J c I The Journal of Clinical Investigation

Activation of human T cells by FcR nonbinding anti-CD3 mAb,
hOKT3y1(Ala-Ala)

Kevan C. Herold, Joshua B. Burton, Fleur Francois, Ena Poumian-Ruiz, Mariela Glandt, Jeffrey A. Bluestone

J Clin Invest. 2003;111(3):409-418. https://doi.org/10.1172/JC116090.

m Metabolism

Dimeric Fc receptor (FcR) nonbinding anti-CD3 antibodies have been developed to minimize toxicities associated with
classical anti-CD3 monoclonal antibodies (e.g., OKT3). Studies with murine analogs of non-FcR—binding antibodies have
shown reduced mitogenicity compared to OKT3. In a trial of an FcR nonbinding humanized anti-CD3 mAb hOKT3y1(Ala-
Ala) for treatment of patients with type 1 diabetes, we found significant increases in IL-10 and IL-5 in the serum of 63%
and 72% of patients, respectively, and TNF-a and IL-6 levels that were lower than those previously reported following
OKT3 therapy. The activation signal delivered by hOKT3y1(Ala-Ala) was associated with calcium signaling and cytokine
production by previously activated human cells in vitro. However, the production of IL-10, compared to IFN-y on a molar
basis, was greater after culture with hOKT3y1(Ala-Ala) than with OKT3. Flow cytometric studies confirmed that OKT3

induced IFN-y and IL-10 production, but hOKT3y1(Ala-Ala) induced only detectable IL-10 production in CD45RO™ cells.
Moreover, in vivo, we found IL-10*CD4* T cells after drug treatment. These cells were heterogeneous but generally

CD45R0O", CTLA-47, and expressed CCR4. A subgroup of these cells expressed TGF-B. Thus, the non-FcR binding anti-
CD3 mAb, hOKT3y1(Ala-Ala) delivers an activation signal to T cells that is quantitatively and qualitatively different from
OKTS3. It leads to the generation of T cells that might inhibit the autoimmune response and may be involved in [...]

Find the latest version:

https://jci.me/16090/pdf



http://www.jci.org
http://www.jci.org/111/3?utm_campaign=cover-page&utm_medium=pdf&utm_source=content
https://doi.org/10.1172/JCI16090
http://www.jci.org/tags/73?utm_campaign=cover-page&utm_medium=pdf&utm_source=content
http://www.jci.org/tags/28?utm_campaign=cover-page&utm_medium=pdf&utm_source=content
https://jci.me/16090/pdf
https://jci.me/16090/pdf?utm_content=qrcode

Activation of human T cells by FcR nonbinding
anti-CD3 mAb, hOKT3y1(Ala-Ala)

Kevan C. Herold,! Joshua B. Burton,! Fleur Francois,? Ena Poumian-Ruiz,!
Mariela Glandt,! and Jeffrey A. Bluestone?®

!Naomi Berrie Diabetes Center, Department of Medicine and Division of Endocrinology, College of Physicians and Surgeons,
Columbia University, New York, New York, USA

?Department of Medicine, Division of Infectious Diseases, Mount Sinai School of Medicine, New York, New York, USA

3University of California at San Francisco Diabetes Center, University of California at San Francisco, San Francisco,
California, USA

Dimeric Fc receptor (FcR) nonbinding anti-CD3 antibodies have been developed to minimize toxicities
associated with classical anti-CD3 monoclonal antibodies (e.g., OKT3). Studies with murine analogs of
non-FcR-binding antibodies have shown reduced mitogenicity compared to OKT3. In a trial of an FcR
nonbinding humanized anti-CD3 mAb hOKT3yl1(Ala-Ala) for treatment of patients with type 1 dia-
betes, we found significant increases in IL-10 and IL-5 in the serum of 63% and 72% of patients, respec-
tively, and TNF-0 and IL-6 levels that were lower than those previously reported following OKT3 ther-
apy. The activation signal delivered by hOKT3y1(Ala-Ala) was associated with calcium signaling and
cytokine production by previously activated human cells in vitro. However, the production of IL-10,
compared to IFN-yon a molar basis, was greater after culture with hOKT3yl(Ala-Ala) than with OKT3.
Flow cytometric studies confirmed that OKT3 induced IFN-yand IL-10 production, but hOKT3y1(Ala-
Ala) induced only detectable IL-10 production in CD45RO" cells. Moreover, in vivo, we found
IL-10*CD4* T cells after drug treatment. These cells were heterogeneous but generally CD45RO",
CTLA-4-, and expressed CCR4. A subgroup of these cells expressed TGF-f. Thus, the non-FcR binding
anti-CD3 mAb, hOKT3yl(Ala-Ala) delivers an activation signal to T cells that is quantitatively and qual-
itatively different from OKT3. It leads to the generation of T cells that might inhibit the autoimmune
response and may be involved in the beneficial effect on [3 cell destruction in Type 1 diabetes.

J. Clin. Invest. 111:409-418 (2003). d0i:10.1172/JC1200316090.

Introduction

Most immune suppressive agents prevent T cell
responses by depletion or inactivation of T cells. For
example, glucocorticoids and the calcineurin in-
hibitors, such as cyclosporine A and FK-506, block
cytokine gene transcription, preventing the production
of T cell growth factors, whereas other agents, such as
Campath 1H, cause prolonged depletion of T cells
(1-4). While these approaches are very effective in the
short term, these effects are not antigen specific and
may not persist after the drugs are discontinued.
Hence, true immunologic tolerance, in which an
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immune response does not occur after an immunolog-
ic agent is withdrawn, is rarely achieved. In experimen-
tal systems, immunologic tolerance requires addition-
al approaches, such as modification of effector cell pool
size, T cell stimulatory signals, and importantly,
immune regulation (5-8).

