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Abstract
Although CD8+ Treg-mediated suppression has been described, CD8+ Treg remain poorly
characterized. Here we identify a novel subset of CD8+ Treg that express latency-associated peptide
(LAP) on their cell surface (CD8+LAP+ cells) and exhibit regulatory activity in vitro and in vivo.
Only a small fraction of CD8+LAP+ cells express Foxp3 or CD25, although the expression levels of
Foxp3 for these cells are higher than their LAP− counterparts. In addition to TGF-β, CD8+LAP+ cells
produce IFN-γ, and these cells suppress EAE that is dependent on both TGF-β and IFN-γ. In an
adoptive co-transfer model, CD8+LAP+ cells suppress myelin oligodendrocyte glycoprotein (MOG)-
specific immune responses by inducing or expanding Foxp3+ cells and by inhibiting proliferation
and IFN-γ production in vivo. Furthermore, in vivo neutralization of IFN-γ and studies with IFN-γ-
deficient mice demonstrate an important role for IFN-γ production in the function of CD8+LAP+

cells. Our findings identify the underlying mechanisms that account for the immunoregulatory
activity of CD8+ T cells and suggest that induction or amplification of CD8+LAP+ cells may be a
therapeutic strategy to help control autoimmune processes.
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Introduction
The immune system has evolved several mechanisms, including deletion, anergy, and
regulation, to control the expansion and differentiation of activated T cells. Treg are specialized
subpopulations of T cells that modulate the immune system to avert unwanted immune
responses and thus contribute to maintenance of immunological self-tolerance and immune
homeostasis [1–3]. Whereas CD4+ Treg subsets have been extensively studied, less is known
about CD8+ Treg, their subsets, and modes of action. Several lines of evidence suggest that
CD8+ T cells are important in regulation of EAE [4–6] even though there are reports that EAE
can be induced by CD8+ T cells [7,8]. Depletion of CD8+ T cells from mice that have recovered
from EAE renders them susceptible to reinduction of disease [5] and CD8−/− mice develop
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more chronic EAE manifested by a higher incidence of relapse than WT animals [6]. Distinct
subpopulations of CD8+ Treg, including CD8+CD28− and CD8+ CD122+ Treg, which can
regulate EAE, have been identified [9,10]. Moreover, experiments in β2 microglobulin−/− mice,
in which CD8+ T cells do not develop due to MHC I deficiency, suggest a regulatory role for
CD8+ T cells in EAE [11]. CD8+ T cells isolated from EAE-recovered mice specifically inhibit
MBP-activated CD4+ T-cell clones in vitro and their depletion was followed by recurrence of
EAE. The suppressive function of these CD8+ T cells is restricted by MHC I-like Qa-1 molecule
(murine homologue of the human HLA-E) and adoptive transfer of these cells prevented
disease in MBP-immunized mice [12–14]. The failure of resistance to EAE of Qa-1-deficient
mice is associated with the escape of Qa-1-deficient CD4+ cells from CD8+ T-cell suppression
[15]. Taken together, these results provide evidence that CD8+ T cells are important in both
inducing resistance to EAE and abrogating recurrent relapsing episodes of pathogenic
autoimmunity in vivo.

Various modes of action have been reported for CD8+ Treg, including the production of soluble
factors, such as immuno-suppressive cytokines IL-10 or TGF-β [16–19], direct killing of target
cells [12,19–21], targeting APC and rendering them tolerogenic [19,22], or by noncytolytic
pathways that have not been clearly defined.

We and others have previously shown that CD4+ T cells expressing latency-associated peptide
(LAP) actively suppress autoimmune diseases in experimental models of colitis and EAE and
function in a TGF-β-dependent manner [23–25]. LAP is the N-terminal propeptide of TGF-β
precursor peptide that remains noncovalently associated with TGF-β after cleavage from TGF-
β precursor and forms the inactive latent TGF-β complex; it therefore contributes to the
prevention of uncontrolled activation of the cognate TGF-β receptors [26,27]. It is not known
whether CD8+LAP+ cells exist in vivo in animal models and whether they function as
regulatory cells in autoimmune diseases such as EAE.

In the present study, we identify a novel subset of CD8+ Treg that express LAP on their surface
and suppress EAE in a TGF-β and IFN-γ-dependent fashion.

Results
CD8+LAP+ cells are regulatory in vitro

To investigate the role of CD8+LAP+ T cells, we first determined their presence and frequency
in naïve mice. In naïve mice CD8+ cells constitute 10–12% of splenocytes, of which ~3.3%
express LAP (Fig. 1A). CD8+LAP+ cells were also present in thymus and lymph nodes but at
lower frequency (not shown). To further characterize the function of CD8+LAP+ cells, we
examined whether CD8+LAP+ cells exhibit regulatory function in vitro. As shown in Fig. 1B,
CD8+LAP+ cells significantly suppressed the proliferation of responder cells
(CD4+CD25−LAP− cells), and this was evident for CD8+LAP+ cells sorted from both naïve
SJL and B6 mice, although the cells from B6 mice appeared to have greater suppressive activity
(Fig. 1B). No suppressive effect was observed for CD8+LAP− cells (Fig. 1B). The suppression
mediated by CD8+LAP+ cells did not depend on cell-to-cell contact because CD8+LAP+ cells
suppressed the proliferation of responder cells equally as well across a transwell membrane
(not shown), and there was no evidence of cell death in the responder cell population as
measured by CFSE labeling (not shown). We then measured the effect of CD8+LAP+ T cells
on IFN-γ production by responder cells. As shown in Fig. 1C, CD8+LAP+ cells inhibited IFN-
γ production by responder cells. These data indicate that CD8+LAP+ cells possess regulatory
activity in vitro.
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Adoptive transfer of CD8+LAP+ T cells ameliorates EAE
To analyze the function of CD8+LAP+ cells in vivo, we examined the ability of CD8+LAP+

