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ABSTRACT

Background Successful allogeneic bone marrow
transplantation relies on global immunosuppression
or elimination of T cells. In contrast, the induction of
anergy can inactivate specific sets of alloreactive
T cells in the donor marrow. Previous work has
shown that anergy can be induced by blocking the
interaction of the B7 molecule on the surface of
antigen-presenting cells with the CD28 molecule on
the surface of T cells, thus preventing key signaling
events essential for the activation of T cells. To inves-
tigate the feasibility of this approach with respect to
transplantation of histoincompatible bone marrow,
we undertook a clinical trial of ex vivo induction of
anergy in T cells present in donor marrow to recipi-
ent alloantigens.

Methods Outcomes in 12 transplant recipients were
evaluated. The recipients’ peripheral-blood lympho-
cytes were collected before myeloablation and served
as alloantigen-presenting cells. To induce alloanti-
gen-specific anergy, bone marrow from a donor mis-
matched with the recipient for one HLA haplotype
was cocultured with irradiated cells from the recipi-
ent for 36 hours in the presence of CTLA-4-Ig, an
agent that inhibits B7:CD28-mediated costimulation.
After conventional myeloablation and immunopro-
phylaxis, the treated donor cells were transfused into
the recipient.

Results After the induction of anergy, the fre-
quency of T cells capable of recognizing alloantigens
of the recipient in donor marrow was sharply re-
duced (P<0.001), whereas the responsiveness to al-
loantigens from persons unrelated to the recipient or
the donor was unaffected (P=0.51). In the 11 patients
who could be evaluated, the haploidentical bone
marrow cells engrafted. Of these 11 patients, 3 had
acute graft-versus-host disease (GVHD) confined to
the gastrointestinal tract. No deaths were attribut-
able to GVHD. Five of the 12 patients were alive and
in remission 4.5 to 29 months after transplantation.

Conclusions Donor bone marrow treated ex vivo
to induce anergy to alloantigens from the recipient
can reconstitute hematopoiesis in vivo with a rel-
atively low risk of GVHD. (N Engl J Med 1999;340:
1704-14.)
©1999, Massachusetts Medical Society.
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UCCESSFUL transplantation of organs re-
quires the use of agents capable of suppressing
the immune response against alloantigens.!
Use of these nonspecific immunosuppressive
drugs, however, can lead to the development of op-
portunistic infection or secondary cancer.*13 For this
reason, a way of specifically suppressing alloreactive
T cells without inhibiting the entire T-cell repertoire
is an important goal of transplantation immunology.
One approach depends on the fact that the immune
activation of T cells requires two signals from antigen-
presenting cells.1416 One of these signals is delivered
to the T-cell receptor by an immunogenic peptide dis-
played in the context of the major histocompatibility
complex. The other, a “costimulatory” signal, is gen-
erated by the interaction of certain cell-surface pro-
teins on antigen-presenting cells and T cells. With-
out a costimulatory signal, signaling by the peptide
T-cell-receptor complex does not result in T-cell im-
munity, but rather in a state of anergy, in which T cells
are rendered specifically incapable of responding to
the antigen that was presented to them in the absence
of a costimulatory signal .16
A critical costimulatory signal is generated by the
interaction between members of the B7 family of
proteins on antigen-presenting cells and the CD28
molecule on the surface of T cells.!”!® Blockade of
this interaction results in the induction of anergy.2°
Studies in animals have shown that interference with
the B7:CD28 interaction permits successful trans-
plantation of histoincompatible and even xenogeneic
allografts without the need for pharmacologic im-
munosuppression.2!-24
In the case of bone marrow transplantation, T cells
in the donor marrow are the cause of graft-versus-
host disease (GVHD).25-30¢ We hypothesized that the
induction of anergy in donor T cells that have the
potential to react against the recipient’s alloantigens
might ameliorate GVHD while preserving the rest
of the T-cell repertoire. One way to induce anergy
in alloreactive T cells is by using a soluble prepara-

From the Departments of Pediatric Oncology (E.C.G., L.L.B.), Adult
Oncology (V.A.B., L.M.N,, ].G.G.), and Biostatistics (D.N.), Dana—Farber
Cancer Institute; the Division of Hematology and Oncology, Children’s
Hospital (E.C.G.); the Division of Medical Oncology, Brigham and Women’s
Hospital (V.A.B., N.-H., L.M.N,, ].G.G.); and the Departments of Pediat-
rics (E.C.G.) and Medicine (V.A.B., D.N., N.-H., L.M.N,, ].G.G.), Harvard
Medical School — all in Boston. Address reprint requests to Dr. Guinan at
the Dana—Farber Cancer Institute, 44 Binney St., Boston, MA 02115, or
at eva_guinan@dfci.harvard.edu.

Downloaded from www.nejm.org on November 29, 2009 . For personal use only. No other uses without permission.
Copyright © 1999 Massachusetts Medical Society. All rights reserved.



TRANSPLANTATION OF ANERGIC HISTOINCOMPATIBLE BONE MARROW ALLOGRAFTS

TABLE 1. DEMOGRAPHIC CHARACTERISTICS AND DISEASE

STATUS OF THE PATIENTS.*

PRrEViOUS
AuToLoGous
PATIENT Ace (YR)/ RESPONSE TO No. orF TRANSPLAN- STATUS AT
No. SEX DiseAseE PRIMARY THERAPYT RELAPSES TATION Time oF HSCT

1 4/F B-cell acute lymphoblastic leukemia Complete remission 1 No Second complete
(16 mo) remission

2 26/M Dittuse large-cell lymphoma Complete remission 2 Yes Persistent disease
(29 mo)

3 6/M T-cell acute lymphoblastic leukemia Induction failure fol- 1 No Second complete
lowed by complete remission
remission (7 mo)

4 15/M B-cell acute lymphoblastic leukemia Induction failure; NA No Persistent disease
4 regimens failed

5 7/F Acute myelogenous leukemia Induction failure; NA No Persistent disease
2 regimens failed

6 23/M T-cell lymphoblastic lymphoma Complete remission 1 Yes Persistent disease
(20 mo)

7 7/F B-cell acute lymphoblastic leukemia Complete remission 11 No Second complete
(35 mo) remission

8 20/F T-cell acute lymphoblastic leukemia Complete remission 2 No Third complete
(18 mo) remission

9 12/M Acute myelogenous leukemia Induction failure; NA No Persistent disease
3 regimens failed

10 1/F Amegakaryocytic thrombocytopenia NA NA NA NA

11 0.5/F Acute myelogenous leukemia Induction failure; NA No Persistent disease
3 regimens failed

12 16/M T-cell acute lymphoblastic leukemia Induction failure; NA No Persistent disease

3 regimens failed

*HSCT denotes hematopoietic stem-cell transplantation, and NA not applicable.

1The duration of the first remission is shown in parentheses.

fThe initial attempt at reinduction therapy failed.

tion of CTLA-4, a counterreceptor for B7 that is
found on activated T cells,3! to block the interaction
between B7 proteins and CD28. As compared with
CD28, CTLA-4 has a much higher affinity for
B7, and thus it is a highly effective inhibitor of the
B7:CD28 interaction.

We have previously shown that CTLA-4-Ig, a sol-
uble fusion protein consisting of the extracellular do-
main of CTLA-4 linked to the constant region of
IgGl, can reduce the alloreactivity of bone marrow
T cells in vitro.32 We conducted a clinical trial of the
feasibility of inducing anergy before the transplanta-
tion of histoincompatible bone marrow. We first incu-
bated donor marrow cells with CTLA-4-Ig in the
presence of mononuclear cells from the recipient.
We then transferred the treated donor cells to the
recipients and evaluated the outcomes in terms of
the restoration of hematopoiesis and the incidence
of GVHD.

