DC activation and ex-
pansion, probably via CD40/CD40L interaction and cytokine
production, thereby inducing further B7 up-regulation and,
consequently, enhanced immunogenicity (44). In DT-Foxp3.
DTR mice, reciprocal T/DC activation occurred rapidly because
of dysregulation of the entire naive T cell pool of the host. By
contrast, DC activation in Rag1−/− hosts occurred more slowly,
unless naive CD4 cells were injected in large numbers. However,
the sequence of T/DC interaction and activation leading to ef-
fector T cell generation and DC expansion was essentially the
same in both types of hosts and, with the exception of pTreg
generation (see below), closely resembled typical immune re-
sponses to foreign antigens (45).
The idea that self tolerance is governed by relative B7 density

implies that the capacity of Tregs to maintain self tolerance
depends crucially on their capacity to modulate B7 expression on
APCs. As shown here, autoreactive T cell responses developing
in Treg-deficient hosts correlated closely with the raised level
of B7 expression in these mice. Although modulation of
B7 expression in Rag1−/− mice by Tregs is known to be CTLA-
4 dependent (22), it should be noted that, in contrast to CTLA-
4 deletion throughout development (5), conditional deletion of
CTLA-4 in adult mice did not lead to pathological lymphade-
nopathy (46). Interestingly, these mice did show significant
B7 up-regulation, but this was accompanied by only mild acti-
vation of normal T cells. However, Tregs were markedly ex-
panded, so the lack of pathology in the mice may have reflected
CTLA-4–independent suppression by the expanded Tregs.
A corollary of the notion that B7 levels control tolerance is

that reduced expression of B7 in the thymus before T cell export
to the periphery would break self tolerance. In favor of this
prediction, transient perinatal B7 blockade in mice led to
prominent T cell lymphoproliferation and pathology in sub-
sequent adult life, implying lack of self tolerance when B7 levels
in the periphery rose to normal levels after blockade ceased (47).
A further prediction is that T cells that failed to encounter B7 in
the thymus during development would be strongly reactive to
APCs expressing normal B7 levels. Indeed, two studies reported
that transfer of B7-deficient T cells into B7-sufficient Rag−/−

hosts led to prominent lymphoproliferation and pathology (48,
49). Likewise, in a line of B7.2 (CD86) transgenic mice, the
B7 transgene was highly expressed on B cells but not on DCs,
which led to CD28-dependent T cell-mediated elimination of B
cells (50); given that B cells are rare in the thymus, B cell
elimination in the periphery may have reflected incomplete
thymic tolerance to the transgene. With regard to mechanisms,
the above studies were variously interpreted as reflecting the
need for B7 expression for effective tolerance induction. How-
ever, the simple notion that tolerance is imprinted by the level of
B7 expressed in the thymus during ontogeny and maintained by
modulation of B7 density in the periphery was not mentioned.
A further corollary of the above model is that minor increases in

B7 expression induced by contact with pathogens, or even danger
signals from dying cells, could be sufficient to trigger activation of
T cells with high affinity for self ligands. While this process could be
potentially dangerous, it might also have the benefit of inducing
synthesis of the background levels of IL-2 needed to sustain nTregs
(51), thus allowing these cells to curtail B7 expression on DCs and
thereby maintain T cell homeostasis. Would such cells remain as
effector cells or differentiate into other subsets, for example, pTregs
or memory T cells?
For pTregs, it is notable that self ligand-driven T-proliferative

responses were accompanied by prominent pTreg generation,
both in DT-Foxp3.DTR and Rag1−/− hosts, as well as in auto-

