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A B S T R A C T

Background: The quality of cells in peripheral blood stem cell (PBSC) grafts is important for allogeneic stem
cell transplantation outcome. The viability of PBSC grafts may decrease during transportation time between
donor and transplant center. We hypothesize that the graft viability based on apoptosis and necrosis in the
graft may better reflect graft quality and clinical outcome.
Methods: PBSC graft viability from unrelated donors was analyzed in 91 patients. Viable cells were defined as
7-aminoactinomycin D� and Annexin V�negative. The clinical outcome, including survival, transplant-
related mortality and graft-versus-host disease (GvHD), was correlated to graft viability.
Results: Grafts transported for 1 day had a median viability of 86.4% (range 63.8 to 98.9%), and grafts trans-
ported for 2 days had median viability of 83.2% (range 52.8% to 96.2%) (P = .003). Grafts were divided into
two groups based on the median graft viability of 85.1%. Patients who received low viability grafts had lower
1-year survival of 63.7% compared with 88.9% for those who received high viability grafts (P = .007). In the
multivariate analysis, transplant-related mortality (TRM) was higher in the low viability group (P = .03),
whereas overall survival was not significantly associated with graft viability. The incidence of acute GvHD
grade II to IV, chronic GvHD and relapse risk remained comparable between the groups.
Conclusion: Low graft viability was an independent predictor of 1-year survival and TRM after adjusting for
multiple confounders. Better graft quality markers are important for the detection of clinically important var-
iations in the stem cell graft.
© 2022 International Society for Cell & Gene Therapy. Published by Elsevier Inc. This is an open access article

under the CC BY license (http://creativecommons.org/licenses/by/4.0/)
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Introduction

Peripheral blood stem cell (PBSC) grafts are the most common
source for allogeneic hematopoietic stem cell transplantation (HSCT)
[1]. Stem cell graft quality has been correlated to transplantation out-
comes such as overall survival (OS), transplantation-related mortality
(TRM), relapse risk, and acute and chronic graft-versus-host disease
(aGvHD and cGvHD) [2�4]. The quality parameters assessed are most
often the quantity and ratio of CD34+ stem cells and other lymphocyte
populations [5]. The viability of PBSC grafts in relation to clinical out-
come is less well characterized. The most common viability markers
measured in stem cell laboratories are nonviable, late apoptotic, or
necrotic cells. Limited data are available on whether early apoptotic
cells in the PBSC grafts influence allogeneic HSCT outcomes.

Apoptotic cells in the PBSC graft exist because of physiological and
nonphysiological cell stress [6�8]. The handling and transportation of
PBSC grafts expose cells to a metabolically, physically and chemically
stressful environment [7,9]. It is well known that viability, as mea-
sured with colony-forming units (CFU) and 7-aminoactinomycin D
(7AAD), decreases throughout transportation, especially >48 h
[10,11]. However, graft transportation studies have not measured the
early apoptotic content of PBSC grafts.

Different markers exist to measure various apoptotic stages. Early
apoptotic cells express cellular markers such as phosphatidylserine
(PS), a negatively charged phospholipid [8,12]. These cellular changes
can be detected through Annexin V, which binds to PS on the external
plasma membrane. If early apoptotic cells are not cleared, the cells
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start to lose membrane integrity and become late apoptotic cells [13].
This stage can be detected with the intracellular stain 7AAD. If late
apoptotic cells are still not cleared by phagocytes, they can further
transform into secondary necrotic cells expressing DAMPS, inducing
an inflammatory response [14,15]. Apoptotic cells have a clear immu-
nological function and can modify the downstream immune response.

Apoptotic donor cells have been used in allogeneic stem cell
transplantation to modify immunologic responses. A clinical trial has
shown promising results in reducing aGvHD risk with apoptotic
donor cells [16]. In animal models of solid organ transplants, infusion
of apoptotic donor cells can prolong graft survival [17,18]. Phagocyto-
sis of apoptotic cells by antigen-presenting cells (APCs) promotes
more tolerogenic cytokine release, with more transforming growth
factor-b (TGF-b) [19�21]. At the same time, costimulatory receptors
are downregulated, and the presentation of apoptotic cell antigens
induces a more anergic or tolerogenic T cell response.

