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SUMMARY

 

T-cell-mediated immunoregulation is one of the main mechanisms implicated in induction and main-
tenance of transplantation tolerance. In this regard, deletion or modulation of xeno/alloantigen-specific
T cells, as well as blocking of their interactions with other cell populations, are currently being pursued
for tolerance induction in humans as well as nonhuman primates. In order to investigate whether cyto-
toxic T-lymphocyte antigen-4 (CTLA-4) may represent a suitable target for a T cell depletion approach
in nonhuman primate models, we analysed CTLA-4 expression in peripheral blood mononuclear cells
(PBMCs) from nonhuman primates and the potential role of two anti-CTLA-4 saporin-conjugated
immunotoxins. The analysis was performed in PBMCs from 8 cynomolgus monkeys from Philippines
and from Mauritius both at protein level by flow cytometry and at transcriptional level by RT-PCR. In
addition, the apoptotic role of the immunotoxins was investigated. The results showed that CTLA-4 was
expressed at variable levels depending on the origin of the cynomolgus monkeys and the resting or acti-
vated cell condition. CTLA-4 was not expressed on resting Mauritius PBMCs and showed a lower up-
regulation upon PMA/PHA activation compared to the Philippines PBMCs that expressed CTLA-4
also before activation. Two CTLA-4 RNA transcripts (672 and 550 bp) were detected with levels vari-
ations after cell stimulation. Two anti-CTLA-4 immunotoxins induced 

 

in vitro

 

 apoptosis of activated
PBMCs from both sources of cynomolgus monkeys. This is the first report that documents CTLA-4
expression both at protein and transcriptional level by nonhuman primate PBMCs and provides novel
perspectives of xeno/allograft rejection immunotherapy based on CTLA-4 targeting.
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INTRODUCTION

 

Porcine xenografts transplanted into unmodified or pharmacolog-
ically immunosuppressed primates [1] generally undergo hyper-
acute rejection (HAR) primarily triggered by the binding of
preexisting (natural) antibodies (Abs) and subsequent activation
of the complement cascade [2]. Anti-xenograft natural antibodies
are primarily directed against the Gal

 

a

 

1–3Gal (Gal) carbohy-
drate determinants on the vascular endothelial cells of the donor
organ and their levels vary both between and within a same spe-
cies depending on age, diet and exposure to microorganisms and

parasites [3]. Anti-Gal Abs often account for almost 100% of cir-
culating natural anti-pig Abs in nonhuman primates [3] and for
more than 80% in humans [4]. Consequently, several approaches
have been undertaken to obtain selective elimination or inhibi-
tion of the anti-Gal Abs [5,6]. In this view attention has been
directed  towards  a  specific  suppression  or  elimination  of  the  B
cell subsets involved in anti-Gal antibody production. The pos-
sibility of destroying these B cell subsets by an 

 

a

 

-Gal oligosac-
charide or anti-idiotypic antibody conjugated to a toxin has been
explored, together with other B cell and plasma cell immuno-
toxins [7]. Alternatively, some have recently produced alpha 1,3-
galactosyltransferase-deficient pigs [8].

Other types of anti-xenograft antibodies contributing to the
development of xenograft rejection are directed to a large variety
of xenopeptides (designated as anti-non-Gal) [9,10] and are usu-
ally absent in pretransplantation sera. However, both anti-Gal
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and anti-non Gal elicited anti-xenograft antibodies are T-cell
dependent as shown by the complete inhibition of antibody
response by administration of anti-CD40L antibodies that
prevents T-cell/B–cell interaction [11]. Therefore, immunosup-
pression targeted toward helper T cells may affect B cells
and effectively prevent production of elicited anti-xenograft
antibodies.

In this study we performed 

 

in vitro

 

 experiments aimed at
investigating whether the cytotoxic T lymphocyte associated
protein-4 (CTLA-4, CD152) might be a suitable target molecule
for a T cell depletion and/or inhibition approach in nonhuman pri-
mates expected to receive a porcine xenograft.

