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Abstract

The COVID-19 pandemic and the ensuing barriers to the collection and transport of donor cells, it 

is often necessary to collect and cryopreserve grafts before initiation of transplant conditioning. 

The effect on transplant outcomes in non-malignant disease is unknown. This analysis examined 

the effect of cryopreservation of related and unrelated donor grafts for transplantation for severe 

aplastic anemia in the US during 2013-2019. Included are 52 recipients of cryopreserved grafts 

who were matched for age, donor type, and graft type to 194 recipients who received non-

cryopreserved grafts. Marginal Cox regression models were built to study the effect of 

cryopreservation and other risk factors associated with outcomes. We recorded higher 1-year rates 
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of graft failure (HR 2.26, 95% CI 1.17 – 4.35, p=0.01) and of 1-year overall mortality (HR 3.13, 

95% CI 1.60 – 6.11, p=0.0008) after transplantation of cryopreserved compared to non-

cryopreserved grafts with adjustment for sex, performance score, comorbidity, cytomegalovirus 

serostatus, and ABO blood group match). Acute and chronic GVHD did not differ between 

groups. Adjusted probabilities of 1-year survival were 73% (95% 60 – 84) and 91% (95% CI 86 – 

94) with cryopreserved and non-cryopreserved grafts, respectively. These data support the use of 

non-cryopreserved grafts, when possible, for severe aplastic anemia.

INTRODUCTION

The emergence of coronavirus disease 2019 (COVID-19) as a global pandemic triggered an 

unprecedented worldwide health-care crisis. It also impacted the world economy and 

disrupted travel across international borders and within countries. These travel restrictions 

combined with potentially reduced HCT donor availability (due to infection, quarantine, and 

constraints on travel to collection centers) and complex allograft processing logistics (donor 

assessment, collection, on-schedule delivery for fresh infusion) directly impacted the ability 

to infuse fresh donor-cells into intended recipients on the scheduled day of transplantation. 

Consequently, the American Society for Transplantation and Cellular Therapy (ASTCT)1 

and the National Marrow Donor Program/Be The Match (NMDP)2 issued strong 

recommendations that unrelated donor products should be delivered and cryopreserved at 

transplant centers before initiation of patient conditioning. NMDP now requires that grafts 

be delivered and cryopreserved at the transplant center before initiation of transplant-

conditioning regimen for any patient intended to undergo unrelated donor hematopoietic cell 

transplantation (HCT), in the absence of unique considerations.2 Many transplant centers 

also instituted a similar practice for related donor HCT since related donors face many of the 

same issues as unrelated donors. The use of cryopreserved grafts introduces more flexibility 

and has occurred sporadically for several decades, although to our knowledge the practice 

has been ad hoc.3 Several reports examined the effect of transplantation of cryopreserved 

grafts for hematologic malignancy, including one done very recently by the Center for 

International Blood and Marrow Transplant Research (CIBMTR), in response to the need for 

information during the COVID-19 pandemic. None showed a difference in survival.4-7 To 

our knowledge, there are no reports of outcomes after transplantation of cryopreserved 

related or unrelated donor graft for non-malignant hematologic diseases. Thus, the current 

analysis was undertaken to inform clinical practice for transplantation for severe aplastic 

anemia, a common non-malignant indication for HCT.

METHODS

Patients

Patients with severe aplastic anemia were identified from the database of the CIBMTR and 

transplanted between 2013 and 2019 in the United States. Donors included HLA-matched 

siblings, haploidentical relatives, HLA-matched and HLA-mismatched unrelated adults who 

donated bone marrow or peripheral blood. Recipients of cord blood transplants were 

excluded as all units are cryopreserved. Patients were followed longitudinally until death or 
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loss to follow-up. Patients or their legal guardians provided written informed consent for the 

study. The Institutional Review Board of the NMDP approved this study.

Endpoints

The primary outcome was 1-year survival. Death from any cause was considered an event 

and surviving patients were censored at 1-year or earlier for follow-up less than 1 year. 

