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TCR stimulation with modified anti-CD3 mAb
expands CD8+ T cell population
and induces CD8+CD25+* Tregs

Brygida Bisikirska,! John Colgan,? Jeremy Luban,'.2 Jeffrey A. Bluestone,® and Kevan C. Herold'4

"Department of Medicine and 2Department of Microbiology, College of Physicians and Surgeons, Columbia University, New York, New York, USA.
3Diabetes Center, UCSF, San Francisco, California, USA. “Naomi Berrie Diabetes Center, Columbia University, New York, New York, USA.

Modified anti-CD3 mAbs are emerging as a possible means of inducing immunologic tolerance in settings
including transplantation and autoimmunity such as in type 1 diabetes. In a trial of a modified anti-CD3 mAb
[hOKT3y1(Ala-Ala)] in patients with type 1 diabetes, we identified clinical responders by an increase in the
number of peripheral blood CD8* cells following treatment with the mAb. Here we show that the anti-CD3
mAD caused activation of CD8* T cells that was similar in vitro and in vivo and induced regulatory CD8*CD25*
T cells. These cells inhibited the responses of CD4* cells to the mAD itself and to antigen. The regulatory
CD8*CD25" cells were CTLA4* and Foxp3* and required contact for inhibition. Foxp3 was also induced on
CD8' T cells in patients during mAb treatment, which suggests a potential mechanism of the anti-CD3 mAb
immune modulatory effects involving induction of a subset of regulatory CD8* T cells.

Introduction

Antibodies against T cells have been developed as means of pre-
venting immune responses. An mAb against the CD3 molecule,
the TCR, has been used successfully in the past to prevent allograft
rejection but causes significant adverse events due to its activation
properties in vivo. More recently, modified anti-CD3 mAbs have
been engineered in which the activation properties of the mAb have
been altered by changes in the Fc portions of the immunoglobulin
in order to reduce the cytokine release syndrome that occurs with
administration of Fc receptor-binding anti-CD3 antibody (1-5).
These molecules have shown efficacy in clinical settings such as
renal/pancreas and islet allograft rejection, refractory psoriatic
arthritis, and type 1 diabetes mellitus (5-8). These clinical studies
have found immediate effects following mAb treatment but also
long-term efficacy even after the mAb was cleared and the number
of circulating T cells returned to a normal level.

The mechanisms that account for these clinical effects are not
understood, but much interest has focused on the role of regulatory
T cells that may be involved in autoimmune responses and whose
activity may control immunologic tolerance (9-16). Many studies
have identified subpopulations of CD4* T cells that do and do not
express CD2S5 and that mediate their regulatory activity through
contact-dependent mechanisms as well as soluble mediators
(17-19). These cells play a role in the control of autoimmune disease
in murine models of human disease and in the response to anti-CD3
therapy in these models. For example, when CD4*CD25" T cells fail
to develop, as in B7-1/B7-2-deficient NOD mice, diabetes is acceler-
ated (20). Induction of immune tolerance to autoimmune diabetes
in mice with anti-CD3 mADb induces CD4*CD25* regulatory T cells
that function in a TGF-f-dependent manner (21).
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Foxp3 has emerged as a marker for T cells with regulatory activity
(22-24). Deletion or mutation of Foxp3 is associated with the lym-
phoproliferative disorder in scurfy mice (25) and X-linked inheri-
tance (IPEX) syndrome in humans (26, 27). It is not clear, however,
whether Foxp3 expression and regulatory function are developmen-
tal features of subpopulations of T cells or whether this function
and expression can be acquired. Some studies have suggested that
Foxp3 expression delineates a distinct lineage of regulatory T cells
(28). Other studies have shown that Foxp3 is induced by in vitro
activation of CD4*CD25~ human peripheral lymphocytes, which
acquire the surface expression of CD25 in addition (29). More
recently, CD4" regulatory T cells have been induced by low doses
of antigenic peptide, which suggests that induction of regulatory T
cells may be an outcome of weak TCR stimulation (30).

In a previous report, we found that treatment of patients with new-
onset type 1 diabetes with a humanized, modified anti-CD3 mAb
[hOKT3y1(Ala-Ala)] modified the loss of insulin production with
effects that lasted for more than 1 year after a single-course of treat-
ment and without chronic immune suppression (31). The clinical
responses to treatment were associated with a decrease in the ratio of
peripheral blood CD4 to CD8 T cells. The change in the ratio was not
due to depletion of CD4 cells but instead to an absolute increase in the
number of CD8"* T cells. Here, we studied the basis for these changes
in CD8* cells and have identified a population of CD8" regulatory
T cells characterized by expression of CD25 and Foxp3 induced in
human peripheral blood cells by treatment with modified anti-CD3
mAD. The regulatory activity of the induced CD8*CD25" cells is on
autologous, antigen-reactive CD4" T cells in a cell contact-dependent
manner. CD8 Foxp3* T cells can be found to be induced in the periph-
eral blood of patients with type 1 diabetes treated with anti-CD3 mAb.
These findings provide evidence for a new mechanism for induction
of immune regulation in humans involving induction of regulatory
CD8'CD25" T cells by treatment with a weak TCR agonist.

Results
MAb hOKT3y1(Ala-Ala) induces proliferation of CD8" T lymphocytes.
Our previously reported studies of patients with type 1 diabetes
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Figure 1

Anti-CD3 hOKT3y1(Ala-Ala) antibody stimulates in vitro proliferation
of human PBMCs. PBMCs were cultured for 5 days in the presence of
hOKT3y1(Ala-Ala) antibody at the indicated concentrations. Cell pro-
liferation level was determined by [3H]thymidine uptake. Results are
expressed as the mean value of duplicates and are representative of
3 independent experiments.

treated with hOKT3y1(Ala-Ala) showed that the mAb induced
activation of T cells in vivo based on the release of cytokines and
expression of activation markers on PBMCs (32). This finding was
unexpected, because earlier studies showed that the humanized
and genetically modified anti-CD3 antibody hOKT3y1(Ala-Ala)
had reduced potency for inducing cell proliferation in comparison
to unmodified OKT3 (1). To address the effects of the activation
of T cells by the modified anti-CD3 mAb, we studied the ability of
hOKT3y1(Ala-Ala) to induce proliferation of PBMCs, measured by
incorporation of [3H]thymidine in a 5-day assay (Figure 1). Based
on these findings, the concentration of the antibody chosen for
our in vitro study was 5 ug/ml. This concentration is higher than
trough concentrations found in drug-treated subjects with type 1
diabetes (range, 150-1,200 ug/ml) but similar to concentrations
achieved in other studies with this mAb and consistent with peak
concentrations that were achieved in vivo (7).