The mAD against the CD3¢ molecule, in contrast, has
induced tolerance to autoimmunity in murine models
of type 1 diabetes mellitus. Treatment with anti-CD3
mAD reversed diabetes in the NOD mouse and pre-
vented recurrent immune responses toward trans-
planted syngeneic islets (9-11). This was achieved with-
out the need for continuous immune suppression and
persisted at a time when T cells were quantitatively nor-
mal. The mechanism underlying this tolerance is not
known but has been postulated to involve induction of
regulatory cells (12). In the NOD mouse, insulitis
cleared after mAb treatment, and then recurred, but
did not cause tissue damage, indicating an evolution
into a nonpathogenic infiltrate. Mice treated with anti-
CD3 mAD were resistant to the transfer of disease with
diabetogenic splenocytes (11).

Despite these achievements in mice, tolerance with
anti-CD3 mAb has not occurred in humans treated
with OKT3 together with other immune suppressive
agents (13-16). Furthermore, OKT3 has toxicities that
render it unsuitable for use in treatment of many
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patient groups, including those with type 1 diabetes
mellitus. Two side effects of importance are the T cell
activation that occur in vivo, leading to the cytokine
release syndrome, and the development of human
anti-murine Ab’s (17-20). The cytokine release syn-
drome involves cross-linking of the mAb through
binding to the Fc receptor (FcR), activation of T cells
in vivo, and release of IL-6 and TNF-0. In an effort to
eliminate the toxicity and the development of human
anti-mouse Ab’s that occur with OKT3, Xu, Zivin, and
Bluestone “humanized” the Ig molecule and substi-
tuted alanines for leucines at positions 234 and 235 to
render the IgG1 molecule FcR nonbinding (21, 22).
Initial studies with this drug showed that the muta-
tion resulted in a 3 log-fold reduction in proliferation
invitro compared with OKT3, with decreased produc-
tion of TNF-a and IL-6. The expression of early acti-
vation markers, including Leu23 and IL-2R following
culture with drug, were reduced compared with cul-
ture with OKT3, while the binding and modulation
properties of the anti-CD3 mAb and its ability to block
cytotoxic T lymphocyte (CTL) activity were similar to
OKT3 (21). In a clinical study, the FcR nonbinding
anti-CD3 mAb, hOKT3yl(Ala-Ala) was shown to
reverse renal and renal/pancreas allograft rejection in
five of seven patients without clinical signs of T cell
activation in vivo, consistent with the notion that the
anti-CD3 mAb was “non-activating” (22-24). Howev-
er, all of these patients were given other immune sup-
pressive agents at the time of drug administration;
therefore, the effects of the anti-CD3 mAb on T cell
activation could not be determined.

Further studies with FcR nonbinding anti-CD3 mAb’s
have suggested that this form of anti-CD3 mAb can
inactivate selective subsets of T cells (25, 26). Studies by
Smith and Tang et al. indicated that FcR nonbinding
anti-CD3 mAb induced anergy of previously activated
Th1 cells, but Th2 cells and naive T cells were not inhib-
ited. This effect was fundamentally different from the
FcR binding anti-CD3 mAb that induced cytokine
release and proliferation of T cells. The mechanism that
accounted for the induction of anergy was not clear. It
had been thought that the FcR nonbinding anti-CD3
mAD was nonactivating, since calcium signaling and cell
proliferation was not observed in vitro. Nonetheless,
other studies suggested that a signal is delivered to T
cells, is quantitatively different from activating anti-
CD3, and resulted in a qualitatively different outcome.
Moreover, the relationship between the induction of
anergy on cell subsets in vitro and immune regulatory
cells in vivo has not been established.

Patients with new onset type 1 diabetes mellitus were
administered hOKT3yl(Ala-Ala) in a Phase I/II trial
(27). This was the first reported experience with this
anti-CD3 mAb given without other immune suppres-
sive agents, which may have affected the activation of
T cells or the ability of the anti-CD3 mAb to induce sig-
nals that may lead to toleragenic activity. We observed
mild symptoms of T cell activation and an unusual rash

suggesting that there had been activation of T cells in
vivo. This prompted us to examine the effect of the drug
on T cell activation in vivo and in vitro to determine
whether the drug may induce T cell signaling and how
this signaling may affect immune responses. Our data
suggest that treatment with hOKT3y1(Ala-Ala) delivers
a signal to T cells causing release of cytokines that may
have a role in immune regulation in type 1 diabetes.

Methods

Treatment of patients with hOKT3yI (Ala-Ala). A total of 20
patients received hOKT3y1(Ala-Ala) in a randomized
control trial of the drug for treatment of new onset
type 1 diabetes mellitus. Data on the first 12 subjects
have been published (27). The patients all had type 1
diabetes for < 6 weeks before the drug was adminis-
tered. There were 14 men and 6 women with an average
age of 14 + 1.2 years. The drug dosing was modified
after treatment of the first 12 patients to increase the
coating and modulation of the CD3 molecule in vivo.
The drug was given intravenously at doses as follows:
day 1, 1.42 pg/kg; day 2, 5.67 pug/kg; day 3, 11.3 pg/kg;
day 4, 22.6 pug/kg; days 5-14, 45.4 ug/kg for patients
1-12. For patients 13-20, the doses were: day 1, 450
Mg/m?; day 2, 919 pg/m?, days 3-12, 1,818 pg/m?.
Patients were questioned about side effects daily. All
patients gave informed consent or assent, if under age
18. This protocol was approved by the Institutional
Review Boards at Columbia University, the University
of Utah, the University of California, San Francisco,
and the National Institute of Diabetes and Digestive
and Kidney Diseases.