cells to suppress EAE using the PLP139-151-induced EAE model. In addition to testing
CD8+LAP+ cells, we tested CD8+CD25+LAP− cells. CD8+CD25+ T cells from MHC class II-
deficient mice have been reported to exhibit regulatory activity in vitro [28]. Because both
CD8+LAP+ and CD8+CD25+ LAP− cells show suppressive activity in vitro, we compared EAE
suppression by CD8+LAP+ cells with CD8+CD25+LAP− cells. CD8+LAP+ or
CD8+CD25+LAP− cells were adoptively transferred to SJL mice that were then immunized
with PLP139-151 2 days after adoptive transfer to induce EAE (Fig. 2A). Control mice that did
not receive cells showed the typical clinical course of EAE with disease onset on days 10–11
after PLP139–151 immunization, disease peak at day 15, and a relapsing phase beginning at day
20 (Fig. 2B). The mean day of onset and initial relapse was similar between control mice and
those that received CD8+LAP+ cells. However, adoptive transfer of as few as 0.5 × 105 of
CD8+LAP+ cells significantly reduced the disease severity at day 20 to day 40 compared with
control mice (Fig. 2B, p<0.001) and with mice injected with CD8+CD25+LAP− cells
(p<0.001). CD8+CD25+LAP− cells did not have a significant effect in vivo compared with
control (Fig. 2B). The mean cumulative score of mice receiving CD8+LAP+ cells at day 20 to
day 40 was significantly lower than control mice and mice transferred with
CD8+CD25+LAP− cells (Table 1, p<0.01). Thus, CD8+LAP+ cells possess regulatory
properties in vivo and their suppressive effect is statistically significant in the EAE model.

Analysis of cytokine profile, Foxp3 expression, and phenotype of CD8+LAP+ cells
To further characterize CD8+LAP+ cells, cytokine production of CD8+LAP+ and
CD8+LAP− cells was compared. CD8+LAP+ cells produced IL-2, IFN-γ, and TGF-β in higher
amounts than CD8+ LAP− cells (Fig. 3A). IL-6 and IL-12 were undetectable in both LAP+ and
LAP− cells (not shown).

Since CD8+LAP+ cells exhibited regulatory activity, we determined whether they express
signature molecules associated with CD4+CD25+ Treg and exhibit the characteristic phenotype
of Treg. Although only a small fraction of CD8+LAP+ cells expressed Foxp3, a key molecular
marker of CD4+CD25+ Treg [29], the Foxp3 expression (median fluorescence intensity, MFI)
of CD8+LAP+ cells was higher than their LAP− counterparts (MFI 258 versus 166) (Fig. 3B).
Unlike most CD4+CD25+ Treg that constitutively express the interleukin-2 (IL-2) receptor α
chain (CD25), only a small percentage of CD8+LAP+ cells expressed CD25, and the expression
level was lower than that of LAP− cells (Fig. 3C). Cytotoxic T-lymphocyte antigen-4 (CTLA4)
has been shown to play an important role in the regulatory function of CD4+CD25+ cells both
in vitro and in vivo [30]. Analysis of CTLA4 expression by CD8+ LAP+ cells revealed higher
levels of expression as compared with LAP− cells (Fig. 3D). CD45RBlow is a phenotypic
marker of Treg, and CD4+CD25−CD45RBlow cells suppress colitis in animal models [25,31].
The expression of CD45RB on CD8+LAP+ cells was markedly downregulated compared with
LAP− cells (Fig. 3D). We did not observe difference in the expression of glucocorticoid-
induced TNFR-related gene (TNFRSF18) between CD8+LAP+ and LAP− populations (not
shown).

CD8+LAP+ cells suppress MOG-specific immune responses and induce or expand Foxp3+ T
cells in vivo

To further explore the mechanism of suppression mediated by CD8+ LAP+ cells in vivo, MOG
TCR Tg Thy1.1+ T cells were depleted of CD25+ cells, CFSE-labeled, and adoptively co-
transferred with CD8+LAP+ cells sorted from naïve B6 mice or transferred alone into WT B6
(Thy1.2+) mice, and the effect of CD8+LAP+ cells on the response of MOG TCR Tg T cells
(CD4+Thy1.1+) after immunization with MOG35~55 in CFA was monitored (Fig. 4A). In the
draining lymph nodes of mice receiving MOG TCR Tg T cells alone, 9% of MOG TCR Tg T
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cells (CD4+Thy1.1+) remained CFSE+, whereas 21% were CFSE+ when CD8+LAP+ cells were
co-transferred, indicating that the proliferation of MOG TCR Tg T cells in draining lymph
nodes was suppressed when mice were co-transferred with CD8+LAP+ cells (Fig. 4B).

We next measured cytokine production of MOG TCR Tg T cells in draining lymph nodes after
restimulation in vitro 5 days after immunization. In recipients of MOG TCR Tg T cells alone,
16.6% of MOG TCR Tg T cells (CD4+Thy1.1+) in the draining lymph nodes produced IFN-
γ. In contrast, the fraction of IFN-γ-producing MOG TCR Tg T cells was reduced (7.9%) in
mice that had received CD8+ LAP+ cells (Fig. 4C, p =0.015). IL-2 production of MOG TCR
Tg T cells was similar between two groups of mice (not shown).