In contrast to CD28, which delivers positive signals, CTLA-4
molecule has been widely described in human T cells as a costim-
ulatory molecule which negatively regulates T cell activation
[12,13]. CTLA-4 engagement by its ligands CD80 (B7·1) and
CD86 (B7·2) expressed on antigen presenting cells (APCs),
results in impaired IL-2, IFN-

 

g

 

, IL-4 cytokines production and cell
cycle arrest [13]. In contrast to CD28 that is constitutively
expressed on resting T cells, CTLA-4 is mainly expressed on acti-
vated human T cells with maximal expression after 48- to 72-h
from the activation hit [12].

We previously described the generation of human recombi-
nant anti-human CTLA-4 scFv monoclonal antibodies (mAbs)
[14] and their use as therapeutic reagents in transplantation either
as unconjugated antibodies [15] or as antibodies conjugated to
saporin [16], a type-1 ribosome-inactivating protein (RIP) [17].
Because of the high degree of homology (greater than 95%)
between human CTLA-4 and its nonhuman primate analogue
[18], anti-human CTLA-4 scFv mAbs were used to analyse the
CTLA-4 expression pattern on resting or activated peripheral
blood mononuclear cells (PBMCs) from two sources of cynomol-
gus monkeys with different immunological backgrounds [19].

The analysis was performed by flow cytometry with two anti-
CTLA-4 scFv mAbs and by reverse transcriptase-polymerase
chain reaction (RT-PCR) with the CTLA-4 full-length coding
sequence specific primers. In addition, we investigated the ability
of two immunotoxins, consisting of an anti-CTLA-4 scFv mAb or
an anti-T lymphocyte globulin preparation (ATG) conjugated
with saporin RIP, to induce 

 

in vitro

 

 apoptosis of non human-
primate PBMCs.

 

MATERIALS AND METHODS

 

Monoclonal antibodies and immunotoxins

 

Recombinant human anti-human CTLA-4 scFv mAbs, namely
scFvs. no. 40 and no. 83, were obtained by selecting the Nissim
scFv phage library, as described previously [14]. They were con-
jugated to fluorescein isothiocyanate (FITC) and utilized for
direct immunofluorescence followed by flow cytometry analysis.
The FITC-conjugated anti-bovine serum albumin (BSA) scFv no.
26 was used as negative control.

The anti-T lymphocyte globulin preparation obtained from
rabbits (ATG, Fresenius, Bad-Homburg, Germany) has been
already characterized [20] and contains an anti-CTLA-4 poly-
clonal component, as well as other anti-lymphocyte polyclonal
antibodies. This reagent has been utilized as a positive control,
since it was found positive both on resting and activated cynomol-
gus lymphocytes (results not shown).

The scFv no. 83 mAb and the ATG anti-T lymphocyte globu-
lin preparation were chemically linked to the type-1 single-chain

RIP saporin-S6 and the resulting immunotoxins were tested for
reactivity with activated T cells and for toxicity with haematopoi-
etic precursors according to standard protocols [16].

 

Source of nonhuman primate blood samples

 

All blood samples were obtained from healthy cynomolgus mon-
keys (

 

Macaca fascicularis

 

) from the Philippines and from Mauri-
tius. The study was conducted in primates stabled in facilities
licensed by the Italian Home Office, in accordance with the Ital-
ian Animals Act (Law no. 116 of the 27/1/1992). Animals used
were 4- to 6-years-old females weighing from 2·9 to 4·7 kg (Phil-
ippines monkeys; 

 

n

 

 = 3) and 4- to 5-years-old males weighing
from 4·9 to 7·4 kg (Mauritius monkeys; 

 

n

 

 = 5). All the animals in
the study were purpose-bred and housed in similar experimental
conditions in the same primate facility for more than 1 year. No
treatment was administered to these animals at the time of this
study. In addition, no overt infection developed in any of these
animals neither during the observation period preceding the
study nor during the subsequent follow up phase.

