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Abstract
Treatment with a cocktail of CD4 and CD8-specific monoclonal antibodies (mAb) induces long-term
transplantation tolerance and regulatory CD4+ T cells that induce tolerance in non-tolerant T cells.
In contrast, treatment with a CD4-specific mAb alone fails to induce long-term tolerance. The current
study was designed to test the hypothesis that CD8 blockade plays a role in promoting the
development of CD4+ regulatory T cells.

Using the DO11.10 CD4+ TCR transgenic mouse model we show that treatment with a CD4/CD8-
specific mAb cocktail induces antigen-specific tolerance to OVA, measured by a significant decrease
in OVA-specific IgG, on challenge with antigen. Although treatment with OVA and the CD4-specific
mAb alone also induces a significant decrease in OVA-specific antibody, the number of DO11.10
cells is significantly greater in mice treated with the CD4/CD8-specific mAb cocktail, and this is
associated with a significant increase in proliferation of DO11.10 cells in response to specific antigen.
DO11.10 cells sorted from mice made tolerant to OVA with the CD4/CD8-specific mAb cocktail
promote an OVA-specific IgG1 (Th2-type) response but not an OVA-specific IgG3 (Th1-type)
response on transfer into new syngeneic recipients, suggesting their ability to regulate the type of
antigen-specific immune response that ensues after priming with antigen. In addition, DO11.10 cells
from tolerant mice express markers that are characteristic of CD4+ regulatory cells, including
FOXP3, GITR and CTLA4, but not CD25. Taken as a whole, these data suggest that CD8 blockade
promotes CD4+ FOXP3+ regulatory CD4+ T cells by promoting their proliferation in tolerant mice.
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1. Introduction
The primary role of regulatory T cells is to inhibit undesirable self-reactive immune responses
[1,2]. Regulatory T cells can be divided into subsets on the basis of their development (natural
or acquired), cell surface phenotype, secreted proteins and function. Acquired Tregs express
FOXP3 [3,4] and, like natural Tregs, are dependent on cell contact (acquired Tregs). They are
anergic and secrete very little or no IL-2 [5]. The Tr1 regulatory cell subset, secretes IL-10
[6] but not IL-4 [7], they are independent of cell contact [8,9] but dependent on IL-10 for their
regulatory function [7,10]. Unlike Tregs, Tr1 cells express very little or undetectable FOXP3
[11,12], although it can be induced [13].
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CD4+ regulatory T cells can also express CD38, a high density of CD62L (CD62Lhigh) and a
low density of CD45RB (CD45RBlow). Thus, CD38 [14], CD62Lhigh [15-19] and
CD45RBlow [14,20,21] have all been shown to inhibit autoimmunity and cells that express
CD45RBlow [22,23],CD38 [24] and CD25 (summarized in Ref. [25]), have also been shown
by us [22] and by others [23-25] to inhibit transplantation rejection. However, all of these
markers are also used to identify cell subsets that are not necessarily regulatory in function.
Thus, activated CD4+ T cells express CD25 [26] and CD38 [27],naïve CD4+ T cells express
a high density of CD62L [28,29] while memory CD4+ T cells express a low density of CD45RB
[30-32]. Memory cells also express a high density of CD44 [28,29]. Therefore, although there
is currently no cell surface phenotype that can distinguish a regulatory cell subset from a cell
subset that does not have regulatory function, these markers have been used to characterize
regulatory cells once their function has been established. The study and characterization of
regulatory cells has been somewhat hampered by the difficulty in expanding these cells in
vitro. The possibility that CD8 blockade might play a role in the development of CD4+

regulatory T cells might lead to a new approach for the expansion and isolation of regulatory
cells in vivo.

Monoclonal antibody-induced antigen-specific transplantation tolerance and immune
regulation can be induced by co-stimulation and accessory molecule blockade with mAbs to
CD40L [33] or CD28 [34] or CD4 [35]. However, tolerance induced with these mAbs is limited.
Long-term survival can be achieved in all of these systems by including a co-treatment that
also targets CD8+ cells [36-39]. Such long-term survival involves immune regulation [36], and
the presence of CD4+ T cells [36,38]. The authors of these studies have suggested that this is
because effector CD8+ T cell function is less affected by CD40–CD40L, CD28-B7 and CD4
blockade than CD4+ T cell function [36-38,40]. In light of the data presented here we would
like to suggest an additional explanation: blockade of CD8 promotes CD4+ T cell-mediated
immune regulation by promoting proliferation of antigen-specific CD4+ regulatory T cells.
These two explanations are not mutually exclusive. A beneficial effect of CD8+ cell depletion
has also been described in non-rodent transplantation systems. Thus, in a dog renal allograft
model, allograft survival is enhanced if CD4-specific mAb is used in conjunction with CD8+

cell depletion [41]. Moreover, a beneficial effect of CD8+ cell depletion in anti-rejection
protocols in the clinic has also been reported. Thus, the incidence and severity of graft versus
host disease (GVHD) is significantly reduced by depletion of donor CD8+ T cells [42,43] and
CD8+ T cell-depletion is associated with an increase in CD4+ T cell recovery [42]. Here we
test the hypothesis that CD8+ cell depletion is also associated with CD4+ regulatory T cell
recovery.

In this study tolerance is induced with the well-characterized non-depleting CD4-specific
monoclonal antibody (mAb) YTS 177, and the CD8-specific mAb, YTS 105. These mAbs
have been shown to induce antigen-specific tolerance to skin [44,45], bone marrow [35] and
cardiac allografts [46] by promoting CD4+ regulatory cells that are capable of preventing
(suppres-sing) non-tolerant cells from rejecting the allograft [40,47]. The regulatory CD4+ T
cells induced require the Th2-type cytokine, IL-4, to suppress transplantation rejection [48],
suggesting the possibility that the regulatory cells are in fact Th2 cells [49-51]. Since the
dominant cytokines present in an acutely rejecting allograft are the Th1-type cytokines, IFN-
γ and IL-2 [52-54], and a critical role for IFN-γ [55] and IL-2 [56,57] in acute rejection has
been clearly implicated, and since IL-4 can down regulate Th1-type responses [49-51],it is
reasonable to hypothesize that IL-4-dependent regulatory CD4+ T cells induced with the YTS
177/YTS 105 cocktail, inhibit transplant rejection by down-regulating the transplant rejection
Th1-type response.
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We have used OVA as a model antigen system to determine whether CD8-specific mAb affects
the development of CD4+ T cell-mediated immune regulation following treatment with CD4-
specific mAb.

2. Materials and methods
2.1. Mice

Female BALB/cJ (BALB/c) and BALB/c DO11.10 TCR transgenic (DO11.10) mice were
purchased from the Jackson Laboratory and used at eight to twelve weeks of age.

