(@I R e WL E Wl ORIGINAL ARTICLE

do0i:10.1111/j.1365-2249.2007.03378.X

Clonotypic analysis of T cell reconstitution after haematopoietic
stem cell transplantation (HSCT) in patients with severe combined

immunodeficiency

H. Okamoto,* C. Arii," F. Shibata,*
T. Toma,* T. Wada,* M. Inoue,*

Y. Tone,* Y. Kasahara,* S. Koizumi,*
Y. Kamachi,* Y. Ishida,® J. Inagaki,’
M. Kato,** T. Morio' and A. Yachie'
*Department of Pediatrics, Graduate School of
Medical Science, Kanazawa University,
"Department of Clinical Laboratory Science,
Division of Health Sciences, Graduate School of
Medical Science, Kanazawa University,
*Department of Pediatrics, Nagoya University,
SDepartment of Pediatrics, Ehime University,
’Department of Pediatrics, Nara Medical
University, **Gunma Children’s Medical Centre,
and "' Department of Pediatrics and
Developmental Biology, Tokyo Dental and
Medical University, Tokyo, Japan

Accepted for publication 20 February 2007
Correspondence: Akihiro Yachie MD, PhD,
Department of Clinical Laboratory Science,
Division of Health Sciences, Graduate School of
Medical Science, Kanazawa University, 5-11-80
Kodatsuno, Kanazawa 920-0942, Japan.

E-mail: yachie@med.kanazawa-u.ac.jp

Introduction

Summary

Haematopoietic stem cell transplantation (HSCT) is performed for treatment
of a broad spectrum of illnesses. Reconstitution of an intact immune system
is crucial after transplantation to avoid infectious complications, and above
all, the establishment of T cell receptor (TCR) diversity is the most important
goal in the procedure. Until recently, little has been known of the mechanism
of T cell reconstitution in the very early period after HSCT. In this study, we
analysed TCR repertoires sequentially in four patients with severe combined
immunodeficiency (SCID) before and after HSCT. In all patients, the TCR
repertoires were extremely abnormal before HSCT, whereas after transplan-
tation there was progressive improvement in TCR diversity, based on analysis
of the TCR VP repertoire and CDR3 size distributions. Somewhat unex-
pectedly, there was a significant but transient expansion of TCR diversity
1 month after transplantation in all cases. Clonotypic analysis of TCRs per-
formed in one case showed that many T cell clones shared identical CDR3
sequences at 1 month and that the shared fraction decreased progressively.
These results indicate that early expansion of TCR diversity may reflect tran-
sient expansion of pre-existing mature T cells from the donor blood, indepen-
dent of de novo T cell maturation through the thymus.

Keywords: SCID, HSCT, T cell reconstitution, TCR diversity

Two distinct pathways of T cell reconstitution, thymus-
dependent and thymus-independent, are thought to operate

Hematopoietic stem cell transplantation (HSCT) is the treat-
ment of choice for various haematological malignancies.
Eradication of malignant cells is achieved by intense chemo-
therapy performed prior to HSCT, but post-transplantation
is crucial to reconstitute a functional haematological system
to permit development of donor stem cells. In particular,
reconstitution of a potent immune system with a diverse
repertoire of T cells is of critical importance for defence
against infections and tolerance induction after HSCT [1].
HSCT is now performed not only for malignant disorders but
also for various autoimmune disorders [2,3] and primary
immunodeficiency diseases [4—6]. In such cases, failure of
effective immune reconstitution increases the risk of infec-
tions and unfavourable complications, and thereby adds to
the risk of recurrence of the original disease. Therefore,
monitoring the status of T cell reconstitution and use of this
information in treatment is important for successful HSCT.

after HSCT [7,8]. Although T cell reconstitution through the
thymus-dependent pathway first appears as early as
2 months after HSCT, it gradually increases in size and diver-
sity over 1-2 years [7,9-11]. Quantitative recognition of the
naive T cell population is usually possible 5 or 6 months after
the procedure; the slow recovery of T cell numbers reflects
the passage of T cells through thymic selection for discrimi-
nation between self and non-self antigens [7,12,13]. As
Borghans etal. reported recently, successful long-term
reconstitution depends on the quantity of this thymic output
[14]. On the other hand, very rapid T cell reconstitution is
observed in some cases, suggesting that thymus-independent
expansion of donor-derived mature T cells can also occur
[15-17]. These T cells, although limited in diversity, may
contribute significantly to immune reconstitution very early
after HSCT, at a time when thymus-derived T cells are
unavailable.
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Table 1. Clinical profiles and treatment characteristics of the patients.

