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Severe combined immunodeficiency (SCID)
is a syndrome of diverse genetic cause
characterized by profound deficiencies of T,
B, and sometimes NK-cell function. Nonab-
lative human leukocyte antigen—identical or
rigorously T cell-depleted haploidentical pa-
rental bone marrow transplantation (BMT)
results in thymus-dependent genetically do-
nor T-cell development in the recipients,

leading to long-term survival. We reported
previously that normal T-cell numbers, func-
tion, and repertoire developed by 3 to 4
months after transplantation in SCID pa-
tients, and the repertoire remained highly
diverse for the first 10 years after BMT. The
T-cell receptor diversity positively corre-
lated with T-cell receptor excision circle lev-
els, a reflection of thymic output. However,

the fate of thymic function in SCID patients
beyond 10 to 12 years after BMT remained
to be determined. In this greater than
25-year follow-up study of 128 patients with
11 different molecular types of SCID after
nonconditioned BMT, we provide evidence
that T-cell function, thymic output, and T-cell
clonal diversity are maintained long-term.
(Blood. 2009;114:1445-1453)

Introduction

Transplantation of human leukocyte antigen (HLA)-identical or
haploidentical allogeneic-related, rigorously T cell-depleted bone
marrow (BM) cells into humans with severe combined immunode-
ficiency (SCID) without pretransplantation chemotherapy or post-
transplantation graft-versus-host disease (GVHD) prophylaxis re-
sults in immune reconstitution with a high survival rate."> Within
3 to 4 months after transplantation, the number of genetically donor
T cells and T-cell function gradually increase to normal levels in
SCID recipients.'-* Studies by this group have demonstrated that
the T-cell reconstitution in SCID recipients of rigorously T cell-
depleted allogeneic-related BM cells is the result of the develop-
ment and maturation of donor stem cells in the infant’s vestigial
thymus.*> Within the SCID thymus, donor T-cell precursors
undergo T-cell receptor (TCR) gene rearrangements by the junction
of V(D)J gene segments and by the addition of N nucleotides. The
process of TCR rearrangement generates extrachromosomal DNA
episomes or TCR excision circles (TRECs), which can be detected
in new T cells. The presence of TRECs in circulating T cells is an
indication that rearrangement of their TCR genes has recently
occurred in the thymus.® Thymic function in normal persons
(0-34 years of age), as measured by the number of TREC copies in
peripheral blood mononuclear cells (PBMCs), ranges between
4 and 3 log;o TRECs/pg PBMC DNA.S Infants with SCID who
received HLA-identical or haploidentical T cell-depleted BM
transplantations (BMTs) have the ability to generate T cells with
newly rearranged antigen receptors.*’ We reported 8 years ago that
thymus-derived naive CD45RA™ T cells carrying TRECs become
the predominant T cells in the circulation in SCID patients from
150 days after BMT.*7 The number of CD45RA* cells declined
thereafter, but CD45RA™ T cells predominated over CD45RO™

memory phenotype T cells for 10 to 12 years. At the time of that
publication, however, data were available on only a few patients
who were more than 10 years after transplantation.

In other studies, we also demonstrated that maturation and selection
of donor-derived precursor T cells from transplanted BM into SCID
recipients result in the development of a diverse T-cell repertoire by 1 to
2 years after BMT, which correlates with the rise in the number of recent
thymic emigrant (CD45RA™) T cells of donor origin and an increase in
TRECs.> We observed a direct correlation between TREC values and
T-cell diversity that developed in the analyzed patients. A more skewed
T-cell repertoire emerged 10 years after BMT? that was predominantly
found in the CD8 CD45RO" T-cell subset, a physiologic phenomenon
occurring with the development of immunologic memory and with
aging in normal persons.

In our initial report,* the fate of thymic function in SCID
patients beyond 10 to 12 years after BMT remained to be
determined. Some patients have now survived for nearly 26 years,
have normal numbers of T, B, and NK cells, have normal T-cell
function, and are generally healthy. In the present longitudinal
study, we had the unique opportunity to perform a continued
analysis beyond 10 to 12 years after transplantation of thymic
reconstitution, T-cell clonal diversity, and T-cell function in
128 patients with 11 different molecular types of SCID.

