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Abstract

Wehave studied the peripheral T cell repertoire of two patients
with severe combined immunodeficiency who were successfully
treated with human histocompatibility leukocyte antigen
(HLA)-mismatched fetal liver stem cell transplantation. The
patients presented a split chimerism. T cells were of donor ori-
gin, whereas the B cells / monocytes were of the host pheno-
type. Interestingly, the natural killer (NK) cells in one patient
were donor derived and in the other patient of host origin. The
NK cells were functional but did not have antihost or donor
reactivity.

Despite the HLA mismatch between donor and host cells,
complete tolerance was achieved in vivo, and a specific unre-
sponsiveness of peripheral blood mononuclear cells from both
patients toward the host cells was demonstrated in vitro. Never-
theless, we could isolate T cell receptor (TCR)af3, CD4' or
CD8+, T cell clones specifically reacting with HLAclass I and
II molecules of the host. The CD4+ host-reactive T cell clones
from both patients produced interleukins 2 and 5, interferon-Y,
granulocyte / macrophage colony-stimulating factor but are spe-
cifically defective in interleukin 4 production. The frequencies
of CD8+ host-reactive T cells were high, and were in the same
range as those observed for CD8+ alloreactive T cells. In con-
trast, no donor-reactive CD8+ T cells or host or donor-reactive
TCR'y5+ T cells were detected. These data indicate that, after
fetal stem cell transplantation, donor-reactive, but not host-
reactive cells, are deleted from the T cell repertoire. Therefore,
a peripheral mechanism of suppression or clonal anergy, rather
than clonal deletion, is involved in maintaining in vivo tolerance
toward the host. (J. Clin. Invest. 1993. 91:1067-1078.) Key
words: chimerism * fetal stem cell transplantation - host reactiv-
ity * severe combined immunodeficiency * transplantation toler-
ance

Introduction

Severe combined immunodeficiency (SCID)' encompasses a
variety of congenital disorders characterized by abnormal lym-
phoid development. Although different genetic defects can be
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responsible for the disease, infants with SCID share a profound
impairment of both cellular and humoral immune functions
( 1, 2). Bone marrow transplantation (BMT) from an histo-
compatible donor is the treatment of choice for these patients
(2, 3). However, when HLA-identical donors are not available,
transplantation with mismatched fetal liver stem cells, ob-
tained from first trimester donors, has been shown to be suc-
cessful (4). During the first trimester of gestation, the fetal liver
is the major source of stem cells and is virtually free of mature
T cells capable of provoking a graft-versus-host disease
(GVHD). In addition, SCID patients are naturally devoid of
functional T cells able to reject the transplant and therefore
they do not require immunosuppressive conditioning therapy.
However, in the absence of initial myeloablation, engraftment
is generally confined to the T cell compartment, especially
when host B cells are present prior to the transplant. Despite
this split chimerism, these subjects develop normal immuno-
logical functions including normal in vivo and in vitro antibod-
ies responses (5, 6).

SCID chimeras represent one of the few examples of suc-
cessful stem cell transplantation across HLA-mismatched
barriers and therefore may serve as a model system to investi-
gate the mechanisms of induction and maintenance of toler-
ance following allogeneic transplantation. The understanding
of the underlying mechanisms may be useful, not only for allo-
geneic transplantation in immunodeficiencies, but also for
transplanting patients suffering from lymphopoietic malignan-
cies who lack histocompatible donors. Thus far, little is known
about the extent of chimerism, the development of donor T cell
repertoire and the mechanisms of tolerance in patients recon-
stituted with mismatched stem cells (4, 7-10).

In this article, we analyze the peripheral T cell repertoire of
two SCID children reconstituted with fetal liver transplanta-
tion (FLT). In addition, we characterize the chimeric state of
these two patients and we determine the frequencies of host
and donor-reactive cells. It is shown that both patients, who are
in good health, have T cell receptor (TCR) afl' and TCRy6+ T
cells of donor origin, whereas B cells and monocytes are of host
origin. Interestingly, the extent of the chimerism varied. In one

patient the natural killer (NK) cells express the HLA pheno-
type of the host, whereas in the other they are of donor origin.
Furthermore, it is demonstrated that donor derived TCRaf3'-
CD4+ and CD8+ host-reactive T cell clones could be isolated
from both patients at high frequencies ( 1 1). However, these T
cells were unresponsive toward the host HLA antigens in a

1. Abbreviations used in this paper: BMT, bone marrow transplanta-
tion; EBV-LCL, Epstein-Barr virus-transformed lymphoblastoid B cell
line; FLT, fetal liver transplantation; GVHD, graft-vs.-host disease;
MLC, mixed leukocyte culture; NK, natural killer; SCID, severe com-
bined immunodeficiency; TCR, T cell receptor; TdR, thymidine.
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primary mixed leukocyte culture (MLC), suggesting that a pe-
ripheral regulatory mechanism of suppression or anergy, rather
than clonal deletion, is involved in maintaining tolerance in
these patients.

Methods

Clinical history and follow-up. Patient R.V. is 5 yr old. He was born
with a normal weight after an uncomplicated pregnancy. He had no
family history of SCID. He became severely ill at 8 mo of age with
recurrent fever and suffered from intestinal and respiratory tract infec-
tions unresponsive to therapy. The delayed hypersensitivity skin test to
tetanus toxoid (to which he had been vaccinated) was negative. The
thymic shadow and pharyngeal lymphatic tissues were undetectable on
X-rays. Adenosine deaminase deficiency and purine nucleoside phos-
phorylase deficiency activity were within the normal range. In a 2-mo
period the WBCmarkedly decreased, especially in the number of lym-
phocytes (from 2,800 to 800/mm3). The phenotype of the patient's
PBMCshowed profound decrease in the CD2', CD3', CD4', and
CD8+ T cells (< 6%), whereas a relatively high percentage of B cells
was present (Table I). The proliferative responses to mitogens were
also strongly impaired. Serum IgG and IgA levels were far below the
normal range and IgM levels were at the lowest levels of normality.
Specific antibodies were undetectable.

Based on these clinical manifestations and biological findings, the
diagnosis of SCID with absence of mature T cells and presence of non
functional B cells was made. The child was isolated in a sterile room
and, because no HLA identical donor was available, he received fetal
hematopoietic stem cell transplantations. Seven transplants from as
many unrelated donors were given over a 6-mo period (from June to
December 1987). In each case, a cell suspension of liver tissue, ob-
tained from fetuses of gestational age ranging between 7 and 12 wk, was
injected intravenously; in four cases, the autologous thymus was simul-

Table I. Immunologic Evaluation before and after
Transplantation in Patient R. V.

