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Nonmyeloablative stem cell transplantation for congenital immunodeficiencies
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Ghulam Mufti, Nedim Hadzic, Graham Davies, and Paul Veys

The optimal approach for stem cell trans-
plantation in children with immunodefi-
ciency has yet to be determined. Condi-
tioning therapy is necessary for reliable
engraftment and full immune reconstitu-
tion; however, the beneficial effect of cy-
toreductive conditioning is counterbal-
anced by increased short- and long-term
treatment-related toxicity. Whether bone
marrow transplantation with a nonmyeloa-
blative preparative regimen was suffi-
cient for the establishment of donor im-
mune reconstitution, with the resultant
correction of disease phenotype, was in-
vestigated. Eight patients with severe im-
munodeficiency states underwent T-cell
replete bone marrow transplantation from
a human leukocyte antigen-matched unre-
lated (n = 6) or sibling (n = 2) donor with
nonmyeloablative conditioning using a

fludarabine—melphalan—anti-lymphocyte
globulin-based regimen. All patients had
severe organ dysfunction that precluded
transplantation with conventional condi-
tioning. All patients were engrafted with
predominantly donor hematopoiesis, and
the duration of neutropenia was brief.
Significant acute graft-versus-host dis-
ease (GVHD) did not develop, but one
patient had limited chronic GVHD. One
patient died of disease recurrence, and 3
have stable, mixed chimerism. At a me-
dian follow-up of 1 year, all patients have
had good recovery of CD3 + T-cell num-
bers, and 6 of 7 evaluable patients have
normal phytohemagglutinin stimulation
indices. The rate of immune reconstitu-
tion is comparable with that of historical
controls undergoing standard myeloabla-
tive protocols. Two patients with CD40

ligand deficiency now show significant
expression, and a patient with adenosine
deaminase deficiency has improved de-
oxy adenosine triphosphate metabolites.
In summary, it has been demonstrated
that nonmyeloablative stem cell transplan-
tation permits rapid engraftment from
both sibling and unrelated donors with
minimal toxicity even in the presence of
severe organ dysfunction. If long-term
immune reconstitution of patients treated
with this protocol is demonstrated, it is
believed this approach might offer signifi-
cant advantages compared with standard
protocols by combining adequate im-
mune reconstitution with reduced short-
and long-term toxicity. (Blood. 2000;96:
1239-1246)
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Allogeneic stem cell transplantation (SCT) is curative for congenpatients have poor B-cell reconstitutibithese problems have led
tal immunodeficiency states. However, the optimal strategy famany groups to use conditioning before HLA—haploidentical SCT,
SCT in children with severe immunodeficiency who lack a humaend there is preliminary evidence to suggest that this may improvi
leukocyte antigen (HLA)-identical sibling donor remains controveB- though not T-cell recovery, particularly in patients with B-
sial. One approach is SCT from an HLA-matched unrelated don&CID$ Overall, with the available SCT protocols for children with
Filipovich et al have reported excellent engraftment and long-terimmunodeficiencies (particularly those with residual immune func-g
immune reconstitution after T-cell-replete unrelated donor bomien) who lack an HLA-identical donor, intensive pretransplantg
marrow transplantation (BMT) with myeloablative conditioningconditioning appears to be a prerequisite for reliable engraftmeryg
therapy. The ability to use a T-cell-replete graft from an unrelateshd complete immune reconstitution. The beneficial effect of cytoredué
donor makes this an attractive approach from the point of view e conditioning, however, is counterbalanced lyréased short- and Ti
immune reconstitution, though this must be counterbalanced by fbag-term toxicity. In particular, infection and end organ decompen<g
increased risk for graft-versus-host disease (GVHD) and tlsation contribute to the high treatment-related mortality rates see@
potential for delay in transplantation because of the donor searutith conventionally conditioned SCT in older children who have 5
An alternative approach is to use bone marrow from a haploidengiequired organ dysfunction. Similarly, late adverse effects, such g%
cal donor who has been rigorously T-cell-depleted to prevegitowth retardation, infertility, and secondary malignancy, are particu®
GVHD. The advantage of this approach is that the donor is readlbyrly difficult to justify in children with nonmalignant disorders

available. However, in the absence of conditioning therapy, a Recently, some group$? have reported SCT for hematologic
significant incidence of graft failure has been reported in patiemtsalignancies, generally from HLA-identical sibling donors who
with T-B-NK+ SCID and adenosine deaminase (ADA) defiwere on highly immunosuppressive but nonmyeloablative regi-
ciency? Further, the time course of T-cell reconstitution may benens. Indeed, with such regimens, it appears possible to establish
prolonged in some patients, which may necessitate a subsequamraftment against major histocompatibility complex-mis-
bone marrow “boost” to improve immune recovérgnd many matched barriers This represents a shift from the paradigm that
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the main goal of SCT is to rescue hematopoiesis after maximafigthway, and patient 8 had a]TB—NK+ phenotype with absent specific
tolerated doses of chemotherapy and radiotherapy to one in whigtibody production and autoimmune thrombocytopenia.