Methods

Patients

We studied PBMCs from 128 SCID patients who were given unfractionated
HLA-identical related BMT (N = 8), T cell-depleted HLA-identical re-
lated BMT (N = 8), or rigorously T cell-depleted HLA-haploidentical
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Table 1. Characterization of SCID patients studied

Number of patients

Positive

Tested for for T-cell B-cell On
SCID type TRECs TRECs chimerism chimerism IVIG
yc Def (N = 60) 57 47 59 20 40
ADADef (N = 18) 13 11 11 10 6
IL-7RaDef (N = 15) 15 14 15 1 3
Jak3 Def (N = 11) 10 10 11 4 7
Artemis (N = 1) 0 0 1 0 0
RAG1/2Def (N = 6) 5 2 6 1 5
Unknown (N = 1) 1 1 1 1 0
CD3 Def (N = 4) 4 3 3 0 2
CD45 Def (N = 1) 1 1 1 1 0
AutoRec (N = 11) 9 4 10 3 7
Totals (N = 128) 115 93 118 41 70

parental BMT (N = 112) between 1982 and 2007. None of the patients
received pretransplantation chemotherapy or prophylactic drugs to prevent
GVHD after transplantation. These 128 patients included all 123 of the
survivors from a total of 158 SCID infants transplanted initially at Duke
University Medical Center (DUMC) between May 19, 1982 and December
31, 2007, 2 more that had been transplanted elsewhere but given booster
transplantations at DUMC and 3 that had been transplanted elsewhere but
followed longitudinally at DUMC for most of their posttransplantation
course. A majority of the 35 patients who died succumbed to viral infections
present at the time of transplantation, but none died of GVHD. At the time
of this report, patients ranged from 6 months to 25.6 years after transplanta-
tion, with 68 of them being more than 10 years after transplantation. Sixty
of these surviving patients had X-SCID resulting from mutations in the
gene encoding the common gamma-chain (ycDef),? 11 had mutations in the
gene encoding Janus kinase 3 (Jak3Def),” 15 had IL-7R «-chain mutations
(IL7RaDef),'% 18 had ADA deficiency (ADADef), and 24 had mutations in
other genes, including RAG-1 or RAG-2 (RAG1/2Def; N = 6),!! the genes
encoding the various chains of CD3 (CD3Def; N = 4)!? the CD45 gene
(N = 1), the Artemis gene (N = 1),!* autosomal recessive (AutoRec)
SCID of unknown molecular type (N = 11), and one male SCID of
unknown type (Table 1). Donor BM was depleted of T cells by agglutina-
tion with soybean lectin and 2 cycles of rosetting with sheep erythrocytes
that had been treated with aminoethylisothiuronium bromide as previously
described.? The method of T-cell depletion was the same for all recipients
over the more than 25 years of this study. Forty-three of these patients were
treated with a nonablative booster BMT, and the outcome of the booster
transplantations is described in a separate manuscript (R.H.B., manuscript
in preparation). Four of the patients underwent gene therapy elsewhere
(2 with ADA deficiency in Italy, 2 with ycDef SCID at the National
Institutes of Health). Gene therapy was successful in 3 of the 4 but
unsuccessful in one ycDef patient who subsequently received a matched
unrelated donor (MUD) transplantation after reduced intensity condition-
ing. Four ADA-deficient patients are currently receiving polyethylene
glycol-modified bovine adenosine-deaminase (PEG-ADA), and 1 received
a MUD BMT elsewhere. One Artemis-deficient patient received a MUD
BMT elsewhere.

Blood samples were obtained from healthy normal controls and from
the patients before transplantation and at various intervals thereafter. Excess
PBMCs were cryopreserved in RPMI 1640 medium containing dimethyl
sulfoxide and 20% fetal bovine serum.’ All of the flow cytometric and
proliferative assays were performed using fresh cells, whereas the TREC
and spectratype assays, not available at the beginning of these studies, were
performed using cryopreserved cells. All studies were performed with the
approval of the DUMC Institutional Review Board and with the written
informed consent of the patients or their parents in accordance with the
Declaration of Helsinki.

Chimerism

Chimerism was detected by karyotyping; fluorescence in situ hybridi-
zation'?; restriction fragment length polymorphism, HLA typing;
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flow cytometric detection of yc or CD45 on lymphocytes; or by the
presence of ADA.

