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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
I 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
after HSCT [7,8]. Although T cell reconstitution through the

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.

thymus-dependent  pathway first appears as carly 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.

450 © 2007 British Society for Immunology, Clinical and Experimental Immunology, 148: 450460



Table 1. Clinical profiles and treatment characteristics of the patients.

T cell reconstitution in SCID transplantation

Patient 1 2 3 1
Diagnosis Omenn syndrome Atypical T-B-SCID Omenn syndrome
Owmenn syndrome (with MFT)
Clinical manifestation Eczema, diarrhoea Eczema
failure to thrive Bronchitis Bronchitis Acute otitis media
Hepatosplenomegaly Acute otitis media Carinii pneumonia Hepatosplenomegaly
Lynmiph node swelling
Mutation RAG2 RAGI Artemis RAGI
Age at diagnosis 0m 10 m 6m 3m
Age at HSCT 4.m 13m 8§m 7m
Graft ucs UCB Father’s BM UCB
29 x 107/kg 3-5% 107/kg 61 x 10%kg 529 x 107/kg
Conditioning Flu + Bu + ATG Flu+ Cy + TBI Flu+ Bu Flu + LPAM + ATG
GVHD prophylaxis CyA FKS06 + sMTX FK506 + sMTX CyA + mPSL
GVHD (treatment) None Skin grade IV Skin grade II Skin grade II"
(mPSL + MMF) Gut grade IIT
(mPSL + MTX)
Complication None MRSA sepsis None Mycobacterium 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 SCTD 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
RAGI1/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 Arfemis 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 (rom Duako. 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

© 2007 British Society for Immunology, Clinical and Experimental Immunology, 148: 450-460 451
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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-CDD4 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
(Gieco 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 2 GeneQuant pro
RNA/DNA Calculator (Amersham Pharmacia Biotech,
Cambridge, UK).

CDRS3 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 V3 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 VB
subfamilies and mean complexity scores for detectable VP
subfamily were calculated. The mean complexity scores
ranged from 49 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 QlAprep 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 VB
repertoire distribution

Qualitative alterations of TCR VP repertoires obtained by
CDR3 spectratyping were combined with the quantity of
specific VB* CD4" and CD8" T cells for each V[ 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).Tn
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
TCRVP 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,
VB6* cells in patient 3 and V8~ and VP12* 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 I'm 4m 9m

1 WBC 4 100 13 400 6 400 9 200
Lymph 1262 670 2611 S 336
CD3 1079 369 nd. 343]
CD4 721 320 n.d. 2423
CD45R0O*/CD4 (%) 97:7 84-9 n.d. 87
D8 345 16 n.d. 662
CD45RO*/CDS (%) 93-0 42-5 n.d. 2:6
CD16 92 3 n.d. 678
CD20 0 0 n.d. 1233

2 WBC 2 800 9 800 16 000 6900
Lymph 1300 1 800 2 000 1 800
CD3 334 1015 1786 1336
CD4 289 749 1732 1219
CD45RO*/CD4 (%) 97-1 79-7 98-5 717
CD8 16 202 86 115
CD45RO*/CDS8 (%) 44.4 51-8 64-1 56:2
CDi6 965 718 110 328
CD20 ] 2 104 137

3 WBC 3200 7 400 4 600 10 600
Lymph 512 1110 1242 2 600
CD3 73 931 1 098 2428
CD4 67 380 452 991
CD45RO*CD4 (%) 88-8 59-8 68-5 315
CD8 T 520 653 1 446
CD45RO*/CDS8 (%) ’ 59 34.9 385 19-6
CD16 140 178 139 122
CD20 0 1 1 10

4 WRC 26 600 8100 7 500 10 000
Lymph 19 600 400 . 1 020 6 300
CD3 18 855 111 755 3780
CD4 9114 84 609 2 905
CD45RO*/CD4 (%) 99-8 702 915 159
CD8 10 251 27 86 870
CD45RO*/CDS8 (%) 99-8 725 71-8 28
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 V36*
CD8" T cells.

