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Pioneers and Milestones

A historical review of bone marrow transplantation for
immunodeficiencies

Bone marrow transplantation was first successful in

the treatment of patients with lethal primary immuno-

deficiency diseases just after the major human

histocompatibility system (HLA) was discovered in

1968.1 In that year, immune function was conferred on

2 children with primary immunodeficiency diseases

(Wiskott-Aldrich syndrome and X-linked severe

combined immunodeficiency [SCID]) by tran-

splanting into them unfractionated HLA-identical

sibling bone marrow cells.2,3 The 2 teams of

physicians performing the transplantations were led

by Dr Fritz Bach and Dr Robert Good, respectively. Dr

Good (Fig 1), who passed away in 2003 at the age

of 81 years, was a pioneer in the study of primary

immunodeficiency diseases and in the use of bone

marrow transplantation for the treatment of them. The

correction of these and later many other types of

primary immunodeficiency diseases by means of bone

marrow transplantation taught us that the defects in

most such conditions are intrinsic to cells of one or

more hematopoietic lineages and not caused by failure

of the microenvironment to support the growth and

development of those cells.

The 2 early successes in immune reconstitution

of primary immunodeficiency diseases in 1968

were followed over the next decade and a half by

many disappointments because of the rare avail-

ability of HLA-matched sibling donors for patients

with lethal primary T-cell defects. In the first report

of the outcomes of bone marrow transplantation for

SCID in 1977, only 14 of 69 patients with SCID

given marrow or fetal tissue transplants worldwide

were alive with functional grafts.4 Until 1980,

only HLA-identical unfractionated bone marrow

could be used for bone marrow transplantation be-

cause of the lethal graft-versus-host disease

(GVHD) that ensued if mismatched donors were

used (Fig 2).4
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In the late 1970s, studies in rats5 and mice6 showed

that removal of all (or nearly all) postthymic T cells

from MHC nonidentical donor marrow or spleen cell

suspensions enabled successful rescue of lethally

irradiated animals without causing fatal GVHD. This

was accomplished in rats by treating donor marrow or

spleen cells with anti–T-cell antisera5 and in mice by

agglutinating the unwanted cells with plant lectins.6

The remaining immature marrow or splenic non-T

cells restored lymphohematopoietic function in the

ablated MHC-disparate animals.

Following the leads from their own work in mice,6

Reisner et al7 demonstrated, in the early 1980s, that

removal of most mature T cells from half-matched

parental marrow allowed successful immune reconsti-

tution of human infants with SCID by the remaining

cells without subsequent GVHD. Since that time, this

approach has been successfully applied numerous

times to the treatment of SCID.8-14 Moreover, the

resulting chimeras have proved extremely useful in the

study of human T- and B-cell ontogeny,8,11,12,15,16

tolerance induction,17 and mechanisms of MHC

restriction for antigen presentation.18

Over the past 36 years, remarkable progress has

been made in the use of bone marrow transplantation

for the successful treatment of primary immunodefi-

ciency diseases.

FIG 1. Robert A. Good, MD, PhD, DSc (May 21, 1922–June 13,

2003), a pioneer in the study of patients with primary

immunodeficiency diseases and in the use of bone marrow

transplantation for their correction.
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CURRENT INDICATIONS FOR BONE
MARROW TRANSPLANTATION

Except for infants with complete DiGeorge syn-

drome, who have no HLA-identical donors and who

therefore need a cultured allogeneic thymic trans-

plantation,19 all infants and children with genetic

defects in immune function that lead to death at an

early age are potential candidates for allogeneic bone

marrow or blood stem cell transplantation (Fig 3).

Patients with many different types of immune defects

have been given such transplants, with varying

degrees of success. These include SCID, Wiskott-

FIG 2. An infant with SCID who had lethal GVHD from

a nonirradiated packed RBC transfusion. Photograph courtesy

of Dr Fred Rosen.

FIG 3. Algorithm showing decision points about

transplantation for patients with primary immunodeficiency.

W-A, Wiskott-Aldrich syndrome; XLP, X-linked

lymphoproliferative disease; LAD, leukocyte adhesion

deficiency. Reproduced with permission from Buckley RH.

Bone marrow transplantation. In: Leung DYM et al, editors.