METHODS
Patients

Patients were eligible for this study if they were ineligible for
autologous stem-cell transplantation at our institutions on the
basis of disease status and if they had no phenotypically or geno-
typically HLA-matched or single-antigen—mismatched family
member who was available to serve as a donor, nor was there a phe-

notypically matched unrelated donor. Those likely to have rapid
progression of disease during a search for an unrelated donor and
those for whom a search was unsuccessful after four or more
months were also eligible. Initially, patients were eligible if they had
acute myelogenous or lymphoblastic leukemia, non-Hodgkin’s or
Hodgkin’s lymphoma, multiple myeloma, or chronic lymphocytic
leukemia that met prescribed criteria for high risk (those with ad-
vanced disease, those in relapse, or those with other poor prog-
nostic features). Those with myelodysplasia or bone marrow fail-
ure became eligible for the study subsequently. All the patients
had to be free of clinically significant organ dysfunction or active
infection and had to have a life expectancy of at least six weeks.
The institutional review boards of Children’s Hospital and Dana—
Farber Partners Cancer Care approved the protocol. Each patient
or a legal guardian or parent gave written informed consent.
Between March 1996 and October 1998, 12 patients entered
this study and underwent transplantation with haploidentical bone
marrow (i.e., marrow from a donor who shared only one of two
major-histocompatibility-complex haplotypes with the recipient)
(Table 1). Follow-up is reported through February 20, 1999. The
median age of the patients was 10 years. Eleven patients had hema-
tologic cancer, and one had congenital amegakaryocytic thrombo-
cytopenia. Of the 11 patients with hematologic cancer, 5 had nev-
er had a remission despite undergoing multiple treatments, 1 had
not initially entered remission but did so subsequently, and 5 had
entered a first remission readily. Only four patients underwent
bone marrow transplantation while they were in remission. Of the
remainder, most had virtually complete replacement of their mar-
row by malignant cells. Autologous transplantation had failed 27
and 11 months previously in Patients 2 and 6, respectively. The
patients with acute leukemia in second remission, lymphoma in
remission, bone marrow failure, or myelodysplasia without excess
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TABLE 2. CHARACTERISTICS OF PATIENTS AND DONORS.

PATIENT Donor HLA Type*
NO. OF
MISMATCHED
AGE (YR)/  AGE (YR)/  ANTIGENS (HVG/

NO. SEX RELATIONSHIP GVHD)t DONOR RECIPIENT

1 4/F 32/Mother 4/4 A32,8B7,DR1303,DQ0301 A32,87,DR1303,DQ0301
Al1,B55,DR1501,DQ0602 A26,B27,DR0301,DQ02

2 26/M 34/Half 2/1 A25,B18,DR1101,DQ0301 A25,B18,DR1101,DQ0301

brother A0201,B7,DR1104,DQ0301 A0201,B27,DR1101,DQ0301

3 6/M  43/Father 4/4 A2,B37,DR4,DQ03 A2,B37,DR4,DQ03
A28,B14,DR12,DQ03 A24,B27,DR6,DQ01

4 15/M  18/Sister 4/4 A30,B45,DR13,DQ0501 A30,B45,DR13,DQ0501
Al,B44,DR07,DQ02 A36,B53,DR03,DQ0402

5 7/F 31/ Father 4/4 A28,B57,DR0302,DQ0402 A28,B57,DR0302,DQ0402
A30,B44,DR07,DQ02 A57,B38,DR16,DQ0502

6 23/M  44/Mother 4/4 A23,870,DR0102,DQ0501 A23,870,DR0102,DQ0501
A30,B42,DR04,DQ0302 A2,B7.DR13,DQ0604

7 7/F  28/Mother 3/3 A0201,B27,DR1601,DQ0502 A0201,B27,DR1601,DQ0502
A0101,B8,DR03,DQ02 A0101,B57,DR1103,/04 /06,

DQO0301

8 20/F 50/ Father 3/3 A68,B51,DR1501,DQ0602 A68,B51,DR1501,DQ0602
A31,B7,DR0901,DQ02 A31,B35,DR0807/0811,DQ0402

9 12/M 53/Father 4/4 A66,B41,DR0801,DQ0402 A66,B41,DR0801,DQ0402
A2,B41,DR07,DQ02 A23,B49,.DR0101,DQ0501

10 1/F 3/Sister 2/2 A30,B18,DR0901,DQ02 A30,B18,DR0901,DQ02
A28,B35,DR0101,DQ0501 A25,B44,DR0101,DQ0501

11 0.5/F  29/Father 3/4 Al11,B52,DR0404,/23,DQ0305 Al11,B52,DR0404,/23,DQ0305
A24,B40,DR0404 /23, A3,B7,DR12,DQ0301
DQO0303/06

12 16/M  37/Father 4/3 A26,862,DR1101,DQ0301 A26,862,DR1101,DQ0301

A28,B27,DR0801,DQ0402

A26,B44,DR1001,DQ0501

*HLA class I typing was performed by serologic methods, and HLA class II typing was performed by polymerase
chain reaction (PCR) with the use of sequence-specific oligonucleotide probes on all samples. In cases in which serologic
methods were insufficient to resolve the specificity or in which there was potential matching between the donor and the
recipient, class I typing was also performed by PCR with sequence-specific primers. In the case of Patient 8, molecular
typing was not performed to resolve the phenotypic match at A31, because there was no documented heterogeneity of
this allele. In the case of the donor for Patient 11, the use of PCR methods with sequence-specitic oligonucleotide probes was
unable to resolve whether the DR04 was homozygous (0404,/0404) or heterozygous (0404,/04023). The degree of mis-
matching for this pair was calculated with the assumption of homozygosity but may be greater if there was heterozygosity.

THVG denotes host-versus-graft response (graft rejection), and GVHD graft-versus-host disecase.

blasts were considered “good-risk patients,” whereas all the oth-
ers were considered “poor-risk patients.”

Haploidentical relatives, including parents (nine cases), full sib-
lings (two cases), and half siblings (one case), served as donors
(Table 2). At the unshared haplotype, three donor—recipient pairs
were matched at the A locus, one was matched at DR /DQ, and
the remainder had no demonstrable phenotypic or genotypic match
(Table 2). In eight cases both the recipient and the donor were
seronegative for cytomegalovirus, in two cases both were seropos-
itive, and in the remaining two cases the donor was seronegative
and the recipient seropositive. All donors and recipients were ser-
opositive for the Epstein—Barr virus except Patient 10 and her do-
nor; the donor for Patient 2 was untested.

Treatment

The patients underwent leukapheresis to collect 200 million to
600 million mononuclear cells per kilogram of body weight for
use as the recipient’s alloantigen-presenting cells. These cells were
cryopreserved with the use of a standard method. Subsequently,
the patient received 1400 cGy of total-body irradiation33 followed
by cytarabine, cyclophosphamide, and methylprednisolone. Be-
cause of the high rate of toxic effects caused by this regimen in the
first eight patients, cytarabine was not given to the last four patients.