 

Haemolytic anti-pig antibody assay (APA)

 

Haemolytic antibodies to porcine red blood cells (PBRC) were
detected using a standard assay as described previously [21].
Briefly, test serum samples and a human standard serum were
heat-inactivated at 56

 

∞

 

C for 30 min. Samples were serially diluted
with complement fixation diluent (CFD, Oxoid Ltd, Basingstoke,
UK) in a V-bottomed 96-well plate. Sera were incubated with 1%
porcine erytrocytes (washed in CFD) and incubated for 1 h at
37

 

∞

 

C. Plates were then washed twice with CFD buffer and PRBC
were incubated with baby rabbit complement (Serotec, Oxford,
UK) at 37

 

∞

 

C for 1 h on an orbital incubator. After centrifugation
100 

 

m

 

l of supernatant was transferred from each well to flat-bot-
tom 96-well plate for the measurement of absorbance at 420 nm.
The absorption of each sample was then plotted as a function of
dilution, and the area under the curve (AUC) was calculated.
Data were expressed relative to the standard human serum to
which the value of 1000 arbitrary units (AU) was assigned.

 

Anti-Gal antibody assay

 

An enzyme-linked immunosorbent assay (ELISA) was performed
with slight modification from a previously described method [22].
Briefly, 96-well microtiter plates were coated overnight at 4

 

∞

 

C
with 50 

 

m

 

l/well of Gal-

 

a

 

-1,3-Gal-

 

b

 

-1,4-GlcNAc linked to human
serum albumin (Dextra Laboratories, Reading, UK) or HSA
(Sigma, Poole, UK) as background control, in 0·1 

 

M

 

 bicarbonate
buffer, pH 9·0 at 5 

 

m

 

g/ml. The plates were then blocked for 1 h with
0·5% Tween 20 in PBS. Test sera and standard human serum were
serially diluted twofold from 1 : 5 to 1 : 320 in a separate plate and
50 

 

m

 

l aliquots were transferred to the assay plates and incubated
for 1 h at room temperature. Separate test plates were prepared to
measure IgM antibodies. Plates were then washed seven times
with 0·1% Tween 20 in PBS. Horseradish peroxidase-labelled goat
anti-human IgM (

 

m

 

-chain specific, Sigma) were then added at
1 : 200 dilution. The plates were incubated for 1 h at room tem-
perature before being washed seven times. The colour reaction
was developed with orthophenylene diamine hydrochloride in
phosphate citrate buffer (Sigma) and subsequently quenced with
1 

 

M

 

 sulphuric acid. Sigmoidal dose–response curves were pro-
cessed as described for the APA assay and the AUC was calcu-
lated. Data were expressed relative to the human standard serum
to which the arbitrary value of 1000 AU was assigned.
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Cells and culture conditions

 

Peripheral blood mononuclear cells (PBMCs) were isolated from
5 to 7 ml of heparinized whole blood derived from cynomolgus
monkeys by density gradient centrifugation over Ficoll/Biocoll
(Biochrom KG, Berlin, Germany). PBMCs were freshly tested or
used for activation by culturing them in RPMI 1640 (Biochrom
KG) supplemented with 10% FCS (Biochrom KG), antibiotics,
2 m

 

M

 

 

 

L

 

-glutamine in the presence of phorbol ester (PMA)
(Sigma) at 5 ng/ml and/or phytohemagglutinin (PHA) (Life Tech-
nologies, Milano, Italy) at a final concentration of 2 

 

m

 

g/ml for 48 h
at 37

 

∞

 

C. Activation of human PBMCs from healthy adult human
volunteers  (with  prior  informed  consent)  was  performed  by
the same procedure and used as positive control for CTLA-4
expression.