It has been reported that TGF-β can convert Foxp3− T cells into Foxp3+ Treg [32,33]; in
addition, the LAP molecule is closely associated with TGF-β and CD8+LAP+ cells produced
high amounts of TGF-β (Fig. 3). We therefore determined whether co-transfer of
CD8+LAP+ cells could convert MOG TCR Tg T cells to Foxp3+ cells. Although
CD4+CD25− cells might contain some Foxp3+ cells, virtually no Foxp3+ cells were detected
among CD4+CD25− fraction of MOG TCR Tg T cells from naïve MOG TCR Tg mice (not
shown). Moreover, to insure that no Foxp3+ cells were being transferred, we depleted
CD25+ cells from purified MOG TCR Tg T cells before adoptive co-transfer. As shown in Fig.
4D, there was an increase in the percentage of cells expressing Foxp3 among MOG TCR Tg
T cells in draining lymph nodes of animals that had received both MOG TCR Tg T cells and
CD8+LAP+ cells compared with mice receiving MOG TCR Tg T cells alone (5.4% versus
1.6%, p =0.04). Because the absolute number of cells recovered from draining lymph nodes
and analyzed is comparable between two experimental groups (MOG TCR Tg T cells versus
MOG TCR Tg T cells plus CD8+LAP+ cells: 1.7 × 107±1.4 × 106 versus 1.5 × 107±3.5 ×
106) and the frequency of MOG TCR Tg T cells in draining lymph nodes is similar between
the two groups (MOG TCR Tg T cells versus MOG TCR Tg T cells plus CD8+LAP+ cells:
1.93±0.52% versus 1.83±0.50%), these results suggest that CD8+ LAP+ cells induced or
expanded Foxp3+ cells in vivo.

Regulatory function of CD8+LAP+ cells is TGF-β dependent in vivo
Because CD8+LAP+ cells produced a high amount of TGF-β and we and others have previously
shown that LAP-expressing CD4+ T-cell subsets function in a TGF-β-dependent fashion
[23–25], we investigated whether the in vitro suppression by CD8+LAP+ cells was dependent
on TGF-β. We observed no reversal of in vitro suppression using anti-TGF-β Ab (not shown)
and only 15% reversal of suppression using a specific inhibitor (ALK5 inhibitor II) of TGF-
β signaling (Fig. 5A).

Although the in vitro suppressive capacity of CD4+CD25+ Treg does not require TGF-β [1,
34], in vivo function of CD4+CD25+ Treg is dependent on TGF-β [35–37]. It is thus possible
that the role of TGF-β in CD8+LAP+ cell-mediated suppression could be different in vitro and
in vivo. To address the role of TGF-β in regulatory function of CD8+LAP+ cells in vivo, SJL
mice receiving CD8+LAP+ cells were treated with five doses of neutralizing anti-TGF-β mAb
(1D11) beginning 1 day before EAE induction. As shown in Fig. 5B, in vivo neutralization of
TGF-β significantly reversed the suppression of EAE mediated by CD8+LAP+ cells (p<0.001).
Thus, the function of CD8+LAP+ cells in vivo is TGF-β dependent.

Regulatory function of CD8+LAP+ cells is IFN-γ dependent both in vitro and in vivo
Given that IFN-γ is one of the predominant cytokines produced by CD8+LAP+ cells (Fig. 3)
and has been shown to be important to the function of CD4+CD25+ Treg in vivo in an allogenic
system [38] as well as to have a protective effect in EAE models [39–44], we examined whether
IFN-γ contributed to the regulatory function of CD8+LAP+ cells both in vitro and in the EAE
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model. To delineate the role of IFN-γ in the suppressive function of CD8+LAP+ cells in
vitro, CD8+LAP+ cells and responder (CD4+CD25−LAP−) cells sorted from WT B6, B6 IFN-
γ−/−, or B6 IFN-γ receptor−/− (B6 IFN-γR−/−) mice were used for in vitro suppression assays.
As shown in Fig. 6A, CD8+LAP+ cells from WT B6 mice (wt LAP+) significantly suppressed
the proliferation of responder cells from both WT B6 and IFN-γR−/− mice. The suppressive
effects were similar whether WT or IFN-γR−/− responder cells were used, indicating that the
IFN-γ produced by CD8+LAP+ cells did not have direct suppressive effect on responder cells.
We then asked whether CD8+LAP+ cells required IFN-γ signaling to exhibit suppressive
activity by using CD8+LAP+ cells from IFN-γR−/− mice. We found that the suppressive
capacity of CD8+LAP+ cells from IFN-γR−/− mice was only slightly decreased compared with
WT CD8+LAP+ cells (Fig. 6A and B). In contrast, the suppressive function of CD8+LAP+ cells
was markedly diminished when CD8+LAP+ cells were purified from IFN-γ−/− mice (Fig. 6C).
These data demonstrate that although CD8+LAP+ cells did not require IFN-γ signaling to
exhibit in vitro suppression and IFN-γ produced by these cells did not act directly on responder
cells, the mechanism of CD8+LAP+ cell-mediated suppression requires IFN-γ.

To address the role of IFN-γ in regulatory function of CD8+LAP+ cells in the EAE model, SJL
mice adoptively transferred with CD8+LAP+ cells were injected intraperitoneally with five
doses of neutralizing anti-IFN-γ mAb (R4-6A2) beginning 1 day before EAE induction. As
shown in Fig. 7A, in vivo neutralization of IFN-γ significantly reversed the suppression of EAE
mediated by CD8+LAP+ cells (p<0.001).