When T cell proliferation was examined by dilution of CFSE
in labeled cells, we found significant differences in the pattern of
proliferation among T cell subsets (Figure 2). CFSE-labeled freshly
isolated PBMCs were incubated in the presence of hOKT3y1(Ala-
Ala) antibody, and the dilution of the dye was studied in subsets
of T cells by flow cytometry. Over the 6-7 day culture, there was
minimal proliferation of CD4* T cells: 32% + 5% (range, 13-48%)
of the cells showed at least 1 dilution of CFSE, but generally only
1 or 2 divisions were detected (Figure 2B). However, in the same
cultures, 56% + 8% (range, 34-83%) of the CD8* T lymphocytes
underwent at least 1 and generally between 4 and 7 divisions
(P < 0.03; Figure 2A). The differential effect on stimulation of T
cell subset was not a general phenomenon of T cell activation,
because when the same cells were activated with phytohemagglu-
tinin (PHA), similar proportions of both CD4* and CD8* T cells
underwent 5 divisions (Figure 2, C and D). The activation pattern
of CD8"* T cells shown in Figure 2 is representative of more than
8 normal control subjects and occurred with similar frequency in
patients with type 1 diabetes.

The changes in T cell subsets observed in vitro correspond to changes
observed in vivo. In our previous phase I/II trial, clinical respond-
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ers, identified by preserved or increased C-peptide responses to
a mixed-meal tolerance test 1 year after drug treatment, were
found to have a decreased ratio of CD4* to CD8" T cells due to
an increase in the absolute number of circulating CD8* T cells (8,
31). One possible explanation for the increased number of CD8*
T cells was that the expanded CD8" T cells were in response to
activation of latent viruses, such as EBV, that may have occurred
as a result of the immune suppression by the anti-CD3 mAb.
The subjects in our trial included EBV-seropositive and -serone-
gative individuals, and therefore, if the change in T cell subsets
were related to activation of EBV, we would expect to find it only
in EBV-seropositive individuals. However, this was not the case
(Figure 3A). Compared with the CD4*/CD8" T cell ratio before
administration of the anti-CD3 mAb, a decreased CD4*/CD8*
T cell ratio was seen at day 90 after anti-CD3 mAb treatment in
EBV-seropositive and -seronegative individuals, which suggests
that the cellular response to reactivation of EBV did not account
for the changes that had been seen in vivo.

To determine whether the changes in T cell proliferation seen
in response to the mAb in vitro were reflective of changes in cell
counts in vivo, we compared the ratio of CD4* to CD8" T cells
following culture with the anti-CD3 mAb to the CD4*/CD8* T
cell ratio in vivo following treatment with the mAb (Figure 3B).
The PBMCs used in these studies were isolated from patients
1-2.5 years after mAD treatment, at a time when the changes
in CD4* /CD8" T cell ratios that had been seen 3 months after
drug treatment had resolved. There was a significant correlation
between the CD4*/CD8* T cell ratio in vitro following a 6-day
culture with the anti-CD3 mAb and in vivo 3 months following
the 12- or 14-day treatment course among clinical responders
and nonresponders (r = 0.60; P = 0.02). These findings suggest

A B
100 i
i
807 i
2 |
S 604 ]
3 a
o ]
404 a
0 U -l 1 T T !
100 100 102 100 10¢ 100 100 102 100 10*
C D
60 4
30 50 3
2 o 40
€ 20 £
2 3 30
o o
104 20 3
10 4
0 1 T T 0 T T T
100 10' 102 10°  10¢ 100 10' 102 10°  10¢
.
>
CFSE
Figure 2

Diverse in vitro response of CD8+* and CD4+ subpopulations of human
PBMCs to hOKT3y1(Ala-Ala) stimulation. CFSE-labeled PBMCs were
cultured in the presence of hOKT3y1(Ala-Ala) (A and B) or PHA (C
and D) for 6 days. Cells were labeled with fluorochrome-conjugated
anti-CD4 and anti-CD8 and analyzed by flow cytometry. (A and C)
CD8-gated cells. (B and D) CD4-gated cells. Gray histograms: cells
without stimulation. Results from a single experiment representative
of 6 experiments are shown.
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Figure 3

Changes in CD4/CD8 T cell ratio in subjects with type 1 diabetes receiv-
ing hOKT3y1(Ala-Ala) in relation to EBV status at study entry, and correlation
between changes in CD4+ and CD8+* T cells in vitro during culture with anti-CD3
mAb and in vivo following treatment with anti-CD3 mAb. (A) The difference in the
CD4/CD8 T cell ratio 3 months after treatment with hOKT3y1(Ala-Ala) from the
ratio before drug treatment in individuals who were EBV seropositive (n = 12)
or seronegative (n = 7) at study entry was determined. The dark lines indicate
the mean values for the group. A decrease in the CD4/CD8 T cell ratio (below
the dotted line) occurred in both EBV-seropositive and -seronegative subjects.
(B) PBMCs from patients with type 1 diabetes mellitus who received anti-CD3
mADb were studied 1.5-2 years after mAb treatment, at which time the changes in
CD4/CD8 T cell ratio seen after mAb treatment had resolved. The patients were
designated as clinical responders (filled circles) or nonresponders (open circles)
based on their C-peptide responses at 12 months compared with baseline. The
cells were cultured with hOKT3y1(Ala-Ala), and the percentages of CD4+ and
CD8+ T cells were determined after 6 days. The Pearson correlation coefficient
was calculated to compare the ratio of CD4+/CD8+ T cells in vitro with the analysis
of CD4+CD8* T cells in vivo 3 months after mAb treatment (8), and the level of
significance was tested with correlation procedure SAS (r = 0.6; P = 0.024). The
line indicates the relationship between the changes in vitro and in vivo [in vivo

