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ABSTRACT

BACKGROUND

Conditioning with total lymphoid irradiation plus antithymocyte serum protects mice
against acute graft-versus-host disease (GVHD) after hematopoietic-cell transplanta-
tion. We tested this strategy in humans.

METHODS

Thirty-seven patients with lymphoid malignant diseases or acute leukemia under-
went an experimental conditioning regimen with 10 doses of total lymphoid irradia-
tion (80 cGy each) plus antithymocyte globulin, followed by an infusion of HLA-matched
peripheral-blood mononuclear cells from related or unrelated donors who received
granulocyte colony-stimulating factor.

RESULTS

Of'the 37 transplant recipients, only 2 had acute GVHD after hematopoietic-cell trans-
plantation. Potent antitumor effects in patients with lymphoid malignant diseases
were shown by the change from partial to complete remission. In the transplant recip-
ients who underwent conditioning with total lymphoid irradiation and antithymocyte
globulin, the fraction of donor CD4+ T cells that produced interleukin-4 after in vitro
stimulation increased by a factor of five, and the proliferative response to alloantigens
in vitro was reduced, as compared with normal control subjects and control subjects
who underwent conditioning with a single dose of total-body irradiation (200 cGy).

CONCLUSIONS
A regimen of total lymphoid irradiation plus antithymocyte globulin decreases the in-
cidence of acute GVHD and allows graft antitumor activity in patients with lymphoid
malignant diseases or acute leukemia treated with hematopoietic-cell transplantation.
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LLOGENEIC HEMATOPOIETIC-CELL
transplantation with the use of condition-
ing regimens of nonmyeloablative radio-
therapy, chemotherapy, or both to decrease early
toxic effects extends the possibility of hematopoi-
etic-cell transplantation to patients older than 50
years and those with coexisting conditions.1+ How-
ever, acute graft-versus-host disease (GVHD) re-
mains a major problem after nonmyeloablative
transplantation: acute GVHD (grade II or higher)
developed in 20 to 65 percent of the patients in sin-
gle-center or multicenter trials.>1° Death due to this
complication accounts for approximately 50 per-
cent of the deaths that are not due to a relapse of
the neoplasm.3:410
A new approach to the prevention of acute GVHD
takes advantage of the immune system’s regula-
tory T cells. Two types of regulatory T cell in mice,
natural Killer T cells and CD4+CD25+ T cells, can
prevent acute GVHD.11-14 These regulatory T cells
inhibit the proliferation of and cytokine secretion
by CD4+ and CD8+ donor T cells that injure the in-
testines, liver, and skin in acute GVHD.11,14 Never-
theless, direct tumor-killing activity mediated by
donor CD8+ T cells remains unaffected.12 Thus,
regulatory T cells can separate GVHD from the an-
titumor activity of the graft. Regulatory natural killer
T cells of either donor or host origin have the unique
capacity to prevent acute GVHD by secreting inter-
leukin-4.13-15 Natural Killer T cells recognize a non-
polymorphic, major-histocompatibility-complex
class I-like antigen-presenting molecule, CD1d,
which is present on both the donor and host anti-
gen-presenting cells.16
Natural killer T cells constitute only 1 to 3 per-
centof all T cells in the spleen in normal mice. Af-
ter repeated treatment with low-dose irradiation
targeted to the spleen, thymus, and lymph nodes,
however, the proportion of these cells progressive-
ly increases until ultimately they constitute the ma-
jority of T cells in the spleen and bone marrow.14.15
This change probably results from the resistance
of natural killer T cells, as compared with conven-
tional T cells, to radiation-induced apoptosis due to
increased expression of antiapoptotic genes by the
natural Killer T cells.1” In preclinical studies, mu-
rine recipients of allogeneic bone marrow that un-
derwent conditioning with anti-T-cell antibodies
and repeated low-dose irradiation targeted to the
lymphoid tissue (total lymphoid irradiation) were
fully protected from GVHD, whereas mice that
underwent conditioning with anti-T-cell antibod-

ies and a single dose of total-body irradiation
were not protected.1415 Studies of the pattern of
cytokine secretion by donor T cells in protected
hosts showed a polarization toward a pattern of
type 2 helper T (Th2) cells, with increased secretion
ofinterleukin-4.15 The Th2 cells assist B cells to pro-
duce antibodies and reduce the inflammation pro-
moted by type 1 helper T cells.

In the present study, we adapted the condition-
ing regimen of total lymphoid irradiation that re-
duces the incidence of acute GVHD in rodents to
the treatment of humans with lymphoid malignant
diseases or acute leukemia.

METHODS

PATIENTS

Beginning on December 28, 2001, 37 consecutive
patients were enrolled in a treatment protocol that
was reviewed and approved by the Stanford Univer-
sity administrative panel on human subjects in med-
ical research. Observations were carried out through
December 1, 2004. Patients were eligible for the
study if they had received a diagnosis of lymphoid
malignant diseases or acute leukemia, were 50 years
of age or older, were younger than 50 years but had
preexisting medical conditions, or had received pri-
or therapy and were considered to be at too high
a risk for conventional myeloablative transplanta-
tion. For patients with lymphoid malignant diseas-
es, no exclusions were made on the basis of disease
status, sensitivity to chemotherapy, or prior bacte-
rial or fungal infection. For patients with acute leu-
kemia to be eligible, bone marrow aspirates were
required to show less than 5 percent of blasts with-
in six weeks before the start of the conditioning reg-
imen. No patient refused to undergo the experi-
mental conditioning regimen. All patients provided
written informed consent. Patients were to be ex-
cluded if they were pregnant or if they had decom-
pensated liver disease, a corrected pulmonary-dif-
fusing capacity of less than 35 percent, a cardiac
gjection fraction ofless than 30 percent, a Karnofsky
performance status of less than 50 percent, or sero-
logic evidence of infection with the human immu-
nodeficiency virus.