We next performed in vivo EAE experiments in which IFN-γ−/− mice were used as recipients
for adoptive transfer to further confirm the importance of IFN-γ in CD8+LAP+ cell-mediated
suppression in vivo. This experimental design allowed us to avoid the interference of
endogenous IFN-γ produced in recipient mice. As shown in Fig. 7B, adoptive transfer of
CD8+LAP+ cells purified from WT mice significantly suppressed EAE induced in IFN-γ−/−

mice (p<0.0001); in contrast, CD8+LAP+ cells from IFN-γ−/− mice (B6 IFN-γ−/−

CD8+LAP+) were unable to suppress EAE. The percentage of CD8+LAP+ cells in lymphoid
organs is similar between WT and IFN-γ−/− mice (not shown), indicating that the absence of
IFN-γ does not affect the generation and survival of CD8+LAP+ cells. Therefore, our
observation that CD8+ LAP+ cells from IFN-γ−/− mice were unable to suppress EAE did not
result from the disappearance of transferred CD8+LAP+ cells in IFN-γ−/− mice. Taken together,
these results demonstrate that IFN-γ production is important for the in vivo function of CD8+

LAP+ cells. Since IL-17 producing-Th17 cells are increased in IFN-γ−/− mice and are the major
pathogenic T cells in EAE induced in IFN-γ−/− mice [45], our results also implicate that
CD8+LAP+ cells efficiently downregulate pathogenic Th17 responses in vivo.

Discussion
We have identified a novel subset of CD8+ Treg that express LAP on their cell surface
(CD8+LAP+ cells). CD8+LAP+ cells possess regulatory activity in vitro and are regulatory in
vivo, since transfer of as few as 5 × 104 CD8+LAP+ cells reduced disease severity in the EAE
model. Also, in an adoptive co-transfer model, CD8+LAP+ cells suppressed proliferation and
IFN-γ production while inducing Foxp3 expression of co-transferred MOG specific TCR Tg
T cells or expanding Foxp3+ MOG specific TCR Tg T cells, although the majority (~97%) of
CD8+LAP+ cells are Foxp3 negative. The regulatory function of CD8+LAP+ cells is both TGF-
β and IFN-γ dependent in vivo.

CD8+ Treg expressing distinct cell surface markers have been identified, most of which were
induced by Ag stimulation or by in vivo administration of immunomodulating agents [18,46,
47]. The CD8+LAP+ Treg identified in our study are present in naïve animals without prior
Ag encounter. Unlike other CD8+ Treg, CD8+LAP+ Treg are unique, as they are both TGF-
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β and IFN-γ dependent. Only a small fraction of freshly isolated CD8+LAP+ cells express
Foxp3 and CD25, which suggests that the regulatory function of these cells is independent of
Foxp3 expression. However, since CD8+LAP+ cells produced high amounts of TGF-β, the
production of TGF-β by CD8+LAP+ cells could stabilize and enhance Foxp3 expression in
CD8+LAP+ cells in vivo, thus amplifying their suppressive function.

Although anti-TGF-β has been reported to exacerbate auto-immune diseases including EAE,
most studies used a relatively high dose (400 μg to 2 mg) of anti-TGF-β for in vivo neutralization
[48,49]. We have shown in our previous work that 50 μg of anti-TGF-β, the dose we also used
in this study, did not affect EAE in WT mice [23,24]. Our data suggest that the dose (50 μg)
we used in this study might be only sufficient for neutralizing the TGF-β produced locally by
the transferred CD8+LAP+ cells but is too low to neutralize most endogenous TGF-β and
enhance EAE.

In addition to TGF-β, IFN-γ is also required for CD8+LAP+ cell-mediated suppression. That
is distinct from CD4+LAP+ cell-mediated suppression, which is in a TGF-β-dependent fashion
[23–25]. Although IFN-γ has been conventionally considered as a proinflammatory cytokine
that plays a key role in inflammation and autoimmune disease, accumulating evidence indicates
that IFN-γ also possesses regulatory and anti-inflammatory activities [38,50,51]. IFN-γ has
been shown to function as a protective factor preventing the onset of autoimmune diseases
including EAE, experimental autoimmune uveitis, and collagen-induced arthritis [41,44,52,
53]. The current view regarding the role of IFN-γ in EAE is that IFN-γ modulates or alleviates
EAE, based on the observation that administration of IFN-γ ameliorated EAE, anti-IFN-γ Ab
exacerbated EAE, as well as the observation that EAE was worsened in mice in which the gene
for IFN-γ or its receptor was deleted [39,41–44]. The fact that in vivo neutralization of IFN-γ
abrogated the suppression of EAE mediated by CD8+LAP+ cells and that CD8+LAP+ cells lost
the capacity to suppress if they were defective in IFN-γ production indicates that IFN-γ
production is important for the regulatory capacity of CD8+ LAP+ cells in vivo. It is known
that IFN-γ-deficient animals have a more severe form of EAE. Given our findings, this may
in part be related to the loss of suppressive capacity of the IFN-γ-dependent CD8+LAP+ Treg
that we have identified. These findings further support the notion that IFN-γ acts as a protective
factor in autoimmune diseases such as EAE. Previous studies showed that administration of
anti-IFN-γ mAb enhanced EAE in low susceptibility mice (B6), whereas it had no effect on
EAE of high susceptibility mice (SJL) [39,41–44]. Others reported that 1 mg of anti-IFN-γ
mAb had a disease-enhancing effect in the development of EAE in SJL mice [54]. In our
studies, anti-IFN-γ mAb administration did not affect EAE in SJL mice (Fig. 7A). The
differences can be explained by the fact that we used a relatively low dose (50 μg) of anti-IFN-
γ mAb for in vivo neutralization and the dose might be only sufficient for neutralizing the IFN-
γ produced locally by the transferred CD8+LAP+ cells but is too low to block most endogenous
IFN-γ and enhance EAE.