T-cell phenotype and mitogen/antigen stimulation

T-cell phenotypes were determined by 4-color immunofluorescent staining
and flow cytometry on freshly isolated PBMCs or whole blood with labeled
antibodies (Abs) to CD3, CD4, CD8, CD14, CD16, CD20, CD45, CD132,
CD56 (clone NCAM16.2), TCRaf (clone T10B9.1A-31), and TCRYd
(clone B1) purchased from BD Biosciences. Lymphocyte proliferation was
assessed by measuring [*H] thymidine incorporation into PBMCs after
culture with optimal concentrations of the indicated stimuli, as previously
described.?

Real-time quantitative PCR assay for TRECs

Polymerase chain reaction (PCR) analysis of TCR episomes was
performed as described elsewhere.>!'® Genomic DNA from unfraction-
ated PBMCs was extracted using TRIzol (Invitrogen). Signal joint TCR
rearrangement excision circles (sjTRECs) in PBMCs were quantified
using real-time quantitative PCR with the 5'-nuclease assay with
iCycler (Bio-Rad). PCR was performed using primers (5'cacatccctttcaac-
catgct and 5'gccagetgeagggtttagg) and the probe FAM-acacctetggtttttg-
taaaggtgcccactBHQI1 (IDT Integrated DNA Technologies). PCRs con-
tained 0.5 U Platinum Taq polymerase (Invitrogen), 3.5 mM MgCl,,
0.2 mM deoxyribonucleoside triphosphates, 500 nmol/L of each primer,
and 150 nmol/L probe. Amplification conditions were 95°C for 5 min-
utes, followed by 40 cycles of 95°C for 30 seconds and 60°C for
1 minute. Samples were analyzed in duplicate and corrected to reflect
TREC/pg of PBMC DNA. The sjTREC values were calculated using a
standard curve of TCR sjTREC plasmid DNA (107 to 102 molecules,
generously provided by Dr Daniel Douek, Vaccine Research Center,
National Institute of Allergy and Infectious Diseases, National Institutes
of Health). For consistency with previously published data from our
group, results are reported as sjTREC per pg of PBMC DNA. The lower
limit of confidence is 100 molecules of sjTREC per ng of PBMC DNA.

CDRS3 size spectratyping

Spectratype analysis of the TCR VB chain used in these studies was
performed as published.”>!” Briefly, total RNA was extracted from fresh or
cryopreserved PBMC samples (2-10 X 10° cells/sample) using TRIzol and
reverse transcribed to single-stranded cDNA with reverse transcriptase
from avian myeloblastosis virus (Roche Diagnostics) using an oligo (dT)
primer according to the manufacturer’s protocol (Promega). The newly
synthesized ¢cDNA was then used as a template for 23 PCRs with
23 different unlabeled TCR V- and 1 CB-specific primers. PCR amplifica-
tions were conducted to saturation (40 cycles). The products were
visualized by an elongation reaction using a nested fluorescent C(3 primer.
The elongation products, which contained the CDR3, were separated on a
capillary system.

The results were analyzed using Gene Scan software (Applied Biosys-
tems) and are shown as graphic distributions of size peaks centered on a
peak corresponding to a CDR3 of 10 amino acids. The peaks are spaced by
3 nucleotides. Normal distributions of size peaks were obtained in our
laboratory using RNA extracted from as few as 5 X 10* normal donor
PBMCs. Comparison with size standards shows that the peaks correspond
to in-frame transcripts. Normal profiles have an average of 6 to
10 peaks/VR family. Previously, we classified TCR VB peak profiles
as oligoclonal, polyclonal skewed, and polyclonal Gaussian.> Here (supple-
mental Figure 1, available on the Blood website; see the Supplemental
Materials link at the top of the online article), the VB density peak
histograms were analyzed by a web-based automated program for the
Kullback-Leibler divergence (DKL).'® The higher the DKL, the greater the
divergence from a normal Gaussian profile and the more oligoclonal the
distribution of peaks.'?

