B KX LN N ) M

L " ¥ a e amla WPV PR S S VI . bla W

LT

ol bt bl T

1 NC

New England

Journal of Medicine

Established in 1812 as THE NEW ENGLAND JOURNAL OF MEDICINE AND SURGFRY

VOLUME 335 DECEMBER 5, 1996 NUMBER 23
ORIGINAL ARTICLES EDITORIALS
Effcct of Atcnolol on Mormality and Reducing Cardiovascular Risk in Patients
Cardiovascular Morbidity after Undergoing Noncardiac Surgery .........coee.e.. 1761

Noncardiac Surpery ........ivvicriereenes 1713
D.T. MANGaNO, E.L. LaYvc, A. WaLLacr,

anND 1. TATED

Percutanecous Radio-Frequency Neurotomy for
Chronic Cervical Zygapophyseal-Joint Pain ... 1711
S.M. Lorp, L. BARNSLEY, B.J. WaLLls,

K.A. EaGLE AND J.B. FROEHLICH

Treatment of Spinal Pain Syndromes ........... R 1763
R.B. NoRrTH

CORRESPONDENCE

, N Hospital Care for Dying Patients ..........ccccomneiinninnnenn. 1765
_ G.J. McDonaLD, AxD N. Bocpux Stroke in Users of Low-Dose Oral Contraceptives ...... 1767
Thc DCC Protein and Prognosis in Colorectal Treatment of Postherperic Nenralgia .......coveiviionnene, 1768

CanCEL ... e ereeeeaee e e savsttsee bt an s ssns s sau sann 1727
| D. SHIRATA AND OTHERS

Co-Trimoxazole in Wegener’s Granulomatosis ............. 1769
Retinitis Pigmentosa and Ataxia Caused by a
Mutaden in the Gene for the a-Tocopherol-

in ..... rerorereraretnesssssresanasseressnraseennsenresannnnes 1
IMAGES IN CLINICAL MEDICINE H;m?:mMMOMﬁﬁﬁﬂAClmahok e
A M:tasta!;is cnught in th: A:t e rseerres pnts sransareesnbas e 1733 31' t.h,c x"'hy Fll.l'ﬂl nnnnnnnnnnnnnnnn ARTSENNABPINASI RIS NAND YT YL '77'
D.]. BnaT AND R.H. HRUDAN
BOOK REVIEWS |..oricriritnrencenrsscnnnercssnraressosasasarneanne 1773
SPECIAL ARTICLE )
_ BOOKS RECEIVED .iiinnmnionessismnsnssssssisesnes (775
Partiapation of Life-Science Faculty
in Rescarch Rclaﬁonships with Indus-u-y _________ 1734 NOTICES ... teatstatenina senvante CereasetTtatsaraness stesesutvoraras sveeatess 1773
D. RLUMENTHAL, E.G. CAMPBELL, N. CAUSINO, CORRECTIONS
aND K.S. Louts Mycobacrerium ulcerans Osteomyelitis: A Closer Look
at the X-Ray Films .......... eoerateetseserinstrassanerastanesisereanes 1772
REVIEW ARTICLES Recurrence of Autoimmunc Diabetes Mcllirus
in Recipients of Cadaveric Pancreatic Grafts ........... 1778

Medical Progress: Chorionic Tumors .....eeiveeee. 1740
R.S. BExxowiTZz AND D.P. GOLDSTEIN

Current Concepts: Turner’s Syndrome ... 1749
P. SAENGER

LEGAL ISSUES IN MEDICINE

Cowboys, Camecls, and the First Amendment
— The FDA’s Restrictions on Tobacco

CLINICAL PROBLEM-SOLYING Adv:rtismg 01 ees i sEIaeeIINenIIesarttatne P PeSTIIUSSIPE ISR b snsesuen 17‘79
_ G.J. ANNasS
When Too Much Is Too Little ......cooovireeneane 1755
R.S. MORRISON, D.E. MEIER, aND C K. CassSEt. INFORMATION FOR AUTHORS v 1784

Qwuc, pwbiisbed, and © labr(qbrrd. 1996, by TIE MAISACHUSETYY MEDICAL SOCIETY

D509

THE NEW EncLAND JOURNAL OF MEMCINE (ISSN G028-4793) » published wuekly
fremm cdinwial affices at 10 Shattuck Strvet. Bowton, MA 021 15-60v4. Sutseriphun prece:
S115.00 per year. Periodicale postage paud st Roston and at addittienal masking ellices.
POSTMASTBR: Soend address changes s 0. Box 803, Waltham, MA 02254-0803.