THE REGIMEN

Total lymphoid irradiation was administered from
a15-MeV linear accelerator (photon beam) ata dose
of 80 cGy daily, starting 11 days before transplan-
tation, until a total of 10 doses (800 cGy) had been
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Figure 1. Nonmyeloablative Conditioning Regimen
of Total Lymphoid Irradiation and Antithymocyte Globulin.

Panel A shows the experimental conditioning regimen,
which consisted of 10 doses of total lymphoid irradiation
(TLI) (at 80 cGy each) given over a period of 11 days (as in-
dicated by arrows). Antithymocyte globulin (ATG) (ata dose
of 1.5 mg per kilogram of body weight per day) was admin-
istered intravenously on days -11 through -7 (as indicat-
ed by arrows). An intravenous infusion of mobilized
HLA-matched peripheral-blood mononuclear cells from a
donor was administered on day 0. Panel B shows the
mean (£SD) absolute neutrophil count (ANC) and the
mean absolute lymphocyte count (ALC) before the con-
ditioning regimen was started, immediately after com-
pletion of the regimen (day 0), and at 3-month intervals
after transplantation, up to 12 months. The data are from
18 consecutive patients who could be evaluated for all six
points in time. The T bars indicate the standard devia-
tion. Panel C shows the mean absolute counts of CD4+,
CD8+, and CD3+ T cells before the conditioning regimen
and after transplantation. The data are from 14 consecu-
tive patients at each point in time. Assays were per-
formed by the Stanford University Blood Bank Laborato-
ries. Panel D shows the mean concentrations of total and
active antithymocyte globulin in the serum before the
conditioning regimen and after transplantation. Data are
from 12 consecutive patients at each point in time. The
dashed horizontal line represents the threshold for in
vivo T-cell depletion.®

delivered. The irradiation consisted of a supradia-
phragmatic mantle field, a subdiaphragmatic field
that included an inverted Y, and splenic ports en-
compassing all major lymphoid organs, including
the thymus, spleen, and lymph nodes, as used in the
treatment of Hodgkin’s disease.1® Antithymocyte
globulin (Thymoglobulin, SangStat), at a dose of
1.5 mg per kilogram of body weight per day, was
given intravenously on days —11 through -7, with
day 0 being the day of transplantation (Fig. 14). All
patients received prophylactic medications against
bacterial, fungal, and viral infections and were mon-
itored for cytomegalovirus and Epstein—Barr virus
with the use of a blood polymerase-chain-reac-
tion assay, as previously described.#7 Immuno-
suppressive therapy after transplantation included
oral cyclosporine started on day -3, at a dose of
6.25 mg per kilogram twice per day, and mycophe-
nolate mofetil, at a dose of 15 mg per kilogram
twice a day, started on the first day after transplan-
tation. Among recipients of matched grafts from re-
lated donors, cyclosporine was tapered to discon-
tinuation from day 56 to day 180, and mycophenolate
mofetil was stopped on day 28. Among recipients
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of matched grafts from unrelated donors, cyclo-
sporine was tapered to discontinuation from day
100 to day 180, and mycophenolate mofetil was ta-
pered to discontinuation from day 42 to day 96.

MOLECULAR AND SEROLOGIC TYPING

Patients with sibling donors were serologically
matched for HLA-A and B antigens and were
matched by high-resolution DNA typing for HLA-
DRB1 alleles. Patients with unrelated donors were
matched for HLA-A, B, and DRB1 alleles with the
use of high-resolution (DNA sequencing) molecu-
lar typing and for HLA-C and DQB1 alleles with the
use of low-resolution molecular typing.

DONOR CELLS

Related and unrelated donors received a five-day
course of subcutaneous granulocyte colony-stim-
ulating factor (at a dose of 16 pg and 10 pg per ki-
logram of body weight per day, respectively), and
mononuclear cells were harvested by leukaphere-
sis. The CD34+ and CD3+ content of cells in the
graft was determined according to the standard
guidelines of the International Society of Hema-
totherapy and Graft Engineering.20,21

ASSESSMENT OF CHIMERISM

AND OF ANTITHYMOCYTE GLOBULIN IN SERUM
The status of hematopoietic chimerism was de-
termined at intervals of one to six months after
transplantation by DNA genotyping of simple se-
quence-length polymorphic markers that encode
short tandem repeats, performed by the histocom-
patibility laboratory at the Stanford Medical School,
as previously described in detail.22 The analysis of
chimerism was performed on whole blood and
on blood mononuclear cells separated into T cells,
B cells, and granulocytes with the use of immuno-
magnetic beads (Dynal) coated with monoclonal
antibodies against CD3, CD19, and CD15, respec-
tively. Samples were analyzed at SangStat for the
presence of rabbit IgG, with the use of an enzyme-
linked immunosorbent assay, and for the fraction
of antithymocyte globulin that retained the capac-
ity to bind to human CD3+ T cells (active antithy-
mocyte globulin).1®

CONTROL PATIENTS

We studied two groups of control patients. One
group of four patients was treated for the myelo-
dysplastic syndrome with hematopoietic-cell trans-
plantation after undergoing conditioning with three

doses of fludarabine, at a dose of 30 mg per kilo-
gram, followed by a single dose of total-body irradi-
ation (200 cGy), and the same GVHD and antimi-
crobial prophylaxis as that received by patients who
underwent the experimental conditioning regimen.
The other group of five control patients received
an allogeneic hematopoietic-cell transplant for the
treatment of myeloma after undergoing condition-
ing with only total-body irradiation (200 cGy), as
previously described.”-23