Neutrophil recovery was defined as the first of 3 consecutive days with absolute neutrophil 

count (ANC) ≥ 0.5 x 109 /L, and platelet recovery, ≥ 20 x 109/L without transfusion for 7 

days. Graft failure was defined as a failure to achieve ANC ≥0.5 x 109/L or ANC decline to 

<0.5 x 109/L without recovery after having achieved ANC ≥0.5 x 109/L, or myeloid donor 

chimerism (<5%), or second transplant.8 Other outcomes studied were grade II-IV acute and 

chronic GVHD, graded using standard criteria.9,10

Statistical Analysis

Fifty-two patients (cases) who were transplanted with a cryopreserved graft were matched 

on age (≤17, 18 – 39 and ≥40 years),11,12 donor type (HLA-matched sibling, haploidentical 

relative, HLA-matched or HLA-mismatched unrelated donor)12,13 and graft type (bone 

marrow or peripheral blood)14,15 to 195 controls from a pool of 979 patients transplanted 

during the same period with non-cryopreserved grafts. Forty-five cases were matched to 4 

controls, 2 were matched to 3 controls, 4 were matched to 2 controls and 1 was matched to 1 

control.

To study the effect of cryopreserved compared to non-cryopreserved grafts, (matched-pairs) 

marginal Cox regression models were built and adjusted for sex, cytomegalovirus serostatus, 

performance score, comorbidity score, and donor-recipient ABO blood group match.16 All 

variables met the assumptions for proportional hazards. Results are expressed as hazard ratio 

(HR) with 95% confidence interval (CI). Adjusted probabilities for outcomes of interest 

were generated from the marginal Cox model.17,18 The level of significance was p-value 

≤0.01 (two-sided), in consideration of the multiple comparisons. Analyses were done using 

SAS version 9.4 (Cary, NC).

RESULTS

Patients and Transplant Characteristics

The characteristics of the treatment groups matched for age, donor type and graft type, are 

shown in Table 1.11-15 Females were more likely to receive cryopreserved grafts but other 

characteristics such as recipient cytomegalovirus serostatus, performance score, comorbidity 

index and donor-recipient ABO blood group match, transplant conditioning regimen and 

GVHD prophylaxis were similar between treatment groups. Although the total nucleated 

cell doses (TNC) of harvested bone marrow were similar between the groups, the TNC dose 

infused differed with recipients of cryopreserved bone marrow grafts receiving significantly 

lower cell doses (Table 1). The difference between cell dose at harvest and infusion was 

statistically significant (paired t-test, p=0.0008). CD34 doses for peripheral blood grafts 

were not significantly different between cryopreserved and non-cryopreserved grafts (Table 
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1). The median follow-up of surviving cases and controls was 35 months (range 6 – 74) and 

26 months (range 5 – 76), respectively.

Hematopoietic recovery

We did not record statistically significant differences in day-28 neutrophil recovery between 

those who received cryopreserved and fresh grafts, 83% (95% CI 71 – 92), and 91% (95% 

CI 86 – 94), p=0.17, respectively. The corresponding incidences of day-100 platelet recovery 

were 91% (95% CI 79 – 98) and 90% (95% CI 86 – 94), p=0.89. In multivariate analysis, the 

rate of neutrophil (HR 0.76, 95% CI 0.54 – 1.08, p=0.13) and platelet (HR 0.77, 95% CI 

0.57 – 1.04, p=0.08) recovery was lower with transplantation of cryopreserved grafts but the 

difference did not reach statistical significance. However, the risk of 1-year graft failure was 

higher after transplantation of cryopreserved compared to non-cryopreserved graft (HR 2.26, 

95% CI 1.17 − 4.35, p=0.01), Figure 1A. Graft failure was primary for 7 patients who 

received cryopreserved and for 8 patients who received non-cryopreserved grafts. Three 

patients who received cryopreserved and for 11 patients who received non-cryopreserved 

grafts were reported to have developed secondary graft failure. The likelihood of 

hematopoietic recovery and risk for graft failure were adjusted for sex, recipient 

cytomegalovirus serostatus, performance score, comorbidity index, and blood group ABO 

match.