T cell reconstitution in SCID transplantation

Patient 1 2 3 4
Diagnosis Omenn syndrome Atypical T-B-SCID Omenn syndrome
Omenn syndrome (with MFT)
Clinical manifestation Eczema, diarrhoea Eczema
failure to thrive Bronchitis Bronchitis Acute otitis media

Hepatosplenomegaly Acute otitis media Carinii pneumonia Hepatosplenomegaly

Lymph node swelling
Mutation RAG2 RAGI Artemis RAGI
Age at diagnosis 0m 10 m 6m 3m
Age at HSCT 4m 13 m 8m 7 m
Graft UCB UCB Father’s BM UCB

29 % 107/kg 3.5 x 107/kg 6-1 % 10%/kg 5:29 X 107/kg
Conditioning Flu + Bu + ATG Flu + Cy + TBI Flu + Bu Flu + LPAM + ATG
GVHD prophylaxis CyA FK506 + sMTX FK506 + sMTX CyA + mPSL
GVHD (treatment) None Skin grade IV Skin grade II Skin grade II

(mPSL + MMF) Gut grade III
(mPSL + MTX)

Complication None MRSA sepsis None Mpycobacterium avium

Complex infection

UCB: umbilical cord blood; MFT: maternal fetal transfusion; GVHD: graft-versus-host disease; HSCT: haematopoietic stem cell transplantation.

In this study, we analysed T cell receptor (TCR) diversity
sequentially before and after HSCT in four patients with
severe combined immunodeficiency disorders. Detailed
analysis of TCR diversity and clonotypes showed that a brief
period of transient but relatively diverse T cell expansion
occurs soon after HSCT in SCID patients.

Methods

Patient characteristics

The clinical characteristics and conditioning regimens for
HSCT in four SCID infants are shown in Table 1. Patients
1, 2 and 4 had Omenn syndrome and related disorders with
RAGI/RAG2 gene mutations. Patient 1 had heterozygous
mutations in both alleles of the RAG2 gene and exhibited
typical clinical manifestations. Patient 2 was atypical, in
that neither peripheral eosinophilia nor expansion of acti-
vated T cells was prominent; furthermore, typical skin
lesions were also absent, but a prolonged lower respiratory
tract infection led to the correct diagnosis. Patient 3 had
mutations in the Artemis gene, and Pneumocystitis carinii
infection was found in this patient. Patient 4 had homozy-
gous mutations in RAGI that resulted in a frameshift and
elimination of functional enzyme activity. However, mul-
tiple second-site mutations in oligoclonal T cells caused
Omenn syndrome-like clinical manifestations [18]. Three
patients received cord blood stem cell transplantation
(CBSCT) and one patient received a haplo-identical bone
marrow transplant (BMT) from his father. All these grafts
were unmanipulated and were not devoid of mature T
cells. All patients received non-myeloablative conditioning
before transplantation; however, despite prophylaxis for

graft-versus-host disease (GVHD), three patients developed
GVHD and one of these patients received methylpredniso-
lone and mycophenolate mofetil (MMF). Approval for the
study was obtained from the Human Research Committee
of Kanazawa University Graduate School of Medical
Science, and informed consent was obtained according to
the Declaration of Helsinki.

Flow cytometry

Surface antigens expressed on lymphocytes were analysed by
flow cytometry. After red blood cell (RBC) lysis and washing
in phosphate-buffered saline (PBS), peripheral blood
samples were incubated with monoclonal antibodies for
15 min on ice. Phycoerythrin (PE)-conjugated anti-CD3 and
anti-CD20 antibodies were obtained from BD Pharmingen
(San Diego, CA, USA), and PE-conjugated anti-CD4 and
anti-CD8 antibodies were products of Dako (Glostrup,
Denmark). Fluorescein isothiocyanate (FITC)-conjugated
anti-CD16 antibody was purchased from Immunotech
(Marseille, France) and FITC-conjugated anti-CD45RO
antibody was obtained from Dako. After washing twice in
PBS, cells were analysed with a flow cytometer [fluorescence
activated cell sorter (FACSCalibur); Becton Dickinson, San
Diego, CA, USA]. The resulting data were analysed using
CELLQUEST software (Becton Dickinson).