the aim is to establish a state of host tolerance to the effector cells of Pretransplant co-morbidities are detailed in Table 1. Three patients had
the GVHD response. With many of these regimens, it does seéﬂg-stage sclero§ing cholangitis, and recurrent varicegl bleeds'necessitated
that reliable myeloid and lymphoid engraftment can be achiev%ﬁfr transplantation 1 month before BMT in one patient. Patient 8 had

ithout loablati d with " d d short-t onic hepatitis B, which was treated with lamivudine. One child had
without myeloablation and with apparently reduced ShOrt-teriy, o e pronchiectasis. Five others had histories of severe respiratory

toxicity. A'thOUQh in general follow-up is too short and rela_‘p_s?nfections (including 2Pneumocystipneumonitis, 1 RSV [respiratory
ratgs are too h'_gh t(? assess long-term transmaf].t're'ated.tO.X'C'tysyﬁcytial virus] bronchiolitis), requiring ventilation in one patient. Two
is likely that this will also be reduced. In addition, preliminarypatients had presumed encephalitis and most (6 of 8) had significant
reports of pregnancies after nonmyeloablative SCT are encouragiagteropathy, resulting in weight loss that required either nasogastric or
Given the reduced toxicity of SCT with nonmyeloablativeparenteral feeding.

conditioning, it seems an attractive approach to take for children For comparison with regard to engraftment and immune reconstitution,
with nonmalignant disorders in whom myeloablation per se playé used a series of 19 consecutive patients with congenital immunodefi-
no role in disease eradication and in whom a mixed chimeric st&f&"%Y (g gg‘:(;‘?_ syn;rgn;_ez 4 “”‘jle';':”\?ldD CiDc’i sz'S't(otFe'A'd”Ch _tsy”'l
may be sufficient to correct the disease phenotype. We reasone & 'gand deticiency, 1 & VID, 1 dyskeralosis congenita,

. . . . / , 1 PNP, 1 major histocompatibility complex class Il deficiency,
might be particularly useful for severe immunodeficiency states n

- . . o o RAG, 1 IFN+«y receptor) who underwent SCT from HLA-matched
which, by virtue of the host’'s immunodeficiency, reduced COI’]dItIO@-IanQ (n = 10) or unrelated donors (A= 9) at our institute with

ing may be sufficient to establish host tolerance to the donggnventional myeloablative conditioning using standard busulphan
immune cells responsible forimmune reconstitution. Further, magyclophosphamide protocols.
children with immunodeficiency states acquire organ toxicities that
preclude SCT with conventional conditioning regimens. SCT withreparative regimen, transplantation, and supportive care
nonmyelogbla’[lve COI’ldItIO!’III’l.g may offer.the potgntlal for the mc.)r(e:onditioning therapy consisted of the following: fludarabine 30 nigin®
complete immune reconstitution seen with conditioned SCT Wltlzaa o -

L . S ys—7 to —3), melphalan 140 mg/f{day —2), and ALG 2.5 mg/kgx 5
out the toxicity of gonven'Flonql condltlonlng. WO‘?'frey e%"s.lhave (day —2 to +2 for unrelated donor transplants, dayt to 0 for sibling
reported stable mixed chimerism in 2 patients with T-cell IMMUNQransplants). Two patients (patients 5 and 6) younger than 1 year had &
deficiency after sibling SCT using only post-transplantimmunosupsduced melphalan dose of 125mé/atient 5 was also given a reduced :
pression with mycophenolate mofetil and cyclosporin A. One @fose of fludarabine (30 mgAnx 4). The total number of unfractionated
these patients showed evidence of improved T-cell immunity afteitogeneic bone marrow mononuclear cells infused on day O ranged fro
SCT. Here we report the first series of nonmyeloablative SCT f&r3 to 6.6x 10°/kg (median, 2.8< 1(?/kg). No T-cell depletion or stem cell
childhood immunodeficiency states. In that series, 6 of 8 patierf@ection procedures were used. Prophylaxis against GVHD was wi
had no HLA-identical sibling donor and received SCT fronfyclosporin A 1.5 mg/kg twice daily intravenously starting on dag
HLA-matched unrelated donors. To balance the potential for bet{§KCePt for patient 2, who was on tacrolimus after liver transplantation) andt

methylprednisolone 1 mg/kg intravenously starting on day 3. When patient§

immune recanstitution with the risk for GVHD, we elected to us9vere able to take oral medication, they were switched to oral cyclosporin&