We hypothesized that a higher frequency of apoptotic cells in the
PBSC graft would lead to lower GvHD risk while lowering OS owing
to increased relapse risk. A lower-quality graft may influence time to
engraftment. The primary outcome measurements were time to
engraftment, infectious complications, GvHD risk and survival.
Table 1
Pretransplant data

Low viability
(<85.1%); n = 46

High viability
(>85.1%); n = 45

P Value

Patient
characteristics
Age (y) 59 (14 to 75) 54 (1 to 73) NS
Sex (M/F) 24/22 30/15

Diagnosis
AML 22 (48) 13 (29) .09
ALL 6 (13) 7 (16) NS
CML 2 (4) 2 (4) NS
Lymphoma + CLL 4 (9) 6 (13) NS
Myeloma/
Waldenstrom

2 (4) 7 (16) .09

MDS/MF 10 (22) 10 (22) NS
Follow-up time (d) 313 (22 to 1322) 478 (136 to 1336) .09
Donor

characteristics
Age (y) 28 (19 to 53) 26 (19 to 54) NS
Sex (M/F) 28/18 33/12
F:M ratio 5 5 NS
Fully HLA-
matched (6/6)

43 45 NS

HLA-DR1
mismatch

3 0 NS

Conditioning (MAC/
RIC)

9/37 7/38 NS

GvHD prophylaxis
ATG 44 44 NS
CsA + MTX 45 42 NS
Tacrolimus + MTX 0 1 NS
Other 1 2 NS

Graft characteristics
CD34 dose (£ 106/
kg)

7.2 (3.6 to 10) 7.5 (3.2 to 23) NS

TNC (£ 108/kg) 9.0 (4.6 to 19.6) 10.0 (4.6 to 36.3) NS
Early apoptotic
cells (%)

17.3 (12.5 to 36.1) 10.3 (1.1 to 14.2) <.001

Necrotic cells (%) 1.4 (0.3 to 13.8) 0.7 (0.1 to 3.0) <.001
Temperature at
arrival (°C)

6.1 (3.6 to 15) 5.6 (2.5 to 19.5) NS

Data are median (range) or n (%) unless noted otherwise. ALL, acute lymphatic
leukemia; CML, chronic myeloid leukemia; CLL, chronic lymphatic leukemia;
CsA, Cyclosporine A; MDS, myelodysplastic syndrome; MF, myelofibrosis; MAC,
myeloablative conditioning; MTX, methotrexate; NS, not significant; RIC,
reduced-intensity conditioning; TNC, total nucleated cells in graft.
Materials and Methods

In this retrospective, single-center study, patient data were col-
lected from the Unit for Allogeneic Stem Cell Transplantation (CAST)
at Karolinska University Hospital for patients receiving transplants
from 2014 to 2017. Clinical patient data were collected from a quality
registry regarding outcomes and complications. No major changes in
standard treatment and supportive care were conducted during this
period. A total of 91 patients transplanted with PBSC grafts from
unrelated donors were included. Data regarding Annexin V and 7-
aminoactinomycin D (7AAD), to identify early apoptotic cells and
other cell markers in the graft, were retrieved from the Department
of Clinical Immunology and Transfusion Medicine at Karolinska Uni-
versity Hospital. The local ethics committee approved the study
(2017/2421).

Donor typing and apheresis

All donors and recipients underwent routine HLA class I and II
typing using sequence-specific oligonucleotides and confirmatory
4-digit typing using sequence-specific primers [22]. G-CSF was used
for 4 to 6 days to mobilize stem cells before apheresis collection. The
standard target dose of G-CSF was 10 mg/kg. Apheresis collection
was performed according to routine practice at the collection centers.
Target CD34 dosage for collection was 5 million to 10 million CD34+