Before After*

Lymphocyte number NVt
(cells/mm3) 800 2000 1800-4800

Phenotype (%)
CD2+ 5.2 64 60-90
CD3+ 4.8 60 50-75
CD4+ 3.5 11 35-45
CD8+ 1.2 46 15-25
CD20+ 29.4 25 5-10

Proliferative response to Patient Control Patient Control
mitogens (cpm X 10-3)

Cells 1.2 3.4 1.6 2.5
PHA 4.4 52.4 26.4 60.4
ConA 1.9 52.9 34.9 48.2
PWM 2.1 34.5 9.7 25.7

Patient NV for age Patient NVfor age
Serum Ig levels (mg/do

IgG 28 220-900 237 420-1050
IgA 2 16-84 7 15-128
IgM 44 40-150 38 48-170

taneously injected. The number of cells in each transplant varied from
25 x 106 to 30 X 10'. A rapid and persistent increase in the percentages
of T cells with mature phenotype was observed 4 mo after the first
transplant and just before the seventh transplant. Peripheral blood
lymphocyte counts 4 mo after reconstitution (Table I) were 2,000/
mm3consisting of 64%CD2' cells and 60%CD3' cells. The number
of CD4' and CD8' cells also increased, but the CD4/CD8 ratio was

lower (0.24) compared to normal values (1.6-2.2), which was due to
both lower number of CD4' and higher number of CD8+T lympho-
cytes. A more extensive phenotyping performed on RV-PBMC3 yr

after transplantation is shown in Fig. 1. All T lymphocyte populations
were reconstituted. However, the proportion of TCR6y5 T cells was

40% of the CD3+ cells, which is much higher than normal (1-10%)
(12); all TCRy'y T cells were V62' and CD45RO' (not shown). The
CD4+/CD8' cell ratio was persistently inverted (0.58). The percent-
ages of CD20', HLA-DR', CD25+, CD5+, CD6+, CD7+cells were in
the normal range. 2% of the lymphocytes expressed CD34. Cells with
NKphenotype were present in low amounts and expressed low levels of
CD16 and CD56. The same two markers checked 9 mo later on PBMC
showed an increase in the CD56 expression whereas the CD16 expres-
sion remained very low. In parallel with the appearance of mature T
cells, the proliferative responses to mitogens became normal. The
serum immunoglobulins remained low after transplantation and the
patient had immunoglobulin injections every 3 wk. The values of IgM
ranged between 30 and 60 mg/dl, but levels of 200 mg/dl were also
measured. The IgG values were determined before each immunoglobu-
lin administration and ranged from 400 to 500 mg/dl.

Patient S.P. is now 18 yr old. His clinical history has been already
described in detail (5). In brief, because he had a family history of
SCID, he was placed in a sterile environment soon after birth, before
the onset of the disease. Analysis of his PBMCconfirmed that he was
affected with SCID with lack of T cells, whereas B cells were pres-
ent. He received two allogeneic fetal liver transplantations from two
unrelated donors. In both cases the autologous fetal thymus was Eimul-
taneously injected. The history of the reconstitution was comparable to
that of patient R.V. with the exception of the percentages of TCRyb' T
cells, which were in the normal range (2-5%). However, in this patient
the presence of TCR'y+ T cells was first investigated 13 yr after trans-
plantation. After reconstitution (3 yr), endogenous immunoglobulins
were produced and no further medication was given.

Cell lines. The Epstein-Barr virus-transformed lymphoblastoid B
cell line (EBV-LCL) of patient R.V. (UD 153), his father (UD1 54), his
mother (UD155), and the allogeneic EBV-LCL were generated by
EBV infection of PBMC.

The T cell lines were obtained from patients' PBMCand parents'
PBMCafter PHA(0.1 g/ml) stimulation in the presence of IL-2 (20
U/ml). The T cell line of host origin (Blast 87) was obtained from
pretransplant RV-PBMCwhich have been activated with PHA. These
cells were stimulated twice with feeder cell mixture consisting of 5 X

105/ml PBMC(irradiated at 4,000 rad), 5 X 14OJY EBV-LCL (irra-
diated at 5,000 rad), and PHAand expanded in the presence of IL-2,
IL-4 (200 U/ml), and IL-7 (10 ng/ml). All T cell lines were weekly
restimulated with the feeder cell mixture and maintained in culture
with IL-2.

HLA typing. HLA typing of both patients was carried out on puri-
fied T and B cells, T cell clones, EBV-LCL, and NK clones using a

cytotoxicity assay previously described (13). HLA-DRwas further de-
termined on purified T cells, B cells, and monocytes by polymerase
chain reaction (PCR)/oligotyping as described (13).

Establishment of Tcell clones. Host-reactive TCRafl+ T cell clones
were obtained from PBMCof patient R.V. either after activation with
aCD2 mAbor with the host's EBV-LCL, in the presence of IL-2. 105
PBMCwere activated with a mitogenic combination of X 11- 1 and D66
aCD2 mAb(1:2,000 of ascites) (a kind gift of Dr. A. Bernard, Hopital
de l'Archet, Nice, France) in 96-well plates. 3 d later, 20 U/ml of IL-2
were added. After 7 d, the CD8+ cells were sorted and cloned at one cell
per well by using a FACStar Plus (Becton, Dickinson & Co., Mountain
View, CA). Individual cells were collected in wells filled with the feeder
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Figure 1. Phenotype of peripheral blood lymphocytes of patient R.V. 3 yr after reconstitution with fetal liver stem cell transplantations. Cells were

stained with the different mAbs described in Methods (filled histograms) and with isotype control mAbs (clear histograms). For the CD14
staining the FACSgate included total PBMC.

cell mixture. After 1 wk, fresh medium with 20 U/ml of IL-2 was

added. 1 wk later, growing cultures were transferred into 24-well plates
and restimulated with the feeder cell mixture. The clones were then
expanded in medium containing IL-2. Among the 138 T cell clones
screened, four displayed host reactivity.

To obtain host-reactive T cell clones after Ag-specific stimulation,
an MLCwas performed in which 105 PBMCwere activated with 104
irradiated EBV-LCL of the host (UD153). After 3 d of culture, fresh
medium containing 10 U/ml of IL-2 was added. 8 d after onset of the
cultures, the remaining cells were restimulated with UD153 (II MLC).
7 d later, a proportion of the responder cells was stimulated for a third
time with UD153 (III MLC), whereas the other part was expanded
with feeder cells. All cells from the III MLCand sorted CD4' T cells
from the II MLCthat had been expanded with feeder cells, were cloned
by limiting dilution at 0.3 cells per well. 52 of the 218 T cell clones
obtained after specific stimulation, were host-reactive. Host-reactive T
cell clones from patient S.P. were established as previously described
(11).

The TCRy6+ T cell clones were obtained from sorted CD4-CD8
cells and cloned according to the above procedure.

