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SUMMARY

 

The antihuman CD2 MoAb BTI-322 (Lo-CD2a) effectively inhibits T cell responses 

 

in vitro

 

 to alloge-
neic cells, which is followed by unresponsiveness to the original stimulator in secondary stimulation. We
studied the xenogeneic human antiporcine mixed lymphocyte reaction (MLR), and utilized anti-T cell
receptor (TCR) V

 

b

 

 family antibody-induced cell proliferation to determine the specificity and mecha-
nism. BTI-322 and its humanized version, MEDI-507, effectively inhibited the primary xenogeneic
MLR. After suboptimal primary stimulation using lower numbers of xenogeneic stimulator cells, the
unresponsiveness in secondary culture was apparent only for xenogeneic stimulator cells of the original
SLA haplotype, and not for third-party stimulators or allogeneic cells. The inhibition of primary MLR
was not observed for nylon-wool-purified T cells, but was seen after reconstitution of purified T cells
with monocytes. Similarly, anti-V

 

b

 

 family-specific stimulation showed family-specific unresponsiveness
in secondary culture. This required the presence of the whole BTI-322 molecule: a F(ab

 

¢

 

)

 

2

 

 fragment was
not effective. T cells of a distinct V

 

b

 

 family were depleted after stimulation with an anti-V

 

b

 

 family-spe-
cific antibody and BTI-322. We conclude that the inhibition by BTI-322 of a primary xenogeneic MLR
or the response to an anti-TCR V

 

b

 

 antibody is associated with unresponsiveness upon restimulation,
due to activation-associated cell depletion. In this process, the interaction between monocytes and the
Fc part of the antibody is involved. This unique characteristic of BTI-322 suggests the potential of the
antibody for tolerance induction 

 

in vivo

 

, besides the potential use as a T cell depleting agent.
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INTRODUCTION

 

CD2 is a 45–55 kDa glycoprotein expressed on all mature human
T cells, thymocytes, most natural killer cells and a small propor-
tion (9–12%) of bone marrow cells [1]. The molecule has an
important role in transmembrane signalling after activation of T
lymphocytes via the T cell receptor (TCR), independent of other
co-stimulatory molecules such as CD28. In accord with this func-
tion, most anti-CD2 antibodies and anti-ligand reagents (e.g. anti-
LFA-3 antibody and an LFA-3/human IgG3 Fc fusion protein)
inhibit the mixed lymphocyte reaction (MLR) 

 

in vitro

 

 and graft
rejection 

 

in vivo

 

 [2–4]. This can even result in T cell unresponsive-
ness, as demonstrated in a murine allogeneic transplantation
model [5]. Our studies with a rat antihuman CD2 monoclonal
antibody  BTI-322,  originally  named  Lo-CD2a  [6],  have  shown
not only inhibition of an allogeneic MLR but also subsequent

hyporesponsiveness upon allogeneic restimulation while retain-
ing responsiveness to restimulation by xenogeneic antigen, mito-
gens such as anti-CD3 antibody and phytohaemagglutinin
(PHA), and recall antigens such as tetanus toxoid [7–9]. This
appears to be a unique characteristic of BTI-322, as all other anti-
CD2 antibodies tested to date failed to elicit alloantigen hypore-
sponsiveness [8]. A humanized version of BTI-322, called MEDI-
507, is used currently in clinical trials as part of the conditioning
regimen in procedures for immune tolerance induction to solid
organ transplants by haematopoietic cell transplantation [10,11]
and for refractory haematological malignancies [12].

Effective immunosuppression, either for chronic treatment or
as part of a tolerance induction procedure, is an important aspect
of xenotransplantation, i.e. models of pig-to-non-human primate
xenografts. There is a demand for effective T cell directed immu-
nosuppression, in particular as the role of T cell-independent nat-
urally existing antibodies towards the Gal

 

a

 

1,3Gal epitope on pig
cells has become obsolete as donors lacking this epitope are avail-
able [13,14]. BTI-322 does not recognize CD2 in non-human pri-
mate species, but a similar antibody, Lo-CD2b [15], has been
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included in protocols in pig-to-non-human primate transplanta-
tion as an effective T cell-depleting agent, for instance in proto-
cols for tolerance induction upon kidney transplantation [16] and
chronic immunosuppression after heterotopic heart transplanta-
tion [17]. We therefore initiated studies using BTI-322 in 

 

in vitro

 

human antiporcine reactions. We demonstrate here that BTI-322
is able to inhibit the human antiporcine MLR, and induces unre-
sponsiveness in subsequent antigen restimulation. We used the
model of anti-TCR V

 

b

 

 antibody-induced T cell stimulation to
evaluate the mechanism of hyporesponsiveness and demonstrate
that this occurs by specific activation-associated T cell depletion.