Statistical analysis

Individual comparisons of the mean number of T, B, and NK cells at the
latest transplantation date between pairs of molecular types of SCIDs and
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with normal controls were performed using a 2-sided Satterthwaite test.?
Because there were 7 molecular types of SCID, a total of 21 pairwise
comparisons were performed for each cell type. To maintain an overall type
1 error rate near 0.1, a conservative Bonferroni2! 0.005 (~ 0.1/21) « level
was used for all the pairwise comparisons; that is, only those pairwise
comparisons with P values less than .005 were considered statistically
significant. For pairwise comparisons of the T-cell proliferation at the latest
transplantation date between pairs of molecular types of SCIDs and with
normal controls, 7 pairwise comparisons were performed. To maintain an
overall type 1 error rate near 0.1, a conservative Bonferroni 0.015 (~ 0.1/7)
a level was used for all these pairwise comparisons. In the analysis of
TREC values, proliferation values, and T, B, and NK-cell counts over time
after transplantation, the longitudinal change of these values over time was
estimated after the effects between patients and transplantations per patient
were removed from the model. For the analysis of the TREC values, 95%
confidence intervals were placed around the predicted TREC line over time
for times more than 1 year after transplantation. The prediction line is the
line through the mean TREC value/mean time point with a slope equal to
the predicted change in TREC over the time after transplantation.

Results
Chimerism

Table 1 shows the results of chimerism studies in the various
molecular types of SCID after BMT. Ten patients did not achieve
T-cell chimerism after transplantation. Seven of these were ADA-
Def, 2 of whom later received successful gene therapy elsewhere,
one received a BMT elsewhere, and 4 are currently on PEG-ADA.
One was an AutoRec SCID, one a CD3{-chain—deficient SCID, and
one was a ycDef SCID who received unsuccessful gene therapy
and a subsequent MUD BMT elsewhere. Forty-one of the patients
achieved B-cell chimerism, including one-third of the ~ycDef
patients, although they did not receive pretransplantation chemo-
therapy. The clinically relevant data related to the patient popula-
tion studied in this paper are reported in a parallel manuscript
(M. D. Railey, Y. Lokhnygina, and R.H.B., manuscript submitted,
January 2009), which also contains the Kaplan-Meier survival
curve for the transplantation recipients.

Lymphocyte phenotypes and T-cell function before and at
latest time tested after transplantation

Lymphocyte phenotypes. Patients with the various genetic types
of SCID had distinct lymphocyte phenotypes before transplantation
(Figure 1A).% All patients had a profound deficiency of T cells and,
when T cells were present, they were usually transplacentally
transferred maternal T cells. In one Jak3Def patient, there were
8268 circulating maternal T cells/mm? at presentation. At the latest
time tested after transplantation, T-cell values (Figure 1B) were
significantly (P < .001) higher than pretransplantation values in all
molecular types of SCID. Before transplantation (Figure 1A),
B cells were elevated in all categories except ADA and RAG
deficiencies but were most elevated in ycDef and Jak3Def SCIDs
(P <.001). At the latest time evaluated after transplantation
(Figure 1A-B), B-cell values were significantly (P < .001) smaller
than pretransplantation values and posttransplantation NK-cell
values were significantly (P < .001) smaller than pretransplanta-
tion values. Given the sample sizes and variances of the patients
and control groups, the mean numbers of T, B, and NK cells at the
latest date after transplantation were different between some of the
7 SCID types and normal control values (Figure 1B), as determined
by a conservative Bonferroni a level analysis for all of the pairwise
comparisons.
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Figure 1. PBMC phenotype before and after BMT in SCID patients. Mean
numbers (+= SEM) of CD20 B, CD3 T, and CD16 NK cells were obtained by flow
cytometric analysis of SCID PBMCs studied before (A; N = 151) and at the latest
time after transplantation (B; N = 120). Results from 2 patients with Artemis
deficiency (1 surviving), 1 with CD45 deficiency, 4 with SCID of unknown molecular
type (1 surviving), and from the 5 patients who received transplants elsewhere for
whom we do not have the original pretransplantation data, are not included in Figures
1 and 2. Values for normal infant (A) and pediatric to young adult (B) controls are
shown for comparison. Using a conservative Bonferroni « level analysis for all of the
pairwise comparisons, given the sample sizes and variances of the patients and
control groups, differences in mean T-cell numbers (B) were found between ycDef,
ADADef, IL7RaDef, RAG1/2Def, CD3Def, AutoRec, and the normal control range
(P < .015); differences in mean B-cell numbers (B) were found between ADADef
(P =.001) and RAG1/2Def (P < .001) and the normal control range; differences in
mean NK-cell numbers (B) were found between ycDef (P < .001), ADADef (P < .001),
IL7RaDef (P = .002), RAG1/2Def (P < .001), AutoRec (P = .001), and the normal
control values.

