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ABSTRACT

Background The DiGeorge syndrome is a congen-
ital disorder that affects the heart, parathyroid glands,
and thymus. In complete DiGeorge syndrome, pa-
tients have severely reduced T-cell function.

Methods We treated five infants (age, one to four
months) with complete DiGeorge syndrome by trans-
plantation of cultured postnatal thymus tissue. Fol-
low-up evaluations included immune phenotyping
and proliferative studies of peripheral-blood mono-
nuclear cells plus biopsy of the thymus allograft. Thy-
mic production of new T cells was assessed in periph-
eral blood by tests for T-cell-receptor recombination
excision circles, which are formed from excised DNA
during the rearrangement of T-cell-receptor genes.

Results After the transplantation of thymus tissue,
T-cell proliferative responses to mitogens developed
in four of the five patients. Two of the patients sur-
vived with restoration of immune function; three pa-
tients died from infection or abnormalities unrelated
to transplantation. Biopsies of grafted thymus in the
surviving patients showed normal morphologic fea-
tures and active T-cell production. In three patients,
donor T cells could be detected about four weeks af-
ter transplantation, although there was no evidence
of graft-versus-host disease on biopsy or at autopsy.
In one patient, the T-cell development within the graft
was demonstrated to accompany the appearance of
recently developed T cells in the periphery and coin-
cided with the onset of normal T-cell function. In one
patient, there was evidence of thymus function and
CD45RA+CD62L+ T cells more than five years after
transplantation.

Conclusions In some infants with profound im-
munodeficiency and complete DiGeorge syndrome,
the transplantation of thymus tissue can restore nor-
mal immune function. Early thymus transplantation
— before the development of infectious complica-
tions — may promote successful immune reconsti-
tution. (N Engl J Med 1999;341:1180-9.)
©1999, Massachusetts Medical Society.

HE DiGeorge syndrome is a congenital
malformation that affects the development
of the third and fourth pharyngeal pouch-
es and is associated with a deficiency of
T cells."* Many patients with the DiGeorge syndrome
are hemizygous for 22ql145; in rare instances, pa-
tients are hemizygous for 10p13.¢ Deletion in the
UFDIL gene at 22qll has been described.” The
term complete DiGeorge syndrome is used to de-
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scribe patients with the syndrome who have pro-
found T-cell deficiency.812

Several therapies have been used to treat immu-
nodeficiency associated with the DiGeorge syndrome.
In two patients, HLA-identical bone marrow trans-
plantation successfully restored T-cell function by
adoptive transfer of mature T cells.!3* Immune re-
constitution was reported after transplantation of pe-
ripheral-blood mononuclear cells (PBMCs) in one
patient.!> In a few cases, transplantation of fetal thymus
was followed by immune reconstitution.!61® However,
some of those patients had partial DiGeorge syndrome
with detectable T-cell function before transplantation
and might have improved without therapy.!:! Most
published trials of postnatal thymus transplantation
have been unsuccessful.20-22 Transplantation of bone
marrow stem cells has not been successful .12

We report our experience with a series of five in-
fants with complete DiGeorge syndrome who were
treated with allogeneic, cultured, postnatal thymus
tissue. We hypothesized that host T cells would de-
velop in the donor thymus allograft and would lead
to reconstitution of immune function. In the last pa-
tient in our series (and in the first patient, with the
use of cryopreserved samples), we also tested the hy-
pothesis that markers of newly formed naive T cells
would appear only after thymus transplantation and
would correlate with the development of T-cell pro-
liferative function.

METHODS

Thymus Transplantation

We obtained discarded thymus tissue from infants 2 to 35 days
old who were undergoing corrective heart surgery after we re-
ceived informed consent from the donors’ parents. Down’s syn-
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drome was a criterion for exclusion of donors. Preparation of the
thymus tissue for transplantation has been described elsewhere.2
In Patient 5, a Stadie—Riggs hand microtome (Thomas Scientific,
Swedesboro, N.J.) was used to slice the thymus tissue.2* The slices
of thymus tissue were inserted into the quadriceps bilaterally in
an open procedure in the operating room.2325

Immune Testing and Determination
of the T-Cell-Receptor Repertoire

We evaluated immune function through standard procedures,2¢
including flow cytometry and measurement of the incorporation
of [3H]thymidine after stimulation of PBMCs (cultures of 105
cells) with phytohemagglutinin and concanavalin A. For studies
of flow cytometry, we used murine monoclonal antibodies to CD3,
CD4, CD8, CD19, CD20, and CD16 (AMAC, Westbrook, Me.;
Coulter, Hialeah, Fla.; Dako, Carpinteria, Calif.; and Becton Dickin-
son, Mountain View, Calif). We performed HLA typing using
serologic?” and molecular?® techniques. Additional murine mono-
clonal antibodies were used to characterize the T-cell receptor V
(TCRBV) repertoire in Patients 3 and 5 (Coulter; Endogen, Wo-
burn, Mass.; and PharMingen, San Diego, Calif.).