2.2. Transgenic mouse model system
The BALB/c DO11.10 mouse strain is transgenic for a T cell receptor (TCR) that recognizes
a peptide derived from OVA [58]. The majority of CD4+ T cells in the resulting BALB/c
DO11.10 TCR transgenic mouse carry the transgenic TCR and can be identified by FACS with
the clonotypic mAb, KJ1-26 [59]. This tool allows us to determine the effect of antigen and
the CD4-and CD8-specific mAbs on the proliferation, apoptosis, phenotype and function of
the antigen-specific KJ1-26+ CD4+ T cell response. In order to study transgenic T cells within
a more physiological environment with respect to the presence of non-transgenic T cells we
have adopted the Jenkins method of transferring small numbers of splenocytes containing a
defined number of transgenic CD4+ T cells from DO11.10 mice to BALB/c recipients [60,
61]. Tolerance is induced in these mice by priming with antigen, OVA, in the presence of the
tolerizing anti-CD4/anti-CD8 mAb cocktail, and antigen-specific tolerance defined as the lack
of an antibody response to OVA, but not irrelevant antigen, β-galactosidase (β-gal), as a result
of a previous encounter with OVA.

The presence of regulatory cells was determined by transferring highly purified DO11.10 cells
from tolerant mice into a new cohort of BALB/c mice that were primed on the same day with
OVA. In light of the fact that we have shown previously that regulatory cells generated using
the anti-CD4/anti-CD8 mAb cocktail inhibit transplantation rejection using an IL-4-dependent
mechanism [48], we have chosen to test the ability of the transferred tolerant DO11.10 cells
to exert regulatory activity by determining their ability to alter the isotype of the antibody
response to OVA. Thus, IL-4 promotes the isotype switch to IgG1 [62] and IgE [63,64],
whereas IFN-γ promotes the isotype switch to IgG3 [65] and IgG2a [65,66]. TGF-β promotes
the switch to IgA [67], and IL-10 promotes the switch to IgG1 and IgG3 [68]. Isotype switch
indicates a maturation of the response and is associated with a decrease in secreted IgM, the
isotype secreted early during the B cell response [69]. An effect by the transferred tolerant
CD4+ T cells on the OVA-specific Ig isotype switch, compared to non-tolerant cells will
indicate whether, and how, these cells regulate the response to antigen.

2.3. Antibodies
In vivo treatment—The CD4-specific hybridoma, YTS 177.9.6.1 [45], and the CD8-specific
hybridoma, YTS 105.18.10 [45] were a generous gift from Herman Waldmann (Oxford, UK).
The rat IgG2a isotype control HB-189 hybridoma was purchased from ATCC. 50 mg of each
mAb per kg body weight was injected into mice on the same day as antigen treatment by
intraperitoneal injection. Additional doses were administered on days 2, 4 and 7 post-antigen
treatment.

In vitro—Biotinylated KJ1-26 mAb was purchased from Caltag Laboratories, Burlingame,
CA. APC-labeled CD4 (RM4-5)-specific mAb, FITC-labeled CD44(IM7)-, CD45RB (IGA)-,
CD62L(MEL-14)-, CD25(7D4)-, GITR(TNFRSF18)-specific mAbs and phycoerythrin (PE)-
labeled CTLA4(UC10-4F10-11)-specific mAb were purchased from Becton Dickinson
Biosciences Pharmingen, La Jolla, CA. FITC-labeled FOXP3(FJK-IGS)-specific mAb was
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purchased from eBioscience, San Diego, CA. PE-labeled and FITC-labeled streptavidin and
isotype control mAbs were purchased from Becton Dickinson Biosciences Pharmingen, La
Jolla, CA. All reagents were used as instructed.

2.4. Antigen preparation
The antigens, ovalbumin (OVA, Sigma Aldrich, St. Louis, MO) and β-gal (Sigma Aldrich, St.
Louis, MO) were aggregated using a modification of a method described by Weigle [70].
Briefly, either OVA or β-gal were heated for 25 min at 63 °C at a concentration of 10 mg/ml.
After heating the antigen was placed on ice overnight and stored at −20 °C.

2.5. The transgenic mouse model
Splenocytes were isolated from DO11.10 mice and an aliquot of 2 × 105 cells were incubated
with APC-labeled anti-CD4 and either biotinylated KJ1-26 mAb (mouse IgG2a specific for
the transgenic TCR), or mouse IgG2a isotype control, followed by PE-labeled streptavidin.
After washing, the percent transgenic CD4+ KJ1-26+ cells was determined by FACS. Using
this information, BALB/c mice were injected with DO11.10 splenocytes containing 2.5 ×
106 transgenic CD4+ KJ1-26+ cells. For the remainder of this manuscript, DO11.10 cells will
be termed CD4+ KJ1-26+ cells.

2.6. Antigen priming and boosting
On the same day as mice were injected with CD4+ KJ1-26+ cells the mice were injected
intravenously with either 25 mg/kg aggregated OVA, or with 2.5 mg/kg aggregated β-gal. Mice
were boosted at six weeks post-priming and then, in some experiments, again ten weeks post-
priming, with the same dose of antigen as used for priming but boosting antigen was
administered intraperitoneally. This protocol has been shown previously to induce immunity
and not tolerance [71,72].

2.7. OVA- and β-gal-specific IgG measurements
Mice were bled from the tail vein at the times indicated for each experiment. Serum was isolated
and stored at −20 °C. Sera were diluted at 1:100 in blocking buffer and serum OVA and β-gal-
specific antibodies were measured by ELISA. Briefly, plates were coated with either 20 μg/ml
OVA, or 20 μg/ml β-gal for 2 h at 37 °C. After blocking, sera were added, and the plates were
incubated overnight at 4 °C. After washing, biotinylated goat anti-mouse IgG (Sigma Aldrich,
St. Louis, MO) was added followed by extravidin peroxidase (Sigma Aldrich, St. Louis, MO).
O-phenylenediamine dihydrochloride (OPD)/urea hydrogen peroxidase (UPO) detection
reagents Sigma Aldrich, St. Louis, MO) were measured at 490 nm. Standard control anti-OVA
and anti-β-gal antibody was made by priming and boosting mice at six and ten weeks post-
priming, as described above. Mice were bled and serum isolated ten days after the last boost.
For the purpose of these experiments, standard serum at 1:500 dilution contained 500 U/ml
anti-OVA or anti-β-gal antibody.

2.8. OVA-specific Ig isotype testing
The standard ELISA described above was modified to measure OVA-specific Ig isotopes as
follows: ELISA plates were coated with 20 μg/ml OVA (Sigma Aldrich, St. Louis, MO) for 2
h at 37 °C, followed by experimental serum samples overnight at 4 °C. After washing, isotype-
specific antibody (rat anti-mouse IgG1, IgG2a, IgG2b, IgG3, IgM, IgA, and IgE, Becton
Dickinson Biosciences Pharmingen, La Jolla, CA) was added, then biotinylated goat anti-rat
IgG (Sigma Aldrich, St. Louis, MO), followed by extravidin peroxidase (Sigma Aldrich, St.
Louis, MO), and finally o-phenylenediamine dihydrochloride (OPD)/urea hydrogen
peroxidase (UPO) reagents Sigma Aldrich, St. Louis, MO) that were detected at 490 nm. The

Wang and Davies Page 4

Int Immunopharmacol. Author manuscript; available in PMC 2007 February 13.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



standard anti-OVA serum described above was used to generate the standard curves for each
of the anti-OVA Ig isotypes.