Measurement of cytokines in the serum of drug-treated
patients. Serum samples were collected before, 1, 2, and
4 hours after the drug was administered on days 1, 2, 5,
and 6, for patients 1-12 and days 1, 2, 3, and 4 for
patients 13-20. These days corresponded to the first
and second initial doses of the drug and the first and
second full doses of the drug during the two dosing pro-
tocols. Cytokines were measured by ELISA. IL-10, IL-6,
TNF-a, IFN-y, and IL-2 were from Biosource Europe SA
(Niuelles, Belgium) and IL-5 was from Immunotech
(Marseilles, France). Because of the volume of serum
required, measurements could be completed for IL-5 in
18 patients; IFN-y, IL-6, TNF-a, and IL-2 in 19 patients;
and IL-10 in 20 patients. The lower limits of detection
of these assays were 20 pg/ml for IL-2, 8.0 pg/ml for
IL-5, 5.0 pg/ml for IL-6, 10.0 pg/ml for IL-10, 20 pg/ml
for IFN-y, and 1 pg/ml for TNF-0. There were detectable
levels of cytokines in the serum of patients before treat-
ment as follows: IL-2, - 0/18; IL-5, 10 of 18 patients
(mean = 22.6 pg/ml, range = 9-70 pg/ml); IL-6, 3 of 18
patients (mean = 20.3 pg/ml, range = 6-26 pg/ml);
IL-10, 3 of 18 patients (mean = 37 pg/ml, range = 21-57
pg/ml); IFN-y, 1 of 18 patients (30 pg/ml); TNF-a, 14 of
18 patients (mean = 36 pg/ml, range = 6-189 pg/ml).

Analysis of cell surface markers by flow cytometry. PBMCs
were isolated from the blood of patients undergoing
treatment with hOKT3y1(Ala-Ala) by Ficoll-Hypaque
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gradient centrifugation. The cells were stained with
mADb’s to CD4, CD8, CD25, CD69, CD62L, CTLA-4,
CD45, CD45RO (PharMingen, San Diego, California,
USA), and TGF-B (R&D Systems Inc., Minneapolis,
Minnesota, USA) in PBS with 1% BSA and 0.1% NaN3,
and analyzed on a FACScan or FACScalibur cytometer.
Data from a total of 10,000 lymphocytes were collect-
ed, and were analyzed with CellQuest software.

Calciuwm flux studies. The mobilization of intracellular
calcium was studied in previously activated T cells
using described techniques (28). To prepare these cells,
PBMCs from normal donors were stimulated with
phytohemagglutinin (PHA) (2 pg/ml; Sigma-Aldrich,
St. Louis, Missouri, USA) in RPMI with 10% FCS,
N-[2-hydroxyethyl|piperzine-N-[2-ethanesulfonic acid]
(HEPES), glutamine, 2-mercaptoethanol (2ME), and
antibiotics for 3 days and then harvested, washed, and
placed in culture with rIL-2 (25 U/ml) for 8-10 days.
Dead cells and debris were then removed by Ficoll-
Hypaque gradient centrifugation, and the cells were
suspended in HBSS and loaded with indo-1 (indo-
1/acetoxymethlester) and the detergent Pleuronic
(Molecular Probes Inc., Eugene, Oregon, USA) in
HBSS for 45 min at 37°C. The cells were washed and
kept at 4°C until analysis. They were then warmed to
37°C and analyzed on a Mo-Flow cytometer, first in
HBSS alone, and then with the addition of anti-CD3
mADb’s, followed by rabbit anti-mouse Ig (RAM) Ab
(Jackson ImmunoResearch Laboratories Inc., West
Grove, Pennsylvania, USA). The fluorescence at 390/20
and 530/20 nm for bound and free probe, respective-
ly, were collected. To calculate the percentage of
responding cells, the background staining (with HBSS
alone) was subtracted from the staining in the pres-
ence of anti-CD3 mAb and RAM Ab.

Stimulation of T cells in vitro. PBMCs were isolated from
normal donors (n = 10) and patients with type 1 dia-
betes of duration 1-24 years (n = 10) and placed in cul-
ture in wells coated with goat anti-mouse Ab (1 pg/ml)
at 2 x 106 cells/ml in RPMI with 10% FCS, HEPES,
2ME, penicillin/streptomycin, and glutamine with or
without OKT3 (1 pg/ml), or hOKT3yl(Ala-Ala) (1
Mg/ml) with or without soluble anti-CD28 mAb (1
Mg/ml). After 72 hours, the culture supernatants were
harvested. The concentrations of cytokines in the
supernatant fluids were measured with cytometric
bead array (CBA) beads by flow cytometry (Becton
Dickinson, San Jose, California, USA). The lower limits
of detection of cytokines in this assay were IFN-y, 20
pg/ml; IL-10, 3 pg/ml; and IL-5, 3 pg/ml.

Separation of CD45RO"~ and CD45RO~ T cells. To study
the effects of anti-CD3 mADb’s on T cell subsets, T cells
were purified from PBMCs by staining with paramag-
netic beads (Miltenyi Biotec, Auburn, California, USA)
and separation with magnetized columns. The purified
T cells were then further separated into CD45RO* and
CD45RO- cells by staining with anti-CD45 paramag-
netic beads and a magnetized column (Miltenyi Biotec).
The cells were stimulated for 6 hours with anti-CD3

and anti-CD28 mAD’s in the presence of monensin and
stained for surface CD3 and CD45RO and intracellu-
lar cytokines as described above and below.

Intracellular cytokine staining. Freshly isolated PBMCs
were cultured for 6 hours with OKT3, 1 Ug/ml, or
hOKT3yl1(Ala-Ala), 1 pg/ml, in the presence of mon-
ensin. They were then washed and stained with mAb
to cell surface markers CD45RO and CD3. The cells
were washed and resuspended in Cytofix/Cytoperm
(PharMingen) solution for 20 min at 4°C. Cells were
washed twice with Perm/Wash solution and then
resuspended in Perm/Wash and stained for intracellu-
lar cytokines at 4°C for 45 min. Cells were washed
twice with Perm/Wash and analyzed on a FACSCalibur
instrument. Electronic gates were placed around the
CD3*CD45RO* or CD3*CD45RO" cells to identify
cytokine production within these populations. The
percentage of positive cells staining for a cytokine was
calculated after subtracting the background staining
with an isotype control mAb and dividing by the total
number of cells of an identified phenotype.

PBMCs from drug-treated patients were also stained
for intracellular cytokines, IFN-y, and IL-10, and cell
surface markers. Frozen PBMCs isolated before or at
specified time points after drug treatment were thawed
and then cultured for 6 hours in monensin with or
without anti-CD28 mAb. The cells were then stained
with Ab’s against CD3, CD4, or CD8, CD25, CD45RO,
CD62L, TGF-B, permeabilized, stained for intracellular
IL-10, IFN-y (PharMingen), or CTLA-4 and then ana-
lyzed on a flow cytometer. To confirm the specificity of
staining, IL-10 (0.5 pg/106 cells) was added to replicate
tubes during staining for intracellular IL-10. Data were
collected on approximately 150,000 lymphocytes. Elec-
tronic gates were placed around cells with positive
staining (i.e., above background staining with isotype
control mADb’s) for CD4, IL-10, or CD45RO.