therefore tested whether IL-2 would cause CD4* T cell
proliferation when added to a culture of PBMCs together
with hOKT3y1(Ala-Ala) (Figure 4, E-H). However, there
was no increase in proliferation with the addition of IL-2
(50 U/ml), which indicated that CD4"* cells were unre-
sponsive to IL-2 when cultured with the mAb in the
presence of CD8" T cells (Figure 4, F and H). In contrast,
CDS8" cells from the same cultures responded with even
greater rates of proliferation when IL-2 was added to cul-
tures with the anti-CD3 mAb (Figure 4, E and G).
Following culture with mAb, hOKT3y1(Ala-Ala) CD8*
lymphocytes suppress antigen-specific responses. These stud-
ies showed that CD8* T lymphocytes from the PBMC
cultures stimulated with hOKT3y1(Ala-Ala) exhibit
suppressive activity against the autologous CD4* T
cells present in the same culture. To determine whether
the CD8* cells could also regulate CD4" cells respond-
ing to other antigens, we tested the ability of the acti-
vated CD8" T cells to affect proliferative responses of
CD4" T cells to tetanus toxoid. CD8" T cells were iso-
lated from PBMCs cultured in the presence or absence
of hOKT3y1(Ala-Ala) for 6 days, irradiated, and added
to CD8" T cell-depleted PBMCs from the same donor
that were pulsed with tetanus toxoid. Cells cultured for
3 days in the presence of CD8" T cells from cultures acti-
vated with anti-CD3 mAb showed a 60% reduction in
responses to antigen compared with the cells cultured
with CD8* T cells that had not been cultured with the
antibody (Figure 5) The suppression of CD4* T cell
responses was dependent on the number of CD8* T cells

CD4/CD8 ratio = 0.174 + 0.865 (in vitro CD4/CD8 ratio)].

that the changes in T cell subsets observed in vitro identify indi-
vidual differences in the responses that occur in vivo.

The absence of CD4* T cell proliferation during culture with the anti-CD3
mAb is due to the presence of CD8" cells. To investigate the basis for
the differences in CD8* and CD4* T cell proliferation, we depleted
CD8" or CD4" T cells from PBMCs and labeled the remaining cells
with CFSE. These cells were then cultured with hOKT3y1(Ala-Ala)
antibody for 6 days. As seen in Figure 4A, the CD4* T cells did not
proliferate extensively in the presence of CD8" T cells; however, in
the absence of CD8" T cells, CD4" T cells proliferated in response to
anti-CD3 mAb stimulation and underwent a number of divisions
similar to CD8" cells (Figure 4B). Likewise, in the absence of CD8* T
cells, the expression of a marker of activation, CD2S5, was increased
on CD4* T cells (Figure 4, C and D). In contrast, the pattern of
CD8* T cell proliferation did not change in the absence of CD4*
T cells. Proliferation of CD4* and CD8* T lymphocytes depended
on the presence of APCs in the culture, because purified CD8" and
CD4" T cells alone did not respond to the anti-CD3 mAb (data not
shown). In addition, the failure of the CD4* T cells to proliferate to
the CD3 mAD in the presence of CD8" T cells was not due to limit-
ing amounts of anti-TCR mAb, because the coating and modula-
tion of the TCR on CD4" cells was maximal at the drug concentra-
tions used in the presence of CD8" cells (data not shown).

Itis possible that the lack of proliferation of CD4* T lymphocytes
was due to consumption of IL-2 by the proliferating CD8" cells. It
has been shown, for example, that addition of exogenous IL-2 can
restore proliferative function of certain “anergized” cells (33). We
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in the culture and was still noticeable at ratio of 1 CD8*
T cell per 96 responding cells.

Regulation of CD4* T cells by CD8" T cells in the presence of
anti-CD3 hOKT3y1(Ala-Ala) mAb depends on cell-cell contact. To deter-
mine whether suppression of CD4" proliferation by CD8" cells is
mediated by soluble factors, we added neutralizing mAbs against
IL-10 or TNF-a to the cultures of PBMCs and mAb hOKT3y1(Ala-
Ala). None of these mAbs reversed the inhibition of CD4* cells
cultured in the presence of CD8" cells and the anti-CD3 mAb.
TGF-f was not required for inhibition of CD4* T cells, because
in 2 separate experiments, the level of proliferating CD4" T cells
(29.4% of the total CD4" cells) was not increased when anti-TGF-f3
mAD was added to the cultures (28.5% when 67% of the CD8" T
cells were proliferating; data not shown). Likewise, addition of
CTLA4-Ig did not increase proliferation of CD4" T cells to the
anti-CD3 mADb, even when anti-CD28 mAb was added, which sug-
gests that signaling by CD28 and/or CTLA4 by B7 ligands did not
mediate the inhibition (data not shown). In addition, there was
no evidence of increased death of CD4* cells analyzed by stain-
ing with annexin V (data not shown). We tested whether cell-cell
contact was required by separating CD4* T and CD8" T cells by
a microporous Transwell membrane, which prevented cell con-
tact (Figure 6) but allowed for medium exchange. CFSE-labeled
PBMCs depleted of CD8* T cells in the upper chamber were sepa-
rated from PBMCs depleted of CD4" T cells in the lower chamber
and cultured in the medium in the presence of hOKT3y1(Ala-Ala).
The CD4" T cells proliferated in response to hOKT3y1(Ala-Ala)
when separated from CD8* T cells at a rate similar to cells cul-
tured in the absence of CD8" cells (Figure 6, middle row), which
indicates that cell-cell contact was required for regulation.
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Phenotype and cytokine production profile of CD8* T cells following stim-
ulation with hOKT3y1(Ala-Ala). We studied the expression of activa-
tion and other cell-surface markers, as well as cytokines produced
by subsets of T cells that were cultured with hOKT3y1(Ala-Ala). In
the absence of the antibody, the CD8" T cells did not express acti-
vation markers CD25 or CD69. The majority of these unstimulat-
ed CD8* T cells expressed CD28, 60-80% were of a naive phenotype
(CD45RA only), and about 15% expressed only CD45RO. Follow-
ing culture with anti-CD3 mADb, the expression of CD25 increased
on CD8" cells within 24 hours, and peak expression occurred by
day 2 (Figure 7A). CD25 expression was seen on both proliferating