Pediatric allergy: principles and practice. Philadelphia:

Harcourt Health Sciences; 2003. p. 193-203.
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Aldrich syndrome, combined immunodeficiency,

Omenn syndrome, leukocyte adhesion deficiency,

MHC antigen deficiency, Chediak-Higashi syndrome,

chronic granulomatous disease (CGD), DiGeorge syn-

drome, purine nucleoside phosphorylase deficiency,

cartilage hair hypoplasia, hyper-IgM syndrome, IL-2

deficiency, and X-linked lymphoproliferative disease.

EFFECTIVENESS OF BONE MARROW
TRANSPLANTATION FOR THE
TREATMENT OF PRIMARY
IMMUNODEFICIENCY DISEASES

Although precise figures are not available, more

than 1300 patients worldwide with many different

forms of genetically determined immunodeficiency

have undergone bone marrow transplantation over the

past 36 years in attempts to correct their underlying

immune defects. Possibly because of both earlier

diagnosis before untreatable opportunistic infections

develop and the availability of better antimicrobials to

treat infections, the results of bone marrow trans-

plantation have improved considerably over the last 2

decades (Fig 4).8,11,13,14,20-23 A worldwide survey

conducted by the author from 1994 to 1997 with

subsequent additions of published cases from the

literature revealed that 239 (79%) of 302 patients with

primary immunodeficiency transplanted with HLA-

identical marrow over a period of 29 years were alive.

Most encouraging, however, were the results of T

cell–depleted haploidentical (half-matched) marrow

transplantations in patients with primary immunode-

ficiency. From the same survey, it was ascertained

that 646 such transplantations had been performed,

and of these, 363 (56%) patients were alive. The

significance is even more impressive when it is

realized that most of the 646 recipients would have

died had not T cell–depletion techniques been

developed.

FIG 4. Cumulative probability of survival in patients with SCID

given HLA-mismatched transplants according to year of

transplantation. Reprinted with permission from Elsevier

(The Lancet, 2003, 361, 553-60).
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SCID

Bone marrow transplantation has been more widely

applied and more successful in infants with SCID than

in any other primary immunodeficiency. Without

immune reconstitution, these infants die from infection

during infancy (Fig 5). Since the first bone marrow

transplantation in a patient with SCID in 1968, there

has been remarkable progress in the discovery of the

fundamental causes of many primary immunodefi-

ciency diseases. This has been particularly true for

SCID, for which the initial understanding was limited

to the facts that there appeared to be autosomal

recessive and X-linked forms of the disease. Just

within the past decade, themolecular bases of 8 of the 9

known molecular types of SCID have been elucidated

(Fig 6). The frequencies of the various molecular types

of SCIDevaluated by the author over the past 3 decades

are shown in Fig 7. Regardless of the molecular defect,

infants with SCID lack T cells; thus there is no need to

administer pretransplantation chemotherapy because

they cannot reject grafts. In the author’s survey and

FIG 5. Infant with X-linked SCID who experienced varicella 3

times before the diagnosis of SCID was made. The child

survived because of the availability of acyclovir and the ability

to give a haploidentical bone marrow transplant from his

mother.

FIG 6. Classification of the 9 known genes that, when mutated,

cause human SCID.
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literature review, only 126 infants with SCID were

reported as having received HLA-identical marrow,

and 106 (84%) were alive. By contrast, 477 infants

with SCID had received haploidentical marrow, and

301 (63%) survived worldwide; however, the

haploidentical transplants were not T cell depleted

until after 1980. Nevertheless, this is a major accom-

plishment because SCID is 100% fatal without mar-

row transplantation or, in the case of patients with

adenosine deaminase–deficient SCID, enzyme re-

placement therapy. The latter is helpful for only a small

percentage of patients with SCID because adenosine

deaminase deficiency accounts for only approximately

16% of cases of SCID.13,22,24 Only 17 patients with

SCID were reported as having received matched

unrelated donor (MUD) transplants, and 12 (71%)