T—Celll—rep.lete grafts with pa.rtlal In vivo T_Ce” depletion ,usmgand prednisolone. In the absence of GVHD, prednisolone was tapered fro%
rabbit anti-lymphocyte globulin (ALG). In view of the experimen-gischarge over 2 to 4 weeks, and cyclosporine was continued to day 100 afgl

tal nature of such an approach, our initial studies were performediian tapered over 1 month with careful monitoring of chimerism. All
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patients in whom SCT with conventional conditioning therapy wasatients received G-CSFfy/kg per day from day 8 until neutrophil counts 2
contraindicated because of severe organ dysfunction. recovered to more than X 10%L. Antimicrobial prophylaxis during the &
transplantation period consisted of acyclovir 750 to 1500 mgler day E
intravenously from day—3 and then 2400 mg/tper day orally to 6 &
months, itraconazole 5 mg/kg per day until neutrophil recovery, co-go
Patients and methods trimoxazole adjusted to body surface area from neutrophil recovery to g
months or normalization of the PHA stimulation index, penicillin V 250 to 3
Patients 500 mg/d from discharge to 2 years after transplantation. Patients at hig

risk for fungal infection, those unable to tolerate itraconazole, and thosé

This study involved patients with immunodeficiency who were ineligiblgyith severe enteropathy received AmBisome 1 mg/kg daily rather than
for conventional myeloablative conditioning because of comorbidity. Nongaconazole. Additionally, 3 patients with sclerosing cholangitis received
of the patients were candidates for SCT without Conditioning because éﬁti_cryptosporidia| prophy|axis with paromomycin B@/kg per day Ora"y
residual T- or natural killer-cell function that was likely to compromiseyr 16 mg/kg per day intravenously and oral azithromycin 10 mg/kg per day.
engraftment. Patient characteristics and immunologic profiles before BMSgient 8, who had chronibepatitis B infection before BMT, continued
are outlined in Table 1. The median age was 6.5 years (range, 9 monthgi@iyudine therapy throughout the transplantation period. Blood and urine
18 years). All donors were fully HLA-compatible serologically at class samples of all patients were screened by DNA PCR and the DEAFF test,
(A, B, Cloci) and molecularly at class 2 (DRB1, DQBL1 loci). respectively, each week to check for cytomegalovirus; those who tested

Two children had CDA40 ligand deficiency, 5 had combined or seveRsitive were treated with ganciclovir. All patients received intravenous
combined immunodeficiency (1 ADA deficiency, 4 uncharacterized), anghmunoglobulin 0.5 g/kg per week during the transplantation period and then
one had X-linked lymphoproliferative disorder evolving into hemophagQsyery 3 weeks until the CD4 count was more than 300 lerand serum
cytic lymphohistiocytosisThe patient with ADA deficiency was treated inmunoglobulin A and M levels had normalized.
with PEG-ADA and had resultant improvement in lymphocyte counts.
Treatment was discontinued 3 weeks before BMT to decrease the Iikelihoggde endpoints
of graft rejection. Of the patients with undefined combined immunodefi-
ciency, patient 1 had progressive T- and B-cell lymphopenia with a po®he primary endpoints of the study were to evaluate engraftment, toxicity,
phytohemagglutinin (PHA) response, patient 6 hadBF-NK — SCID with  incidence of acute GVHD, and day 100 transplant-related mortality rates.
extremely diminished immunoglobulin production suggestive of a primaigngraftment was defined by neutrophil recovery to more than<018°/L
T-cell defect, patient 7 had a JT B+NK— phenotype, with abnormal in conjunction with FISH/VNTR studies demonstrating donor hematopoi-
activation of JAK3 on IL-2 stimulation suggestive of a defect in thiesis. Engraftment was evaluated monthly for the first 3 months and then
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Table 1. Patient and disease characteristics and pretransplant complications

PHA stimulation S.I.

