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T-Cell Immune Reconstitution in Pediatric Leukemia Patients After Allogeneic
Bone Marrow Transplantation With T-Cell-Depleted or Unmanipulated Grafts:
Evaluation of Overall and Antigen-Specific T-Cell Repertoires

By Barbara C. Godthelp, Maarten J.D. van Tol, Jaak M. Vossen, and Peter J. van den Elsen

To evaluate the role of T-cell selection in the thymus and/or
periphery in T-cell immune reconstitution after allogeneic
bone marrow transplantation (allo-BMT), we have analyzed
the overall and antigen-specific T-cell repertoires in pediatric
allo-BMT recipients treated for leukemia. We observed a lack
of overall T-cell receptor (TCR) diversity in the repopulating T
cells at 3 months after allo-BMT, as was deduced from
complementarity determining region 3 (CDR3) size distribu-
tion patterns displaying reduced complexity. This was noted
particularly in recipients of a T-cell-depleted (TCD) graft and,
to a lesser extent, also in recipients of unmanipulated grafts.

antigen-specific T-cell repertoire at 1 year after BMT showed
that the T cells responding to tetanus toxoid (TT) differed in
TCR gene segment usage and in amino acid composition of
the CDR3 region when comparing the recipient with the
donor. Moreover, the TT-specific TCR repertoire was found to
be stable within a given allo-BMT recipient, because TT-
specific T cells with completely identical TCRs were found at
3 consecutive years after transplantation. These observa-
tions suggest an important role for T-cell selection processes
in the complete restoration of the T-cell immune repertoire in
children after allo-BMT.

At 1 year after allo-BMT, normalization was observed of TCR

CDR3 size complexity in almost all recipients. Analysis of the © 1999 by The American Society of Hematology.

LLOGENEIC BONE MARROW transplantation (allo- Within the thymic micro-environment, MHC class II-mediated
BMT) is a possibly curative treatment of otherwise interactions result mostly in CD4T-cell development, whereas
incurable malignant hematologic disorders and severe immunoMHC class |-mediated interactions result in CD&-cell
deficiency diseases. After allo-BMT, the recipients demonstratalevelopment. During T-cell selection in normal individuals,
a varying period of immunoincompetence that can last for up toT-cell receptor (TCR)-B and TCR-A genes are sequentially and
several years after transplantation and may cause significamandomly rearranged from a pool of TCR gene segments,
morbidity and mortality:- Moreover, immune reconstitution resulting in a diverse TCR repertoi&l4 However, this reper-
can be hampered by the occurrence of acute and chronitoire is less diverse than theoretically possible due to nonran-
graft-versus-host-disease (GVHBJ.Immune reconstitution dom TCRV and TCRJ gene segment usage, nonrandom amino
after allo-BMT has been studied extensively in aduf&’The acid incorporation in the TCR complementarity determining
innate immune system, ie, the function of phagocytes, fullyregion 3 (CDR3):>17 and skewing of certain TCRBV and
recovers in the first weeks to months after BMT, whereasTCRAV gene segments towards CD#4r CD8" T-cell sub-
complete reconstitution of the adaptive immune system, ie, Bsets!8:19
and T lymphocytes, takes much longer. As a result, infectious After the loss of mature T cells, such as occurs after
complications exist for a prolonged time after allo-BMIT. chemotherapy or after myeloablative conditioning before allo-
During normal T-cell development, bone marrow (BM)- BMT, regeneration of the T-cell population can proceed via at
derived T-cell precursors home to the thymus, where they aréeast 2 pathways. First, transfer of graft-derived mature donor T
subjected to positive and negative selection processes upatells to the periphery followed by antigen-driven expansion.
interactions with major histocompatibility complex (MHC) This process, which represents a thymus-independent pathway
class | and Il molecules expressed on thymic epithelial andbf reconstitution, most likely provides the first wave of T cells
dendritic cell! These selection processes will ensure aafter allo-BMT20-22 These mature T cells with a limited TCR
nonautoreactive peripheral T-cell repertoire that is restricted taliversity?3 can be maintained in the periphery for up to 10 to 20
recognizing antigenic peptides in the context of self-MHC. years?* provided that appropriate TCR-peptide/MHC interac-
tions occuk>2® The second mechanism involves selection of
graft-derived precursor cells in the thymit8® and/or possibly
From the Departments of Pediatrics and Immunohematology andt per!pheral selection sité*! The process of thymic T'C,e”,
Blood Transfusion, Leiden University Medical Center, Leiden, TheSelection probably accounts for the more durable reconstitution
Netherlands. of the T-cell compartment and potentiates a more diverse TCR
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Radiation Protection (IRS). effective in young allo-BMT recipients, as is reflected by the
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donor or a matched unrelated donor (MUD) and within the latterincorporation F-APC only). Epstein-Barr virus (EBV)-transformed
group, with or without T-cell depletion (TCD) of the graft. B-cell lines of recipients and their respective donors (MUD/siblings)
were used as antigen-presenting cells (APC) in these tests. Blocking of
the proliferative response was analyzed as described previbusing
MATERIALS AND METHODS MoAbs directed against MHC class | (W6/32), MHC class Il (PdV5.2),
Patients. Between November 1994 and October 1996, 44 childrenCD4 (RIV6), and HLA-DR (B8.11.2), which remained present during
with hematologic malignancies were treated with an HLA-identical the entire assay.
allo-BMT at the Department of Pediatrics of the Leiden University =~ RNA extraction, cDNA synthesis, and polymerase chain reaction
Medical Center (Leiden, The Netherlands). Conditioning of the patients(PCR) amplification. Total RNA was extracted from FACS-sorted
was performed according to protocols of the Dutch Childhood Leuke-CD4*" and CD8 T-cell subsets and from TT-specific T-cell clones{(8
mia Study Group (DCLSG). All children showed complete engraftment. 10° to 1 X 10° cells). The RNA was converted into cDNA using
Fifteen children died: 11 of relapse of the original disease and 4 ofoligo-dT (Promega, Madison, WI). The cDNA was subjected to PCR
infection. For the purpose of our study, we selected 3 groups of patientsamplification for the determination of TCR gene segment usage. PCR
(1) myelodysplastic syndrome (MDS) patients treated with a TCD MUD amplification and TCR-primers were as described previoisty.
BM gratft; (1) (juvenile) chronic myeloid leukemia [(J)CML] patients Spectratyping and method validationThe distribution of TCR
treated with an unmanipulated MUD BM graft; and (lIl) acute leukemia CDR3 sizes was analyzed by PGRPCR reactions were performed
patients treated with an unmanipulated HLA-identical sibling BM graft. with 5 TCRBV family specific primers (TCRBV1-23) and a@eneric
The sibling donors were 6 to 25 years old (mean age, 13.1 years)TCRBC internal primer labeled withy[32P]ATP as described previ-
whereas MUD donors in general were more than 30 years old. B&D (- ously37:3° To avoid a hampered size distribution due to very small
log) of the graft was achieved by albumin gradient centrifugation andnumbers of T cells in the starting material, we used cDNA from at least
subsequent E-rosette sedimentafidfiwelve patients who are eligible g x 108 sorted cells for each spectratype, because we and #ters
for one of the transplantation groups and of which material of the donofhave determined that approximately<10® cells is the lowest number
was available were included in our study. These patients receivegyt which a near normal distribution of TCR CDR3 sizes with 8 to 10
between 0.75< 10° and 4.8x 10° nucleated BM cells (median, 24 gjstinct bands can be observed in the majority of the TCRBV families in
10°) per kilogram of body weight (BW). All BMT recipients were  cp4+ and CD8 T-cell subsets (Fig 1). Furthermore, identical TCR
included in a revaccination protocol with diphtheria toxoid (D)-tetanus -cpRr3 size distribution patterns were obtained after repeated spectra-
toxoid (T)-inactivated polio virus type I, Il, and Il (IPV) on 10, 14, and type PCR (results not shown).
24 weeks after allo-BM?3 For the purpose of this study, blood was PCR fragment purification and DNA sequencinghe desired
drawn from the recipients at various time-points after allo-BMT and TCRBV PCR fragments were purified by electrophoresis in a 1% low
from their respective dqnors. The use of th_ls human m_aterlal h_as b,eeﬂwlting point agarose gel and subsequent use of Wizard columns
approved by the Committee on Medical Ethics of the Leiden Un'vers'ty(Promega). The Wizard-purified fragment was used for direct sequenc-

Medical anter (Pro_tocol P254/96). ing*? using the T7 sequencing Kit (Pharmacia LKB, Uppsala, Sweden)
Process_lng of per|pher_al blood monon_uclear cglls (PBMC), ﬂuo“_as'with 5 to 10 pmol of TCRBC internal primer, approximately 0.25 pmol

cence-_actlvated cell sqrtmg (FACS) sortmg, and |mmunophenc_)t)_/pwalpcR fragment, anch{33PJATP (0.5 uCi; Dupont NEN, Boston, MA).

analysis. PBMC were isolated from approximately 20 mL. heparinized DNA sequences were compared with TCR sequences contained in the

g:&ir\l/; d':slcgg-r:?i)piili\?rif(bua'\t/ilgn HF?BS‘IF\)/II?I T;rgici’ 1L(;|d£2;eThe GenBank using the PCGENE Computer Software Program (Release
) ty 9 . 2 ) 6.85; Intelligenetics Inc, Palo Alto, CA).

used for FACS sorting to separate CDdnd CD8 T-cell subsets using - . B ) . .