2.9. Phenotype determination
Splenocytes were isolated and incubated with CD4-specific mAb and KJ1-26, followed by
mAbs specific for either CD44, CD45RB, CD62L, CD25, GITR cell surface proteins, or
CTLA4 and FOXP3 intracellular proteins, as indicated for each experiment. Isotype controls
were included for each cell surface and intracellular stain. 2-5000 CD4+ KJ1-26+ cells were
acquired using a FACSCalibur (Becton Dickinson, La Jolla, CA) and data analyzed using
CELLQuest software version 3.2 (Becton Dickinson, La Jolla, CA). Samples were gated on
the CD4+ KJ1-26+ cells to determine the expression of the third marker. Proliferation and
apoptosis of CD4+ KJ1-26+ cells was determined using a FITC BrdU Flow Kit for proliferation
(Becton Dickinson Biosciences Pharmingen, La Jolla, CA), and Annexin V-FITC Apoptosis
Detection Kit for apoptosis (Becton Dickinson Biosciences Pharmingen, La Jolla, CA) after
cell surface staining with CD4-specific mAb and KJ1-26.

2.10. Cell sorting and cell transfer
Splenocytes were isolated and incubated with APC-labeled CD4-specific mAb and
biotinylated KJ1-26 followed by PE-streptavidin. CD4+ KJ1-26+ cells were purified by sorting
using a FACSAria cell sorter (Becton Dickinson, La Jolla, CA). The purity of the sorted cells
is determined using a FACSCalibur. The sorted cell population consistently contained greater
than 99% CD4+ KJ1-26+ cells. The cells were washed once in PBS and 1 × 105 sorted cells
were immediately infused into donors by ip. injection.

2.11. Statistical analysis
The statistical significance of data shown was assessed using the Mann–Whitney test [73], and
the Fisher's Exact test [74] as indicated for each experiment. All experiments that include an
analysis of splenocytes were also performed on lymph node cells (pooled cervical, axillary,
brachial, mesenteric, inguinal). Data is not shown for lymph node cells since the effect of the
various treatments on lymph node cells was found to be the same as that shown for splenocytes.

3. Results
3.1. The anti-CD4/anti-CD8 mAb cocktail induces antigen-specific tolerance in the DO11.10
CD4+ TCR transgenic mouse model system

Mice were immunized with either OVA or β-gal. Half of the mice in each group were also
treated with either the anti-CD4/anti-CD8 mAb cocktail or left without further treatment. After
21 days all mice were bled and OVA and β-gal specific antibody was measured in the serum.
Mice treated with OVA alone made significantly more anti-OVA antibody than mice treated
with OVA and anti-CD4/anti-CD8 mAb (Fig. 1a) but did not make anti-β-gal antibody (Fig.
1b), whereas mice treated with β-gal alone made significantly more β-gal-specific antibody
(Fig. 1b) than mice treated with β-gal and anti-CD4/anti-CD8 mAb but not anti-OVA antibody
(Fig. 1a). Tolerance can be measured at six weeks post-mAb injection since residual mAb is
not detected by this time post-treatment [35,44]. Thus, six weeks after priming, half of the mice
that were treated with OVA and the anti-CD4/anti-CD8 mAb cocktail and half of those treated
with β-gal and the anti-CD4/anti-CD8 mAb cocktail were boosted with OVA while the other
half were boosted with β-gal. Mice primed with OVA were boosted with OVA and those primed
with β-gal were boosted with β-gal. The latter two groups served as positive controls for the
OVA and β-gal-specific antibody responses. After a further ten days all mice were bled again
and OVA- and β-gal-specific antibodies measured. As expected mice primed with OVA and
boosted with OVA made significantly more anti-OVA antibody than mice primed with OVA
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in combination with the anti-CD4/anti-CD8 mAb cocktail and then boosted with OVA (Fig.
1c). Similarly, mice primed and boosted with β-gal made significantly more β-gal-specific
antibody than mice primed with β-gal in combination with anti-CD4/anti-CD8 mAb and
boosted with β-gal indicating that the mice were tolerant to β-gal (Fig. 1d). However, mice that
were treated with OVA and the anti-CD4/anti-CD8 mAb cocktail but boosted with β-gal made
anti-β-gal antibody to a level indistinguishable from mice made primed and boosted with β-
gal (Fig. 1d), while mice treated with β-gal and the anti-CD4/anti-CD8 mAb cocktail but
boosted with OVA made an equivalent level of OVA-specific antibody as mice primed and
boosted with OVA (Fig. 1c). The data indicate that the anti-CD4/anti-CD8 mAb cocktail
induces antigen-specific tolerance in the DO11.10 TCR transgenic mouse model.

3.2. Anti-CD4 mAb alone induces equivalent OVA unresponsiveness as the anti-CD4/anti-
CD8 mAb cocktail

Mice were treated with OVA and either the anti-CD4/anti-CD8 mAb cocktail, or anti-CD4
mAb plus isotype control, or with OVA alone. Twenty-one days later mice were bled and OVA-
specific antibody measured. Six weeks after priming, all mice were boosted with OVA. After
a further 10 days mice were bled and OVA-specific antibody measured again. Pretreatment
with OVA and anti-CD4 mAb plus isotype control inhibited the OVA-specific response to the
same extent as pretreatment with OVA and the anti-CD4/anti-CD8 mAb cocktail both in the
primary (Fig. 2a) and the secondary (Fig. 2b) response, indicating that anti-CD8 mAb is not
required to inhibit the anti-OVA antibody response.

3.3. Treatment with OVA and anti-CD4 mAb causes a significant loss of OVA-specific CD4+

transgenic T cells by six days post-mAb treatment whereas this loss is significantly reduced
by co-treatment with the anti-CD8 mAb

Mice were treated with OVA and either the anti-CD4/anti-CD8 mAb cocktail, anti-CD4 mAb
and isotype control, or no mAb. A fourth group remained untreated. Six days later all mice
were sacrificed and number of CD4+ KJ1-26+ cells in the spleens determined by FACS. The
total number of CD4+ KJ1-26+ cells was significantly less in the anti-CD4/isotype control
treated group compared to all other groups (Fig. 3). The data suggest that anti-CD4 mAb
promotes a loss of CD4+ KJ1-26+ cells in the spleens of OVA-treated mice, compared to mice
treated with OVA alone, whereas the addition of anti-CD8 mAb in the treatment protocol, at
least partially, inhibits that loss. The loss of CD4+ KJ1-26+ cells was not due to coating or
modulation of cell surface CD4 since the sum of CD4+ and CD8+ T cells was equal to the sum
of CD3+ cells in these mice (data not shown). In addition, in the experiment described here we
have used the transgenic TCR-specific mAb KJ1-26 to detect the transgenic cells as well as
CD4, and the TCR is not modulated by the anti-CD4 and anti-CD8 mAbs.

3.4. Anti-CD8 mAb promotes the proliferation of CD4+ KJ1-26+ cells
Possible explanations for the increase in CD4+ KJ1-26+ cells in the spleens of mice treated
with the anti-CD4/anti-CD8 mAb cocktail compared to mice treated with anti-CD4 mAb alone
include, protection from apoptosis, an increase in proliferation, and, export from the spleen to
other lymphoid tissues (not addressed experimentally here). To determine whether the increase
in CD4+ KJ1-26+ cell number corresponded to protection from apoptosis or an increase in
proliferation BALB/c mice were injected with CD4+ KJ1-26+ cells in the usual way and on
the same day they were treated with either OVA alone, OVA and the anti-CD4/anti-CD8 mAb
cocktail, or OVA and anti-CD4 mAb plus isotype control. Half of the mice in each group were
sacrificed on day three and the other half on day six after treatment and the total number of
transgenic cells that had undergone proliferation or apoptosis was determined by FACS.