 

MATERIALS AND METHODS

 

Animals

 

Pigs were selected from the Massachusetts General Hospital herd
of miniature swine inbred for swine leucocyte antigens (SLA), at
4–8 weeks of age. Animals of SLA

 

aa

 

, SLA

 

cc

 

 and SLA

 

dd

 

 haplotypes
were used.

 

Antibodies and biologicals

 

BTI-322 (rat IgG2b-

 

k

 

), and the humanized version, MEDI-507,
were produced and purified by affinity chromatography. A F(ab

 

¢

 

)

 

2

 

preparation was made by pepsin cleavage and subsequent purifi-
cation by affinity chromatography followed by gel filtration.
Other products included a rat IgG2b-

 

k

 

 isotype control Ig (anti-
dinitrophenyl antibody; Zymed, South San Francisco, CA, USA)
and purified human IgG1 (Sigma Chemical Co., St Louis, MO,
USA), anti-TCR V

 

b

 

 antibodies (anti-V

 

b

 

 8a, mouse IgG2b; anti-
V

 

b

 

 8b, mouse IgG2a; anti-V

 

b

 

 13, IgG1; Endogen, Woburn, MA,
USA) and anti-CD2 antibodies (Leu-5b, Becton Dickinson,
Mountain View, CA, USA; OKT11, Beckman Coulter, Miami,
FL, USA; and MT910, Santa Cruz Biotechnology, Santa Cruz,
CA, USA). Anti-CD3 (OKT3) was purified by affinity chroma-
tography from the culture supernatant of the hybridoma cell line
(American Tissue Culture Collection, Rockville, MD, USA). All
antibodies containing sodium azide were dialysed overnight at
4

 

∞

 

C against phosphate-buffered saline (PBS) prior to use.

 

Preparation of peripheral blood mononuclear cells (PBMCs), T 
cells and monocytes

 

Heparinized blood of healthy human volunteers or pigs was
subjected to Histopaque density gradient centrifugation (Histo-
paque, Sigma). In flow cytometry (gating for the monocyte
population, or staining with anti-CD14), the percentage of mono-
cytes ranged normally between 10 and 20%. Cells were harvested
and resuspended in serum-free medium, AIM-V (G

 

IBCO

 

 BRL,
Grand Island, NY, USA). T lymphocytes were purified from
PBMCs by nylon wool filtration (Wako Chemicals USA, Rich-
mond, VA, USA): in flow cytometry, purified T cells contained
about 85% CD3

 

+

 

 cells and 

 

<

 

0·5% CD14

 

+

 

 or CD19

 

+

 

 cells. Mono-
cytes were purified from PBMCs by adherence to plastic during
overnight culture, followed by harvest of the adhered population;
in flow cytometry this population contained 

 

>

 

90% CD14

 

+

 

 cells.

 

Proliferation assays: primary/secondary MLR, stimulation using 
anti-CD3 or anti-TCR V

 

b

 

 antibodies

 

All assays were carried out in AIM-V medium. Responder cells
(human PBMCs or T cells) were stimulated with irradiated (3·5
Grey) stimulator cells including allogeneic cells (human PBMCs),
xenogeneic cells (pig PBMCs), anti-CD3 or anti-TCR V

 

b

 

antibodies. Responder cells were cultured at 1–2 

 

¥

 

 10

 

6

 

 cells/ml in
96-well U-bottomed plates (CoStar Corp., Cambridge, MA,
USA) and incubated at 37

 

∞

 

C in humidified air with 5% CO

 

2

 

. Pro-
liferation was measured in triplicate at different culture times by
pulsing the cells with 1 

 

m

 

Ci/well [

 

3

 

H]-thymidine ([

 

3

 

H]-TdR), New
England Nuclear, Boston, MA, USA) for the last 18 h of the cul-
ture period. [

 

3

 

H]-TdR incorporation (counts per minute, cpm)
was determined using an automated 96-well plate cell harvester
(TomTec, Orange, CT, USA) and a Betaplate counter (Wallac,
Gaithersburg, MD, USA). Normally the standard deviation of the
triplicate cultures was less than 20% of the mean value: when the
standard deviation was more than 20%, the result was rejected
and not included in the data presentation.

In primary MLR to assess human antipig (xenogeneic) or
antihuman (allogeneic) responses, responder and stimulator cells
were cultured at a 1 : 1 ratio (1–2 

 

¥

 

 10

 

6

 

 cells/ml for each popula-
tion), unless indicated otherwise, for 7 days. BTI-322 or control
rat Ig was added at the beginning of the cultures at 200 ng/ml.
Control cultures were performed with anti-CD3 antibody
(100 ng/ml) or PHA (1 

 

m

 

g/ml) (Sigma). In stimulation using anti-
TCR V

 

b

 

 antibodies or control Ig, reagents including BTI-322
were used at a concentration of 100 ng/ml, added at the beginning
of the culture.