Acute and chronic graft-versus-host disease

We did not observe differences in grade II-IV acute GVHD (HR 0.93, 95% CI 0.41 – 2.13, 

p=0.87) and chronic GVHD (HR 0.79, 95% CI 0.41 – 1.50, p=0.46) by treatment group. The 

day-100 incidence of grade II-IV acute GVHD after transplantation of cryopreserved and 

non-cryopreserved grafts were 12% (95% CI 5 – 22) and 13% (95% CI 8 – 18), p=0.94, 

respectively. The corresponding incidence of 1-year chronic GVHD was 23% (95% CI 12 – 

37) and 28% (95% CI 21 – 35), p=0.49.

Overall survival

One-year mortality was higher after transplantation of cryopreserved compared to non-

cryopreserved grafts (HR 3.31, 95% CI 1.60 – 6.11, p=0.0008) after adjusting for sex, 

recipient cytomegalovirus serostatus, performance score, comorbidity index and blood group 

ABO match. The adjusted 1-year probabilities of overall survival were 73% (95% 60 – 84) 

with cryopreserved and 91% (95% CI 86 – 94) with non-cryo-reserved grafts, Figure 1B. We 

also evaluated mortality risks without censoring at 1-year post-transplantation and observed 

similar HRs of mortality after transplantation of cryopreserved products. A subset analysis 

limited to 19 cryopreserved peripheral blood transplants and 63 controls also showed higher 

graft failure (HR 2.98, 95% CI 0.92 – 9.64, p=0.06) and higher mortality (HR 3.84, 95% CI 

1.44 – 10.21, p=0.007) with cryopreservation. Seventeen patients (17 of 52, 33%) died after 

transplantation of cryopreserved grafts; primary disease was reported as the predominant 

cause of death (13 of 17, 76%). Other causes of death included GVHD (n=2), infection 

(n=1) and hemorrhage (n=1). Thirty-three patients (33 of 194, 17%) died after 

transplantation of non-cryopreserved grafts; primary disease was also reported as the 

predominant cause of death (24 of 33, 73%). Other causes of death included infection (n=3), 

interstitial pneumonitis (n=2), organ failure (n=2) and hemorrhage (n=3).
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DISCUSSION

The current analysis was undertaken to examine whether there are differences in survival or 

other transplant outcomes after transplantation of cryopreserved bone marrow or peripheral 

blood for severe aplastic anemia. Recipients of cryopreserved grafts were matched to 

recipients of non-cryopreserved grafts for age at transplantation, donor type/donor-recipient 

HLA-match and graft type, factors that are consistently associated with transplant outcomes 

for this disease.11-15 The analyses also considered the effect of other potential risk factors on 

transplant-outcomes. After carefully controlled analyses, we observed higher graft failure 

and mortality rates after transplantation of cryopreserved compared to non-cryopreserved 

grafts. Thus, our findings favor the transplantation of non-cryopreserved grafts for severe 

aplastic anemia.

Transplant conditioning-regimen for severe aplastic anemia varies by type of donor.19 Other 

reports have shown an effect of conditioning-regimen for survival after HLA-matched 

sibling transplants.19 None of the patients in the current analysis received Cy alone or Cy 

with Flu, the conditioning regimens that are associated with higher graft failure and 

mortality rates.19 The cell dose of the graft has also been associated with graft failure.20 It is 

recommended that bone marrow grafts contain a minimum of 3 x 108/kg TNC to avoid graft 

failure.20 These data derive from an analysis of non-cryopreserved bone marrow grafts. Data 

on infused bone marrow TNC was available for only 70% (23 of 33) cryopreserved and 83% 