. - : ) : . Sequencing/spectratyping oligonucleotide priméFhe primer used
fluorescein-conjugated anti-CD4 and R-phycoerythrin-conjugated anti- . o

L . for sequencing of the TCR of TT-specific T-cell clones and for the
CD8 monoclonal antibodies (MoAbs; Dakopatts, Glostrup, Denmark) . .
. h spectratype analysis was TCRBC internal (8T GGG AGA TCT

and a FACScan (Becton Dickinson, Mountain View, CA). FACS-sorted CTG CTTCTG 3)
subsets (8< 10° to 3 X 1(F cells) were collected in fetal calf serum, :

washed twice in phosphate-buffered saline (PBS), and store8GaC TCR CDRS—specmc oligonucleotide hybridizatiorf-or the analysis
) ) . . of the persistence of TCR clonotypes, TCRBV9 PCR products were
until RNA extraction. Immunophenotypical analysis of PBMC was

performed at regular intervals after allo-BMT by flow cytometric generated from TT-specific T-cell lines and clofésize-fractionated in

analysis using a FACStar flow cytometer and commercially availablei 1% igarosLe_tt?el,Cz;]\nlci tr?nzfirr_ed ;% ngllsogEn}emt])-;ar;]es (Hy'gf?ndN
MoAbs in appropriate dilutions: the MoAbs used to discriminate the Imt?_rs ap;t’ ttie L-ha or;),t d)' |n04 N N OHO; 20 ou_rs.t er d
various lymphoid subsets were directed against CD3/CD4 or CD3/CD§) otling, Titers were incubated in ©. a or minutes an

for T-cell subsets, CD3/CD16/CD56 for natural killer cells, and CD19 Washhid_cip 5<d SS;E ft;’f(f‘ m(;nutggoi:t _rogstem%eri\tutr)e. Filters were
and/or CD20 for B cells. Normalization of the absolute number of cells P'éMyPrdized and hybridize at IXSSSPE, 0.1% bovine serum

in a given lymphocyte (sub)population in the peripheral blood of an albumin (BSA), 0.1% Ficoll, 0.1% polyvinylpyrolidone, and 0.5%

allo-BMT recipient was defined as reaching the fifth percentile of sodium dodecyl sulfate (SDS). The oligonucleotide probe specific for
age-matched reference valiégs the TCR CDR3 region of the UPN 285-derived sequence TCRBV9S1

Generation of antigen-specific T-cell lines/clone.or the analysis PTGSGwas composed of"5CAGTGCCGCTCC_CTGTAGGGCTGC
of the antigen-specific TCR repertoire, tetanus toxoid (TT)-specific3 and was end-labeled withyPJATP as described above. After the
T-cell lines were generated as described previctigriefly, 3 to 6 x hybridization in a hybndlza_tlon oven (Appligene Inc,‘ Pleasanton, CA)
10° PBMC were grown in culture medium in the presence of 1.9 limes for 17 hours at 60°C, the filters were washed once’n$SPE, 0.1%
flocculationis (Ify/mL TT (RIVM, Bilthoven, The Netherlands). After at  SPS, PH 7.5, for 15 minutes at 60°C and once ¥ 8SPE, 0.1% SDS,
least 2 rounds of TT-stimulation and subsequent TT-specificity testing?H 7+5: for 15 minutes at 78°C (Tm of the oligo). After washing, the
in a 3H-thymidine incorporation assay, T-cell clones were generated!iIters were exposed to x-ray films a80°C for 2 to 4 hours.
from some of these lines by limiting dilutioif. The T-cell lines and
clones that, after repeated testing, had a stimulation index (SI) greater RESULTS
than 3, with more than X 10° counts per minute (cpm) in the case of
T-cell lines or more than X 10° cpm in the case of T-cell clones, were ~ Transplant outcome. Successful engraftment was observed
considered to be TT-specific (SPH incorporation of TrAPC+TT/°*H in all analyzed children. In the total group of analyzed children
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Undiluted 5 fold 10 fold 20 fold  Dilution

TCRBV 1 2 3 1 2 3

mity
u' 'LH','"”.’”'

CD4/CD8 48 48 48 48 48 48 48 48 48 48 48 48

Fig1l. Method validation of TCR CDR3 size distribution analysis. A cDNA sample of sorted CD4+ and CD8+* T cells from a healthy bone marrow
donor was serially diluted to determine the number of cells at which a near normal distribution of TCR CDR3 sizes (8 to 10 bands) in the majority
of the TCRBV families could be obtained after a TCRBV-specific spectratype PCR. Shown are the size distributions for undiluted cDNA and a 5-,
10-, and 20-fold dilution representing 30 x 103, 6.0 x 103, 3.0 x 103, and 1.5 x 103 cells in each spectratype for TCRBV1, TCRBV2, and TCRBV3 in
CD4+ and CD8* T-cell subsets.

(I-111), 9 of 12 survived (75%); in the group of allo-BMT either reached normal values (4 of 9 patients) or were slightly
recipients who received a TCD-BM graft (1), 2 of 3 children increased (4 of 9 patients) at 1 year after allo-BMT. The number
(67%) survived, and in the groups who received unmanipulateaf NK cells (CD3 CD16*CD56") cells reached normal levels
BM grafts (I1+111), 7 of 9 children (78%) survived. Causes of in the majority of the patients (7 of 9 patients), whereas B-cell
death were relapse of the original disease in 2 children anchumbers (CD20) were either normal (5 of 9 patients) or
EBV-induced B-cell lymphoproliferative disease (BLPD) in 1 slightly increased (4 of 9 patients) at this time-point.
child. Acute GVHD grade | was observed in 5 children and CD45RA and CD45RO expression profiles on CDahd
chronic GVHD developed in 4 children (3 limited and 1 CD8" T-cell subsets. At approximately 3 months after allo-
extensive). Almost all survivors are alive with a follow-up of 3 BMT, the absolute number of CD4I cells expressing CD45RA
to 4 years after allo-BMT and have a Karnofsky score of 100%,was low in all 11 children investigated (mean, 0.0871C®
whereas UPN 298, who suffers from extensive chronic GVHD,cells/uL), whereas the absolute number of CDB cells
including the liver, has a Karnofsky score of 80%. The expressing this marker was much higher (mean, 0220°
transplant-related variables and the allo-BMT outcome of allcells/pL; Table 3). The absolute number of CDZ cells
analyzed patients are summarized in Table 1. expressing the memory marker CD45R0O (mean, 0R10°
Immunological reconstitution: recovery of the main lympho- cells/uL) was significantly higher than the number of
cyte subsets. Absolute lymphocyte counts below the fifth CD4"CD45RA" T cells. Within the CD8 T-cell subset,
percentile (p5) of age-matched reference vatti&svere ob-  expression of CD45RA and CD45R0O was variable: the absolute
served in 10 of 12 children at 3 months after allo-BMT, as number of CD8CD45R0O" T cells was higher than that of
shown in Table 2. The absolute numbers of CO3cells at this  CD8"CD45RA* T cells in 5 of 11 patients, lower in 3 of 11
time-point were below p5 values in 8 of 12 recipients. In 4 of 12 patients, and in theame range in 3 of 11 children. Simitamalyses
allo-BMT recipients, all from the unmanipulated graft groups, at 12 months after allo-BMT showed an increase in the number
normal numbers of CD3T cells were detected. The absolute of CD4"CD45RA" T cells in 9 of 9 recipients, but the counts
number of CD4 T cells was low in almost all recipients at 3 were still below the p5 of age-matched reference values in the
months after allo-BMT (11 of 12 patients), irrespective of the majority of the patients. Moreover, an increase in the absolute
nature of the graft (TCD or unmanipulated). In contrast, CD8 number of CD8CD45RA" T cells was observed in 8 of 9
T-cell numbers were either normal (6 of 12 patients), increasedecipients. Absolute numbers of memory (CD45R@ells also
(2 of 12 patients), or decreased (4 of 12 patients) at thisncreased in CD4 as well as in CD8 T-cell subsets, in 7 of 9
time-point. The absolute number of NK cells (CBB3D1656") and 4 of 9 recipients, respectively, showing expansion of
was normal at 3 months post-BMT in the majority of the memory-type T cells within the first year after transplantation.
recipients (11 of 12), whereas the absolute number of B cells TCR CDR3 size profile analysisThe overall TCR reper-
(CD20") was decreased in the majority of the analyzedtoire diversity was investigated by evaluation of the TCR CDR3
recipients (8 of 12). Similar analyses at 1 year after allo-BMT size distribution patterns. Spectratype analysis of TCD-graft
showed normalization of lymphocyte numbers in the majority recipients (group I) at 3 months after allo-BMT demonstrated
of the patients (Table 2). The absolute number of €@8lls  TCR CDRS size distribution patterns that were deviated from a
increased in 7 of 9 patients when comparing the 2 time-pointsGaussian distribution in both T-cell subsets in the majority of
However, CD3 T-cell numbers remained below the p5 of the TCRBV families (Table 4) when compared with their
reference values in 3 of 9 patients at 1 year after BMT. Similardonors or age-matched controls who displayed Gaussian distrib-
observations were made for CD4T cells. CD8 T cells uted spectratypes (results not shown). It should be noted that the
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Table 1. Clinical Characteristics and Allo-BMT Outcome