Establishment of NKcell clones. CD16'CD56' cells were isolated

by cell sorting from RV-PBMCand expanded with feeder cell mixtures
and IL-2. After 10 d, CD56+CD16'CD3- cells were sorted for a sec-
ond time, to eliminate contaminating T cells, and cloned by limiting
dilution, at 10, 5, and 1 cells per well. NKcells from patient S.P.-PBMC
were enriched using a Percoll gradient centrifugation and
CD56+CD16+cells were purified using the FACStar plus as previously
described (14). Clones were expanded using the culture conditions
described above.

Monoclonal antibodies. Monoclonal antibodies against the follow-
ing antigens were used: CD2 (anti-Leu5b); CD3E (anti-Leu4); CD36
(mAb Sp64; generously provided by Dr. C. Terhorst, Harvard Medical
School, Boston, MA) ( 1 5); TCRyb (TcRb6; a kind gift of Dr. M. Bren-
ner, Dana Farber Cancer Institute, Boston, MA); VW, (6TCS1; T Cell
Sciences, Cambridge, MA) and V62 (BB3; a gift of Dr. L. Moretta,
Genova, Italy) (16); TcRafl (BMA31; T Cell Sciences); CD4 (anti-
Leu3a); CD5 (anti-Leu 1); CD6(anti-Leu 17); CD7(anti-Leu9); CD8
(anti-Leu2b); CD16 (anti-Leu I la); CD20(anti-Leul6); CD25 (anti-
IL-2 receptor a); CD34 (IDM34; AMAC, Inc., Westbrook, ME);
CD45RO(UCHL-l ); CD56 (anti-Leul9); CD57 (anti-Leu7); HLA-
DR (anti-HLA-DR); Leu8 (anti-Leu8). All mAbs were purchased
from Becton-Dickinson &Co. (Mountain View, CA), unless otherwise
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noted. CDl la (anti-LFA-la), CD18 (anti-LFA-Ifl), CD28 (anti-
CD28, L293), CD29 (anti-VLAf), and CD49 (anti-VLAa4) mAbs
were kindly provided by L. Lanier (DNAX Research Institute). Hy-
bridoma's producing mAbs against allotypic HLA determinants
MA2.1 (anti-HLA-A2) and SFR3-DR5 (HLA-DR5), which recognize
both HLA-DR1 1 and HLA-DR12 subtypes, were obtained from the
American Type Culture Collection (Rockville, MD).

Fluorescence analysis. For detection of cell surface antigens, 105
cells were labeled with mAbsand FHTC-labeled goat anti-mouse anti-
bodies or with FITC or phycoerythrin conjugated mAbs. The cells were
incubated for 30 min with the appropriate mAbin PBSwith 0.1 %BSA
and NaN3 in all staining experiments as described (11).

To detect the cytoplasmic CD3 proteins, cells were fixed in PBS
containing 0.1 % paraformaldehyde at 4°C overnight. After two
washes, cell membranes were permeabilized by treatment with PBS
containing 0.1 %Triton X- 100 on ice for 30 min and then stained.

Proliferation and cytotoxic assays. The proliferative response of the
patients' PBMCtowards the HLAAgs of the host was tested in a MLC
by stimulating 2 X I05 PBMCwith 2 x 104 irradiated host EBV-LCL
or HLA-matched monocytes in round-bottomed 96-well plates. After
4 d of incubation at 37°C in a humidified atmosphere of 5%C02, the
cultures were pulsed overnight with 1 uCi of tritiated thymidine ([3H ]-
TdR), harvested onto fiberglass filters and [3H]TdR incorporation was
determined by scintillation spectroscopy. Proliferative responses of
host-reactive T cell clones were tested as previously described (11).

Cytotoxic activity of NKcells and T cell clones was measured in a
standard 4 h 5'Cr-radioisotope release assay (11). K562 (erythroleuke-
mia), Daudi (Burkitt lymphomas), and JY (EBV-LCL) were used as
NK-sensitive targets.

Determination of lymphokine production. To evaluate lymphokine
production, resting host-reactive T cell clones collected 8-10 d after
stimulation with the feeder cell mixture, were washed and stimulated
with the host's EBV-LCL or with 10 ug/ml of ConA at 106 cells/ ml, as
described (17). After 22 h of incubation the supernatants were har-
vested and tested. The presence of IL-2, IFN-,y, IL-4, IL-5 and GM-
CSFwas quantified by immunoenzymetric assays performed as previ-
ously described (17, 18). Sensitivity of each assay was 20 pg/ml for
IL-2, IL-5 and GM-CSF; 40 pg/ml for IL4; 100 pg/ml for IFN-,y.

Limiting dilution analysis for lymphokine secreting and cytotoxic T
cells. The frequency analysis was performed as previously described
(19). Briefly, CD8+ T cells, obtained by cell sorting on a FACStar Plus,
from PHA-activated PBMCof patient R.V. and freshly isolated PBMC
of patient S.P., were seeded manually at 0 (for background determina-
tion), 1 (for determination of cloning efficiency), 10, and 20 cells per
well in 96-well round-bottomed plates, with feeder cell mixture. After 1
wk, fresh medium and IL-2 were added. After an additional 5 d the
cultures were washed, split, and tested against different targets for deter-
mination of cytotoxic cells frequencies. To determine IL-2-secreting
cells, the cultures were incubated for an additional week. Subsequently,
they were stimulated with different EBV-LCL. The supernatants were

harvested after 20 h and IL-2 activity was assayed in duplicate on the
mouse cell line CTLL-2 as described (18).

Results

HLA typing and detection of chimerism. In order to confirm
engraftment and to evaluate the extent of chimerism, HLA
typing of patients' PBMCwas performed at different times
after the transplantations. The HLA typing of the patients and
the engrafted donors is shown in Table II. In patient R.V., the
presence of only one population of cells with an allogeneic
HLA phenotype was detected by serology and PCRanalysis
carried out on PBMC, indicating that only one of the seven

unrelated transplants was engrafted. HLA typing of the fetal
material before the transplantations was not performed, there-
fore it is not known which transplant has led to the successful
engraftment. The donor and host cells shared one of the HLA-
A and -C alleles (HLA-A2; Cw4), but they were mismatched
for the other HLA alleles.

HLA typing of the PBMCof patient S.P., who received
FLT from two different donors, revealed stable engraftment of
cells from the second donor (10; Table II). In addition, 10-
20% of the circulating T cells were derived from the first trans-
plant. The HLA phenotypes of both donors were completely
mismatched with those of the host.