Data analysis. Data are presented as mean + SEM
data from replicate experiments or the indicated
number of subjects. Continuous and nominal vari-
ables were compared with a Mann-Whitney or Fish-
er exact test, respectively. Cytokine data were com-
pared after log transformation.

Results

Release of cytokines during treatment with hOKT3Y1(Ala-Ala).
Twenty patients with recent onset type 1 diabetes
received a 12- (protocol 1) or 14-day (protocol 2) course
of the anti-CD3 mAb hOKT3yl(Ala-Ala). A description
of the treatment group and the effects of the drug on
clinical disease in the first 12 patients have been pub-
lished (27). The clinical symptoms that occurred during
administration of hOKT3y1(Ala-Ala) consisted of fever
in 62%, rash in 81%, and less commonly, myalgia in 14%,
arthralgia in 14%, and headache in 33% of the patients.
In comparison with the clinical experience with OKT3
in transplant recipients, the symptoms seen with
hOKT3yl(Ala-Ala) were milder and of brief duration,
occurring on the first day the maximal dose was given.

The Journal of Clinical Investigation |

February 2003 |

Volume 111 | Number 3

411



M Dosing ptl 1
® Dosing ptl 2

Cytokine concentration
(pg/ml

IL-2 IFN-y IL-5

Cytokine

IL-10  IL-6 TNF-a

Figure 1

Cytokine levels following administration of hOKT3y1(Ala-Ala). The
levels of cytokines in serum were measured as described in Methods.
The average (+ SEM) of the highest level of cytokines following drug
administration on days 1, 2, 5, and 6 (first 12 patients) or days 1, 2,
3,and 4 (patients 9-20) for each patient in the two dosing protocols
(see Methods) are shown. ptl, protocol.
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We measured the levels of cytokines in the serum of
patients before and after administration of the first two
escalating and the first two maximal doses of the drug
(Figure 1). The peak levels of cytokines occurred either
following the second of the escalating doses of drug or
following the first full dose of drug and were, on aver-
age, higher with the second dosing protocol. Drug
treatment caused release of detectable levels of TNF-y
and IL-6 in 20 of 20 and 16 of 19 (9 of 11 in protocol 1
and 7 of 8 in protocol 2) subjects, respectively. Release
of IFN-yin 5 0of 20 (1 of 12 in protocol 1 and 4 of 8 in
protocol 2) and IL-2 in 3 of 20 (0 of 12 in protocol 1
and 3 of 8 in protocol 2) were infrequent and seen more
often with the second dosing protocol. However, IL-5
and IL-10 levels increased in 16 of 19 (9 of 11 subjects
in protocol 1, 7 of 8 subjects in protocol 2), and 13 of
20 (7 of 12 subjects in protocol 1 and 6 of 8 subjects in
protocol 2), respectively (P < 0.01 and < 0.04 IL-10 ver-
sus IFN-y or IL-2; P < 0.01 IL-5 versus IFN-y or IL-2),
and were higher than levels of IL-2 and IFN-y.

Expression of activation markers on T cells during treat-
ment with hOKT3y1(Ala-Ala). These symptoms and
release of cytokines suggested T cell activation in vivo.
To determine which cells were affected and whether
there was phenotypic evidence for T cell activation, we
studied the expression of the activation markers,
CD25 and CD69, on peripheral blood T cells
(Figure 2). Before treatment, CD25 was expressed on
11.8% £ 1.1% of CD4* T cells and 0.36% + 0.1% of CD8*
T cells. CD69 was expressed on 0.26% + 0.07% of CD4*
and 1.01% + 0.22% of CD8" T cells. The expression of
CD25 on CD4* T cells was lower on average than that
seen with cells from seven normal control subjects
studied in the same assay (19.7% + 3.42%, P = 0.02),
consistent with previous reports of reduced numbers
of CD25*CD4* T cells in patients with new onset type
1 diabetes mellitus (29). During mAb treatment the
expression of CD25 increased on the CD4* cells to
16.7% + 0.26% (P < 0.002) and on a smaller percentage
of the CD8" cells to 1.57% + 0.36% (P = 0.0001). The
expression of CD69 increased on the CD8" cells (to
6.88% + 1.52%, P < 0.0005) and on a smaller percentage

of the CD4* cells (2.97% +0.53%, P < 0.0001). These
activation markers were transiently expressed — by day
30 the percentage of CD4*CD25* and CD8*CD69*
cells was at or below pretreatment levels (Figure 2).

The increase in the proportion of CD4*CD25* cells
may have been due to an expansion of a CD4*CD25*
subpopulation that has been shown to have “regula-
tory” function, rather than acquisition of CD25
on a previously CD25- population. The former,
CD4*CD25" regulatory cells, can be identified by their
expression of high levels of CD62L (L-selectin) (30).
However, an increase in this population was not the
explanation for the increase in the CD4*CD25" popu-
lation, because the expression of CD62L was reduced
on the CD25*CD4* T cells in four of five patients in
whom this analysis was done (Figure 3).

FcR nonbinding anti-CD3 mAb causes calcium flux and
cytokine production in previously activated T cells. Our
observations suggesting that hOKT3yl(Ala-Ala)
induced T cell activation in vivo were unexpected, since
in previous clinical studies there were not symptoms of
cytokine release. However, in the other trials, the drug
had been administered in the presence of other
immune-suppressive agents that may have blocked
signs and symptoms of T cell activation. Furthermore,
our finding of IL-10 and IL-5, but not IFN-y and IL-2,
suggested a pattern of activation different from con-
ventional immunostimulants.