Figure 5

CD8+* lymphocytes from PBMC cultures stimulated with hOKT3y1(Ala-
Ala) suppress tetanus-specific response. CD8 cells isolated from fresh
PBMCs (CD8 none; white bars) or from PBMCs cultured for 6 days
in the presence of hOKT3y1(Ala-Ala) (gray bars) were irradiated and
mixed with fresh PBMCs depleted of CD8* T cells at the indicated
ratios. Cells were cultured with or without the presence of tetanus
toxoid for 3 days. Cell proliferation was determined by [3H]thymidine
uptake, and the data are expressed as the difference (in counts per
minute) between cultures with and without antigen. The background
counts (responder cells with CD8+ cells in the absence of antigen)
ranged between 542 and 1,796 cpm. Representative results of 3 inde-
pendent experiments are shown.
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Figure 4

Reduced proliferative response of CD4+ cells to hOKT3y1(Ala-Ala)
stimulation occurs only in the presence of CD8+* cells but is not due
to lack of IL-2. CFSE-labeled cells were cultured in the presence of
hOKT3y1(Ala-Ala) for 6 days. Cells were stained with PE-conjugated
anti-CD4 and anti-CD25 mAbs and analyzed on a FACSCalibur flow
cytometer. (A and C) Bulk PBMCs. (B and D) PBMCs depleted of
CD8+* T cells. Representative results of 6 independent experiments are
shown. The numbers over the dots in A and B represent the number of
cell divisions. The percentages in C and D represent the percentage of
CD4+ cells that were CD25+. PBMCs were cultured with the anti-CD3
mAb in the absence (E and F) or presence (G and H) of recombinant
IL-2 (50 U/ml). The addition of IL-2 to the cultures enhanced prolifera-
tion of CD8* T cells (E and G) but did not have an effect on CD4+ T
cell proliferation in the PBMCs (F and H). Representative results of 4
independent experiments are shown.

(27.3% + 13.3%) and nonproliferating (15.6% + 5.3%) CD8" T cells
(n = 3 separate experiments). The CD8" T cells lost the naive phe-
notype, and most of the cells (60-80%) expressed CD45RO. The
CD8* T cells that were stimulated with anti-CD3 mAb showed
enhanced expression of intracellular CTLA4, particularly among
the CD25*CD8" cells (Figure 7B). As assessed by intracellular stain-
ing, the CD8" T cells did not produce IL-2 or IFN-y, but IL-10 was
detected in about 2% of CDS8 cells after a 6-day culture with anti-
CD3 mAb. However, when cytokine gene transcripts were analyzed
by RT-PCR, increased IL-10 expression was found in some but not
all experiments, even when sorted subsets of CD8" cells were stud-
ied. Thus, increased cytokine gene expression was not a consistent
finding among the activated CD8" T cells.

CD8*CD25* cells are responsible for inhibition of antigen-specific
response of CD4* T cells. We sought to identify markers that desig-
nate the CD8" T cells that were responsible for regulation of anti-
gen-reactive CD4" T cells. The correlation between intracellular
expression of CTLA4 and upregulation of CD25 molecules on the
surface of CD8 cells in our initial experiments directed our interest
to study the function of this population. Therefore, CD8"'CD25*
and CD8'CD25" populations of CD8* T cells were sorted from
PBMC:s after culture with anti-CD3 mAb for 6 days and tested for
their ability to inhibit antigen-specific responses to staphylococcal
enterotoxin B (SEB) (Figure 8, A and B). As control, CD8* T cells
from autologous PBMCs were added to the cultures. There was a
6-fold inhibition of proliferation in response to the superantigen
when irradiated CD8*CD25* but not CD8*CD25" cells were added
(Figure 8A) to the cultures, and the release of IFN-y was lower in
culture supernatants in the presence of CD8*'CD25* T compared
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CD4 gate Figure 6
Suppression of CD4+ cell proliferation by CD8* lympho-
cytes is not mediated by soluble factors. CFSE-labeled
39% cells were cultured in the presence of hOKT3y1(Ala-Ala)
for 6 days. Cells were labeled with fluorochrome-con-
PBMCs —> M1 jugated anti-surface marker mAb and analyzed by flow
O e , cytometry. Histograms were gated on CD4+ lymphocytes.
Transwell 1010 C1Jl(=)SE % 1% Shown are PBMCs (top panel), CD8-depleted PBMCs
180 separated by Transwell membrane from CD4-depleted
1501 PBMCs (middle panel), and CD8-depleted PBMCs (bot-
CD8-depleted _,, —> 120 66% tom panel). The numbers in each histogram represent the
PBMCs ~Microporous £ 903 1 percentage of CD4+ cells with dilution of CFSE. Results
CD4-depleted Y membrane O 28: are representative of 4 independent experiments.
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with CD8"CD25" T cells (Figure 8B). Inhibition of SEB-specific
CD4 cell expansion by CD8"CD25" cells was also seen at the clonal
level. We analyzed expansion of V33-positive CD4 cells in the 6-day
cocultures. There was a greater than 50% reduction in the number
of VB3-positive CD4 cells in the cultures with CD8*CD25* com-
pared with the culture with nonactivated CD8 cells (Figure 8C).
Thus, these results suggest that the induced CD8°CD25" T cells
can regulate antigen-specific responses.