 

Immunofluorescence and flow cytometry

 

A direct immunofluorescence staining was performed for analys-
ing surface expression of CTLA-4 in resting and activated
PBMCs either from monkeys or humans. Briefly, a pellet of
4 

 

¥

 

 10

 

5

 

 cells, was incubated for 30 min at room temperature (RT)
with different FITC-anti-CTLA-4 scFvs. (no. 40, no. 83), or with
the FITC-anti-BSA (no. 26) negative control. T cell specific stain-
ing was performed with phycoerythrin (PE)-conjugated anti-
CD2 mAb, cross-reacting with CD2 + cynomolgus lymphocytes
(Beckman-Coulter, Miami FL). The fluorescence intensity was
measured by flow cytometry (EPICS XL, Beckman-Coulter); at
least 15 000 cells/sample were counted. Positive control samples
were run with an indirect immunofluorescence, utilizing ATG and
FITC-anti-rabbit Ig (Dako, Copenhagen, DK).

 

RNA preparation and cDNA synthesis

 

Total cellular RNA and cDNA were prepared as previously
described [23].

 

RT-PCR

 

PCRs were carried out in 50 

 

m

 

l volume, using 1/10 of the reverse
transcriptase (RT) mixture (500 ng RNA). Specific amplification
of CTLA-4 full lenght transcript was performed on each cDNA
sample using the set of primers previously described for human
CTLA-4 coding sequence [24].

The human CTLA-4 primer sequence used showed 100%
homology with at least two different cynomolgus monkeys
(

 

Macaca nemestrina

 

 and 

 

M. mulatta

 

) CTLA-4 deposited coding
sequence (accession numbers AF344854 and AF344846
respectively).

PCR reactions were run with the following cycle profile: dena-
turation at 94

 

∞

 

C for 1 min, annealing temperature at 60

 

∞

 

C for
1 min, elongation at 72

 

∞

 

C for 1 min and a total of 35 cycles. The
amplification reactions were initially hot started (94

 

∞

 

C for 3 min)
and terminally extended at 72

 

∞

 

C for 5 min. The quality of RNA
retro-transcription was checked by 

 

b

 

-actin gene amplification
using primers specific both in human and macacus as previously
described [25]. Each PCR reaction was setting up in order to
maintain the reaction-efficiency in logarithmic phase of amplifi-
cation. To this scope the PCR conditions of 

 

b

 

-actin gene amplifi-
cation were identical to the CTLA-4 gene reaction conditions but
the number of cycles was reduced to 25. Absence of contaminant
DNA was controlled by concomitant amplification of the PCR
mixture without template (H

 

2

 

O). The obtained PCR products
were analysed by electrophoresis on a 2% agarose gel. The iden-
tity and specificity of CTLA-4 PCR products were confirmed

after direct sequencing analysis in both directions using an ABI-
PRISM 377 Perkin-Elmer DNA Sequencer.

 

Apoptosis

 

In a series of eight independent experiments, PBMCs derived
from the two groups of monkeys were incubated with increasing
concentrations of no. 83-saporin or ATG-saporin immunotoxins,
or a mix of saporin and no. 83 scFv or ATG, in complete RPMI
1640 medium for 72 h. Viable and dead cells were evaluated by a
double staining via FITC-Annexin V and 7-aminoactinomycin D
(7-AAD) (kit from Beckman-Coulter), following manufacturer’s
instructions. Analysis was performed by flow cytometry, calculat-
ing the percentage of apoptotic (annexin V+/7-ADD-) cells.

 

RESULTS

 

CTLA-4 protein expression in cynomolgus monkey lymphoid 
cells by flow cytometry

 

We have recently shown that CTLA-4, expressed on the surface
of activated human cells of the lymphoid lineage, represents a tar-
get molecule suitable for apoptosis induction by immunotoxins
[16,23]. To investigate whether this finding could be extended to
nonhuman primate lymphoid cells, we analysed the CTLA-4
expression levels in PBMCs from two sources of cynomolgus
monkeys, respectively, from the Philippines (N100, N116, N140)
and from Mauritius (N915, N917, N181, N850, N857) (Table 1).

PBMCs were analysed by immunofluorescence staining with
two human anti-human CTLA-4 FITC-scFv no. 40 and no.
83 mAbs whose CTLA-4 specificity was previously well defined
by enzymatic assay (ELISA), Western blot and immunofluores-
cence [14,23]. These scFv mAbs, cross-reacting with monkey
CTLA-4, were tested with monkey PBMCs either in resting con-
ditions or after activation with PMA/PHA, agents known to up-
regulate the expression of human CTLA-4 molecule [26].