To test whether hOKT3yl1 (Ala-Ala) induces a calcium
flux, an indication of activation, we compared calcium
flux during culture with hOKT3yl(Ala-Ala) to culture
with OKT3 in previously activated T cells (Figure 4). T
cells, previously activated with PHA and IL-2, were
loaded with the calcium dye indo-1, and calcium release
was studied following addition of drug or OKT3 with a
cross-linking anti-rabbit Ab by flow cytometry. In four
separate experiments, the addition of OKT3, 1 or 10

—e— CD4'CD25*
—a— CD4*CD69*
—v— CD8*CD25*
—aA— CD8*CD69*

Percent of CD4+ or CD8* cells

T T

0 5 10 15 20 25 30 35

Day
Figure 2

Expression of CD25 and CD69 on peripheral T cells in patients receiv-
ing hOKT3y1(Ala-Ala). The percentage of CD4* and CD8" cells
expressing CD25 and CD69 are shown before, during, and after treat-
ment with hOKT3y1(Ala-Ala). There was a significant increase in the
percentage of CD4*CD25* (P = 0.0015), CD4*CD69* (P < 0.0001),
CD8*CD25" (P =0.0001), and CD8*CD69* (P < 0.0005) T cells at

day 7 (for the first 12 patients) or day 8 (for patients 9-20).
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Figure 3

Downmodulation of CD62L on CD4*/-CD25*/~T cells during treat-
ment with hOKT3y1(Ala-Ala). PBMCs were isolated from patients
before and after treatment with hOKT3y1(Ala-Ala). The cells were
stained with mAb’s to CD4, CD25, and CD62L, or isotype controls.
Electronic gates were placed around CD4* lymphocytes, and the
percentage of the CD4* cells staining with CD25 (left panels) or
CDG62L (right panels) are shown. These data are from a single
patient, representative of four of five patients in whom this analysis
was performed. The expression of CD62L was reduced on the
CD4*CD25" population of cells.

Mg/ml, with rabbit anti-mouse Ab to cross-link the mAb
induced calcium flux in an average of 4.4% and 7.7% of
the cells. Cells cultured with 10 pg/ml or 1 pg/ml of
hOKT3yl(Ala-Ala) showed calcium flux in 4.8% and
11.1% of the cells, respectively, in the same experiments.

Whereas OKT3 induces both IL-10 and IFN-Y production
by CD45ROY~ T cells, POKT3Y1(Ala-Ala) induces IL-10 pro-
duction. Thus, both forms of anti-CD3 mADb induced
calcium flux in T cells. To determine whether this
signal caused similar cytokine production, we cul-
tured PBMCs from normal individuals and patients
with type 1 diabetes, in the presence of OKT3 or
hOKT3yl(Ala-Ala) and anti-CD28 mAb, and meas-
ured cytokines released in the supernatants (Table 1).
Compared with nondiabetic control subjects, diabetic
subjects produced higher levels of IL-5 in response to
either anti-CD3 mADb with anti-CD28 mAb, but the
differences were not statistically different; the pro-
duction of other cytokines was similar in diabetic and
control subjects (P = 0.2 for both Ab’s). The amount of
all cytokines produced in the presence of drug was sig-
nificantly less than that produced in the presence of
OKT3. Despite the reduced overall levels of cytokine
production, when compared on a molar basis, there
was greater relative production of IL-10 compared
with IFN-y when cells were cultured with the drug and
anti-CD28 mAb compared with OKT3 and anti-CD28
mAD (P < 0.001). In other studies (not shown), and
similar to previously reported studies, culture of the
cells with the hOKT3y1(Ala-Ala) did not induce cellu-
lar proliferation (31, 32).

The levels of cytokines in the supernatants reflect
both the number of activated cells as well as the
amount of cytokine produced by individual cells. Fur-
thermore, previous studies had indicated that the acti-

vation state of the cell may affect the response to anti-
CD3 mAb. Therefore, to differentiate cytokine pro-
duction in individual naive and memory T cells, we
studied the cytokine production by CD45RO* and
CD45RO- T cells freshly isolated from peripheral
blood to OKT3 or hOKT3yl(Ala-Ala) by flow cytome-
try (Table 2). Culture of T cells with OKT3 induced
IFN-y in a significantly greater proportion of
CD45RO" T cells than hOKT3yl(Ala-Ala) (P = 0.02).
An equivalent proportion of CD45RO" cells stained
with mADb to IL-10 following culture with the two anti-
CD3 mAb’s. There was also a tendency for increased
frequency of IL-2-producing cells following incuba-
tion with OKT?3 as compared with hOKT3y1(Ala-Ala),
but the difference between the two culture conditions
was not statistically significant (P = 0.08). Less than 1%
of CD45RO- cells produced IFN-y or IL-2 with either
mAb. A smaller proportion of CD45RO- cells pro-
duced IL-10 compared with CD45RO" cells, but the
proportion of CD45RO- cells responding to the two
mAD’s was similar.

The expression of IFN-y and IL-10 with OKT3 and
the expression of IL-10 without IFN-y and with
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Figure 4

Density plot of calcium flux in recently activated T cells cultured with
OKT3 or hOKT3y1(Ala-Ala). An aliquot of cells that had been cul-
tured with PHA followed by IL-2 were loaded with indo-1 and placed
in culture (at 37°C) in HBSS alone, followed by OKT3 (top) or
hOKT3y1(Ala-Ala) (bottom) (1 pg/ml) with the addition of RAM at
the indicated times (in seconds). The ratio of FL5/FL6, indicates
intracellular calcium levels in individual cells, where an increased
ratio reflects increased intracellular calcium. The addition of either
hOKT3y1(Ala-Ala) or OKT3 followed by cross-linking Ab led to
increase in intracellular calcium.
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Table 1
Cytokines produced by PBMCs in response to stimulation by OKT3 or hOKT3y1(Ala-Ala) and anti-CD28 mAb