T-cell function. Figure 2 shows in vitro responses to stimula-
tion with phytohemagglutinin (PHA), concanavalin A (ConA), and
pokeweed mitogen (PWM) by PBMCs from SCID patients accord-
ing to their various molecular types, analyzed before (Figure 2A)
and at the latest time after (Figure 2B) transplantation, compared
with responses from normal controls. For responses to all 3 mito-
genic stimuli, there was a significant difference (P < .001) be-
tween pretransplantation and posttransplantation proliferation. When
analyzing posttransplantation proliferative responses to PHA and
ConA using a conservative Bonferroni « level analysis for all of the
pairwise comparisons, given the sample sizes and variances of the
patients and control groups, there was a significant difference
between some of the SCID molecular types and normal control
values (Figure 2B). Finally, whereas T cells from all SCID
molecular types responded poorly to allogeneic cells before
transplantation, posttransplantation T cells from all SCIDs re-
sponded normally to allogeneic cells, tetanus antigens (data not
shown), and Candida (Figure 2D).
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Figure 2. PBMC function before and after BMT in SCID patients. [*H]Thymidine
incorporation by proliferating lymphocytes in response to PHA, ConA, and PWM was
evaluated before (A; N = 151) and at latest time studied after transplantation
(B; N = 120). Values are mean responses in counts per minute (cpm; = SEM). Using
a conservative Bonferroni « level analysis for all of the pairwise comparisons, given
the sample sizes and variances of the patients and control groups at the latest
transplantation date (B), the proliferative response to PHA of ycDef, ADADef,
RAG1/2Def SCIDs was different (P < .015) from that of normal controls. Mean
proliferation to ConA stimulus was different from normal controls only for ADADef
(P = .005), and for the response to PWM only the IL-7RaDef was different from
normal control values (P < .001).

Longitudinal analysis of T-cell function after BMT in all SCIDs

The data presented in Figure 2 represent a cross-sectional analysis
of T-cell function in SCID PBMCs before and at the latest time
after transplantation. In this section, PBMCs from 128 SCID
patients who received BMT were also analyzed over time for their
ability to proliferate to PHA, ConA, and PWM. A total of 6299
proliferative response results were collected on the 128 patients
with the 3 stimuli over time (Figure 3). Because the longitudinal
analysis was performed on each patient, it was necessary to remove
patient-to-patient variation from the data before testing the changes
in proliferation over time. In addition, changes over time were
significantly different for proliferation observed before and 1 year
after transplantation, when T-cell function is established. We
analyzed the period 1 to 25.07 years after transplantation. The
estimated change in the logj, proliferation value per year for the
period 1 to 25.07 years after transplantation for the PHA stimula-
tion was —0.0162 with an SD of 0.0043 with a P = .001 (Figure
3A), for the ConA response was —0.0187 with an SD of 0.0043 and
a P <.001 (Figure 3B), for the Candida response the estimated
change per year was —0.0136 with an SD of 0.0054 and a P = .011
(Figure 3D), whereas the change for the PWM response over time
was not statistically significant with a P = .636 (Figure 3C).
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Figure 3. Analysis of T-cell function over time after BMT in all SCIDs.
Proliferation values (cpm; N = 6299) to PHA (A), ConA (B), PWM (C), and Candida
(D) stimulations of PBMCs from 128 patients over time. Graphs represent the change
in the logyo proliferation for PHA, ConA, and PWM stimulations, respectively, over
time after the patient and transplantation effects were removed. Means for normal
controls: PHA 187 073 cpm, SEM 2390 cpm; Con A 137 050 cpm, SEM 2289 cpm;
PWM 92 191 cpm, SEM 2156 cpm; and Candida 48 793 cpm, SEM 2835 cpm.