CTLA-4 was not detected on resting PBMCs from the Mau-
ritius monkeys, mimicking the expression profile observed with
human PBMCs, whereas it was consitutively expressed on 10%-
17% of resting PBMCs from the Philippines monkeys (Fig. 1).

Upon activation with PMA/PHA, PBMCs from both groups
of monkeys were induced to up-regulate surface CTLA-4
although with different degrees of intensity. The Mauritius group

 

Table 1.

 

Cynomolgus monkeys used in this study

Cynomolgus
monkeys
(source)

Age
(years) Sex

Weight
(kg)

Haemolytic Ig
APA* (AUC)

Anti-Gal
IgM*

(AUC)

Philippines
N100 4 Female 4·55 1021 

 

± 

 

140 525 

 

± 

 

150
N116 4 Female 2·90 1615 

 

± 

 

105 1303 

 

± 

 

336
N140 6 Female 4·71 553 

 

± 

 

90 368 

 

± 

 

250
Mauritius

N915 4 Male 7·11 1405 

 

± 

 

37 1343 

 

± 

 

253
N917 4 Male 5·22 1390 

 

± 

 

48 1373 

 

± 

 

113
N181 5 Male 4·96 1334 

 

± 

 

314 701 

 

± 

 

117
N850 5 Male 7·49 1696 

 

± 

 

38 3296 

 

± 

 

65
N857 5 Male 6·26 1640 

 

± 

 

139 2132 

 

± 

 

111

*APA, anti-pig antibody assay. AUC, area under the curve (see Mate-
rials and methods). Results are the mean of three different experiments.
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showed lower up-regulation compared to the Philippines group.
The CTLA-4 expressing-cells in the monkeys PMA/PHA acti-
vated PBMCs were likely to belong to the T cell populations as
suggested by the double positive staining with FITC-scFv no. 83
and PE-anti-CD2 mAb shown in Fig. 2.

Similar flow cytometric profiles were obtained with the
FITC-anti-CTLA-4 scFv no. 40. As observed in humans [26]

after activation with PMA/PHA, CTLA-4 was expressed at sim-
ilar levels on CD4- and on CD8-positive T lymphocytes (data not
shown).

Furthermore, as demonstrated for PMA/PHA activated
human T-lymphocytes. ATG was positive on monkey activated
PBMCs [20]. In contrast, the anti-BSA scFv no. 26 consistently
resulted in negative staining (data not shown).

 

Fig. 1.

 

Flow cytometric profiles of surface CTLA-4 expression in freshly isolated cynomolgus monkeys and human PBMCs. Cells were
tested before (

 

�

 

) and after (

 

�

 

) activation for 48 h as described in ‘Materials and Methods’. Resting and activated PBMCs were stained
with FITC-conjugated anti-CTLA-4 scFv no. 83 and analysed by flow cytometry. Results are expressed as fluorescence intensity with mean
fluorescence intensity (MFI) values of 21·8, 16·3, 11·4

 

,

 

 2·36, 2·74, 8·8, 5·7, 7·4, 2·93 for N116, N100, N140, N917, N915, N857, N850, N181
and human resting PBMC samples, respectively. The FITC-conjugated anti-BSA scFv no. 26 was used as negative control for anti-CTLA-
4 scFv no. 83. Data are representative of two similar experiments.
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CTLA-4 transcripts expression in cynomolgus monkey 
lymphoid cells by RT-PCR

 

Expression of CTLA-4 specific transcripts in cynomolgus monkey
PBMCs was investigated by RT-PCR using the same set of prim-
ers specific for human CTLA-4 full length coding sequence [24].

In resting PBMCs derived from two representative cynomol-
gus monkeys from each group, two RNA transcript variants of 672
and 550 bp were similarly detected which corresponded, respec-
tively, to the membrane CTLA-4 transcript and to the spliced
CTLA-4-deleted (delTM) transcript also detectable in human
resting PBMCs [23,24] although in different proportions (Fig. 3a).
In fact, in cynomolgus PBMCs the predominant variant corre-
sponded to the deleted 550 bp band, whereas in human PBMCs it
corresponded to the full length 672 bp variant, as previously
reported [23].