OKT3 HOKT3y1(Ala-Ala)
IFN-y* IL-104 IL-54 IL-10/1FN-y IFN-y* IL-104 IL-54 IL-10/IFN-y
molar ratio molar ratio
Diabetics 99,361 +30,569° 739 +230° 729 +143F 0.0091 + 0.00278 37,918 £ 24,512 144+53 206+122 0.163+0.116
(n=10)
Controls 136,528 + 40,6307 780 + 238F 1,462 +435°  0.010 + 0.0048 12,742 £ 6,073 126+37 440+228 0.030+0.011
(n=10)
Total 117,945 £ 25109F 760+ 1617 1,095+238 0.0095 + 0.002¢ 25,330+12,624 135+31 323+129 0.097 +£0.059

PBMCs were cultured for 72 hours in the presence of plate-bound OKT3 or soluble hOKT3y1(Ala-Ala) (1 pg/ml) and anti-CD28 mAb (1 pg/ml). Culture super-
natants were harvested and cytokine concentrations were measured using CBA beads by flow cytometry. In the absence of anti-CD3 and anti-CD28 mAb’s,
the following concentrations of cytokines were measured in supernatant fluids: IFN-y, 137 + 55.5 pg/ml; IL-10, 10.1 + 2.9 pg/ml; IL-5, 14.5 + 5.4 pg/ml. Apg/ml;
BP <0.01; <P < 0.001 in paired comparison; PP <0.05; EP<0.01; FP < 0.001 vs hOKT3y1(Ala-Ala).

hOKT3yl(Ala-Ala) was confirmed in additional stud-
ies with populations of purified CD45RO* and
CD45RO cells stimulated with anti-CD3 and anti-
CD28 mAb’s (Figure 5). In these studies, IFN-y and
IL-10 was induced in CD45RO" cells cultured with
OKT3 and anti-CD28 mAb, whereas only IL-10 was
expressed in these cells cultured with hOKT3y1(Ala-
Ala) and anti-CD28 mAb. Less than 1% of CD45RO-
cells expressed cytokine with either anti-CD3 mAb.
Treatment with hOKT3 Yl (Ala-Ala) results in induction of
IL-10°CD4* T cells in vivo. The chronic effects of drug
treatment on T cell function may be different from the
acute activation events that were characterized by the
release of cytokines after the initial doses of the drug.
Furthermore, the cytokine release that occurred fol-
lowing the initial doses of the drug may affect the func-
tional properties of cells that differentiate in the pres-
ence of the cytokines. For example, IL-4 or IFN-y affects
the differentiation of undifferentiated T cells into Th1
or Th2 cells (33). Likewise, human type 1 regulatory
cells (Tr1) were initially identified as cells that had been
activated in the presence of IL-10 and rendered anergic
(34). We therefore studied PBMCs from six patients
who had been treated with hOKT3y1(Ala-Ala) for evi-
dence of cells of a differentiated phenotype that may
persist after the initial doses of drug. Cells were har-
vested from drug-treated patients before and after
treatment with the mAb and cultured for six hours in
vitro in the presence of monensin and anti-CD28 mAb,
but without additional anti-CD3 Ab. The cells were
then stained for surface and intracellular markers and
analyzed by flow cytometry. We identified a subpopu-
lation of IL-10"CD3* cells in five of six drug-treated

Table 2
Percentage of cells with intracellular cytokines measured by flow cytometry

patients at the conclusion of drug treatment (Figure
6a). We confirmed the specificity of staining for IL-10
by demonstrating the ability of unlabeled IL-10, added
during staining, to block binding of the anti-IL-10
mAD (data not shown). The IL-10* T cells were seen in
the PBMCs even without the addition of anti-CD28
mADb to the cultures, suggesting that the production of
IL-10 by these cells had occurred in vivo without the
need for costimulatory signals. There was no detectable
IFN-y production by these cells.

The IL-10*CD3* cells were CD4*. On day 12 of treat-
ment, when 10.4% + 2.5% of the CD4"* cells were IL-10",
< 0.3% of the CD8" cells were IL-10*. The IL-10"CD4*
cells were seen after the conclusion of drug treatment.
One week after the last dose of drug, at time at which
the level of coating and modulation of the CD3 mole-
cule was 25.5% + 6.8% and 30.9% + 7.3%, the IL-10*CD4*
cells were still found in three of three patients. The fre-
quency of the cells diminished with time, but in three
of the four individuals in whom the cells were
detectable, there were still IL-10*CD4* T cells present 1
month after the start of treatment (Figure 6b). By 3
months after treatment, the IL-10°CD4* cells were not
detectable over background.

The IL-10*CD4"* subpopulation was heterogeneous.
The majority (65.9% + 9.9%, range 42-89%) of the
IL-10"CD4" cells were CD45RO* compared with
39.3% + 7.8% (range 20-58%)of the IL-10-CD4" cells
(P < 0.001), and 7.9% + 2.1% of the CD45RO*CD4*
cells were IL-10" compared with 1.1% + 0.4% of the
CD45RO-CD4* cells (P < 0.05). In addition, the
IL-10*CD4" cells expressed CCR4 on their cell sur-
faces (68.3% + 12.0%, range 44.5-83%), unlike the

CD45RO* CD45RO-
IL-10 1L-2 IFN-y IL-10 1L-2 IFN-y
OKT3 7.83+£3.0 1.97 £ 0.63 1.25+0.07 2.91+0.90 0.05+0.05 0.59£0.22
HOKT3y1(Ala-Ala) 7.91+2.67 0.42 +0.24 0.28 £ 0.10A 2.54+0.54 0.03 +£0.03 0.21+£0.09
AP = 0.02 versus OKT3. Data are the mean + SEM of results from four separate experiments.
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parent compound OKT?3 or even other humanized

FcR nonbinding anti-CD3 mAb’s and suggest a
mechanism whereby the drug may modulate
autoimmune responses involved in type 1 dia-
betes. The differences in the activation properties

CD45RO+ CD45R0O-
o
OKT3 0 i

CD3 CD3
hOKT3y1 2 e
(Ala-Ala) = =

EIU 107 10° 10 |04 E!|0 107 10° 10° 104 —10 107 10° 10 104 EW 100 10° 10° |Il‘1

CD3 CD3 CD3 CD3

IL-10 IFN-y IL-10 IFN-y
Figure 5

Induction of cytokines by anti-CD3 mAb’s. CD45RO*- and CD45RO-
enriched T cells were separated with paramagnetic beads and cultured with
either OKT3 (10 pg/ml) or hOKT3y1(Ala-Ala) (10 pg/ml) with anti-CD28
(1 pg/ml) in wells coated with RAM antibody (10 pg/ml) for 6 hours in the
presence of monensin. The cells were then stained with mAb’s to CD45RO
and CD3, fixed and permeabilized, and stained for intracellular cytokines
as described in Methods, then analyzed by flow cytometry. For analysis,
electronic gates were placed around the CD3*CD45RO" or CD3-CD45RO-
subsets.The percentage of gated cells staining for each cytokine are shown

in the upper-right corner of each dot plot.