cells/kg of recipient body weight.
Transportation and storage conditions

Transportation time was defined as the number of days from
apheresis until the graft reached the patient for transplantation. The
apheresis product was transported in a sealed, temperature-con-
trolled environment for transportation. The graft was placed in an
outer bag to prevent leakage. A rigid outer case was used to insulate
the product and protect it from fall damage. The desired temperature
during shipping and storage was 4°C. A continuous temperature log
was used while the graft was in the transportation container. Grafts
arriving late in the evening could be stored at 2° to 6°C overnight
before being transplanted.
Figure 1. Gating strategy to differentiate viable, apoptotic and necrotic cells in the
graft. Lower left gate: Viable cells (Live), Annexin V�negative and 7AAD-negative cells.
Upper left gate: Apoptotic cells (Apop), showing various levels of phosphatidylserine
binding the Annexin V staining. Right gate: Necrotic cells (Dead), Annexin V�positive
or negative and 7AAD-positive, indicating damage to cell membrane integrity.
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Flow cytometric analysis

Leukocytes were assessed using an automated blood cell counter
(Sysmex XP300, Kobe, Japan). CD34+ cell enumeration was performed
using a single platform analysis based on the ISHAGE gating strategy
[27]. Briefly, 1 million nucleated cells were added to a duplicate of
tubes with Trucount beads (BD, Stockholm, Sweden) and incubated
for 10 min at room temperature (RT) with 7AAD (Immunotech
A07704), CD34-PE-conjugated antibody (HPCA2:8G12 [IgG1], BD)
and CD45-FITC-conjugated monoclonal antibody (2D1 [IgG1], BD).
Then 1 mL of lysing solution (IOTest3 Lysing Solution; diluted 1:10
with deionized water) was added and incubated for an additional
10 min at RT. Cells were immediately analyzed by flow cytometry
(FC500, Beckman Coulter).

Viability was assessed in a 50-mL sample diluted in 1/20 PBS.
Annexin V-FITC, CD3-PE, CD4-PC7 and 7AAD were used in the viabil-
ity staining. After the addition of Annexin buffer, the sample was
incubated for 15 min at RT. Additional 400 mL Annexin buffer was
added before acquiring the sample by flow cytometry (FC500, Beck-
man Coulter).

Early apoptotic cells are defined as Annexin V�positive and
7AAD-negative cells. Necrotic cells are defined as all 7AAD-positive
cells. Graft viability was defined as the percentage of cells in the graft
that were double negative for Annexin V and 7AAD. The median graft
viability (85.1% viable cells) was used to define the two groups, low
and high viability grafts.

Conditioning

Local conditioning regimens have been described previously [23].
Myeloablative conditioning was given to 16 patients and consisted of
fractionated total-body irradiation (fTBI), 3 Gy daily for 4 days, com-
bined with cyclophosphamide (Cy), 120 mg/kg (n = 1) or vepesid
(n = 6) or busulfan at 4 mg/kg/day for 4 days combined with cyclo-
phosphamide (Cy), 120 mg/kg (n = 3) or fludarabine (n = 5). One
patient received treosulfan, 14 g/m2 for 3 days combined with thio-
tepa and fludarabine. Reduced-intensity conditioning (RIC) was given
to 76 patients. RIC included fludarabine, 30 mg/m2/day for 3 to
Figure 2. Percentage of graft cells positive for apoptotic or necrotic markers. The box plots ar
Annexin V� and 7AAD-negative cells. (b) Early apoptotic cells: Annexin V�positive and 7AAD
*P < .05, ** P < .01, *** P < .001.
6 days, combined with busulfan, 4 mg/kg/day for 2 (n = 19) or 3
(n = 3) days, or fTBI (3 Gy/day for 2 days) and Cy 120 mg/kg (n = 15)
or treosulfan 14 g/m2 for 3 days (n = 37). One patient was given
FLAMSA-RIC. Anti-thymocyte globulin (ATG), 2 to 6 mg/kg, was
administered depending on the underlying disease and the condi-
tioning regimen (n = 89).

GvHD classification

aGvHD was classified according to the Glucksberg�Seattle criteria
[24]. All cases of isolated gastrointestinal GVHD were verified by
biopsies. cGVHD was graded according to the National Institutes of
Health scoring system [25].