CYTOKINE SECRETION BY CD4+ AND CD8+ T CELLS
Peripheral-blood mononuclear cells from normal
control subjects, control patients receiving total-
body irradiation, and patients receiving total lym-
phoid irradiation were stimulated in vitro with phor-
bol myristate acetate and ionomycin for six hours,
with brefeldin A (Sigma-Aldrich) added after two
hours.12 The cells were stained with allophycocya-
nin anti-CD4 monoclonal antibody and with phy-
coerythrin or fluorescein isothiocyanate anti-CD8
monoclonal antibody and were subsequently per-
meabilized with the use of a saponin-based reagent
(Cytofix-Cytoperm kit, BD Bioscience). After perme-
abilization, the cells were stained for intracellular
cytokines with the use of fluorescein isothiocya-
nate anti—interleukin-2 monoclonal antibody, phy-
coerythrin anti-interleukin-4 monoclonal antibody,
fluorescein isothiocyanate anti-interferon-y mono-
clonal antibody, and fluorescein isothiocyanate-
anti—tumor necrosis factor o (INF-a) monoclonal
antibody, in accordance with the manufacturer’s in-
structions. The cells were gated on CD4+ or CD8+
cells and analyzed for the percentage of gated cells
that were positive on staining for each cytokine with
the use of multicolor flow-cytometric analysis.12

MIXED-LYMPHOCYTE—REACTION ASSAY

Mononuclear cells from normal control subjects
and from patients who had undergone total lym-
phoid irradiation or total-body irradiation were en-
riched for CD4+ T cells by incubation with phyco-
erythrin—anti-CD4 monoclonal antibody, with the
use of antiphycoerythrin-conjugated immunomag-
netic beads, and the cells were then purified on col-
umns (MACS system, Miltenyi Biotech). The CD4+
cells were more than 90 percent pure, as judged by
flow cytometry. These cells were tested for prolifera-
tive immune responses to alloantigens in culture
for five days in complete medium with irradiated
(5000 cGy) stimulator cells made from a pool of
mononuclear cells obtained from three normal sub-
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jects. The cultures were labeled with 3H-thymidine
during the last 20 hours and harvested, and the su-
pernatants were assayed in a scintillation counter.24

STATISTICAL ANALYSIS

Comparisons of the values of the results of labo-
ratory tests of samples obtained from patients in
different groups and from normal control subjects
were calculated with the use of the Wilcoxon two-
sample rank test. Actuarial overall survival and pro-
gression-free survival were calculated with the use
of a Kaplan—Meier analysis.

RESULTS

PATIENTS’ CHARACTERISTICS

Table 1 summarizes the clinical features of the 37
patients enrolled in the study. Of these, 24 had lym-
phoid malignant diseases and 13 had acute leuke-
mia. Twenty-eight patients had advanced disease,
and 13 of the 24 patients with a lymphoid malignant
disease had a relapse after undergoing autologous
transplantation.

CONDITIONING REGIMEN
The total lymphoid irradiation regimen, consist-
ing of 10 doses of lymphoid irradiation of 80 cGy
each, was administered over a period of 11 days, and
antithymocyte globulin was given on each of the
first 5 days (Fig. 1A). Patients were admitted to the
hospital for the administration of antithymocyte
globulin. On completion of the regimen of total lym-
phoid irradiation, the patients were given an intra-
venous infusion of granulocyte colony-stimulating
factor-mobilized mononuclear cells from HLA-
matched related donors (23 patients, 62 percent)
or unrelated donors (14 patients, 38 percent). The
mean (£SD) absolute numbers of CD34+ hemato-
poietic progenitor cells and CD3+ T cells in these
infusions were 5.8+2.4x10° per kilogram of body
weight and 2.4+0.9x108 per kilogram, respectively.
We found that the nonmyeloablative regimen
of total lymphoid irradiation and antithymocyte
globulin caused only minor neutropenias (Fig. 1B).
All the patients had persistent lymphopenia, with
a marked reduction in CD4+ helper T cells, after
transplantation (Fig. 1C). Despite the lymphopenia,
antithymocyte globulin that bound to lymphocytes
(asjudged with the use of immunofluorescent stain-
ing) was not detected in the recipients’ serum after
day 7 (Fig. 1D). There were too few circulating host
T cells at the time of transplantation to determine

Table 1. Characteristics of Patients Undergoing Nonmyeloablative Conditioning
with Total Lymphoid Irradiation (TLI) and Antithymocyte Globulin (ATG).*

Characteristic

No. of patients
Age —yr
Median
Range
Diagnosis — no. (%)

Acute myeloid leukemia, acute lymphoblastic leukemia,
acute promyelocytic leukemia, or therapy-related
acute myeloid leukemia

Mantle-cell lymphoma

Diffuse large-B-cell non-Hodgkin's lymphoma

Follicular small-cleaved-cell non-Hodgkin’s lymphoma
Hodgkin’s disease
Peripheral T-cell lymphoma
Advanced disease — no. (%)
No. of therapies before TLI and ATG
Median
Range
Prior autologous transplantation — %
Donor — no. (%)
Sibling
Unrelated
Sex mismatch — no. (%)
Cytomegalovirus serologic status — no. (%)
Donor, recipient, or both seropositive
Donor and recipient seronegative
Disease status at time of TLI and ATG — no. (%)
Complete remission
Partial remission

Progressive disease

Cyclosporine or mycophenolate mofetil
Cell dose infused

CD34+ — x10-6/kg

CD3+ — x10-8/kg

Chronic lymphocytic leukemia or prolymphocytic leukemia

Post-transplantation immunosuppressive therapy — no. (%)

Value

37

52
28-66

37 (100)

5.8+2.4
2.4+0.9

3

Plus—minus values are means +SD.