CDRS3 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 VB9* 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 TCRVB CDR3 size
distribution

The diversities of CDR3 size distributions were expressed as
a complexity score (CS) and plotted for each TCR VP 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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high in patients 1-3. In patient 4, in whom Mycobacterium reached a normal level at 9 months. Patient 2 experienced
avium complex infection persisted for several months, the grade IV GVHD, and significant proportions of the VJ rep-
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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markedly at | 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 V3 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~ TCRVP2 CDR3 region were
analysed in patients 3 and 4. This particular TCRV[2 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

Patient 1 Patient 2 Patient 3 Patient 4
i P 1m 4m O9m PO Im 4m 9m  pre Im 4mOm  pe 1m 4mSm
7 H E M =1 1 mEmBalrs
6 1 3 H Sy B led b S TP
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ol LUJ L j L L [ I Lt L] L)
MeanCS 217 483 nd. 535 300 453 462 4:34  nd. 544522538 126 383474535
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Fig. 3. Sequential changes in CDR3 complexity (&) ; HERS ] nd. i . nd. : N 1 [3] L[]
scores (CS). Complexity scores for each T cell Pyl iy - 10 o U - L1 ] | ot =1 e |
receptor VP repertoire are shown. Each circle 1 e ] 1 = ™ mlimis =
- . 0 —J —J L) —J L et LJ L S — S — —t J
represents the CS for each repertoire: n.d.: not MeanCS 200505 nd. 545  nd. 314313351  nd. 439236502  1-32 4642345-36
determined. Undetectable 3 0 nd. 0 nd. 4 17 4 nd. 0 0 O 11 3 0 O
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(a)
Donor (Father's BM) 1m

T cell reconstitution in SCID transplantation

4m

8v N-D-N B8J Frequency av N-D-N

BJ Froquoncy

w
<

BV N-O-N B8J Frequency

CSA SPYSYLAVKMETOQY FGFPG
CSA RAGOTPGRSTDTQY FGPG
CSA SSYGINRRDYEOF FGPG

CS5A RALTGLAGEDFYNEQF FGPG 137

CSA SGMAVGGSGANVLY  FGAG 11137
w7

| _CSA

!CSA SGTSGRVKYEQY

CSA KVVGTVYNHEQF FGPG 1756
C5A LDVAGGYNEQF FGPG 1756

CSA ROPPORYNEQF

CSA PTHFIRPVSAYHQY FGPG 1178
CSA RSKLTNYGRAHEQF FGPG 1778
CSA SGAGGAYSNQPOM FGDG wrs
CSA KTYKQSSSYEQY  FGPG yrs
Fopg

‘CSA FCRDGRYYGYT  FGRG 178

peggeveoeodopgeeReee

CSA RGONTY FGEG 17a
COtners 57478

" BJ Frequency

FGPG 1/56
FGEG 3/56
FGSG 1/56
FGDG 1/56
FGPG 2/56
FGPG 1/56
FGKG 1/56
FGPG 2/56
FGQG 2/56
FGAG- 2/56
FGPG 2/56
FGPG 1/56
FGDG 4/56
FGPG 5/56
FGEG 3/56
FGEG 1/56
FGPG 1/56
FGPG 1/56
FGPG 1/56

20/56

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

Others 89/124 || Others

Fig. 5. DNA sequence analysis in the CDR3 region. Polymerase chain reaction products of T cell receptor V32 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). dentical clones are highlighted with corresponding

colours in (a).

from the donor, his father (Fig. 5a). Among 137 TCRV[32
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
TCRVP2 clones obtained from the CBSCT donor blood had
identical sequences to clones obtained from patient 4 at
1 month post-HSCT (Fig. 5b).

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 eatly
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 patents 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 periphceral 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 celfl 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
detall, 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 IL2ZRG gene mutations, result
in similar thymus pathology and impaired output of func-
tional T cells [32,33]. Qur data show that carly expansion of
T cells with relatively high diversity does accur in the very
early period after HSCT. These dynamic changes of TCR
diversity were not accounted for fully by examination of the
TCR VB 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 nove 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 diversilics, as the skewing was morc
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
nucleolide 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 Vf 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 | 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 CD45R0O™ naive T
cells and high TREC values [13,34].

Considering that the present study was performed in only
four cases with helerogeneous 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 bencficial cffects, 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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Abstract