were alive. Six patients with SCID were reported

as having received related or unrelated cord blood

transplants, and 5 were alive. Reviews of the European

experience with unfractionated HLA-identical and T

cell–depleted (or non–T cell–depleted) haploidentical

or matched unrelated bone marrow transplants in

patients with SCID have reported mean survival rates

of 77% for HLA-identical and 54% for mismatched

transplants, but they also showed that survival had

improved over time.23,25-27 A retrospective analysis of

the influence of the SCID phenotype on the outcome of

haploidentical marrow transplants by the European

Group for Bone Marrow Transplantation and the

European Society for Immunodeficiency found the

disease-free survival to be significantly better for

patients with B+ SCID (60%) than for those with B�
SCID (35%; P = .002).23,28 However, 12 (75%) of 16

infants with the B� Athabascan form of SCID caused

byArtemis deficiencywere reported as alive after bone

marrow transplantation in this country.29

Over the past 22 years, the author and her associates

have transplanted 134 infants with SCID, and 103

(77%) of these are currently alive from 1 month to

22 years after transplantation. No pretransplantation

conditioning was given except to 3 infants who also

7

FIG 7. Relative frequencies of the different genetic types of

SCID among 172 patients seen consecutively by the author.
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underwent cord blood transplantation. Only 15 had

HLA-identical donors; all 15 survive with functioning

grafts. One hundred nineteen patients with SCID

received half-matched related donor stem cells pre-

pared by the soy lectin, SRBC resetting, T cell–

depletion technique,7 and 88 (74%) of these patients

survive. After administration of such T cell–depleted

marrow cells (Fig 8), we have seen that it takes

between 90 and 120 days for the stem cells to mature

into phenotypically and functionally normal T cells

(Figs 9 and 10). This experience has shown that such

transplantation can provide normal numbers of T cells

and normalize T-cell function in all molecular types of

SCID. Despite the fact that all SCIDs have vestigeal

thymi (Fig 11), we have demonstrated that the T cells

that emerge after transplantation in these chimeras are

thymically derived14,16 and that the thymus gland can

achieve a normal size (Fig 12). The emerging T cells

are CD45RA+ and contain extrachromosomal DNA

circles formed during intrathymic T-cell development

FIG 8. Morphology of donor bone marrow cells remaining in

the final fraction after soy lectin and SRBC rosette depletion of

T cells. The cells have the appearance of immature myeloid

cells and stain negatively for CD3. Dendritic cells are present.

Some stain positively for CD34, and others stain positively for

CD7.

FIG 9. Kinetics of T-cell development after a T cell–depleted

HLA-haploidentical maternal bone marrow transplantation

was made into an infant with Jak3-deficient SCID.
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(TRECs). Before transplantation, neither the few host

T cells that are present nor any transplacentally

transferred maternal T cells contain TRECs, and they

are CD45RO+. However, after transplantation, there is

the gradual emergence of both CD45RA+ and TREC-

containing T cells, coinciding with the development of

T-cell function. These observations also taught us that

the thymus appears to function normally in all types of

SCID once normal stem cells are provided. Most

impressive is the fact that 36 (97%) of 37 infants we

transplanted in the first 3.5 months of life currently

survive (Fig 13).14,30 Thus there appears to be no

advantage in performing such transplantations in utero

as opposed to performing them soon after birth.31,32 In

utero transplantations also carry the risks associated

with injecting the fetus and the inability to detect

GVHD during gestation. The importance of early

diagnosis cannot be overemphasized. Unfortunately,

there is no newborn screening for this syndrome

anywhere in the world.

FIG 10. Kinetics of development of T-cell responsiveness to

mitogens after a T cell–depleted HLA-haploidentical maternal

bone marrow transplantation was made into the same male

infant whose T-cell phenotype is depicted in Fig 9. All dividing

cells were shown to have an XX karyotype.

FIG 11. Thymus from an infant with SCID. Epithelium is

present, but there are no thymocytes and no Hassall bodies.

The organ weighed less than a gram.
J ALLERGY CLIN IMMUNOL
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Wiskott-Aldrich syndrome

The second largest group of immunodeficient

patients undergoing bone marrow transplantations

since 1968 are those with the Wiskott-Aldrich

syndrome.33,34 In a report from the International

Bone Marrow Transplant Registry,35 170 patients

with Wiskott-Aldrich syndrome had undergone trans-

plantation, and the 5-year probability of survival for all

subjects was 70% (95%CI, 63% to 77%). Probabilities

differed by donor type: 87% (95% CI, 74% to 93%)

with HLA-identical sibling donors, 52% (95% CI,

37% to 65%) with other related donors, and 71% (95%

CI, 58% to 80%) with unrelated donors (P = .0006).