In preparation for secondary MLR, responder cells stimu-
lated for 7 days in primary MLR in 24-well plates (Costar) were
harvested and washed extensively, cultured subsequently for
3 days without stimulator cells, and then harvested and readjusted
for viable cell numbers. Cultures for the measurement of primary
proliferation (day 7) were performed in parallel, in triplicate in
96-well plates. In secondary culture, cells were stimulated with
various stimulator populations (1 : 1 ratio, 0·5–1 

 

¥

 

 10

 

6

 

/ml) includ-
ing xenogeneic matched cells (the same SLA haplotype as in the
primary MLR), xenogeneic mismatched cells (third-party SLA
haplotype) or allogeneic cells (human origin). As control, cells
were cultured with PHA. There was no BTI-322 or control Ig
added in the secondary MLR.

In preparation for restimulation following primary anti-TCR
V

 

b

 

 antibody stimulation, cells were incubated for 7 days in 24-
well plates at 1 

 

¥

 

 10

 

6

 

 cells/ml with 10 

 

m

 

g/ml anti-V

 

b

 

 antibodies and
100 ng/ml BTI-322 or control Ig. Cultures for the measurement of
primary proliferation (day 7) were performed in parallel, in trip-
licate in 96-well plates. After the primary bulk culture with anti-
TCR V

 

b

 

 antibody with or without BTI-322, cells were washed
extensively and in some experiments purified by Histopaque den-
sity gradient centrifugation. Cells were then cultured for 3 days
without stimulation in 24-well plates at a density of 2 

 

¥

 

 10

 

6

 

 cells/
ml. In flow cytometry, there were approximately 98% CD3

 

+

 

 T
cells: there was no remaining anti-TCR V

 

b

 

 antibody or BTI-322
detectable on the cell surface in direct flow cytometry with a flu-
orescent secondary goat antirat IgG (Pharmingen), or goat anti-
mouse antibody (data not shown). In secondary stimulation, cells
(1 

 

¥

 

 10

 

5

 

/well, triplicate wells of a 96-well plate) plus an equivalent
number of irradiated (3·5 Grey) autologous PBMCs were cul-
tured with anti-TCR V

 

b

 

 antibodies as described above, either the
original stimulating anti-V

 

b

 

 antibody, or as control another anti-
V

 

b

 

 or anti-CD3 antibody (all at 10 

 

m

 

g/ml). As positive control,
PHA stimulation was performed in separate cultures.

 

Flow cytometry

 

At various time-points of primary and secondary culture,
leucocyte phenotyping was performed for the (responder) cell
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population. Single or double parameter direct staining was per-
formed using fluorochrome-labelled anti-CD2 (using the Leu-5b
antibody, which does not compete with BTI-322 in antigen bind-
ing), anti-CD4, anti-CD8, anti-CD3, anti-CD14, anti-CD19, anti-
CD25, anti-CD45 or isotype control antibodies (Becton
Dickinson). Indirect staining using anti-TCR V

 

b

 

 was performed
using the antibodies described above with the appropriate
fluorochrome-labelled goat antimouse IgG isotype-specific
F(ab

 

¢

 

)

 

2

 

 secondary antibody (Southern Biotechnology Associates,
Birmingham, AL, USA). Cell viability was assessed by pro-
pidium iodide dye exclusion (Sigma). To assess cell depletion, a
total of 10 000 cells were collected and only viable cells were anal-
ysed using WinList analysis software (Varity Software House,
Inc.).

 

RESULTS

 

Primary xenogeneic MLR in the presence of BTI-322 followed 
by unresponsiveness in a subsequent secondary MLR

 

Data from a representative experiment (

 

n

 

 

 

>

 

 5) are presented in
Fig. 1. In the primary xenogeneic MLR using human PBMCs as
responders, the response measured by [

 

3

 

H]-TdR incorporation
peaked between days 5 and 7: the proliferative response

normally exceeded 100–150 

 

¥

 

 10

 

3

 

 cpm (Fig. 1a). This was
observed irrespective of the haplotype of porcine PBMC stimu-
lator cells (SLA

 

aa

 

, SLA

 

cc

 

 and SLA

 

dd

 

). In our experience this
response is stronger than that seen in allogeneic MLR, which
under similar conditions is 50–80% of the xenogeneic response.
BTI-322 completely inhibited the response. The results pre-
sented in Fig. 1 are from an experiment in which the human-
ized version of BTI-322 was also tested along with an
appropriate control (human IgG1): both BTI-322 and MEDI-
507 inhibited the primary MLR. BTI-322 also inhibited the pro-
duction of cytokines in the culture supernatant by 

 

>

 

85%,
including interleukin-2, tumour necrosis factor, interleukin-10
and interferon-

 

g

 

 (data not shown). In the absence of stimulator
cells, BTI-322 itself did not elicit a proliferative response or
cytokine release (data not shown).