Previous studies indicated that several cytokines influenced the seizure propensity in convulsive disorders and were the cause of
encephalopathies in childhood. We studied the role of one inflammatory cytokine, interleukin-6 (IL-6), in hyperthermia-induced
seizures in developing rats. Twenty-four male Lewis rats (23-28 days old) were divided into three groups (n = 8/IL-6 (500 ng),
IL-6 (50 ng), and saline control groups). We applied human recombinant IL-6 intra-nasally to developing rats 1 h before seizures
induced by moist heated air (50 °C). The seizure latency was defined as the time from hyperthermia onset until the appearance of
continuous seizure discharges on electroencephalography (EEG), and the seizure duration as the duration of continuous spike and
wave discharges on EEG. Five of the eight rats in the IL-6 (500 ng) group, two in the IL-6 (50 ng) group, and one in the control
group exhibited no seizure discharges during the 360 s heating period. In these cases, the seizure latency time was regarded as
360 s and the seizure duration time as 0 s. The median seizure latency for the IL-6 (500 ng) group, 360 s (range: 256-360), was sig-
nificantly longer than that for the control one, 249 (121-360) (P < 0.05). The seizure duration for the IL-6 (500 ng) group, 0's (0-20),
was significantly shorter than that for the control one, 33 (0-76) (P < 0.025). Also, the adenosine receptor antagonist, aminophyl-
line, prevented these effects of IL-6 on hyperthermia-induced seizures. These results indicate that IL-6 plays an anti-convulsive role
through the adenosine system in hyperthermia-induced seizures, which might be relevant as to human febrile seizures.
© 2007 Elsevier B.V. All rights reserved.
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1. Introduction

Febrile seizures (FS) and epilepsy are the most com-
mon childhood convulsive disorders. Previous studies
revealed increased plasma and cerebrospinal fluid
(CSF) levels of some inflammatory cytokines in patients
with FS and intractable epilepsy {1-3]. Among several
cytokines, interleukin-6 (IL-6) was recognized to play
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an important role, because of its high plasma and CSF
concentrations in patients with severe influenza-associ-
ated encephalopathy, which has been reported to be a
severe central nervous system (CNS) complication of
influenza and to be more frequent in Japan [4]. The
problem with these clinical findings was that it could
not be determined whether the increased IL-6 concentra-
tion was the result or the cause of the CNS involvement,
because blood and CSF samples were usually taken after
CNS symptoms had appeared.

Hyperthermia-induced seizures (HS) in experimental
animals have been uscd to study the mechunism of FS
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[5]. Also, several studies have revealed that another
inflammatory cytokine, interleukin-1p (IL-1B), contrib-
utes to the generation of febrile seizures in rats [6]. How-
ever, there has been no experimental study confirming
the relation between IL-6 and FS. The purpose of the
present study is to confirm the effect of IL-6 on the pro-
pensity of HS in developing rats.

2. Materials and methods

Twenty-four male Lewis rats (23-28 days of age)
were used. They were kept with their mothers under a
standard schedule of 12 h light-12 h dark, controlled
temperature, and free food and water in quiet facilities
during all experimental periods. After the head of a
rat had been fixed to a stereotaxic holder (Narishige
Co., Ltd., Tokyo, Japan), two holes were made in the
skull over the right frontal and occipital cortex, and sil-
ver screw electrodes (Unique Medical Co., Ltd., Tokyo,
Japan) for electroencephalography (EEG) were placed
in them. These manipulations were performed under
anesthesia with pentobarbital sodium (Dainippon
Pharma Co., Ltd., Osaka, Japan), 30 mg/kg, and keta-
mine hydrochloride (Sankyo Co., Ltd., Tokyo, Japan),
50 mg/kg, intra-peritoneally. Also, cefotaxime sodium
(Aventis Pharma Co., Ltd., Tokyo, Japan), 500 mg/kg,
was injected to prevent bacterial infections intra-perito-
neally. The rats were divided into three groups (n = 8 for
each): control, IL-6 (50 ng/rat), and IL-6 (500 ng/rat)
groups at 48 h after the surgery. Recombinant human
IL-6 (Bender MedSystems, Vienna, Austria) dissolved
in 0.9% saline in total volume of 20 pl, was given
intra-nasally for each rat in the IL-6 groups, because
previous reports indicated intra-nasal administration
was suitable for IL-6 to reach the brain and to affect sei-
zures, and 0.9% saline was given to the control group.
At 1h after intra-nasal administration of saline or
recombinant human IL-6, each rat was placed in a spe-
cial plastic cage and hyperthermia-induced seizures were
induced with moist warm air (50 °C), with monitoring
by EEG. The seizure latency was defined as the time
from hyperthermia onset until the appearance of contin-
uous seizure discharges on EEG, and the seizure dura-
tion as the duration of continuous spike and wave
discharges on EEG. In the next examination, another
24 male Lewis rats (2328 days of age) were fitted with
electrodes for EEG by the same method as described
above. The rats were divided into three groups (n =28
for each): control, IL-6 (500 ng), and IL-6 (500 ng) plus
aminophylline groups at 72 h after the surgery. Recom-
binant human IL-6 (500 ng} was given intra-nasally to
the IL-6 (500 ng), and IL-6 (500 ng) plus aminophylline
groups, and saline to the control one. At 30 min after
IL-6 administration, aminophylline (Eisai Co., Ltd.,
Tokyo, Japan), 5 mg/kg, was injected intra-peritoneally