Analysis of thymic function over time after BMT in all SCIDs

TREC values were determined over time in 115 of 128 total subjects
with 11 different molecular types of SCID as a measure of thymic
function. A total of 597 TREC observations were collected on the
115 patients over time. Thirty-one of the 115 patients had more than one
transplantation. Because the longitudinal analysis was performed on
each patient for each transplantation, it was necessary to remove
patient-to-patient and transplantation-to-transplantation variation from
the data before analyzing the changes in TREC over time on each
patient. In addition, changes over time were significantly different for
TREC observations collected less than 1 year after transplantation and
greater than 1 year after transplantation. The main emphasis was to
examine long-term changes in TREC values over time, after T-cell
function was fully established (after 1 year after transplantation).
Therefore, only the results associated with the period from 1 to
25.07 years after transplantation were analyzed. Figure 4A provides a
graph of the log, change in TREC values with time after transplanta-
tion for all molecular types of SCID, after the patient/transplantation
variation was removed from the model. The change in the log;y TREC
value per year for the period from 1 to 25.07 years after transplantation
was —0.03155 with an SD of 0.0086 and P = .001. The solid trend-
line passes through the mean years after transplantation for the
combined data for all SCID molecular types, with the estimated slope
of —0.03155. This TREC value change over time is within the value
change in the normal population for the period 1 to 25 years of
age (—0.033)4

We were able to perform a follow-up study (Figure S2) on 3 of
the same patients whose data we published previously.> All
3 patients demonstrated a sustained thymic function (4-3 log
TREC/wg DNA) beyond the time points previously reported.

Analysis of thymic function in 11 molecular types of SCIDs over
time after BMT

Different cellular microenvironments and cell-cell interactions may
develop in SCID of different molecular types, which could
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Figure 4. Analysis of thymic function over time after BMT in all SCIDs. TREC
values (N = 597) were observed over time in 115 patients for whom samples were
available for analysis, each patient associated with 1 of 11 molecular types of SCID.
(A) The combined results of all 115 patients. The points on the figure represent the
predicted TREC value plus the residual after the patient and transplantation effects
were removed. Lighter lines are then used to join points from the same patient before
and 1 year after transplantation. The same analysis was performed for 15 IL7RaDef
patients (B), 10 Jak3Def patients (C), and 57 ycDef patients (D); 95% confidence
intervals were placed around the predicted TREC line over time for times more than
1 year after transplantation.

differentially affect the maintenance of thymic function over time.
Therefore, we evaluated thymic function after BMT among the
various molecular types of SCID. PBMCs from a total of 57 ycDef,
15 IL-7RaDef, 10 Jak3 Def, 13 ADADef, and 20 patients with
other types of SCID (RAG1/2Def, CD38Def, CD3eDef, CD3(Def,
CD45Def, AutoRec, and unknown) were subjected to TREC
analysis. For all SCID molecular types except ycDef, TREC values
measured within 20 years and beyond the first year of BMT
remained constant. Figure 4 provides examples of these constant
values over time, demonstrated by a horizontal trendline for
IL7RaDef (Figure 4B) and Jak3Def SCID (Figure 4C) molecular
types, respectively. For the ycDef SCIDs (Figure 4D), the change
in the log;o TREC value per year for the period 1 to 21.91 years
after transplantation was —0.0471 with an SD of 0.0099 and a
P < .001. This significant negative TREC value change over time
for ycDef is represented by a sloping trendline (Figure 4D), which
was not statistically different (P = .078) from the slope of the
trendline in the normal population for the period 1 to 25 years of
age (—0.033).4

Ten or more years after transplantation: thymic output, T-cell
phenotype, and function in BMT recipients

The results reported so far refer to composite groups of patients
from the same molecular type of SCID or from the same in vitro
stimulation. We next evaluated 68 individual SCID patients (Table
2) who were more than 10 years after transplantation, to determine
whether, at the latest date after transplantation, they generated
peripheral T cells with normal phenotype and function. These
patients were monitored for their TREC levels, their naive versus
memory phenotype (percentage of CD3" T cells that expressed the
CD45RA marker vs those that expressed the CD45RO marker??),
and/or their ability to proliferate in response to stimulation with
mitogens. For the majority (83%) of the patients, thymic output
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correlated well with T-cell phenotype and function. Only 3 of 53 patients
failed to demonstrate thymic output and had poor T-cell function
(patients 5, 35, and 50 in Table 2). A fraction of the 53 patients (N = 9:
patients 10, 11, 17, 22, 34, 38, 43, 56, and 57) had negative TREC
results, but normal T-cell phenotype and function.