In a secondary xenogeneic MLR, cells cultured with control
Ig during the first culture showed a peak response normally at day
3, which is typical for a secondary response (Fig. 1b). There was
no response in the secondary MLR in the case where the primary
culture was performed in the presence of either BTI-322 or
MEDI-507.

Using  purified  T  cells  as  responder  cells,  BTI-322  had  no
clear inhibitory effect in the primary MLR (Fig. 2a shows a

 

Fig. 1.

 

Effect of BTI-322 on primary and secondary xenogeneic MLR. (a)
Human PBMCs (1 

 

¥

 

 10

 

6

 

/ml) were cultured at a 1 : 1 ratio with irradiated
SLA

 

dd

 

 porcine PBMCs, in the presence of 200 ng/ml BTI-322 or the
humanized version MEDI-507, or control isotype-matched Ig, followed by
measurement of [

 

3

 

H]-TdR incorporation (cpm) at days 3, 5, and 7. (b)
Cells harvested after primary xenogeneic stimulation in the presence of
these antibodies or controls were cultured for 3 days without stimulant,
and then subjected to a secondary xenogeneic MLR, followed by measure-
ment of [

 

3

 

H]-TdR incorporation (cpm) at days 3 and 5.
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Fig. 2.

 

Use of T cells as responder cells and effect of monocytes. (a)
PBMCs or nylon-wool-purified T cells (both 1 

 

¥

 

 10

 

6

 

/ml) were cultured at
a 1 : 1 ratio with irradiated SLA

 

dd

 

 porcine PBMCs, in the presence of
200 ng/ml BTI-322 or control Ig, followed by measurement of [

 

3

 

H]-TdR
incorporation (cpm) at days 3, 5, and 7. (b) Purified responder T cells were
supplemented with monocytes (adherent cells) at relative proportions
[100% reflects the original proportion in the original PBMC preparation
(10–20%)].
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representative experiment, 

 

n

 

 

 

>

 

 5). This observation is compatible
with the absent response of purified T cells to anti-CD3 stimula-
tion, which needs the presence of monocytes. This also applies for
BTI-322: upon addition of monocytes (adherent cells) to the cul-
ture, the inhibitory activity of BTI-322 was recovered (Fig. 2b):
about 50% inhibition was observed when the number of mono-
cytes was 20% of the original percentage in the PBMC population,
and an almost complete inhibition was observed when monocytes
were supplemented to 100% of the original percentage.

To address the specificity of unresponsiveness in secondary
MLR, cultures were stimulated with xenogeneic cells of the same
SLA haplotype, third-party SLA xenogeneic cells or allogeneic
(human) cells. Figure 3a shows a representative experiment
(

 

n

 

 

 

>

 

 5). In the case of a primary culture in the presence of control
Ig, the response in the secondary stimulation by SLA cells of the
same haplotype showed the kinetics of a secondary reaction peak-
ing at day 3. According to expectation, the response to third-party
SLA cells or human allogeneic cells followed the pattern of a pri-
mary response, which peaked later and could be higher than that
of the secondary response. When a primary culture contained
BTI-322, however, there was no response upon secondary stimu-
lation with any of these three stimulator cell populations. This
result was obtained irrespective of SLA haplotype, i.e. using
SLA

 

cc

 

 or SLA

 

dd

 

 cells in primary stimulation and SLA

 

dd

 

, SLA

 

cc

 

 or
SLA

 

aa

 

 cells, respectively, as third-party stimulators in secondary
stimulation. These data contrast with data in the allogeneic system
in which BTI-322 induced unresponsiveness only to secondary
allogeneic stimulation, but not to xenogeneic stimulation
(Fig. 3b). We hypothesized that this phenomenon was due to a
higher level of activation in the primary xenogeneic MLR com-
pared with allogeneic MLR, related presumably to a higher fre-
quency of responding T cells in xenogeneic stimulation, e.g.
including alloresponsive cells.