Statistical data

Statistical data were analyzed with R (version 4.0.2, R Core Team
2020, Vienna, Austria). Mann�Whitney U test was used to compare
lymphocyte contents and patient/donor characteristics. Spearman
correlation was used in nonparametric correlations. Categorical
parameters were compared using x2 test. Survival was calculated
with the Kaplan�Meier method and compared with the log-rank
test. GvHD risk, TRM and relapse were analyzed with cumulative inci-
dence of competing events and compared with Gray’s test [26].

Factors with a P value <.40 in univariate analysis were included in
the backwards elimination multivariate analysis. Survival was ana-
lyzed using Cox regression, and TRM was analyzed with the propor-
tional subdistribution hazard regression model of Fine and Gary.
Factors analyzed were patient and donor age, patient and donor sex,
ABO mismatch, RIC or MAC, CD34+ cell dose per kg, and total nucle-
ated cell (TNC) dose.

Results

In total, 91 patients were included from 2014 to 2017. The median
follow-up time was 14 months (range 1 to 44). Median viability of the
grafts, defined as Annexin V and 7AAD negative cells, was 85.1%
(range 52.8 to 98.9%). Donor/recipient characteristics were
e divided based on 1 or 2 days of transportation. Plots from left to right: (a) Viable cells:
-negative. (c) Necrotic cells: 7AAD-positive and Annexin V�positive or �negative cells.



Figure 3. (a and b) One-year survival and overall survival in the low and high viability
groups.
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comparable between high and low viability groups (Table 1); no fac-
tors differed apart from the graft viability.

Gating strategies for early apoptotic and necrotic cells are shown
in Figure 1. Early apoptotic cells constituted 13.5% (range 1.1% to
36.1%) of the grafts, and necrotic cells constituted 0.9% (range 0.1% to
13.8%) of the grafts. The median apoptotic and necrotic cell dose
administrated to the patients was 144 £ 106/kg (range 7 to
580 £ 106/kg) (supplementary Fig. S1).

A subgroup analysis for CD3+ cell viability showed a high correla-
tion with total graft viability (P = .003, supplementary Fig. S2a).
Median CD3+ cell viability was 91.9%, which was higher than overall
graft viability (P < .001, supplementary Fig S2b). Eighty-eight
patients received 6/6 HLA-matched grafts, and three patients
received DR1-mismatched grafts (Table 1). All DR1-mismatched
grafts were in the low viability group.

Transportation and graft parameters

Overall, 76 of the grafts came from German centers, 11 from other
European centers and four from centers outside of Europe. No differ-
ence in graft viability was found when comparing European and non-
European collection centers (data not shown). All PBSCs were trans-
ported in a sealed box with a temperature log. Graft viability did not
correlate with arrival temperature (Table 1). Transportation time had
a significant impact on graft viability (Fig. 2). PBSC grafts that had
been ex vivo for 2 days had lower viability (83.2% [range 52.8% to
96.2%]) than grafts that had been ex vivo for only 1 day (86.6% [63.8%
to 98.9%], (P = .003).

The median volume of the PBSC grafts was 355 mL (range 120 to
604 mL), and the median leukocyte concentration was 217 £ 109/mL
(range 107 to 375 £ 109/mL). These two factors did not influence the
content of apoptotic cells in the graft (supplementary Fig. S3).

Clinical outcome

The median time to neutrophil engraftment (absolute neutrophil
count >0.5 £ 109/L) was 17 days (range 12 to 28 days) for both
groups. Platelet engraftment, defined as days to platelet count
>30 £ 109/L without transfusion, was 14 days for both groups (range
0 to 94 days). Each group had a single patient suffer from graft fail-
ure.

One-year survival was significantly reduced in the low viability
group compared with the high viability group (67.4% versus 88.9%,
P = .007) (Fig. 3). Despite the significant difference in 1-year survival,
long-term OS was similar in both groups in univariate analysis (Fig. 3,
P = .2). Relapse was the most common cause of death in both groups,
contributing to both early and late death.

TRM was similar between the two groups (Fig. 4a). Interestingly,
five patients in the low viability graft group died from infectious com-
plications/PTLD, and none in the high viability group (P = .06)
(Table 2). The cumulative incidence of aGvHD grades II to IV (Fig. 4c)
and cGvHD (Fig. 4d) was similar between the groups.

