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Graft failure in the modern era of allogeneic hematopoietic SCT

This article has been corrected since Advance Online Publication and a corrigendum is also printed in this issue.

R Olsson1,2, M Remberger1,2, M Schaffer2, DM Berggren2, B-M Svahn1, J Mattsson1,2 and O Ringden1,2

Graft failure may contribute to increased morbidity and mortality after allogeneic hematopoietic SCT (allo-HSCT). Here, we present
risk factors for graft failure in all first allo-HSCTs performed at our center from 1995 to mid-2010 (n¼ 967). Graft failure was defined
as 495% recipient cells any time after engraftment with no signs of relapse, or re-transplantation because of primary or secondary
neutropenia (o0.5� 109/L) and/or thrombocytopenia (o30� 109/L). Fifty-four patients (5.6%) experienced graft failure. The
majority were because of autologous reconstitution (n¼ 43), and only a few patients underwent re-transplantation because of
primary (n¼ 6) or secondary (n¼ 5) graft failures. In non-malignant disorders, graft failure had no effect on survival, whereas in
malignant disease graft failure was associated with reduced 5-year survival (22 vs 53%, Po0.01). In multivariate analysis, ex vivo
T-cell depletion (relative risk (RR) 8.82, Po0.001), HLA-mismatched grafts (RR 7.64, Po0.001), non-malignant disorders (RR 3.32,
Po0.01) and reduced-intensity conditioning (RR 2.58, Po0.01) increased the risk for graft failure, whereas graft failures were
prevented by total nucleated cell doses of X2.5� 108/kg (RR 0.36, Po0.01). In conclusion, graft failure was only associated with
inferior survival in malignant disease. Non-malignant disorders, HLA match, conditioning intensity, immunosuppression regimen
and cell dose all influenced graft failure risk.
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INTRODUCTION
Graft failure still remains an important contributor to morbidity
and mortality, following allogeneic hematopoietic stem cell
transplantation (allo-HSCT).1,2 The most obvious manifestation of
graft failure is primary graft failure, where the patient never
recovers from neutropenia (ANC o0.5� 109/L), resulting in
pancytopenia and an urgent need for re-transplantation. In
contrast, secondary graft failure occurs because of loss of donor
cells after initial engraftment. In the latter case, autologous
recovery is common; however, marrow aplasia and pancytopenia
may also develop. There are several biological mechanisms that
may contribute to graft failure. Immunological rejection of the
hematopoietic stem cell graft is a major cause of graft failure,
which is a result of recipient immune responses to donor
hematopoietic cells. Graft failure may also be caused by other
mechanisms such as drug toxicity, septicemia and virus infections
(CMV, human herpes virus type 6 and parvovirus).3

Different immunological mechanisms may result in graft failure.
Increased risk of graft failure has been reported in HLA-
mismatched4 and major ABO-mismatched transplants.5 Recipient
T-cells are regarded as the main contributors to immunological
rejection of the donor hematopoietic stem cells, although NK-
mediated rejection has also been demonstrated in animal
models.6–10 NK-mediated allograft rejection can be overcome to
some extent by CY or TBI administered before transplantation and
anti-metabolites, such as MTX, given after transplantation.11

Antibody-mediated rejection in allo-HSCT is controversial,12–16

although some data suggest that pre-transplant donor-specific
anti-endothelial precursor cell antibodies augment the risk of graft

failure in clinical allo-HSCT.17 Altogether, these studies indicate
that cellular mechanisms are the major contributors to graft failure
in sensitized recipients, but humoral mechanisms may also be
important. The increasing use of reduced intensity conditioning
(RIC), and wider application of HLA-mismatched donors in recent
years may have turned graft failure into an increasing problem.
For this reason, we wanted to define the patients who are most at
risk of graft failure in the modern era of allo-HSCT (1995–2010).

MATERIALS AND METHODS
Patients
This retrospective study included all patients (n¼ 967) who underwent first
allo-HSCT at our center between 1 January 1995 and 30 June 2010. Patient
and donor characteristics are given in Table 2. The diseases were:
hematological malignancies (ALL, AML, CLL, CML; n¼ 584), lymphoma
(n¼ 60), myelodysplastic syndrome (n¼ 85), myeloproliferative disorders
(MPD)/myelofibrosis (n¼ 21), multiple myeloma (n¼ 29), aplastic anemia
(n¼ 45), other non-malignant disorders such as metabolic diseases and
immunodeficiency syndromes (n¼ 79), and non-hematological malignan-
cies including solid tumors and sarcoma (n¼ 64).