GVHD# GVHD

Patient Diagnosis* Conditioningt Acute Chronic Prophylaxis§ VIG| Infections{ Current Status
|#

UPN 272 MDS(RAEBt) AraC/Cy/TBl,, arl L MTX/Cam + H parainfluenzae, Relapse, alive

VzVv in remission
UPN 273 MDS(RAEB) AraC/Cy/TBl;, No — MTX/Cam/CsA - EBV Died, infection
(BLPD)

UPN 279 MDS(RAEBt) AraC/Cy/TBl;, No No MTX/Cam + S epidermidis Alive and well
1]

UPN 298 JCML Cy/TBl;5 grl E MTX/CsA/Cam + CMV, vzVv Alive

UPN 301 CML(Ph*, CP) AraC/Bu/Cy No No MTX/CsA/Cam + — Alive and well

UPN 329 JCML Bu/Cy.q grl L MTX/CsA - CMV, RSV Died, relapse
1

UPN 274 ALL I VP16/Cy/TBl; 5 No No MTX/CsA + P aeruginosa, A Died, relapse

fumigatus

UPN 275 AML Il AraC/Cy/TBlg No No MTX/CsA - — Alive and well

UPN 276 AML | AraC/Cy/TBl,, No No MTX/CsA + HSV, vzv Alive and well

UPN 285 ALL Il VP16/Cy/TBl; 5 arl No MTX/CsA + \4Y Alive and well

UPN 291 ALL I VP16/Cy/TBlI;, No No MTX/CsA + — Alive and well

UPN 296 ALL Il VP16/Cy/TBlIy, arl L MTX + S epidermidis, VZV Alive and well

*Diagnosis: MDS(RAEB)/(RAEBt), myelodysplastic syndrome with refractory anemia and excess of blasts; t, in transformation; (J)CML,
(juvenile) chronic myeloid leukemia; Ph*, with presence of Philadelphia chromosome; CP, in chronic phase; ALL, acute lymphoid leukemia; AML,
acute myeloid leukemia in first (I) or second (Il) complete remission.

tConditioning: AraC, total dose of 4 g/m? cytosine arabinoside; Cy, total dose of 120 mg/kg body weight (BW) cyclophosphamide, with the
exception of UPN 329 who received 200 mg/kg BW; Bu, total dose of 20 mg/kg BW busulfan; VP16, total dose of 700 mg/m? etoposide; TBI, total
body irradiation either a single dose of 7.5/8 Gy or 2 X 6 Gy.

FAcute GVHD with grade (gr) I-IV; chronic GVHD is either limited (L) or extensive (E).

8GVHD prophylaxis consisted of a total dose of methotrexate (MTX) at 10 mg/m? X3 accompanied by Campath (Cam) at 0.2 mg/kg BW X4 and/or
CsA at 2 mg/kg BW/d intravenously (day —5 to +30 followed by 6 mg/kg BW/d/os through day +180) and tapered off until discontinuation at day
+280; or MTX at 10 mg/m? x4 followed by 10 mg/m?#/wk until day +100 (UPN 296).

|Intravenous lg, administration 1 to 3 months after allo-BMT.

fSevere infections, ie, bacteraemia, septicaemia, pneumonia (A Fumigatus), and virus reactivations/infections, occurring within the first year
after BMT (onset of all infections was from 5 to 134 days post-BMT). VZV, varicella-zoster virus; EBV, Epstein-Barr virus; CMV, cytomegalovirus
(pp65-antigenemia, pre-emptively treated with gancyclovir); RSV, respiratory syncytial virus; HSV, herpes simplex virus.

#Transplantation groups: |, TCD BM graft from MUD; Il, unmanipulated BM graft from MUD; Ill, unmanipulated BM graft from HLA-identical
sibling donor.

TCD-grafts contained approximately 0.69% X.7 X 10°/kg To study the kinetics of the TCR repertoire development
BW of the recipient) mature T cells after the depletion more closely, we have analyzed TCR CDR3 size distribution
procedure as estimated by FACS analysis (results not shownpatterns of UPN 272 (group I) at 5 time-points after allo-BMT
At 1 year post-BMT, a more or less normal distribution of TCR in CD4* and CD8 T-cell subsets (Fig 3). This showed the
CDR3 sizes was observed in the majority of the TCRBYV presence of dominant T-cell clonotypes early after allo-BMT, ie,
families in these TCD graft recipients when a similar number ofat 6 to 10 weeks in almost all analyzed TCRBV families in both
cells was used as for the early analysis. Analyses of TCR CDR3-cell subsets. These early T-cell clonotypes most probably
size distribution patterns in unmanipulated-graft recipientsrepresent donor memory T cells contained in the BM graft. At
(group II+111) showed less heterogenous patterns at 3 monthdater time-points, the TCR diversity increased, but the dominant
after transplantation, whereas a Gaussian distribution of TCRlonotypes remained present. However, the TCRBV9,
CDRa3 sizes could be observed at 1 year after allo-BMT. WhenTCRBV20, and TCRBV22 spectratypes remained less heterog-
comparing the spectratypes at 3 months after transplantation ianous in the CD8T-cell subset at later time-points (Fig 3).

the 3 transplantation groups, a more diverse TCR repertoire was TT-specific T-cell immune response after allo-BMTo
observed in the unmanipulated graft groups (3 of 4 children), agollow the restoration of the proliferative response against the
summarized in Table 4, irrespective of the number of cells usedecall antigen TT in time, PBMC obtained at 6, 10, 14, 32, and
for the analyses. For example, the deviated TCR CDR3 siz&2 weeks after allo-BMT were stimulated with TT. The
distribution pattern of UPN 272 at 3 months after BMT, the lessresponding T cells were tested for their TT-specificity3kh
heterogenous size distribution (3 months post-BMT) of UPNthymidine incorporation assays. These analyses showed the
301, and the Gaussian size distribution (1 year post-BMT) oflack of a significant proliferative response to TT in T-cell lines
UPN 301 were all generated with>8 10° cells. Representative  of all 6 recipients generated at the early time points (4 to 14
examples of TCR CDR3 size distribution patterns are shown inveeks) after allo-BMT (Table 5), whereas the response of these
Fig 2. T-cell lines to phytohemagglutinin (PHA) was in normal range
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Table 2. Immunological Recovery of Leukemia Patients Treated With Allo-BMT: Laboratory Findings at 3 and 12 Months After Transplantation

No. of
Age at No. of No. of No. of No. of CD16*/56+ No. of
BMT Lymphocytes* CD3* CD4* CD8* (CD37) CD20*
Patient (yrs) 3 12 3 12 3 12 3 12 3 12 3 12
It
UPN 272 11 1.05 1.12 0.89 0.71 0.09 0.15 0.81 0.55 0.03 0.10 0.12 0.29
UPN 273% 12 0.50 § 0.20 —_ 0.13 —_ 0.11 —_ 0.30 —_ 0.03 —_
UPN 279 10 1.05 2.76 0.15 1.35 0.05 0.97 0.13 0.41 0.38 0.25 0.39 1.0
1l
UPN 298 7 0.68 5.25 0.51 4.25 0.03 0.79 0.48 3.30 0.20 0.47 0.007 0.21
UPN 301 2 1.88 3.07 1.39 2.18 0.76 1.35 0.76 0.68 0.47 0.06 0.17 0.65
UPN 329 2 1.34 § 0.48 —_ 0.20 — 0.29 — 0.34 — 0.25 —
1l
UPN 274 6 0.62 § 0.56 —_ 0.09 —_ 0.47 —_ 0.11 — 0.006 —_
UPN 275 11 1.87 2.96 1.46 2.16 0.19 0.59 1.25 1.6 0.32 0.47 0.08 0.62
UPN 276 14 1.36 2.93 1.09 2.08 0.39 0.85 0.71 1.29 0.20 0.41 0.09 0.70
UPN 285 10 1.03 1.96 0.73 0.80 0.22 0.53 0.58 0.55 0.27 0.31 0.02 0.80
UPN 291 7 1.72 3.50 1.31 2.21 0.24 0.98 1.07 1.23 0.21 0.25 0.21 0.95
UPN 296 15 0.83 0.43 0.37 0.23 0.12 0.15 0.21 0.09 0.18 0.09 0.22 0.23
Reference|| 2-4 3.7 (2.3-5.4) 2.1(1.2-3.7) 1.3 (0.7-2.4) 0.7 (0.4-1.1) 0.5 (0.2-0.7) 0.8 (0.4-1.4)
5-9 2.6 (1.7-3.5) 1.8 (1.0-2.6) 1.0 (0.6-1.5) 0.6 (0.3-1.0) 0.2 (0.1-0.5) 0.3 (0.2-0.7)
10-14 2.4(1.6-3.1) 1.6 (0.9-2.4) 0.9 (0.6-1.6) 0.5 (0.2-0.9) 0.3 (0.1-0.5) 0.3 (0.1-0.6)
15-70 1.9 (1.3-3.0) 1.3 (0.8-1.9) 0.8 (0.5-1.2) 0.4 (0.3-0.8) 0.3 (0.1-0.6) 0.3 (0.1-0.6)

*Absolute numbers: X103 cells/pL peripheral blood.

tTransplantation groups as mentioned in Table 1.