Standard HLA typing carried out on purified TCRafl+ and
TCRy6y T cells, B cells, NKcells, and freshly isolated mono-

cytes showed that in both patients the T cells were exclusively
of donor origin. In patient S.P., TcRaf3' and yb' T cells de-
rived from both the first and the second donor were detectable.
In contrast, B cells and monocytes, which were already present
before the transplants, remained of host origin (Table II). Inter-
estingly, the NK cells in the patients were of different origin.
The NKcells in patient R.V. were of donor origin, whereas in
S.P. they were of host origin. The chimerism was confirmed in
both patients by phenotyping > 100 TcRaflc T cell clones, 30
TcR6y + T cell clones, EBV-LCL, and NKcell clones ( 108 NK
clones from patient R.V., 85 NKclones from S.P.). An exam-

ple of this phenotyping is shown in Fig. 2. An anti-HLA-DR5
mAb, which recognizes both HLA-DR 1 I and HLA-DR12 sub-
types, was used to detect cells of donor origin in patient R.V.
and an anti-HLA-A2 mAbwas used to identify donor derived
cells in patient S.P. All TCRafl' and -y3' T cell clones, isolated
from both patients, were of donor origin (HLA-DR5 + in R.V.
and HLA-A2+ in S.P.). TCRaf3+ T cell clones included TT-
specific T cell clones (20), host-reactive (see below) and allo-
reactive T cell clones (21 ). EBV-LCL failed to stain with HLA-
DR5 or HLA-A2 specific mAbs, indicating that they were of
host origin. RV-NK cell clones were of donor origin (HLA-
DR5+), whereas SP-NK cell clones were all host derived
(HLA-A2-).

Table II. HLA Typing and Chimerism in PBMCof Patients R. V. and S.P. after Reconstitution with Fetal Liver Stem Cells
rD

HLA locus

Patient Origin A C B DR DQ Type of cells

R.V. host 2-31 w4-w7 37-62 8-10 4-5 B cells, monocytes
donor 2-30 w4 8-35 11-13 6-7 T cells, NKcells

S.P. host 3-33 w6 14-47 4-11 7-7 B cells, monocytes,
NKcells

1st donor 2-11 w4 27-62 1-8 5 20% T cells
2nd donor 1-2 w7 8-18 3-9 3-2 80% T cells

1070 Bacchetta et al.
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Figure 2. HLA phenotype of cell lines isolated from PBMCof patients R.V and S.P. The donor cells (filled histograms) are recognized by anti-
HLA-DR5 mAb in patient R.V and by anti-HLA-A2 mAb in patient S.P. The HLA Ags of TCRaf3+ (A) and TCR'yb' (B) T cell clones,
EBV-LCL (C), and NKcell lines (D) are shown for each patient.

Characterization ofNK cells. The NKcells of patient R.V.
appeared in the peripheral blood late after reconstitution. HLA
typing revealed that they derived from the fetal donor. To de-
termine their differentiation stage, we studied the expression of
different markers such as CD16, CD57, Leu8, and intracyto-
plasmic CD3 (cCD3), which distinguish adult NKcells from
immature NKcells (22-25). Similarly to immature NKcells,
freshly isolated NK cells from patient R.V. expressed low
amounts of CD16 (Fig. 1 ) and CD57 (not shown), whereas the
majority of the NK cells present in the peripheral blood of
normal donors have high expression of both markers (25).
RV-NK cell line J201 was CD2 , CD3-, CD56 bright, weakly
expressed the CD16 marker and was negative for CD57 and
Leu8 (Fig. 3). Furthermore, CD16 expression on RV-NK cell
clones varied from negative to weakly positive. However, in
contrast to immature NKcells, no cCD3e and chains could be
detected in the RV-NK cell line (Fig. 3) and RV-NK cell clones
(not shown). The phenotype of host derived NK cells of pa-

tient SPwas comparable to that of adult NKcells (25). Freshly
isolated SP-NK cells expressed high levels of CD16and CD57.
SP-NK cell lines and SP-NK cell clones were CD2+-
CD3 cCD3-CD56+CD57-Leu8- and had high expression of
CD16 (not shown).

The cytotoxic activity of NKcell clones isolated from both
patients is shown in Fig. 4. They displayed high cytotoxic activ-
ity against the NK sensitive cell lines K562, Daudi, and JY.
None of the NKclones was significantly cytotoxic for donor or

host cells.

Proliferative responses offreshly isolated PBMCof the pa-
tients to host, parental, and allogeneic cells. To investigate
whether the in vivo tolerance between donor T cells and host
cells was also present in vitro, we studied the proliferative re-

sponses of PBMCof the two patients toward HLA-incompati-
ble cells of host origin in primary MLC, in the absence of exoge-
nous cytokines. PBMCwere isolated from patient S.P. 16 yr

and from patient R.V. 3 yr after transplantation, respectively.
The EBV-LCL of host origin was used as stimulator for pa-
tient's RV-PBMC. In patient S.P., who is EBV seropositive,
purified monocytes matched for the HLA-DRmolecules of the
host were used as stimulators. The proliferative responses to
the EBV-LCL or to the monocytes of the parents and to third-
party EBV-LCL or monocytes were also evaluated. Results
shown in Table III demonstrate that patients' PBMCprolifer-
ated vigorously when stimulated with parental and unrelated
mismatched EBV-LCL or monocytes. In contrast, very low
proliferative responses were observed when PBMCfrom both
patients were stimulated by host cells. PBMCof normal donors
which showed normal proliferative responses to all cells used as

stimulators, were tested in parallel. Engagement of the TCRin
the absence of co-stimulatory signal mediated by CD28/B7
interaction results in an unresponsive state of the T cells (26).
This unresponsiveness can be restored by the addition of anti-
CD28 mAb(27). The addition of different concentrations of
anti-CD28 mAbdid not reverse the unresponsiveness of the
PBMCof patient SP towards the host cells (Table IV), suggest-
ing that it was not due to insufficient CD28/ B7 interaction. In
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Figure 3. Phenotype of a donor-derived NK cell line (RV-J201) of patient R.V. Filled histograms represent RV-J201 stained with FITC- or
phycoerithrin conjugated mAbs (see Methods), and clear histograms represent the same cells stained with isotype control mAbs. sCD3, surface
CD3; cCD36 and f, intracytoplasmic CD3.

addition, various concentrations of exogenous IL-2, which has
been shown to break tolerance in many models (26, 28, 29),
failed to restore specific responsiveness in the primary MLC,
despite the fact that considerable levels of non specific prolifera-
tion were induced (Table IV). Similarly, IL-4, which has T cell
growth promoting activity (30), had no effects.