Boys who had received an unrelated donor transplant

before age 5 years had survivals similar to those

receiving HLA-identical sibling transplants. Many of

the deaths were from EBV-associated B-lymphocyte

lymphoproliferative disorders.20

Combined immunodeficiency

Patients with combined immunodeficiencies char-

acterized by less severe T-cell defects than in SCID

constituted the third largest group of patients un-

dergoing bone marrow transplantation since 1968.21

Thirty-three (51%) of 65 patients so treated were

reported as alive. HLA-identical marrow transplants

were clearly more successful (13/17 [76%]) than T

cell–depleted haploidentical (15/38 [39%])27 or MUD

adult marrow (0/2) transplants, but 5 of 7 recipients of

cord blood transplants were alive.36

Omenn syndrome

Forty-five patients with Omenn syndrome were

reported in the literature20,27,37,38 or to the author as

FIG 12. Computed tomographic scan of the anterior

mediastinum of a patients with Jak3-deficient SCID 4 years

after transplantation. Thymic tissue is in the normal position

(arrows), and the greatest transverse dimension measures 3.8

cm, which is normal for age. From: Myers LA. Hematopoietic

stem cell transplantation for severe combined

immunodeficiency (SCID) in the neonatal period leads to

superior thymic output and improved survival. Blood

2002;99:872-8. Copyright American Society of Hematology,

used with permission.14
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having undergone marrow transplantation since 1968,

and 23 (51%) were alive at the time. As with the other

non-SCID defects, however, the greatest success was

with HLA-identical sibling transplants, 9 (75%) of 12

of whom were alive, whereas only 11 (41%) of 27

haploidentical marrow and 3 (50%) of 6MUDmarrow

recipients were alive.

Leukocyte adhesion deficiency

Twenty-five (76%) of 33 patients with leukocyte

adhesion deficiency were alive after bone marrow

transplantation at the time of the survey and re-

view.20,27,39,40 All types of marrow transplantation

were successful in this condition: 6 (75%) of 8 HLA-

identical sibling transplants, 15 (71%) of 21 T cell–

depleted haploidentical marrow transplants, 2 (100%)

of 2 MUD adult marrow transplants, and 2 of 3 cord

blood transplants.

MHC antigen deficiency syndromes

Fourteen (54%) of 26 patients with the bare

lymphocyte syndromewere reported alive after having

undergone marrow transplantation.20,41,42 These in-

cluded 4 (44%) of 9 who received HLA-identical

sibling marrow but only 7 (35%) of 20 who received T

cell–depleted haploidentical marrow, 2 (100%) of 2

who received MUD marrow, and 1 (100%) of 1

(100%) who received a related cord blood trans-

plant.20,41,43,44

Chediak-Higashi syndrome

Eighteen (78%) of 23 patients with Chediak-

Higashi syndrome who underwent bone marrow

transplantation were reported to be alive.20,45-47

These included 10 (83%) of 12 who received HLA-

7

FIG 13. Kaplan-Meier survival curve for 37 consecutive infants

with SCID who received bone marrow transplantations at the

author’s institution from HLA-identical (n = 5) or HLA-

haploidentical (n = 32) donors before they were 3.5 months of

age without pretransplantation chemoablation or

posttransplantation GVHD prophylaxis. Thirty-six (97%)

infants survive for periods of 2 months to 22 years after

transplantation. The 1 death occurred from a CMV infection.
April 2004
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identical sibling marrow, 1 (20%) of 5 who received

haploidentical marrow, and 6 (100%) of 6 who

received MUD marrow.