vy "‘LHT*-‘ vy - p¥

ek Yol loleR ol . X ke
i p v Sm Y,

L N T Y




TREATMENT OF X-LINKED SEVERE
COMBINED IMMUNODEPFICIENCY
BY IN UTERO TRANSPLANTATION

OF PATERNAL BONE MARROW

ALan W, FLake, M.D.,
Maria-GrAZIA RoncasoLo, M.D., Pn.D.,
JenniFER M. Puck, M.D,,
(GRAZA ALMEIDA-PORADA, M.D., PH.D.,
Magk 1. Evans, M.D., MAgK P, Jounson, M.D.,
EsTasan M. AseLLa, M.D., Duane D. Harrison, M.D.,
AND Esmail D. Zanuani, PH.D.

EVERE combined immunodcficicncy is a con-
genital syndrome due to various generic abnor-
malides that cause susceptibility to infection,
failure to thrive, lymphoid hypoplasia, very low levels
of T lymphocyres, and hypogammaglobulinemia.l2
Unrreated, the disorder is usually fatal within the
first year of life. We reporr the successful treatment
of a fectus with the X-linked variant of severe com-
bined immunodeficiency by the in utcro wansplan-
tation of paternal bone marrow that was enriched
with hematopoictic cell progenitors.

CASE REPORT

The patient, [1 meonths old at this writing, is the sccond son
of a 28-ycar-old woman known to carry a mutation found in
X-linked severe combined immunodeficieacy. Her first son died
at seven months of age of scvere combined immunodeficiency,

contirmed by auropsy and molecular analysis. Seudies of his DNA |

identified a splice-donor-site mutation in the gene foe the com-
mon y chain of che interleukin-2 recepror (JL2RG) in compie-
mentary DNA ot position 868(+5) in intron 6,

The woman became pregnant again. Analysis of DNA obrained
at 12 weeks' gestation by chorionic-villus sampling showed thar
the fetus was an aftected malc. After extensive nondirective coun-
scling the family decided in favor of prenaral treatment.

Bone marrow was iarvested under genenal anesthesia from chie
30-vear-old father of the ferus, After enrichment of the bone mar
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row with CD34+ cells (hematopoictic cell progenitors), the ferus
received threc transplans of 14.8 million, 2.0 million, and 1.8
million cclis (114 million, 8.9 million, and 6.2 million cclis per
kilogram of csrimated fetal weight), respecrively, by percutanieous
ultrasound-guided, intraperitoneal injection at 16, 17.5, and 18.5
weeks’ gestation. Ar delivery by cesarcan secrion, the infane ap-
peared normal cxcept tor 3 mild macular rash. A biopsy of the
rash revealed no evidence of graft-versus-hose diseasc, such as in.
filerating lymphocytes, apoprotic keratinocytes, or vacuolar changes
ot the basal epithelium. The rash resolved with a seven-day coursc
of methylprednisolone at 2 dose of | mg pur kilogram of body
weight per dav intramusculacty.

METHODS

Ethical Consideravions

A decision to conunue the pregnancy independently of the op.
uon of in utcro transplantation was made by the parents after
consultation with specialists in genetics and pediatric immunolo-
gy. Both patents subscquently gave informed consent (ot the in
utero transplantation procedures, The protoco] and consent forms
were reviewed and approved by the Human Investigacion Com-
mittee of Wayne Seate Universicy.

Pranatal Genestic Evaluation

Identficadon of the JL2RG mutation and analvsis of DNA ex-
tracted from the biopsy of chorionic villi were performed accord-
ing to published techniques

Donor-Cell Processing

Paternal bone marrow was obnained by aspiration from the pos-
tenior iliac crest and placed in RPMI-1640 medium with preser-
vative-free hepanin. The mononuclear cells weee separated and di-
vided into three aliquots; the first was processed immediacely, and
the other rwo were cryoprescrved.

Afrer separation by Ficoll-Hypaque density-gradient centrif-
ugacion, mononuclear cells were incubated wich biotinviated mon-
oclonal antibody against CD34 in RPM] wicth 0.1 percent hu-
man scrum albumin. The cells were washed and passed through 2
Ceprate avidin=-biotin immunoabsorption column (Cellpro, Seat-
tle). The CD34+ cclis that bound to the column were removed
by gende agimrion. Incubarion with the antibody was repeated,
and the cells were passed through a sccond Ceprace column. Afece
each step of carichment, aliquots were taken for phenotypic as-
sessqient, assays to monitor loss of progenitor cells, and bacterial
and fungal cultures.

Injection Procedure

Injections were performed transabdominally with a2 22-gauge
3.5-in. (9-cm) spinal necdle under real-time ulerasound guidance.
The maximal volume injected was 1 mi.