FAnalysis at 68 days post-BMT; other time-points were not available.

8Recipient died before second analysis at 1 year after transplantation (UPN 273, UPN 329, and UPN 274).

||Age-matched reference values according to Comans-Bitter et al3*; values are the median, with ranges from 5 to 95 percentiles in parentheses.

Table 3. Absolute Numbers of CD45RA+ and CD45RO* T Cells in CD4+ and CD8* T-Cell Subsets at 3 and 12 Months After Transplantation

No. of CD4 No. of CD4 No. of CD8 No. of CD8
Age at CD45RA** CD45RO" CD45RA" CD45RO*

Recipient BMT (yrs) 3 12 3 12 3 12 3 12
It

UPN 272 11 0.004 0.03 0.13 0.13 0.14 0.29 0.68 0.42

UPN 273 12 ND ks ND — ND — ND —_

UPN 279 10 0.007 0.59 0.05 0.38 0.08 0.31 0.05 0.13
1l

UPN 298 7 0.004 0.08 0.03 0.73 0.18 1.60 0.37 2.40

UPN 301 2 0.13 1.08 0.72 0.24 0.23 0.62 0.64 0.05

UPN 329 2 0.05 ¥ 0.18 — 0.15 — 0.22 —_
1l

UPN 274 6 0.01 b 0.08 — 0.23 — 0.21 —_

UPN 275 11 0.03 0.19 0.14 0.42 0.7 1.14 0.51 0.80

UPN 276 14 0.03 0.28 0.37 0.65 0.55 1.11 0.27 0.46

UPN 285 10 0.04 0.10 0.21 0.44 0.31 0.38 0.30 0.19

UPN 291 7 0.06 0.46 0.20 0.51 0.31 0.50 0.92 0.76

UPN 296 15 0.01 0.04 0.10 0.13 0.12 0.07 0.11 0.02
Reference§ 1-6 1.14 (0.66-1.39) 0.6 (0.4-1.5) 1.0 (0.6-1.3) 0.1 (0.1-0.5)

7-17 0.49 (0.39-0.74)
18-70 0.32 (0.22-0.54) 0.3 (0.1-0.8) 0.4 (0.1-0.8) 0.2 (0.2-0.4)

The number of CD45RA* and CD45RO* cells within the CD4* and CD8* T-cell subsets was determined after staining with anti-CD45RA and
anti-CD45R0O MoAbs; RA*RO* double-positive T cells were calculated as well.

Abbreviation: ND, not determined.

*Absolute numbers of cells: X103/uL peripheral blood.

tTransplantation groups as mentioned in Table 1.

fPatient died before second analysis.

§Age-matched CD4*CD45RA " reference values,® with ranges from 25 to 75 percentiles in parentheses. Reference values for CD4*CD45RO+ T
cells and for CD45RA - and CD45RO*-CD8" T cells were only available for children of 1 year old and for adults; values are the median, followed by
minimal and maximal absolute counts in parentheses.3¢
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T-CELL IMMUNE RECONSTITUTION AFTER ALLO-BMT

Table 4. TCR CDR3 Size Distribution Analysis of Allo-BMT Recipients
at 3 and 12 Months Post-BMT in CD4+ and CD8* T-Cell Subsets

3 mo Post-BMT 12 mo Post-BMT

Recipient/
Sample 4/8 Ratio™ Spectratypet 4/8 Ratio Spectratype
|
UPN 272 0.22 D/LH 0.28 G
UPN 279 2.60 D/LHt 2.40 G
1l
UPN 298 0.21 D/LH 0.23 G/LH
UPN 301 1.7 LH/G 1.5 G
1l
UPN 275 0.10 LH/G 0.32 G
UPN 285 2.10 LH/G 3.90 G

*CD4/CD8 T-cell ratio was determined after staining PBMC with
appropriate MoAbs and FACS sorting; only true CD3+CD8*high T cells
were calculated.

tSpectratype classification: G = Gaussian, ie, normal distribution of
TCR CDRS3 sizes with 7 to 12 bands in the majority of the TCRBV
families; LH, less heterogenous size distribution, ie, reduced number
of bands and/or with different band intensity (3 to 5 dominant bands, 1
to 3 accompanying bands); D, deviated size distribution pattern,
severely reduced number of bands (1 to 4 bands) with different band
intensity; D/LH, deviated in the majority of the TCRBV families and a
less heterogenous distribution in less than 30% of the TCRBV families
in CD4* as well as CD8* T-cell subsets; LH/G, less heterogenous
distribution in the majority of the TCRBV families and a Gaussian
distribution in less than 30% of the TCRBV families in both T-cell
subsets.

fThe deviated TCR size distribution patterns were more frequently
found in CD8 than in CD4* T cells.
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group (group Ill) and from their BM donors by limiting
dilution. Because both UPN 275 and UPN 285 were trans-
planted with a sex-mismatched graft, chimerism patterns could
be determined via X-Y fluorescence in situ hybridization
(FISH) /3 which showed that the T cells in both recipients were
completely of donor origin (results not shown). The TT-specific
proliferation of these donor-type T cells was found to be
CD4-mediated and HLA-DR-restricted, because the addition of
anti-CD4 MoADb, anti-MHC class || MoAb, or anti-HLA DR
MoADb inhibited this proliferative response with 77% to 91%,
whereas after the addition of anti-MHC class | MoAbs, only a
nonspecific inhibition of 29% to 40% could be observed (Fig 5).

DNA-sequence analysis of TT-specific T-cell clones after
allo-BMT and detection of stable TCR CDR3 clonotypes in
T-cell lines. When comparing TCR sequences of TT-specific
T-cell clones from allo-BMT recipients (group Ill) with those
from their donors, a striking dissimilarity was found in the
usage of TCRBV and TCRBJ gene segments and in the amino
acid composition of the CDR3 region (Table 6). This suggests
that the T cells responding to TT in the recipients at 52 weeks
after allo-BMT are composed of newly selected precursor T
cells that are educated in the recipient. The number of different
TCR sequences was low in the donors (3 to 5) and high in the
recipients (11 to 13), which may reflect a relative naive anti-TT
immune response in the patient and a memory-type immune
response in the donor. In all analyzed individuals, one particular
TCR sequence was found multiple times, showing the dominant
character of these clones in the TT-specific T-cell lines (Table 6,
in italics).

Longitudinal analysis of the T cells responding to TT showed

(SI, 30 to 145) at these time-points (results not shown). Thestability of the TCR repertoire within 1 allo-BMT recipient

T-cell line of UPN 275 generated at 14 weeks after allo-BMT (UPN 285; Fig 6). The presence of T cells expressing the
showed a very weak proliferative response to TT (SB), TCRBV9S1 (HGSG) TCR (Table 5) could be demonstrated in

albeit with counts less than 1& 1C® cpm. Furthermore TT-specific T-cell lines and/or clones of UPN 285 generated at 3