 Advanced disease was considered to be acute leukemia with a high risk of cyto-

genetic abnormality or disease after the first remission (7 patients); or a lym-
phoproliferative disorder after the second complete remission, during partial
remission, or with progressive disease at the time of total lymphoid irradiation

and antithymocyte globulin (21 patients).

whether an increase in host natural killer T cells had
occurred, as observed in the rodent spleen and bone
marrow.1415

Multilineage donor hematopoietic-cell engraft-
ment, including T cells, B cells, and granulocytes,
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was uniformly achieved within 56 days after trans-
plantation (Fig. 2A). However, the donor T cells sub-
sequently declined in number and were markedly
reduced or undetectable within 75 to 200 days after
transplantation in 6 of the 37 patients (Fig. 2B). The
decline in the number of donor B cells and granulo-
cytes was similar to that for the donor T cells (data
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Figure 2. Multilineage Chimerism in Patients Who Underwent Conditioning
with Total Lymphoid Irradiation and Antithymocyte Globulin.

Panel A shows the median percentages of donor-type cells among the CD3+

T cells, CD19+ B cells, and CD15+ neutrophils between 14 and 365 days after
hematopoietic-cell transplantation in 15, 15, 13, 11, 10, and 8 consecutive pa-
tients at each of six points in time, respectively. Panel B shows the changes in
the percentage of donor-type cells among CD3+ T cells in all 37 patients in the
study. The lines represent all available data for each patient on the percentage
of donor cells at each point in time up to 500 days, with solid lines represent-
ing patients with stable chimerism and dashed lines representing patients in
whom chimerism was lost or markedly reduced.
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not shown). In four of these six patients, the loss of
donor cells occurred during tumor progression or
relapse.

ACUTE GVHD

All patients were monitored after transplantation
for the principal manifestations of acute GVHD —
diarrhea, rash, and abnormal results on liver-func-
tion tests. Standard scores for GVHD on a scale from
grade 0 through grade IV were used during the first
100 days after transplantation to diagnose acute
GVHD,?5 and thereafter, patients were evaluated for
chronic GVHD, which was classified as absent, lim-
ited, or extensive.26,27

Among the 24 patients with lymphoid malig-
nant diseases (of whom 13 received a transplant
from a sibling and 11 from an unrelated donor),
acute GVHD was scored as grade 0 in 22 patients,
grade Iin 1 patient, and grade IIl in 1 patient (Ta-
ble 2). GVHD in this last patient responded to cor-
ticosteroids. Among the 13 patients with acute leu-
kemia (of whom 10 received a graft from a sibling
and 3 from an unrelated donor), acute GVHD was
scored as grade 0 in all patients (Table 3).

Twenty patients with lymphoid malignant dis-
eases survived for more than 100 days and were
evaluated for the development of chronic GVHD.
Among these patients, 14 had no evidence of chron-
ic GVHD, 2 had limited chronic GVHD, and 4 had
extensive chronic GVHD (Table 2). All 13 patients
with acute leukemia survived for more than 100
days; 10 had no evidence of chronic GVHD, and
3 had extensive chronic GVHD (Table 3).

SURVIVAL AND TUMOR RESPONSE

Among transplant recipients with lymphoid malig-
nant diseases, the follow-up for the first enrolled
patient was 1069 days, and for the last enrolled pa-
tient it was 222 days; the median follow-up among
the surviving patients was 482 days (Table 2). For
the 13 patients with acute leukemia, the period of
follow-up for the first patient enrolled and the last
patient enrolled was 215 and 1041 days, respective-
ly, and the median follow-up of surviving patients
was 446 days (Table 3).

Ofthe 24 patients with lymphoid malignant dis-
eases, 17 (71 percent) survived, all with a Karnofsky
performance status score of 100 percent (indicat-
ing normal daily functioning) (Table 2).28 Of the
13 patients with acute leukemia, 10 (77 percent) sur-
vived, all of them with a performance status of 90
percent or more (Table 3). For patients who died,
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Table 2. Outcomes among the 24 Patients with Lymphoid Malignant Diseases.*
Patient Acute GVHD Chronic GVHD  Disease Status Survival  Current Performance
No. Donor  Diagnosis  (Grade) (Extent) (At Entry/Current) Status (Days) Status (%)
1 Related MCL 0 Absent PR/CR: Alive 1069 100
2 Unrelated MCL 0 Extensive PR/CR Alive 1027 100
3 Related DLCL-B 0 Limited PR/CRi: Alive 957 100
4 Related FSCL 0 Absent PR/CR Alive 943 100
5  Unrelated MCL 0 Absent PR/—1 Died 102 —
6  Unrelated MCL 0 Extensive PR/CR Died 665 —
7  Unrelated DLCL-B I Extensive PR/PR Died 171 —
8 Related DLCL-B 0 Absent PD/PDi Died 305 —
9  Unrelated PLL 0 — PD/PD Died 99 —
10 Unrelated MCL 0 — PR/— Died 44 —
11 Related MCL 0 Absent CR/CR Alive 684 100
12 Unrelated DLCL-B 0 Absent PR/CR: Alive 656 100
13 Related DLCL-B 0 Absent PR/CR: Alive 614 100
14 Unrelated MCL 0 Absent CR/CRi Alive 614 100
15  Unrelated CLL 0 Absent PR/CR:§ Alive 482 100
16 Related CLL 0 Limited PR/CR Alive 411 100
17 Unrelated PTCL 0 Not at risk| CR/Reli: Died 320 —
18 Related CLL 0 Extensive PR/CR Alive 383 100
19  Unrelated FSCL | Absent PR/CR: Alive 377 100
20 Related MCL 0 Absent CR/CR§ Alive 369 100
21 Related HD 0 Absent PR/PDZ Alive 362 100
22 Related CLL 0 Not at risk9 PR/PD Alive 348 100
23 Related MCL 0 Absent PR/CR§ Alive 250 100
24 Related HD 0 Absent PR/PR: Alive 222 100