Detection of Donor-Cell Engraftment

Analvsis of cord-blood mononuclear cells and fracrionated cells
for JL2R( sequences was performed as previously described
Mononuciear cells were typed with fluorescein-isochiocyanate~
conjugared monoclonal antibodics against HLA class | antigens.
The father was classificd a5 A3, A68, B7, B8, Bwé: the mother as
A3l, A30, B35, Bw§; and the paricnt as A3, A30, B35S, B8, Bwe.
Therctore, the donor-specific HLA class [ antigen HLA-B7, iden-
titied by monoclonal antibody against the antigen from hybrido-
ma HB-59 {Amecrican Typc Culture Colicction, Rockville, Md.),
was used to idencity donor cells i the infant,

For dual-color immunotluorescence analyscs, mononudiear cells
from the patient were stained simultancouwsly with the fluores.
cein-isothiocyanate-conjugated antibody aganse HLAB7 and a
phycoerythrin-conjugared monoclonal antibody againste CD2,
CD3,CD4,CD8,CDl14,CD19, CD38, or CDS6 (Beeron Dick-
wson, Mountuin Vicw, Qalit))® or a biotin-conjugited ancibody
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against CD34 (Calag, San Frandisco). The anubodies conjugared
with fluorescein isothjocyanate and phycoerythrin were used at
saturating c¢oncenirations. Conjugatcd monocional antibodies
with irrelevant specificities served as negative conmols. Cells were
analyzed with a FACScan flow cytometsr (Becton Dickinson). To
detect donor-derived hematopoictic progenitor cclls in che recip-
icne’s bone marrow, bone marrow cells obtaned from the infant
at three monchs of age that were positive for CD34 were selected
with the CD34 Isolation Kit according to the manufacturer’s in-
structions (MACS, Miltenyl Biotec, Baraisch-Gladbach, Germa-
ny).” The eariched pop pulation wai analyzed by dual-color flow
cytometry after smining with an allophycocyanin-conjugated mon-
oclonal antibody against CD34 (avidin-allophycocyanin, Becton
Dickinson) and a fluoresceini-isothiocyanare—conjugated antibody
against HLA-B7 or a phycoerythrin-conjugated monoclonal an-
tibody against CD38.

Proliferation Assays

Proliferative responses of cord- and peripheral-blood mono-
nuclear cells to phyrohemagglutinin, pokeweed mitogen, and con-
canavalin A were measured by standard methods.? The mixed-
lymphocyte reaction was performed according to a previously
described technique.?

RESULTS
Enrichmant of Donor Marrow with CD344 Celis

From the harvest of 12 4 billion parernal cells (1.9
percent of which were CD34+ cells), a total of 18.6
million cells were wransplanted in three aliquots, Af-
ter enrichment, the transfused parental cells were at
least 98.5 percent CD34+ cells and ar most 0.5 per-
cent CD3+ cells.

CD2

CD19

Engraftment

Phenotypic analysis by flow cytomerry of the re-
cipient’s cord blood at birth, five months after the
last ransplantation, with the use of HLA-B7 as a
donor-specific marker, demonstrated that all the pa-
tient’s T lymphocytes were of donor origin, whereas
his B lymphocytes (Fig. 1), monocyres (Fig. 1), and
natural killer cells (data not shown) were of host or-
igin, This partern of “split” chimerism in mononu-
clear cells of the blood was also found at 3 and
é months of age (8 and 11 months, respectively, af-
ter the last transplantation). The ILZ2RG scquences
in cord-blood cells had the donor’s genotype in the
T cells bur the mutant genotype in mononuclear
cells and granulocytes (Fag. 2).

A population of paternal hematopoictic stem cells
in the recipient’s bone rarrow was found by flow
cytomerry when he was three months of age. Ap-
proximarcly 3 percent of the separated CD34-+
bone marrow cells were HLA-B7 4+, Of the CD34 +,
CD38— cells in this enriched population, over 17
percent were HLA-B7+ (dara not shown; CD38
is a differcntiation rmarker that appears later than
CD34).

Hematologic Findings

Ar birth, the numbers of B cells and CD8+ T lym-
phocytes were normal (1312 B cells per cubic milli-
meter, 41 percent of toral lymphocyres; and 896

|
O
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HLA-B7?

Figure 1. Analysis of Cord Blood by Dusi-Color Flow Cytomery.