1706 June 3, 1999

Donor marrow was harvested two days before transplantation. Pro-
phylaxis against GVHD consisted of short-course methotrexate and
cyclosporine3* starting on the day before transplantation, cither by
continuous infusion at 0.1 mg per kilogram per hour (in seven pa-
tients) or by a bolus of 1.5 mg per kilogram over a period of 2 to
3 hours every 12 hours (in five patients). The dose of cyclosporine
was modified to alleviate toxic effects and was given orally as soon
as gut function permitted. Methotrexate was withheld in cases of
mucositis or renal insufficiency. Because of the high rate of regimen-
related toxic effects in the first eight patients, the final dose of meth-
otrexate was reduced and the administration of leucovorin was in-
stituted for the last four patients (Table 3). GVHD was assessed
with standard clinical criteria and graded according to the Interna-
tional Bone Marrow Transplant Registry (IBMTR) Severity Index.3

The patients received oral, nonabsorbable antibiotics from the
time of admission through the time of engraftment. All the patients
received prophylaxis against fungal infection with fluconazole and
against pneumocystis during conditioning and beginning again on
day 30. The patients who were seropositive for herpes simplex virus
received prophylaxis with acyclovir beginning five days before
transplantation and continuing through day 24. If the donor or
patient was seropositive for cytomegalovirus, high-dose acyclovir
was administered.3¢
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TABLE 3. CLINICAL OUTCOMES OF PATIENTS ACCORDING TO DISEASE RISK.*

CATEGORY
oF Risk/  AGE (YR)/
PaTiENT No.T  SEX DISEASE Dose oF METHOTREXATE (mg/m?)
DAY 1 DAY 3 DAY 6 DAY 11
Good risk
1 4/F  B-cell acute lympho- 15 10 109 59
blastic leukemia
3 6/M  T-cell acute lympho- 15 59 59 0
blastic leukemia
7 7/F  B-cell acute lympho- 15 10 59 0
blastic leukemia
10 1/F  Amegakaryocytic 159 10y 109 59
thrombocytopenia
Poor risk
2 26/M  Diffuse large-cell 15 101 10y NE
lymphoma
4 15/M  B-cell acute lympho- 15 5 0 0
blastic leukemia 0 0 0 0
5 7/F  Acute myelogenous 159 59 59 0
leukemia
6 23/M  T-cell lymphoblastic 15 109 59 0
lymphoma
8 20/F  T-cell acute lympho- 159 10% 0 0
blastic leukemia
9 12/M  Acute myelogenous 159 10 109 59
leukemia
11 0.5/F  Acute myelogenous 159 101 109 0
leukemia
12 16/M  T-cell acute lympho- 159 107 10% 59

blastic leukemia

TimE TO GRADE OF
ENGRAFTMENT Acute
(pAvs AFTER  GVHD/DATE CAUSE OF
HSCT)# OF ONSETS StATUS DEeATH
21 0 Died (day 22) Diftuse alveolar
hemorrhage
20 B/day 56 Alive, in complete re-
mission (day 863)
23 0 Alive, in complete re-
mission (day 521)
18 0 Alive, in complete re-
mission (day 307)
NE NE Died (day 8) Multiorgan failure
and sepsis
Graft failure 0 Died (day 102) Disseminated toxo-
20| 0 plasmosis
17 C/day 20 Died (day 39) Aspergillusinfection
and multiorgan
failure
24 0 Died (day 31) Multiorgan failure
18 0 Died (day 24) Aspergillus infection
23 0 Alive, in complete re-
mission (day 321)
14 B/day 49 Died (day 60) Relapse of primary
discase
22 0 Alive, in complete re-

mission (day 132)

*HSCT denotes hematopoietic stem-cell transplantation, GVHD graft-versus-host disease, and NE unable to be evaluated.

tPatients were considered to have “good-risk” disease if they had leukemia and were in a second remission, if they had lymphoma and were in remission,
or if they had myelodysplasia without excess blasts or marrow failure. All others were considered to have “poor-risk” disease.

1The time to engraftment is defined here as the time to the first of three consecutive days in which there was an absolute neutrophil count of =500 per

microliter.

§Severity was determined according to the criteria of the International Bone Marrow Transplant Registry.3s

Y Treatment was followed by leucovorin rescue. In Patients 9, 10, 11, and 12, the amended protocol specitied a mandatory 50 percent reduction in the
dose of methotrexate to 5 mg per square meter of body-surface area on day 11 as well as mandatory rescue with leucovorin after all doses of methotrexate.

|| This patient’s transplant engrafted 20 days after the second marrow infusion (on day 55 after the initial transplant was infused).

Ex Vivo Induction of Anergy

Cryopreserved mononuclear cells derived from the recipient’s
blood were thawed, washed, and irradiated at a midplane dose of
3300 cGy. The cells were resuspended at a concentration of 20
million cells per milliliter in RPMI 1640 medium with 5 percent
human AB serum. CTLA-4-Ig (Repligen, Cambridge, Mass.) was
added at a concentration of 20 ug per milliliter for a minimum
of 30 minutes before the addition of the donor marrow cells. The
erythrocyte-depleted, mononuclear-cell fraction of the marrow was
resuspended at a concentration of 20 million cells per milliliter in
RPMI 1640 medium with 5 percent human AB serum and added
to the mixture of recipient cells and CTLA-4-Ig in a donor:
recipient ratio of 1:1 to 2:1. Cells were cultured in Lifecell tissue-
culture flasks (Baxter, Deerfield, Ill.) for 36 hours at 37°C in 5 per-
cent carbon dioxide, washed, and then infused into the recipient.

Immunologic Assays

The frequency of precursor helper T cells was determined as pre-
viously reported.32 Briefly, we irradiated (with 2500 cGy) 1 million
stimulator cells per milliliter in RPMI 1640 medium with 5 per-
cent heat-inactivated human AB serum; 100 ul of the culture me-
dium was then added to each well of a U-bottomed microtiter plate.

Nonirradiated responder cells were added in aliquots of 100 ul to
cach of 72 replicate wells at dilutions ranging from 100,000 cells
to 1 cell per well. After incubation for 64 hours at 37°C in 5 percent
carbon dioxide, plates were irradiated (with 2500 c¢Gy), CTLL-2
cells (interleukin-2—responsive T cells; 1000 cells in a volume of
50 ul) were added, and the culture was continued for another 24
hours. Proliferation was assessed by the incorporation of tritiated
thymidine for the last 16 hours. The frequency of precursor cells
was calculated on the basis of the proportion of wells showing no
production of interleukin-2 by limiting-dilution analysis. Stimula-
tion indexes were determined by mixed-leukocyte culture.3? In vitro
production of antibodies with specificity against influenza A was
determined.?” Influenza-specific antibodies were quantitated by
enzyme-linked immunosorbent assay.

Donor-Recipient Hematopoietic Chimerism

Hematopoietic chimerism was evaluated by fluorescence in situ
hybridization for sex chromosomes or by polymerase-chain-reac-
tion (PCR) amplification of sequence-specific primers or oligonu-
cleotide probes for HLA class I and class II donor and recipient
antigens. Unfractionated blood or marrow samples were analyzed.
In some cases, after Ficoll-Hypaque separation and red-cell lysis,
the pellet was analyzed as the “granulocyte” fraction and the lym-
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TABLE 4. CHARACTERIZATION OF INFUSED DONOR CELLS.