By day three post-treatment, all groups of mice that received OVA showed a significant
increase in proliferation compared to the untreated group with the greatest proliferation seen
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in the OVA only treated group (Fig. 4a). Proliferation peaked before day six and by this time
point significant proliferation was only seen in the OVA only treated group. These data indicate
that the anti-CD4 mAb/isotype control cocktail and the anti-CD4/anti-CD8 mAb cocktail
inhibit proliferation of antigen-specific cells. In addition, proliferation is significantly greater
in CD4+ KJ1-26+ cells from mice treated with the anti-CD4/anti-CD8 mAb cocktail compared
to cells from mice treated with the anti-CD4 mAb/isotype control cocktail in the first three
days post-treatment suggesting that co-treatment with anti-CD8 promotes proliferation. This
increase was not evident in the second three days (days 3–6) post-treatment. Protection from
apoptosis in the groups that received the anti-CD4/anti-CD8 mAb cocktail was not detected
(data not shown).

Fig. 4, panels b through e, shows the strategy used to analyze proliferation in transgenic
CD4+ KJ1-26+ T cells. Fig. 4b shows a dot plot of splenocytes from primed mice stained for
the presence of CD4 and KJ1-26. Panels c through e show histograms gated on CD4+

KJ1-26+ cells only. Proliferation of transgenic CD4+ Tcells is clearly evident in splenocytes
from both treated (panel d) and untreated mice (panel c) compared to isotype control (panel
e). However, proliferation is significantly greater in OVA-treated (panel d) splenocytes than
it is in untreated (panel c) splenocytes (12.3±0.9% versus 77±3.1%).

On the whole the data suggest that CD4-specific mAb inhibits proliferation of TCR transgenic
cells in response to OVA in a primary response, while co-treatment with CD8 blockade permits
proliferation to a small, but significant, extent.

3.5. Anti-CD8 mAb treatment results in an increase in the number of CD4+ KJ1-26+ cells in
tolerant mice

BALB/c mice were injected with CD4+ KJ1-26+ cells as usual in combination with either,
OVA and the anti-CD4/anti-CD8 mAb cocktail, or OVA and the anti-CD4 mAb/isotype control
cocktail, or with OVA alone. Six weeks post-priming half of the mice in each group were
boosted with OVA and the remainder left without further treatment. Half of the boosted group
and half of the non-boosted group were sacrificed three days later (Fig. 5a) and half were
sacrificed six days later (Fig. 5b). Additional boosted mice that were treated with either, OVA
and the anti-CD4/anti-CD8 mAb cocktail, or OVA and the anti-CD4 mAb/isotype control
cocktail were boosted again ten weeks post-priming with either OVA or β-gal (Fig. 5c). The
total number of CD4+ KJ1-26+ cells in the spleens of each group was determined by FACS.
A significant increase in total number of CD4+ KJ1-26+ cells was seen in the group that received
OVA and the anti-CD4/anti-CD8 mAb cocktail in response to boosting with OVA both three
(Fig. 5a) and six (Fig. 5b) days after boosting. In contrast, no significant increase was seen in
either of the other two groups in response to boosting with OVA. In addition, a significant
increase was seen in the number of CD4+ KJ1-26+ cells in mice treated with OVA and the anti-
CD4/anti-CD8 mAb cocktail in response to OVA boosting ten weeks post-priming compared
to the mice from the same group challenged with irrelevant antigen, β-gal, or mice treated with
OVA and the anti-CD4 mAb/isotype control cocktail and boosted with OVA (Fig. 5c).
Moreover, the total number of CD4+ KJ1-26+ cells in the spleens of mice treated with OVA
and the anti-CD4/anti-CD8 mAb cocktail and then boosted ten weeks after priming and
analyzed three days after boosting, was in the order of four fold greater than the total number
of CD4+ KJ1-26+ cells in the spleens of mice in the same treatment group boosted six weeks
after priming and analyzed three days after boosting (Fig. 5 panels a versus c). The data suggest
that CD4+ KJ1-26+ cells continue to expand in response to antigen over time.
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3.6. Anti-CD8 mAb promotes susceptibility to proliferation in tolerant antigen-specific
CD4+ T cells

The experiment described above in Fig. 5a and b was repeated but the mice were fed BrdU in
the drinking water for three days after boosting and prior to sacrificing. Proliferation of
CD4+ KJ1-26+ cells in the spleens of all mice was determined by FACS. CD4+ KJ1-26+ cells
proliferated in response to boosting in all three groups (Fig. 6). However, proliferation of
CD4+ KJ1-26+ cells after boosting was significantly greater in the splenocytes of mice treated
with the anti-CD4/anti-CD8 mAb cocktail compared to splenocytes treated with either anti-
CD4 mAb in the absence of anti-CD8 mAb, or without mAb. In addition, significant
proliferation in response to boosting was still evident between days 3 and 6 in the groups treated
with either, OVA and anti-CD4/anti-CD8 mAb, or OVA alone, but not in the group treated
with OVA and the anti-CD4 mAb/isotype control cocktail. While the peak proliferation for the
groups treated with anti-CD4/anti-CD8 mAb cocktail and the anti-CD4 mAb/isotype control
was between days 0 and 3 post-boosting, for mice primed with OVA alone the peak
proliferation was later, between days 3 and 6. The significantly greater number of CD4+

KJ1-26+ cells in OVA primed mice compared to either group that received mAb seen in the
first six days post-priming was not maintained over time.

3.7. Spleens from tolerant (OVA plus anti-CD4/anti-CD8 mAb cocktail-treated) mice show a
significant increase in CD4+ KJ1-26+ cells with a memory regulatory cell phenotype
compared to spleens from untreated mice

To determine the phenotype of CD4+ KJ1-26+ cells from tolerant mice, splenocytes from
tolerant mice and DO11.10 mice were labeled with KJ1-26 and CD4-specific antibody in
addition to antibody specific for either CD44, or CD45RB, or CD62L, or CD25, or GITR, or
CTLA4, or FOXP3. Thus, BALB/c mice were injected with CD4+ KJ1-26+ splenocytes,
primed with OVA and treated with the anti-CD4/anti-CD8 mAb cocktail in the usual way. Six
weeks post-priming all OVA and anti-CD4/anti-CD8 mAb treated mice were boosted with
OVA. As shown in Fig. 5, the total number of CD4+ KJ1-26+ cells in spleens of mice given
an additional antigen boost ten weeks post-priming is greater than in mice given a single boost
six weeks post-priming. Therefore, in order to determine whether the phenotype of CD4+

KJ1-26+ cells is changed by antigen challenge given ten weeks post-priming, half of the tolerant
mice were given an additional antigen boost ten weeks post-priming (second boost at ten weeks
post-priming), while the remaining mice were left without the additional boost (single boost
at six weeks post-priming). Three days later all mice were sacrificed and the expression of each
marker on CD4+ cells from both tolerant groups was determined and compared to the
phenotype of CD4+ KJ1-26+ cells from untreated DO11.10 mice. Fig. 7 shows the expression
of each marker compared to isotype control on CD4+ KJ1-26+ cells from spleens of tolerant
mice that received the additional OVA boost ten weeks post-priming. The data show that the
majority of CD4+ KJ1-26+ cells from such tolerant mice express a high density of CD44, and
a low density of both CD45RB and CD62L, suggesting a memory phenotype. In addition, the
majority of cells do not express CD25, while they do express other regulatory-type markers
including FOXP3, GITR and CTLA4.