Patient Age/sex Diagnosis Lymphocytes/mm?3 (normal > 100) Complications Donor
1 10y/M CID Abs. L 180 6.1 Bronchiectasis MUD
CD381 Sclerosing cholangitis
CD4 61
CD19 18
CD16 10.8
2 18y/M CD40L deficiency Abs. L 1470 361.4 Sclerosing cholangitis MUD
CD3975 Orthotopic liver transplantation
CD4 780
CD19 397
CD16 59
3 11y/M CDA40L deficiency Abs. L 3640 220.7 Sclerosing cholangitis MUD
CD3 2802 Cryptosporidiosis
CD4 1783
CD19 510
CD16 218 9
4 3.8y/M XLP/HLH Abs. L 1990 197.2 Pneumonitis MSD ch
CD3 1444 CNS HLH :-:.
CD4 896 =
CD19 438 E
CD16 20 Z
5 9 molF ADA deficiency Abs. L 630 11 Pneumonitis MUD 5
CcD3170 Enteropathy 2
CD4 151 Z
CD19 12 =
CD16 384 G
6 11 mo/M T+B—-NK— Abs. L 1020 445.4 Pneumocystis carinii pneumonitis MUD %
SCID CD3979 3
CD4 765 Enteropathy %:
CD19 30 g
CcD160 B
7 14 mo/M T_B+NK— Abs. L 1430 8.9 Meningoencephalitis MUD S
SCID CD3 229 RSV bronchiolitis %
CD4 57 Failure to thrive &
CD19 1158 Enteropathy %
CD16 10 N
8 10y/M CID Abs. L 1070 47.3 Autoimmune thrombocytopenia MSD %
CD3 963 3
CD4 460 Hepatitis B infection -g-,,
CD190 Enteropathy E
CD16 64 i
g
&
[
every 3 months using Y-chromosome-specific fluorescent in situ hybridiaaptake in 3-day cultures of peripheral blood mononuclear cells stimulateé
tion (FISH) in the presence of a sex mismatch between host and donor ontith a range of concentrations of PHA O tqu@/mL). §
s

VNTR microsatellite analysis. Lineage-specific chimerism was analyzed by
separating peripheral blood mononuclear cells over a Ficoll density
gradient, with isolation of the granulocytes from the red cell pellet followed

by red cell lysis. Chimerism was quantitated from the percentage of do sults
cells in FISH or VNTR studies by calculating the percentage of Y-

- ) . . Tfoxicity and survival
chromosome—positive cells or by comparison with known mixtures o

recipient and donor DNA, respectively. These assays are able to defgfthis cohort of patients at high risk, SCT with our nonmyeloabla-
mixed chimerism if more than 5% recipient or donor DNA is presentjye protocol was extremely well tolerated. The median duration of

Mix_ed chimerism was defined as the presence of more than 5% hogfjmission was 52 days (range, 27-84 days), which is comparable to
derived cells on more than one occasion in any of the whole bloofh(ftt for our historical cohort of children undergoing conventionally
mononuclear cell, or granulocyte fractions. Acute GVHD was assesse

using the Seattle criteri&. Toxicity was assessed using the criteria otcondltloned SCT for immunodeficiency at this center (median, 54

Bearman et al® Secondary endpoints included immune reconstitution an%ayS; range, 35-180 day#jt the time of writing, 7 of 8 patients are

incidence of chronic GVHD, defined as GVHD occurring 100 days or mor%“ve and well. Patlerjt 4 d'efj of multlorgan failure secondary to
after BMT and graded as none, limited, or extensive. Immune reconstitutirseudomonas Iaeruglnos&.lpt.lcemla_after trgatment for recurrent
was studied at 1, 2, 3, 6, 9, 12, and 15 months by FACS analysis @¢Mophagocytic lymphohistiocytosis. The incidence rate of com-
peripheral blood mononuclear cells using fluorescein isothiocyanat8l0n transplantation-related complications is summarized in Tables
phycoerythrin-labeled antibodies against CD3, CD4, CD8, and cD18,and 3. It can be seen that the major regimen-related toxicities
immunoglobulin A and M levels, and assay of PHA stimulation indebserved (Table 3) were gastrointestinal and hepatic. Hepatotoxic-
(defined as the ratio of baseline:maximal stimulated levetsighymidine ity is discussed below. Mucositis was generally mild to moderate;
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however, 6 of 8 patients had pre-existing enteropathy so thaffaple 3. Transplantation-related complications: regimen-related toxicity
patients required parenteral nutrition. Patient 2 had a generaliZBj"°e" of patents)
seizure on day 18 in association with hypertension and was found Bearman score

by magnetic resonance angiography to have 2 nonenhancing 0 I I I v
vasculitic lesions in the right parietal lobeis seizure was easily pumonary 8 0 0 0 0
controlled with anticonvulsants, he had no other neurologic deficitardiac 8 o 0 0 0
and lesions found on computed tomography resolved on subsgepatic 2 3 2 1 0
guent scans. The only other neurologic toxicity observed wasRenal 4 1 3 0 0
moderate degree of sensorineural hearing loss in patient 4, who Riggratitis 0 3 5 0 0
received intravenous paromomycin for Cryptosporidiosis. Idid%aSt;"‘"tes“"a' ; 3 i g 8
er

pathic pneumonitis, veno-occlusive disease, and post-transpl%'ﬁ
lymphoproliferative disease were not seen.