Donors
Most donors were HLA-identical siblings (n¼ 370) or an HLA-A-, HLA-B-
and HLA-DRB1-matched unrelated donor (MUD 6/6; n¼ 455). In MUD
transplants, high-resolution HLA typing for class I and class II was
performed (Olerup SSP, Olerup SSP AB, Stockholm, Sweden). In MUD
transplants, 285 patients were matched for HLA-C (8/8). A few donors were
HLA-identical parents (HLA-A, HLA-B and HLA-DRb1; n¼ 12) or identical
twins (n¼ 6). HLA-mismatched transplants (with at least one allele or Ag
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mismatch for HLA-A, HLA-B and HLA-DRB1) were given to 124 patients.
Graft sources were BM (n¼ 382), granulocyte-CSF-mobilized peripheral
blood stem cells (PBSCs, n¼ 529) or cord blood (n¼ 50). BM grafts
combined with PBSCs or cord blood were given to six patients. In these
cases, very young sibling donors donated both BM and cord blood,
whereas one donor that did not mobilize well on granulocyte-CSF also
donated BM.

Conditioning
Myeloablative conditioning consisted of CY given at a dose of 60 mg/kg/
day on two consecutive days in combination with either TBI (10 Gy single
dose or 12-Gy fractionated), or BU at 16 mg/kg.18 Therapeutic drug
monitoring from the first dose was used for patients treated with BU,
followed by adjustment for patients with a higher area under the curve
than 5 000 ng/h/mL.19 Non-myeloablative conditioning (NMA) was mainly
given to patients with solid tumors or aplastic anemia. The conditioning
regimen in solid tumors consisted of fludarabine combined with 2 Gy TBI20

and patients with aplastic anemia received CY (200 mg/kg). RIC was given
to 300 patients and consisted of fludarabine (30 mg/m2/day) for 5–6 days
combined with BU (8 mg/kg) or CY (120 mg/kg); and in some cases,
patients also received fractionated TBI up to 6 Gy.21,22

GVHD prophylaxis
As prophylaxis against GVHD, CSA was combined with four planned doses
of MTX in 744 patients.23,24 CSA combined with prednisolone was given to
recipients of cord blood transplants.25 Some recipients of mismatched
grafts received ex vivo T-cell-depleted grafts (n¼ 17).26 Other immuno-
suppressive protocols consisted of tacrolimus combined with sirolimus or
MTX.27,28 Anti-thymocyte globulin (Thymoglobulin; Genzyme, Cambridge,
MA, USA) at doses ranging from 4–10 mg/kg was given to recipients of
unrelated or HLA-mismatched grafts and to all patients with non-
malignant diseases.29

Supportive care
Most patients were treated in reversed isolation;23 some were treated at
home during the pancytopenic phase.30 Acyclovir prophylaxis was given to
patients with a high HSV titer.31 From 2002 onward, all patients were
treated with ursodiol at 12 mg/kg/day for 3 months, to prevent liver
toxicity.32 Pre-planned granulocyte-CSF was started at or before day þ 10
post transplant to fasten engraftment in 324 patients. This was, however,
discontinued when some studies reported that granulocyte-CSF given
before day þ 15 may increase the risk of GVHD.33,34

Definition of graft failure
Graft failure was defined as 495% recipient CD3þ or CD34þ cells at any
single time after engraftment, re-infusion of donor cells because of
permanent loss of neutrophils (o0.5� 109/L) and/or plateletso30� 109/L
or450% recipient CD3þ cells and treatment with donor lymphocyte
infusion (DLI). Reinfusion of donor cells before engraftment
(ANCX0.5� 109/L) was considered to be primary graft failure and all
hematopoietic cell infusions after engraftment were considered to be
secondary graft failures.35 Cases of relapse within 1 month of graft failure,
were coded as no graft failure.