Isolation and characterization of host-reactive T cell clones.
Wepreviously reported that CD4' and CD8+ T cell clones
specific for the HLAdeterminants of the host could be isolated
from PBMCof patient S.P., after stimulation with host EBV-
LCL, despite the in vivo tolerance and the in vitro unresponsi-
veness to the mismatched cells of the host ( 11). Comparable
host-reactive T cell clones were obtained after polyclonal acti-
vation of the PBMCwith PHA(21 ). Host-reactive T cells are
also present in the PBMCof patient R.V. Host-reactive T cell
clones were obtained both after polyclonal stimulation of the
PBMCwith aCD2 mAbs and after activation with the host
EBV-LCL (UD1 53) in the presence of IL-2. All clones were
TcRafBCD2+CD3+. They expressed normal levels of
CDl la/CD 18 and CD49/CD29. The fluorescence intensity of
CD28 expression was similar to that of control alloreactive T
cell clones (obtained from the patients and from normal do-
nors) and varied from dim to bright. Proliferative responses,
cytotoxic activity and IFN-y production of 20 representative T
cell clones out of 56 host-reactive T cell clones obtained from
patient R.V. are shown in Table V. The CD4+ T cell clones
proliferated in response to the EBV-LCL UD153 of host origin,
whereas they did not respond to allogeneic EBV-LCL which
did not share any relevant HLAAgs with the host (not shown).
For some of the CD4+T cell clones the proliferative responses
to UD153 were persistently low, however the IFN-y produc-
tion, which was tested simultaneously, was high. The CD8+ T
cell clones were highly cytotoxic against UD153 and against
the host PHA-activated T cell blasts and they produced vari-
able amounts of IFN-,y when stimulated by the host cells. Prolif-
erative responses of the CD4+ and cytotoxic activities of the

CD8+ host-reactive T cell clones of patient R.V. were specifi-
cally blocked in the presence of anti-HLA class II and class I
mAbs, respectively (not shown).

To further study the specificity of these clones, their ability
to recognize the parental cells was tested. In Table VI it is
shown that some of the CD8+ host-reactive clones (A24, B44,
2/3, 2/7, and 2/ 13) were specifically cytotoxic for the T cell
blasts of the father, sharing the HLA-A3 1, Cw4, B62 with the
host, and not for the cells of the mother. The other clones were
cytotoxic against the mother's PHA-activated T cell blasts, that
share HLA-A2, Cw7, B37 with the patient. In addition, none of
the clones tested were cytotoxic against the T cell blasts of the
donor. In particular, no T cell clones specific for HLA-A2 anti-
gen, shared by donor and host, could be identified. This sug-
gests that host-reactivity is directed only against the HLA Ags
of the host which are not present on the donor cells.

Lymphokine production profile. The pattern of lymphokine
production by CD4+ and CD8+ host-reactive T cell clones of
patient RV, after ConA activation, is shown in Table VII. As
previously described for T cell clones obtained from normal
donors ( 31 ), both subsets of host-reactive T cell clones pro-
duced high amounts of IFN--y and synthesize granulocyte/ma-
crophage colony-stimulating factor (GM-CSF), IL-2, and IL-
5. In contrast, both CD4+and CD8+host-reactive T cell clones
were unable to produce IL-4, whereas the majority of T cell
clones isolated from normal donors synthesize IL-4 (31 ). The
lack of IL-4 production by host-reactive T cell clones was con-
firmed at transcriptional level by PCR(not shown).

Frequency analysis of CD8+host-reactive Tcells. To inves-
tigate the frequency of host-reactive T cells, a limiting dilution
assay was performed. Results of one representative experiment
of three are illustrated in Table VIII. In patient R.V. the fre-
quency of CD8+ cytotoxic cells reacting against the host EBV-
LCL (UD153) was 1:902, and the frequency of cells reactive
against the allogeneic EBV-LCL (K395) was 1:179. The fre-
quencies of CD8+ IL-2 producing cells towards the same EBV-
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Figure 4. Lytic activity of donor-derived NKcells of patient R.V. and
host-derived NKcells of patient S.P., after reconstitution. (A) RV-NK
clones and (B) SP-NK clones. E/T. ratio was 10:1. NK-sensitive tar-
gets are described in Methods. Host and donor cell targets for patient
R.V. were T cell blasts and for patient S.P. were EBV-LCL and T
cell clones, respectively.

LCL, used as stimulators, were comparable to those of cyto-
toxic cells, indicating that the frequency of host-reactive cells is
high, although somehow lower, compared to the frequencies of

T cells specific for alloantigens. In patient S.P. the frequencies
of cytotoxic and IL-2 producing T cells reactive against the host
EBV-LCL (SPS) were 1:348 and 1:161, respectively, which
were comparable to the frequencies of cells reactive against the
allogeneic EBV-LCL (K395). In contrast, the reactivity against
the 1 st donor EBV-LCL SPA2 was low and comparable to the
frequencies of autoreactive cells in normal donors ( 19) and
those found in donor MBtested in parallel (Table VIII).

Determination of host and donor-reactivity in the TCR'yb T
cell compartment. The specificity and function of TCR~yb' T
cells is not well understood. A possible role of TCR'yb' T cells
in immune surveillance has been suggested (32). On the other
hand, donor derived TCR-yb+ T cell clones capable of killing
autologous TCRaf3' T cells have been described in recipient of
allogeneic BMT(33). To address the question whether donor
derived TCR'y6+ T cells display cytotoxic activity against the
donor derived cells, TCR'y3' T cell clones from PBMCof both
patients were established. The phenotype and the lytic activity
of five representative TCR'y+ T cell clones from each patient
are shown in Table IX. All 20 TCR-yb' T cell clones isolated
from patient R.V. were, as expected, V62 + since no VA1 T cells
were detected in the freshly isolated PBMC(not shown). 2 of
the 10 TCRyb' T cell clones isolated from patient S.P. did not
react with the 3TCS, or BB3 mAbs, recognizing the V61 and
V62 forms of the receptor respectively ( 16). All 30 T cell clones
tested were cytotoxic for K562 but none of them were cytotoxic
for host-reactive T cell clones or T cell blasts of the donor. In
addition, no cytotoxic activity for host T cells and host EBV-
LCL was observed. Collectively, these results indicate that the
TCR'yb' T cells are not associated with any antihost or anti-
donor reactivity.

Discussion

Wehave studied the chimerism and the development of donor
T cell repertoire in two SCID patients reconstituted with HLA-
mismatched allogeneic fetal liver stem cell transplantations.
Both patients suffered from SCID with a selective T cell defect
and normal numbers of B cells and were transplanted during
the first year of life. They received multiple transplants, from
different unrelated donors, and in many cases the fetal liver
cells were injected together with a cell suspension obtained
from the autologous thymus. These conditions increase the
probability of engraftment, since they allow the injection of a
high number of cells which may find proper support for growth

Table III. Proliferative Response of PBMCof Patients R. V. and S.P. to Host, Parental, and Allogeneic Cells

Stimulator*

Medium Host Mother Father Allogeneic Allogeneic

cpm x i0-' of fHJTdR incorporation

R.V. 0.6±0.0§ 1.4±0.3 64.7±3.5 40.0±5.8 54.3± 1.2 75.6±5.6
G.A.t 8.3±0.1 309.8±16.1 354.9±7.5 409.4±17.3 293.2±4.2 466.2±20.0
S.P. 1.7±0.3 4.1±0.1 12.1±0.4 ND 24.6±2.0 22.4±2.2
P.P.t 2.1±0.5 38.6±1.1 22.7±0.6 ND 47.2±3.7 36.0±2.9