With regard to infection (Table 2), 7 of 8 patients had more thasind myeloid lineages was generally concordant. Patient 4 experi-
one episode of neutropenic fever, blood cultures were positive ireiced a decline in the contribution of donor cells to hematopoiesis
patients. In one child with CD40 ligand deficiency and sclerosingt 2.5 months after transplantation that was associated with fever,
cholangitis, Cryptosporidial cholangitis developed on day 15. Hiseepatosplenomegaly, decreased peripheral blood count, and bio-
symptoms resolved with engraftment and intravenous paromomyaitvemical, bone marrow, and cerebrospinal fluid evidence o
azithromycin. Patient 8 had severe herpes simplex virus oropharyeeurrent hemophagocytic lymphohistiocytosis. This may havé
gitis on day 28, recurrent cytomegalovirus (CMV) reactivationseen precipitated by a passive transfer of donor Epstein-Barr virus
treated with foscarnet, and adenovirus infection at day 19 that waBV in the absence of adequate T-cell reconstitution because t@
treated with ribavirinNo fungal infections were observed. donor was serologically positive for EBV, and the patient becamez

Given that 5 of 8 patients had significant antecedent livéiBV DNA positive at the time of disease recurrence. He wa%
disease (sclerosing cholangitis, chronic hepatitis B), it was nweated with anti-thymocyte globulin and etoposide and receivedé
surprising that transient hepatotoxicity was frequently seen. Asiflather bone marrow graft from his sibling at day 91, but he died of
from the episode of cholangitis referred to above, the only maj@seudomonas aeruginossepticemia on day 104 after BMT
example of this occurred in patient 2, in whom transient biopsyratient 5, who had ADA deficiency who was given reduced:
proven hepatitis—presumed to be viral in origin—developed in honditioning with fludarabine 120 mgfrand melphalan 125
transplanted liver on day 38. As seen in Table 4, 6 of 8 patients hady/n?, had progressive decrease in donor chimerism from 1 mont&
significant transient worsening of liver function (as defined by after transplantation, consistent with the recovery of recipiené
doubling from pre-transplant values of one or more of theRematopoiesis. This was initiallgnanifested in the lymphoid and %
following parameters: bilirubin, alkaline phosphatase, aspartagebsequently in the myeloid lineage. However, this was stabilized witi
transaminase, or alanine transaminase). However, all have itme withdrawal of immunosuppression therapy, and, at the time
proved, and 5 of 7 evaluable patients, including all 3 patients withriting, she has remained a mixed chimera.
the most severe pre-BMT liver disease, had normal liver function )
findings at the time of the most recent follow-up. The other Graft versus host disease

patients had mildly elevated alanine transaminase levels. Four of 8 patients (50%) had grade 1 acute GVHD of the skin, an@
1 might have had mild hepatic involvement simultaneously. This-;°
generally occurred at approximately the time of engraftment; alE
In all patients, absolute neutrophil counts dropped to below<0.1 patients responded well to prednisolone 1 to 2 mg/kg per day. N&
1%L, but all had prompt hematopoietic recovery. The median timgatient had acute GVHD higher than grade 1. Patient 8 had limiteg
to neutrophil recovery to more than 0% 10°L was 13 days chronic GVHD of the mouth and lower gut at 5 months after BMT%
(range, 9 to 17 days), and to an unsupported platelet count of mdnat responded well to prednisolone 2 mg/kg per day. He is novg
than 20X 1Q°/L, it was 22 days (range, 10 to 37 days). Thigaking reducing steroids, though he remains on cyclosporin A.
compares favorably to counts in a cohort of 19 patients with _
congenital immunodeficiency who underwent transplantation iggmune reconstitution
this center with standard busulphan/cyclophosphamide conditiqfiyyre 1 shows recovery of CB3CD4+, and CD8 T cells, PHA
ing regimes. Median time to neutrophil recovery was 16 daygimulation index, and CD19B-cells after nonmyeloablative stem
(range, 11 to 32 days), and median time to platelet recovery wasgd| transplantation. At a median follow-up of 12 months, all 7
days (range, 8 to 112 days). The median number of bloggaluable patients have had good recovery of T-cell numbers, and 5
transfusions was 5.5, and the median time of platelet transfusiq§sz nave achieved normal age-related CD3 counts. All 4 patients
was 11.5. As shown in Table 5, at 1 month after transplantation, 7\gfth low CD3 counts before transplantation now have improved
8 patients had engrafted with full donor chimerism and 5 of yajyes. In all patients CD8 recovery preceded CD4 recovery. Four
evaluable patients had maintained predominantly donor hematopgi-7 patients now have normal CD4 counts, and all have achieved
esis. In contrast to previous repottchimerism in the lymphoid cp4 counts of more than 3Q0L. Three of 4 patients with low
CD4 counts at presentation now have significantly improved