PATIENT
No. No. oF CeLLs ReiINFUSED/kg OF RECIPIENT’S Boby WEIGHT
MONONUCLEAR
CELLS (X10-8) CD34+ (X10-6) CD3+ (X10-7) CD4+ (X10-7) CD8+ (X10-7)
2.4 6.5 5.5 4.1 1.8
2 1.3 2.0 1.7 1.3 0.7
3 0.9 21 1.6 1.1 0.6
4*
Infusion 1 0.7 2.3 32 2.1 1.0
Infusion 2 0.2 0.6 0.9 0.5 0.4
5 1.2 NEt 2.6 1.0 0.9
6 0.7 1.3 1.2 0.4 0.7
7 0.6 1.3 1.2 0.9 0.2
8 24 3.7 52 2.8 2.0
9 1.3 1.8 4.2 1.6 1.0
10 1.3 3.9 2.0 1.1 0.7
11 1.5 6.0 4.7 22 2.2
12 0.7 NEt 3.1 1.6 1.0
Median 1.3 2.2 2.8 1.4 0.9

*Patient 4 received two anergic bone marrow infusions from the same donor, the first on day 0 and

the second on day 35.

TNE denotes not able to be evaluated. The products of the peripheral-blood leukaphereses of Pa-
tients 5 and 12 were heavily contaminated with CD34+ leukemic cells, rendering the final CD34+
determination uninformative with respect to the stem-cell content of the infused marrow.

phomononuclear interface was analyzed as the “lymphocyte” frac-
tion in order to differentiate between myeloid and lymphoid cells.
PCR, as performed here with sequence-specific primers for class I
and class II alleles, can detect 1 in 100 and 1 in 10,000 cells, respec-
tively.3® Although expected to be substantially greater, the sensi-
tivity of sequence-specific oligonucleotide probes in this setting has
not been defined.

Detection of Leukemic Cells after Transplantation

In patients with a previously documented cytogenetic abnor-
mality, specimens of bone marrow aspirate were sent to the clinical
cytogenetic laboratory for analysis. To identify gene rearrange-
ments associated with leukemia and rearrangements of the immu-
noglobulin gene in patients with acute lymphoblastic leukemia,
genomic DNA was extracted from samples taken from the patients
and amplified by PCR with a series of seven consensus primers for
the framework-1 segment of the Vy; (variable heavy chain) region
and a J; (joining heavy chain) consensus primer, as previously de-
scribed.?® Clonal PCR products were excised and purified with
Wizard PCR Preps (Promega, Madison, Wis.). Purified PCR frag-
ments were sequenced directly by the Molecular Biology Core
Facility at the Dana—Farber Cancer Institute with a DNA sequenc-
er (model AB 373A, Perkin Elmer Applied Biosystems, Foster
City, Calif.). The relevant Vy; family and J; consensus primers
were used to obtain the sequence information from both strands,
and sense and antisense sequences were aligned. Vi, Dy (diversity
heavy chain), J;;, and regions of the N-nucleotide addition were
identified with the Basic Local Alignment Search Tool (National
Center for Biotechnology Information, Bethesda, Md.).

Antisense allele-specific oligonucleotide primers for the CDR-
III region were designed to have annealing temperatures of approx-
imately 60°C and were synthesized by GIBCO BRL (Gaithersburg,
Md.). Seminested PCR was performed as previously described.40
PCR products were then analyzed by electrophoresis on 2 percent
agarose gels. Well-established precautions were taken to prevent
carryover contamination of PCR reactions.*!

The cellular immunophenotype was determined by dual-color
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fluorescence-activated cell sorting (Coulter Profile, Coulter, Mi-
ami) with the use of directly conjugated monoclonal antibodies for
CD3+, CD4+, CD8+, CD56+, CD20+ (Coulter), and CD34+
(Becton Dickinson, San Jose, Calif.).

Statistical Analysis

Descriptive statistics are provided for determinations of the fre-
quency of precursor cells. The Wilcoxon signed-rank test was used
to assess changes in the logarithm (base 10) of the assay results
before and after treatment with CTLA-4-Ig.

RESULTS

Frequency of Alloreactive Precursor Helper T Cells
after Induction of Anergy

The harvested donor bone marrow contained ma-
ture T cells, with medians of 16 million CD3+ cells
per kilogram of the recipient’s weight, including
8 million CD3+CD4+ cells per kilogram and 6 mil-
lion CD3+CD8+ cells per kilogram. Medians of 28
million CD3+ cells per kilogram, including 14 mil-
lion CD3+CD4+ cells per kilogram and 9 million
CD3+CD8+ cells per kilogram, were infused after
the ex vivo treatment (Table 4). Because not all of the
irradiated recipient T cells were removed by density
centrifugation after the coculture procedure, the num-
ber of T cells infused into the patient was generally
greater than that in the harvested marrow.

The reactivity of donor T cells against alloantigens
from the designated recipient and persons unrelated
to the recipient or the donor (third parties) was as-
sessed by determining the frequency of helper T-cell
precursors before and after culture with soluble
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CTLA-4-Ig and irradiated mononuclear cells from
the recipient. As Figure 1 shows, the frequency of
precursor helper T cells from unmanipulated donor
bone marrow with alloreactivity against haploidenti-
cal recipient cells ranged from 0.0002 to 0.002 (me-
dian, 0.0005). Because donors and third parties are
unlikely to share haplotypes of major histocompatibil-
ity antigens, the frequency of precursor helper T cells
with alloreactivity against cells from third parties was
higher, although not significantly so (range, 0.0006
to 0.004; median, 0.001). After the in vitro treatment
to induce anergy, the frequency of precursor helper
T cells that were alloreactive against haploidentical
cells from the recipient fell by one to four orders of
magnitude (range, 0.0000001 to 0.00002; median,
0.0000009; P=0.008), whereas the frequency of pre-
cursors with alloreactivity against cells from third par-
ties was not significantly affected (range, 0.00009 to
0.001; median, 0.0008; P=0.51).

Myeloid Engraftment and Chimerism after Transplantation
of Anergic Haploidentical Bone Marrow

A median of 3 million CD34+ donor cells per kil-
ogram of the recipient’s weight were treated in the co-
culture system, and a median of 2.2 million CD34+
cells per kilogram were infused into the recipient
(Table 4). A second marrow harvest from the donor
of Patient 4 yielded 900,000 CD34+ cells per kilo-
gram of the recipient’s weight, and 600,000 CD34+
cells per kilogram were infused.

Patient 2, who died on day 8, could not be eval-
uated for engraftment (Table 3). In Patient 4 the
neutrophil count did not reach 500 per microliter
despite cytogenetic evidence of donor cells in the
recipient’s bone marrow and blood. Therefore, cells
from a second harvest were treated ex vivo and in-
fused on day 35 without further conditioning of
the patient or prophylaxis against GVHD. The neu-
trophil count was more than 500 per microliter 20
days later. Patient 1 achieved a neutrophil count of
100 per microliter on day 21, one day before her
death. The remaining patients had prompt recovery of
neutrophils (a median of 20 days until a neutrophil
count =500 per microliter was reached, Table 3).
Patients 1, 2, 4, 5, 6, and 8 died before platelet or
red-cell engraftment could be documented. Patients
3, 7, 10, 11, and 12 achieved a platelet count of
more than 20,000 per microliter between 22 and 123
days after transplantation (median, 43). Patient 11
died before confirmed red-cell engraftment.

Patients 3, 7, 10, and 12 received their last red-cell
transfusion 51 to 101 days after transplantation (me-
dian, 65). Patient 9 had persistent moderate pan-
cytopenia, presumed to be secondary to recurrent
cytomegalovirus infection. He received his last red-
cell transfusion on day 108 and required intermittent
platelet transfusions until day 197. The other surviv-
ing patients all have normal blood counts. Chimer-
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Figure 1. Frequency of Precursor Helper T Cells before and after
Induction of Anergy.