We further analyzed the risk of viral reactivation between both
groups. The reactivation frequency of cytomegalovirus (CMV),
Epstein-Barr virus (EBV) or varicella zoster virus (VZV) was similar
(Table 2). Both groups also had the same frequency of bloodstream
infection (defined as one positive blood culture for any pathological
microbe).

Multivariate analysis

Three Cox regression analyses were performed for the endpoints
at which graft viability showed significance or trends in univariate
analysis. For 1-year survival, high graft viability showed a signifi-
cantly lower risk for death in the multivariate analysis (hazard ratio
[HR] 0.26, 95% confidence interval [CI] 95% 0.09 to 0.77; P = .015)
(Table 3). For long-term OS, HLA-DR1 mismatch was associated with
poor survival (HR 6.13, 95% CI 1.40 to 27.03; P < .016), whereas graft
viability was not significantly correlated with OS. High graft viability
was associated with lower TRM (HR 0.16, 95% CI 0.03 to 0.82;
P = .027).
Discussion

In this retrospective single-center study, longer transportation
time was associated with lower graft viability and an increased fre-
quency of apoptotic cells in the PBSC graft (Fig. 2). Low graft viability
was associated with lower 1-year survival. We could also show that
TRM was significantly associated with graft viability in the multivari-
ate analysis (Fig. 4 and Table 3).

These findings are in line with the clinical experience that poor
graft quality influences the post-transplant outcome, in terms of both
time to engraftment and survival after transplantation. The immuno-
logic and cellular mechanisms driving these observations were not
investigated. Several feasible theories exist on how graft function
affects transplantation outcome. Improvements in transportation



Figure 4. (a) Transplant-related mortality (TRM) illustrated by cumulative incidence. (b) The competitive risk analysis of relapse between high and low viability groups. (c) The
cumulative incidence of aGvHD grade II to IV between the two viability groups. (d) The cumulative incidence of cGvHD between the two viability groups.
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time and optimized graft handling before transplantation could be
important for patient survival.

It is contentious whether shorter transportation time would be
beneficial to transplant outcome. One study showed that transporta-
tion time did not affect clinical outcomes such as TRM, OS and GvHD
with PBSC grafts, whereas another study showed that transportation
time did affect survival after bone marrow grafts [27,28]. There are
several key differentiators between previous studies and this study.
In addition to transportation time, our study measured the frequency
of apoptotic cells in the graft. Transportation time affects apoptotic
cell content, but it is not known whether all grafts react similarly.
Temperature and cell density during transport are two factors known
to affect cell viability [11]. The data presented in our study indicate
the benefits of having a high frequency of viable cells in the PBSC
graft, in which transportation time plays a role (Fig. 2).

To further understand other factors that may contribute to apo-
ptosis in the graft, we analyzed graft arrival temperature, graft vol-
ume, and cell concentration. We hypothesized that poor
transportation and storage conditions may contribute to higher apo-
ptosis in the grafts. However, we were unable to identify factors
that contributed to higher graft apoptosis (Table 1, supplementary
Fig. S3). We speculate that it may be a combination of transportation
time, temperature, cell concentration and other factors not
accounted for in this study.

The decreased 1-year survival in the low viability group was mainly
due to early relapse and infectious TRM. GvHDwas an uncommon cause
of death in this cohort. In the multivariate analysis, TRM was mostly
predicted by TNC in the graft, followed by graft viability (P = .027). Sur-
prisingly, five patients died from infections/PTLD in the low viability
group compared with none in the high viability group (Table 2). The
patients suffered from viral, bacterial and even invasive fungal infections
(Table 2). This finding may reflect poor graft function, since all mortal-
ities in infection occurred within the first year. Graft-derived immunity
is assumed to be most important during the first few months after
transplantation. Finally, although the low viability group had high mor-
tality in the first year, it subsequently stabilized, with few new relapses
or deaths occurring after 1 year. This contrasts with the high viability
group, in which five patients relapsed after 1 year (Fig. 4b).