IL-10-CD4* cells (14.0% + 9.3%, range 3.5-32.6%,
P =0.05) (Figure 6¢). The majority of the IL-10* cells
were CCRS5- (21.8% + 7.5%, range 8.6-34.5%), which
was not significantly different from the IL-10-CD4*
cells (4.5% + 3.7%, range 0-11.9%). The expression of
CD62L was minimally lower on IL-10* (35.8 + 6.6
compared with IL-10- (39.6 + 7.1) (P = 0.1), consistent
with activation in at least some of the cells. We found
that 93.5% of the IL-10*CD4"* cells were CD25-, which
was similar to the IL-10-CD4"* cells (93.1%). Their
expression of CTLA-4 on IL-10" or IL-10- T cells was
similar to background levels. However, there was a
higher proportion of IL-10"CD4* T cells with surface
expression of TGF-3 (12.6% + 4.8%) compared with
the IL-10-CD4" cells (0.28% + 0.18%) (P = 0.057).

Discussion
These studies demonstrate that hOKT3y1(Ala-Ala) has
activation properties that differ substantially from the

Figure 6

Expression of IL-10 in CD3*- T cells after treatment with
hOKT3y1(Ala-Ala). (a) PBMCs were isolated from a patient before
and 1 week after the last dose of drug. The cells were cultured for 6
hours in the presence of monensin and CD28 and then stained for
CD3 on the cell surfaces and intracellular IFN-y (x axis) and IL-10

of these anti-CD3 mAb’s have important implica-
tions for use in clinical medicine.

First, although hOKT3y1(Ala-Ala) induces cal-
cium-like flux OKT3 in short-term studies in
vitro, the cytokines produced in response to the
two mAD’s are different. Overall, the quantity of
cytokines produced in response to hOKT3y1(Ala-
Ala) is less than OKT3, and hOKT3yl1(Ala-Ala)
preferentially induces IL-10, whereas cells stimu-
lated with OKT3 produce more IFN-y on a molar
basis. Earlier studies in murine systems indicat-
ed that FcR nonbinding anti-CD3 caused anergy,
rather than activation, of previously activated
Th1 cells. Increases in intracellular calcium were
not observed when murine T cell clones were cul-
tured with a FcR nonbinding anti-CD3 mAb (25).
It should be noted, however, that NFAT was
clearly shown to translocate in these cells consis-
tent with at least a small Ca** flux (26). Like other
anti-CD3 mADb’s, there is specificity of the activation
effects of hOKT3yl1(Ala-Ala) for previously activated
(CD45RO*) T cells. Indeed, nonFcR binding anti-CD3
mADb’s have been shown to induce apoptosis of acti-
vated human T cells (34-37).

Partial T cell receptor (TCR) agonists induce differ-
ent signaling pathways compared with those activated

a Before 1 wk after

. treatment treatment
o
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o .
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Percent CD4+ cells
that are IL-10

Day

(y axis) after permeabilization. Further studies identified the IL-10* Cc IE
cells as being CD4" (see text). (b) The presence of IL-10°CD4* T cells ® é
was studied before, during, and after treatment with the anti-CD3 g ;
mADb. The box indicates the time that the anti-CD3 mAb was given. 5 ©1
The data represent the percentage of CD4* T cells that are IL-10" over S 33
time in the five of six patients in whom these cells were identified. (c) 'g =k
The IL-10°CD4* T cells express CCR4 on their surfaces. The his- 2 o]
togram shows surface staining with CCR4 on IL-10*CD4* (solid line), ol it - UL
IL-10-CD4"* (dashed line), or background staining on CD4"* cells with 10° 10° 10° 10° 10t
an isotype control Ab (dotted line). CCR4
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by OKT3. These signaling responses at the molecular
level may account for differences in cell activation.
Studies with the murine analogue of hOKT3y1(Ala-
Ala) and murine T cell clones showed that the FcR non-
binding anti-CD3 mAb induced similar phosphoryla-
tion of CD3€ and p219, but less phosphorylation of
p230 and ZAP-70 kinase and minimal phospholipase
Cyl1 phosphorylation compared with FcR binding anti-
CD3 (25). In contrast to TCR agonists, which cause
association of active Ick and active ZAP-70 with p120-
GTPase-activating protein (p120-GAP), partial agonists
of the TCR did not activate Ick or ZAP-70 but induced
association of p120-GAP with inactive ZAP-70 (38).
Studies with another humanized FcR nonbinding anti-
CD3 mAb, HuM291, have described greater sustain-
able phosphorylation of extracellular signal-regulat-
ed kinase-2 compared with OKT?3 (34, 35, 39). Hu291,
however, induced IFN-y, TNF-0, and IL-6 after the
first dose of drug and induced rapid apoptosis of T
cells. Therefore, the constant region of the anti-CD3
Ig reflected in the comparison of OKT3 with
hOKT3yl(Ala-Ala), as well as the TCR affinity for the
€ chain reflected by the comparison of hOKT3y1(Ala-
Ala) and the reported effects of Hu291, influence the
activation properties of TCR agonists.