T-cell-dependent B-cell reponses to TT were also lacking apons_ecutive years after allo-BMT (Fig 6); similar results were
these time-points in all analyzed recipients, as shown by th@Ptained with the TCRBV1S1GLG) and TCRBVS5S1
level of TT-specific Igs that did not increase after repeated(YRGLAQG) TCRs (results not shown). Moreover, the pres-
DTP-vaccination (results not shown). Of note was the observagnce of T cells with the donor-type TCRBV5S6 TCRGGAG
tion that, after 3 DTP-vaccinations, the TT-specific B-cell I_) could not be demonstrated in the U_PN 285-der|ved T-cell
responses were completely absent in 5 of 6 analyzed recipientdN€s and clones at the 3 analyzed time-points (results not
with the only exception being UPN 275, who showed aS$ own), arguing agalnstama!or rqlefor peripheral expansion of
moderate increase in TT-specific Igs (both IgG1 and IgG3) aftedraft-derived memory T cells in this patient.
the third vaccination (results not shown). T-cell lines generated
at 32 weeks after transplantation were found to be TT-specific in DISCUSSION
4 of 5 analyzed recipients, as were T-cell lines generated at 52 In the present study, we analyzed the T-cell immune recovery
weeks after allo-BMT (Table 5 and Fig 4). The lack of a in well-defined groups of pediatric allo-BMT recipients to
proliferative response to TT in UPN 301 corresponded withinvestigate the relative contribution of expansion of transferred
standard PBMC culture assay results (results not shown). Anature donor T cells and of thymic selection of donor precursor
similar analysis of T-cell lines of the respective BM donors (Fig T cells in this process. Immunophenotypic analysis showed that
4) showed normal proliferative responses to PHA (SI, 26 to 59)the pediatric recipients analyzed in this study have extremely
in all 5 analyzed donors, whereas only 3 of 5 donors respondetbw numbers of CD4 and low to normal numbers of CD8T
to TT (Sl, 1.3 to 43), which is probably related to the cells (Table 2) at 3 months post-BMT, which is in line with
TT-vaccination status of these donors. previously published data from TCD BM&8as well as from
Because almost all allo-BMT recipients have received cyclo-full graft BMT in children#8-51 At this time-point, the absolute
sporin A (CsA) as GVHD prophylaxis until 40 weeks after number of CD4 T cells expressing the CD45RAnaive
transplantation (Table 1), we used the T-cell lines generated anarker was low, whereas the number of CDBcells express-
52 weeks after allo-BMT for the analysis of T cells at the clonal ing this marker was much higher (Table*3)9-51This relatively
level. T-cell clones were generated from TT-specific T-cell linesquick recovery of CD8 T cells expressing CD45RA may be
derived from UPN 275 and UPN 285 of the unmanipulated graftdue to selection via an alternative regeneration pathway as

20z aunr g0 uo 3senb Aq Jpd' 851/ 0S6591L/8SE /T L/y6/HPd-ajoe/poojd/jeusuoledlqndyse//:diy woly papeojumoq



A TCRBY 1 2 3 4 5§ 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23

UPN 272, .
t=3 months “
& -9
i

-
 J

B 3
»

’
2
i 3

L]

. )

i

e

t, > .

CD4/CD8 48 48 48 48 48 48 48 48 48 4 8 4 8 48 4 8 48 48 4848 4848 4848 48 48

B TCRBY 1 2 3 4 5 6 7 8 9 10 11 1213 14 15 16 17 18 19 20 21 22 23

_-] b
!"""ii"u;.' _|-~“5‘-_ :

UPN 301
t=3 months

T
e
e m
0w
i
"
L I
LR
"
"
e
\

CD4/CD848 48 48 48 4848 48 48 48 48 4848 48 48 48 48 48 48 48 48 48 4 8 438

C TCRBY 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23

UPN 301 . . a
t=1 year .

190
10000

CD4/CD848 484848 4848 48 48 48 48 48 48 48 4 8 4 848 4848 48 4848 48 438

Fig 2. Representative examples of deviated and normal TCR CDR3 size distributions. (A) Analysis of CDR3 size distribution patterns in UPN
272 at 3 months after allo-BMT in CD4+ and CD8* T-cell subsets as an example of a deviated/less heterogenous distribution of TCR CDR3 sizes. (B)
Similar analysis in UPN 301 at 3 months after allo-BMT in CD4+ and CD8* T-cell subsets as an example of a less heterogenous/Gaussian
distribution of TCR CDR3 sizes. (C) UPN 301 at 1 year after allo-BMT in CD4* and CD8* T-cell subsets as an example of a Gaussian distribution of
TCR CDR3 sizes. Lanes indicate from left to right TCRBV families (1 through 23).
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T-CELL IMMUNE RECONSTITUTION AFTER ALLO-BMT 4365

TCRBV3 TCRBV3 with the quick recovery of naive CD4T cells that was
observed in children after convential chemotherdgycan be
argued that the preparative regimen including total body
irradiation (TBI), which was administered to our patients before
, a allo-BMT and the CsA, which was administered as GVHD
*iiz ; Teeer FY | t"'g . ' L prophylaxis3>*¢ may have damaged the thymus more severely
ot . and, therefore, may have delayed the recovery of naive'CD4
cells. Of note was the observation that the memory-type
(CD45R0O") T cells increased as well, in particular in the CD4
T-cell subset (Table 3), suggesting that naive cells may have
become memory cells after proper activation or that mature
graft-derived memory cells may have expanded in these allo-

I ' ' I ' BMT recipients.
qll l..‘ '! ! ! l ' ' Analysis of the TCR diversity at 3 months post-BMT showed
v hl . 3 ’

@)
=t
5o

Cch4 CD8 Cb4

time-point(wks) 61014 2852610 14 2852 61014 2852610 14 28 52

. that pediatric recipients of TCD grafts and, to a lesser extent,
?! ’ i' 8! ” those receiving unmanipulated grafts display deviated TCR
.82t : CDR3 size distribution patterns in the majority of TCRBV
families (Table 4 and Fig 2). The skewed size profiles were not
due to small numbers of cells in the spectratype analyses,
because sufficient T cells were used to ensure a normal
distribution (Fig 1). These observations are in concordance with
data from adult BM¥ but are in contrast with other studies
TCRBVY TCRBVIY only showing limited TCR diversity in recipients of a TCD graft
) ) ) but not in recipients of unmanipulated gradis?.58.59Differ-
Fig 3. Presence and persistence of dominant TCR clonotypes after . . i
allo-BMT. Longitudinal analysis of TCR CDR3 size distribution pat- ences in cell populations used, Ie_’ PBMC_ ver_sus Sorteq+CD4
terns in UPN 272 (transplantation group I) at 6, 10, 14, 28, and 52 and CD8 T-cell subsets, for the size distribution analysis and
weeks after the TCD allo-BMT. Shown are spectratypes of TCRBV3, the time of analysis after allo-BMT may account for these
TCRBV5, TCRBVY, and TCRBV19 in the CD4* as well as in the CD8* differences. The TCR CDR3 size complexity increased to
T-cell subsets normal levels in the majority of the recipients within the first

roposed for regeneration in a thymectomized pediatric aIIo-year after allo-BMT, irespective of the nature of the graft and
EMEl)' recipienﬁoc?r less likely, due tg conversion o?CD45RO irrespective of the CD4/CD8 ratio (Table 4). Furthermore, we

wer le to show that the few dominant TCR clonot that
cells to CD45RA end-stage effector T cells. These ere able to sho at the few dominant TCR clonotypes tha

. ' were present early after transplantation persisted at later time-
-+ + - h
ggg@%?iizﬁotigz Sr:zss iﬁeeecrgo;ocf:j Vi\::thaleJ_llt:sAir?gdz;?sro inpoints (Fig 3). These dominant TCR clonotypes most likely
: . represent mature graft-derived T cells, because all grafts, even
children, albeit to a much lesser extéht3 At 1 year after P 9 g

the TCD ones, contained substantial numbers of T cells.
i . iy . ,
allo EfMT’ naive CD4 CDASRA" T-cell numbers |n§reased byt . Whether these clones persist and/or expand after allo-BMT due
remained below age-matched reference values in the majorit

. e {0 acute GVHDE ©infectionsé62or other antigenic exposure
of the analyzed recipients (Table 3). This finding is in contrastis a matter of debate. However, there is no correlation with acute
Table 5. TT-Specific Proliferative Responses of T-Cell Lines GVHD in our study, because only mild GVHD (grade 1) was
at Several Time-Points After Allo-BMT observed. Only UPN 298, who suffered from acute GVHD
grade | and extensive chronic GVHD, displayed a skewed TCR
CDR3 size distribution pattern even at 1 year after allo-BMT

(Table 4). Although TCR repertoire diversity increased in the

CD4

@)
<
S5

Ch4

»]
<
3

TT Proliferation (SI + SD),* Time-Point of Analysis (wks)

Recipient t=6wks t=10wks t=14wks t=232wks t=52wks

UPN272 0.6+03 10+03 1.0+03 11t+*3  26*6 majority of the young allo-BMT recipients within the first year
UPN 279 ND 13+04 24+08 23+7 36+ 12 after allo-BMT, which is suggestive for a role of precursor
UPN298 11x03 11x03 15%05 ND ND T-cell selection most probably in the thymus, some TCRBV

UPN'301 1.10.3 ND 1103 11203 21=1 families remained less heterogenous in the CD&ell subset
UPN275 08=02 17x06 57=x29 21x6 16 = 4

UPN 285 11+03 16+05 20+07 17+6 748 (Fig 3), which g&uld be related to the age of the matched
— = unrelated donof®

Abbreviation: ND, not determined. TT-specific T-cell proliferative responses were found to be

¥ =34 i i . . .