The T cell receptor (TCR) VP repertoire distribution was
analysed using three-colour flow cytometry. After RBC lysis
and washing in PBS, samples were incubated with appropri-
ate PE-conjugated monoclonal antibodies with specificity
for TCR VB (Immunotech) for 30 min on ice, followed by
FITC-conjugated anti-CD8 antibody (Becton Dickinson)
and R-phycoerythrin-Cy5-conjugated anti-CD4 antibody
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(Dako) for 15 min. After washing in PBS, three-colour analy-
sis was performed with the FACSCalibur instrument.

Total RNA extraction and reverse
transcription—polymerase chain reaction (RT-PCR)

Total RNA was extracted as described previously with a slight
modification [19]. Briefly, peripheral blood mononuclear
cells (PBMCs) were separated from heparinized peripheral
blood by Ficoll-Hypaque density centrifugation. T cells were
separated from PBMCs by the E-rosette method. CD4™ and
CD8" T cells were purified from T cells by negative selection
using anti-CD8 or anti-CD4 magnetic beads (Dynal ASA,
Oslo, Norway) [20]. The fraction of contaminating CD4* T
cells within the CD4-depleted cells or CD8" T cells within the
CD8-depleted cells was always less than 1% after the negative
selection procedure. Total cellular RNA was isolated with
Trizol reagent following the manufacturer’s instructions
(GiBco BRL, Bethesda, MD, USA). The RNA was reverse-
transcribed into cDNA in a reaction containing RandamHex
Primer (TaKaRa, Otsu, Japan) and RAV-2 (TaKaRa). The
concentration of RNA was measured using a GeneQuant pro
RNA/DNA Calculator (Amersham Pharmacia Biotech,
Cambridge, UK).

CDR3 size analysis

CDR3 spectratyping was performed as described previously
[20]. Briefly, cDNA was PCR-amplified through 35 cycles
(94°C for 1 min, 55°C for 1 min and 72°C for 1 min) with a
primer specific to 24 different VP subfamilies (VBs 1-20 and
VBs 21-24) and a fluorescent CP primer. The fluorescent
PCR products were mixed with formamide and a size stan-
dard (GeneScan-500 Tamra, Applied Biosystems, Foster City,
CA, USA). After denaturation for 2 min at 90°C, the prod-
ucts were analysed with an automated 310 DNA sequencer
and GeneScan software (Applied Biosystems). The overall
complexity within a V3 subfamily was determined by count-
ing the number of discrete peaks and determining their
relative size on the spectratype histogram, as described
previously [21]. In this analysis, the complexity score = (sum
of all peak heights/sum of major peak heights) X (number of
major peaks); major peaks were defined as those peaks on
the spectratype histogram with an amplitude of at least 10%
of the sum of all peak heights. Numbers of undetectable V3
subfamilies and mean complexity scores for detectable V3
subfamily were calculated. The mean complexity scores
ranged from 4-9 to 5-2 in healthy adult controls, as reported
previously [22].

TCR CDR3 cloning and sequence

PCR products of selected V3 cDNA were electrophoresed on
an agarose gel and purified using a QIAquick Gel Extraction
Kit (Qiagen, Tokyo, Japan), followed by cloning with a Topo

TA Cloning Kit (Invitrogen, Carlsbad, CA, USA). Colonies
containing the insert fragment were selected randomly. After
purification with a QIAprep Spin Miniprep Kit (Qiagen) the
recombinant plasmids were subjected to fluorescence dye
terminator cycle sequencing, and the sequence reactions
were analysed on a 3100 DNA sequencer (Applied Biosys-
tems) after removal of unincorporated fluorescence dye
using a Centri-Sep Spin Column (Applied Biosystems).

Three-dimensional graphic display of TCR diversity
through combination of CDR3 size analysis and V3
repertoire distribution

Qualitative alterations of TCR V[ repertoires obtained by
CDR3 spectratyping were combined with the quantity of
specific VB* CD4" and CD8" T cells for each V3 subfamily
and plotted as landscape columns, as described previously
[23].