Stimulation of cynomolgus PBMCs with PMA/PHA resulted
in a significant decrease of the CTLA-4delTM band whereas the

membrane CTLA-4 band increased considerably as shown in
Fig. 3c. In activated human PBMCs the only detectable band cor-
responded to the full length variant transcript whereas the delTM
variant could not be observed.

Therefore, CTLA-4 RNA levels upon activation were propor-
tional to the levels of CTLA-4 protein expression on the surface
of PBMCs from cynomolgus monkeys.

 

Effect of anti-CTLA4 immunotoxins on the induction of 
apoptosis of cynomolgus monkey lymphoid cells

 

We evaluated the apoptosis of PMA/PHA activated PBMCs from
both groups of cynomolgus monkeys induced by two immunotox-
ins. These were obtained by chemical conjugation of the anti-
CTLA-4 scFv no. 83 or the ATG anti-T lymphocyte globulin prep-
aration to the saporin type-1 RIP. Both immunotoxins at a con-
centration of 10

 

-

 

8

 

 

 

M

 

 caused apoptosis of 

 

>

 

90% of activated
PBMCs from the Philippines group and of 

 

>

 

80% of activated

 

Fig. 2.

 

Double staining of PMA/PHA activated PBMCs from cynomolgus monkeys with FITC-conjugated anti-CTLA-4 scFv no. 83 (

 

x

 

-
axis) and PE-conjugated anti-CD2 mAb (

 

y

 

-axis) by flow cytometry. Appropriate gating for lymphocyte populations has been performed
by forward scattering vs. surface scattering on lymphoid cells. Data are representative of two similar experiments.
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PBMCs from the Mauritius group whereas they did not affect
unstimulated PBMCs (data not shown), as evaluated by FITC-
annexin V and 7-AAD staining (Fig. 4). In contrast, saporin
mixed with scFv no. 83 or ATG was weakly toxic at concentrations
of 10

 

-

 

8

 

 and 10

 

-

 

7

 

 

 

M

 

. Since anti-CTLA-4 immunotoxins have been
previously shown [16] to be only slightly toxic for bone marrow
precursors at a concentration of 10

 

-

 

8

 

 

 

M

 

, these results suggest their
possible 

 

in vivo

 

 application in xenotransplant models.
As we previously detected anti-CTLA-4 antibodies in ATG

globulin preparations [20], the apoptotic effect exerted by the
polyclonal ATG-immunotoxin on monkey PBMCs may be due to
the binding to CTLA-4 in addition to other lymphocyte molecules
recognized by the polyclonal ATG.

 

Natural anti-pig antibodies

 

The analysis of the natural anti-pig antibody repertoire in the sera
of the two cynomolgus monkeys groups, by determination of APA
and anti-Gal IgM antibodies, is reported in Table 1. These exper-
iments indicate that in most cases the APA and anti-Gal antibody
titres were greater than those observed in a pooled human control
sample to which the value of 1000 AU was assigned. In addition,
APA levels and anti-Gal IgM antibody titres were considerably
lower in the animals from the Philippines compared to the ani-
mals from Mauritius.

 

DISCUSSION

 

Because of their relevance to clinical transplantation, nonhuman
primate models are critical for organ transplantation studies. Sev-
eral strategies have been designed in the past years to induce tol-
erance in nonhuman primates including approaches aimed at
reducing the T-cell-dependent B-cell responses. In this context,
reagents able to provide T cell depletion from blood and lymph
nodes, by targeting the TCR-CD3 complex, were useful in pro-
longing graft survival. This was convincingly demonstrated by
Armstrong and colleagues who were able to significantly prolong

renal allograft acceptance using a toxin-conjugated anti-
CD3 mAb, given to recipient monkeys before transplantation
without any additional immunosuppressive therapy [27].