Chimerism analysis
Chimerism analysis was first performed on an experimental basis, and
thereafter implemented as a clinical routine in 2001. PCR amplification of
variable numbers of tandem repeats was used to evaluate the degree of
donor and recipient chimerism in various cell types in peripheral blood or
BM (CD3þ , CD19þ , CD33þ , CD34þ ), using immunomagnetic beads
(Dynal, Oslo, Norway), as previously described.36 Between 2003 and 2005,
some tandem repeat markers were replaced by microsatellites; and in
2005, a real-time PCR method based on single-nucleotide polymorphisms
was also adopted for chimerism analysis.37

Statistical analysis
The results were analyzed as of 30 September 2010, allowing for a median
follow-up time of 78 months (range 3–185 months) in all subjects who
were still alive. All statistical analyses were performed using Statistica
9.1.206.0 (Statsoft Inc., Tulsa, OK, USA). Times to graft failure were analyzed
by the life-table method with the log-rank test, taking censored data into

account. When evaluating risk factors for graft failure, the Cox regression
model was used in univariate and multivariate analyses. Variables with a P-
value of o0.10 in the univariate analysis were included in the following
multivariate analysis, which was performed using backward elimination. In
all analyses, P-values o0.05 were considered significant.

RESULTS
The incidence of graft failure is depicted in Table 1. In the
univariate analysis, there were several characteristics that differed
between patients with graft failure (n¼ 54) or without graft failure
(n¼ 913), following allo-HSCT (Table 2). There was a tendency of
an increased incidence of graft failure from 3% before the year
2000 to 6–7% in more recent years (P¼ 0.05). Recipient age was
similar for graft failures and when there was no graft failure, and
there was a tendency of lower donor age in donor–recipient pairs
with graft failure (P¼ 0.08). Moreover, we noted a tendency of a
higher probability of graft failure in males than in females
(P¼ 0.07).

Diagnosis
There was a correlation between type of disease and graft failure.
Patients with non-malignant disorders had a three times higher
incidence of graft failure than those with malignant disease
(Figure 1). In malignant disease, the incidences of graft failure
were 20% for non-hematological malignancies, 10% in both CLL
and myeloproliferative disorders (MPD)/myelofibrosis and 5% in
myelodysplastic syndrome (5%), whereas the incidences of graft
failure were much less (2–3%) in acute and chronic leukemia
(Table 2). For some diseases such as CLL and MPD/myelofibrosis,
the number of cases is fairly low, which means that these findings
must be handled with caution. In multivariate analysis, patients
with other non-malignant disorders had a higher probability of
graft failure (relative risk (RR) 3.32, Po0.01) than patients with
acute leukemia (Table 3).

Conditioning
Pre-transplant conditioning was important for incidence of graft
failure (Figure 2). In patients who received RIC and NMA, the
incidence of graft failure was 8% and 19%, respectively. In
contrast, only 3% graft failures were observed in patients who
received myeloablative conditioning (MAC) (Table 2). In multi-
variate analysis, patients conditioned with NMA (RR 4.50, Po0.01)
or RIC (RR 2.58, Po0.01) had a much higher risk of graft failure
than those treated with MAC (Table 3).

Table 1. Incidence of graft failure

N Percent

Primary graft failure
ANC never recovereda 6 0.6%

Secondary graft failure
495% recipient chimerismb 43 4.5%
ANCo0.5 or TPKo30c 5 0.5%

Overall graft failure
Primary and secondary graft failure 54 5.6%

aAll patients were re-transplanted (median 27, range 22–32 days post
transplant). bAll patients had 495% CD34þ or CD3þ cells of recipient
origin or were clinically regarded as graft failures because of having 450%
recipient cells (n¼ 8), which resulted in treatments such as donor
lymphocyte infusions (median 68, range 13–377 days post transplant).
cAll patients received booster infusion of donor cells (median 80, range
43–223 days post transplant).
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Cell source
Cell source appears to be important for graft failure, and recipients
of cord blood transplants had a higher incidence of graft failure
(18%) than recipients of PBSCs (5%) or BM (6%), although this did
not reach statistical significance in univariate analysis (P¼ 0.08).