Results

Lymphocyte subset

CD3" T cells constituted the majority of lymphocyte popu-
lations prior to transplantation in patients 1 and 4, who both
showed typical symptoms of Omenn syndrome (Table 2). In
both cases, virtually all CD4" T cells and CD8" T cells
expressed CD45RO* memory phenotypes. In contrast, the
numbers of CD3* T cells were low compared to the numbers
of lymphocytes in patients 2 and 3; in patient 3 the detectable
T cells prior to transplantation were of maternal origin, as
determined by microsatellite polymorphism analysis (data
not shown). Most CD4" T cells expressed CD45RO, whereas
CD45RO expression on CD8" T cells remained relatively low
in these patients. Although CD4* T cells increased progres-
sively after HSCT in all cases, recovery of CD8" T cells was
delayed, especially in patient 2, who suffered severe GVHD.
In each case, CD45RO" T cells were predominant in the early
stage after transplantation, whereas CD45RO™ T cells started
to increase 9 months after transplantation.

TCR VB repertoire distributions

Before transplantation, TCRV [} repertoires were restricted in
both the CD4* and CD8" T cell populations in all patients
(Fig. 1a,b, respectively). Oligoclonal T cell expansions were
particularly prominent in patients 1 and 4, who showed
typical symptoms of Omenn syndrome. After HSCT the
TCRVP repertoire distributions became diverse in all
patients, and CD4* T cells maintained the diversity of the
TCRV repertoire until 9 months after transplantation. In
contrast, CD8" T cells showed evidence of oligoclonal expan-
sion of limited clones: VB6™ and VB14" cells in patient 2,
V6" cells in patient 3 and V8" and VPB12* cells in patient 4
had all increased significantly at 4 months. However, the
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Table 2. Changes in lymphocyte subpopulations.

T cell reconstitution in SCID transplantation

Patient Subset Pre 1m 4m 9m

1 WBC 4100 13 400 6 400 9200
Lymph 1262 670 2611 5336
CD3 1079 369 n.d. 3431
CD4 721 320 n.d. 2423
CD45RO*/CD4 (%) 97-7 84-9 n.d. 87
CD8 345 46 n.d. 662
CD45RO*/CDS (%) 93-0 42:5 n.d. 2:6
CD16 92 301 n.d. 678
CD20 0 0 n.d. 1233

2 WBC 2 800 9 800 16 000 6900
Lymph 1300 1800 2 000 1 800
CD3 334 1015 1786 1336
CD4 289 749 1732 1219
CD45RO*/CD4 (%) 97-1 79-7 98:5 71-7
CD8 46 202 86 115
CD45RO*/CDS8 (%) 44-4 51-8 64-1 56-2
CD16 965 718 110 328
CD20 1 2 104 137

3 WBC 3200 7 400 4600 10 600
Lymph 512 1110 1242 2 600
CD3 73 931 1098 2428
CD4 67 380 452 991
CD45RO*/CD4 (%) 88-8 59-8 685 31:5
CD8 14 520 653 1446
CD45RO*/CD8 (%) 59 34-9 385 19-6
CD16 440 178 139 122
CD20 0 1 1 10

4 WBC 26 600 8100 7 500 10 000
Lymph 19 600 400 1020 6300
CD3 18 855 111 755 3780
CD4 9114 84 609 2905
CD45RO*/CD4 (%) 99-8 70-2 91-5 159
CD8 10 251 27 86 870
CD45RO*/CDS8 (%) 99-8 72-5 71-8 2-8
CD16 725 289 95 485
CD20 20 0 171 2035

WBC: white blood cells; n.d.: not done. All lymphocyte numbers represent absolute numbers/pl. CD45RO (%) shows percentages of CD45RO" cells

within each lymphocyte subset.

diversity of the repertoire improved markedly at 9 months,
except in patient 3, who showed a sustained increase in V6"
CD8* T cells.

CDR3 size distribution

Representative profiles of CDR3 size distributions from
patients 3 and 4 are shown in Fig. 2. One month after trans-
plantation, the CDR3 size distributions showed an almost
normal pattern for both the CD4* and CD8" T cell subsets. In
particular, CD4* T cells from patient 3 showed completely
normal patterns of CDR3 size distribution throughout the
observation period. Although V9" CD4" and VB13-2* CD4*
T cells from patient 4 showed somewhat limited diversity at
1 and 4 months post-HSCT, the patterns had improved

significantly by 9 months. In marked contrast to CD4" T
cells, CDR3 distributions within CD8" T cells were extremely
skewed at 4 months in both patients, but the skewing of the
CDR3 size distribution for CD8* T cells also improved sig-
nificantly at 9 months. Patients 1 and 2 showed essentially
similar patterns of changes in CDR3 size distributions.