CGD

Twenty (71%) of 28 patients with CGD who had

undergone bone marrow transplantation were reported

as alive, and a majority of these were chimeric.48-53

The overall survival figures included 18 (72%) of 25

HLA-identical sibling marrow recipients and 2 (67%)

of 3 recipients of MUD marrow.54 Success has been

reported in treating patients with CGD with the ‘‘mini-

transplant’’ approach by using HLA-identical sibling

donors.52,55 Impressively, a recent review of the

European experience with HLA-identical sibling bone

marrow transplantation for CGD from 1985 to 2000

with myeloablative or myelosuppressive condition-

ing regimens revealed that 23 of 27 patients were

alive, and all but one of the 23 were cured of their

disease.56

DiGeorge syndrome

Eleven patients with the complete DiGeorge syn-

drome were initially reported to the author as under-

going marrow transplantation, and 4 more underwent

fetal thymus or cultured mature thymic tissue trans-

plantation.57,58 The only survivors were 2 of the 3 who

received unfractionated HLA-identical sibling mar-

row, and 2 of the 2 who were recipients of explants of

cultured thymic epithelium. Twenty-six more were

identified from the literature by Goldsobel et al57 in

1987 as having undergone fetal thymus or cultured

thymic epithelial transplantation, and at the time of

their review, only 8 were alive and well. However,

more recently, 12 more infants with complete

DiGeorge syndrome underwent transplantation with

cultured thymic tissue, and 7 of these are alive.19

Other primary immunodeficiencies

Other disorders treated successfully by means of

bone marrow transplantation include X-linked hyper-

IgM (13/21 alive),59-64 reticular dysgenesis (12/21

alive),36,65,66 purine nucleoside phosphorylase defici-

ency (4/9 alive),67,68 cartilage hair hypoplasia (4/7

alive), X-linked lymphoproliferative syndrome (6/9

alive),64,69-71 pigmentary dilution (Griscelli) syn-

drome (3/7 alive),72 IL-2 deficiency (2/2 alive),21

common variable immunodeficiency (0/4 alive), chro-

nic mucocutaneous candidiasis (0/1 alive), ataxia

telangiectasia (0/4 alive), and Fas (CD95) deficiency

(1/1 alive).73

The author and her associates have performed

transplantations in 57 patients with non-SCID immu-

nodeficiency, and the survival rates are shown in

Table I.
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CONCLUSIONS AND CHALLENGES FOR
THE FUTURE

Clearly allogeneic bone marrow transplantation has

been a life-saving and life-extending procedure for

many patients with primary immunodeficiency di-

seases that lead to a very short life expectancy. The

most important advance in this field over the past 2

decades was the discovery that haploidentical donors

could be used for infants with SCID. Before that, very

few such infants could be treated successfully. Bone

marrow transplantation will continue to be the

treatment of choice for these lethal defects until gene

therapy is perfected and the problem of how to prevent

insertional oncogenesis is solved. However, bone

marrow transplantation is not a perfect treatment;

there are risks (death from infection, veno-occlusive

disease, and/or GVHD) that preclude its use for

patients with defects characterized by only antibody

deficiency. Such individuals can survive many years

with intravenous immunoglobulin replacement ther-

apy and appropriate antibiotic therapy. The most

successful application of bone marrow transplantation

has been in the treatment of SCID, in large part because

of the fact that these infants do not have T cells and

thus do not require pretransplantation chemotherapy

or posttransplantation GVHD prophylaxis. If bone

marrow transplantation is to be improved for patients

with genetic defects in the immune system, early

diagnosis will be essential before untreatable in-

fections develop. Screening tests for these defects

need to be established, not only at birth but at several

time points throughout life. Finally, safer condition-

ing methods need to be developed for those defects

that require chemoablation to prevent rejection, as

do improved means of controlling GVHD without

delaying the desired immune reconstitution.

Rebecca H. Buckley, MD

Departments of Pediatrics and Immunology
Duke University School of Medicine

Durham, NC

TABLE I. Survival rates of patients with non-SCID

immunodeficiency

Non-SCID defects treated

by the author No. transplanted

No. (%)

alive

Combined immunodeficiency 27 11 (41)

Purine nucleoside phosphory-

lase deficiency

4 2 (50)

ZAP70 deficiency 2 2 (100)

LAD 1 8 5 (67)

Omenn syndrome 5 2 (40)

Chediak-Higashi 2 2 (100)

CGD 2 2 (100)

Wiskott-Aldrich syndrome 2 1 (50)

IFNcR2 deficiency 2 1 (50)

CD40 ligand deficiency 3 3 (100)

Griscelli syndrome 1 0 (0)

LAD, Leukocyte adhesion deficiency.
J ALLERGY CLIN IMMUNOL
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