Several studies have demonstrated a role of IFN-γ in the suppression mediated by CD8+ T cells
[47,55] and CD4+CD25+ Treg [38]; however, the molecular mechanisms by which IFN-γ
contribute to immunoregulation mediated by Treg are far from clear. Apart from induction of
apoptosis and inhibition of proliferation of T cells [56–58], IFN-γ has been shown to induce
Foxp3 expression and convert CD4+CD25− T cells to Treg [59]. Moreover, IFN-γ produced
by Treg may also regulate the function of APC [60]. It has been shown that IFN-γ produced
by activated CD4+CD25+ Treg led to greater IDO production and tolerogenic potential of the
cocultured DC [60]. More recent studies showing the role of IFN-γ in antagonizing the function
of IL-17, a key pathogenic cytokine in autoimmune settings [45,61], further support the
regulatory role of IFN-γ in inflammation. Although IFN-γ is required for CD8+LAP+ cell-
mediated suppression, the results from our in vitro studies suggest that IFN-γ produced by
CD8+LAP+ cells downregulated immune responses through its effect on APC, as neither was
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IFN-γ signaling crucial for CD8+LAP+ cells to exert suppressive activity nor did IFN-γ
produced by these cells act directly on responder cells. Moreover, CD8+LAP+ cells
significantly suppressed EAE in IFN-γ−/− mice in which Th17 cells play a central role in the
disease process. Thus, the protective role of IFN-γ produced by CD8+LAP+ cells in the EAE
model may result from a direct effect of IFN-γ on counteracting IL-17 or indirectly as a result
of regulatory activity of tolerogenic APC.

Bystander suppression and infectious tolerance are mechanisms by which Treg may establish
long-lasting and stable tolerance [62,63]. Our observation that in vivo neutralization of either
TGF-β or IFN-γ reversed the suppression of EAE mediated by CD8+LAP+ cells suggest that
CD8+LAP+ cell-mediated control of EAE utilizes multiple mechanisms working in concert
and thus that the presence of TGF-β and IFN-γ are necessary for complete protection. TGF-β
together with APC induce naïve T cells to differentiate into Foxp3+ Treg [62,64] and IFN-γ
produced by activated Treg promotes greater IDO production and tolerogenic potential of the
cocultured APC [60]. It is likely that by producing TGF-β and IFN-γ, CD8+LAP+ cells establish
a regulatory milieu to promote the production of new Treg cell populations and enhance the
tolerogenic potential of APC. These processes enable bystander suppression and infectious
tolerance by which CD8+LAP+ cells can amplify their immunomodulatory effects and exert
long-term and efficient control over EAE.

In the experiment presented in Fig. 4, we showed that CD8+ LAP+ cells suppressed
proliferation and IFN-γ production of autoreactive MOG TCR Tg T cells and induced or
expanded Foxp3+ MOG TCR Tg T cells (IL-2 production of MOG TCR Tg T cells was not
affected) in the draining lymph nodes at an early time point after priming (5 days after priming).
This result together with the EAE data presented in Fig. 2B suggest that although the transferred
CD8+LAP+ cells had a suppressive effect on the pathogenic autoreactive CD4 T cells at an
early time point after priming, the suppression is not sufficient to cause difference in the EAE
onset. However, as presented in Fig. 2B, our results that adoptive transfer of CD8+LAP+ cells
significantly reduced the disease severity at day 20 to day 40 compared with control mice
suggests that the suppressive effect of CD8+LAP+ cells causes a significant difference in
disease at later time points of EAE.

In addition to their role in disease protection and recovery from EAE, CD8+ Tregs have been
implicated in regulating MS [65,66]. Defects in “suppressive” CD8+ T cells have been reported
[55,67] and glatiramer acetate (Copaxone), an FDA approved treatment for relapsing forms of
MS [68], restores CD8+ T-cell responses in MS patients [69]. Whether a counterpart of
CD8+LAP+ cells exists in human and whether they play a role in modulating MS and/or are
functionally defective in MS patients remain to be determined.

In summary, we have identified and characterized a novel subset of CD8+ Treg that express
LAP on their surface and act in an IFN-γ- and TGF-β-dependent mechanism. Induction or
amplification of CD8+LAP+ cells may be a therapeutic strategy to help control autoimmune
processes.

Materials and methods
Mice

Female SJL, C57BL/6 (B6), B6 IFN-γ−/−, and B6 IFN-γ receptor−/− (B6 IFN-γR−/−) mice at
6–8 wk of age were purchased from The Jackson Laboratory (Bar Harbor, ME, USA). MOG
TCR Tg (2D2) mice were kindly provided by Dr. Vijay K. Kuchroo (Center for Neurologic
Diseases, Brigham and Women’s Hospital, Boston, MA, USA) and have been described [70].
Mice were kept in a conventional, specific pathogen-free facility at the Harvard Institutes of
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Medicine according to the animal protocol with the full knowledge and permission of the
Standing Committee on Animals at Harvard Medical School (Protocols 02683).