Complexity score (CS) for the TCRVPB CDR3 size
distribution

The diversities of CDR3 size distributions were expressed as
a complexity score (CS) and plotted for each TCR V3 reper-
toire (Fig. 3). Sequential changes of CS for all patients are
shown in Fig. 3. CS for CD4" T cells reached an almost
normal level 1 month after HSCT and the values remained
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CS improved after HSCT but remained low at 1 month. ertoire showed a low CS or were undetectable at 4 and

However, the CS increased progressively thereafter and 9 months post-HSCT. The CS for CD8" T cells improved
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T cell reconstitution in SCID transplantation
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and CD8" T cells.

markedly at 1 month in all patients; however, in contrast to
CD4" T cells, the CS for CD8" T cells decreased significantly
after 4 months, but then increased again at 9 months. Recov-
ery of the CS for CD8* T cells was delayed in patient 2.

Combined qualitative and quantitative analysis
of TCR repertoires

An improved visual representation was obtained by combin-
ing the results of TCR V repertoire distributions and CDR3
size distributions, and this allowed analysis of sequential
changes in TCR diversities. In marked contrast to pre-HSCT
data, which showed extremely limited TCR diversity, as high-
lighted by the scarcity of columns and lack of Gaussian dis-
tributions for each VP repertoire, the TCR diversity of CD4*
T cells improved significantly at 1 month post-HSCT in all
patients and the diversities were maintained until 9 months

after transplantation (Fig.4a). However, the patterns in
patient 2 showed slightly skewed distributions at 4 and
9 months. A similar improvement in TCR diversity was
observed in CD8" T cells after 1 month, but TCR diversity
became markedly limited at 4 months, with a significant loss
of detectable columns and a predominance of certain
columns. These patterns improved at 9 months in all cases,
but recovery was incomplete in patient 2 (Fig. 4b).

DNA sequence analysis in the TCRVB CDR3 region

DNA sequences in the CD4" TCRVB2 CDR3 region were
analysed in patients 3 and 4. This particular TCRV[32 reper-
toire was chosen for analysis because of its high frequency
within CD4" T cells, which enabled relatively easy acquisition
of a large numbers of clones. In patient 3, eight of 56 clones
obtained after 1 month were also detected in clones obtained
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T cell reconstitution in SCID transplantation

Donor (Father's BM) im 4m 9m
BV  NDN BJ Frequency|| BY  N-DN BJ Froquency| | BY  N-D-N BJ Frequency|| BY  N-DN BJ Frequency
C5A RALTGLAGEDFYNEQF FGPG mar CSA SPYSYLAVEMETOY FGPG 158 CSA PTHRIRPVSAYHOY FGPG 1T CSA RDGSGFLSSYNSPLH FGNG  1/53
C5A SGNRVGGSGANVLT FOAG 137 CS5A AGOTPGRSTDTAY FGPG 256 C5A RSHLTNYGRAHEQF FGPG Ta C5A RAVWDRAPSGANVLT FGAG 1/53
CSA  VFPFLKTNTGELF FGEG mnar C5A S55YGTNARDYEQF FGPG 1156 C5A SGAGGAYSNOPOH FGDG 78 C5A REDGRSRYTGELF FGEG 153
CSA 156 CsA KTYKOSSSYEQY FGPG 78 CSA RVTSGRAVPDTOY FGPG 1E3

anar

CSA RTPREGLNYGYT  FGSG 2053

CS5A KRAGLNTGELF ﬁﬁ 1753

CS5A SGTSGRVKYEQY  FGPG 21T

CSA RPGLAGPYGOY FGPG 1153
GSA FQREWAYEQY FGPG 153
CSA RATGVMETOY FGPG 2553
C5A VTSGRLYEQY FGPG  1/53
C5A ERQLOETOY FGPG 1553
C5A SAGEYNEQF FGPG 283
C5A TDSNTGELF FGEG /53
CSA AONTGQOF FGPG 153
CSA RAPTGELF FGEG /53
C5A TPHGNICY FGAG 1153
C5A DRESMOY FGPG 1/53
CSA RELDEQF FGPG 1153
CSA SLRGAF FGOG 1153

Othars ]

(b)