Immunoperoxidase Staining of Frozen
and Formalin-Fixed Sections

Four-micrometer frozen sections underwent reaction with an-
tibodies using an avidin-biotin—peroxidase complex technique
(Vector Laboratories, Burlingame, Calif.).2 Antibodies directed
against thymic-epithelium (TE) antigens included cytokeratin; TE3,
expressed on cortical epithelium; TE4, on subcapsular cortical
and medullary epithelium; and TE16, on Hassall’s corpuscles (clus-
ters of terminally differentiated thymic epithelial cells, which are
characteristic of normal thymic medulla). Additional antibodies
used in this study on paraffin-embedded tissue included KP-1
(CD-68), which is reactive with macrophages, and S-100, which
is reactive with dendritic cells (both from Dako).

Quantification of the Output of the Thymus

We quantified the output of the thymus by measuring the ex-
cisional DNA products of T-cell-receptor gene rearrangements
(T-cell-receptor recombination excision circles [TRECs]),2 which
exist as episomes in T cells and can be detected by the polymerase
chain reaction. We performed the assay for signal-joint TRECs2®
on PBMCs separated into CD4+ and CD8+ cells, using magnet-
ic microbeads (MACS, Milteny Biotec, Auburn, Calif.). The me-
dian numbers of TRECs in four cord-blood samples were 9584
per 100,000 CD4+ cells (range, 9257 to 16,948) and 9729 per
100,000 CD8+ cells (range, 8244 to 14,998). The median val-
ues in two normal infants, each studied three times between birth
and six months of age, were 10,360 per 100,000 CD4+ cells
(range, 7520 to 10,722) and 10,663 per 100,000 CD8+ cells
(range, 8026 to 10,997). In nine normal children between 1.9
and 7.4 years of age, the median numbers of TRECs were 11,170
per 100,000 CD4+ cells (range, 7800 to 14,473) and 8413 per
100,000 CD8+ cells (range, 5887 to 13,961).

RESULTS
Patient 1

Patient 1, whose initial course after transplanta-
tion on day 90 of life has been reported previous-
ly,23:30 presented with no circulating T cells and no
T-cell proliferative responses to mitogens (this pa-
tient was described as Patient 4 in a previous study!?)
(Table 1). Within the first month after transplanta-
tion of a cultured postnatal thymus allograft from an
unmatched male donor into this infant girl, an oli-
goclonal population of T cells developed that did

not proliferate in response to stimulation with mito-
gens.2330 On day 17 after transplantation, these CD3+
T cells (2024 per cubic millimeter) were shown to
be female by fluorescence in situ hybridization of
101 sorted T cells. Thus, these T cells were not de-
rived from the allograft.

An evaluation of an allograft biopsy at three
months with the use of HLA monoclonal antibodies
revealed host thymopoiesis (T-cell development in
the thymus) within donor-thymus epithelium.2330 In
the patient, robust T-cell proliferative responses to
mitogens developed,?? and a normal TCRBV reper-
toire3 developed approximately seven months after
transplantation of the thymus. In mixed-lymphocyte
reaction, the patient’s T cells were unresponsive to
the donor’s PBMCs.23 B-cell antibody responses to
immunization with tetanus toxoid and pneumococ-
cal vaccine were normal.2 Five years later (two years
after the initial report),23 the patient had normal re-
sponses to mitogens, CD3 stimulation, and mixed-
lymphocyte culture (Table 2), had normal prolifera-
tive and antibody responses to tetanus toxoid, and
was a normal child.

Patient 2

Patient 2 was born with multiple anomalies of
CHARGE association (coloboma, heart disease, atre-
sia choanae, retarded growth and development, gen-
ital hypoplasia, and ear abnormalities, deafness, or
both) (this patient was previously described as Pa-
tient 5!2 and as Patient 133).3+36 This boy had pro-
found immunodeficiency with no T cells detectable
by flow cytometry and no proliferative responses to
mitogens in PBMCs before transplantation on day
96 of life. On day 49 after the patient underwent
transplantation with a cultured postnatal thymus al-
lograft from a haploidentical female donor, the pe-
ripheral-blood T-cell proliferative response to phy-
tohemagglutinin was more than 200,000 counts per
minute (cpm). This response fell by day 64 after trans-
plantation, probably as a result of steroid therapy
that was given after an intracranial hemorrhage. Be-
cause of the patient’s unexpected death on day 66
after transplantation, there was no opportunity to
immunize the patient and assess antigen-specific re-
sponses. Phytohemagglutinin-stimulated PBMCs ob-
tained on day 64 after transplantation, two days be-
fore the baby’s death, were analyzed by fluorescence
in situ hybridization for X chromosome markers.
The analysis showed 15 percent XY (host) and 85
percent XX (thymus-donor) cells. A polymerase-chain-
reaction test for HLA-DR that was performed with
an aliquot of these cells also revealed the presence of
donor HLA-DR alleles. Thus, this patient had evi-
dence of large numbers of engrafted donor T cells.