HLA mismatch is known to influence transplant outcome and long-
term survival [29]. Three patients in the low viability group received a
HLA-DR1 mismatch, whereas there was no mismatch in the high via-
bility group. DR1 mismatch was added to the multivariate analysis to
examine this confounding factor. For 1-year survival, graft viability
remained the strongest predictor, followed by DR1 mismatch. For OS,



Table 2
Clinical outcome

Low viability
(<85.1%); n = 46

High viability
(>85.1%); n = 45

P Value

Engraftment data
Neutrophils (d) 17 (13 to 27) 17 (12 to 28) NS
Platelets
>30 £ 109 (d)

13 (0 to 94) 14 (9 to 41) NS

Graft failure 1 1 NS
GvHD

aGvHD grade I 11 14 NS
aGvHD grade II to
IV

14 11 NS

aGvHD grade III to
IV

2 1 NS

cGvHD 17 21 NS
Infectious

complications
CMV 19 (41) 19 (42) NS
EBV 10 (22) 10 (22) NS
VZV 2 (4) 5 (11) NS
BSI 13 (28) 13 (29) NS

Cause of death
Relapse 8 (17) 9 (20) NS
Bacterial sepsis 1 (2) 0 NS
Invasive fungal
infection

1 (2) 0 NS

Viral/bacterial
pneumonia

1 (2) 0 NS

EBV-PTLD 2 (4) 0 NS
Other 3 (7) 3 (7) NS

Data are median (range) or n (%) unless noted otherwise. BSI, blood stream infec-
tion; PTLD, post-transplant lymphoproliferative disease.
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DR1 mismatch was the only remaining significant predictor, followed
by recipient age as a borderline significant predictor (Table 3).

By chance, more acute myeloid leukemia (AML) patients received
grafts with lower viability (Table 1). This could confound the 1-year
survival because of the poor outcome for AML patients after trans-
plantation, especially if they are beyond first remission [30]. Univari-
ate analysis on the influence of the clinical diagnosis on 1-year
survival did not show any significance. A separate analysis of AML
patients, however, showed that high viability grafts were associated
Table 3
Backwards elimination multivariate analysis

Factor Univariate model
Hazard ratio (95% CI)

1-year survival
Sex of recipient 1.59 (0.66 to 3.80)
ABO incompatibility 0.75 (0.45 to 1.25)
RIC 0.60 (0.22 to 1.67)
CD34/kg recipient 1.10 (0.97 to 1.24)
Graft viability >85.1% 0.27 (0.10 to 0.75)
HLA-DR1 mismatch 6.81 (1.56 to 29.7)

Overall survival
Age of recipient (y) 0.98 (0.96 to 1.00)
RIC 0.55 (0.23 to 1.30)
Age of donor (y) 0.98 (0.93 to 1.02)
TNC 1.04 (0.97 to 1.11)
CD34/kg recipient 1.07 (0.94 to 1.22)
Graft viability >85.1% 0.61 (0.29 to 1.30)
HLA-DR1 mismatch 6.81 (1.56 to 29.7)

TRM
Sex of recipient 6.49 (1.38 to 30.5)
Age of donor (y) 0.96 (0.90 to 1.03)
TNC 1.12 (1.07 to 1.17)
CD34/kg recipient 1.17 (1.10 to 1.24)
Graft viability >85.1% 0.38 (0.10 to 1.40)
HLA-DR1 mismatch 4.86 (0.48 to 49.1)

Data are median (range). ABO, ABO blood group incom
*P < .05.
with better 1-year survival, although this result was not statistically
significant (data not shown).

Ninety-six percent of the patients received ATG before transplan-
tation (Table 1). This probably influenced the study outcome signifi-
cantly. Most of the graft T cells infused into patients who received
ATG would enter apoptosis and be cleared rapidly. Phagocytosis of
necrotic or apoptotic cells will modify macrophage and DC cell phe-
notype [31,32]. It has also been shown that the ingestion of ATG-
coated cells by macrophages and DCs increases TGF-b and induces an
increase in regulatory T cells (Tregs) [33]. However, ATG also depletes
Tregs that may reduce the tolerogenic effect generated by ATG. Graft
composition, condition regimen and GvHD prophylaxis may all affect
APCs and other supporting cells crucial to the immunomodulatory
response induced by apoptotic cells. In our study, the main GvHD
prophylaxis was cyclosporine A and methotrexate (96% of patients).
It has been suggested that sirolimus may promote Treg expansion
more than cyclosporine A after apoptotic cell infusion [34]. This is an
interesting aspect that we could not evaluate in this study, with only
one patient treated with sirolimus.