Donor (cord blood) im

BV N-D-N BJ Frequency| | BV N-D-N BJ Frequency
CSA YGQRDRVFDTGELF FGEG  2/124 CSA SGGHSTAGDSNTGELF FGEG 1/56
CSA KDRLAGKRFHEQY FGPG  2/124 CSA SPYSYLAVKMETQY  FGPG 1/56
CSA RTGLAFNSDTQY FGPG 1/124 CSA RDGGRKSTGELF FGEG 3/56
CSA RVEEQATRDTQY FGEG  2/124 CSA KVTGGLSYGYT FGSG 1/56
CSA MGLAGSSYEQY FGPG 1124 CSA LRAGGSNQPQH FGDG 1/56
CSA RDLRHRQETQY FGPG 1124 CSA PPLAGPYNEQF FGPG 2/56
CSA RDQRTSAYTQY FGEG 1124 CSA RDPSGGDNEQF FGPG 1/56
CSA RDRIGGTDTQY FGPG 1124 CSA RDGTNNSPLH FGKG 1/56
CSA AGTSNVDTQY FGPG  6/124 CSA RGTSGYNEQF FGPG 2/56
CSA DTSRGAWEQY FGQG 2/124 CSA RLAGGSNEQF FGQG 2/56
CSA GSGGAQETQY FGPG 1124 CSA RSGTSKNIQY FGAG 2/56
CSA GTSGSYNEQF FGPG  2/124 CSA RWGDSYNGQF FGPG 2/56
CSA YSGSRTDTQY FGPG  2/124 CSA PGQGLNEQF FGPG 1/56
CSV DGRPMNTEAF FGQG  2/124 CSA RGGRNQPQH FGDG 4/56
CSA DSRGFYEQY FGPG 1/124 CSA SSGTEERQY FGPG 5/56
CSA IMGNOFNQY FGPG  2/124 CSA SSGVTGELF FGEG 3/56
CSA PLAGGHEQF FGPG 2/124 CSA TDSNTGELF FGEG 1/56
CSA RAGEDYGYT FGSG 1124 CSA RDTPNIQY FGPG 1/56
CSA TSGRYNEQF FGPG 1/124 CSA SGRGSTQY FGPG 1/56
CSA YNRENYGYT FGSG  2/124 CSA SGTGYEQY FGPG 1/56

Others 89/124 Others 20/56

Fig. 5. DNA sequence analysis in the CDR3 region. Polymerase chain reaction products of T cell receptor VB2 of CD4" T cells were subcloned and
the CDR3 nucleotide sequences were determined. Amino acid sequences deduced from the nucleotide sequences are shown for data obtained from
donor blood, and from blood collected 1 month, 4 months and 9 months post-haematopoietic stem cell transplantation (HSCT) for patient 3 (a).

Similarly, data from donor blood and for 1 month post-HSCT are shown for patient 4 (b). Identical clones are highlighted with corresponding

colours in (a).

from the donor, his father (Fig. 5a). Among 137 TCRV[2
clones from the donor, 14 shared CDR3 sequences with
clones obtained from the recipient at 1 month post-HSCT.
Similarly, three of 78 and one of 53 clones obtained from the
recipient at 4 and 9 months, respectively, were identical to
clones derived from the donor. In contrast, none of the
TCRV2 clones obtained from the CBSCT donor blood had
identical sequences to clones obtained from patient 4 at
1 month post-HSCT (Fig. 5b).

© 2007 British Society for Immunology, Clinical and Experimental Immunology, 148: 450-460

Discussion

Early reconstitution of the immune system is critical for the
success of HSCT and for minimization of morbidity and
mortality in SCID patients. Most transplantation-related
complications, including herpes group virus infections,
GVHD and thrombotic microangiopathy, occur very early
after the procedure [24-26]. Recent findings indicate that at
least some of these events are causally attributable to
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immune dysfunction or delayed reconstitution of a normal
immune system [27-29]. Impaired expansion of a diverse T
cell repertoire may lead to severe infections, and a lack of
regulatory T cells may be responsible for accelerated GVHD.

T cell reconstitution after HSCT occurs through two dis-
tinct mechanisms [7,8]: the thymus-dependent pathway of T
cell reconstitution generally requires months after HSCT in
SCID patients because the increase in naive T cells requires
normalization of the size and function of the thymus [7,9—
11]; in contrast, the thymus-independent pathway is depen-
dent only on transient expansion of donor-derived mature T
cells. Although T cell depletion has been used for HSCT to
prevent GVHD in past procedures, an increasing number of
reports indicate the benefits of T cell repletion, rather than
depletion [8,30,31].