Table 2. Univariate analysis for graft failure

Characteristics N No graft
failure

Graft
failure

P-value

Number of patients 967 913 54

Year of transplantation 0.05
1995–1999 268 260 8 (3%)
2000–2004 330 310 20 (6%)
2005–2010 369 343 26 (7%)
Recipient agea 967 37

(0.5–77)
33 (1.0–66) 0.87

Donor agea 967 35
(0–72)

32 (0–71) 0.08

Recipient sex
Male 560 522 38 (7%) 0.07
Female 407 391 16 (4%)

Donor sex 0.82
Male 556 525 31 (6%)
Female 396 375 21 (5%)

CMV mismatch 0.12
D� /R� 137 124 13 (9%)
Dþ /R� 78 76 2 (3%)
Dþ /Rþ 438 417 21 (5%)
D� /Rþ 247 234 13 (5%)

Sex mismatch 0.14
Female to male 175 163 12 (7%)
Male to male 374 350 24 (6%)
Male to female 182 175 7 (4%)
Female to female 221 212 9 (4%)

Disease o0.001
AML 256 249 7 (3%)
ALL 169 166 3 (2%)
CML 129 126 3 (2%)
CLL 30 27 3 (10%)
Lymphoma 60 59 1 (2%)
MDS 85 81 4 (5%)
MPD/myelofibrosis 21 19 2 (10%)
Multiple myeloma 29 29 0 (0%)
Aplastic anemia 45 42 3 (7%)
Other non-
malignant
disorders

79 64 15 (19%)

Non-hematological
malignancies

64 51 13 (20%)

Conditioning o0.001
NMA 57 46 11 (19%)
RIC 300 275 25 (8%)
MAC 610 592 18 (3%)

Cell source 0.08
BM 382 361 21 (6%)
PBSCs 529 505 24 (5%)
Cord blood 50 41 9 (18%)
BM and PBSCs or
cord blood

6 6 0 (0%)

ABO mismatch 0.02
No 467 447 20 (4%)
Minor 218 206 12 (6%)
Major 270 248 22 (8%)

HLA match 0.02
HLA-identical
sibling

370 360 10 (3%)

Unrelated
donor (6/6)

170 159 11 (6%)

Table 2. (Continued )

Characteristics N No graft
failure

Graft
failure

P-value

Unrelated
donor (8/8)

285 268 17 (6%)

Other matchedb 18 18 0 (0%)
Other mismatchedc 124 108 16 (13%)

Total nucleated cell
dose (� 108 per kg)

0.03

0–2.4 200 181 19 (10%)
2.5–7 277 264 13 (5%)
7.1–12.5 244 232 12 (5%)
412.5 236 226 10 (4%)

CD34þ cell dose
(� 106/kg)

0.04

0–3.0 206 182 24 (12%)
3.1–6.3 212 204 8 (4%)
6.4–9.8 210 207 3 (1%)
49.8 214 198 16 (7%)

GVHD prophylaxis o0.001
CSAþMTX 744 722 22 (3%)
CSAþPrednisolone 65 57 8 (12%)
CSAþMMF 47 40 7 (15%)
Ex vivo T-cell
depleted

17 12 5 (29%)

Fkþ rapamune 70 64 6 (9%)
FkþMTX 5 2 3 (60%)
Other 19 16 3 (16%)

G-CSF preplannedd 0.41
Yes 324 309 15 (5%)
No 643 604 39 (6%)

Abbreviations: MDS, myelodysplastic syndrome; NMA, non-myeloablative
conditioning; RIC, reduced intensity conditioning. aMedian and range.
bIdentical twin/HLA-A, -B, -DR identical parent. cHaploidentical, mis-
matched unrelated donor. dPreplanned G-CSF starting within 10 days of
transplant.
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Figure 1. Time to and cumulative incidence of graft failure in
malignant and non-malignant diseases (Po0.001).
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HLA and ABO
In univariate analysis, both HLA and ABO mismatch were
associated with increased incidence of graft failure (Table 2). This
association was most pronounced for HLA-mismatched grafts
(Figure 3), and in the multivariate analysis both MUD transplants
and HLA-mismatched grafts had markedly increased risk of graft
failure (Table 3). Moreover, graft failure rates were similar in 8/8 or
6/6 HLA-matched donor pairs (P¼ 0.23), and ABO incompatibility
was almost a significant risk factor for graft failure (RR 1.36,
P¼ 0.06) in the multivariate analysis.