Analysis of the TCR repertoire in SCIDs followed long-term
post-BMT

In previous published studies, we showed that a fully diverse TCR
VB repertoire developed in BM-transplanted SCIDs at peak
thymus output, whereas a more skewed repertoire emerged in the
few patients studied more than 10 years after BMT.’ In this study,
we analyzed the TCR V{3 repertoire of 36 SCID patients of various
molecular types before and up to 25 years after transplantation. The
DKL statistical program was used to assess the diversity of the
TCR Vp repertoire in these patients, as determined by spectratype
analysis. Using this program, the higher the DKL, the greater the
divergence from a normal Gaussian profile and the more oligo-
clonal the distribution of peaks (Figure S1).

As shown in Figure 5, the DKL values decreased from more
than 0.3 within the first year of BMT, when the TCR repertoire is
still oligoclonal, to a range between 0.1 and 0.03, indicating that
patients developed and maintained a diverse TCR V3 repertoire.
The 4 patients who had higher than normal (> 0.08) DKL
values beyond 10 years after BMT did not show evidence of
thymic function.

To examine the effect of DKL values on TREC values in these
patients, we calculated the mean log;y TREC and DKL values per
patient and analyzed these means through weighted least squares
regression. Because of the small sample number, we did not
evaluate the influence of DKL on TREC over time. The change in
the log;o TREC value per DKL value was —4.728 with an SD of
1.607 with a P = .007, indicating a significant inverse correlation
between DKL values and TREC values in these patients.

Discussion

In this longitudinal study, we analyzed a total of 128 surviving SCID
patients for thymic output and T-cell reconstitution over a period of up
to more than 25 years after BMT. Our results show that T-cell recon-
stitution, including thymic output and T-cell diversity, are maintained
long-term to levels similar or equal to normal control values.

T-cell chimerism was achieved in 92% of the transplanted
patients, and 32% also developed B-cell chimerism, although these
patients did not receive pretransplantation chemotherapy. The
T-cell numbers after BMT were significantly greater than before
transplantation, whereas the numbers of B and NK cells, which
appeared elevated before BMT, significantly decreased to levels
similar to normal controls at the latest time tested after transplanta-
tion. T-cell function, measured as proliferative responses to T-cell
mitogens (PHA, ConA, PWM) was significantly increased in
patients analyzed at their latest study after transplantation com-
pared with responses before transplantation.

Ninety-three (81%) of the 115 patients analyzed (Table 1)
developed detectable levels of TREC, and 14 of the patients who
did not, received one or more booster BMT. The lack of thymic
function in 5 SCIDs was attributed to the fact that they were tested
at less than 1 year after BMT. Nine SCIDs who lacked TREC
function are long-term survivors (> 10 years after BMT). One is
RAG1/2Def, 4 are ycDef, 2 are ADADef, one is IL-7RaDef, and
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Figure 5. Thymic output correlates with TCR diversity. Shown are dot plots of the
DKL values compared with TREC levels of samples taken from 36 SCID patients at
multiple time points after BMT. DKL values from normal controls were < 0.08.
O represents patients whose TREC value was less than 100; @, patients whose
TREC value was > 100.

one is AutoRec recessive SCID of unknown molecular type, all of
whom are in good health at times up to 25.6 years after transplanta-
tion. Those with ADA deficiency or with VDJ recombination
defects have lower T-cell numbers, function and thymic output
after transplantation than SCIDs of other molecular types. Whether
this is the result of intrinsic thymic defects in these SCIDs or to
postthymic influences is unknown. Defective double-negative
thymocytes (in RAG1/2 Def SCIDs, for example) present in thymic
stromal niches could compete for space with incoming progenitor
T cells of donor origin derived from BMT as has been reported for
RAG SCID mice.? This could result in poor maturation of donor
stem cells and insufficient peripheral T-cell reconstitution after
BMT. By contrast, we did not see any evidence of defects in early
or late thymopoiesis in the IL-7RaDef, yc-def SCIDs, or Jak3Def
SCIDs, all of whose pretransplantation T-cell defects are caused by
failure of IL-7 signaling. The ADA and RAG-deficient patients,
although long-term survivors, are not as healthy as those with the
other molecular types of SCID. It is possible that their inferior
immune reconstitution or other consequences of their underlying
molecular defects may result in even poorer general health over
longer follow-up. Further investigation of this issue is forthcoming
in our laboratory.