To test this hypothesis, primary xenogeneic stimulation was
performed under suboptimal conditions, by lowering the number
of stimulator cells. This resulted in a reduced response which could
be associated with delayed kinetics of the response but which did
not affect the profound inhibitory action of BTI-322 (Table 1, pre-
senting a representative experiment, 

 

n

 

 

 

>

 

 5). Cells harvested from
these primary cultures in the presence of BTI-322 were still unre-
sponsive to xenogeneic secondary stimulation to the same SLA
haplotype, but showed a response to third-party xenogeneic stim-
ulation and allogeneic stimulation. This response in secondary
stimulation to third-party or allogeneic stimulation could even be
higher for cells harvested from primary cultures in the presence of
BTI-322 than for cells harvested from primary cultures in the pres-
ence of control Ig, in particular the response on days 5 or 7 after
secondary stimulation. This is illustrated in Fig. 3c for a represen-
tative experiment of a series of five experiments. The most prob-
able explanation for this phenomenon is a change in frequency of
responsive cells remaining after primary culture: assuming that
depletion of the responsive cells in primary culture occurs in the
presence of BTI-322, as documented in the TCR V

 

b

 

 system (see
below), there is enrichment in the remaining cell population for
cells with other specificities including alloreactive cells and third-
party SLA-reactive cells. This phenomenon of selective enrich-
ment might also apply for the results presented in Fig. 3b: a pos-
sible BTI-322-induced depletion of alloreactive cells in primary
stimulation might have resulted in a higher frequency of xenore-
active cells, hence a higher level of proliferation upon xenogeneic
stimulation in secondary culture. In all cases, including those

showing unresponsiveness, there was a response to control stim-
ulation with anti-CD3 antibody or PHA (data not shown).

 

Primary T cell activation via TCR V

 

b

 

 epitopes and subsequent 
unresponsiveness mimics the xenogeneic system

 

The broad and ill-defined antigenic spectrum in a xenogeneic
MLR does not allow an unequivocal specificity assessment. We

 

Fig. 3.

 

Effect of BTI-322 on secondary MLR: SLA

 

cc

 

, third-party SLA

 

dd

 

and allogeneic restimulation after primary stimulation with SLA

 

dd

 

 cells.
(a) Cells (1 

 

¥

 

 10

 

6

 

/ml) from primary 7-day xenogeneic MLR (1 : 1
responder : stimulator ratio) in the presence of 200 ng/ml BTI-322 or con-
trol Ig were cultured in secondary MLR with cells of the original SLA
haplotype, third-party xenogeneic cells and allogeneic cells. Data shown
are [

 

3

 

H]-TdR incorporation at various time-points during secondary cul-
ture, for cells cultured during the primary MLR. (b) The same experiment,
using allogeneic stimulation in primary MLR. (c) The same experiment
using suboptimal xenogeneic stimulation in primary MLR (1 : 0·125
responder : stimulator ratio).

50

40

30

20

10

0
1 2 3

Day
5 7

cp
m

 (
¥1

00
0)

(a)

50

60

70

80

90

40

30

20

10

0
2 3

Day
5 7

cp
m

 (
¥1

00
0)

(b)

50

60

40

30

20

10

0
1 3

Day
5 7

cp
m

 (
¥1

00
0)

(c)

Xenogeneic control
Xenogeneic BTI-322
3rd party xenogeneic control
3rd party xenogeneic BTI-322
Allogeneic control
Allogeneic BTI-322

Xenogeneic control
Xenogeneic BTI-322
3rd party xenogeneic control
3rd party xenogeneic BTI-322
Allogeneic control
Allogeneic BTI-322

Xenogeneic control
Xenogeneic BTI-322
Allogeneic control
Allogeneic BTI-322



 

480

 

Y. Xu 

 

et al.

 

© 2004 Blackwell Publishing Ltd, 

 

Clinical and Experimental Immunology

 

, 138:476–483

therefore used anti-TCR Vb antibodies to study the effect of BTI-
322 on activation of T cells of a distinct Vb family. This approach
was based on our experience that the addition of BTI-322 to cul-
tures stimulated with anti-CD3 antibody or PHA, i.e. polyclonal T
cell activation, result in massive T cell depletion (>90%, unpub-
lished data) and unresponsiveness in restimulation. Antibodies or
combinations of antibodies were selected which stained the great-
est percentage of CD3+ T cells (between 5 and 10%) and which
induced cell proliferation in primary assays. Data from a repre-
sentative experiment (n > 5) are presented in Fig. 4. BTI-322
inhibited the primary proliferation of PBMCs to soluble anti-Vb8
(Fig. 4a), anti-Vb13 or other antibodies (data not shown),
whereas control Ig had no effect. This effect of BTI-322 in a pri-
mary culture was also apparent for purified T cells (data not illus-
trated). In analogy to the MLR experiments described above,
cells were stimulated with a distinct anti-Vb antibody during the
primary culture, and subjected to a secondary culture with the
same antibody or antibodies to a different Vb family. In parallel
control experiments PHA stimulation was performed. Cells from
a primary culture with anti-Vb8 stimulation in the presence of
BTI-322 were unresponsive to anti-Vb8 stimulation in the sec-
ondary culture, but the response to anti-Vb13 stimulation was not
affected (Fig. 4b). Similar results were observed for other anti-Vb
antibodies or using purified T cells primary stimulation (data not
shown). Other anti-CD2 antibodies (Leu-5b, OKT11, MT910)
inhibited the primary anti-Vb response but failed to elicit

hyporesponsiveness in secondary stimulation. The unresponsive-
ness upon secondary stimulation with the same anti-Vb antibody
required the presence of the complete BTI-322 molecule in the
primary culture: a F(ab¢)2 preparation of BTI-322 was not effec-
tive, which confirmed our results in allogeneic MLR (Table 2). In
flow cytometry there was no coating with BTI-322 of cells before