Donor cells are HLA-B7+-. Tha percentages of celis positive for both the linesge marker and HLA-B7
are indicated in the upper right qQuadrants, Essentially all the CD2+ and CD3+ cells (T ceils) are
HLA-B7 +, whereas all the CD19+ cells (B cells) and CD14+ cells (monocytes) are HLA-B7~.
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Fetus Father

Mononuclear

cells

1
T cells /

Patient

Granulocytes

n

Figl;lu 2. IL2RG Gene in the Patient Prenatally and Postnatally and in His Father.

The uppercase and lowercese letters shown at the right denote the DNA bases corresponding to the exon 6 and intron 6 splice
regions, respactively. The mutation in this genotype of severe combined immunodeficiency is a 5° splice-site transversion of g to
¢, which follows the end of excn 6. it can be seen in the celis from the fatus, which were obtained by chorionic-villus sampling.
The sequence in the patient's fother (the bone marrow donor) has the wild-type g at this position. The cord-blood mononuclear
cells from the patient had predamineantly the mutant sequence, but granulocytes had only the mutant sequence, and T celis had

only the donor genctype.

CD8+ T lymphocytes per cubic millimerter, 28 per-
cent of total lymphocytes) and have remained nor-
mal since then. The total lymphocytc count and the
numbers of CD3+ and CD4+ T lymphocvres were
all low at birth bur progressively increased and be-
carne norral for age at five months of age (10 months
after the last transplantation) (8200 lymphocytes per
cubic millimeter; 5248 CD3+ lymphocytes per cu-
bic mulimeter, 64 percent of total lymphocyres: and
3034 CD4+ lymphocytes per cubic millimeter, 36
percent of total lymphocyres). These values remained
normal at 11 months of age.

Celiular Immune Function

Serial measurcements of in vitro responses of the
patient’s lymphocyxes to plant mitogens were gener-
ally more than 10 times greater chan those of con-
rols (medium alone). Ar one month of age the
responsc of the patient’s cclls to phytohemaggluri-
nin was 17,342 disintcgrations per minute (dpm);
to pokeweed mitogen, 5322 dpm,; and to concanav-
alin A, 12,847 dpm (conrrol, 560 dpm after threc
days of incubation). The responsc of the cclls to mi-
togen has fluctuaced, bur since the age of six months
tt has equaled or exceeded that of normal subjects
(valucs at six months of age: phytohcmagglurtinin,
87,333 dpm; pokewced mitogen, 8566 dpm; and
concanavalin A, 47,636 dpm).

Humoral immune Function

Serum concentrations of IgM have been normal
since birth. IgG concentrations progressively fell to
a physiologic nadir atr four months of age and chen
rosc into the low-normal range. IgE concentrations

1808 December 12, 1996

have increased to within the normal range, bur IgA
rermains undetectable. At scven months of age, after
three rounds of vaccination, the padent had detect-
able IgG annbodics against diphtheria toxoid (titer,
1:640), tetanus toxoid (dter, 1:1280), and hacmoph-
ilus (0.4 pg per milliliter).

Immunologic Tolerance

The patient’s mononuclear cclls, obtained when he
was three months of age, did nort respond to the fa-
ther’s mononuclear cells in a mixed-lymphocyte reac-
uon (value, 2193 counts per minure [cpm]; conurol
value, 2028 cpm) and had a partial response to the
mother’s mononuclear cells (7048 cpm), bur were
fully responsive to mononuclear cells from three un-
related persons (15,111, 24,294, and 22,844 cpm).

Clinical Course

The padent has remained in excellent health since
birch. He has undergonc surgery for an incarccrated
mguinal hernia and strabismus withour complica-
tuon. He has had rwo upper respiratory tract infec-
tions and a single cpisode of otitis media, all of which
resolved normally. His growth and development are
normal at 11 months of age (75th percendle for

height and weight).

DISCUSSION

The genetic basis of X-linked severe combined im-
munodeficiency is a muctation of IL2RG, the genc
cncoding the common cytokine-recepror y chain 104!
This mutation, by inactivating the common v chain,
renders che T cells of boys with X-linkad severe com-
bined immunodeficiency unresponsive to several cy-

4 P
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tokines. The resulc is 2 block in T-cell development
and a severe deficiency of mature T cells, B cells, al-
though present in normal or even increased num-
bers, are dysfuncrional,i2

X-linked severe combined immunodcficiency can
be diagnosed prenatally by molecular techniques.fais
This allows planning for bone marrow transplanta-
tion in the first weeks or months of life.151¢ Resulcs
are cxcellent (almost 100 percent) with an HLA-
identical donor (15 to 30 percent of cases), but
survival is 60 to 80 pcrcent if 2 parent whose HLA
antigens match half of thosc of the child’s is the do-
nor.)$-17 The success of bone marrow rransplantation
can be hindered by preexisting infection, graft fail-
ure, graft-versus-host discase, and the usual delay

(three to four months) before immunologic recon-

stitution is complete.