Furthermore, the discovery that costimulation is essential for
T-cell activation prompted considerable attention to costimula-
tory blockade as a means of manipulating T-cell-mediated
immune responses 

 

in vivo

 

 [28].
Among  the  costimulatory  signals  that  have  been  identified

the CD28/CTLA-4-CD80/CD86 pathways and the CD40-CD40
ligand (CD154) pathway have been determined to be of pivotal
importance for T cell proliferation and cytokine release. Several
tolerance-inducing regimens have been designed to evaluate the
effect of interrupting these critical pathways in nonhuman pri-
mate species. In particular, administration of the CTLA-4-Ig
fusion protein to rhesus monkey kidney allotransplant recipients
blockades the CD28/CTLA

 

-

 

4 interaction with their CD80 or
CD86 counter receptors by acting as a high affinity antagonist of
such ligands on APCs. This treatment resulted in a significantly
prolonged graft survival [29]. Similar results were obtained using
the anti-CD154 (CD40L) humanized mAbs or the combination of
these reagents [30].

There is much information on the expression of CTLA-4
molecule in human and murine cells of the T lymphoid lineage
whereas no data are available on its expression in nonhuman pri-
mate lymphoid cells. Therefore, in this study we have analysed the
expression pattern of the CTLA-4 costimulatory molecule on
peripheral blood lymphocytes from cynomolgus monkeys with
the aim of investigating whether targeting this molecule could
represent a tool to obtain selective depletion of activated T cells.
Clearly this analysis would have important implications in view of
possible subsequent transplant studies in nonhuman primates.

We first performed 

 

in vitro

 

 studies at a protein level by
immunofluorescence staining and flow cytometry using previ-
ously described human recombinant anti-human CTLA-4 scFvs.
[14,23], that are crossreactive with nonhuman primate CTLA-4.
The analysis, carried out 

 

in vitro

 

 on both resting and activated

 

Fig. 3.

 

Total RNA from two representative Philippines (N116, N100) and Mauritius (N917, N915) cynomolgus PBMCs and from human
PBMCs  (HPBMCs)  was  reverse  transcribed  and  PCR-amplified  with  primers  specific  for  human  CTLA-4  full  length  coding  sequence
(a,c), that show 100% homology to the macacus CTLA-4 coding sequence deposited in GenBank. As internal control, 
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-actin gene
amplification was carried out (b,d). The molecular weight marker used was Boehringer marker VIII.
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PBMCs from two groups of cynomolgus monkeys, indicated that
CTLA-4 was differently expressed at the cell surface of PBMCs
depending on the source of cynomolgus monkeys. CTLA-4 was
constitutively expressed by a small proportion of resting PBMCs
from Philippines monkeys and was markedly increased upon acti-
vation. On the contrary, CTLA-4 was not expressed by resting
PBMCs from Mauritius monkeys and was up-regulated following
stimulation, although at lower levels. The difference in the CTLA-
4 expression profile observed between the 2 groups of primates
studied could be related to the different immunological back-
ground of the monkeys analysed. This is also suggested by the
higher titres of APA and anti-Gal IgM antibodies in the Mauritius
group compared to the Philippines group. In this context, it is of
interest that differences in the natural repertoire of the humoral
immune response similar to those observed in this series had pre-
viously been reported by others using cynomolgus monkeys from
the same 2 sources [19]. In addition, it should be noted that the
expression pattern detected in the Mauritius group paralleled that
found in human PBMCs both in intensity and frequency. How-
ever, although this is a remote possibility, at this stage we cannot
exclude that the different CTLA-4 expression pattern observed

between Philippines and Mauritius groups may be related to the
different sex of the animals available for the study. Indeed, even
if no gender-related differences in CTLA-4 expression have pre-
viously been reported, sex-dependent differences in both
humoral and cellular arm of the immune response have already
been documented [31,32].