(109 of 132) and non-cryopreserved grafts. Despite this limitation, we observed significantly 

lower TNC infused after cryopreservation of bone marrow grafts. Although 68% of patients 

receiving cryopreserved bone marrow grafts had ≥3 x 108/kg TNC harvested, only 26% had 

that number infused. This loss of cells may have resulted in the observed differences in 

outcomes. The difference between TNC at harvest and infusion implies cryopreservation/

thaw process is associated with cell loss. However, there may be other unmeasured or 

unknown factors that also resulted in the observed differences in outcome. We do not have 

data on cell function at any time point. An earlier report on the functional assay of 

cryopreserved bone marrow suggests preservation of cell function although that report 

included only 7 grafts.21 An analysis of non-cryopreserved bone marrow cellular subsets for 

unrelated donor transplantations failed to show an effect of graft composition on 

hematopoietic recovery or survival although that report included only 7 patients with aplastic 

anemia.22

All cryopreserved peripheral blood grafts in the current analysis had CD34+ doses greater 

than 2 x 106/kg, the recommended minimum dose for severe aplastic anemia.23 A subset 

analysis limited to recipients of peripheral blood was consistent with the findings of the 

main analysis. Cryopreserved CD34+ cells from peripheral blood are reported to have 

significant loss of membrane integrity, viability, and CFU potential that collectively could 

contribute to the adverse effect of transplantation of cryopreserved peripheral blood in our 

study.23 We hypothesize that several factors led to the poor outcomes after transplantation of 

cryopreserved grafts. Optimizing cell dose is desirable but a controlled study that examines 

for changes in graft composition with cryopreservation/thaw that is specific for aplastic 

anemia is needed. A detailed analysis of the composition and function of cryopreserved 

grafts is beyond the scope of this study. We did not observe statistically significant 
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differences in neutrophil and platelet recovery despite lower rates of recovery after 

transplantation of cryopreserved grafts. We hypothesize the absence of significant 

differences is attributed the modest number of patients in the current analysis. We do not 

know the indication for using a cryopreserved graft for the patients included in this analysis. 

The data on the interval between diagnosis and transplant was not different between the 

treatment groups. Further, the timing of transplantation by donor type is also consistent with 

accepted clinical practice guidelines. HLA-matched sibling transplants were mostly offered 

within 6 months from diagnosis and alternative donor transplants later after failure of at least 

one course of immunosuppressive therapy.24 Recipients of cryopreserved and non-

cryopreserved grafts were matched for graft type (bone marrow or peripheral blood). Subset 

analyses limited to peripheral blood transplants confirmed higher graft failure and mortality 

consistent with the main analysis and suggest a greater effect than with bone marrow grafts.

These findings differ from findings in studies of patients receiving cryopreserved grafts for 

hematologic malignancies. Patients with malignancy often come to transplant after multiple 

chemotherapy and immune-suppressive therapies and also usually receive more intensive 

pretransplant conditioning than patients with aplastic anemia. For these reasons, and perhaps 

because of difference in the nature of the underlying diseases, the risk of graft failure is in 

general lower after HCT for malignant disease than the risk after HCT aplastic anemia and 

may be less affected by any alterations in cell dose or function induced by cryopreservation.

In summary, the data support the use of non-cryopreserved bone marrow or peripheral blood 

for transplantation for severe aplastic anemia. If this is not possible, it may be prudent to 

delay transplantation until it is. These transplants are often not deemed urgent and every 

effort must be made to provide the best available supportive care for the patient until the 

transplant center can ensure the availability of a non-cryopreserved graft. If a delay is not 

possible, careful assessment of the risk of cryopreservation versus the risk of not receiving 

the graft when it is needed is necessary. The NMDP/Be The Match considers the diagnosis 

of aplastic anemia a valid reason to try to deliver a fresh graft for unrelated donor transplants 

for severe aplastic anemia.
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Figure 1. 
Graft failure and overall survival

A. The 1-year graft failure for cryopreserved and non-cryopreserved transplants was 19% 

(95% CI 10 – 31) and 10% (95% CI 6 – 14), respectively

B. The 1-year overall survival for cryopreserved and non-cryopreserved transplants was 73% 

(95% CI 60 – 84) and 91% (95% CI 86 – 94), respectively
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Table 1.