An autopsy was performed. No evidence of graft-
versus-host disease was found. No native thymus tis-
sue was found despite careful gross and microscopi-
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TABLE 2. IMMUNOLOGIC EVALUATION OF PATIENT 1, 5.5 YEARS
AFTER THYMIC TRANSPLANTATION.*

ApuLt

TesT PATIENT CoNTROL
Lymphocyte phenotypet
CD3+

Percent 46 65

Absolute no./mms3 580 —
CD3+CD4+

Percent (% CD45RA+CD62L+) 26 (41) 47 (36)

Absolute no./mms3 328 —
CD3+CD8+

Percent (% CD45RA+CD62L+) 13 (26) 15 (18)

Absolute no./mms3 164 —
CD16+

Percent 23 18

Absolute no./mms? 290 —
CD19+

Percent 21 6

Absolute no./mms3 265 —
PBMC proliferation (cpm)}
Phytohemagglutinin 163,916 114,463
Concanavalin A 171,613 187,596
Anti-CD3; soluble 147,370 128,082
Anti-CD3, immobilized 166,793 139,550
Medium 1,351 2,784
Mixed-lymphocyte reaction (cpm)t
Autologous 2,125 320
Against pool 34,322 27,372

*All tests were performed 5.5 years after transplantation except the
mixed-lymphocyte reaction, which was performed 4.75 years after trans-
plantation. PBMC denotes peripheral-blood mononuclear cell, and cpm
counts per minute.

TAt this age (one to six years), the interquartile range (25th to 75th per-
centile) for the normal number of CD3+ cells is 1800 to 3000 per cubic
millimeter, the normal number of CD16+ natural killer cells is 200 to 600
per cubic millimeter, and the normal number of CD19+ B cells is 700 to
1300 per cubic millimeter.32

{Proliferative studies were performed in triplicate in cultures of 105 cells.
The soluble anti-CD3 was used at 50 ng per milliliter.

cal evaluation. Cytokeratin-positive material was de-
tected in the right and left quadriceps, showing the
presence of abundant donor-thymus epithelium (da-
ta not shown). One Hassall’s corpuscle was iden-
tified. No immature, cortical thymocytes were de-
tected in the graft, possibly because of the steroid
treatment that was given for 48 hours before the
boy’s death.

Patient 3

Patient 3 was born with multiple anomalies (Table
1), no circulating T cells, and an absence of PBMC
proliferative responses to mitogens. On day 51 of
life, the boy was treated with a cultured postnatal thy-
mus allograft from a male donor matched for HLA-
DRI15. On day 28 after transplantation, the patient
had a proliferative response to phytohemagglutinin
of 139,503 cpm. Because respiratory failure devel-
oped on day 35 after transplantation, the patient was
treated with high doses of steroids (40 mg per kilo-

gram of body weight of methylprednisolone sodium
succinate [Solu-Medrol]) per day for three days. The
number of circulating T cells decreased to 153 per
cubic millimeter on day 45 after transplantation and
remained below 250 per cubic millimeter in the eight
samples tested subsequently. The level of prolifera-
tive responses to mitogens decreased to one to four
times the base-line level (in four tests). Antigen-spe-
cific T-cell responses were not tested. The circulat-
ing T cells obtained on day 119 after transplantation
were examined by fluorescence in situ hybridization.
All cells were male, which ruled out maternal en-
graftment; they consisted of 90 percent 22q11 hem-
izygous cells (from the host) and 10 percent 22ql1
normal cells (from the donor).

The patient died of respiratory failure on day 130
after transplantation. An autopsy revealed an absence
of native thymus, thyroid, and parathyroids, a find-
ing that confirmed the diagnosis of complete Di-
George syndrome. Histologic evaluation revealed no
evidence of graft-versus-host disease. Evaluation of
the thymus allograft showed no evidence of thymo-
poiesis. In addition, antibodies that are usually spe-
cific for Hassall’s corpuscles reacted with all epithe-
lium (data not shown). The same pattern of reactivity
was also found for antibodies that are usually specific
for cortical (TE3) or medullary (TE4) epithelium.
The very high dose of steroids given to this patient
may have contributed to the abnormal appearance of
the allograft.

Patient 4

At birth, Patient 4 was found by flow cytometry
to have no CD3+ T cells and to have 576 natural
killer cells per cubic millimeter and 2215 B cells per
cubic millimeter. The PBMCs did not proliferate in
response to mitogens. Other findings are described
in Table 1. A cytomegalovirus infection developed in
the patient and led to dependence on a ventilator.
At 127 days of life, the girl received an unmatched
thymus transplant. A small number of T cells (47
per cubic millimeter and 22 per cubic millimeter)
were detected eight days and one month after trans-
plantation, respectively. Two additional tests revealed
no T cells. Because of the lack of T cells, the prolit-
erative function of PBMCs was not assessed. The pa-
tient died of sepsis and respiratory failure 45 days af-
ter transplantation, at 5.7 months of age. Permission
for autopsy was denied.