When an extensive TREC analysis was performed on 115 patients
over time in the present study (Figure 4A), the estimated change in
TREC values per year for the period of 1 year to more than 25 years after
transplantation demonstrated a negative slope, which was within the
level of change in slope for normal controls noted previously.* TREC
values change in the normal population between 4 and 3 log;, within the
first 25 years of life. When the TREC analysis was performed separately
for the various molecular types of SCID (Figure 4B,C), TREC values
measured beyond the first year of BMT remained constant, except for
vycDef, which demonstrated a significant negative slope (Figure 4D).
However, this negative slope was not statistically different from the
change in slope for normal controls noted previously.*

The proliferative response to PWM over a period of 1 to more
than 25 years of transplantation remained constant over time with
responses to PHA and ConA producing a small but statistically
significant deviation from a horizontal line. Studies by others have
previously reported a decrease in proliferative responses of T cells
to mitogens in the normal population over time.>*

Our group previously reported that thymic output appeared to
decline at more than 10 years after BMT,* a finding that has been
frequently cited in the literature as a concern that nonablative
marrow transplantations could not maintain sufficient T-cell func-
tion long-term to prevent infections.?>2¢ At the time of this earlier
study,* only a few of our patients were more than 10 years after
transplantation. We now have many more (N = 68) patients
beyond 10 years after transplantation; and, as shown in the present
study, thymic output and T-cell function were retained in a majority
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(83%) of these patients. Patients were analyzed beyond 10 years of
BMT for their thymic function, T-cell phenotype, and responsive-
ness. In 83% of the patients, the TREC values were positive and the
CD45RA/RO ratio was more than 1 in 48% of the subjects,
suggesting that many of the circulating T cells had a naive
phenotype. Responses to mitogens were within or above normal
ranges in 90% of the subjects. Interestingly, 3 of the patients who
showed a decline in thymic function (J-1, J-2, and X-5) in our
previous report’ were followed beyond 10 years of BMT in the
present study and subsequently had improved thymic function.
Therefore, the supposition that TREC function declines with time
does not appear to be a general finding applicable to all SCIDs
treated with nonablative BMT. The data in the present study also
refute the hypothesis that there is an intrinsic inability of the SCID
thymus to maintain thymic output beyond the first decade of life.

The TCR V{3 repertoire studies extended beyond 10 years of
BMT also demonstrated that DKL values inversely correlated with
TREC values (low DKL indicating polyclonality with high TREC
values). The inverse association between TREC and DKL was
statistically significant. For 4 patients who failed to develop TREC
over time, the DKL values remained high, indicating oligoclonal-
ity. Failure to develop a diverse repertoire in those 4 patients was
not associated with a specific molecular type.

Few studies have been reported to date on long-term T-cell
reconstitution after hematopoietic stem cell transplantation (HSCT)
in SCID patients.?>3! The findings described in the present study
are in keeping with those of Borghans et al,>” who found that 11 of
19 SCID patients followed up to 25 years after conditioned BMT
had no evidence for an accelerated decline of T-cell immunity or
thymus output; however, those SCIDs who had low thymic output
soon after transplantation continued to have decreased long-term
T-cell reconstitution. Mazzolari et al? reported on the long-term
immune reconstitution and clinical outcome of 40 patients with
severe T-cell immunodeficiency who survived for up to 16.3 years
after HSCT. A total of 35% of the 40 patients had low TREC levels
at their last follow-up, and oligoclonality of the T-cell repertoire
was demonstrated at the last follow-up in 27.5% of the patients.
Cavazzana-Calvo et al?® and Friedrich et al?® have reported findings
similar to those of Mazzolari et al> and speculated that the use of a
conditioning regimen before HSCT for SCID was necessary for
thymic output at greater than 10 years after transplantation.
However, Patel et al’® have recently reported sustained T-cell
function in 15 long-term SCID survivors (up to 26 years) of
nonconditioned BMTs. Our data confirm that finding and provide
evidence for continued thymic output at more than 10 years after
transplantation in the absence of both pretransplantation condition-
ing and posttransplantation GVHD prophylaxis.

In conclusion, these results indicate that transplantation of
HLA-identical or haploidentical allogeneic-related, T cell-
depleted BM into SCID infants in the absence of pretransplantation
chemotherapy or posttransplantation GVHD prophylaxis is success-
ful at reconstituting long-term T-cell function. The ability of these
patients to generate new T cells at these late time points is indirect
evidence for stem cell engraftment.
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