t'SI ""/Z:e Calcu'ate:_‘ as f'T ”H '”Zigcc’rat'lm?dc’f thed”_s :“hAPC * absent at the early time points after allo-BMT in all analyzed
antigen’ incorporation of T cells and A% on'y; depictedisthemean o iniants (Table 5), which may correlate with the low number
Sl of 3 experiments * standard deviation (SD). The background values fCDar T s (Table 2 t babl It . |
varied between 0.5 X 10% and 4.0 X 10% cpm and TT values varied 0 cells (Table 2), mc_)s proba y resufing in a_OW
between 0.7 X 10° and 84 X 10° cpm. number of T-cell precursors directed against TT. Alternatively,

+TT-stimulated T-cell lines were considered to be TT-specific when the GVHD prophylaxis with CsA that was administered until 40
S| were 3 or greater (and cpm >5 X 10%); these S| values are weeks after transplantation may underlie this lack of antigen-

underlined. specific proliferative T-cell responses. Besides a direct effect on
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Fig 4. Proliferative responses of T-cell lines at 1 year after allo-BMT. 3H-thymidine incorporation assays of TT-specific T-cell lines after
stimulation with PHA, TT, or culture medium as negative control. Depicted on the y-axis is the Sl: SI = 3H thymidine incorporation of T-cell lines +
APC+ TT/3H thymidine incorporation of T-cell lines + APC only. Shown are the results of 2 recipients of transplantation groups | (UPN 272 and
279) and Il (UPN 275 and 285) and of 1 recipient of group Il (UPN 301) and of their corresponding BM donors.
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80

60

40

20
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Fig 5. Determination of the restriction element of T-cell clones
upon inhibition of TT-specific proliferation with specific MoAbs.
Percentage blocking of TT-specific proliferation was determined
using anti-CD4 (RIV6), anti-MHC class | (W6/32), anti-MHC class Il
(PdV5.2), and anti-HLA DR (B8.11.2) MoAbs. In each experiment,
autologous B-cell lines were used as APC. Percentage inhibition was
calculated as follows:100 — (SI TT+MoAb/SI TT alone X 100%).
Shown are the results of 2 representative T-cell clones ([l] UPN275 cl
40 and [B8] UPN 285 cl 2).

the thymic microenvironment influencing T-cell selection, CsA
blocks the transcription of the IL-2 gene via interference with
promoter occupancy in naive as well as in activated T cells and
may therefore inhibit the activation of newly selected precursor
cells with TT as well as the reactivation of graft-derived
TT-specific memory T cell&66

All further molecular analyses were therefore performed with
the T-cell lines generated at 52 weeks after allo-BMT, ie, after
discontinuation of the CsA treatment. These TT-specific T-cell
clones were all CD4 and recognized TT with HLA-DR as
restriction element (Fig 5). Longitudinal analysis of the T cells
responding to TT showed that at least part of the TCR repertoire
is stable within a given allo-BMT recipient (Fig 6), as was
reported before for responses against HIV 1 glycoproteiff 41,
the EBV-encoded EBNA 8 and the influenza A matrix peptide
M1.69.70 However, when the TCR-sequences of TT-specific
T-cell clones of recipients (group Ill) were compared with those
of their donors, striking differences were observed in the TCR
gene segment usage and in the amino acid composition of the
TCR CDR3-region (Table 5). Although we cannot exclude that
these antigen-reactive T cells recognize different TT-epitopes,
these observations suggest that the TT-reactive T cells presentin
the recipient at 52 weeks after allo-BMT originate from
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T-CELL IMMUNE RECONSTITUTION AFTER ALLO-BMT

donor-derived precursor cells that have been selected in the
recipient either in the thym@s2°or extrathymically?®31This is
supported by the observation that all T cells in UPN 275 and
UPN 285 were of donor origin at 52 weeks post-BMT.
Furthermore, in both children, the absolute number of naive
CD4*CD45RA" T cells, which are most probably recent
thymic emigrants, increased in time (Table 3). Previous studies
in SCID patients have shown differential MHC restriction
patterns after HLA haploidentical BMT, which also points to a
thymic-dependent pathway for the regeneration of CD4ells
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The mechanisms involved in the complete restoration of the

Table 6. DNA Sequence Analysis of TT-Specific T-Cell Clones Derived
From HLA-Identical Sibling BMT Recipients (Group lll) at 1 Year
After BMT and From Their Respective Donors

No. of
Clones TCRBV N-D-N TCRBJ
D(UPN275)
1 8S1/2 CASS SGKH EGFFG 2S1
5 13S3 CASSE ALGQ NYGYTEG 1S2
1 13S3 CASS PLAGGL IQYEG 2S4
1 13S3 CASSEA LESGGFN FG 254
14* 23S1 CASSLG PGRGA YEQYEG 2S7
UPN 275
1 2S1 CSAR PGTALD EQFFG 2S1
4 582 CASS FKQ TNEKLFFG 1S4
2 5S4 CASS FLAGTG TDTQYEG 2S3
1 588 CASS HSSGGAP GELFFG 282
1 6S3 CASS SSGAT YEQYEG 2S7
4 752 CASS HLAGGP ETQYFG 2S5
1 13s1 CA PIGGA NYGYTEG 1S2
1 13S3 CASSE DRGLES YEQYEG 2S7
1 1581 CATSD SGTDMT QPQHEG 1S5
1 17S1 CASS IAAEGY SYEQYEG 2S7
1 21S3 CASS SMRAGG TDTQYEG 2S3
D(UPN285)
30 5S6 CASS GGLAGIT TDTQYEG 2S3
1 6S7 CASS SGLAGGL AKNIQYFG 2S4
1 18S1 CASS LRA DTQYEG 2S3
UPN 285
2 1S1 CAS GLGT STDTQYEG 2S3
1 21s CSAR VPGTGGRGP TDTQYEG 2S3
2 581 CASS KEGAGA TEG 1S2
5 581 CASS YRGLAQGT TQYEG 2S5
1 5S6 CASS PML STDTQYEG 2S3
1 6S5 CASS SGLAGGGR TDTQYEG 2S3
2 8S1/2 CASS VMGQGG SPLHFG 2S3
2 851/2 CASS FIGN SPLHEG 1S6
1 9S1 CASSQ PAA GANVLTEG 2S6
1 9S1 CASS PTGSG*T TEAFFG 181
1 1283 CA ITKGFTTT TGELFEG 2S2
2 14S1  CASS FCRST YEQYEG 257
11 18S1 CASSP SRTAI GANVLTEG 2S6

Nomenclature according to Arden et al** (TCRBV) and Toyanaga et
al*s (TCRBJ). When the TCRBD could be determined, the amino acids
encoded by the D segment are given in bold type. The underlined
TCRBV/TCRBJ amino acids denote the boundaries of the CDR3 region.

*TCR sequences found more than 2 times; the number of sequences
is depicted in italics.

TTCR CDR3 regions used as oligonucleotide probe for the longitudi-
nal analysis of the TT-specific TCR repertoire.

Fig 6. Longitudinal TCR analysis of T cells responding to TT.
Shown is the Southern blot of the TCRBV9 PCR products of TT-
specific T-cell lines and clones obtained from UPN 285 at 3 consecu-
tive years after allo-BMT using the TCR CDR3-specific TCRBV9S1
(PTGSG) oligonucleotide (Table 6) as hybridization probe. L1, TT-T cell
line generated at 1 year after allo-BMT; C1, T-cell clone at 1 year
post-BMT,; L2/C2, line/clone 2 years post-BMT, L3, line 3 years
post-BMT with TCRBV family (TCRBV1, TCRBV5, TCRBVS8, and
TCRBV9). In bold is the TCR CDR3 sequence for which the oligonucleo-
tide probe was designed.

T-cell immune repertoire after allo-BMT in humans are poorly
understood. Peripheral expansion of mature graft-derived T
cells*??2 as well as selection of precursor T c&l¥ in the
thymus or extrathymically are thought to play an important role
in this process. The T-cell selection pathway, which may be
affected by aging?is probably more important for the complete
recovery of CD4 than for CD8 T cells, because the latter
population recovers earlier after BMT (Table 3) and even in
thymectomized pediatric recipieftsand in adults*! The
recovery of CD4 and CD8 T-cell numbers, the increase of
overall TCR-diversity, the restoration of an antigen-specific
proliferative response, and the differences in TCR gene segment
usage of TT-specific T cells that were observed in our pediatric
recipients within the first year after allo-BMT most likely point
to complete T-cell immune reconstitution via selection of
precursor T cells in the thymus and possibly also at extrathymic
sites.

ACKNOWLEDGMENT

The authors thank Drs Sam Gobin, Tuna Mutis, and Frans Claas for
critically reading the manuscript; Maarten van der Keur and Arie van de
Marel for FACS sorting and analysis; Renkanglois van den Bergh,
Jaqueline Waaijer, and Monique ten Dam for immunophenotyping of
blood samples; and Els Jol-van der Zijde for analysis of the antibody
responsesto TT.