Patient 5

Patient 5 had multiple anomalies characteristic of
CHARGE association (Table 1) in addition to char-
acteristics of complete DiGeorge syndrome (Table
3). T-cell function developed steadily in this infant
boy after he received postnatal cultured thymus tis-
sue from a haploidentical female donor on day 63 of
life (Table 3 and Fig. 1A). An increase in CD3+
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CD45RA+CD62L+ T cells, indicating cells recent-
ly formed in the thymus, was noted beginning one
month after transplantation (Table 3). Computed
tomography of the chest was performed with con-
trast three months after transplantation, when T-cell
proliferative function had become robust (to deter-

mine whether the native thymus had become en-
larged), but it showed no evidence of a native thy-
mus. At four and six months after transplantation,
the patient had excellent T-cell proliferative respons-
es to allogeneic cells and tetanus toxoid (after one
immunization) (data not shown). Fluorescence in situ

A Proliferative Responses of PBMCs in Patient 5

Phytohemagglutinin Concanavalin A

400,000+ @ Patient 400,000

O Control o

200,000 200,000

Counts
per Minute
Counts
per Minute

0- 0- T 1
-60 —-60 60 180 300
Days after Transplantation Days after Transplantation
Soluble Anti-CD3 Immobilized Anti-CD3
400,000 400,000
2 2
£ £ -0
35 2000001  0OO-. 3S 200,000
©3 ©3
(o} o
0_ T T T 1 0_ T T T 1
0 60 120 180 240 300 0 60 120 180 240 300
Days after Transplantation Days after Transplantation
B TREC Levels in Patients 1 and 5
Patient 1 Patient 5
6,000 < CD4+ 30,000
K% H CD8+ »
53 4,000 53 20,000
Qo Qo
IO : O
o o
Z3 2,000 z2 10,0001
o o
0 T T 1 0_ T T 1
0 2 4 6 -120 0 120 240 360

Years after Transplantation Days after Transplantation

Figure 1. Proliferative Function of T Cells in Patient 5 and Levels of T-Cell-Receptor Recombination Excision Circles (TRECs) in Pa-
tients 1 and 5.

Panel A shows proliferative responses of peripheral-blood mononuclear cells (PBMCs) to phytohemagglutinin, concanavalin A, sol-
uble anti-CD3 at 50 ng per milliliter, and immobilized anti-CD3 in Patient 5. The means of cultures of 105 PBMCs, in counts per
minute, are shown for the patient and for an adult control. The backgrounds (medium) have been subtracted from the responses.
Panel B shows data on TRECs for Patients 1 and 5. For Patient 1, there were 8700 CD3+ T cells per cubic millimeter in the blood on
the date of the initial sample. Numbers of T cells were not available for the sample taken at 2.2 years. The numbers and phenotypes
of T cells for the sample taken at 5.5 years are shown in Table 2. The numbers of T cells were very similar for the sample taken at
5.8 years. For Patient 5, most of the correlative data on T cells are presented in Table 3. On day 283 after transplantation, Patient 5
had 1380 CD3+ T cells per cubic millimeter, with 1050 CD3+CD4+ T cells per cubic millimeter and 300 CD4+CD8+ T cells per cubic
millimeter. In both panels, negative numbers of days indicate days before transplantation, which occurred on day 0.
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hybridization at four months, with the use of pe-
ripheral blood that had been sorted to include only
T cells that were proliferating in response to phyto-
hemagglutinin, showed that all T cells were male
(host cells).

A biopsy of the thymus allograft performed 10
weeks after transplantation showed a clear distinction
between cortex and medulla (Fig. 2A). Immunobhis-
tochemical analysis showed the cortical areas to be full
of immature CD1la+ thymocytes (Fig. 2B). The Has-
sall’s corpuscles in the medulla were normal, a find-
ing consistent with good thymic function (Fig. 2C and
2D). In contrast to the findings in Patient 3, the TE16
antibody reacted specifically with Hassall’s corpuscles
(Fig. 2D), as in a normal thymus, but not with other
keratin-positive epithelium (Fig. 2C). KP-1-positive
cells resembling macrophages (Fig. 2E) and S-100+
dendritic cells (Fig. 2F) were present primarily in the
medulla, as is found in the normal thymus.

TREC Analyses

For Patient 1, evaluations of TRECs were done on
cryopreserved PBMCs from day 45 and month 26
after transplantation and on fresh samples from 5.5
and 5.8 years after transplantation (Fig. 1B). TRECs
were undetectable in the initial sample but were
present at approximately one third of normal levels
26 months and 5.5 and 5.8 years after transplantation.
For Patient 5, TRECs were undetectable before trans-
plantation and increased in parallel with the increase
in the numbers of CD45RA+CD62L+ T cells and
in T-cell function (Table 3 and Fig. 1).