CD44—The percentage of CD4+ KJ1-26+ cells that express a high density of CD44 is not
significantly different between tolerant mice that received a single boost six weeks after
priming compared to CD4+ KJ1-26+ cells in untreated DO11.10 mice (Fig. 8). However, the
second boost stimulated a highly significant increase in the percentage of CD4+ KJ1-26+ cells
that expressed a high density of CD44 compared to CD4+ KJ1-26+ cells from mice that received
one antigen boost, suggesting that multiple boosts with antigen were required to promote a
CD4+ KJ1-26+ memory cell population.
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CD45RB and CD62L—The percentage of CD4+ KJ1-26+ cells that express CD45RB and
CD62L was significantly decreased in tolerant mice that received a single boost with antigen
compared to CD4+ KJ1-26+ cells from untreated DO11.10 mice. For CD45RB expression, but
not CD62L expression, the second boost with antigen induced a further significant reduction
in expression (Fig. 8), again suggesting that multiple boosts with antigen promote tolerant
memory CD4+ KJ1-26+ cells.

CD25, GITR and CTLA4—The percentage of CD4+ KJ1-26+ cells that express either CD25,
or GITR, or CTLA4 was significantly increased in tolerant mice that received a single antigen
boost compared to CD4+ KJ1-26+ cells from untreated DO11.10 mice. However, the second
antigen boost did not have an additional effect any of these cell surface markers (Fig. 8).

FOXP3—The percentage of CD4+ KJ1-26+ cells that express FOXP3 was significantly
increased in the spleens of tolerant mice that received a single antigen boost compared to
CD4+ KJ1-26+ cells from untreated DO11.10 mice. In addition, the second boost with antigen
had a significant additional effect on increasing the percentage of CD4+ KJ1-26+ cells that
expressed FOXP3 (Fig. 8), suggesting that the percentage of CD4+ KJ1-26+ that are regulatory
cells is increased in response to antigen challenge.

3.8. CD4+ KJ1-26+T cells from tolerant mice can promote an OVA-specific IgG1, but not an
OVA-specific IgG3 primary response, on transfer into new recipients

In order to determine whether the CD4+ KJ1-26+ cells in tolerant mice were capable of immune
regulation they were purified by sorting from either untreated mice (non-tolerant DO11.10
cells), or from mice previously made tolerant to OVA with the anti-CD4/anti-CD8 mAb
cocktail (tolerant transgenic CD4 cells). Untreated BALB/c mice were infused with either 1 ×
105 non-tolerant CD4+ KJ1-26+ cells (not tolerant) or with an equal number of tolerant
transgenic CD4 cells (tolerant), or with no cells (untreated). On the same day all of the mice
were primed with OVA. All mice were bled on day twenty one post-cell transfer and OVA-
specific IgG, IgG1, IgG2a, IgG2b, IgG3, IgA, IgM, and IgE antibody in the serum measured
by ELISA. The mice that received non-tolerant CD4+ KJ1-26+ cells made significantly more
anti-OVA IgG antibody than the mice that received no cells (Fig. 9a). The mice that received
the tolerant CD4+ KJ1-26+ cells also made more anti-OVA IgG than the group that did not
receive a cell infusion, although this difference was not significant. The infused tolerant cells
promoted a significant increase in OVA-specific IgG1 antibody compared to the mice that did
not receive a cell infusion, consistent with an upregulation of IL-4 (Fig. 9b). In addition, tolerant
CD4+ KJ1-26+ cells did not promote OVA-specific IgG3 compared to the mice that did not
receive a cell infusion, whereas non-tolerant CD4+ KJ1-26+ cells did (Fig. 9c). Mice that
received either tolerant or non-tolerant CD4+ KJ1-26+ cells made significantly less OVA-
specific IgM than mice that received no cells (Fig. 9d). There was no significant difference
between the group that received tolerant CD4+ KJ1-26+ cells and either of the other two groups
in the levels of IgG2a, IgG2b, IgA and IgE (data not shown).

4. Discussion
An association between CD8 blockade and a more robust tolerance has been described
previously in a number of transplant systems. However, the mechanism for the beneficial effect
of CD8 blockade has not been resolved. It has been suggested that the improved survival of
allografts in transplant recipients treated with either CD40L [33], or CD28 [34], or CD4 [35]
in combination with a co-treatment that also targets CD8+ cells [36-39] is due to resistance of
CD8+ effector T cells to CD40-CD40L, CD28-B7 blockade [36-38,40]. However, such long-
term survival involves immune regulation [36], and the presence of CD4+ Tcells [36,38]. In
addition, the incidence and severity of graft versus host disease (GVHD) is significantly
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reduced by depletion of donor CD8+ T cells [42,43] and CD8+ cell-depletion is associated with
an increase in CD4+ cell recovery [42]. Based on these findings the study described here was
set up to test the hypothesis that CD8 blockade promotes CD4+ T cell-mediated immune
regulation by either inhibiting deletion and/or by promoting proliferation of antigen-specific
CD4+ regulatory T cells.

Tolerance in this study is defined as the lack of a response to antigen as a result of previous
encounter with that antigen. The effect of the CD4-specific mAb on OVA-specific tolerance
induction was shown by the lack of OVA-specific antibody response in the serum of mice
previously treated with OVA and the CD4-specific mAb, in combination with CD8-specific
mAb. These data are consistent with previous studies in which the same anti-CD4 mAb, YTS
177, was shown to inhibit an antibody response to rat Ig [75]. In those studies the mechanism
of tolerance induction was not shown. However, in transplantation tolerance studies, the
induction of antigen-specific tolerance induced by the YTS 177 mAb in combination with the
CD8-specific mAb, YTS 105, was clearly shown to involve CD4+ regulatory T cells [40,48].

The current study confirms and extends previous studies using the anti-CD4/anti-CD8 mAb
cocktail to induce tolerance by including antigen-specific CD4+ TCR transgenic cells that can
be identified using an anti-clonotypic mAb, KJ1-26. This transgenic tool allows us to determine
the effect of treatment on survival, proliferation, apoptosis and phenotype of antigen-specific
tolerant cells induced by the mAb cocktail. Using this model we show that antigen-specific
proliferation of CD4+ KJ1-26+ cells in response to OVA is significant in the first week post-
immunization, compared to proliferation in untreated mice. However, treatment with anti-CD4
mAb/isotype control at the same time as OVA immunization almost completely inhibited this
proliferation, possibly by either blocking the interaction of CD4 accessory molecule with MHC
Class II on the antigen presenting cell during the critical first interaction of the CD4+

KJ1-26+ cells with cognate antigen [76], or by providing a negative intracellular signal to the
CD4+ KJ1-26+ cells resulting in refraction to proliferation [77,78]. Since we do not see
evidence of coating or modulation of the CD4 molecule during this early time period, we
believe that the latter is the more likely explanation. Anti-CD4 mAb-induced inhibition of
CD4+ KJ1-26+ cell proliferation was partially prevented by co-treatment with anti-CD4/anti-
CD8 mAb, although it is not clear whether the CD4+ KJ1-26+ cells that proliferate in this group
have the same function and phenotype as the cells that proliferate in the OVA only treated
group, or whether they represent a subset of CD4+ KJ1-26+ cells that are less/not sensitive to
anti-CD4 mAb-induced inhibition.