CD8*CD25* cells express Foxp3. Our studies indicated that the
regulatory function of CD8" cells following anti-CD3 mAD stimu-
lation involved a subpopulation of the CD8*CD25* T cells that
were induced during culture with the anti-CD3 mAb. We there-
fore asked whether the induction of regulatory CD8'CD25* T
cells was associated with expression of Foxp3 in these cells. We
cultured PBMCs with anti-CD3 mAb for 6 days and sorted CD8*
cells into CD25* and CD25- subpopulations. Foxp3 expression
was analyzed by real-time PCR (Figure 9A) and Western blotting
(Figure 9B) (29). Foxp3 expression was increased between 10- and
40-fold on CD8*CD25" T cells compared with CD8"CD25" or non-
activated CD8" cells (P < 0.02). In pilot studies, we found that the
expression of Foxp3 transcripts in CD8*CD25" T cells was approxi-
mately one-ninth of the expression of Foxp3, relative to GAPDH,
in CD4*CD25* T cells sorted from the same cultures after culture

Figure 7

Induction of CD25+ population in CD8 cells stimulated with
hOKT3y1(Ala-Ala). (A) Freshly isolated PBMCs were cultured in
the presence of hOKT3y1(Ala-Ala) for 6 days. For analysis of CD25
expression, cells were collected on days 0 (before stimulation), 1, 2,
3, and 6 of the culture, labeled with flourochrome-conjugated anti-CD8
and anti-CD25, and analyzed by flow cytometry. The results are pre-
sented as a ratio of CD8+CD25*-expressing cells to total CD8+ cells.
Mean values (+ SEM) of 4 independent experiments are shown. (B)
Intracellular expression of CTLA4 analyzed by flow cytometry. Left:
gated CD8 lymphocytes; upper right: gated CD8+CD25+ cells; lower
right: gated CD8+CD25- cells. Representative results from 3 indepen-
dent experiments are shown. CTLA4CV, CTLA4 CyChrome.
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with the anti-CD3 mAb for 6 days (CD8*CD25%, 102 + 56 arbitrary
units vs. CD4*CD25%, 931 + 98 arbitrary units; P < 0.05). These
studies indicated that the CD8"CD25* T cells that are induced
have a functional inhibitory role and express Foxp3, a transcrip-
tion factor associated with immune regulatory T cells.

Induction of Foxp3*CD8" T cells in vivo by treatment with hOKT3y1
(Ala-Ala). To determine whether treatment with anti-CD3 mAb
also induced Foxp3 in CD8" T cells in patients, we isolated CD8*
T cells from subjects with type 1 diabetes who were treated with
hOKT3y1(Ala-Ala) and measured the expression of Foxp3 RNA by
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real-time PCR. The samples were taken from subjects before and at
the conclusion of the 12-day drug treatment or, in the case of one
subject, 10 weeks after treatment. The changes in the expression
of Foxp3 were compared with those in contemporaneous samples
drawn at approximately the same intervals from control subjects
with type 1 diabetes (Figure 10A). The Foxp3 expression in the con-
trol group was similar in the first and second samples (the ratio
of the second to the first sample was 0.81 + 0.13), whereas in the
drug-treated group, the Foxp3 levels were 3.36 + 1.27-fold higher
after anti-CD3 mAD treatment compared with before treatment
(P=0.02; Figure 10B). CD8" T cells from all 4 drug-treated subjects
showed increased expression of Foxp3 after drug treatment (range,
54-608% increase), whereas the levels of Foxp3 in CD8" T cells in
the 2 samples from each of the control subjects were within 10%
(Figure 10A). These data indicate that treatment with anti-CD3
mADb expands CD8* T cells in vivo and induces cells with markers
of regulatory T cells in patients.

Discussion

In a trial of hOKT3y1(Ala-Ala) for treatment of new-onset type 1
diabetes, we found that clinical response (reflected by preservation
or increase in C-peptide responses to a mixed meal) was associ-
ated with a decrease in the ratio of CD4" to CD8* T cells due to

Figure 9

Increased expression of Foxp3 in CD8+CD25+* cells induced with
hOKT3y1(Ala-Ala). (A) PBMCs were cultured for 6 days with
hOKT3y1(Ala-Ala) and sorted based on the expression of CD25. Foxp3
expression was measured by quantitative real-time PCR. Results are
presented as Foxp3 gene expression normalized to GAPDH expres-
sion, and the results for CD8+*CD25+ or CD8+CD25- cells were com-
pared with those for freshly isolated CD8* T cells from the same sub-
ject. Mean values (+SD) of 4 independent experiments are shown.
**P < 0.02. (B) Expression of Foxp3 was studied in CD8+CD25+* and
CD8+CD25- cells from the same cultures by Western blotting and was
detected at higher levels in CD8+CD25+* cells.
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Figure 8

The CD8+CD25* cells induced with hOKT3y1(Ala-Ala) suppress
CD4 cell response to SEB and IFN-y secretion. (A) CD8+*CD25* or
CD8+CD25- cells sorted from PBMCs stimulated for 6 days with
hOKT3y1(Ala-Ala) or CD8* cells from fresh PBMCs were irradi-
ated and cocultured for 3 days with fresh PBMCs depleted of CD8
in the presence of SEB. Proliferative response was assessed by
[BH]thymidine uptake. (B) The levels of IFN-y in the supernatants from
the same cultures were measured by Luminex system using Th1/Th2
multiplex microspheres. Representative results of 2 independent
experiments are shown. (C) Sorted CD8+CD25* (bottom panel) or
untreated CD8 cells (upper panel) were cocultured for 6 days with
CFSE-labeled, CD8-depleted PBMCs at 1:2 ratio in the presence of
SEB. SEB-specific clonal expansion was analyzed by flow cytometry.
The expansion of Vp3-positive CD4 (M1) lymphocytes was reduced
from 46.1% to 15.5% of VB3+ T cells. Similar results were obtained in
2 additional studies.