* EBV-LCL for patient R.V. and monocytes for patient S.P. were used as stimulators.
* Normal donors PBMCtested in parallel.
§ Mean±SD.
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IL-2, and IL-4 on Specific

Stimulator

Responder Medium Host*

cpm x IO' of[3HJTdR incorporation

SP-PBMC 0.7±0.1t 1.5±0.2
+aCD28 (,gg/ml) 5.0 0.5±0.1 1.2±0.1

0.5 0.7±0.1 1.6±0.3
0.05 0.6±0.1 1.3±0.2

+IL-2 (U/ml) 2 7.4±0.9 10.6±0.3
20 18.3±1.7 20.1±1.0
200 45.5±2.2 49.1±1.5

+IL-4 (U/ml) 20 1.2±0.1 2.6±0.3
200 1.2±0.1 2.5±0.3
2000 1.3±0.1 2.4±0.1

* Monocytes were used as stimulators.
* Mean±SD.

and differentiation in the autologous thymic stromal cells (4).
In patient S.P., who received two fetal liver and thymus trans-
plants, stem cells from both donors engrafted. However, only
after the second transplant a significant clinical improvement
was observed, which is compatible with the observation that
80% of the T cells have the HLA phenotype of the second

donor (21). Patient R.V. received seven transplants and in
four of them the autologous thymus was simultaneously in-
jected. Of these transplants only one engrafted. The reason for
this selective engraftment remains unclear. The number of the
cells injected may be an important factor. In contrast, because
the HLA type of the pretransplanted fetal cells was not avail-
able, we could not determine whether the presence of the fetal
thymus or certain HLAcombinations between host and donor
cells may have played a role in determining successful engraft-
ment.

In patient R.V., as in other patients, the time frame of re-
constitution was relatively slow. A stable normalization of the
percentages of peripheral mature T cell subsets was detected
four months after the first transplant. This could be due to the
injection of cell suspensions containing only highly immature
cells or to a greater difficulty of allogeneic stem cells to differen-
tiate in a mismatched environment. In line with these explana-
tions is the observation that the time required for the appear-
ance of functional lymphoid cells is much longer after T cell
depleted haploidentical bone marrow stem cells than after un-
fractionated HLA-identical marrow cell transplantation (7). A
persistent inverted CD4+/CD8+ ratio is a common finding
after FLT, whereas after BMTthe appearance of CD8+ cells
precedes that of CD4' cells only during the early phase of re-
constitution and the CD4+/CD8+ ratio rapidly becomes nor-
mal (7, 34). A high percentage of TCRyby+ cells was observed
in the peripheral blood of patient R.V. 3 yr after transplanta-
tion. They represented 40% of the CD3+ cells and they de-

Table V. Proliferative Responses, Cytotoxic Activity, and IFN-,y Production of Donor-derived RV-T Cell Clones to Host derived EBV-
LCL (UD153) and T Cell Blasts

Cytotoxicity*
T cell Proliferation IFN-'y production$
clones Phenotype with UD153 UD153 T blasts with UD153

cpm x 10`1 % lysis ng/ml

RV-A47 CD4+ 37.2 0 0 5.2
RV-B Il CD4+ 27.7 10 5 30.4
RV-B39 CD4+ 3.1 3 3 5.3
RV-B46 CD4+ 2.6 2 7 7.3
RV-B51 CD4+ 42.2 0 0 18.6
RV-C4 CD4+ 9.6 0 0 27.7
RV-CIO CD4+ 31.5 1 2 14.5
RV-C65 CD4+ 27.0 1 0 18.3
RV-C85 CD4+ 7.5 3 1 7.8
RV-C114 CD4+ 4.7 2 2 9.3
RV-A3 CD8+ 0.4 42 50 4.2
RV-A13 CD8+ 1.3 13 18 2.5
RV-A24 CD8+ 0.9 12 33 3.7
RV-A26 CD8+ 1.3 26 17 9.1
RV-A43 CD8+ 3.4 32 30 12.2
RV-B22 CD8+ 0.3 47 65 1.1
RV-B36 CD8+ 0.3 23 24 10.4
RV-B37 CD8+ 1.1 14 22 8.4
RV-B44 CD8+ 0.3 15 29 8.3
RV-B48 CD8+ 0.2 16 41 32.9

*E/T ratio= 10: 1.
No spontaneous lymphokine production was observed by unstimulated T cell clones.

§ Values represent the mean [3H]TdR incorporation of triplicate cultures.
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Table VI. Cvtotoxic Activity of Donor-derived CD8' T Cell
Clones against Host, Parents, and Donor T Cell Blasts

T cell blasts

T cell clones Host Father Mother Donor

% lysis*

RV-A3 37.1 0.1 38.7 0.0
RV-A24 26.5 36.8 0.5 0.2
RV-B22 63.6 1.2 65.7 0.1
RV-B36 14.5 2.1 9.6 0.3
RV-B37 21.4 0.6 22.6 0.9
RV-B44 29.4 17.9 4.7 0.0
RV-B48 38.9 0.4 35.3 0.7
RV-2/3 24.1 12.3 0.0 0.1
RV-2/7 8.7 12.8 0.0 0.4
RV-2/13 34.3 20.2 1.1 1.9

*E/Tratio= 10:1.

creased to 26% 1 yr later. These high percentages of TCRy6+ T
cells were only observed in patient R.V. and not in patient S.P.,
or in other patients treated with fetal liver stem cells. In normal
donors the TCRyb+ T cells can be divided in two distinct popu-
lations based on Vb 1 or V62 expression ( 12, 35, 36). The V6 1
subset is predominant in the thymus and in cord blood,
whereas the proportion of the V62 + subset progressively in-
creases in the peripheral blood after birth. In children and
adults > 70% of the TCR'yb+ T cells present in the peripheral
blood are V62'. The V62' TCRyb' T cells have high expres-
sion of the memory cell marker CD45RO, whereas the V6 I'
cells are CD45RA . The V62 + cells appear to represent an Ag
responding population of TCRyb+ T cells and it has been dem-
onstrated that their expansion results from nongenetic environ-
mental stimulation by antigens such as mycobacteria ( 12, 36).
Interestingly, in patient R.V. all TCRy6' T cells were
V62+CD45RO', suggesting that they represent a subset of in
vivo activated cells which may have undergone abnormal ex-
pansion. High percentages of TCR-yb+ T cells have also been
observed in SCID patients reconstituted after HLA-mis-
matched T cell-depleted BMT(37). However, these TCRy6+

Table VII. Lymphokine Production by Host-reactive T Cell
Clones of Patient R. V. in Response to ConA*

T Cell clones

CD4+ (n = 20)t CD8+ (n = 10)

Mean Mean
values Range values Range

IL-4 (pg/rm) <40 <40
IL-5 (pg/rm) 160 35-300 <20
IL-2 (pg/ml) 1212 280-5100 1130 190-4100
IFN--y (ng/ml) 21.5 8.3-39.5 15.0 9.5-22.6
GM-CSF(ng/ml) 6.1 4.0-9.1 3.4 2.8-3.9

* ConA = 10 Ag/ml.
* Number of T cell clones tested.