* The cause of death of Patients 8 and 9 was progressive disease, of Patient 5 indwelling-line sepsis, of Patient 6 compli-
cations resulting from extensive chronic graft-versus-host disease (GVHD), of Patient 7 suicide, of Patient 17 recurrent
lymphoma, and of Patient 10 thrombotic thrombocytopenia purpura. MCL denotes mantle-cell ymphoma; PR partial re-
mission, CR complete remission; DLCL-B diffuse large-B-cell non-Hodgkin’s lymphoma, FSCL follicular small-cleaved-
cell non-Hodgkin’s lymphoma; PLL prolymphocytic leukemia; PD progressive disease; CLL chronic lymphocytic leuke-
mia; PTCL peripheral T-cell lymphoma; Rel clinical, radiologic, or histopathological relapse; and HD Hodgkin’s disease.
Dashes denote that the patient died before evaluation for chronic GVHD or tumor size (on computed tomography) or

performance status.

better daily functioning.28

i Performance status (as of December 1, 2004) was scored according to the Karnofsky scale, with higher scores indicating

I The patient had undergone a prior autologous transplantation.
§ The patient had tumor progression or a relapse after transplantation, was treated, and was in complete remission at the

last follow-up visit.

9§ The patient was not at risk for chronic GVHD because of secondary graft loss at less than 100 days.

the causes of death are given in the footnotes to Ta-
bles 2 and 3.

Only 4 of the 24 patients who received a trans-
plant as treatment for lymphoid malignant diseas-
es were in complete remission when the regimen
of total lymphoid irradiation and antithymocyte
globulin was started. Eighteen of these 24 patients
had evidence of residual disease (partial remission)
on clinical examination or on computed tomogra-

phy, positron-emission tomography, or both, and
two patients had progressive disease (Table 2). Of
the four patients in complete remission at the time
of transplantation, three were still in complete re-
mission at the last follow-up visit and the fourth
had a relapse. Of the 18 patients with measurable
disease at the start of the conditioning regimen, 12
had complete remission without detectable acute
GVHD. All patients whose condition changed from
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Table 3. Outcomes among the 13 Patients with Acute Leukemia.*
Survival
Chronic GVHD Disease Status Status Current Performance

Patient No.  Donor Diagnosis (Extent) (At Entry/Current) (Days) Status (%)

25 Related AML Extensive CR1/CR Alive 1041 90

26 Related AML Extensive CR1/CRi: Alive 943 90

27 Related AML Extensive CR1/CR Alive 894 100

28 Related AML Absent CR1/CR Alive 496 100

29 Related AML Absent CR2/CR Alive 446 100

30 Related AML Absent CR1/CR%§ Alive 446 100

31 Unrelated ALL Absent CR2/Rel Died 232 —

32 Related APL Absent CR4/Rel Alive 425 90

33 Unrelated AML Absent CR2/Reli: Died 214 —

34 Related AML Absent CR1/CR Alive 347 100

35 Related AML Absent CR1/Rel Died 220 —

36 Unrelated tAML Absent CRI1/CR: Alive 215 90

37 Related AML Absent CR1/CR Alive 215 100

* No patients in this group had acute GVHD. Patients 31, 33, and 35 died as the result of a relapse. AML denotes acute my-
eloid leukemia; CR complete remission; CR1, CR2, and CR4 first, second, and fourth remission, respectively; ALL acute
lymphoblastic leukemia; APL acute promyelocytic leukemia; Rel clinical, radiologic, or histopathological relapse; and
tAML therapy-related acute myeloid leukemia. Dashes denote that the category is not applicable owing to the patient’s

death.

T Performance status (as of December 1, 2004) was scored according to the Karnofsky scale, with higher scores indicating

better daily functioning.28

I The patient was at high risk or had complex findings on cytogenetic analysis.
§ The patient was treated for a relapse after transplantation and was in complete remission at the last follow-up visit.

partial to complete remission were in complete re-
mission at the last follow-up visit. Four of 18 pa-
tients who had partial remission at the start of the
conditioning regimen of total lymphoid irradiation
and antithymocyte globulin still had evidence of
disease at the last observation; of these 4 patients,
2 had disease progression. The two remaining pa-
tients who had partial remission at the time of
transplantation died from causes other than re-
lapse within six months after transplantation, and
for that reason their disease status could not be as-
certained by tumor imaging. However, autopsy re-
vealed microscopical tumor foci in one patient (Pa-
tient 7).

All 13 patients with acute leukemia were in the
first or a subsequent complete remission before
starting the conditioning regimen. Remission sta-
tus was assigned on the basis of histologic analy-
sis of samples of bone marrow obtained six weeks
before the start of the regimen. Of these 13 patients,
9 had a first complete remission and 4 had two or
four remissions. Of the nine who had a first com-
plete remission, seven continued to be in complete
remission and two had a relapse. Of the four who

underwent transplantation while in a second or
fourth complete remission, one continued to have
a complete remission and three had a relapse.
Among the patients with lymphoid malignant dis-
eases, the actuarial overall survival and progres-
sion-free survival rates were 62 percent and 55 per-
cent, respectively; among the patients with acute
leukemia, the actuarial overall survival and progres-
sion-free survival rates were 73 percent and 69 per-
cent, respectively.

SEVERE INFECTIONS

Four patients were hospitalized because of viral in-
fection, fungal infection, or both: one patient had
a gastrointestinal cytomegalovirus infection, one
had a fungal pneumonitis, and two had multider-
matomal herpes zoster or multifocal herpes simplex
virus type 1 infection. These four patients and an
additional five patients also had bacterial infections.
All viral, bacterial, and fungal infections were con-
trolled with the use of antimicrobial therapy, with
the exception of one fatal case of bacteremia. In to-
tal, 28 of the 37 patients had no evidence of any clin-
ically significant infection.
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Figure 3. Comparison of Intracellular Cytokine Produc-
tion and the Proliferation of CD4+ and CD8+ T Cells.