REFERENCES

1. Lum LG: The kinetics of immune reconstitution after human
marrow grafting. Blood 63:369, 1987

2. Storb R, Thomas ED: Allogeneic bone-marrow transplantation.
Immunol Rev 71:77, 1983

3. Blume K: Pattern of T cell immune reconstitution following
allogeneic bone marrow transplantation for acute hematological malig-
nancy. Transplantation 34:96, 1982

4. Parkman R, Weinberg Kl: Immunological reconstitution follow-
ing bone marrow transplantation. Immunol Rev 157:73, 1997

5. Noel DR, Witherspoon RP, Storb R, Atkinson K, Doney K,
Mickelson EM, Ochs HD, Warren RP, Weiden PL, Thomas ED: Does

20z aunr g0 uo 3senb Aq Jpd' 851/ 0S6591L/8SE /T L/y6/HPd-ajoe/poojd/jeusuoledlqndyse//:diy woly papeojumoq



4368 GODTHELP ET AL

graft versus host disease influence tempo of immunological recovery 27. Peault B, Weisman IL, Baum C, McCune JM, Tsukamoto A:
after human marrow transplantation? An analysis on 56 long-termLymphoid reconstitution of the human fetal thymus in SCID mice with
survivors. Blood 51:1087, 1978 CD34" precursor cells. J Exp Med 174:1283, 1991
6. Keever CA, Small TN, Flomenberg N, Heller G, Pekle K, Black P,  28. Vandekerckhove BAE, Baccala R, Jones D, Kono DH, Theofilo-
Pecora A, Gillio A, Kernan NA, O'Reilly RJ: Immune reconstitution poulos AN, Roncarolo M-G: Thymic selection of the human T cell
following bone marrow transplantation: Comparison of recipients of receptor \B repertoire in SCID-hu mice. J Exp Med 176:1619, 1992
T-cell depleted marrow with recipients of conventional grafts. Blood 29. Muller-Hermelink HK, Sale GE, Borisch B, Storb R: Pathology
73:1340, 1989 of the thymus after allogeneic bone marrow transplantation in man. Am
7. Storek J, Witherspoon RP, Storb R: T cell reconstitution after boneJ Pathol 129:242, 1987
marrow transplantation into adult patients does not resemble T cell 30. Lundqvist C, Baranov V, HammarstnoS, Athlin L, Hammar-
development in early life. Bone Marrow Tranplant 16:413, 1995 strom M-L: Intra-epithelial lymphocytes, evidence for regional special-
8. Storek J, Gooley T, Witherspoon RP, Sullivan KM, Storb R: ization and extrathymic T cell maturation in the human gut epithelium.
Infectious morbidity in long-term survivors of allogeneic marrow Int Immunol 7:1473, 1995
transplantation is associated with low CD4 T cell counts. Am J Hematol 31. Collins C, Norris S, McEntee G, Traynor O, Bruno L, von

54:131, 1997 Boehmer H, Hegarty J, O'Farelly C: RAG1, RAG2 and pre-T cell
9. Von Boehmer H: Thymic selection a matter of life and death. receptora chain expression by adult human hepatic T cells: evidence
Immunol Today 13:454, 1992 for extrathymic T cell maturation. Eur J Immunol 26:3114, 1996

10. Lucas B, Germain RN: Unexpectedly complex regulation of 32. Wagemaker G, Heidt PJ, Merchav S, van Bekkum DW: Abroga-
CD4/CD8 coreceptor expression supports a revised model fottion of histo-incompatibility barriers in Rhesus monkeys, in Baum SJ,

CD4"CD8* thymocyte differentiation. Immunity 5:461, 1996 Ledney GD, Thierfelder S (eds): Experimental Haematology Today.
11. Bevan MJ: In thymic selection, peptide diversity gives and takesBasel, Switzerland, Karger, 1982, p 111
away. Immunity 7:175, 1997 33. Gerritsen EJA, van Tol MJD, van't Veer MB, Wels JMA, Khouw

12. Hunkapiller T, Killeen E, Littman DR, Schwartz RH: Diversity ISML, Touw CR, Jol-van der Zijde CM, Hermans J;iRke HC, Radl J,
of the immunoglobulin gene superfamily. Adv Immunol 44:1, 1989 Vossen JM: Clonal dysregulation of the antibody response to tetanus-
13. Wilson RK, Lai E, Concannon P, Barth RK, Hood LE: Structure, toxoid after bone marrow transplantation. Blood 84:4374, 1994
organization, and polymorphism of murine and human T cell receptor ~ 34. Comans-Bitter WM, de Groot R, van den Beemd R, Neijens HJ,

andp chain gene families. Immunol Rev 101:149, 1988 Hop WCJ, Groeneveld K, Hooijkaas H, van Dongen JJM: Immunophe-
14. Chotia C, Boswell DR, Lesk AM: The outline structure of the T notyping of blood lymphocytes in childhood. Reference values for
cell receptor receptor. EMBO J 7:3745, 1988 lymphocyte subpopulations. J Pedriatr 130:388, 1997

15. Raaphorst FM, Kaijzel EL, van Tol MDJ, Vossen JM, van den  35. Erkeller-Yuksel FM, Deneys V, Yuksel B, Hannet I: Age-related
Elsen PJ: Non-random employment of& and $ gene elements and changes in human blood lymphocyte subpopulations. J Pediatr 120:217,
conserved amino acid usage profiles in CDR3 regions of human fetal 992
and adult TCR3 chain rearrangements. Int Immunol 6:1, 1993 36. De Vries E: Immunophenotyping of lymphocytes in healthy and

16. Quiros-Roldan E, Sottini A, Bertini A, Albertini A, Imberti L, immunodeficient children. Doctoral dissertation, Erasmus University,
Primi D: Different TCRBV genes generate biased patterns of V-D-JRotterdam, The Netherlands, 1999
diversity in human T cells. Immunogenetics 41:91, 1995 37. Godthelp BC, van Tol MJD, Vossen JM, van den Elsen PJ: Long

17. Grunewald J, Jeddi-Tehrani M, Pisa E, Janson CH, Anderson Rterm T cell immune reconstitution in 2 SCID patients after BMT. Hum
Wigzell H: Analysis of B gene segment usage by CDénd CD8 Immunol 59:225, 1998
human peripheral blood T lymphocytes. Int Immunol 4:643, 1992 38. Zhang J, Marcovic-Plese S, Lacet B, Raus J, Weiner HL, Hafler

18. Grunewald J, Janson CH, Wigzell H: Biased expression ofDA: Increased frequency of interleukin 2-responsive T cells specific for
individual T cell receptor V gene segments in CDdnd CD8 human myelin basic protein and proteolipid protein in peripheral blood and
peripheral blood T lymphocytes. Eur J Immunol 21:819, 1991 cerebrospinal fluid of patients with multiple sclerosis. J Exp Med

19. Hawes GE, Struyk L, van den Elsen PJ: Differential usage of T179:973, 1994
cell receptor V gene segments in CDdand CD8 T cell subsets of T 39. Gorski J, Yassai M, Zhu X, Kissela B, Keever C, Flomenberg N:
lymphocytes in monozygotic twins. J Immunol 150:2033, 1993 Circulating T cell repertoire complexity in normal individuals and bone

20. Mackall Cl, Bare CV, Granger LA, Sharrow SO, Titus JA, Gress marrow recipients analyzed by CDR3 size spectratyping. J Immunol
RE: Thymic-independent T cell regeneration occurs via antigen-driven152:5109, 1993
expansion of peripheral T cells resulting in a repertoire that is limited 40. Godthelp BC, van Eggermond MCJA, Peijnenburg A, Tezcan |,

and prone to skewing. J Immunol 156:4609, 1996 van Lierde S, van Tol MJD, Vossen MJD, van den Elsen PJ: Incomplete
21. Tanchot C, Rocha B: The peripheral T cell repertoire: Indepen-T-cell immune reconstitution in two major histocompatibility complex
dent homeostatic regulation of virgin and activated CO8cell pools. class ll-deficiency/bare lymphocyte syndrome patients after HLA-
Eur J Immunol 25:2127, 1995 identical sibling bone marrow transplantation. Blood 94:348, 1999
22. Mackall CL, Hakim FT, Gress RE: T cell-regeneration: All  41. Dumont-Girard F, Roux E, van Lier RA, Hale G, Helg, Chapuis
repertoires are not created equal. Immunol Today 18:245, 1997 B, Starobinski M, Roosnek E: Reconstitution of the T-cell compartment