To determine whether the different levels of CTLA-4 protein
expression between the two groups of monkeys in resting condi-
tion and following activation was transcriptionally regulated, a
semiquantitative RT-PCR was carried out. This analysis showed
two transcript variant bands, thus confirming previous studies in
human PBMCs [23], but revealed differentially expressed levels
compared to humans. In cynomolgus monkeys PBMCs the
CTLA-4 deleted transcript variant was more abundant than the
CTLA-4 membrane variant whereas in human PBMCs there was
an opposite pattern of expression.

Interestingly, the observed CTLA-4 transcriptional profile
while confirming a conserved mechanism of CTLA-4 activation
between humans and macaques, at the same time emphasizes the
role that CTLA-4 del-TM spliced form may play in resting lym-
phocytes of both primate groups. However, following activation
with PMA/PHA, the deleted variant decreased in both groups of
primates and completely disappeared in human PBMCs as previ-
ously reported [23,24], whereas the membrane variant increased
leading to enhanced protein expression.

Efforts have been made in the development of new therapeu-
tic strategies that specifically target molecules involved in the
rejection process. Therefore, we evaluated in vitro the possibility
of using anti-CTLA-4 specific immunotoxins for apoptosis induc-
tion of nonhuman primate PBMCs. In particular, two immuno-
toxins containing anti-CTLA-4 ligands (anti-CTLA-4 scFv or
ATG preparation) and the type-1 RIP saporin, were able to kill
CTLA-4 expressing monkey cells. It was already reported that
RIP-containing immunotoxins are able to induce apoptosis in tar-
get cells, with cytotoxic mechanisms comprehending protein syn-
thesis inhibition and possibly direct damages to DNA or other
type of RNA [17]. Our results show that both immunotoxins used
are highly efficient in inducing apoptosis of monkey cells support-
ing the future use of CTLA-4 as a new target molecule for in vivo
tolerance inducing immunotherapeutic strategies in nonhuman
transplant models. This approach could be applicable even in the
case of the hypothetical existence of CD4+ CD25+ CTLA-4+
regulatory T cells [33] in macaques. In this case collection of these
regulatory T cells prior to treatment followed by their reinfusion
(possibly, after in vitro expansion), at the end of the immunotoxin
treatment, to restore the subset could be envisaged. Alternatively,
since lymphocytes are constantly regenerating cells, spontaneous
repopulation of these cells after immunotoxin treatment could
occur.

Taken together the results of the present study show that
there are variable levels of CTLA-4 expression in nonhuman
primates and this can be demonstrated either at protein or
transcriptional level with a reasonable level of correlation. Not-
withstanding the variability observed between animals from dif-
ferent sources, our data suggest that in vivo treatment with anti-
CTLA-4 immunotoxins should efficiently reduce the incidence of
allo and xenograft rejection in cynomolgus monkeys from either
sources by killing activated T cells. Moreover treatment with a
CTLA-4-toxin conjugate could lead to the specific elimination of
allo/xeno-reactive T cells preventing a possible subsequent recog-
nition by the same T cells. This is substantially different from the

Fig. 4. Percentage of apoptotic PMA/PHA activated PBMCs from cyno-
molgus monkeys treated for 72 h with increasing doses of two immuno-
toxins (� 83-sap and � ATG-sap), or a mixture of scFv or ATG and
saporin (▲ no. 83+sap, D ATG+sap). PBMCs from the (a) Philippines and
from (b) Mauritius were stained with FITC-Annexin V and 7-AAD.
Results are expressed as the mean value of apoptotic cells in individual
monkeys from both groups in triplicate experiments. SD never exceeded
10%.
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effect mediated by the use of CTLA-4-Ig. Indeed, although effec-
tive during its administration, CTLA-4-Ig only causes a defective
recognition  and  does  not  lead  to  elimination  of  the  allo/
xeno-reactive T-cells. Finally, our results also suggest that an
ATG-saporin conjugate could be used as a therapeutic option in
case a more pronounced T-lymphocyte depletion is needed.

In conclusion, this study demonstrates that strategies aimed at
targeting CTLA-4 molecules expressed by T cells using immuno-
toxins such as those presented here, may represent an effective
tool to extend the survival of allo- and xeno-grafts transplanted
into primates.
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