The longer-term data shows that the CD4+ KJ1-26+ cells in mice treated with OVA and the
anti-CD4/anti-CD8 mAb cocktail have different characteristics with respect to survival and
proliferation than those in OVA only treated mice. Thus, the total number of CD4+ KJ1-26+

cells in the spleens (and lymph nodes, data not shown) of the OVA only treated group is
significantly greater (5–6 fold greater) than CD4+ KJ1-26+ cells in the anti-CD4/anti-CD8
mAb treated group six days after treatment, whereas by six weeks post-treatment the number
of CD4+ KJ1-26+ cells in the spleens (and lymph nodes, data not shown) between the two
groups is not different, and by ten weeks post-treatment, CD4+ KJ1-26+ cells in the OVA only
treated group are significantly fewer than in the anti-CD4/anti-CD8 treated group (data not
shown). In addition, the number of CD4+ KJ1-26+ cells in the group treated with OVA and the
anti-CD4 mAb alone was consistently lower than in the group that received co-treatment with
the anti-CD8 mAb. These data suggest a survival advantage of the CD4+ KJ1-26+ cells in mice
co-treated with the anti-CD8 mAb compared to mice immunized with either OVA alone, or
with the anti-CD4 mAb in the absence of anti-CD8 mAb. In addition, the kinetics of
proliferation, in response to challenge with OVA, between the groups at six weeks post-
treatment is also different with CD4+ KJ1-26+ cells proliferating earlier and to a greater extent
in the anti-CD4/anti-CD8 mAb treated group. These data confirm that the mechanism of
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tolerance induced by the anti-CD4/anti-CD8 mAb cocktail in this model does not involve
deletion of antigen-reactive CD4+ cells, neither does it involve anergy, but rather that CD8
blockade is critical for the survival and proliferation of antigen-specific regulatory CD4+ T
cells. It will be interesting to determine whether anti-CD8 mAb, in the absence of anti-CD4
mAb can also promote the survival and proliferation of antigen-specific primed cells in OVA
treated mice, or whether this effect is restricted to regulatory CD4+ T cells.

The presence and proliferation of antigen-specific CD4+ cells in tolerant mice does not in itself
indicate that the antigen-specific cells have regulatory function. However, the ability of
CD4+ KJ1-26+ cells sorted from mice made tolerant to OVA with the anti-CD4/anti-CD8 mAb
cocktail to deviate the OVA-specific Ig response towards OVA-specific IgG1 is consistent
with the presence of IL-4 since IL-4 can promote the Ig switch to IgG1 [62]. In addition, the
absence of IgG3 also suggests a role for IL-4 since IL-4 can inhibit the Ig switch to IgG3
[62,65]. These data are consistent with our previously published data that showed that CD4+

regulatory T cells induced by the anti-CD4/anti-CD8 mAb cocktail were able to inhibit
transplantation rejection on transfer into new mice [48], and that this protective effect required
the presence of IL-4 [48]. These data might suggest that the CD4+ KJ1-26+ cells that proliferate
in response to antigen in tolerant mice include either Th2-type cells, or IL-4 secreting Tregs
[79].

The cytokine IL-10 also induces the switch to IgG1 [68]. However, in contrast to IL-4, IL-10
also promotes the Ig switch to IgG3 [68]. The effect of CD4+ KJ1-26+ cells from tolerant mice
on promoting IgG1 but not IgG3 suggests a Th2-type cell rather than a Tr1-type regulatory
cell. However, cultured splenocytes from tolerant mice secrete IL-10 on stimulation with OVA
(manuscript in preparation), and therefore, we cannot rule out the possibility that the lack of
IgG3 in mice that received tolerant CD4+ KJ1-26+ cells might be due to competition between
the positive effects of IL-10 secreted by Tr1 cells and the inhibitory effects of Th2-type IL-4.
The lack of a switch to IgA suggests that Th3-type cells are not involved in this model [67].

The effect of the anti-CD4/anti-CD8 mAb cocktail is to dramatically inhibit the OVA-specific
IgG response in the primary recipient. However, sorted CD4+ KJ1-26+ cells from tolerant mice
do not significantly inhibit the OVA-specific IgG response, in fact, the trend is that they
promote the OVA-specific IgG response. Moreover, IgM is significantly inhibited by both
tolerant and non-tolerant CD4+ KJ1-26+ cells on transfer into secondary recipients indicating
the ability of both cell subsets to promote the maturation of the Ig response. These data suggest
that whereas the anti-CD4/anti-CD8 mAb cocktail induces antigen-specific tolerance, the
CD4+ KJ1-26+ cells from tolerant mice do not themselves induce tolerance, but instead they
induce deviation from one type of response to another. To explain why the CD4+ KJ1-26+ cells
do not promote OVA-specific IgG1 within the primary recipient we suggest that either, the
mAb treatment has an effect on the B cells that is not reversible and this results in the lack of
an OVA-specific antibody response when the mice are challenged with antigen, or, that the
environment in the secondary host is not conducive to allowing the regulatory cells to inhibit
the anti-OVA antibody response, possibly due to the presence of CD8+ T cells, or, that
additional regulatory cell subsets exist that actively inhibit the OVA-specific antibody response
in the primary recipient. All of these possibilities can be tested experimentally.

Regulatory cell subsets are defined by their phenotype as well as their function. The majority
of the CD4+ KJ1-26+ cells from tolerant mice that received multiple boosts with antigen are
CD44high (greater than 70%), CD45RBlow (80%), CD62Llow (around 65%), suggesting that
the majority of the tolerant CD4+ KJ1-26+ cells are memory cells. It is interesting to note that
the percentage of CD4+ KJ1-26+ cells from tolerant mice that express CD44high, the memory
cell marker, is not significantly greater than on CD4+ KJ1-26+ cells from non-tolerant mice
unless the tolerant mice receive a second antigen boost. In addition, the down-regulation of
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CD45RB is also significantly increased after multiple antigen boosts. These data suggests that
multiple boosts with antigen are required to generate memory regulatory CD4+ Tcells.

FOXP3 expression also continues to upregulate after re-stimulation with antigen, while others
(GITR, CTLA4 and CD25) appear to be stably expressed after a single antigen boost. These
data indicate a preferential expansion of regulatory CD4+ memory T cells that are defined on
the basis of FOXP3 expression but not CD25, GITR and CTLA4, suggesting that the CD4+

KJ1-26+ cells that expand in response to antigen simulation in this study are not Tregs.
However, we cannot rule out the possibility that the minority CD4+ KJ1-26+ cell population
that do express CD25 are FOXP3+ Tregs. It will be important to determine whether the increase
in frequency of FOXP3 cells after antigen boosting is due to a proliferation advantage of
existing FOXP3 cells compared to non-FOXP3 expressing cells, or due to the induction of
FOXP3 in cells that previously did not express FOXP3.