Table 1. The effect of stimulator : responder ratio in primary xenogeneic MLR on the efficacy of BTI-
322 in inducing hyporesponsiveness during a secondary MLR to cells of the orginal xenogeneic SLA 

haplotype, to third-party xenogeneic stimulator cells or to allogeneic stimulator cellsa

Primary xenogeneic MLR (SLAcc stimulation)
Secondary MLR (SLAcc, SLAdd, or allogeneic 

stimulation)

Responder : stimulator

Proliferation (cpm)

Control Ig BTI-322 Stimulator
BTI-322 in primary culture
(% of cpm of control Ig)

1 : 1 101 500 1400 SLAcc

SLAdd

Allogeneic

3
2
5

1 : 0·5 56 600 1000 SLAcc

SLAdd

Allogeneic

3
470
490

1 : 0·25 22 000 700 SLAcc

SLAdd

Allogeneic

3
40

180
1 : 0·125 4 800 700 SLAcc

SLAdd

Allogeneic

4
410
370

1 : 0  400 500 SLAcc or SLAdd

Allogeneic
NA
NA

aThe concentration of responder cells in the primary MLR was 1 ¥ 106/ml, and xenogeneic SLAcc

stimulator cells were used at varying responder stimulator ratios. Proliferation data are [3H]TdR
incorporation (cpm) at day 5 of the primary MLR in the presence of BTI-322 or control Ig. After
harvest and a 3-day culture without stimulation, a secondary MLR was performed with xenogeneic
stimulator cells (original SLAcc haplotype or third-party SLAdd), or with allogeneic cells at a 1 : 1
responder : stimulator ratio. The response of cells from primary culture in the presence of BTI-322 is
presented as a percentage of that from primary culture in the presence of control Ig: due to the
variability in primary and secondary responses this percentage shows variability for the various
responder : stimulator ratios.

Table 2. Effect of F(antibody¢)2 fragments of BTI-322 in primary stimu-
lation on unresponsiveness in secondary anti-TCR Vb stimulationa

Antibody supplementation
in primary culture with
anti-TCR Vb8 antibody

Secondary culture cpm ± s.e.m. (within 
brackets percentage of control antibody in 

primary culture) 

Anti-Vb8 Anti-Vb13

Control antibody 20 900 ± 3000 (100) 20 600 ± 500 (100)
BTI-322  2700 ± 300 (13) 17 700 ± 200 (86)
BTI-322 F(ab¢)2 39 000 ± 600 (190) 61 400 ± 2500 (300)

aThe primary culture was performed for PBMCs (1 ¥ 106/ml) with anti-
Vb8 antibody and BTI-322 or control Ig, all at 100 ng/ml, for 7 days. After
a subsequent 3-day culture without stimulant, a secondary culture was
performed with anti-Vb8 or Vb13 antibody: [3H]-TdR incorporation was
measured after 3 days.
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adding these to the secondary culture; also, residual anti-Vb anti-
body coating was not detectable (data not shown).

The results in the anti-TCR Vb system were similar to those
observed in the xenogeneic MLR, and this prompted us to use the
anti-Vb system to determine the fate of specific T cells activated
by anti-Vb antibody in the presence of BTI-322. Markers were
analysed that could potentially be modulated by activation (TCR
Vb and CD3) or BTI-322 treatment (CD2) or that were assumed
to remain relatively constant during culture (CD4 and CD8). In
the presence of BTI-322 during the primary culture with a distinct
anti-Vb antibody, a specific depletion of cells expressing this Vb
family was observed and is shown for the Vb8 family in Fig. 5. In
CD3-Vb8 double staining, CD3+Vb8+ cells were reduced substan-
tially after stimulation of PBMCs by anti-Vb8 in the presence of
BTI-322 (Fig. 5d), whereas such cells were present after culture
without stimulant irrespective of the presence of BTI-322
(Fig. 5a,b) and after anti-Vb8 stimulation in the presence of con-
trol Ig (Fig. 5c). CD3+Vb8+ cells were detectable when the anti-
Vb8 antibody was replaced by an anti-Vb13 antibody, irrespective
of the presence of BTI-322 (Fig. 5e,f). The same results were
observed for the reciprocal experiment, i.e. CD3+Vb13+ cells were
no longer detectable after culture with an anti-Vb13 antibody in
the presence of BTI-322, while there was no effect on CD3+Vb8+