Estimation of Donor T-Cell Content in Thymus Grafts

Deoxyguanosine was used in the culture medium
to deplete donor thymocytes in the thymus allo-
grafts.373 To obtain an estimate of the number of
donor thymocytes that remained in the thymus allo-
grafts, we cultured three thymuses with deoxyguan-
osine for two weeks. At the end of the culture pe-
riod, the tissue was mechanically dissociated and
viable thymocytes counted by flow cytometry. We
found 0.5X10¢ to 1.0X10¢ thymocytes per gram of
thymic tissue (weighed on the day of donation). Us-
ing the higher estimates and extrapolating to the
size of the thymus grafts used in our patients, we
concluded that each of our five patients received ap-
proximately 0.6X10° to 4.0X10¢ thymocytes per kilo-
gram with their transplants. On the basis of this cal-
culation, Patient 2, in whom predominantly donor
T cells developed, received 8X10° thymocytes per
kilogram.

DISCUSSION

The five patients we describe presented with pro-
found cellular immunodeficiency and were classified
as having the complete form of the DiGeorge syn-
drome.l2 Two patients (Patients 2 and 5) also had
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features consistent with the CHARGE association, a
rare combination that has been reported previous-
ly.812.33.36 All five patients had few or no detectable
circulating T cells (indicated by the expression of
CD3). PBMC:s did not proliferate in response to mi-
togens. In Patients 3, 4, and 5, PBMCs stimulated
with interleukin-2 produced vigorous proliferation,
presumably due to the proliferation of natural killer
cells. Only two of five patients were hemizygous for
22qll; that abnormality is not necessary for con-
firming the diagnosis of the DiGeorge syndrome.

After thymus transplantation, circulating T cells de-
veloped in increasing numbers in four patients (Pa-
tients 1, 2, 3, and 5). In Patients 2, 3, and 5, a sub-
stantial response to mitogens was observed on days
27, 28, and 30 after transplantation, respectively; it
paralleled the increase in circulating T cells. This
time course is similar to that in three reports of fetal
thymus transplantation in which T-cell proliferative
function increased two days,!$ two weeks,!¢ and one
month?!® after transplantation. T-cell function in Pa-
tient 1 developed more slowly23; normal responses to
concanavalin A were detected only after eight months.

TRECs are the episomal circular DNA excision
products of T-cell-receptor gene rearrangement. They
are not replicated with cell division and are therefore
diluted out during proliferation that is associated with
antigenic stimulation. Thus, the presence of TRECs
in peripheral T cells is thought to be a marker for
cells that have recently emigrated from the thymus.3®
In Patient 5, we found a temporal correlation among
T-cell proliferative function, lymphocyte phenotype,
and level of TREGCs. In contrast to our finding of
an absence of proliferative function, an absence of
TRECs, and an absence of CD45RA+CD62L+
T cells before thymus transplantation in Patient 5,
six months after transplantation we detected increased
proliferative responses to mitogens, increased per-
centages of CD45RA+CD62L+ T cells, and in-
creased levels of TRECs in both CD4+ cells and
CD8+ T cells (Fig. 1B). Remarkably, in regard to
her normal T-cell function (Table 2), Patient 1 has
continued to have CD45RA+CD62L+ T cells and
TRECs, suggesting ongoing thymopoiesis (T-cell de-
velopment in the thymus), more than five years after
transplantation.

The T-cell function of many patients with partial
DiGeorge syndrome can improve spontaneously,!!
but our data argue against spontaneous T-cell im-
provement in patients with complete DiGeorge syn-
drome. The TREC levels of Patients 1 and 5 were
undetectable in the period immediately before and
after transplantation. Patient 5, when tested for the
presence of CD45RA+CD62L+ T cells before trans-
plantation, had no detectable cells of this naive phe-
notype. Lastly, if the patients had had spontaneous
improvement, the host T cells would most likely
have rejected the allograft. Graft rejection was not
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Figure 2. Biopsy Evaluation of the Thymus Graft in Patient 5.

In Panel A, hematoxylin and eosin staining shows normal cortical and medullary regions; the latter region contains a Hassall’s cor-
puscle. Panels B through F show evaluations of immunohistochemical features. The brown color indicates antibody reactivity. In
Panel B, CD1a reactivity is found on densely packed cortical thymocytes. In Panel C, cytokeratin reactivity is found in the Hassall's
corpuscle and in epithelial cells (reticular pattern) in the cortex and medulla. In Panel D, the TE16 antibody reacts with the Hassall’s
corpuscle but not with other cells in the thymic epithelium. In Panel E, the KP-1 antibody reacts with cells that resemble macro-
phages. In Panel F, S-100 reactivity is consistent with the presence of dendritic cells. These antibody reactivity patterns are the same
as those found in a normal thymus. Formalin-fixed tissue is shown in Panels A, B, E, and F, and frozen sections are displayed in
Panels C and D. The abbreviation h denotes Hassall’s corpuscle, ¢ cortex, and m medulla. (Panels A through D, X96; Panels E and
F, X191.)
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found on biopsy of the allograft, however. Thus, we
conclude that the reconstitution of T-cell function
resulted from transplantation of the thymus tissue.

After transplantation, large numbers of circulating
donor T cells were detected in Patient 2, but only
small percentages of donor T cells were identified in
Patients 3 and 5. No donor cells were detected by
fluorescence in situ hybridization in Patient 1. En-
graftment of donor T cells after thymus transplanta-
tion has not been reported previously in patients
with the DiGeorge syndrome.