Induction and assessment of EAE
Female SJL mice were immunized subcutaneously in the flanks with 50 μg PLP139-151
(HSLGKWLGHPDKF) in CFA containing 250 μg of Mycobacterium tuberculosis H37RA
(Difco, Detroit, MI, USA), followed by intraperitoneal injection of 100 ng of pertussis toxin
(List Biological Laboratories, Campbell, CA, USA). To induce EAE in C57BL/6 IFN-γ−/−

mice, female mice were immunized subcutaneously in the flanks with 50 μg MOG35–55
(MEVGWYRSPFSRVVHLYRNGK) in CFA containing 200 μg of M. tuberculosis H37RA
(Difco), followed by intraperitoneal injection of 100 ng of pertussis toxin (List Biological
Laboratories). Clinical assessment of EAE was performed according to the following criteria:
0, no signs of disease; 1, loss of tone in the tail; 2, hind limb weakness or partial paralysis; 3,
complete hind limb paralysis; 4, front and hind limb paralysis; 5, moribund state. In some
experiments, indicated number and sorted populations of cells were adoptively transferred i.v.
2 days before immunization. All experiments were carried out in accordance with guidelines
prescribed by the Institutional Animal Care and Use Committee (IACUC) at Harvard Medical
School.

Immunization
Mice were immunized s.c. with 50 μg of peptide MOG35–55
(MEVGWYRSPFSRVVHLYRNGK) emulsified in CFA (Difco Bacto) containing 200 μg of
M. tuberculosis H37RA (Difco). At the indicated time points the animals were sacrificed, and
draining lymph nodes were harvested for analysis.

Ab, reagents, and FACS analysis
CD16/CD32-specific Ab (FcBlock), fluorescein-conjugated mAbs to CD8 (53–6.7), PE-
conjugated mAbs to CD8 (53–6.7), CD25 (PC61), IL-2 (JES6–5H4), IFN-γ (XMG.1.2),
CTLA4 (UC10-4F10-11), CD45RB (16A), CD90.1 (OX-7), rat IgG1 isotype control (R3-34),
and rat IgG2b isotype control (A95-1), streptavidin-PE (SAv-PE), PerCp conjugated mAbs to
CD8 (53–6.7), CD90.1 (OX-7), PerCP-Cy5.5-conjugated mAbs to CD25 (PC61),
allophycocyanin-conjugated mAbs to CD8 (53–6.7), CD25 (PC61), SAv-allophycocyanin,
normal mouse IgG and Ab for cytokine assays were purchased from Becton Dickinson. PE-
conjugated anti-mouse glucocorticoid-induced TNFR-related gene/TNFRSF18, affinity-
purified biotinylated goat anti-LAP polyclonal Ab, biotinylated normal goat IgG, and normal
goat IgG were purchased from R&D Systems (Minneapolis, MN, USA). PE-conjugated anti-
mouse Foxp3 (clone FJK-16s) and Rat IgG2a isotype control were purchased from
eBioscience. Surface stainings were performed according to standard procedures at a density
of 1–2 × 106 cells per 50 μL, and volumes were scaled up accordingly. Flow-cytometric analysis
was performed on a FACSCalibur (Becton Dickinson) by using CELLQUEST software
(Becton Dickinson). FoxP3 staining and analysis was performed by flow cytometry using the
FoxP3 staining set (clone FJK-16s; eBioscience) according to the manufacturer’s instruction.
ALK5 (TGF-Beta RI Kinase Inhibitor II) inhibitor II (EMD/Calbiochem 616452) was kindly
provided by Dr. Taka Oida.

Cytokine assay
All cytokines except TGF-β1 were measured by ELISA using Ab sets from BD PharMingen
as described [71]. TGF-β1 was measured by the Quantikine® ELISA Kit (R&D Systems) with
acidification according to the manufacturer’s instruction.
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Intracellular cytokine staining
Cultured cells or cells from the draining lymph nodes of immunized animals were stimulated
in culture medium containing PMA (20 ng/mL, Sigma), ionomycin (250 ng/mL, Sigma), and
monensin (GolgiStop 1 μL/mL, BD Biosciences, Mountain View, CA, USA), and cultures
were incubated at 37°C in a humidified 5% CO2 atmosphere for 4–6 h. Cells were harvested
and incubated with 2.4G2 Fc-receptor-blocking Ab and then stained for surface markers. After
staining of surface markers, cells were fixed and permeabilized using Cytofix/Cytoperm and
Perm/Wash buffer (Becton Dickinson) according to the manufacturer’s instructions. Cells were
then incubated at 4°C for 30 min with indicated Ab to cytokines and corresponding isotype
controls and washed twice in Perm/Wash buffer before analysis.

Purification and adoptive transfer of cells
Pooled cells from spleens and peripheral lymph nodes (mesenteric, axillary, popliteal, inguinal,
and cervical) of female SJL, B6, B6 IFN-γ−/−, or B6 IFN-γ receptor−/− (B6 IFN-γR−/−) mice
(6–10 wk) were subjected to erythrocyte lysis. After incubation with Fc-receptor-blocking Ab
2.4G2, cells were incubated with anti-CD8 microbeads (Miltenyi Biotec, Auburn, CA, USA)
and CD8+ cells were positively selected on LS MACS columns (Miltenyi Biotec), routinely
achieving purities >95%. Purified CD8+ cells then were stained with biotinylated LAP-specific
Ab followed by SAv-PE, anti-CD25 allophycocyanin, and fluorescein-labeled anti-CD8.
CD8+LAP+ and CD8+LAP− cells were further sorted by using a FACSAria cell sorter (BD
Biosciences); in some experiments, CD8+CD25+LAP− cells were also sorted. The purity of
each population was >98% by FACS analysis. To purify CD25- depleted MOG TCR Tg T
cells, pooled cells from spleens and lymph nodes of MOG TCR Tg mice were stained with
biotinylated anti-CD25 followed by SAv microbeads (Miltenyi Biotec); after depletion of
CD25+ cells by LD MACS column (Miltenyi Biotec), CD4+ cells in the CD25− flow-through
fraction were further purified by staining with CD4 microbeads and separated by MS or LS
MACS columns (Miltenyi Biotec). Cells were injected into the lateral tail vein in a volume of
200 μL of PBS. Where indicated, cells were labeled with CFSE (Molecular Probes) by
incubation for 10 min at 37°C in 10 μM CFSE in PBS/0.1% BSA at a density of 1 × 107 cells
per mL.