Second, in vivo, hOKT3yl(Ala-Ala) induces IL-10
and IL-5 production, whereas OKT3 and other non-
FcR binding anti-CD3 mAb’s have been shown to be
potent stimulators of IFN-Y release. The early induc-
tion of IL-10 without IFN-y in vivo may account for
the immune modulatory properties of hOKT3yl1(Ala-
Ala) by affecting the autoimmune response toward a
nonpathogenic phenotype. Several reports in differ-
ent animal models of autoimmune diseases such as
type 1 diabetes have implicated IFN-yas an important
mediator in the autoimmune attack on islet cells,
either through its direct cytotoxic effects on 3 cells or
indirectly through the induction of immune effectors
(40-44). In contrast, production of IL-10 and IL-5
promote development of “protective” Th2 cells in
mice (45-47). Altering the phenotype of cells express-
ing the TCR from pathogenic T cells toward a Th2
phenotype can render those cells nonpathogenic in
rodent models of type 1 diabetes and may account for
the protective effects of IL-10 in the NOD mouse (41).
The mechanisms, however, involved in the effects of
immune deviation are not clear, since the outcomes of
experiments depend on the experimental system stud-
ied (48). Indeed, some investigators have postulated
that the protection from autoimmune diabetes with
Th1 to Th2 cytokine shifts in the NOD mouse is the
outcome rather than the cause of resistance elicited
by immunostimulation (49). Our findings, both in
terms of the acute activation effects as well as the
chronic effects of the drug involving induction of
IL-10*CD4*CCR4* T cells are consistent with activa-
tion and/or deviation of immune responses toward a
Th2 phenotype (50). The fact that the activation prop-
erties of hOKT3yl1(Ala-Ala), characterized in vitro,

were reflected by our findings in vivo, suggest that the
immune deviation induced by the mAb is the cause
rather than the outcome of the effect of the drug on
type 1 diabetes.

Results from studies in the NOD mouse have sug-
gested that anti-CD3 mAb induces a population of reg-
ulatory cells that inhibit diabetogenesis and induce tol-
erance to the disease (12). The effects of the mAb in
mice was long lasting, even after the drug administra-
tion was discontinued. They could not be explained
simply by the elimination of pathogenic cells. Diabeto-
genic cells were still present in the mice at a time after
treatment, but were blocked from causing disease.
Cyclosporin A prevented the induction of tolerance
suggesting that cytokine production may be important
in the mechanism of anti-CD3 mAb. Our studies in
patients with type 1 diabetes are also consistent with
establishment of regulatory mechanisms following
non-FcR binding anti-CD3 mAb treatment. The clini-
cal effects of the drug treatment persisted for beyond 1
year after drug treatment, at a time when the numbers
of circulating T cells were normal and mAb could not
be detected on their surfaces or in the peripheral blood.

After the initial effects in inducing cytokine release,
the drug induces cells that may account for the effects
of the drug through immune regulation. We identi-
fied a population of IL-10*CD4* T cells in the periph-
eral blood at the conclusion and after treatment in
five of six drug-treated patients in whom these stud-
ies were done. While this finding suggests that these
cells are induced in the majority of drug-treated
patients, a larger study will be needed to determine
the actual prevalence of these cells. The IL-10*CD4* T
cells diminished with time, but were still detectable
over background levels 1 month after drug treatment
in three-quarters of the patients. In this regard, IL-10
itself or the CD4" cells that produce IL-10 may affect
the autoimmune effectors directly by the cytokines
they produce or as regulatory T cells that can suppress
antigen-specific responses (51, 52). Activation of
human T cells in the presence of IL-10 has been found
to induce anergy or nonresponsiveness of T cells that
cannot be reversed by culture with anti-CD3 with
anti-CD28 mAb’s (51). In the NOD mouse, systemic
administration of an IL-10/Fc fusion protein pre-
vented the occurrence of diabetes with lasting protec-
tion after treatment was discontinued, and T cell
clones transduced with the IL-10 gene prevented dia-
betes in the NOD mouse (53, 54) The phenotype of
the IL-10*CD4* T cells is similar to other reports of
regulatory cells. Sebastiani et al. identified a subpop-
ulation of IL-10*CD4* regulatory T cells that block, in
an IL-10-dependent manner, the differentiation and
maturation of dendritic cells, thereby impairing their
capacity to activate Tcl and Thl effector cells (55).
However, the cells reported by Sebastiani et al.
expressed both CCR4 and CCRS, whereas a report by
Iellem et al. identified CCR4 and CCRS8 expression on
CD4*CD25" regulatory T cells (56). In preliminary
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studies, we have been unable to induce further
cytokine production in CD3* T cells in drug-treated
patients by culture with cross-linked anti-CD3 mAb
and anti-CD28, suggesting that these cells are anergic
(unpublished observations). Dieckmann et al. have
shown that anergized CD4*CD25" T cells can then
suppress proliferation of syngeneic CD4" T cells via
an IL-10-dependent mechanism that is independent
of cell contact (57).

Interestingly, we found that the surface expression
of TGF-f3 was greater on the IL-10* cells compared
with the IL-10- CD4* cells. The role of TGF-3 in reg-
ulatory T cell activity has been controversial — some
investigators have found that suppressive activity of
CD4*CD25* T cells is partially inhibited by
anti-TFG-f3 Ab’s, whereas others have reported that
this activity is independent of TGF- (58, 59). Ron-
carolo et al. have found that the regulatory function
of CD25°CD4* T cells is partially dependent on
TGF-fB, but these cells are distinct from IL-10*CD4*
Tr1 cells (60). Thus, further studies will be needed to
determine the functional role of the IL-10* cells and
the importance of their surface expression of TGF-f3.

In summary, the structural alterations in the anti-
CD3 molecule OKT3 to produce hOKT3yl(Ala-Ala)
have resulted in an anti-CD3 mADb with activation
properties that are distinct from the parent molecule
or other anti-CD3 mADb’s and suggest a mechanism
for immune modulation by the drug. Acutely,
hOKT3yl(Ala-Ala) induces activation of T cells
resulting in production of IL-10 in CD45RO" T cells.
Afterward, the mAb induces a heterogeneous popu-
lation of CD4*IL-10" cells. The functional role of the
IL-10* T cells is under study, but these observations
suggest a mechanism whereby activation of T cells
with FcR nonbinding anti-CD3 mAb may skew
immunologic responses and/or induce a population
of regulatory cells.
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