A subgroup analysis of the CD3+ subset in the graft showed signifi-
cantly higher CD3+ cell viability compared with overall graft viability.
Despite the known importance of CD3+ cells in the graft, no clinical
outcome parameter, such as 1-year survival, OS, TRM, GvHD or
relapse, correlated with CD3+ cell viability in the graft (data not
shown). This negative finding does not rule out CD3+ cell viability as
a factor—it may be the interaction between different immune cell
subsets and apoptotic content that is important. One study suggested
that donor-derived plasmacytoid dendritic cells (pDCs) are important
in the immunosuppressive effects after exposure for apoptotic cells
[35]. We lack data on pDCs and several other aspects of the graft com-
position in this study. Further studies on graft viability should include
markers for dendritic cells, NK cells and B ells for a clearer view of
apoptotic cells in PBSC grafts. This difference between CD3+ viability
and overall viability suggests that various subsets respond differently
to ex vivo transportation situations.

Previous studies have shown that apoptotic donor cells can mod-
ify the immune response in transplantation [36,37]. Apoptotic cell
therapy has been mostly directed at inducing tolerance and, thus,
improving transplantation outcome. It is not known what the optimal
Multivariate analysis
P Value Hazard Ratio (95% CI) P Value

.30

.27

.33

.16 1.16 (1.02 to 1.33) .029*

.01* 0.26 (0.09 to 0.77) .015*

.01* 6.13 (1.30 to 29.41) .022*

.06 0.98(0.96 to 1.00) .075

.17

.33

.30

.27

.20

.01* 6.13 (1.40 to 27.03) .016*

.02

.23
<.001* 1.17 (1.10 to 1.24) <.001*
<.001*
.14 0.16 (0.03 to 0.82) .027*
.18

patibility; RIC, reduced-intensity conditioning.
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dose of apoptotic cells is to reach a beneficial effect. However, the
absolute number of apoptotic cells infused in our patients were a
median of 144 million apoptotic cells/kg. This dose is comparable
with the doses administrated by Mevorach et al. [16] in the phase I/II
study using apoptotic cells as a treatment. However, we did not find
any benefit to having high amounts of apoptotic cells in the PBSC
graft. The increase in apoptotic cells likely indicates decreased viabil-
ity. Using markers for early apoptosis, it is possible to modify PBSC
collection and transportation factors to find optimal conditions to
keep apoptosis in the PBSC graft to a minimum.

This retrospective single-center study is limited by a relatively
small study sample. Future larger studies with apoptotic markers
would give more confidence to the observations. Another weakness
of this study is the lack of stem cell markers and more detailed lym-
phoid subpopulation markers in relation to apoptotic cells. It would
be interesting to investigate whether apoptosis of certain cell subsets
in the graft influences the clinical outcome.

Summary

Graft viability measured by Annexin V and 7AAD provides a
detailed characterization of PBSC grafts. Even with normal transpor-
tation times of 1 to 2 days, apoptosis still occurs to a significant
degree. Decreased graft viability was associated with worse clinical
outcome. In the multivariate analysis, low graft viability correlated
with worse 1-year survival and increased TRM. Infectious complica-
tions were a common cause of death in the low graft viability cohort.
This suggests that loss of some viable cells in PBSC grafts may affect
the early immune reconstitution. It is known that apoptotic cells may
provide a more immune-suppressive effect in transplant patients and
can induce Treg function, dampening the graft-versus-leukemia
effect and resistance to infections. Interestingly, the viability of PBSC
grafts did not affect GvHD or engraftment in this study. Further stud-
ies are needed to understand the underlying mechanisms. Improving
transportation conditions to decrease apoptosis and increase cell via-
bility in the graft are desirable to improve transplantation outcome.
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