The frequency of precursor helper T cells with alloreactivity
against irradiated cells from the recipient (Panel A) and against
cells from persons unrelated to the recipient or the donor (third
parties; Panel B) was calculated before and after the induction
of anergy in the cells of donors. Insufficient numbers of cells were
available to perform this analysis for Patients 10, 11, and 12.
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ism studies, performed in 8 of 10 patients in whom
engraftment occurred, revealed no evidence of resid-
ual recipient hematopoietic cells at the first or sub-
sequent evaluations (Table 5).

GVHD

Despite the possibility of ex vivo sensitization of
donor T cells against recipient alloantigens, no hy-
peracute GVHD was observed.#2 Eleven of the 12
patients could be evaluated for acute GVHD, and
6 patients could be evaluated through day 100 (the
entire risk period for acute GVHD). None of the pa-
tients had skin or liver findings consistent with acute
GVHD (Table 3), but three (Patients 3, 5, and 11)
had gastrointestinal symptoms and findings consis-
tent with acute GVHD. Two of these patients had
only diarrhea, and one had gastrointestinal hemor-
rhage. These nonspecific events might have been
caused by concurrent influenza A (in Patient 3), per-
sistent gastrointestinal toxic effects at day 20 from
chemoradiotherapy (in Patient 5), and documented
intolerance of infant formula (in Patient 11).

Nonetheless, on the basis of stool volume and bi-
opsy specimens showing apoptosis or degeneration
of crypt cells, Patient 3 was considered to have
GVHD with an overall IBMTR index rating of B
(skin and liver involvement, stage 0; gastrointestinal
involvement, stage 2). This condition resolved within
10 days after treatment with methylprednisolone was
begun. Patient 11, who had GVHD with an overall
rating of B (skin and liver involvement, stage 0; gas-
trointestinal involvement, stage 2), also had a re-
sponse to corticosteroids. Patient 5 had GVHD with
an overall rating of C (skin and liver involvement,
stage 0; gastrointestinal involvement, stage 3). Her
stool output diminished temporarily with cortico-
steroid treatment, then diarrhea persisted until death
on day 39. An autopsy disclosed ischemia and hem-
orrhage, without evidence of GVHD, suggesting
that the GVHD had been successfully treated or that
the patient had not had GVHD. Limited autopsy
(Patient 4) or complete autopsy (Patients 2, 5, and
6) did not reveal pathological evidence of GVHD.

Only one of the patients given cytarabine for con-
ditioning received all of the intended GVHD pro-
phylaxis. Only half of the patients given cytarabine
received the intended dose of methotrexate on day
3, only two of eight did so on day 6, and none of
the seven patients who could be evaluated did so on
day 11 (Table 3). It was anticipated that cyclosporine
would be continued for 6 to 12 months after trans-
plantation. As the study progressed, the target
trough level of cyclosporine was decreased from 200
to 300 mg per milliliter to 100 to 150 mg per
milliliter, and cyclosporine was discontinued much
earlier than expected (on days 289, 88, 122, 101,
and 120 for Patients 3, 7, 9, 10, and 12, respec-
tively).
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TABLE 5. FULL HEMATOPOIETIC CHIMERISM
IN RECIPIENTS AFTER TRANSPLANTATION.*

DAY AFTER
PATIENT TRANSPLAN-
No. TYPE OF SAMPLE TATION MEeTHODT
1 Peripheral blood 21 FISH
Granulocytes 21 FISH
3 Bone marrow aspirate 134 SSOP, SSP
Peripheral-blood 634 sSSP
lymphocytes
Granulocytes 634 sSSP
Peripheral-blood 754 sSSP
lymphocytes
7 Peripheral blood 64 ssor
Peripheral blood 173 SSOP, SSP
Peripheral-blood 329 sSSP
lymphocytes
Granulocytes 329 sSSP
8 Peripheral blood 20 Cytogenetics
Peripheral blood 29 SSOPD, SSP
Bone marrow aspirate 79 SSOP
Peripheral-blood 122 sSSP
lymphocytes
Granulocytes 122 sSSP
Peripheral-blood 198 SsOr
lymphocytes
10 Peripheral blood 24 sSSP
Peripheral-blood 122 SSP
lymphocytes
Granulocytes 122 sSSP
11 Peripheral blood 16 SSOP, SSP
Peripheral blood 24 sSSP
12 Peripheral blood 31 SSP

*All samples from these patients were demonstrated to
have 100 percent donor cells by the methods listed at each
evaluation.

TFISH denotes fluorescence in situ hybridization, SSOP
PCR with sequence-specific oligonucleotide probes, and SSP
PCR with sequence-specific primers.

Clinical Outcome

Outcome was assessed according to disease classi-
fication (Table 3). Of the good-risk patients, one
died early of regimen-related toxicity and three are
alive, disease-free, and at home receiving no cyclo-
sporine, corticosteroids, or other immunosuppres-
sive treatment; they have no signs of chronic GVHD.
Patient 10, who received a bone marrow transplant
for congenital amegakaryocytopenia, has normal
hematopoiesis and a platelet count of more than
250,000 per microliter. Neither Patient 3 nor Pa-
tient 7 has clinical evidence of leukemic relapse, and
no evidence of leukemia was detected by PCR analy-
sis of bone marrow samples (from day 754 for Pa-
tient 3 and day 391 for Patient 7) with the use of
allele-specific oligonucleotide probes for rearrange-
ments present in the patients’ pretransplantation leu-
kemic cells.

One of the eight poor-risk patients died on day 60
of a relapse of acute myelogenous leukemia. Five
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patients, including Patients 2 and 6, who had pre-
viously undergone autologous transplantation, died
of infection and regimen-related toxicity before or
shortly after day 100. Autopsies of Patients 2, 4, 5,
and 6 disclosed no histologic evidence of cancer.
Two poor-risk patients are alive and at home. In Pa-
tient 9, diarrhea and recurrent cytomegalovirus in-
fection developed after discharge. Biopsy specimens
taken from the small bowel and sigmoid colon on
day 145 revealed GVHD, classified as chronic by vir-
tue of its occurrence after day 100, but a biopsy of
a rash showed no evidence of GVHD. Patient 9 was
treated with cyclosporine and corticosteroids, with
complete histologic resolution shown by a repeated
biopsy of the gastrointestinal tract on day 197. The
doses of corticosteroids and cyclosporine are being
tapered. A bone marrow aspirate obtained from Pa-
tient 9 on day 197 was histologically normal and
free of the prior cytogenetic abnormality (inversion
of chromosome 12). As of this writing, Patient 12 is
at day 132, two weeks after discontinuing cyclospor-
ine, and has had no evidence of acute or chronic
GVHD. Analysis of blood obtained from this patient
on day 67 showed no evidence of leukemia on PCR
amplification of allele-specific oligonucleotide prim-
ers for the T-cell-receptor rearrangement present in
his pretransplant leukemic cells.

Infection and Immune Reconstitution

Infections developed in three patients after dis-
charge. Influenza A developed in Patient 3 on day
56, after he was exposed to his infected sibling. It
resolved without incident after treatment with aman-
tadine. Dermatomal herpes zoster also developed on
day 509 and was treated uneventfully with acyclovir.
Patient 9 received his transplant immediately after an
episode of cytomegalovirus viremia and acute hepat-
ic necrosis. Recurrent cytomegalovirus infection de-
veloped on day 36 and was treated successfully with
immune globulin and foscarnet. Another recurrence
of cytomegalovirus infection soon after discharge
was also treated successfully. Patient 10, who is cur-
rently in day care, was given a diagnosis of commu-
nity-acquired respiratory syncytial virus on the basis
of screening of nasal secretions nine months after
transplantation. The nasal congestion resolved un-
eventfully without treatment.