Panel A shows the percentage of CD4+ T cells and CD8+
T cells that stained positive for intracellular cytokines af-
ter in vitro activation by phorbol myristate acetate and
ionomycin. T cells were obtained from patients who un-
derwent total lymphoid irradiation (TLI) and from those
who underwent total-body irradiation (TBI) and normal
control subjects. Bars indicate the mean percentages of
cytokine-positive cells, and T bars indicate the standard
error in the groups of five to eight samples obtained
from consecutive patients after TLI or TBI that had suffi-
cient yields of CD4+ and CD8+ T cells for staining to be
performed and in samples from normal controls. None
of the patients had acute GVHD when the samples were
drawn. Panel B shows proliferative responses of CD4+
cells, as measured by 3H-thymidine incorporation after
stimulation in the mixed-lymphocyte reaction. The mean
3H-thymidine incorporation of triplicate assays for each
patient was determined after subtracting the background
value of the responder cells alone (A cpm). The mean
values in five consecutive patients with sufficient yields
of CD4+ T cells in each group are shown. The asterisks
indicate a statistically significant difference (P<0.05)be-
tween the TLI group and the other groups.

FUNCTION OF CD4+ T CELLS

We obtained purified mononuclear cells from the
blood of the transplant recipients within one to
seven months after transplantation and stimulated
these cells in vitro with phorbol myristate acetate
and ionomycin. The stimulated cells were analyzed
for the accumulation in the CD4+ and CD8+ T cells
of interferon-vy, interleukin-4, interleukin-2, and
TNF-« with the use of immunofluorescent stain-
ing and flow cytometry. As shown in Figure 3A, the
mean percentages of CD4+ and CD8+ cells that ex-
pressed intracellular interferon-vy, interleukin-2,
or TNF-« did not differ significantly among the pa-
tients who had undergone total lymphoid irradia-
tion, the normal controls, and the control patients
who had received transplants and had undergone
conditioning with low-dose total-body irradiation
(P=0.13 to 0.94 for interferon-vy, P=0.06 to 0.90
for interleukin-2, and P=0.14 to 0.90 for TNF-«,
as calculated with the Wilcoxon rank test). Control
patients who had received transplants were those
without acute GVHD. In contrast, among patients
who had undergone total lymphoid irradiation, the
mean percentage of CD4+ T cells that expressed in-
terleukin-4 was significantly higher than among the
normal controls (P=0.04 by the Wilcoxon rank test)
or among control subjects who had undergone
total-body irradiation with or without fludarabine
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(P=0.05 by the Wilcoxon rank test); the mean per-
centage of interleukin-4—positive CD4+ cells in the
total-lymphoid-irradiation group was about five
times that in the control groups.
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We compared the mixed-lymphocyte reaction of
purified CD4+ T cells obtained from the normal
controls and from the transplant recipients who
had full chimerism and had undergone condition-
ing with either total lymphoid irradiation and anti-
thymocyte globulin or low-dose total-body irradia-
tion (Fig. 3B). Although there was no significant
difference in the means between the group of nor-
mal controls and the group of patients who had un-
dergone total-body irradiation (P=1.0), the mean
value for patients who had undergone total lym-
phoid irradiation was significantly reduced, as com-
pared with normal controls and with patients who
had undergone total-body irradiation (P=0.03 for
both comparisons by the Wilcoxon rank test).

DISCUSSION

In our study, the incidence of acute GVHD, grades
II through IV, among recipients of hematopoietic-
cell transplants who had undergone a condition-
ing regimen of total lymphoid irradiation plus an-
tithymocyte globulin (1 of 37 patients, 3 percent)
was markedly lower than that reported in studies
of nonmyeloablative conditioning with total-body
irradiation, chemotherapeutic agents, or both, con-
ducted by researchers at our institution or else-
where.1-10 This reduction in the incidence of acute
GVHD is especially noteworthy because 14 of the
37 patients received transplants from unrelated do-
nors. In previous studies of recipients of hemato-
poietic-cell transplants from unrelated donors, the
incidence of acute GVHD grades II through IV was
more than 50 percent.>7:9:10

In addition to the low incidence of acute GVHD
among the transplant patients, 12 of 16 patients
with lymphoid malignant diseases who entered the
study while in partial remission and who were eval-
uated for tumor status after transplantation were in
complete remission. The contributions of the con-
ditioning regimen of total lymphoid irradiation and
of the antitumor activity of the graft to these chang-
es are difficult to distinguish from each other, except
in seven patients who had clearing of the tumor out-
side the field of the total lymphoid irradiation. Of
the 17 patients who entered the study in complete
remission, 12 continued to have complete remis-
sion, with a median follow-up of 425 days.

In preclinical studies, the protection afforded
against GVHD by the conditioning regimen of to-
tal lymphoid irradiation plus antithymocyte globu-
lin in wild-type host mice was dependent on host

natural killer T cells, since protection was lost in
mice in which the CD1d gene was inactivated, caus-
ing developmental failure of natural killer T cells in
the thymus and other lymphoid tissue.5 After the
wild-type mice were treated with total lymphoid ir-
radiation, the natural killer T cells were the main
source of host interleukin-4, which subsequently
increased the production of interleukin-4 by donor
T cells.1415 In the current study, we were unable to
measure directly the number and function of host
natural Killer T cells, because assays were limited to
the blood samples obtained immediately after the
patients underwent the conditioning regimen, and
these samples contained too few host T cells for
testing. Subsequently, we enrolled seven addition-
al patients, and by increasing the volume of the
blood samples obtained from each of the patients,
we were able to measure the percentage of natural
killer T cells in five of these patients. The median
percentage of natural Killer T cells among all T cells
was increased by a factor of 10 after the patients
underwent the experimental conditioning regimen,
owing to a more profound decrease in the absolute
number of non—natural killer T cells than of natu-
ral killer T cells (data not shown).