an increase in the number of circulating CD8" T cells (8, 31). We
report here our study of the basis for this change and identifica-
tion of a previously unrecognized population of regulatory CD8* T
cells that are induced in peripheral blood cells by a modified anti-
CD3 mAb and that may be involved in the persistent immunologic
effects of the mAb. The regulatory activity of the induced CD8*
cells was directed toward autologous CD4 lymphocytes and influ-
enced their proliferative responses to the anti-CD3 antibody and
other antigen-specific responses. Like other humanized modified
anti-CD3 antibodies, hOKT3y1(Ala-Ala) was initially thought to
be nonactivating, but our findings and previous studies in patients
indicate that the drug does deliver an activation signal and even
induces proliferation of CD8" T cells (1, 32). Unlike stimulation
with conventional mitogen, such as PHA, significant CD4" T cell
proliferation was not seen in response to the mAb in vitro.

In our studies, instead of activation, we found that CD4" T cells
cultured in the presence of CD8* T lymphocytes and modified
anti-CD3 mAb were unresponsive to antibody stimulation. The
preferential expansion of CD8" T cells in response to anti-TCR
antibodies has been described previously, but these studies sug-
gested that CD4" and CD8" T cells were intrinsically different in
their ability to undergo limited and extensive proliferation, respec-
tively, to fulfill their role as regulatory and effector cells (34). In our
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Changes in Foxp3 expression in vivo in CD8+* PBMCs following treat-
ment with anti-CD3 mAb. CD8* T cells were isolated from the same
individual before (first draw) and after (second draw) treatment with
anti-CD3 mAb (filled symbols; n = 4) or in control subjects with type
1 diabetes (open symbols) on 2 (n = 3) or 3 (n = 1) occasions. The
expression of Foxp3 relative to CD8 (x100) for each individual is plot-
ted (A), and the average ratio of the second/first sampling in each
group (+ SEM) is shown (B). **P = 0.02.

studies, the lack of CD4* T proliferation was completely reversed
when CD8" T cells were removed from the culture. Moreover, other
signs of CD4" T cell activation occurred when CD8" T cells were
removed, including increased expression of CD25. The inhibitory
effect of the CD8" T cells was not due to the consumption of IL-2
by the proliferating cells and involved cell-cell contact, because the
inhibition was reversed when CD8* and CD4* T cells were sepa-
rated, and CD4 T cell proliferation did not occur when IL-2 was
added to the cultures.

The phenotype of the activated CD8" T cells suggested a num-
ber of possible markers of regulatory T cells. There was increased
expression of CTLA4 and CD2S5 on the activated CD8* T cells,
which was reminiscent of CD4*CD25" regulatory T cells (20, 21).
Our studies of Foxp3 expression on CD8* T cells following acti-
vation with anti-CD3 mADb showed that this transcription factor
was expressed on CD8*CD25* cells rather than CD8*CD25" cells.
Murine studies (22, 35, 36) have shown that Foxp3 was expressed
specifically in CD4*CD25* T cells, was not expressed in CD4"CD25~
or CD8* T cells, and was responsible for the suppressor activ-
ity of the CD4*CD25" cells, because introduction of Foxp3 into
CD4'CD25- cells by retroviral vector was shown to induce regula-
tory function (22). Recent studies have questioned the significance
of Foxp3 expression as a marker of regulatory T cells on human
cells, suggesting instead that unlike murine cells, Foxp3 may iden-
tify activated T cells in humans (37). However, our functional stud-
ies of the CD8"CD25* and CD8*CD25" subsets confirmed that
regulatory properties were limited to the former subpopulation,
although all cells had been activated with anti-CD3 mAb.

The CD8*CD25*Foxp3* regulatory T cells were induced from
CD25- cells by TCR stimulation with the modified anti-CD3 mAb.
CD2S5 was not detected on the PBMCs before the start of cultures,
and similarly, in patients, CD8'CD25* T cells were not detected
before anti-CD3 mADb treatment. Our studies do not resolve wheth-
er the Foxp3* cells represent a separate lineage of CD8* cells that
may have lost their expression of CD25 in the periphery but reac-
quired this marker with TCR activation (28). Cosmi et al. reported
2910
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CD8*CD25*Foxp3* cells with regulatory activity in the thymus,
suggesting the possibility that the effect of the anti-CD3 mAD is
to stimulate the expansion of these cells in the periphery rather
than their de novo induction (38, 39). Walker et al. demonstrated
that CD4*CD25"* regulatory cells can be generated from human
CD4*CD25 cells that are found in peripheral blood by activation
with plate-bound anti-CD3 and costimulation with anti-CD28
antibody, and Apostolou et al. showed that regulatory cells can be
induced by antigen stimulation (29, 30).

The subpopulation of regulatory CD8" cells that we have iden-
tified has similarities to and differences from other previously
described regulatory subpopulations. CD4* cells, some of which
express CD25, regulate T cell responses through cell contact-
dependent mechanisms as well as production of soluble media-
tors including IL-10 and TGF-f (15, 17-19, 40, 41). Subpopu-
lations of CD8"* regulatory T cells have been described that are
restricted by the class I molecule HLA-E on activated CD4" T cells
and lyse their CD4" target, whereas the CD8*CD25" cells that we
have identified do not cause death of CD4* cells (42-44). Likewise,
the cells we identified expressed activation markers and increased
levels of CD28; this is different from the activity of the regula-
tory T cells described by Chang et al. that interact with APCs via
immunoglobin-like transcript 3 (ILT3) and ILT4, which in turn
induce CD4°CD25" regulatory cells (45-47). The CD8"CD25*
thymocytes described by Annunziato et al. shared a number of
functional and phenotypic similarities with the cells we have iden-
tified in the peripheral blood after culture with anti-CD3 mAb,
including expression of high levels of mRNA of Foxp3 and gluco-
corticoid-induced TNF receptor and a contact-dependent mecha-
nism of regulation (48). However, CTLA4 was not constitutively
expressed in the cytoplasm of our cells but was also induced by
anti-CD3, and antibodies against CTLA4 neutralized the regula-
tory activity of the thymocytes but not the cells we have identified
in the peripheral blood.