Although Tr1 cells express FOXP3 at only a low or undetectable level they can be induced to
express high levels of FOXP3 [13] as is seen here in the augmentation of FOXP3 by antigen
stimulation. Therefore, it remains a possibility that, at least a proportion of the tolerant CD4+

KJ1-26+ FOXP3+ cells are Tr1 regulatory cells. Th2 cells themselves do not normally express
FOXP3 and therefore it is also possible that the CD4+ KJ1-26+ cells that do not express FOXP3
are Th2 cells. However, Th2 cells can be stimulated to express FOXP3 [80] and the expression
of FOXP3 by Th2 cells is associated diminished pathogenic activity [80]. In addition, IL-4 can
promote FOXP3 expression in naïve CD4+ cells suggesting a possible interplay between Th2
cells and regulatory cells [81]. If we assume that the current literature describes all regulatory
cell subsets we might conclude that the tolerant CD4+ KJ1-26+ regulatory cell population
contains a mixture of cell subsets including Tr1 cells, Tregs, and Th2 cells that do or do not
express FOXP3. However, we cannot rule out the possibility that the CD4+ KJ1-26+ cells from
tolerant mice are comprised of CD4+ regulatory T cells with a novel spectrum of characteristics.

The ability of CD8+ T cells to inhibit the expansion of CD4+ T cells is well documented. Thus,
CD8+ T cells inhibit both proliferation and cytokine secretion of primary CD4+ T cells [82,
83] as well as Th2-type cells [84]. Therefore, a role for CD8 blockade in promoting expansion
of tolerant regulatory cells, including Th2-type cells, by blocking CD8+ T cell function is
plausible. In addition, a growing body of literature now shows that a reduction in total T cell
number, either by the use of protocols that result in T cell depletion [85], or by the transfer of
small numbers of T cells into immunodeficient hosts [86], or by genetically-induced
lymphopenia [87], results in proliferation of both CD4+ and CD8+ T cells (T cell homeostatic
proliferation). Although such homeostatic proliferation has not yet been described for
regulatory CD4+ T cells, it is possible that depletion of CD8+ T cells by the CD8-specific mAb
used in this model (data not shown) simply provides space into which regulatory, and other
CD4+ T cells can expand.

The CD8-specific mAb, YTS 105, used in these studies is specific for the α chain of CD8
[45] that is expressed on CD8α+ dendritic cells [88] as well as CD8+ T cells. A role for
CD8α+ DC in limiting T cell responsiveness is also well documented. Examples include failure
to support proliferation of T cells [89], inhibition of alloreactive T cell expansion resulting in
prolonged cardiac allograft survival [90], and, although not relevant here, the induction of T
cell apoptosis [91] including apoptosis of self-reactive T cells [92]. However, CD8α+ DC also
play a role in inducing primary Th1-type rather than Th2-type responses [93,94]. These
findings suggests the possibility that anti-CD8 mAb might promote CD4+ regulatory T cell
expansion, including Th2-type cells, by blocking CD8α+ DC function and thus removing
CD8α+ DC-mediated suppression of T cell responses.
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These data show that CD8 blockade with anti-CD8 mAb promotes the survival and
proliferation of reguatory CD4+ T cells. The regulatory cell population is memory in phenotype
and expresses FOXP3, GITR and CTLA4. Consistent with previously published data, the
function of the regulatory cells in vivo is associated with a dominant Th2-type response. The
model described provides a protocol that can be used to generate and expand antigen-specific
regulatory CD4+ T cells for further study.
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Fig. 1.
The anti-CD4/anti-CD8 mAb cocktail induce antigen-specific tolerance in the DO11.10
CD4+ TCR transgenic mouse model. BALB/c mice were treated with 2.5 × 106 CD4+

KJ1-26+ cells isolated from BALB/c DO11.10 mice. On the same day they were immunized
with either OVA, or β-gal, or no antigen, in combination with either the anti-CD4/anti-CD8
mAb cocktail or with no mAb, as indicated in panels a through d. All mice were bled on day
21 and OVA-specific (panel a) and β-gal-specific (panel b) antibody was measured in the serum
by ELISA. On day 42 post-antigen-treatment, mice were boosted with either OVA or β-gal as
indicated in panels c and d. 10 days after boosting OVA (panel c) and β-gal (panel d) specific
antibodies were measured again. Data shown is mean ± SD and represents 2 experiments. **
indicates statistical significance to 0.001-0.009 and *** indicates statistical significance
between 0.0001 - 0.0009. The Mann-Whitney test was used to determine statistical
significance. n = 3 per group.
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Fig. 2.
Anti-CD4 mAb alone induce equivalent OVA unresponsiveness as the anti-CD4/anti-CD8 mAb
cocktail. BALB/c mice were treated with 2.5 × 106 CD4+ KJ1-26+ cells isolated from BALB/
c DO11.10 mice and either OVA and anti-CD4 plus rat IgG2a isotype control (Group 1), or
OVA and the anti-CD4/anti-CD8 mAb cocktail (Group 2), or with OVA alone (Group 3).
Twenty one days later all mice were bled and OVA-specific antibody measured (panel a). Six
weeks after OVA and mAb treatment all mice were boosted with OVA and 10 days later OVA-
specific antibody was measured in the serum by ELISA (panel b). Data shown are mean ± SEM
and are representative of 3 experiments. ** indicates statistical significance to 0.001–0.009.
The Mann–Whitney test was used to determine statistical significance. n = 6 per group.
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Fig. 3.
Treatment with OVA and anti-CD4 mAb causes a significant loss of OVA-specific CD4+

transgenic T cells by six days post-mAb treatment whereas this loss is significantly reduced by
co-treatment with the anti-CD8 mAb. BALB/c mice were injected with 2.5 × 106 CD4+

KJ1-26+ cells isolated from BALB/c DO11.10 mice and, on the same day, either left without
further treatment or, treated with either OVA alone or, OVA and anti-CD4 mAb plus isotype
control or, with OVA and anti-CD4/anti-CD8 mAb cocktail. On day 6 after OVA and mAb
treatment splenocytes were isolated from all mice and the total number of CD4+ KJ1-26+ was
determined for each mouse by FACS. Data shown are mean ± SEM for each group and are
representative of 2 experiments. * indicates statistical significance to 0.01–0.05. *** indicates
statistical significance to 0.0001–0.0009. The Student t test was used to determine statistical
significance. n = 3 per group.
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Fig. 4.
Anti-CD8 mAb promotes the proliferation of CD4+ KJ1-26+ cells. BALB/c mice were injected
with 2.5 × 106 CD4+ KJ1-26+ cells and, on the same day, treated with either OVA alone or,
OVA and anti-CD4 mAb plus isotype control or, with OVA and the anti-CD4/anti-CD8 mAb
cocktail. An additional group was left without further treatment. From day 0 through day 3
post-treatment, three mice from each group were fed BrdU in the drinking water. An additional
three mice from each group were fed BrdU from day 3 through 6 post-treatment. After three
days of BrdU treatment splenocytes were isolated from all mice and the total number of
CD4+ KJ1-26+ cells that were BrdU+ (panel a) was determined for each mouse by FACS. Data
shown are mean ± SEM for each group and are representative of 2 experiments. * indicates
statistical significance to 0.01–0.05. *** indicates statistical significance to 0.0001–0.0009.
The Student t test was used to determine statistical significance. n = 3 per group. Panels b
through e show the FACS profiles of CD4+ KJ1-26+ cells from the groups that were primed
with OVA alone for three days or left untreated. Panel b shows the dot plot of splenocytes
labeled with anti-CD4 mAb plus KJ1-26. The CD4+ KJ1-26+ cells are those indicated in the
upper right hand box. Panels c through e show histograms of CD4+ KJ1-26+ cells only from
untreated (panel c) and treated (panels d and e) mice co-labeled for either the presence of BrdU
(panels c and d), or isotype control for BrdU (panel e), and the percentage of CD4+ KJ1-26+