After the patients underwent transplantation,
we found a marked increase in the production of
interleukin-4 by donor CD4+ T cells in the trans-
plant recipients, as compared with interleukin-4
production by CD4+ T cells in the normal control
subjects, as was observed in mice.1> These donor
CD4+ T cells also showed a marked reduction in
their proliferative response to alloantigenic stim-
ulation in the mixed-lymphocyte reaction. Donor
CD4+ T cells from patients who underwent condi-
tioning with total-body irradiation, rather than to-
tal lymphoid irradiation plus antithymocyte glob-
ulin, showed neither an increased production of
interleukin-4 nor a reduced proliferative response.

Although we could not distinguish the separate
contributions of total lymphoid irradiation and anti-
thymocyte globulin to protection against GVHD, pre-
clinical studies have shown that the combination
of total-body irradiation and antithymocyte glob-
ulin fails to provide protection against GVHD.14:15
It is likely that the changes in the function of do-
nor T cells in the patients who underwent total lym-
phoid irradiation reduced the risk of acute GVHD,
since donor T cells with a profile of increased Th2
cytokine secretion have a decreased capacity to in-
duce GVHD in rodents.29-31

In conclusion, a regimen of nonmyeloablative
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conditioning of total lymphoid irradiation plus an-
tithymocyte globulin given before hematopoietic-
cell transplantation for lymphoid malignant diseas-
es or acute leukemia can markedly decrease the in-
cidence of acute GVHD while retaining the antitu-

mor effect of the graft.

REFERENCES

1. Slavin S, Nagler A, Naparstek E, et al.
Nonmyeloablative stem cell transplantation
and cell therapy as an alternative to conven-
tional bone marrow transplantation with
lethal cytoreduction for the treatment of
malignant and nonmalignant hematologic
diseases. Blood 1998;91:756-63.

2. ChildsR, ClaveE, Contentin N, etal. En-
graftment kinetics after nonmyeloablative
allogeneic peripheral blood stem cell trans-
plantation: full donor T-cell chimerism pre-
cedes alloimmune responses. Blood 1999;
94:3234-41.

3. Giralt S, Thall PF, Khouri I, et al. Mel-
phalan and purine analog-containing pre-
parative regimens: reduced-intensity con-
ditioning for patients with hematologic
malignancies undergoing allogeneic pro-
genitor cell transplantation. Blood 2001;97:
631-7.

4. McSweeney PA, Niederwieser D, Shizuru
JA, etal. Hematopoietic cell transplantation
in older patients with hematologic malignan-
cies: replacing high-dose cytotoxic therapy
with graft-versus-tumor effects. Blood 2001;
97:3390-400.

5. Maris MB, Sandmaier BM, Storer BE, et
al. Allogeneic hematopoietic cell transplan-
tation after fludarabine and 2 Gy total body
irradiation for relapsed and refractory man-
tle cell lymphoma. Blood 2004;104:3535-42.
6. Georges GE, Maris M, Sandmaier BM,
et al. Related and unrelated nonmyeloabla-
tive hematopoietic stem cell transplantation
for malignant diseases. IntJ Hematol 2002;
76:Suppl 1:184-9.

7. Niederwieser D, Maris M, ShizuruJA, et
al. Low-dose total body irradiation (TBI) and
fludarabine followed by hematopoietic cell
transplantation (HCT) from HLA-matched
or mismatched unrelated donors and post-
grafting immunosuppression with cyclo-
sporine and mycophenolate mofetil (MMF)
can induce durable complete chimerism and
sustained remissions in patients with hema-
tological diseases. Blood 2003;15:1620-9.
8. Mielcarek M, Martin PJ, Leisenring W, et
al. Graft-versus-host disease after nonmy-
eloablative versus conventional hematopoi-
etic stem cell transplantation. Blood 2003;
102:756-62.

9. Schetelig], Kroger N, Held TK, et al. Al-
logeneic transplantation after reduced con-
ditioning in high risk patients is complicat-
ed by a high incidence of acute and chronic
graft-versus-host disease. Haematologica
2002;87:299-305.

10. Spitzer TR, MaAfee S, Sackstein R, etal.

N ENGL J MED 353;13 WWW.NEJM.ORG

Downloaded from www.nejm.org on November 11, 2009 . For personal use only. No other uses without permission.

P01-CA49605, P01-HL-075462, P01-HL-57443, RO1-HL-58250,
and RO1-AI-37683) and by a Faculty Scholar Award from the Amer-
ican Society of Hematology (to Dr. Lowsky).

We are indebted to Dr. Kartoosh Heydari for data on natural
killer T cells in blood samples obtained from seven patients out-
side this study; to Dr. Tyson Holmes for the graphic display of
data on T-cell chimerism for all patients; and to Aditi Muk-

hopadhyay for assistance in the acquisition and processing of
Supported in part by the National Institutes of Health (grants blood samples.

Intentional induction of mixed chimerism
and achievement of antitumor responses af-
ter nonmyeloablative conditioning therapy
and HLA-matched donor bone marrow trans-
plantation for refractory hematologic malig-
nancies. Biol Blood Marrow Transplant 2000;
6:309-20.

11. Hoffmann P, Ermann J, Edinger M,
Fathman CG, Strober S. Donor-type CD4(+)
CD25(+) regulatory T cells suppress lethal
acute graft-versus-host disease after allo-
geneic bone marrow transplantation. J Exp
Med 2002;196:389-99.