for the IL-6 plus aminophylline group, and saline for the
IL-6 (500 ng) and control ones. At lhr after intra-nasal
administration of saline or recombinant human IL-6,
each rat was placed in a special plastic cage and hyper-
thermia-induced seizures were induced with moist warm
air (50°C), with monitoring by EEG. The seizure
latency and seizure duration were determined in the
same way as described above. Finally, three male Lewis
rats (23-28 days of age) were used for measurement of
the CNS IL-6 concentration. Recombinant human IL-
6 (500 ng), dissolved in 0.9% saline in total volume of
20 ul, was given intra-nasally to these three rats. At
1 h after intra-nasal administration of IL-6, each rat
was anesthetized with diethyl ether (Kanto Chemical
Co., Inc., Tokyo, Japan), and its brain was removed
quickly. The frontal lobes (anterior to the optic chi-
asma) were isolated and stored at —80 °C until the
assay. Samples were weighed and homogenized in
50 mM PBS (pH 7.4). Thereafter, they were centrifuged
for 15min (5000 rpm), and the supernatants were
removed and stored. IL-6 Human Easy ELISA (Amer-
sham biosciences UK Ltd., Buckinghamshire, England)
was performed to determine the level of human IL-6 in
the frontal lobe. The Kruskal-Wallis test and the Bon-
ferroni post hoc test were performed for statistical
analysis.

All experimental procedures conformed to the guide-
lines of the Ministry of Education of Japan, and were
approved by the animal experimental committee of
Ehime University School of Medicine (No. TE-17-2).

3. Results

Sporadic spike and wave bursts were induced after a
few minutes when rats were warmed with moist heated
air (Fig. 1). Five of the eight rats in the IL-6 (500 ng)
group, two of the eight in the IL-6 (50 ng) one, and
one of the eight in the control one exhibited no seizure
discharges during the 360 s heating period. In these
cases, the seizure latency time was regarded as 360 s
and the seizure duration as 0s. The median seizure
latencies for the control, IL-6 (50ng), and IL-6
(500 ng) groups were 249 s (range: 121-360), 269 (205-
360), and 360 (256-360), respectively. Thus, the seizure
latency for the IL-6 (500 ng) group was significantly
longer than that for the control one (P <0.05)
(Fig. 2a). The median seizure durations for the control,
IL-6 (50 ng), and IL-6 (500 ng) groups were 33 s (range:
0-76), 20 (0-64), and 0 (0-20), respectively. Thus, the
seizure duration for the IL-6 (500 ng) group was signif-
icantly shorter than that for the control one (P < 0.025)
(Fig. 2b). In the next examination, two of the eight rats
in the IL-6 (500 ng) group exhibited no seizure dis-
charges during the 360 s heating period. The median sei-
zure latencies for the control, TL-6 (500 ng), and IL-6
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Fig. 1. EEG findings in rats. Normal 7-8 Hz background activity was recognized. Sporadic spike and wave bursts were induced a few minutes after

warming with moist heated air.

(500 ng) plus aminophylline groups were 249 s (range:
179-287), 316 (243-360), and 232 (199-295), respec-
tively. Thus, the seizure latency for the IL-6 (500 ng)
group was significantly longer than that for the control
one (P < 0.025), but there was no difference between the
IL-6 (500 ng) plus aminophylline and control ones
(Fig. 2¢). The median seizure durations for the control,
IL-6 (500 ng), and IL-6 (500 ng) plus aminophylline
groups were 32s (range: 27-51), 22 (0-37), and 41
(26-66), respectively. Thus, the seizure duration for the
IL-6 (500 ng) group was significantly shorter than that
for the control one (P < 0.05), but there was no differ-
ence between IL-6 (500 ng) plus aminophylline and con-
trol ones (Fig. 2d).

Also, the median IL-6 concentration in the brains of
IL-6 (500 mg) administered rats was 50 pg/ml (range:
46-74) in the frontal lobe.