cells expressing BrdU determined by FACS. Data shown are mean ± SEM for each group and
are representative of 2 experiments. n = 3 per group.
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Fig. 5.
Anti-CD8 mAb treatment promotes an increase in the number of CD4+ KJ1-26+ cells in tolerant
mice. BALB/c mice were injected with 2.5 × 106 CD4+ KJ1-26+ cells isolated from BALB/c
DO11.10 mice and, on the same day, treated with either OVA alone or, OVA and anti-CD4
mAb plus isotype control or, with OVA and anti-CD4/anti-CD8 mAb cocktail. On day 42 after
OVA and mAb treatment mice from each group were either boosted with OVA or left without
a boost. Splenocytes were isolated from mice in each group at 3 (panel a) and 6 (panel b) days
post-boost and the total number of CD4+ KJ1-26+ cells was determined for each mouse by
FACS. Additional mice from the groups of mice that were treated with either OVA and the
anti-CD4/anti-CD4 mAb plus isotype control and boosted on day 42 were boosted again on
day 72 with either OVA or β-gal. After a further 3 days splenocytes were isolated from each
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group and the number of CD4+ KJ1-26+ cells determined. Data shown are mean±SEM for each
group and are representative of 2 experiments. * indicates statistical significance to 0.01–0.05.
** indicates statistical significance to 0.001–0.009. The student t test was used to determined
statistical significance. n = 3 per group.
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Fig. 6.
Anti-CD8 mAb promotes susceptibility to proliferation in tolerant antigen-specific CD4+ T
cells. BALB/c mice were treated with either, OVA plus the anti-CD4/anti-CD8 mAb cocktail,
or OVA and anti-CD4 mAb plus isotype control, or with OVA alone. On day 42 after OVA
and mAb treatment mice from each group were boosted with or without OVA. Three mice
from each of the boosted groups and three from each of the non-boosted groups were fed BrdU
either on days 0–3, or on days 3–6. Mice that were fed BrdU on days 0–3 were sacrificed on
day 3, while those that were fed BrdU on days 3–6 were sacrificed on day 6 post-boosting. The
splenocytes were isolated and the total number of CD4+KJ1-26+cells that were BrdU+ were
determined by FACS. Data generated from the non-boosted mice fed BrdU on days 0–3 and
3–6 has been pooled and is indicated in the figure as no boost (n = 6). Data shown in each case
are mean ± SEM and are representative of 2 experiments. * indicates statistical significance to
0.01–0.05. ** indicates statistical significance to 0.001–0.009. *** indicates statistical
significance to 0.0001–0.0009. The Student t test was used to determine statistical significance.
n = 3 per group.
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Fig. 7.
CD4+ KJ1-26+ cells from tolerant mice have the phenotype of memory regulatory cells. On
day 0 BALB/c mice were injected with 2.5 × 106 CD4+ KJ1-26+ cells and, on the same day,
treated with OVA and anti-CD4/anti-CD8 mAb. Mice were boosted six and ten weeks post-
priming. Three days after the last boost mice were sacrificed and spleens were removed, labeled
with CD4-specific mAb and KJ1-26 (panel a), and either, CD44-(panel b), CD45RB-(panel
c), CD62L-(panel d), CD25-(panel e), GITR-(panel f), CTLA4-(panel g) and FOXP3-(panel
h) specific mAb. Panel a is a representative dot plot of splenocytes labeled with CD4-specific
mAb and KJ1-26. The top rectangle contains all CD4+ cells including the CD4+ KJ1-26+ cells
(double positive). Samples shown in panels b–h are gated on total CD4+ cells (upper rectangle
in panel a) and show the expression of each marker on CD4+ KJ1-26− (left of the vertical line)
and CD4+ KJ1-26+ (right of the vertical line). The horizontal line marks the fluorescence
intensity of the isotype control for each specific mAb.
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Fig. 8.
Antigen stimulation promotes an increase in the percentage of CD4+ KJ1-26+ cells that have
a memory regulatory cell phenotype in tolerant mice. On day 0 BALB/c mice were injected
with 2.5 × 106 CD4+ KJ1-26+ cells and, on the same day, treated with OVA and the anti-CD4/
anti-CD8 mAb cocktail. Mice were boosted six weeks after priming. Ten weeks post-priming,
half of the mice were boosted again with OVA (closed bars, n=3) while the remaining mice
were left without an additional boost (open bars, n=3). On day 75 mice were sacrificed and
spleens were removed, labeled with CD4-specific mAb and KJ1-26, and either, CD44-,
CD45RB-, CD62L-, CD25-, GITR-, CTLA4- and FOXP3-specific mAb. CD4+ KJ1-26+

splenocytes from untreated DO11.10 mice were also labeled with the same panel of mAbs
(hatched bars, n=3). Data shows the mean ± SEM for the % CD4+ KJ1-26+ cells that express
the indicated marker (panel a) and are representative of 4 experiments. * indicates statistical
significance to 0.01–0.05. ** indicates statistical significance to 0.001–0.009. *** indicates
statistical significance to 0.001–0.0009. The Student t test was used to determine statistical
significance.
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Fig. 9.
Recipients of tolerant CD4+KJ1-26+cells promote OVA-specific IgG1 but not IgG3. On day
0 BALB/c mice were injected with 2.5 × 106 CD4+ KJ1-26+ cells and, on the same day, treated
with OVA and the anti-CD4/anti-CD8 mAb cocktail. All mice were boosted six and ten weeks
post-priming. Three days after the last boost mice were sacrificed and spleens were removed,
labeled with CD4-specific mAb and KJ1-26 and sorted to obtain a highly purified CD4+

KJ1-26+ cell population (tolerant CD4+ KJ1-26+ cells). CD4+ KJ1-26+ T cells were also sorted
from untreated age and sex matched DO11.10 mice on the same day (non-tolerant CD4+

KJ1-26+ cells). A new cohort of BALB/c mice were injected with either 1 × 105 sorted tolerant
CD4+ KJ1-26+ cells (n = 3) or, an equal number of non-tolerant CD4+ KJ1-26+ cells (n = 4).
The level of OVA-specific IgG, IgG1, IgG2a, IgG2b, IgG3, IgM, IgA and IgE in the serum
was measured in each mouse on day 21 post-cell transfer. Data shown is the mean±SEM OVA-
specific antibody at each time point and is representative of 3 experiments. * indicates statistical
significance to 0.01–0.05. ** indicates statistical significance to 0.001–0.009. The Student t
test was used to determine statistical significance.
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