12. Edinger M, Hoffmann P, ErmannJ, etal.
CD4+CD25+ regulatory T cells preserve graft-
versus-tumor activity while inhibiting graft-
versus-host disease after bone marrow trans-
plantation. Nat Med 2003;9:1144-50.

13. Zeng D, Lewis D, Dejbakhsh-Jones S, et
al. Bone marrow NK1.1~and NK1.1* T cells
reciprocally regulate acute graft versus host
disease. ] Exp Med 1999;189:1073-81.

14. Lan F, Zeng D, Higuchi M, Huie P, Hig-
gins JP, Strober S. Predominance of
NK1.1+TCR alpha beta+ or DX5+TCR al-
pha beta+ T cells in mice conditioned with
fractionated lymphoid irradiation protects
against graft-versus-host disease: “natural
suppressor” cells. J Immunol 2001;167:2087-
96.

15. Lan F, Zeng D, Higuchi M, Higgins JP,
Strober S. Host conditioning with total lym-
phoid irradiation and antithymocyte globu-
lin prevents graft-versus-host disease: the
role of CD1-reactive natural killer T cells. Biol
Blood Marrow Transplant 2003;9:355-63.
16. Bendelac A, Lantz O, Quimby ME, Yew-
dell JW, Bennink JR, Brutkiewicz RR. CD1
recognition by mouse NK1+ T lymphocytes.
Science 1995;268:863-5.

17. Seino K, Harada M, Taniguchi M. NKT
cells are relatively resistant to apoptosis.
Trends Immunol 2004;25:219-21.

18. Kaplan HS, Rosenberg SA. Extended-field
radical radiotherapy in advanced Hodgkin’s
disease: short-term results of 2 randomized
clinical trials. Cancer Res 1966;26:1268-76.
19. Regan JF, Lyonnais C, Campbell K,
Smith LV, Buelow R, US Thymoglobulin
Multi-Center Study Group. Total and active
thymoglobulin levels: effects of dose and sen-
sitization on serum concentrations. Transpl
Immunol 2001;9:29-36.

20. Sutherland DR, Anderson L, Keeney M,
Nayar R, Chin-Yee I. The ISHAGE guidelines
for CD34+ cell determination by flow cytom-
etry. ] Hematother 1996;5:213-26.

21. 1997 Revised guidelines for performing

CD4+ T-cell determinations in persons in-
fected with human immunodeficiency virus
(HIV). MMWR Recomm Rep 1997;46(RR-
4):1-29.

22. Millan MT, Shizuru JA, Hoffmann P, et
al. Mixed chimerism and immunosuppres-
sive drug withdrawal after HLA-mismatched
kidney and hematopoietic progenitor trans-
plantation. Transplantation 2002;73:1386-
91.

23. Maloney DG, Molina AJ, Sahebi F, et al.
Allografting with nonmyeloablative condi-
tioning following cytoreductive autografts
for the treatment of patients with multiple
myeloma. Blood 2003;102:3447-54.

24. Strober S, Benike C, Krishnaswamy S,
Engleman EG, Grumet FC. Clinical trans-
plantation tolerance twelve years after pro-
spective withdrawal of immunosuppressive
drugs: studies of chimerism and anti-donor
reactivity. Transplantation 2000;69:1549-54.
25. Glucksberg H, Storb R, Fefer A, et al.
Clinical manifestations of graft-versus-host
disease in human recipients of marrow from
HL-A-matched sibling donors. Transplanta-
tion 1974;18:295-304.

26. Sullivan KM, Agura E, Anasetti C, et al.
Chronic graft-versus-host disease and other
late complications of bone marrow trans-
plantation. Semin Hematol 1991;28:250-9.
27. Przepiorka D, Weisdorf D, Martin P, et
al. 1994 Consensus Conference on Acute
GVHD Grading. Bone Marrow Transplant
1995;15:825-8.

28. Karnofsky DA, Abelman WH, Craver LC,
Burcherd JH. The use of nitrogen mustards
in the palliative treatment of cancer. Cancer
1948;1:634-56.

29. Fowler DH, Kurasawa K, Smith R, Eck-
haus MA, Gress RE. Donor CD4-enriched
cells of Th2 cytokine phenotype regulate
graft-versus-host disease without impairing
allogeneic engraftment in sublethally irradi-
ated mice. Blood 1994;84:3540-9.

30. Fowler DH, Kurasawa K, Husebekk A,
Cohen PA, Gress RE. Cells of Th2 cytokine
phenotype prevent LPS-induced lethality dur-
ing murine graft-versus-host reaction: regu-
lation of cytokines and CD8+ lymphoid en-
graftment. ] Immunol 1994;152:1004-13.
31. Pan L, Delmonte]Jr, Jalonen CK, Ferrara
JLM. Pretreatment of donor mice with gran-
ulocyte colony-stimulating factor polarizes
donor T lymphocytes toward type-2 cyto-
kine production and reduces severity of ex-
perimental graft-versus-host disease. Blood
1995;86:4422-9.

Copyright © 2005 Massachusetts Medical Society.

SEPTEMBER 29, 200§

Copyright © 2005 Massachusetts Medical Society. All rights reserved.

1331



New England Journal of Medicine

CORRECTION

Protective Conditioning for Acute Graft-versus-Host
Disease

Protective Conditioning for Acute Graft-versus-Host Disease . On
page 1324, in the right-hand column, lines 1 and 2 should have read,
“fludarabine, at a dose of 30 mg per square meter of body-surface
area,” rather than “30 mg per kilogram,” as printed. Also, on page
1326, in the right-hand column, under Survival and Tumor Response,
lines 6 through 9 should have read, “the period of follow-up for the
first patient enrolled and the last patient enrolled was 1041 and 215
days, respectively,” rather than “215 and 1041 days, respectively,”
as printed.
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