Cell dose
Patients who received a total nucleated cell dose below 2.5� 108/kg
had a risk of graft failure of 10%, as opposed to 5% in patients
who received a higher cell dose (Figure 4a). Patients with a
CD34þ cell dose below 3� 106/kg had an incidence of graft
failure of 12%, which was significantly higher than the 1–7% seen
in patients who received higher cell doses (Figure 4b). Total
nucleated cell doseX2.5� 108 cells/kg was associated with a
reduced risk of graft failure in multivariate analysis (Table 3),
whereas CD34þ cell dose did not reach statistical significance.

Immunosuppression
With regard to GVHD prophylaxis, patients who received CSAþ
MTX had a graft failure rate of 3%. This was lower than for all other

regimens (Po0.001, Table 2). In multivariate analysis (Table 3),
there was a tendency of increased risk of graft failure using
CSAþ prednisolone (RR 2.54, P¼ 0.05), and the risk was markedly
increased using ex vivo T-depleted grafts (RR 8.82, Po0.001).
Moreover other GVHD prophylaxis was associated with increased
risk of graft failure (RR 3.88, P¼ 0.008).

OS, relapse, TRM and causes of death
At 5 years post transplantation, the OS for the whole cohort was
55%. In patients with non-malignant disorders, the 5-year OS was
85% independent of the preceding graft failure. In contrast, in
patients with malignant disease, graft failure was associated with a
markedly inferior 5-year OS (22 vs 53%, Po0.01) (Figure 5).
Moreover, 5-year relapse rates were similar in patients with
malignant disease irrespective of graft failure (22 vs 32%, P¼ 0.37).
TRM was also similar (34 vs 22%, P¼ 0.16).

During the study period, 433 out of 913 patients died. In 403
patients with no graft failure, the causes of death were as follows:
182 (45%) relapse, 114 (28%) infections, 49 (12%) GVHD and 58
(14%) organ failure. In patients with graft failure the causes of
death were as follows: 15 (50%) relapse, 11 (37%) infections, 0
GVHD and 4 (13%) organ failure.

Table 3. Multivariate analysis of risk factors for graft failure

Characteristics N RR 95% CI P-value

Disease
Acute leukemia 425 1
Chronic leukemia 159 1.02 0.37–2.79 0.96
Lymphoma 60 0.44 0.06–3.46 0.43
MDS 85 1.30 0.36–4.71 0.69
MPD/myelofibrosis 21 2.67 0.57–12.5 0.21
Multiple myeloma 29 0 0–12.51 1.00
Aplastic anemia 45 0.54 0.13–2.30 0.41
Other non-malignant
disorders

79 3.32 1.43–7.74 0.005

Non-hematological
malignancies

64 2.60 0.85–7.94 0.09

Conditioning
MAC 610 1
RIC 300 2.58 1.33–5.01 0.005
NMA 57 4.50 1.77–11.46 0.002

Total nucleated cell dosea

0–2.4 200 1
2.5–7 277 0.36 0.17–0.75 0.006
7.1–12.5 244 0.27 0.12–0.59 0.001
412.5 236 0.23 0.10–0.52 o0.001

HLA match
HLA-identical sibling 370 1
Matched unrelated
donor (8/8)

285 3.41 1.53–7.58 0.003

Matched unrelated
donor (6/6)

170 5.09 2.07–12.51 o0.001

Other matchedb 18 0 0–12.51 1.00
Other mismatchedc 124 7.64 3.16–18.46 o0.001

GVHD prophylaxis
CSAþMTX 744 1
CSAþprednisolone 65 2.54 0.99–6.54 0.05
CSAþMMF 47 1.22 0.43–3.48 0.70
Ex vivo T-cell depleted 17 8.82 2.98–26.08 o0.001
Fkþ rapamune 70 1.86 0.74–4.69 0.18
Other 24 3.88 1.43–10.50 0.008

Abbreviations: NMA, non-myeloablative conditioning; MDS, myelodysplas-
tic syndrome; RIC, reduced intensity conditioning. aTotal nucleated cell
dose (� 108/kg). bIdentical twin/HLA-A, -B, -DR identical parent. cHaploi-
dentical, mismatched unrelated donor.
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Figure 2. Time to and cumulative incidence of graft failure with
intensity of conditioning regimen (Po0.001).