There are several pieces of evidence for early expansion of
donor-derived mature T cells. First, the appearance of
thymus-derived T cell clones in the peripheral blood is very
unlikely within 1 month [7,9-11]; although immune recon-
stitution is reported to be fast following HSCT in infancy, it
still takes 5-6 months for emergence of a sizeable number of
CD45RO™ naive T cells with high T cell receptor excision
circle (TREC) values. Secondly, most early T cells express a
CD45RO" memory phenotype, whereas de novo expansion
of thymus-derived T cells clones presumably gives CD45RO~
cells [7-9]. Thirdly, microsatellite polymorphism analysis
shows that early expanding T cells are mainly of donor origin
and do not reflect expansion of residual recipient T cells
[16,17]. These findings are highly suggestive of early, tran-
sient expansion of donor-derived T cells, regardless of their
functional relevance. However, analysis of diversity in the
early expanding T cell population has not been performed in
detail, and there has been no direct evidence at a clonotypic
level to show that clones within the circulation of the recipi-
ent are derived from mature T cells from the donor blood.

In this study, we chose patients with mutations in RAG1/
RAG2 or Artemis genes, because the SCID mutations, includ-
ing RAGI/RAG2, Artemis and IL2RG gene mutations, result
in similar thymus pathology and impaired output of func-
tional T cells [32,33]. Our data show that early expansion of
T cells with relatively high diversity does occur in the very
early period after HSCT. These dynamic changes of TCR
diversity were not accounted for fully by examination of the
TCR VP repertoire distribution only, and the CDR3 size
distribution analysis was superior for detection of the oligo-
clonality of the T cell population within a given Vf
repertoire. Furthermore, simultaneous display of these two
parameters indicated clearly the transient nature of the TCR
diversity, both quantitatively and qualitatively. The reason
why TCR diversities for CD8" T cells were reduced at
4 months is unclear; however, our data suggest that early
expanding T cell populations are short-lived and disappear
quickly from the circulation, to be slowly replaced subse-
quently by a thymus-derived de novo T cell population
[7,16]. Although the thymus-derived T cells have high TCR

diversity, the absolute number of these T cells is still small at
4 months post-HSCT. Infections and alloantigen stimulation
might have affected TCR diversities, as the skewing was more
prominent in patients 2 and 4, who had severe GVHD and
M. avium complex infection, respectively.

We showed further that the early expanding T cells are
derived from mature T cells of donor origin. Although CDR3
nucleotide sequences were compared for only a limited
number of clones, a markedly high fraction of clones shared
identical sequences in patient 3. The progressive decline of
the fraction of shared clones indicates that the early expand-
ing peripheral T cells are replaced rapidly by thymus-derived
de novo T cell clones. Because we analysed only a fraction of
a vast number of clones belonging to each TCR V[ family, it
is statistically unlikely that identical clones would be found
within the donor and recipient T cells without an extremely
high overlap in clones between donor T cells and the
patient’s CD4" T cells at 1 month post-HSCT. Presumably
the adult CD4" T cells have much less diversity than cord
blood CD4" T cells, and this permitted detection of overlap-
ping clones in this study. In contrast, cord blood contains
diverse clones of both CD4" and CD8" T cells; quantitatively,
this is reflected in the large proportion of CD45RO™ naive T
cells and high TREC values [13,34].

Considering that the present study was performed in only
four cases with heterogeneous clinical characteristics, we
should be cautious to draw any definitive conclusion. Nev-
ertheless, the data shown here suggest the pivotal roles played
by early expanding peripheral T cells. The functional signifi-
cance of the early, transient expansion of donor-derived
mature T cells is multifold. First, it may offer surrogate, but
effective, protective immunity during the early post-HSCT
period until potent immune function is reconstituted fully.
Secondly, it may prevent adverse reactions to HSCT by pro-
viding regulatory functions to control excessive killer and
inflammatory reactions evoked by allogeneic stimuli [35,36];
effective induction of immune tolerance may be dependent
upon this function of peripheral T cells. Thirdly, our results
may offer a rationale for manipulation of donor-derived
mature T cells before infusion into the recipient, thereby
promoting their beneficial effects, but reducing adverse
functions [35,37,38]. Further detailed analyses of the nature
of the early expanding T cells and techniques for in vitro
manipulation of this potentially valuable population of
donor T cells are mandatory for future improvement of
HSCT.
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