Suone:
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Table 2. Transplantation-related complications: incidence of infection values, and the remaining patient is still on immunosuppression for
Bacteremia 6/8 chronic GVHD. With regard to T-cell function, 6 of 7 evaluable
Viral patients now have normal PHA stimulation indices, and 3 of 4
CMV (blood) 1/8 patients with poor values at presentation show marked improve-
Adenovirus (blood) 0/8 ment In our historical cohort, 12 of 17 evaluable patients achieved
Adenovirus (stool) 3/8 a normal CD3 count, 12 of 16 achieved a normal CD4 count, and
] O‘“Tr (RSV, HSV) 52 16 of 17 had a normal PHA stimulation index at a similar point in
ungal

follow-up. In the current study, 4 of 7 evaluable patients achieved
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Table 4. Transplantation-related complications: hepatotoxicity

patient Bilirubin (uM) Alanine transaminase (IU/L) Alkaline phosphatase (IU/L)
no. Pre-SCT Peak Current Pre-SCT Peak Current Pre-SCT Peak Current
1 7 11 7 70 205 26 483 1075 280
2 144 130 11 67 375 23 810 1113 141
3 15 203 7 130 207 45 443 1022 244
4 10 20 32 65 92 13 175 292 356
5 3 9 5 41 136 81 152 196 214
6 7 15 8 16 87 143 115 144 217
7 3 16 5 81 22 11 181 185 126
8 8 26 5 53 162 25 157 118 95

Normal ranges: bilirubin, 2-18 uM; ALT, 10-35 IU/L; ALP, 30-350 IU/L.

normal CD19 counts (compared to 9 of 16 in our historicalglobulin A levels (data not shown). Four patients continue to
cohort), and all 4 patients with low CD1%ounts at presentation undergo prophylactic intravenous immunoglobulin replacement
have shown significant improvement. Four patients have nornihkrapy. None of the patients have so far been vaccinated to assgss
immunoglobulin M levels, and 2 patients have normal immunaspecific antibody production. In patient 5, dATP levels improved to3

§_
3
Table 5. Engraftment and chimerism after non-myeloablative stem cell transplantation g
Patient Cell dose (108/kg) Neut >0.5 (days) PI >20 (days) Months post-BMT % Donor whole blood % Donor PBMNC % Donor gran %
©
1 2.5 9 13 1 100 100 100 5
2 95 90-95 95 g
3 95 95 95 Z
6 N ) 9 =
9 85 90 85 G
12 90 90 85 %
16 75 ]
2 13 13 14 1 100 100 100 §
2 100 100 100 2
3 100 100 100 z
6 100 100 100 g
15 100 100 100 £
3 6 13 10 1 100 100 100 8
2 100 100 100 2
3 100 100 100 N
6 100 100 100 <
9 100 100 100 §
14 100 100 100 2
4 1.7 15 36 1 100 100 100 g
2 90-95 %
3 80 80 g
5 4.4 13 36 1 75 95 S
2 55 85 g
3 15 10 ‘é
4 25 5 N
5 30 5
8 45 5
12 50 5
6 6.6 13 29 1 100 100 100
2 100 100 100
3 100 100 100
5 100 100 100
8 100 100 100
12 100 100 100
7 3.1 17 15 1 100 100 100
2 90
3 80 80 75
4 45 60 45
5 55 50 60
7 60 45 55
9 55
8 1.4 13 37 1 100 100 100
2 100 100 100
3 100 100 100
6 100 100 100
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Amo | Bmo | Figure 1. Immune reconstitution after nonmyeloabla-
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g 1000 N / 5 w which data set belongs to each patient using the nomencla-
5 & 3 ture from Table 1.
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With the available SCT protocols for children with immunodeficien-
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stimulated CD40 ligand (CD154) expression on peripheral bloadsidual T- or natural killer-cell function, intensive pretransplanta—§
mononuclear cells from patients 2 and 4 at 12 months after BMibn conditioning appears to be a prerequisite for reliable engrafts
showed significant expression of CD40 ligand, whereas no expr@sent and complete immune reconstitution (reviewed in Porta ané
sion was seen before BMT. Friedrict?). None of our patients were candidates for conventionaEg
myeloablative conditioning because of severe organ dysfunctio@
In those without HLA-identical family members, we used unrelateda