As assessed by the expression of CD56, all the
survivors except Patient 9 (Patients 3, 7, 10, and 12)
had increased numbers of natural killer cells soon af-
ter transplantation. They also rapidly recovered and
maintained normal numbers of CD20+ B cells. IgG
levels were maintained in the age-adjusted normal
range by 9 months in Patient 3, 3.5 months in Pa-
tient 7, 2.5 months in Patient 10, and 3 months in
Patient 12. Patient 9 could not be evaluated because
he received immune globulin for prophylaxis against
cytomegalovirus infection.

By two months after transplantation, the
CD3+CD4+:CD3+CD8+ ratio was =1 in all the
patients evaluated (Patients 7, 9, 10, and 12). Patient
3, first evaluated four months after transplantation,
also had a ratio of 1. All five surviving patients had
a normal CD3+CD4+:CD3+CD8+ ratio (=14)
by seven months after transplantation. The absolute
CD4+ T-cell counts rose to 400 per microliter or
higher by six months in three of the four patients
who survived until then; the sole exception was Pa-
tient 9, who had recurrent cytomegalovirus disease
and chronic GVHD. Currently, Patient 12 has an ab-
solute CD4+ T-cell count of 140 per microliter four
months after transplantation.

Engrafted donor T cells from Patients 3 and 7
have been assessed for reactivity against recipient al-
loantigens. Peripheral-blood mononuclear cells col-
lected from Patient 3 on day 379, 90 days after cy-
closporine was discontinued, were cultured with
either irradiated stimulator cells from three unrelat-
ed persons or with irradiated cryopreserved recipient
peripheral-blood cells. The proliferative response to
the cells from the unrelated persons was 5 to 11
times as high on day 5 of coculture as the response
to the recipient cells. In an identical experiment with
peripheral-blood mononuclear cells collected from
Patient 7 on day 173, 85 days after the discontinua-
tion of cyclosporine, the proliferative response to the
cells from the unrelated persons was 6 to 12 times
as high as the response to the recipient cells. In con-
current experiments, the frequencies of helper T-cell
precursors responding to cryopreserved cells were
0.00001 in Patient 3 and 0.0000008 in Patient 7, as
compared with frequencies of precursors responding
to cells from unrelated persons of 0.0003 and
0.00003, respectively.

Community-acquired influenza A in Patient 3 pro-
vided an opportunity to measure the in vivo response
to an infection that had not affected the recipient or
donor before transplantation. Immediately before vac-
cination of both the recipient and the donor against
influenza A on day 355, the recipient’s engrafted
cells responded to the influenza A virus in vitro, pre-
sumably because he had a naturally acquired infec-
tion two months after transplantation, whereas the
cells from the uninfected donor showed no re-
sponse. After vaccination, both the recipient and the
donor had measurable responses in vitro.

DISCUSSION

We found that ex vivo blockade of B7-mediated
costimulation induces anergy in T cells residing in
the bone marrow of a haploidentical donor that are
ordinarily reactive to alloantigens of the recipient.
Moreover, this treated marrow, after transplantation,
supports the hematologic reconstitution of the recip-
ient and replaces all of the recipient’s hematopoietic
cells. With conventional prophylaxis against GVHD,
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we would have expected to see severe GVHD in 60
to 90 percent of recipients of haploidentical mar-
row,*3* yet only one case of acute GVHD with an
IBMTR rating of C and no cases with a rating of
D were observed, and no deaths were attributable to
GVHD. Prophylaxis against GVHD could be dis-
continued uneventfully, and chronic GVHD has de-
veloped in only one patient. Despite an anticipated
high rate of mortality in this population, 5 of the 12
patients are alive and disease-free.

It appears that donor marrow treated ex vivo to
induce anergy can reconstitute hematopoiesis with
full lymphoid and myeloid donor chimerism (Table
5). This study did not have adequate power for sta-
tistical certainty but, rather, was designed to investi-
gate whether the expected high incidence of GVHD
would be diminished after the ex vivo treatment.
The occurrence of only two cases of acute GVHD
with a rating of B and one case with a rating of
C was particularly striking, since all the patients had
multiple risk factors for GVHD, of which donor—
recipient histoincompatibility was the most obvi-
ous.*345-47 Furthermore, all the patients received do-
nor bone marrow containing more than 10 million
CD3+ T cells per kilogram of the recipient’s weight,
exceeding by one to two orders of magnitude the
suggested threshold dose for minimizing GVHD.#8:4
As a group, the 12 patients we treated had additional
risk factors for GVHD, including mismatching of
donor and recipient with respect to sex, donors who
had been pregnant, incomplete methotrexate or cy-
closporine prophylaxis, recurrent or persistent dis-
case, irradiation-based conditioning (particularly with
>1200 cGy), cytomegalovirus seropositivity, and
older donor age.#3465055 Moreover, the onset of
GVHD is often early in cases of transplantation of
haploidentical donor marrow with conventional im-
munoprophylaxis.>6-57 All these elements support the
contention that ex vivo induction of anergy in donor
marrow T cells can prevent or minimize GVHD.

An alternative approach to the problems of graft
failure and severe GVHD after haploidentical mar-
row transplantation involves intensive myeloablation
with multiple agents, coupled with treatment of the
recipient with antithymocyte globulin before trans-
plantation, exhaustive depletion of T cells from the
donor’s marrow, and markedly increased doses of
donor stem cells. Partial depletion of T cells and im-
munosuppression after transplantation, including that
resulting from treatment with antithymocyte globulin,
have also been tried.>#-6! However, graft failure, sub-
stantial regimen-related toxicity, opportunistic infec-
tion, and delayed reconstitution of immune function
are still problems.>3-62 Because these approaches rely
on nonspecific ablation of T cells, immunosuppres-
sion, and aggressive preparation of the recipient, these
obstacles will probably be difficult to overcome.

As indicated by the frequency of precursor helper
T cells with alloreactivity against haploidentical re-
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cipient alloantigens in the recipient—donor pairs that
we studied, the frequency of donor helper T-cell
precursors responsive to haploidentical recipient al-
loantigens is at most 0.1 percent (i.e., 0.001). This
frequency suggests that more than 99 percent of the
500 million to 1.5 billion cells contained in the har-
vested donor marrow do not respond to recipient al-
loantigens and may be infused without the recipi-
ent’s incurring a substantial risk of GVHD. This
strategy of inducing anergy affects only a particular
segment of the T-cell repertoire, leaving the rest to
aid engraftment and restore immunocompetence. On
the basis of recent assessments in this small cohort
of patients, it appears that there is potential for rapid
recovery of a normal ratio of CD4+ T cells to CD8+
T cells in peripheral blood and that the absolute
number of CD4+ T cells can reach a normal level
by approximately six months after transplantation.

More important, patients appear able to overcome
acquired and reactivated viral infections. No lym-
phoproliferative discase associated with the Epstein—
Barr virus has been seen clinically or on autopsy thus
far, despite nearly uniform seropositivity in the pa-
tients and the donors. There were, however, four
deaths related to infection. One patient died of bac-
terial sepsis (Patient 2), and two died of aspergillus
infection (Patients 5 and 8). These infections oc-
curred very soon after transplantation and only in
patients with chronic neutropenia due to relapsed
disease and severe mucositis who had received cytar-
abine as part of their conditioning regimen. Patient
4, another member of the group that received cytar-
abine, died of disseminated toxoplasmosis, discovered
at autopsy. This patient had protracted leukopenia
and neutropenia because of delayed engraftment.
There were two deaths resulting from multiorgan
failure in this cohort. No fungal disease, deaths from
infection, or episodes of multiorgan failure have oc-
curred since cytarabine has been eliminated from the
conditioning regimen, suggesting that these events
may have been due to the additional immunosup-
pression, mucositis, and toxic effects resulting from
the aggressive conditioning regimen.60.61.63

In summary, we showed that inactivation of a se-
lected segment of the alloreactive T-cell repertoire
through blockade of B7-mediated T-cell costimula-
tion is possible and appears to result in a significant
reduction in the risk of GVHD. Further evidence
that the portion of the T-cell repertoire that is not
alloreactive is left unperturbed is essential in estab-
lishing whether this and similar methods are realistic
alternatives to solving the difficult problem of trans-
planting haploidentical bone marrow.