The subpopulation of CD8* T regulatory cells requires activa-
tion by the anti-CD3 mAb. The drug concentrations used in vitro
were higher than those routinely achieved in vivo but may be simi-
lar to the peak concentrations that are achieved following the drug
administration for 12 days. Our studies with patients’ samples
showed that the expansion of CD8* T cells that were seen in vitro
were related to the changes that were observed in vivo in drug-
treated patients. Although the number of subjects included in this
analysis was relatively small, this finding raises the possibility that
the in vitro responses might be used to predict clinical responses if
these observations are confirmed in a prospective study involving
a larger number of subjects. In addition, we found that treatment
with anti-CD3 mAb hOKT3y1(Ala-Ala) increased the expression of
Foxp3 in CD8" T cells in vivo. The levels of Foxp3 expression were
similar in control subjects over 2 or 3 samplings but increased an
average of 3.4-fold in patients treated with the anti-CD3 mAb. The
total duration of expression of Foxp3 in the CD8" T cells is not
known at this point, nor is the trafficking of these cells to the lym-
phoid tissue or antigen sites, but even 10 weeks after drug treat-
ment, we found a 54% increase in the expression of Foxp3 com-
pared with that before treatment. Nonetheless, these observations
suggest that our findings in vitro also occur in patients treated
with the mADb (39).

Induction of regulatory CD8" T cells may be a common fea-
ture of immune inhibitory therapies that successfully modulates
immunity in humans. Lange et al. found that the ratio of CD4
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to CD8 T cells decreased following treatment with anti-thymo-
cyte globulin, which was attributed to a decrease in the number
of CD4" cells and expansion of the CD8" peripheral T cells, and
Bas et al. found that acquisition of donor unresponsiveness was
correlated with increased numbers of CD8*CD45RA" T cells in the
peripheral blood (49, 50). An antigen-nonspecific CD8* suppres-
sor population has also been described that inhibits T cell pro-
liferation and CTL function (51). Finally, CD8'CD28" regulatory
cells have been shown to participate in the induction of tolerance
to heart allografts (45).

In summary, we have identified a new population of human
regulatory T cells that is induced in vitro in peripheral blood CD8*
cells by antigen receptor stimulation and in vivo in patients treated
with anti-CD3 mAb. Our findings of activation and proliferation
of CD8* cells are consistent with previous observations in vivo of
an increase in the number of circulating CD8" cells following treat-
ment with the anti-CD3 mAb (31). Our findings are also consistent
with the postulated role of regulatory T cells following treatment
with anti-CD3 mAb, and the findings presented here show that the
regulatory cells can be identified by expression of CD25 and Foxp3*.
The relationship between activation and expansion of CD8" T cells
and clinical response to treatment with the modified anti-CD3 mAb
suggests that these regulatory cells, induced by anti-CD3 mAb treat-
ment, may play a role in the effects of immune therapy.

Methods

Antibody and reagents. The humanized anti-CD3 mAb hOKT3y1(Ala-Ala)
was developed and produced as previously described (1); OKT3 was a
gift from Ortho Pharmaceuticals. Annexin V-APC, anti-human CD3,
CDS8, CD4, CD25, CD28, CTLA4, and isotype-matched negative control
mAbs conjugated with FITC, PE, APC, peridinin chlorophyll-a protein,
or CyChrome were obtained from BD Biosciences. Human recombinant
IL-2, purified neutralizing human anti-FasL, anti-TNF-a, anti-TGF-f3
antibodies were obtained from R&D Systems; CTLA4-Ig, anti-IL-10
and Th1/Th2 multiplex microspheres (Luminex Corp.) from BioSource
International. Tetanus toxoid was purchased from Biologic Laboratories
(University of Massachusetts); PHA and SEB were obtained from Sigma-
Aldrich. Polyclonal rabbit anti-human Foxp3 antibody was a gift from
Steven Ziegler (Benaroya Research Institute) (29), and polyclonal rabbit
anti-human p-tubulin antibody was obtained from SouthernBiotech.

Cellisolation and T cell culture conditions. Human PBMCs were isolated from
buffy coats, from heparinized whole blood from volunteer donors (Bergen
Community Regional Blood Center) or participants in a clinical trial of
hOKT3y1(Ala-Ala). The design and preliminary data from this clinical trial
has previously been published (8, 31). An analysis of CD4* and CD8* T cell
subsets was done in drug-treated subjects in the study at baseline and at 1
and 3 months after mAb treatment. EBV serostatus was not an entry cri-
teria for the study but was determined retrospectively in 19/21 subjects by
ELISA: 12 drug-treated subjects were found to be EBV IgG*, and 7 subjects
were found to be EBV IgG~ at the time of enrollment. None of the drug-
treated subjects developed clinical signs or symptoms of reactivation of
EBV following treatment with the anti-CD3 mAb. This study was approved
by the Institutional Review Board at Columbia University and collaborat-
ing institutions. Approval for use of patient samples was obtained from the
Columbia University Institutional Review Board.