Proliferation assays
For suppression assays, 1 × 105 sorted CD8+LAP+ or CD8+LAP− cells were cultured at a 1:1
ratio with syngeneic CD4+ CD25−LAP− cells. Cells were stimulated with anti-CD3 Ab (1 μg/
mL) in the presence of irradiated (3000 rad) syngeneic splenic APC in 200 μL of RPMI 1640
medium supplemented with 10% FBS in 96-well round-bottom plates. Proliferation was
measured by scintillation counting after pulsing with 1 μCi per well [3H]thymidine (1 Ci =37
Gbq) for the last 16 h of a 72-h incubation period.

Neutralization of TGF-β
For in vivo neutralization of TGF-β, SJL mice were immunized with 50 μg of PLP139-151 2
days after adoptive transfer. Mice received five intraperitoneal injections of anti-mouse TGF-
β (clone 1D11, BioExpress) or isotype control on alternating days beginning 1 day post
adoptive transfer.

Neutralization of IFN-γ
For in vivo neutralization of IFN-γ, SJL mice were immunized with 50 μg of PLP139-151 2 days
after adoptive transfer. Mice received five intraperitoneal injections of anti-mouse IFN-γ (clone
R4-6A2, BioExpress) or isotype control every 3 days beginning 1 day post adoptive transfer.
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Statistical analysis
Statistical significance was assessed by the two-tailed Student’s t-test. For in vivo EAE
experiments, differences in clinical scores were analyzed using one-way ANOVA, followed
by Turkey multiple comparisons or two-tailed Mann–Whitney U-test. p values <0.05 were
regarded as significant.
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Figure 1.
Regulatory capacity of CD8+LAP+ cells in vitro. (A) Frequencies of CD8+LAP+ cells in
splenocytes. Spleen cells obtained from naïve SJL mice were stained with CD8 and LAP-
specific Ab or corresponding isotype control and analyzed by FACS. Percentage of LAP+ cells
in CD8+ T cells is shown. (B) Suppressive function of CD8+LAP+ cells in vitro. 1 × 105 sorted
CD8+LAP+ cells purified from SJL (left panel) or B6 (right panel) mice were cultured at a 1:1
ratio with syngeneic responder CD4+CD25−LAP− cells. Cells were stimulated with anti-CD3
Ab (1 μg/mL) in the presence of irradiated (3000 rad) syngeneic splenic APC and assayed as
described in the Materials and methods section. Data are presented as mean + SD. Percent
suppression of proliferation was also shown. (C) IFN-γ production of responder
CD4+CD25−LAP− cells in vitro. CD4+CD25−LAP− responder cells were cultured alone or
together with CD8+LAP+ cells (ratio 1:1) in the presence of anti-CD3 Ab (1 μg/mL) and
irradiated (3000 rad) syngeneic splenic APC for 60 h; IFN-γ productions by responder cells
were then determined by intracellular cytokine staining. Percentage of IFN-γ+ cells among
responder cells is shown. All data are representative of at least two independent experiments.
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Figure 2.
Effect of adoptive transfer of CD8+LAP+ cells on EAE. (A) Schematic representation of
experimental design. 0.5 × 105 sorted CD8+LAP+ or CD8+CD25+LAP− cells or PBS were
injected intravenously into naïve SJL mice (five mice per group). Mice were then immunized
with PLP139-151 in CFA to induce EAE 2 days after adoptive transfer. (B) Mean daily score
±SEM for each group (five mice per group). Data are representative of at least two independent
experiments. Group that received CD8+LAP+ cells had a significant reduction in disease
severity compared with control mice (p<0.001, one-way ANOVA, followed by Turkey
multiple comparisons).
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Figure 3.
Cytokine profile and phenotypic characterization of CD8+LAP+ and CD8+LAP− cells. (A)
Cytokine production of CD8+LAP+ and CD8+LAP− cells. CD8+LAP+ and CD8+LAP− cells
were sorted from pooled spleens and lymph nodes of naïve SJL mice as described in the
Materials and methods section. After sorting, 1 × 105 cells from each sorted population were
stimulated with plate-bound CD3-specific Ab (10 μg/mL). Cytokines were measured by
ELISA. Data show mean+SD of triplicate wells. ***p<0.0001; Student’s t-test. (B–D),
Phenotypic characterization of CD8+ populations sorted by LAP expression. Flow cytometry
of expression of Foxp3 (assessed by intracellular staining) (B), CD25 (C), CD45RB, and
intracellular CTLA4 (D) by CD8+LAP+ and CD8+LAP− cells from pooled spleens and lymph
nodes of naïve SJL mice. Numbers next to outlined areas in (B) and (C) indicate percent cells
positive for marker among each population. Red line in (D): marker specific staining for
CD8+LAP− cells; blue line: marker specific staining for CD8+LAP+ cells. All data are
representative of three independent experiments.
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Figure 4.
Effect of adoptive co-transfer of CD8+LAP+ cells on the effector function of MOG TCR Tg
T cells in vivo. (A) Schematic representation of experimental design. MOG TCR Tg
Thy1.1+ T cells depleted of CD25+ cells, CFSE-labeled (3 × 105) were transferred alone or
together with CD8+ LAP+ cells into B6 (Thy1.2+) mice (three mice per group). Two days later,
recipients were immunized with 50 μg of MOG35–55 peptide in CFA. Mice were killed 5 days
after immunization, and cells from draining lymph nodes were harvested, stained, and analyzed
by flow cytometry. (B) Proliferation of adoptively transferred MOG TCR Tg T cells
(CD4+Thy1.1+) in the draining lymph nodes after immunization. The plots show the expression
of CD4 versus CFSE fluorescence intensity on gated donor-derived cells (CD4+Thy1.1+).
Numbers above bracketed areas indicate the frequency of CFSE+ cells among CD4+Thy1.1+