At the time of writing, 7 of 8 patients are alive and well and hav8onors as the source gf stem cells, ?n view of'the ability to gi\{e &
Lansky scores of 90 to 100 at a median of 12 months after BM‘ﬁ-ceII—repIete graft, which may favor improved immune reconstltu_-8
(range, 7-17 months). Lansky scores in all 7 evaluable patiet@ We have shown that reliable donor stem cell engraftment ig

improved compared to what they were before BMT (Table 6) ampssible without myeloablative conditioning in patients with severe(',;
only one of the surviving patients has limited chronic GVHD. organ dysfunction who would not be candidates for SCT with conven®

tional conditioning. Our chimerism data demonstrate thatients
engrafted with predominantly donor hematopoiesis initially, but
there was subsequently a significant incidence of mixed chimerism
approximating that reported previousl§after nonmyeloablative

This study provides a novel approach for allogeneic stem célCT. The presence of mixed chimerism did not appear to correlate

transplantation for patients with inherited immunodeficiency state&ith mononuclear cell dose at transplantation. In most patients,
chimerism in the lymphoid and myeloid lineages appeared to

parallel each other, but in patient 5 the degree of donor chimerism
was persistently significantly less in the myeloid than the lymphoid

Quiality of life

Discussion

Table 6. Treatment outcome and current status

Months Lansky Score

Patient  post-BMT ~ GVH  pre-BMT  post-BMT Clinical status lineage. This may be of relevance in that analysis of ADA and
1 17 N a0 100 well dATP metabolite levels in the erythrocyte lineage may give results
2 16 N 50 100 well that do not reflect levels in the lymphoid lineage, where, by virtue
3 15 N 90 100 well of the higher degree of donor chimerism, better results would be
4 3 N 70 — Relapse/died predicted. Experiments to determine these parameters in lymphoid
5 12 N 90 100 Well/mixed chimera cells are underway. One patient experienced a relapse of his original
6 12 N 80 90 well disease. Three patients, including one who underwent reduced prepara-
; 1; s Zg 138 xz::’mixe‘j chimera  tive chemotherapy, have had declines in the dawrtribution to