PBMCs from study participants were isolated and frozen before and on
the final day of the 12-day course of treatment with the anti-CD3 mAb
(n = 3) or, in the case of 1 individual, before and 10 weeks after drug treat-
ment. PBMCs were also collected at the same time from control patients

with type 1 diabetes on 2 (n=3) or 3 (n = 1) occasions and frozen.
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Positive isolation or depletion of CD8 or CD4 cells was performed using
magnetic beads (Dynal Biotech) according to the manufacturer’s instruc-
tion. We found that 96-100% of CD4 or CD8 cells were depleted from the
PBMCs with this method by staining after cell depletion. For isolation
of CD8" T cells from patients and the control subjects, the PBMCs were
thawed, and T cells were first negatively selected, which was followed by
positive selection of CD8" cells with magnetic beads. The CD8" cells iso-
lated in this manner were placed in TRIzol (Invitrogen Corp.) for use in
real-time analysis of Foxp3 expression.

PBMCs, PBMCs depleted of CD8" cell, or PBMCs depleted of CD4* cells
resuspended in serum-free AIM-V medium (Invitrogen Corp.) (2 x 10°
cells/ml) were cultured in the presence of hOKT3y1(Ala-Ala) at the indi-
cated concentrations for 5-7 days at 37°C and 5% CO,.In certain experi-
ments, neutralizing mAbs to IL-10, TNF-a, or FasL (10 pg/ml) or rIL-2
(50 U/ml) were added to cultures.

CFSE labeling. PBMCs were stained with 5 uM CFSE (Invitrogen Corp.) in
PBS for 15 minutes at 37°C, than washed, resuspended in AIM-V medium
and incubated for additional 30 minutes. Labeled cells were washed, count-
ed, and resuspended in AIM-V medium for cell culture.

Flow cytometry. Cells (1 x 105/sample) were washed with FACS staining
buffer (PBS, 2% FBS or 1% BSA, 0.1% sodium azide) and stained for 30
minutes at 4°C with fluorochrome-conjugated mAbs at the concentra-
tion recommended by the manufacturer. Cells were washed and fixed
with 1% paraformaldehyde prior to analysis in a FACSCalibur flow
cytometer using CellQuest version 3.3 software (BD Biosciences). For the
intracellular staining of IL-2, IL-10, IFN-y, and CTLA4 expression, stimu-
lated cells were cultured in the presence of Golgi Stop (BD Biosciences).
Surface-labeled and fixed cells were permeabilized with Perm Buffer (BD
Biosciences) for 15 minutes at room temperature. Cells were incubated
for 30 minutes at 4°C with fluorochrome-conjugated mAbs, washed, and
analyzed in a flow cytometer.

Cell sorting. Cells were labeled with fluorochrome-conjugated anti-cell sur-
face molecule antibody in sterile FACS staining buffer (PBS, 2% FBS) with-
out sodium azide, washed, and sorted using FACSAria (BD Biosciences).
RNA was isolated from freshly sorted cells, or the cells were irradiated and
added to functional assays.

Transwell experiments. Transwell experiments were performed in 6-well
plates (0.4-um pore size; Costar, Corning Inc.). CFSE-labeled PBMCs
depleted of CD4* cells were placed in the lower chamber, and PBMCs
depleted of CD8" cells were placed in the upper chamber in serum-free
medium for 5-6 days in the presence of 5 ug/ml hOKT3y1(Ala-Ala). In
parallel, control nondepleted PBMCs and PBMCs depleted of CD8* T cells
stimulated the same way as described above were cultured in separate wells.
At the end of the culture, cells were labeled with fluorochrome-conjugated
anti-CD4 mAb, and flow cytometric analysis was performed.

[*H Jthymidine incorporation assay. Proliferation assay was performed in
96-well round-bottom plates. Cells (1 x 105/well) were cultured in the
presence of tetanus toxoid (10 ug/ml), SEB (1 ug/ml), or in other assays
with the indicated concentrations of antibody for 3-5 days. [3H]thymidine
(1 uCi/well; PerkinElmer) was added 18 hours before the end of incuba-
tion. Cells were harvested, and incorporated radioactivity was counted in
the Wallac MicroBeta Counter (PerkinElmer).

Western blot analysis of Foxp3 expression. Isolated T cells were washed in
PBS, lysed in NuPAGE LDS sample buffer (Invitrogen Corp.), and sepa-
rated on 10% Bis-Tris polyacrylamide gel (Invitrogen Corp.) in denatur-
ing conditions at 5 x 105 of cells per lane. Proteins were transferred to
nitrocellulose membranes (Invitrogen Corp.), which, after blocking in
TBS with 0.1% Tween-20 and 3% nonfat dry milk (Sigma-Aldrich), were
probed with polyclonal rabbit-anti human Foxp3 (1:2,000) followed by
HRP-conjugated goat anti-rabbit secondary antibody (Jackson Immuno-
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Research Laboratories Inc.). Specific signal was detected by ECL chemi-
luminescent system (Amersham Biosciences). Blots were washed and
reprobed with anti-f-tubulin antibody.

Isolation of total RNA and real-time PCR analysis of Foxp3. Analysis of Foxp3
expression by real-time PCR was performed as described previously (29).
Briefly, RNA was isolated from fresh PBMCs, CD8" T cells isolated from
PBMCs, or subpopulations that were sorted from hOKT3y1(Ala-Ala)-
stimulated cells using an RNeasy Mini Kit (QIAGEN). Primers used for
real-time PCR were synthesized by Invitrogen Corp. according to the
published sequence (29): GAPDH: 5'-CCACATCGCTCAGACACCAT-3'
and 5'-GGCAACAATATCCACTTTACCAGAGT-3'; CD8: 5'-CCCTGAG-
CAACTCCATCATGT-3" and 5'-GTGGGCTTCGCTGGCA-3'; Foxp3:
5'-GAAACAGCACATTCCCAGAGTTC-3" and 5'-ATGGCCCAGCGGAT-
GAG-3'. Results are expressed as a fold or percent change of relative values
of Foxp3 expression normalized to GAPDH or CD8, as described previously
for activated CD8" T cells (52, 53).

Statistics. All results are presented as mean + SEM. The change in the
CD4/CD8 T cell ratio was calculated as the difference in the ratio of CD4*
to CD8" cells at day 90 and before drug treatment. Comparisons between
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