cells. p =0.015 (Student’s t-test). (C) IFN-γ production of transferred MOG TCR Tg T cells.
Draining lymph node cells from mice adoptively transferred and immunized as described in
(A) were restimulated ex vivo with PMA/ionomycin and stained for intracellular IFN-γ.
Numbers next to bracketed areas indicate the frequency of IFN-γ+ cells among
CD4+Thy1.1+ cells. p =0.015 (Student’s t-test). (D) Expression of Foxp3 of transferred MOG
TCR Tg T cells. Draining lymph node cells from mice adoptively transferred and immunized
as described in (A) were stained for intracellular Foxp3. Numbers next to bracketed areas
indicate the frequency of Foxp3+ cells among CD4+Thy1.1+ cells. p =0.04 (Student’s t-test).
(B–D) Data show mean±SD, n =3, and are representative of three independent experiments.
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Figure 5.
TGF-β-mediated suppressive function of CD8+LAP+cells in vitro and in vivo. (A) Effect of
inhibitor of TGF-β signaling (ALK5 inhibitor II) on the in vitro suppressive function of
CD8+LAP+ cells. CD4+CD25−LAP− responder cells were cultured alone or together with
CD8+LAP+ at a 1:1 ratio and stimulated with anti-CD3 Ab (1 μg/mL) and irradiated (3000 rad)
syngeneic splenic APC in the presence of indicated concentrations of ALK5 inhibitor and
assayed as described in the Materials and methods section. Data are representative of at least
two independent experiments and are presented as means±SD. Percent suppression of
proliferation was shown. (B) Effect of neutralization of TGF-β on the regulatory function of
CD8+LAP+ cells in vivo. SJL mice were adoptively transferred with 0.5 × 105 sorted
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CD8+LAP+ cells 2 days before EAE induction. Mice then received five intraperitoneal
injections of 50 μg of neutralizing TGF-β specific or control Ab every other day starting 1 day
before EAE induction. The mean daily score±SEM for each group (five mice per group) is
shown. Data are representative of at least two independent experiments. In vivo administration
of anti-TGF-β significantly reversed the suppression of EAE mediated by CD8+ LAP+ cells;
p<0.001 (one-way ANOVA, followed by Turkey multiple comparisons) as compared between
CD8+LAP+ cells+anti-TGF-β and CD8+LAP+ cells+Rat IgG1 groups.
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Figure 6.
IFN-γ-mediated suppressive function of CD8+LAP+cells in vitro. Effect of IFN-γ and IFN-γ
receptor deficiency on the in vitro suppressive function of CD8+LAP+ cells. Responder
CD4+CD25−LAP− cells from WT or IFN-γR−/− mice were cultured alone or at 1:1 ratio with
CD8+LAP+ cells from WT B6 mice (A), IFN-γR−/− mice (B); (C) responder from WT mice
were cultured alone or at 1:1 ratio with CD8+LAP+ cells from WT B6 mice or IFN-γ−/− mice.
In vitro proliferation assays were performed as described in the Materials and methods section.
Data show mean+SD of triplicate wells and are representative of two independent experiments.
Percent suppression of proliferation is also shown.
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Figure 7.
IFN-γ-mediated suppressive function of CD8+LAP+ cells in vivo. (A) Effect of neutralization
of IFN-γ on the regulatory function of CD8+LAP+ cells in vivo. SJL mice were adoptively
transferred with 0.5 × 105 sorted CD8+LAP+ cells 2 days before EAE induction. Mice then
received five intraperitoneal injections of 50 μg of neutralizing IFN-γ specific or control Ab
every 3 days starting 1 day before EAE induction. Mean daily score±SEM for each group (five
mice per group). Data are representative of at least two independent experiments. p<0.001
(one-way ANOVA, followed by Turkey multiple comparisons) as compared between
CD8+LAP+ cells+Rat IgG1 and CD8+LAP+ cells+anti-IFN-γ groups. (B) Effect of IFN-γ
deficiency on the regulatory function of CD8+LAP+ cells in vivo. 1.7 × 105 sorted
CD8+LAP+ cells from WT or IFN-γ−/− mice were injected intravenously into naïve IFN-γ−/−

mice. Mice were then immunized with MOG35–55 in CFA to induce EAE 2 days after adoptive
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transfer. Mean daily score±SEM for each group (five to six mice per group). Data are
representative of three independent experiments. Group that received CD8+LAP+ cells purified
from WT mice had a significant reduction in disease severity compared with control mice
(p<0.0001, Mann–Whitney U test).
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