Although there was at least one full-haplotype
mismatch between donor and host in all patients, no
graft-versus-host disease or graft rejection was de-
tected at the autopsy in Patients 2 and 3, in the bi-
opsies of the thymic allografts in Patients 1, 3, and
5, or clinically in any of the patients. We estimated
that the patients received up to 4X10¢ donor thy-
mocytes per kilogram with the thymus transplant. In
bone marrow transplantation, it is possible to see
mild graft-versus-host discase at doses greater than
105 T cells per kilogram.* We speculate that the ab-
sence of graft-versus-host disease in our patients was
related to the immaturity of the donor T cells in the
thymus grafts. Alternatively, the culture period may
have affected T-cell function or resulted in the loss
of a subpopulation of cells.

Thymopoiesis is characterized by an ordered pat-
tern of development of T-lineage cells in the thymus.
When thymopoiesis is occurring, the evaluation of
tissue sections with monoclonal antibodies shows cor-
tical thymocytes coexpressing CD4, CD8, and CDla
and medullary thymocytes expressing either CD4 or
CD8 but not CDla. Immunohistologic evaluation
of the thymic-allograft tissue did not reveal thymo-
poiesis in Patient 2 or Patient 3 but showed normal
thymopoiesis in the thymus grafts in Patient 123 and
Patient 5. Experiments in animals suggest that major-
histocompatibility-complex matching is not necessary
for immune reconstitution after transplantation of the
thymus.44¢ We continue to attempt partial match-
ing for HLA-DR, because some matching might be
helpful. It is not known whether the genetic basis of
the thymic aplasia affects the development of thy-
mopoiesis. Neither Patient 1 nor Patient 5 was hem-
izygous for 22ql1. Another factor that may have af-
fected thymopoiesis was the use of steroids. The use
of steroids shortly before death in Patients 2 and 3 may
have depleted the grafts of developing thymocytes.
On the basis of our limited experience, we believe
that risk factors for the failure of thymus transplan-
tation include mechanical ventilation, cytomegalovi-
rus infection, and steroid therapy.

Both Patient 1 and Patient 5 had populations of
T cells present before transplantation that were oligo-
clonal on TCRBV analysis, that did not proliferate in
response to mitogen stimulation (Tables 2 and 3 and
Fig. 1A), and that were not associated with TRECs.
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Thus, these early increases in oligoclonal T cells did
not result from thymopoiesis, which would have pro-
duced detectable TRECs, but instead from extrathy-
mic proliferation of preexisting extrathymically dif-
ferentiated T cells.

Finally, our study shows success in using postnatal
thymus tissue for transplantation. The abundance of
postnatal thymus tissue as compared with the rela-
tive rarity of fetal thymus tissue makes this proce-
dure readily available to children with complete Di-
George syndrome. We recommend this procedure
for patients with complete DiGeorge syndrome who
have no T-cell proliferative responses to mitogens.

Supported by grants from the National Institutes of Health (MOI-
RR30, UI19-AI38550, RO1-CA28936, R21-Al44758, and R21-
AG16826); the Max Kade Foundation; and Centeon Pharmaceutics. Dr.
Koup is an Elizabeth Glaser Scientist of the Pediatric AIDS Foundation.

We are indebted to Dr. Mark Ballow (Buffalo, N.Y.), Dr. Larry
B. Vogler (Atlanta), Dr. Alexander R. Lawton (Nashville), Dr.
Charlotte Cunningham-Rundles (New York), and Dr. Talal Chati-
ln (St. Louis) for veferral of patients; to Dr. David Lowe for help in
caring for Patient 5; to Dr. Ross Ungerleider for assistance in ob-
taining donor thymus tissues; to T.J. Watson for technical assistance
with the preparvation of thymic tissue; and to Dr. David Howell, Dr.
Pantipa Chatchatee, Paige Jennings, and Natasha Martin for tech-
nical help with tissue staining. This paper is dedicated to the famaly
of Patient 3 and is written in memory of the patient’s mother, who
died seven months after her son.

REFERENCES

1. Thomas RA, Landing BH, Wells TR. Embryologic and other develop-
mental considerations of thirty-eight possible variants of the DiGeorge
anomaly. Am J Med Genet Suppl 1987;3:43-66.

2. Conley ME, Beckwith JB, Mancer JE Tenckhoff L. The spectrum of the
DiGeorge syndrome. J Pediatr 1979;94:883-90.

3. DiGeorge AM. Congenital absence of the thymus and its immunologic
consequences: concurrence with congenital hypoparathyroidism. In: Bergs-
ma D, ed. Birth defects original article series. Vol. 4. White Plains, N.Y.:
National Foundation March of Dimes, 1968:116.

4. de la Chapelle A, Herva R, Koivisto M, Aula P. A deletion in chromo-
some 22 can cause DiGeorge syndrome. Hum Genet 1981;57:253-6.

5. Driscoll DA, Salvin J, Sellinger B, et al. Prevalence of 22q11 microde-
letions in DiGeorge and velocardiofacial syndromes: implications for genet-
ic counseling and prenatal diagnosis. ] Med Genet 1993;30:813-7.