Table VIII. Frequency of Cytotoxic and IL-2-Producing CD8+ T
Cells of Patients R. V. and S.P. to Host and Third-Party EBV-LCL

Frequency of

Stimulators Cytotoxic IL-2-producing
Responder (EBV-LCL) T cells T cells

RV-CD8+ UD153 (host) 1:902 1:436
K395 (allo) 1:179 1:128

SP-CD8+ SPS (host) 1:348 1:161
SPA2 (first donor) 1:2781 1:693
K395 (allo) 1:116 1:331

MB*-CD8+ MTB(auto) 1:6840 <1:6840
SPS (allo) 1:350 1:123
SPA2 (allo) 1:219 ND

* Normal donor.

T cells of BMTpatients were V6 1, which may reflect a lack of
maturation (37). Furthermore, these TCRyb+ cells have been
implicated in antidonor reactivity (38). In our case it can be
ruled out that lyb-bearing cells are involved in antihost or anti-
donor reactivity ( 33, 38 ), because none of the TCR~y6+ T cell
clones tested had any activity against the donor or the host
cells.

In both patients, all af and zy T cells were of donor origin,
whereas B cells and monocytes, which were present before the
transplants, remained of host origin. The mismatch between
the T cell and B cell / monocyte populations maybe responsible
for the fact that the ability to produce immunoglobulins
usually takes a long time to develop (3, 8). However, normal
antibody responses can eventually be obtained in vivo and in
vitro (4, 6). It is interesting to notice that the engraftment of
only T cells, and not of B cells, is a common feature in SCID
patients who have a selective defect in T lymphocyte differen-
tiation/function, but have phenotypically and functionally
normal B cells prior to the transplant. This may reflect an ad-
vantage in growth and differentiation of the donor cell popula-
tion, which is originally defective in the recipient. Self-reactiv-
ity of the donor T cells against the donor B cells has also been
implicated in preventing donor B cell engraftment (39-41),
but this mechanism can be excluded in our patients, since do-
nor versus donor reactivity was not observed.

In contrast to monocytes and B cells, the CD3-CD56 + NK
cell populations were of different origin. In patient S.P., all NK
cells were host derived, whereas in patient R.V. they were of
donor origin and no NK cells of host origin were detectable
prior to, or after transplantation. These findings may imply
heterogeneity in the defects affecting the two SCID patients. In
the case where the NK cells were of donor origin, it could be
due to a defective common progenitor of T and NK cells,
whereas in patient S.P., in which NKcells were of host origin,
the T cell defect could have occurred at later stages of differen-
tiation. This hypothesis is supported by a previous study in
which a clear heterogeneity in the NK cell function among
SCID patients was demonstrated (42).

The role of the NKcells in preventing engraftment of allo-
genic transplantation is still controversial (3, 7, 8, 43, 44). It
has been reported that recipient NKcells may inhibit engraft-
ment of allogenic transplantations in mouse and human (43,
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Table IX. Phenotype and Cytotoxic Activity of TcRy6+ T Cell Clones from Patients R. V. and S.P.

Phenotype Cytotoxicity*
T cell
clones TcRyb V6, V62 K562 Host cellst Donor cellsi

%positive cells % lysis

RV-DIO 98.7 0.1 93.1 14.3 1.5 1.2
RV-D33 97.8 0.1 99.5 12.2 1.2 0.3
RV-D36 99.4 0.2 98.3 14.2 1.0 0.1
RV-D40 96.2 0.4 87.5 35.4 0.2 0.9
RV-D47 99.1 3.0 99.1 46.4 0.6 1.2
SP-EMI2 98.3 0.7 99.3 18.3 0.9 3.9
SP-EMI4 98.3 0.7 99.1 32.7 0.6 2.8
SP-EM124 97.9 0.6 4.9 31.7 3.1 0.5
SP-EMI35 99.1 1.8 99.2 29.8 0.1 1.1
SP-EM153 98.4 0.3 98.6 29.4 0.6 2.5

*E/Tratio= 10:1.
RVT cell blasts and SP EBV-LCL were used as targets.

§ Donor-derived T cell clones and T cell blasts were used as targets.

44). Furthermore, it has been suggested that donor NK cells
may be involved in the development of GVHD(45). However,
no clear correlation between the presence of NKactivity and
graft failure has been observed in SCID patients transplanted
with haploidentical marrow stem cells (7). Similarly, in our
patients host or donor derived NK cells did not prevent the
stable engraftment of donor T cells and the establishment of
tolerance.

Engraftment of donor NKcells has already been described
in marrow grafted animals, in patients undergoing allogeneic
marrow transplantation for hematologic malignancies, and in
SCID patients transplanted with haploidentical T cell-depleted
bone marrow stem cells (7, 8, 46, 47). However, it is not clear
whether the presence of donor NKcells in the host is the result
of differentiation from bone marrow precursors or is due to
survival of mature NK cells present in the bone marrow cell
suspension. The presence of donor origin NK cells in patient
RV, appearing late after reconstitution, suggests that they de-
rive from NK precursors present in the fetal liver. Previous
studies have demonstrated that the majority of peripheral adult
NK cells have high CD16 and CD57 expression, whereas a
small subset of peripheral adult NKcells (< 1%) (22) and all
NKcells derived from fetal liver are weakly positive or negative
for CD16 and are negative for CD57 (23, 25). Both adult and
fetal NKcells do not express CD3eon the membrane (23, 24),
but fetal NKcells are positive for the intracytoplasmic CD3e
and CD36 proteins (23), whereas all NK cells isolated from
PBMCof adult normal donors are negative (24). In addition,
fetal NKcells express Leu 8. Remarkably, the-phenotypic anal-
ysis of freshly isolated RV-NK cells showed that they are CD16
negative or weakly positive and display low levels of CD57
expression. This phenotype was confirmed at the clonal level,
although the cells became CD57 negative which is due to in
vitro culture (L. Lanier, personal communication). However,
the RV-NK cells differed from fetal NKcells because they did
not have cytoplasmic CD3e and CD36 proteins and did not
express the Leu 8 antigen. Based on these findings, we suggest
that RV-NK cells are comparable to a small population of NK

cells present in the adult PBMCwhich represent either a dis-
tinct subset of cells or an intermediate differentiation stage (22,
23). Functional analysis demonstrated that both host and do-
nor derived NK cells had very high killing capacity although
they were not cytotoxic for donor and host cells.