MLR. pTreg cell generation was TGFβ and B7 dependent, and
skewed to T cells with high self reactivity (CD5hi cells) but was
not seen with responses to allogeneic DCs; in Treg-depleted
hosts, pTreg formation correlated with infiltration of LN with
inflammatory DCs, these cells being especially stimulatory for
pTreg formation in vitro. Collectively, these data on self-reactive
pTregs are in close agreement with the view that pTreg gener-
ation is favored by relatively weak TCR signaling, accompanied
by contact with TGFβ and a modest level of CD28 costimulation
(35, 36). However, the key finding is that the self-reactive pTregs
had strong suppressive function. Thus, in GF Rag1−/− hosts,
ablating pTreg cell generation after transfer of naive T cells
augmented infiltration of the liver with inflammatory cells.
For T memory cells, in future studies it will be important to

trace the fate of T cells that become overtly autoreactive after
Treg removal. Here, a key issue is whether restoring B7 levels to
normal, thereby decreasing immunogenicity, causes the activated
T cells to differentiate into resting memory T cells. On this point,
it is notable that “virtual” memory T cells present in normal mice
(52) are also found in AF mice (8) and that, in experimental
models, these cells arise preferentially from high-affinity (CD5hi)
CD4 T cells (52). These memory T cells could arise directly from
self-reactive effector cells but might also be the progeny of pTreg
cells as the result of Foxp3 down-regulation (53). These ques-
tions are currently under investigation.

Materials and Methods
Detailed materials and methods are provided in SI Appendix, Materials
and Methods.

Mice. GF Rag1−/− mice were kindly provided by Andrew Macpherson (Uni-
versity of Bern, Bern, Switzerland) and maintained in sterile flexible film
isolators (Class Biological Clean). Foxp3-DTR mice were kindly provided by
Alexander Rudensky (Memorial Sloan Kettering Cancer Center, New York)
and were rederived under GF condition. For generating AF mice, GF mice
were fed with antigen-free elemental liquid diet and soybean oil containing
oil-soluble vitamins as described previously (8). Mouse care and experimental
procedures were performed in accordance with all institutional guidelines
for the ethical use of non-human animals in research protocols approved by
the Institutional Animal Care and Use Committees (IACUC) of the Pohang
University of Science and Technology.

Adoptive Transfer. For naive CD4 T cells, CD44lo CD62Lhi Foxp3-GFP− cells from
CD90.1 or CD45.1 Foxp3-GFP mice were purified by flow cytometry sorting.
After separation, donor T cells were labeled with CTV as previously described
(54). Varying doses of T cells were adoptively transferred IV by retroorbital
injection. For GF or AF hosts, donor T cells were manipulated aseptically,
inserted into autoclaved amber glass vials capped with a silicone septum,
and transferred into GF isolaters after spraying with 2% peracetic acids.

Autologous MLRs. DCs were FACS-purified from PLN by selecting for CD11c+

MHCII+ TCRβ− B220− Thy1.2− NK1.1− cells. For GF Rag1−/− mice, cells sus-
pensions of PLN were used as a crude source of DCs (APCs). These pop-
ulations of syngeneic DCs and APCs were cocultured with varying
concentrations of CTV-labeled CD44lo CD62Lhi B6 naive CD4 T cells from
Foxp3-GFP mice. For MHCII blockade, clone Y3P mAb specific for I-Ab (Bio X
Cell) was used at 10 μg/mL. For B7 blockade, clone 1G10 (Bio X Cell) and GL-1
(Bio X cell) mAbs were used at 5 μg/mL.

RNA-Seq Analysis. RNA-seq libraries were prepared by using TruSeq total RNA
library (Agilent). After generation, libraries between 200 and 260 bp were
enriched by Pippin automatic gel extraction system (Sage Science). Then,
libraries were sequenced with MiSeq (Illumina). Log2 of the fragments per
kilobase million (FPKM) value from each sample was used for heatmap
comparison. Raw data are stored at National Center for Biotechnology In-
formation under accession number GSE121882.

Statistical Analyses. Mean and SEM values were calculated by using Prism 5
(GraphPad Software). Statistical significance was determined by unpaired
two-tailed t tests or by one-way ANOVA followed by Newman–Keuls
multiple-comparison test. P values less than 0.05 were considered as
significant.
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