6. Daw SC, Taylor C, Kraman M, et al. A common region of 10p deleted
in DiGeorge and velocardiofacial syndromes. Nat Genet 1996;13:458-
60.

7. Yamagishi H, Garg V, Matsuoka R, Thomas T, Srivastava D. A molec-
ular pathway revealing a genetic basis for human cardiac and craniofacial
defects. Science 1999;283:1158-61.

8. Hong R. The DiGeorge anomaly: CATCH 22, DiGeorge/velocardio-
facial syndrome. Semin Hematol 1998;35:282-90.

9. Muller W, Peter HH, Wilken M, et al. The DiGeorge syndrome. 1.
Clinical evaluation and course of partial and complete forms of the syn-
drome. Eur J Pediatr 1988;147:496-502.

10. Muller W, Peter HH, Kallfelz HC, Franz A, Rieger CH. The Di-
George sequence. II. Immunologic findings in partial and complete forms
of the disorder. Eur J Pediatr 1989;149:96-103.

11. Bastian J, Law S, Vogler L, et al. Prediction of persistent immunode-
ficiency in the DiGeorge anomaly. J Pediatr 1989;115:391-6.

12. Markert ML, Hummell DS, Rosenblatt HM, et al. Complete Di-
George syndrome: persistence of profound immunodeficiency. J Pediatr
1998;132:15-21.

13. Goldsobel AB, Haas A, Stichm ER. Bone marrow transplantation in
DiGeorge syndrome. J Pediatr 1987;111:40-4.

14. Borzy MS, Ridgway D, Noya FJ, Shearer WT. Successtul bone marrow
transplantation with split lymphoid chimerism in DiGeorge syndrome.

J Clin Immunol 1989;9:386-92.

15. Bowers DC, Lederman HM, Sicherer SH, Winkelstein JA, Chen AR.

Downloaded from www.nejm.org on November 26, 2009 . For personal use only. No other uses without permission.
Copyright © 1999 Massachusetts Medical Society. All rights reserved.



TRANSPLANTATION OF THYMUS TISSUE IN COMPLETE DIGEORGE SYNDROME

Immune reconstitution of complete DiGeorge anomaly by transplantation
of unmobilized blood mononuclear cells. Lancet 1998;352:1983-4.

16. August CS, Berkel AI, Levey RH, Rosen FS, Kay HE. Establishment
of immunological competence in a child with congenital thymic aplasia by
a graft of fetal thymus. Lancet 1970;1:1080-3.

17. Cleveland WW, Fogel BJ, Brown WT, Kay HE. Foetal thymic trans-
plant in a case of DiGeorge’s syndrome. Lancet 1968;2:1211-4.

18. Jose DG, Barnes G, Rossiter EJ, Myers NA, Fitzgerald MG. Reconsti-
tution of cellular immune function in a child with thymic aplasia by foetal
thymus grafting. Aust N Z ] Med 1974;4:267-73.

19. Mayumi M, Kimata H, Suchiro Y, et al. DiGeorge syndrome with hy-
pogammaglobulinaemia: a patient with excess suppressor T cell activity
treated with fetal thymus transplantation. Eur J Pediatr 1989;148:518-22.
20. Reece ER, Gartner JG, Seemayer TA, Joncas JH, Pagano JS. Epstein-
Barr virus in a malignant lymphoproliferative disorder of B-cells occurring
after thymic epithelial transplantation for combined immunodeficiency.
Cancer Res 1981;41:4243-7.

21. Dictor M, Fasth A, Olling S. Abnormal B-cell proliferation associated
with combined immunodeficiency, cytomegalovirus, and cultured thymus
grafts. Am ] Clin Pathol 1984;82:487-90.

22. Borzy MS, Hong R, Horowitz SD, et al. Fatal lymphoma after trans-
plantation of cultured thymus in children with combined immunodeficien-
cy disease. N Engl J Med 1979;301:565-8.

23. Markert ML, Kostyu DD, Ward FE, et al. Successful formation of a
chimeric human thymus allograft following transplantation of cultured
postnatal human thymus. J Immunol 1997;158:998-1005.

24. Hong R, Moore AL. Organ culture for thymus transplantation. Trans-
plantation 1996;61:444-8.

25. Markert ML, Watson TJ, Kaplan I, Hale LP, Haynes BE The human
thymic microenvironment during organ culture. Clin Immunol Immuno-
pathol 1997;82:26-36.

26. Buckley RH, Schift SE, Sampson HA, et al. Development of immu-
nity in human severe primary T cell deficiency following haploidentical
bone marrow stem cell transplantation. ] Immunol 1986;136:2398-407.
27. Olerup O, Zetterquist H. HLA-DR typing by PCR amplification with
sequence-specific primers (PCR-SSP) in 2 hours: an alternative to serolog-
ical DR typing in clinical practice including donor-recipient matching in
cadaveric transplantation. Tissue Antigens 1992;39:225-35.