cells upon anti-Vb13 stimulation. In these experiments the dou-
ble-negative CD3–Vb8– population representing the non-T cell
population was reduced in cultures supplemented with the con-
trol antibody, which is ascribed to the expansion of T cells in these
cultures. Using double labelling with CD4 plus CD8 antibodies in
combination with an anti-Vb8 antibody, a similar pattern of TCR
Vb-specific depletion was observed, i.e. CD4+CD8+Vb8+ cells
were  depleted  in  cultures  of  PBMCs  upon  stimulation  with
an anti-Vb8 antibody in the presence of BTI-322 (data not
illustrated).

In the xenogeneic system unresponsiveness could be demon-
strated at low concentrations of BTI-322 (10 ng/ml), and at this
concentration there was no substantial cell depletion observed
(data not shown). In a concentration–response experiment in
anti-Vb8 antibody stimulation, supplementation with BTI-322 at
various concentrations (1, 10 and 100 ng/ml) resulted in a substan-
tial reduction of CD3+Vb8+ cells at the lowest concentration of
1 ng/ml. This was apparent in the analysis of all cells after culture,
and was even more clear when only viable cells were analysed by
propidium iodide dye exclusion.

DISCUSSION

The anti-CD2 antibody BTI-322 is well known for its potent
immunosuppressive activity in vitro and effective T cell depletion
in vivo. It has distinct characteristics not shared with other anti-
CD2 antibodies, namely the generation of unresponsiveness upon
restimulation  with  the  same  antigen  after  primary  stimulation
in the presence of BTI-322. Even the antibody 35·1 (mouse
IgG2a-k, ATCC), that competes with BTI-322 in CD2 binding,
does not show this effect (unpublished data from our group). We
have reported this phenomenon previously for the allogeneic
human in vitro MLR and anti-CD3-induced cell proliferation
[6,9], and now show this in the present study for the human anti-
porcine MLR (Figs 1–3) and for anti-TCR Vb antibody stimula-
tion (Fig. 4). In the allogeneic MLR, unresponsiveness was
observed upon restimulation with the same allogeneic donor or a
third-party allogeneic donor, but not to restimulation with xeno-
geneic cells, mitogens or unrelated antigens. In contrast, unre-
sponsiveness after primary stimulation by xenogeneic cells was
observed for both allogeneic and xenogeneic stimulation in the
secondary culture (Fig. 3a). This difference is explained most
probably by the higher proliferative response upon primary xeno-
geneic stimulation than allogeneic stimulation; the xenoreactive
population could potentially include alloreactive cells. Evidence
for this explanation was obtained in primary cultures under sub-
optimal conditions, by lowering the number of xenogeneic stim-
ulator cells. Under these conditions the proliferation after
primary stimulation was substantially lower (Table 1), and upon
restimulation unresponsiveness was observed only for porcine
stimulator cells of the same SLA haplotype as used in primary
culture, and not for third-party porcine stimulator cells or alloge-
neic stimulator cells (Fig. 3c). These data fit with the general
knowledge that SLA antigens are a major stimulator in xenoge-
neic human antiporcine MLR, and that there is a certain level of
cross-reactivity between HLA and SLA in stimulation of human
T cells: on the other hand, the human antiporcine response can
differentiate between distinct SLA haplotypes [18,19], and in vivo
sensitization to HLA does not necessarily lead to a heightened
anti-SLA reactivity [20]. Therefore, the response under subopti-
mal conditions in the secondary MLR to third-party porcine cells

Fig. 4. Effect of BTI-322 on primary and secondary stimulation with anti-
TCR Vb family-specific antibodies. (a) PBMCs were incubated in primary
culture with 10 mg/ml anti-TCR Vb8 antibody, with or without BTI-322 or
control Ig (100 ng/ml): [3H]-TdR incorporation was measured at day 7. (b)
Cells after primary stimulation as in (a) were washed and cultured for
3 days without stimulator, and then subjected to secondary stimulation
with the original anti-Vb8 antibody or an irrelevant anti-Vb13 antibody
(10 mg/ml): [3H]-TdR incorporation was measured at day 3.
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or allogeneic stimulator cells by cells rendered unresponsive to
porcine cells using low numbers of stimulator cells in primary cul-
ture follows the kinetics of a primary MLR (Fig. 3b).