The biology of X-linked severe combined immu-
nodeficiency gives transplanted normal T lympho-
cytes a growth advantage and may allow postnartal
transplantation withour myeloablation. This sejec-
tive advantage may explain the state of split hema-
topoictic chimerism after postnaral bonc marrow
transplancation, in which all T lymphocytes are of
donor origin,3134819 whereas all other lineages arc of
host origin. In our patient we found split chimerism
after prcnatal bone marrow transplantation.

The rationale for prenatal transplantation of hem-
atopoictic stem cells is based on the ontogeny of the
hematopoietic system.29-22 In early gestanon the fe-
tus js immunologically inmaturc, and space is avail-
able in the developing bone marrow for engraftment
of hematopoicuc stem cells. In normal sheep, trans-
planted allogencic or xenogeneic hematopoictic stem
cells cngraft carly in gestauon, without immunosup-
pression or the nced for mycloablation.?*3? These
resules indicate the capacity of donor hemaropoieric
cells to competc with host cells for growth in a nor-
mal hematopoictic environment. In partients with a
diseasc that provides a sclecuve growth benefit for
normal cells, such as T cells in X-linked scvere com-
bined immunodeficiency, prenatal transplantaton of
normal cells could be parricularly advantageous. The
impressive levels of donor-ccll engraftment we found
In our paticnt support the ratonale for such trans-
plantation.

Clinical expcrience wich in utero hemaropoictic
stem-cell transplantation is limited.2® In most cases
cngraftment has not becn achicved. Touraine and
collcagues?*#2 have reported the successful treat-
ment of one patienc with bare lymphocyte syndrame
and another paticnt with autosomal severc com-
bined immunodeficiency by in utcro transplantation
of hemartopoicric cells from fetal liver. Multiple pre-
natal and postnatal feral liver transplantations werc
performed, and published evidence of engraftment
In these two patients is limited.

The risks of in utcro hemaropoictic stem-ccl! trans-

|

|

plantation must be considered. The fetus is particu-
larly susccprible to grafr-versus-host disease, the in-
duction of which depends on the number of T cells
in the graft.3%% Wc have demonstrated the engraft-
ment of adult hematopoieric cclls enriched with
CD34+ cclls without the occurrence of graft-ver-
sus-host discase in a xenogencic human—-sheep mod-
cl.33* Thc enrichment incrcased the number of
hematopoietic stcm cells while reducing the number
of T lymphocytes. Jo minimize the number of trans-
planted T cells, we passed the father’s bonc marrow
cells through anti-CD34 imrmunoabsorption col-
umns twice. An additional concern was the proce-
dure itself. The risk of loss of pregnancy with chori-
onic-villus sampling is 0.5 o 0.75 percent.® The
risk of loss of pregnancy from a single prenatal incra-
peritoncal transfusion, bascd on extensive expericnce
in the weatment of feral anemia, is approximarely
1 percent4® The predicted additive procedural nsk
for our paticnt was therefore less than 4 percent.
The presence of donor-derived CD34+,CD38~

cells in the paucnt’s bone marrow scrongly suggests

the engraftment of donor hemaropoietic stcrn cells,

early progenitors, or both. Furthermore, the number
of CD3+ cclls we transplanted, as compared with
the number already present in the patient, would re-
quire a massive increase in the number of donor
lymphocytes, which is unlikely in the absence of graft-

versus-host diseasc, The presence of multipotent pro-
genitor cells of donor origin in 2 patient with severe
combined immunodeficicncy and split chimerism af-
ter postnatal bone marrow transplantation has been
documented by othcrs.*

There are many porential advantages to prenatal
ransplanwarion, including the ability o ¢ngraft un-
matched donor cclls without immunosuppression
or ablation of the recipient’s bone marrow. Early ges-
tational transplantation allows immunologic recon-
stitution to begin before the onsct of clinical mani-

festations of the diseasc, and the development of

donor-specific tolerance could allow the recipient to
reccive postnatal transplants from the same donor.
The risks of in utcro transplanration appear to be
low, and failure of engraftment does not preclude
standard postnatal therapy. The success of this casc
supports the cautious application of in utero trans-
plantauon to orher selected congenital hematologic
diseascs.

Supported in part by granis from the Public Health Scrvice (HL 52954
er Dr, Flake and H1L49042-04, H 148378, DK581427, and H1.52955 s Dr.
Zanjani), and by the G. Harvld and Lcils Y. Mathers Charitable Foundartion.
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