Despite the split chimerism and the presence of NKcells, in
both patients complete tolerance was achieved and no sign of
GVHDhas been observed. This tolerance has also been demon-
strated in vitro by the unresponsiveness of fresh PBMCto the
HLA Ags of the host in a primary MLC. Mixing experiments
showed that this unresponsiveness to the host was not due to
suppression (Roncarolo et al., unpublished data). The lack of
responsiveness of donor-derived cells to the host cells in a pri-
mary MLCoccured also in chimeric patients reconstituted
with haploidentical bone marrow cells (39, 48, 49).

These observations, together with the notion that cellular
cooperation between donor T cells and host cells occurred in
vivo and in vitro (4, 6), suggest that donor stem cells under-
went education in the host thymus. In favor of this hypothesis
is the observation that in patient R.V. the thymic shadow be-
came detectable by X-ray after transplantation. However, host-
reactive T cell clones could be isolated from the PBMCof pa-
tient S.P. indicating that host-reactive T cells are not deleted
from the donor T cell repertoire ( 1 1). This finding is extended
here to patient R.V. CD4+ and CD8+ T cell clones specific for
the HLAdeterminants expressed by the host were isolated after
polyclonal or antigen stimulation, in presence of IL-2. All
CD8+ T cell clones were strongly cytotoxic to the host cells and
were specific for class I HLA determinants. The CD4+ T cell
clones were mainly proliferative and recognized class II HLA
antigens.

The pattern of lymphokine production by the host-reactive
T cell clones of patient R.V. was quite unique and comparable
to that previously described for the host-reactive T cell clones
isolated from patient S.P. ( 19). In both patients the host-reac-
tive T cell clones were unable to produce IL-4, whereas they
produced GM-CSF, IL-2, IFN-y, and IL-5 and therefore they
do not fit the TH1-like or TH2-like helper cell compartments.
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Whether this lack of IL-4 production contributes to the fact
that these cells are non functional in vivo, remains to be clari-
fied.

The frequencies of CD8+ host-reactive cells in patient S.P.
were comparable to frequencies of alloreactive cells, whereas
the frequencies of cells reactive against the first donor were
comparable to the autoreactivity observed in normal donors
( 19). In patient R.V. the frequencies of CD8+ host-reactive
cells were high, but lower than those against alloantigens. Over-
all, these findings exclude the possibility that the unresponsive-
ness observed in both patients in the primary MLCwas due to a
low frequency of host-reactive cells.

Interestingly, no donor reactivity could be detected. In pa-
tient R.V., no reactivity against the HLA-A2 antigen shared
between the host and the donor was observed among all the
CD8+ T cell clones tested. In patient S.P., we could not find T
cell clones specific for HLA antigens of the first or second do-
nor even after in vitro activation of the PBMCwith EBV-LCL
isolated from the first donor (Roncarolo et al., unpublished
data). This lack of donor reactivity contrasts with results ob-
tained in SCID patients transplanted with HLAhaploidentical
bone marrow (38-41, 49). The discrepancy between our data
and those reported in these studies may be related to intrinsic
differences between differentiation of fetal liver stem cells and
bone marrow stem cells. These differences may also be due to
the use of T cell clones versus PBMCor T cell lines (38). In
addition, in the study where donor-reactive T cell clones could
be isolated, they were CD4+and class II MHCspecific, which is
in line with the observation that class II MHCspecific autoreac-
tive clones can also be isolated from normal donors (50). On
the other hand, we could not exclude that the presence of donor
derived thymic stroma cells played a role in preventing anti-
donor reactivity. However, the notion that no Ag specific T
cells restricted by the donor HLA could be detected argues
against this hypothesis (20). In addition, as discussed below,
human thymic epithelium does not induce negative selection.

Collectively, our data show that after reconstitution with
allogenic fetal liver stem cells' tolerance toward both host and
donor can be achieved. However, host-reactive cells are not
deleted from the T cell repertoire of the patients, whereas do-
nor-reactive cells are absent. This suggests that the donor cells,
during their differentiation in the host environment, under-
went negative selection to the donor, but not to the host HLA
determinants. This can be explained by assuming that the host
thymus, in which the donor T cell precursors differentiated,
contained functional thymic epithelium, but no dendritic cells,
macrophages or B cells of the host. In contrast, hematopoietic
cells of donor origin, although progressively disappearing from
the periphery (4), could still be present in the host thymus.
This hypothesis is supported by our recent studies in SCID-hu
mice transplanted with fetal liver and fetal thymus from the
same or from different, HLA mismatched, donors in whom
hematopoietic cells of fetal liver origin differentiate in an alloge-
neic thymus. Histological analysis of the structure of the "host"
thymus in these SCID-hu mice showed the presence of den-
dritic cells, macrophages and B cells which are exclusively of
fetal liver donor origin, whereas the thymic epithelium was
derived from the fetal thymus donor. T cells which mature in
this "chimeric thymus" acquire tolerance to both donor and
host, but via different mechanisms. In the SCID-hu thymus,
hematopoietic cells of the donor induce tolerance to the anti-

gens expressed on their membrane by clonal deletion, whereas
thymic epithelial cells of the host mediate tolerance by non-de-
letional mechanisms, probably involving clonal anergy ( 19).

The mechanisms underlying the unresponsiveness of the
donor derived T cells to the host in the MLCremain to be
determined. It has been demonstrated that the stimulation via
the TCRin the absence of a costimulatory signal, such as pro-
vided by CD28/B7 interaction, induces a state of T cell unre-
sponsiveness which may be an important mechanism for the
establishment of peripheral tolerance in vivo (26, 27). This
unresponsiveness can be restored by the addition of anti-CD28
mAb (27). In our study, addition of anti-CD28 mAb to the
primary MLCdid not break the unresponsiveness of the pa-
tient's PBMCto the host cells, suggesting that the lack of
CD28/ B7 interaction is probably not involved in maintaining
in vivo tolerance. Furthermore, exogenous IL-2, which has
been shown to break T cell tolerance in many models (26, 28,
29) was ineffective in restoring specific proliferation in the pri-
mary MLCof S.P. In addition, IL-4 which has T cell growth-
promoting activity (30) had no effect. However, the fact that
the majority of the CD4+host-reactive T cell clones had low, or
no detectable proliferative capacity in response to the relevant
alloantigens may reflect some degree of dysfunction of these
cells.

In conclusion, in SCID patients transplanted with alloge-
neic fetal liver stem cells, the donor precursor cells can mature
in the allogenic environment and give rise to a complete im-
munoreconstitution of the host. Despite the heterogeneity of
the chimerism that is established, complete tolerance is
achieved between the HLA mismatched donor and host cells.
However, this in vivo tolerance is not due to clonal deletion of
host-reactive cells from the peripheral T cell repertoire of the
patients, but rather to an autoregulatory mechanism of sup-
pression or clonal anergy.
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