Supported by grants from the National Institutes of Health (P01 AI41584
and P50 HL54785) and the Juvenile Diabetes Foundation International.

Dr. Nadler was a scientific advisor to Repligen, the manufacturer of the
CTLA-4-Ig used in this study. He also received laboratory support from
Repligen and held stock options in the company. These arrangements end-
ed in September 1995, six months before this study began. Dr. Nadler also
divested himself of all stock options he owned in the company.

Downloaded from www.nejm.org on November 29, 2009 . For personal use only. No other uses without permission.
Copyright © 1999 Massachusetts Medical Society. All rights reserved.



TRANSPLANTATION OF ANERGIC HISTOINCOMPATIBLE BONE MARROW ALLOGRAFTS

We are indebted to Eileen A. Whyte, M.S.N., C.P.N.P, for her ex-
cellent management of outpatient cave; to the other members of the
medical and nursing staffs who caved for these patients and facili-
tated their treatment; to the clinical and laboratory personnel (par-
ticularly the dedicated staff of the Connell-O’Reilly Cell Manipu-
lation Laboratory), whose efforts supported this program; to the
referving physicians; and to the patients and famailies themselves who
undertook this difficult and demanding study with us.

REFERENCES

1. Schwartz RS, Eisner A, Dameshek W. The eftect of 6-mercaptopurine
on primary and secondary immune responses. J Clin Invest 1959;38:1394-
403.

2. Thomas ED, Collins JA, Herman EC Jr, Ferrebee JW. Marrow transplants
in lethally irradiated dogs given methotrexate. Blood 1962;19:217-28.

3. Hitchings GH, Elion GB. Chemical suppression of the immune re-
sponse. Pharmacol Rev 1963;15:365-405.

4. Fishman JA, Rubin RH. Infection in organ-transplant recipients. N Engl
J Med 1998;338:1741-51.

5. Sullivan KM, Witherspoon RP, Storb R, et al. Alternating-day cyclo-
sporine and prednisone for treatment of high-risk chronic graft-v-host dis-
case. Blood 1988;72:555-61.

6. Fauci AS, Dale DC, Balow JE. Glucocorticosteroid therapy: mechanisms
of action and clinical considerations. Ann Intern Med 1976;84:304-15.

7. Bacigalupo A, Van Lint MT, Occhini D, et al. Increased risk of leukemia
relapse with high-dose cyclosporine A after allogeneic marrow transplanta-
tion for acute leukemia. Blood 1991;77:1423-8.

8. Weaver CH, Clift RA, Deeg HJ, et al. Effect of graft-versus-host disease
prophylaxis on relapse in patients transplanted for acute myeloid leukemia.
Bone Marrow Transplant 1994;14:885-93.

9. Craig FE, Gulley ML, Banks PM. Posttransplantation lymphoprolifera-
tive disorders. Am J Clin Pathol 1993;99:265-76.

10. Martin PJ, Schoch G, Fisher L, et al. A retrospective analysis of therapy
for acute graft-versus-host disease: secondary treatment. Blood 1991;77:
1821-8.

11. Hanson MN, Morrison VA, Peterson BA, et al. Posttransplant T-cell
lymphoproliferative disorders — an aggressive, late complication of solid-
organ transplantation. Blood 1996;88:3626-33.

12. Penn I. Cancers following cyclosporine therapy. Transplantation 1987;
43:32-5.

13. Scott JP, Higenbottam TW. Adverse reactions and interactions of cy-
closporin. Med Toxicol Adverse Drug Exp 1988;3:107-27.

14. Jenkins MK, Johnson JG. Molecules involved in T-cell costimulation.
Curr Opin Immunol 1993;5:361-7.

15. Steinman RM, Young JW. Signals arising from antigen-presenting
cells. Curr Opin Immunol 1991;3:361-72.

16. Bretscher P, Cohn M. A theory of self-nonself discrimination. Science
1970;169:1042-9.

17. Schwartz RH. Costimulation of T lymphocytes: the role of CD28,
CTLA-4, and B7/BB1 in interleukin-2 production and immunotherapy.
Cell 1992;71:1065-8.

18. June CH, Bluestone JA, Nadler LM, Thompson CB. The B7 and
CD28 receptor families. Immunol Today 1994;15:321-32.

19. Bretscher P. The two-signal model of lymphocyte activation twenty-
one years later. Immunol Today 1992;13:74-6.

20. Boussiotis VA, Gribben JG, Freeman GJ, Nadler LM. Blockade of the
CD28 costimulatory pathway: a means to induce tolerance. Curr Opin Im-
munol 1994;6:797-807.

21. Lin H, Bolling SF, Linsley PS, et al. Long-term acceptance of major
histocompatibility complex mismatched cardiac allografts induced by
CTLA-4Ig plus donor-specific transfusion. ] Exp Med 1993;178:1801-6.
22. Lenschow DJ, Zeng Y, Thistlethwaite JR, et al. Long-term survival of
xenogeneic pancreatic islet grafts induced by CTLA-4Ig. Science 1992;
257:789-82.

23. Blazar BR, Taylor PA, Noelle RJ, Vallera DA. CD4(+) T cells toler-
ized ex vivo to host alloantigen by anti-CD40 ligand (CD40L:CD154) an-
tibody lose their graft-versus-host disease lethality capacity but retain nom-
inal antigen responses. J Clin Invest 1998;102:473-82.

24. Kirk AD, Harlan DM, Armstrong NN, et al. CTLA4-Ig and anti-
CD40 ligand prevent renal allograft rejection in primates. Proc Natl Acad
Sci U S A 1997;94:8789-94.

25. Wagemaker G, Vriesendorp HM, van Bekkum DW. Successful bone
marrow transplantation across major histocompatibility barriers in rhesus
monkeys. Transplant Proc 1981;13:875-80.

26. Yunis EJ, Good RA, Smith J, Stutman O. Protection of lethally irradi-
ated mice by spleen cells from neonatally thymectomized mice. Proc Natl
Acad Sci U S A 1974;71:2544-8.

27. Reisner Y, Kapoor N, Kirkpatrick D, et al. Transplantation for severe
combined immunodeficiency with HLA-A,B,D,DR incompatible parental
marrow cells fractionated by soybean agglutinin and sheep red blood cells.
Blood 1983;61:341-8.

28. Korngold R, Sprent J. T cell subsets and graft-versus-host-disease.
Transplantation 1987;44:335-9.

29. Ferrara JLM, Deeg HJ. Graft-versus-host disease. N Engl ] Med 1991,
324:667-74.

30. Martin PJ, Kernan NA. T-cell depletion for GVHD prevention in hu-
mans. In: Ferrara JLM, Deeg HJ, Burakoft SJ, eds. Gratt-vs.-host disease.
2nd ed. rev. New York: Marcel Dekker, 1997:615-37.