28. Kostyu DD, Pfohl J, Ward FE, Lee J, Murray A, Amos DB. Rapid
HLA-DR oligotyping by an enzyme-linked immunosorbent assay per-
formed in microtiter trays. Hum Immunol 1993;38:148-58.

29. Douck DC, McFarland RD, Keiser PH, et al. Changes in thymic func-
tion with age and during the treatment of HIV infection. Nature 1998;
396:690-5.

30. Davis CM, McLaughlin TM, Watson TJ, et al. Normalization of the
peripheral blood T cell receptor VB repertoire after cultured postnatal hu-
man thymic transplantation in DiGeorge syndrome. J Clin Immunol 1997;
17:167-75.

31. Wells TR, Gilsanz V, Senac MO Jr, Landing BH, Vachon L, Takahashi
M. Ossification centre of the hyoid bone in DiGeorge syndrome and te-
tralogy of Fallot. Br J Radiol 1986;59:1065-8.

32. Erkeller-Yuksel FM, Deneys V, Yuksel B, et al. Age-related changes in
human blood lymphocyte subpopulations. J Pediatr 1992;120:216-22.
33. Markert ML, Majure M, Harville TO, Hulka G, Oldham KO. Severe
laryngomalacia and bronchomalacia in DiGeorge syndrome and CHARGE
association. Pediatr Pulmonol 1997;24:364-9.

34. Davenport SL, Hefner MA, Mitchell JA. The spectrum of clinical fea-
tures in CHARGE syndrome. Clin Genet 1986;29:298-310.

35. Pagon RA, Graham JM Jr, Zonana J, Yong SL. Coloboma, congenital
heart disease, and choanal atresia with multiple anomalies: CHARGE asso-
ciation. J Pediatr 1981;99:223-7.

36. Metlay LA, Smythe PS, Miller ME. Familial CHARGE syndrome:
clinical report with autopsy findings. Am J Med Genet 1987;26:577-81.
37. Hong R. Reconstitution of T-cell deficiency by thymic hormone or
thymus transplantation therapy. Clin Immunol Immunopathol 1986;40:
136-41.

38. Jenkinson EJ, Franchi LL, Kingston R, Owen J]J. Effect of deoxyguan-
osine on lymphopoiesis in the developing thymus rudiment in vitro: appli-
cation in the production of chimeric thymus rudiments. Eur J Immunol
1982;12:583-7.

39. Kong FK, Chen CLH, Six A, Hockett RD, Cooper MD. T cell recep-
tor gene deletion circles identify recent thymic emigrants in the peripheral
T cell pool. Proc Natl Acad Sci U S A 1999;96:1536-40.

40. Kernan NA, Collins NH, Juliano L, Cartagena T, Dupont B, O’Reilly
RJ. Clonable T lymphocytes in T cell-depleted bone marrow transplants
correlate with development of graft-v-host disease. Blood 1986;68:770-3.
41. Zinkernagel RM, Althage A, Waterfield E, et al. Restriction specifici-
ties, alloreactivity, and allotolerance expressed by T cells from nude mice
reconstituted with H-2-compatible or -incompatible thymus grafts. ] Exp
Med 1980;151:376-99.

42. Lake JP, Andrew ME, Pierce CW, Braciale TJ. Sendai virus-specific,
H2-restricted cytotoxic T lymphocyte responses of nude mice grafted with
allogenic or semi-allogenic thymus glands. J Exp Med 1980;152:1805-10.
43. Kruisbeek AM, Sharrow SO, Mathieson BJ, Singer A. The H-2 phe-
notype of the thymus dictates the self-specificity expressed by thymic but
not splenic cytotoxic T lymphocyte precursors in thymus-engrafted nude
mice. ] Immunol 1981;127:2168-76.

44. Kast WM, de Waal LP, Melief CJ. Thymus dictates major histocompat-
ibility complex (MHC) specificity and immune response gene phenotype
of class II MHC-restricted T cells but not of class I MHC-restricted

T cells. ] Exp Med 1984;160:1752-66.

45. Longo DL, Kruisbeeck AM, Davis ML, Matis LA. Bone marrow-
derived thymic antigen-presenting cells determine self-recognition of
Ta-restricted T lymphocytes. Proc Natl Acad Sci U S A 1985;82:5900-4.
46. Benoist C, Mathis D. Positive selection of the T cell repertoire: where
and when does it occur? Cell 1989;58:1027-33.

47. Hong R, Schulte-Wissermann H, Jarrett-Toth E, Horowitz SD, Man-
ning DD. Transplantation of cultured thymic fragments. II. Results in nude
mice. J Exp Med 1979;149:398-415.

48. Zhao Y, Fishman JA, Sergio JJ, et al. Immune restoration by fetal pig
thymus grafts in T cell-depleted, thymectomized mice. ] Immunol 1997;
158:1641-9.

Volume 341 Number 16 1189

Downloaded from www.nejm.org on November 26, 2009 . For personal use only. No other uses without permission.
Copyright © 1999 Massachusetts Medical Society. All rights reserved.