25

Mismatched

MUD 6/6

MUD 8/8

HLA-identical sibling

HLA-identical twins

20

15

10

G
ra

ft
 f

ai
lu

re
 (

%
)

0
0 90 180

Days post transplantation
270 360

5

Figure 3. HLA match and cumulative incidence of graft failure
(Po0.001).

Graft failure after HSCT
R Olsson et al

540

Bone Marrow Transplantation (2013) 537 – 543 & 2013 Macmillan Publishers Limited



DISCUSSION
In the present study, we determined risk factors for graft failure at
our center during the modern era of allogeneic HSCT. From 1995
to mid-2010, we performed 967 first allogeneic HSCTs and there
were 54 graft failures (5.6%). The majority of graft failures were

secondary graft failures, and we only found six primary graft
failures (0.6%). It is likely that the same risk factors contribute to
both primary and secondary graft failures, and as we had such a
low incidence of primary failures, we chose to analyze risk factors
for all graft failures as defined by chimerism analysis or clinical
reinfusion of donor cells. In univariate analyses, variables such as
disease, intensity of conditioning, ABO match, HLA match, total
nucleated cell dose, CD34þ cell dose and type of GVHD
prophylaxis influenced the risk of graft failure. These analyses
were followed by a multivariate analysis that revealed a 3-times
higher risk of graft failure in patients with non-malignant
disorders. Furthermore, RIC or NMA resulted in a 3–4 times
increased risk of graft failure compared with MAC, and a total
nucleated cell dose of X2.5� 108/kg markedly reduced the risk of
graft failure. Unrelated donor transplants were also associated
with an increased risk of graft failure; however, graft failure rates
were similar in 6/6 and 8/8 matched unrelated donor-recipient
pairs. We also noted a marked increase in graft failures following
ex vivo T-cell depletion compared with our standard GVHD
prophylaxis with CSA and MTX.

The majority of patients were transplanted in the treatment for
acute leukemia, and the incidence of graft failure among them
was only a few percent. The incidence of graft failure was slightly
higher in other disorders such as myelofibrosis, but this was NS in
the multivariate analysis, where only non-malignant disorders
showed an increased risk of graft failure. This is in accordance with
previously published data, where non-malignant disorders such as
metabolic diseases and non-malignant hematological disorders
were found to have an increased risk of graft failure.38,39

Apart from killing of remnant malignant cells, the purpose of
the conditioning regimen is mainly to suppress the recipient’s
immune system and prevent an immunological rejection of the
infused donor hematopoietic cells. RIC regimens are; however,
used in the elderly as well as in patients with comorbidities, who
would probably not be able to tolerate the toxicity associated with
myeloablative conditioning regimens.40,41 Thus, it is reasonable
that conditioning regimens with less myelotoxicity would result in
an increased risk of graft failure, as seen in the present study.

The source of hematopoietic stem cells may also be of
importance for successful engraftment. In some previous studies,
it has been found that cord blood transplants have an increased
risk of graft failure, which may be explained by the lower cell dose
and the increased acceptance for HLA disparities associated with
cord blood compared with other graft sources.42–44 However, in
this study, there was only a tendency of increased incidence of
graft failure in recipients of cord blood grafts compared with other
grafts. We also found similar graft failure incidences for PBSC and
BM grafts. Furthermore, both CD34þ and total nucleated cell
dose appears to be of importance in a dose-dependent manner to
reduce the risk of graft failure, where a total nucleated cell dose of
X2.5� 108/kg was found to markedly reduce the risk of graft
failure in the present multivariate analysis.