The finding of general unresponsiveness at high numbers of
stimulator cells and SLA haplotype-restricted unresponsiveness
using low numbers of stimulator cells complicates studies on the
specificity. We therefore shifted to a model of TCR Vb family-
specific stimulation. Similar to the xenogeneic MLR, Vb family-
specific unresponsiveness after primary stimulation with anti-Vb
antibody in the presence of BTI-322 was evident (Fig. 4). This was
documented for both the Vb8 and the Vb13 family. The advantage
of this model is the possibility to follow T cells expressing a dis-
tinct Vb family during primary stimulation. Depletion of T cells
(defined either by CD3 expression or the expression of CD4 and
CD8) of a distinct Vb family was observed upon anti-Vb antibody
stimulation in the presence of BTI-322 (Fig. 5) at concentrations
as low as 1 ng/ml. Thus, the unresponsiveness upon secondary
stimulation with a distinct anti-Vb antibody is associated with the
specific depletion of T cells of this particular Vb family during pri-
mary culture with anti-Vb antibody and BTI-322.

We conducted exploratory studies on the mechanism by
which responding cells are depleted during primary culture in the
presence of BTI-322. Stimulation of the responsive T cell popu-
lation during primary culture appears to be required: for instance,

stimulation of cells in primary culture with autologous cells does
not result in measurable proliferation, and supplementation of
such cultures  with  BTI-322  does  not  result  in  unresponsiveness
to allogeneic or xenogeneic stimulation in secondary culture
(unpublished data). Also, BTI-322 itself does not activate T cells.
The presence of a stimulating agent (xenogeneic cells or anti-Vb
antibody) together with BTI-322 does not result in a proliferative
response, as this response was inhibited almost completely in the
presence of BTI-322. Purified T cells are not sensitive to BTI-322-
induced unresponsiveness, and monocytes (adherent cells in the
PBMC population) are required to generate unresponsiveness
(Fig. 2). The intact BTI-322 molecule is also required as an F(ab¢)2

antibody fragment was not efficacious (Table 2). This indicates
that the simple binding of BTI-322 during T cell activation needs
the interaction between the Fc fragment of the antibody and
accessory cells to mediate T cell depletion. Various mechanisms
have been proposed, such as antibody-dependent cell-mediated
cytotoxicity of cells rendered vulnerable to lysis when being in a
state of activation [21]. Recent in vivo studies in severe combined
immunodeficient/non-obese diabetic mice grafted with human
fetal skin and then injected with human allogeneic blood lympho-
cytes have shown that the skin graft rejection by allogeneic
lymphocytes is inhibited adequately by treatment with BTI-322:
this inhibition of rejection did not occur when F(ab¢)2 antibody

Fig. 5. Presence of CD3+Vb8+ cells after stimulation of PBMCs with anti-TCR Vb8 or anti-TCR Vb13 antibody in the presence of BTI-
322 or control Ig. PBMCs (1 ¥ 106/ml) were stimulated for 7 days by control antibody (a,b), anti-Vb8 antibody (c,d) or anti-Vb13 antibody
(e,f) at 100 ng/ml, in the presence of 100 ng/ml control antibody (a,c,e) or BTI-322 (b,d,f). Subsequently, flow cytometry was performed
with a fluorescein isothiocyanate (FITC)-conjugated anti-CD3 antibody in combination with an anti-TCR Vb8 antibody [indirect staining
using a phycoerythrin (PE)-conjugated secondary antibody]. The position of the CD3+Vb8+ double-positive population in the individual
plots is indicated by circles, determined by flow cytometry on freshly isolated PBMCs from the same donor with appropriate isotype-
matched control antibody and single-antibody staining. The CD3+Vb8+ double-positive population comprises approximately 4·5% of the
viable cells in (a,b,e and f); approximately 14% in (c); and approximately 1% in (d).
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fragments were used, or when blood lymphocytes were depleted
by negative selection using anti-CD56 and anti-CD16 antibodies
[22]. These data are in accordance with our findings in the in vitro
model, and show that the interaction between the Fc part of BTI-
322 and CD16+CD56+ natural killer cells is required in the elimi-
nation of alloreactive cells.

It remains to be established whether specific unresponsive-
ness as observed in MLR secondary responses also occurs in vivo
following treatment with BTI-322 or its human analogue. The
general T cell-depleting capacity of the antibody has been dem-
onstrated in dosing studies in chimpanzees (unpublished results)
and is being utilized in clinical trials (the humanized version
MEDI-507 [10–12]). A similar antibody but with broader primate
reactivity (called Lo-CD2b; [16,17]) has also been used in trans-
plantation in large animals such as pig-to-baboon xenotransplan-
tation. As this is normally conducted as part of a complex
immunosuppressive regimen, it is difficult to assess the specific
role of the antibody in the induction of tolerance. However, as the
antibody is administered in the immediate post-transplant period
when the first activation of the immune system occurs, there is the
hypothetical possibility that the antibody specifically eliminates
activated T cells apart from a general T cell depletion and as such
could contribute to immune tolerance induction.
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