23. Roux E, Helg C, Chapuis B, Jeannet M, Roosnek E: T cellafter bone marrow transplantation: Restoration of the repertoire by
repertoire complexity after allogeneic bone marrow transplantation.thymic emigrants. Blood 92:4464, 1998
Hum Immunol 48:135, 1996 42. Casanova J-L, Pannetier C, Jaulin C, Kourilsky P: Optimal
24. Pawelec G: Molecular and cell biological studies of ageing andconditions for directly sequencing double-stranded PCR products with
their application to considerations of T lymphocyte immunosenescenceSequenase. Nucleic Acids Res 18:4028, 1990
Mech Ageing Dev 79:1, 1995 43. Van Tol MDJ, Langlois van den Bergh R, Mesker W, Ouwerkerk-
25. Brocker T: Survival of mature CD4 T lymphocytes is dependentvan Velzen MC, Vossen JM, Tanke HJ: Simultaneous detection of X and
on major histocompatibility complex class ll-expressing dendritic cells. Y chromosomes by two-colour fluorescence in situ hybridisation in
J Exp Med 186:1223, 1997 combination with immunophenotyping of single cells to document
26. Tanchot C, Rocha B: The organization of mature T cell pools.chimaerism after sex-mismatched bone marrow transplantation. Bone
Immunol Today 19:575, 1998 Marrow Transplant 21:497, 1998

20z aunr g0 uo 3senb Aq Jpd' 851/ 0S6591L/8SE /T L/y6/HPd-ajoe/poojd/jeusuoledlqndyse//:diy woly papeojumoq



T-CELL IMMUNE RECONSTITUTION AFTER ALLO-BMT 4369

44. Arden B, Clark SP, Kabelitz D, Mak TW: Human T cell receptor diversity following allogeneic marrow grafting. Hum Immunol 48:12,
variable gene segment families. Immunogenetics 42:455, 1995 1996

45. Toyanaga B, Yoshikai Y, Vadasz V, Chin B, Mak TW: Organiza- 59. Roux E, Helg C, Dumont-Girard, Chapuis B, Jeannet M,
tion and sequences of the diversity, joining and constant region genes dkoosnek E: Analysis of T-cell repopulation after allogeneic bone
the human T-cell recept@ chain. Proc Natl Acad Sci USA 82:8624, marrow transplantation: Significant differences between recipients of T
1985 cell depleted and unmanipulated grafts. Blood 87:3984, 1996

46. Cowan MJ, McHugh T, Smith W, Wara D, Matthay K, Ablin A, 60. Even J, Lim, A, Puisieux I, Ferradini L, Dietrich P-Y, Toubert A,
Cassavant C, Stites D: Lymphocyte reconstitution in children receivingHercend T, Triebel F, Pannetier C, Kourilsky P: T-cell repertoires in
soybean agglutinin T-depleted bone marrow transplants. Transplartealthy and diseased human tissues analysed by T-cell re@phain
Proc 19:2744, 1987 CDR3 size determination: Evidence for oligoclonal expansions in

47. Lamb LS, Gee AP, Henslee-Downey PJ, Geier SS, Hazlett L, Pattumors and inflammatory diseases. Res Immunol 146:65, 1995
AR, Godder K, Abhyankar SA, Turner MW, Lee C, Harris WG, Parrish ~ 61. Callan MFC, Steven N, Krausa P, Wilson JDK, Moss PAH,
RS: Phenotypic and functional reconstitution of peripheral blood Gillespie GM, Bell JI, Rickinson AB, McMichael AJ: Large clonal
lymphocytes following T-cell depleted bone marrow transplantation expansions of CD8T cells in acute infectious mononucleosis. Nat Med
from partially mismatched related donors. Bone Marrow Transplant2:906, 1996
21:461, 1998 62. Masuko K, Kato T, Ikeda Y, Okubo M, Mizushima Y, Nishioka

48. Foot ABM, Potter MN, Donaldson C, Cornish JM, Wallington K, Yamamoto K: Dynamic changes of accumulated T cell clonotypes
TB, Oakhill A, Pamphilon DH: Immune reconstitution after BMT in  during antigenic stimulation in vivo and in vitro. Int Immunol 6:1959,
children. Bone Marrow Transplant 11:7, 1993 1994

49. Koehne G, Zeller W, Stockschlaeder M, Zander AR: Phenotype 63. Batliwalla F, Monteiro J, Serrano D, Gregersen PK: Oligoclonal-
of lymphocyte subsets after autologous peripheral blood stem celity of CD8" T cells in health and disease: aging, infection or immune
transplantation. Bone Marrow Transplant 19:149, 1997 regulation. Hum Immunol 48:68, 1996

50. Heitger A, Neu N, Kern H, Panzer-Gnayer E-R, Greinix H, 64. Schwab R, Szabo P, Manavalan JS, Weksler ME, Posnett DN,
Nachbaur D, Niederwieser D, Fink FM: Essential role of the thymus to Pannetier C, Kourilsky P, Even J: Expanded CDahd CD8 T cell
reconstitute naive (CD45RA T-helper cells after human allogeneic clones in elderly humans. J Immunol 158:4493, 1997
bone marrow transplantation. Blood 90:850, 1997 65. Bierer BE, Hollader G, Fruman D, Burakoff SJ: Cyclosporin A

51. Mackall CL, Fleisher TA, Brown MR, Andrich MP, Chen CC, and FK506: Molecular mechanisms of immunosuppression and probes
Feuerstein IM, Magrath IT, Wexler LH, Dimitrov DS, Gress RE: for transplantation biology. Curr Opin Immunol 5:63,1993
Distinctions between CD8and CD4 T-cell regenerative pathways 66. Mousaki A, Rungger D: Properties of transcription factors
result in prolonged T-cell subset imbalance after intensive chemotherregulating interleukin-2 gene transcription through the NFAT binding

apy. Blood 89:3700, 1997 site in untreated or drug-treated naive and memory cells. Blood
52. Okumura M, Fujii Y, Takeuchi, Inada K, Nakahara K, Matsuda 84:2612, 1994

H: Age-related accumulation of LFAY" cells in a CD8 CD45RANgh 67. Kalams SA, Johnson RP, Trocha AK, Dynan MJ, Ngo HS,

T cell population. Eur J Immunol 23:1057, 1993 D’Aquila RT, Kurnick JT, Walker BD: Longitudinal analysis of T cell

53. Okumura M, Fujii Y, Inada K, Nakahara K, Matsuda H: Both receptor (TCR) gene usage by human immunodeficiency virus 1
CD45RA" and CD45RA subpopulations of CD8T cells containcells  envelope-specific cytotoxic T-lymphocyte clones reveals a limited TCR
with high levels of lymphocyte function-associated-antigen-1 expres-repertoire. J Exp Med 179:1261, 1994
sion, a phenotype of primed cells. J Immunol 150:429, 1993 68. Silins SL, Cross SM, Elliot SL, Pye SJ, Burrows SR, Burrows

54. Mackall CL, Thomas TA, Brown MR, Andrich MP, Chen CC, JM, Moss DJ, Argaet VP, Misko IS: Development of Epstein Barr virus
Feuerstein IM, Horowitz ME, Margrath IT, Shad AT, Steinberg SM, specific memory T cell receptor clonotypes in acute infectious mono-
Wexler LH, Gress RE: Age, thymopoiesis, and CD#lymphocyte nucleosis. J Exp Med 184:1815, 1996
regeneration after intensive chemotherapy. N Engl J Med 332:143, 1995 69. Prevost-Blondel A, Lengagne R, Letourneur F, Pannetier C,

55. Hiramine C, Hojo K, Matsumoto H: Abnormal distribution of T Gomard E, Guillet J-G: In vivo longitudinal analysis of a dominant TCR
cell subsets in the thymus of cyclosporin A (CsA) treated mice. Thymusrepertoire selected in human response to influenza virus. Virology
11:243, 1988 233:93, 1997

56. Kogushi A, Zmiga-Pflicker JC, Sharrow SO, Kruisbeek AM, 70. Naumov YN, Hogan KT, Naumova EN, Pagel JT, Gorski J: A
Shearer GM: The effects of cyclosporin A on lymphopoiesis. Il. class | MHC-restricted response to a viral peptide is highly polyclonal
Developmental defects of immature and mature thymocytes in fetadespite stringent CDR3 selection: Implications for establishing memory
thymic organ cultures treated with cyclosporin A. J Immunol 143:3134, T cell repertoires in real-world conditions. J Immunol 160:2842, 1998
1989 71. Roberts JL, Volkman DJ, Buckley RH: Modified MHC restric-

57. Masuko K, Kato S-l, Hagihara M, Tsuchida F, Takemoto Y, tion of donor-origin T cells in humans with severe combined immunode-
Izawa K, Kato T, Yamamori S, Mizushima Y, Nishioka K, Tsuji K, ficiency transplanted with haploidentical bone marrow stem cells. J
Yamamoto K: Stable clonal expansion of T cells induced by bonelmmunol 143:1575, 1989
marrow transplantation. Blood 87:789, 1996 72. George AJT, Ritter MA: Thymic involution with ageing obsoles-

58. Akatsuka Y, Cerveny C, Hansen JA: T cell receptor clonal cence or good housekeeping. Immunol Today 17:267, 1996

20z aunr g0 uo 3senb Aq Jpd' 851/ 0S6591L/8SE /T L/y6/HPd-ajoe/poojd/jeusuoledlqndyse//:diy woly papeojumoq