31. Linsley PS, Brady W, Urnes M, Grosmaire LS, Damle NK, Ledbetter
JA. CTLA-4 is a second receptor for the B cell activation antigen B7. ] Exp
Med 1991;174:561-9.

32. Gribben JG, Guinan EC, Boussiotis VA, et al. Complete blockade of
B7 family-mediated costimulation is necessary to induce human alloanti-
gen-specific anergy: a method to ameliorate graft-versus-host disease and
extend the donor pool. Blood 1996;87:4887-93.

33. Guinan EC, Tarbell NJ, Tantravahi R, Weinstein HJ. Bone marrow
transplantation for children with myelodysplastic syndromes. Blood 1989;
73:619-22.

34. Storb R, Deeg HJ, Whitehead J, et al. Methotrexate and cyclosporine
compared with cyclosporine alone for prophylaxis of acute graft versus host
disease after marrow transplantation for leukemia. N Engl J Med 1986;
314:729-35.

35. Rowlings PA, Przepiorka D, Klein JP, et al. IBMTR Severity Index for
grading acute graft-versus-host disease: retrospective comparison with
Glucksberg grade. Br ] Haematol 1997;97:855-64.

36. Meyers JD, Reed EC, Shepp DH, et al. Acyclovir for prevention of
cytomegalovirus infection and disease after allogeneic marrow transplanta-
tion. N Engl J Med 1988;318:70-5.

37. Mitchell DM, Beverley PC, Boyle DG, Winger LA, Callard RE. Ac-
cessory cell and HLA compatibility requirements for the generation of spe-
cific in-vitro antibody responses to influenza virus by human blood lym-
phocytes. Immunology 1983;50:239-50.

38. Delgado JC, Clavijo OP, Yunis EJ. HLA class II allele typing is 100-
fold more sensitive than class I in detecting chimerism states. Hum Immu-
nol 1998;59:Suppl 1:106. abstract.

39. Provan D, Bartlett-Pandite L, Zwicky C, et al. Eradication of polymer-
ase chain reaction-detectable chronic lymphocytic leukemia cells is associ-
ated with improved outcome after bone marrow transplantation. Blood
1996;88:2228-35.

40. Andersen NS, Donovan JW, Borus JS, et al. Failure of immunologic
purging in mantle cell lymphoma assessed by polymerase chain reaction de-
tection of minimal residual disease. Blood 1997;90:4212-21.

41. Kwok S, Higuchi R. Avoiding false positives with PCR. Nature 1989;
339:237-8. [Erratum, Nature 1989;339:490.]

42. Sullivan KM, Deeg HJ, Sanders J, et al. Hyperacute graft-v-host dis-
case in patients not given immunosuppression after allogeneic marrow
transplantation. Blood 1986;67:1172-5.

43. Anasetti C, Beatty PG, Storb R, et al. Effect of HLA incompatibility
on graft-versus-host disease, relapse, and survival after marrow transplanta-
tion for patients with leukemia and lymphoma. Hum Immunol 1990;29:
79-91.

44. Beatty PG, Clift RA, Mickelson EM, et al. Marrow transplantation
from related donors other than HLA-identical siblings. N Engl ] Med
1985;313:765-71.

45. Beatty PG. Results of allogeneic bone marrow transplantation with
unrelated or mismatched donors. Semin Oncol 1992;19:Suppl 7:13-9.
46. Gale RP, Bortin MM, van Bekkum DW, et al. Risk factors for acute
graft-versus-host disease. Br ] Haematol 1987;67:397-406.

47. Sullivan KM. Graft-versus-host disease. In: Forman SJ, Blume KG,
Thomas ED, eds. Bone marrow transplantation. Cambridge, Mass.: Black-
well Scientific, 1994:339-62.

48. Atkinson K, Farrelly H, Cooley M, O’Flaherty E, Downs K, Biggs J.
Human marrow T cell dose correlates with severity of subsequent acute
graft-versus-host disease. Bone Marrow Transplant 1987;2:51-7.

49. 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.

50. Bross DS, Tutschka PJ, Farmer ER, et al. Predictive factors for acute
graft-versus-host disease in patients transplanted with HLA-identical bone
marrow. Blood 1984;63:1265-70.

51. Clift RA, Buckner CD, Appelbaum FR, et al. Allogeneic marrow
transplantation in patients with acute myeloid leukemia in first remission:
a randomized trial of two irradiation regimens. Blood 1990;76:1867-71.
52. Horowitz MM, Gale RP, Sondel PM, et al. Graft-versus-leukemia re-
actions after bone marrow transplantation. Blood 1990;75:555-62.

53. Lazarus HM, Coccia PE, Herzig RH, et al. Incidence of acute graft-

Volume 340 Number 22 1713

Downloaded from www.nejm.org on November 29, 2009 . For personal use only. No other uses without permission.
Copyright © 1999 Massachusetts Medical Society. All rights reserved.



The New England

Journal of Medicine

versus-host disease with and without methotrexate prophylaxis in allogeneic
bone marrow transplant patients. Blood 1984;64:215-20.

54. Nash RA, Pepe MS, Storb R, et al. Acute graft-versus-host dis-

case: analysis of risk factors after allogeneic marrow transplantation and
prophylaxis with cyclosporine and methotrexate. Blood 1992;80:1838-
45.

55. Weisdorf D, Hakke R, Blazer B, et al. Risk factors for acute graft-ver-
sus-host disease in histocompatible donor bone marrow transplantation.
Transplantation 1991;51:1197-203.

56. Powles RL, Morgenstern GR, Kay HEM, et al. Mismatched family
donors for bone-marrow transplantation as treatment for acute leukaemia.
Lancet 1983;1:612-5.

57. Powles R, Pedrazzini A, Crofts M, et al. Mismatched family bone mar-
row transplantation. Semin Hematol 1984;21:182-7.

58. Munn RK, Henslee-Downey PJ, Romond EH, et al. Treatment of leu-
kemia with partially matched related bone marrow transplantation. Bone
Marrow Transplant 1997;19:421-7.

59. Henslee-Downey PJ, Abhyankar SH, Parrish RS, et al. Use of partially

1714 - June 3, 1999

mismatched related donors extends access to allogeneic marrow transplant.
Blood 1997;89:3864-72.

60. Aversa F, Tabilio A, Terenzi A, et al. Successful engraftment of T-cell-
depleted haploidentical “three-loci” incompatible transplants in leukemia
patients by addition of recombinant human granulocyte colony-stimulating
factor-mobilized peripheral blood progenitor cells to bone marrow inocu-
lum. Blood 1994;84:3948-55.

61. Aversa F, Tabilio A, Velardi A, et al. Treatment of high-risk acute leu-
kemia with T-cell-depleted stem cells from related donors with one fully
mismatched HLA haplotype. N Engl ] Med 1998;339:1186-93.

62. Lamb LS Jr, Gee AP, Henslee-Downey PJ, et al. Phenotypic and func-
tional reconstitution of peripheral blood lymphocytes following T cell-
depleted bone marrow transplantation from partially mismatched related
donors. Bone Marrow Transplant 1998;21:461-71.

63. Bozdech MJ, Sondel PM, Trigg ME, et al. Transplantation of HLA-
haploidentical T-cell-depleted marrow for leukemia: addition of cytosine
arabinoside to the pretransplant conditioning prevents rejection. Exp He-
matol 1985;13:1201-10.

Downloaded from www.nejm.org on November 29, 2009 . For personal use only. No other uses without permission.
Copyright © 1999 Massachusetts Medical Society. All rights reserved.