4. Discussion

Recent reports have revealed the relation between
pro- or anti-inflammatory cytokines and childhood
convulsive disorders. IL-18 is one of the pro-inflamma-
tory cytokines that play important roles in host defense
responses to infection and inflammation. There have
been some reports about the possible involvement of
IL-1B in FS, with respect to the plasma or cerebrospi-
nal fluid level, IL-1B production by peripheral blood
mononuclear cells {7], and genetic polymorphic mark-
ers [8]. Regarding previous experimental findings, it
has been reported that IL-18 receptor-deficient mice
are resistant to experimental FS [6], and IL-1B sup-
presses the GABAA receptor function [9]. On the other
hand, there have been some reports indicating that
high plasma or cerebrospinal fluid levels of IL-6 were

found in patients with influenza-associated encephalop-
athy and intractable convulsive disorders in childhood
{3.4]. But it could not be determined whether the high
IL-6 concentrations were the result or the cause of the
CNS involvement, because the levels of some pro-
inflammatory cytokine mRNAs, which are associated
with the production of cytokines, become elevated with
experimental seizures induced by electrical stimulation
[10].

In the present study, recombinant human IL-6 was
administered nasally, and previous studies revealed that
intra-nasal administration was appropriate for several
cytokines and polypeptides to bypass the blood-brain
barrier [11,12]). It has been reported that the median
CNS IL-6 concentration in patients with non-fulminant
influenza-associated encephalopathy is 16.2 pg/ml
(range: 10.2-26.9), the concentrations in fulminant ones
being reported to be 855.2 and 62,250 pg/ml [13]. In the
present study, the median CNS level of IL-6 in IL-6
(500 mg) administered rats was 50 pg/ml (range: 46—
74), which was higher than. that in non-fulminant
patients, and lower than those in fluminant ones.

Based on previous experimental findings regarding
the relation between IL-6 and seizure propensity, it
has been reported that intra-nasal IL-6 administration
increases the severity of pentylenetetrazole-induced sei-
zures [14]. In that study, it was indicated that IL-6
increased the propensity of chemical-induced seizures
in adult rats. But the relation between the propensity
of HS and IL-6 in developing rats has not been reported
yet. The present study revealed that intra-nasal adminis-
tration of IL-6 increased the seizure threshold and short-
ened the seizure duration in HS. These findings indicate
that IL-6 decreases the propensity of HS in developing
rats. It has been reported that stimulation with IL-6
of cultured astrocytes and brain slices of the rat cortex-
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Fig. 2. *P<0.05. **P <0.025. (a) Seizure latency. The data are
presented as the median time and time range. The median seizure
latency for the IL-6 (500 ng) group was 360 s (256-360), which was
significantly longer than that for the control one 249 (121-360). (b)
Seizure duration. The data are presented as the median and range. The
" median seizure duration for the TL-6 (500 ng) group was O s (range: 0
20), which was significantly shorter than that for the control one, 33
(0-76). *P<0.05. **P<0.025. (c) Seizure latency. The data are
presented as the median time and time range. The median seizure
latency for the TL-6 (500 ng) group was 316 s (243--360), which was
significantly longer than that for the control one 249 (179-287), but
there was no difference between the IL-6 (500 ng) plus aminophylline
group and control one. (d) Seizure duration. The median seizure
duration for the IL-6 (500 ng) group was 22s (0-37), which was
significantly shorter than that for the control one 32 (27-51), but there
was no difference between the IL-6 (500 ng) plus aminophylline group

and control one.

induced concentration- and time-dependent upregulation of
adenosine Al receptor mRNA and adenosine Al recep-
tor-mediated signaling [15]). Adenosine has been said to
be a powerful endogenous anti-convulsive substance in
the CNS that terminates seizures [16]. Also, it has been
reported that IL-6-deficient mice are a novel epileptic
model, because the seizure susceptibility of these mice
to some convulsants and audiogenic stimuli was greater
than that of control ones [17,18]. On the other hand,

aminophylline, which is a complex of theophylline and
ethylenediamine, is the adenosine receptor antagonist,
and it has been reported that aminophylline exerts
pro-convulsive actions in animal models [19] and
humans [20]. In the present study, aminophylline abol-
ished the anti-convulsive effect of IL-6 as to HS in devel-
oping rats. These results indicated that IL-6 might play
an anti-convulsive role through the adenosine system in
HS in developing rats.

Finally, we conclude that IL-6 plays an anti-convul-
sive role in the immature brain in hyperthermia-induced
seizures, which might be relevant as to human febrile
seizures.
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