That HLA compatibility between donor and recipient is of major
importance for graft failure is well known.45 The fact that we, in this
study, found that HLA-mismatched grafts were more likely to fail was
therefore to be expected. Moreover, we found that the recipients of
HLA-identical sibling grafts are less prone to reject their grafts,
whereas the risk of graft failure is increased in MUD transplants.
Previous studies have shown that HLA-C mismatch is associated with
an increased risk of graft failure.46 Even so, in a previous study, we
did not find that HLA-C mismatch was associated with graft failure or
GVHD,47 and now we can again report that we observed similar graft
failure risk in recipients of 6/6 and 8/8 MUD grafts.

We have previously reported that major ABO blood group
mismatch increases the risk of graft failure after HSCT using
unrelated donors.5 In the present study, both related and
unrelated donors were included, and in univariate analysis ABO
incompatibility was associated with graft failure (P¼ 0.02).
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However, in the following multivariate analysis, the augmented
risk of graft failure using major ABO blood group-incompatible
grafts was no longer significant (P¼ 0.06). This may suggest that
ABO mismatch per se does not induce graft failure. Notably,
erythrocytes are removed from ABO-incompatible BM transplants,
and this procedure reduces the graft stem cell dose by B30%. The
lower number of stem cells may therefore be a likely contributor
to graft failures using ABO-incompatible transplants, which is
supported by the effect of total nucleated cell dose on graft failure
in the present analysis (Table 3). A low cell dose not only increases
the risk of graft failure, but also affects other outcomes after HSCT
such as death from invasive fungal infection, death from GVHD,
overall treatment failure and infection.48–53

With regard to the immunosuppressive therapy, we found that
CSAþMTX had the lowest incidence of graft failure compared
with all other immunosuppressive protocols. CSAþMTX is the
gold standard, and so far no immunosuppressive protocol has
been proven to be superior.23,54 In the multivariate analysis,
ex vivo T-cell depletion markedly increased the risk of graft failure
and there was a tendency of increased risk when using CSA and
prednisolone. Although CSAþMTX was associated with a lower
incidence of graft failure in the multivariate analysis, there may be
other factors that influenced the high rate of graft failure using
these other immunosuppressive protocols. CSA and prednisolone
were used in cord blood transplants and here the graft source
with a low marrow cell dose is probably more important than the
immunosuppressive regimen. CSA and MMF was given to patients
with solid tumors who received NMA, and here the low
conditioning rather than the immunosuppressive protocol was
the reason for the increased risk of graft failure. Both cord blood,
as well as CSA and MMF immunosuppression have previously
been reported to be associated with an increased risk of graft
failure.55,56 Moreover, patients who received ex vivo T-cell
depletion had a 29% probability of graft failure. It is well
established that T-cell depletion both increases the risk of graft
failure and leukemic relapse because of reduced cellular allo-
reactivity of the graft.57 In more recent years, we have mainly used
ex vivo T-cell depletion in recipients of transplants with HLA-
mismatched unrelated donors.25

It is important to identify patients who are at risk of graft failure
to limit the number of risk factors to prevent this severe
complication occurring after allo-HSCT. Patients with non-malig-
nant disorders have not received chemotherapy before transplan-
tation, and their disease will not progress as fast as hematological
malignancies. Accordingly, graft failure may not be as deleterious
in non-malignant disorders, where the patient has a fair chance of
a successful re-transplantation.1 To reduce the risk of graft failure,
the conditioning regimen may be intensified and the highest
possible cell dose should be given. The best immunosuppressive
protocol to prevent graft failure appears to be CSAþMTX. Other
possible strategies are early therapies against graft failure
including donor lymphocyte infusions, boost of hematopoietic
stem cells and granulocyte CSF.1,58,59 All of these procedures are,
however, hazardous because they may induce severe GVHD. A less
risky procedure may be to infuse mesenchymal stromal cells,
which cause much less side effects and contribute with
immunomodulatory effects, especially on T-cell alloreactivity.60

This strategy is also supported by the work of Meuleman
et al.61 who, in a pilot study, were able to reverse the graft
failure in a third of their patients using mesenchymal stromal cell
infusions.

In conclusion, in the modern era of allo-HSCT, graft failure
remains a clinical problem—especially in patients with non-
malignant disorders, in recipients of RIC or HLA-mismatched
grafts, when using grafts with low cell dose, or after T-cell
depletion. In these cases, we suggest that special precautions
should be taken, and results of chimerism analysis must be
monitored to enable early intervention.
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