hematopoiesis that stabilized on withdrawal of immunosuppression
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in 2 of them, consistent with the recovery of host hematopoiesmmunodeficiency in whom these parameters were low before transplan-
rather than rejection. All remain mixed chimeras. In the immunodéation. The remaining patient underwent transplantation only 7 months
ficient host it may be possible to decrease conditioning intensiggo and is currently undergoing reducing immunosuppression therapy
still further* but this may compromise eventual immune recenstfor chronic GVHD. Similarly, 4 of 7 patients overall have normal
tution. It is salutary to bear in mind as well that, at least in patien-cell numbers, and all patients with low CD1%ell counts at
with hematologic malignancies, inadequate conditioning has begresentation have shown significant improvement. Because we
associated with graft rejectidd?In view of this, particularly given have observed stable donor myeloid engraftment in all patients, we
that even patients with severe organ dysfunction experienced litiaticipate B-cell recovery is likely in the remaining patients. In
toxicity with our conditioning regimen, we do not believe thakddition, the fact that some of our patients were able to clear viral
further reduction in conditioning intensity is warranted. infections (RSV, adenovirus) and Cryptosporidiosis attests to a
Overall, BMT using our regimen was extremely well toleratedsignificant recovery of functional immunity. Clearly, the determina-
and all 7 evaluable patients now have improved quality of life, afn of in vivo-specific antibody responses to immunization after
assessed by their Lansky scores. The duration of cytopenias Wsger follow-up will be necessary to confirm that B-cell function
brief compared with our historical control cohort, and the incidenqgas been restored. We plan to vaccinate all patients at 18 months
of infective complications was low. Despite this, however, thgfter BMT.
duration of hospitalization was not significantly different in our There are few published data concerning the kinetics 0f|mmun@
patients than in the historical cohort. This is not surprising givegconstitution in patients with immunodeficiency undergoing unre
the high-risk nature of our patient group, and it was related {gted donor SCT and no controlled studies comparing immung
feeding issues in most patients, CMV reactivation in one patiepgconstitution in children with immunodeficiency undergoing dif- &
and orthopedic rehabilitation after hip fractures in another. Afsrent methods of SCT from HLA nonidentical donors. Neverthea°
though our numbers are too small to draw firm conclusions, pneumogiss  the pace of recovery of T-cell numbers and function in oug
tis or veno-occlusive disease did not develop in any patients. Tlg'ﬁady appears broadly to parallel that seen with matched historicg]
contrasts with the experience of the Jerusajeoup? who noted some  jmmunodeficient controls in our patient cohort. Our results aré&
degree of veno-occlusive disease in 13 of 26 patients in the§mijlar to those seen in immunodeficient patients undergomg
original series; this may reflect their use of busulphan as part of tig.e||—depleted haploidentical SEWith conventional condition S
conditioning, and it may reflect differences in the patient populgng or in children with hematologic malignancy who received:
tions studied. One patient died of recurrent hemophagocytic lymphohjsge|l—depleted unrelated SCTThe pace of T-cell reconstitution
tiocytosis, possibly precipitated by the transfer of EBYm a donor. s |ikely to reflect our use of ALG in the transplantation period,
EBV-associated post-transplant lymphoproliferative disease hggether with prednisolone and cyclosporin A after transplantatiorg
been reported after nonmyeloablative transplantation, and Weyclosporin Amay be particularly important in this regard becaus&
have recently observed this complication in a child with juvenilghost patients showed marked improvement in their CD4 count§
myelomonocytic leukemia who underwent transplantation accorglnd PHA SI when cyclosporin A prophylaxis was dlscontlnuedé
ing to the protocol presented here. Selective in vivo T-cell deplethaata not shown). Prolonged post-transplantation |mmunosuppreS-
with ALG may enhance the risk for EBV-related disease &ftersplan- gjon therapy may compromise long-term immune recovery b)@
tation. With regard to long-term complications of SCT, though it igprogating helper function from mature donor T cells. Determmln@
predicted that the incidence of end-organ damage, infertilifihe optimal timing of withdrawal of immunosuppression so as to3
growth retardation, and secondary malignancy may be lower Wifcelerate immune reconstitution without increasing the |Ike|IhOO($
nonmyeloablative regimens than with standard conditioning regf GVHD will be critical with this approach. If long-term immune 3
mens, demonstrating this will require long-term follow-up. recovery is poor, there may be a role for “top-up” donor lympho-5
Although most grougs* using nonmyeloablative conditioning cyte infusion after transplantation to improve immunity; however,
for SCT have reported an incidence of acute GVHD comparabled@/en the risk for GVHD, we do not believe that the routlnem
that seen with conventional SCT, we have not seen acute GVHgphylactic use of top-up donor lymphocyte infusion is |nd|cate0§
higher than grade 1. This is likely to reflect, at least in part, thg patients with immunodeficiency. S
younger age of our patients, but it may also relate to our use of |n summary, we have demonstrated that nonmyeloablative SCF
ALG. Itis interesting to note that the Jerusalem grdagserved a permits rapid engraftment from sibling and unrelated donors with
similarly low incidence of severe acute GVHD in their patientginimal toxicity, even in the presence of severe organ dysfunction,
with nonmalignant disease. The long-term incidence of chronifus establishing host tolerance to the donor immune cells respon-
GVHD resulting from this approach remains to be determinediple for immune reconstitution. We think this represents the
However, the fact that this complication developed in only 1 of geatment of choice for patients who are ineligible for conventional
evaluable patients is encouraging, particularly in comparison WiftCT. Long-term follow-up is needed before this approach is
the 40% incidence of cGVHD 6 months after BMT that wagxtended to patients at standard risk. If reduced long-term toxicity
observed in the EBMT retrospective analysighis may be of and full immune reconstitution of patients treated with such novel
considerable importance given that in patients undergoing hagtotocols are demonstrated, this approach may offer the possibility
loidentical BMT for primary immunodeficiency, cGVHD at 6 of adequate immune reconstitution with a reduction in the short-

months after BMT is significantly associated with impaired develnd long-term toxicity associated with conventional conditioning.
opment of T-cell function and with reduced survival rdtes.

In the evaluable patients, T-cell reconstitution has so far been
good. At a median of 1 year after BMT, most patients have
achieved normal CD3 and CD4 counts, and 6 of 7 have normt:knowledgment
PHA stimulation indices. Significantly, there was marked improve-
ment in CD3 counts and PHA stimulation indices in 4 patients allfe thank Dr C. Craddock for helpful discussion and critical review
in CD4 counts in 3 of 4 patients with combined or severe combined the manuscript.
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