Patient and Transplant Characteristics

Controls (non-
cryopreserved graft)

Cases
(cryopreserved graft)

p-value

Number 195 52

Age, median (range) 22 (4-67) 21 (5-64) 0.96

 1 – 17 years 77 (40%) 21 (40%) 0.95

 18 – 39 years 72 (37%) 18 (35%)

 ≥ 40 years 46 (24%) 13 (25%)

Sex, male/female 115 (59%)/80 (41%) 22 (42%)/30 (58%) 0.03

Performance score 0.72

 90 – 100 128 (66%) 31 (60%)

 ≤80 61 (31%) 19 (37%)

 Not reported 6 ( 3%) 2 ( 4%)

Co-morbidity score 0.55

 ≤2 136 (70%) 34 (65%)

 ≥3 59 (30%) 18 (35%)

Cytomegalovirus serostatus 0.13

 Negative 58 (30%) 10 (19%)

 Positive 137 (70%) 42 (81%)

Donor type* 0.97

 HLA-matched sibling 79 (41%) 21 (41%)

 HLA-haploidentical 25 (13%) 8 (15%)

 HLA-matched unrelated 64 (33%) 16 (31%)

 HLA-mismatched unrelated 27 (14%) 7 (14%)

Donor-recipient ABO match 0.86

 Matched 63 (32%) 19 (37%)

 Minor mismatch 22 (11%) 6 (11%)

 Major mismatch 31 (16%) 6 (11%)

 Not reported 79 (41%) 21 (41%)

Conditioning regimen** 0.15

 Cy + ATG 59 (30%) 11 (21%)

 Flu + Cy + ATG 18 (9%) 6 (12%)

 Bu/Cy ± ATG 4 (2%) 3 (6%)

 Flu + TBI (200 cGy) 1 (<1%) 1 (2%)

 Cy + ATG + TBI (200 cGy) 38 (19%) 8 (15%)

 Cy + ATG + TBI (1000 cGy) 0 1 (2%)

 Flu + Cy + ATG + TBI (200 cGy) 55 (28%) 13 (25%)

 Flu + Bu ± ATG 8 (4%) 5 (10%)

 Flu + melphalan + thiotepa + ATG 2 (1%) 2 (4%)
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Controls (non-
cryopreserved graft)

Cases
(cryopreserved graft)

p-value

 Flu + melphalan 10 (5%) 2 (4%)

Graft type 0.56

 Bone marrow 132 (68%) 33 (64%)

 Peripheral blood 63 (32%) 19 (36%)

Bone marrow

 Total nucleated cells (x108/kg) Median (IQR)

 Pre-cryopreservation Not applicable 3.83 (2.70 – 5.07)
N = 19 of 33

 Infusion 3.40 (2.45 – 4.57)
N = 109 of 132

2.63 (1.49 – 3.05)
N = 23 of 33

0.004

Peripheral blood

 CD34+ (x 106/kg)
Median (IQR)

 Pre-cryopreservation Not applicable 7.90 (7.14 – 8.74)
N = 15 of 19

 Infusion 6.63 (4.78 – 10.97)
N = 62 of 63

5.38 (3.78 – 10.97)
N = 15 of 19

0.45

GVHD prophylaxis 0.07

 Ex vivo T cell depletion or CD34+ 18 (10%) 4 (8%)

 Post-transplant Cy + other 22 (11%) 6 (12%)

 Calcineurin inhibitor + MMF 21 (11%) 14 (27%)

 Calcineurin inhibitor + MTX 110 (56%) 25 (48%)

 Calcineurin inhibitor + other 21 (11%) 2 (4%)

 Other agents 3 (2%) 1 (2%)

Interval, diagnosis to transplant 0.28

 ≤ 3 months# 44 (23%) 8 (15%)

 3 – 6 months╪ 41 (21%) 15 (29%)

 7 – 12 months║ 42 (22%) 15 (29%)

 >12 months# 68 (35%) 14 (27%)

Transplant period 0.16

 2013 – 2015 103 (53%) 20 (39%)

 2016 – 2019 92 (47%) 32 (61%)

Abbreviations:

ABO = blood group A, B, O

Cy = cyclophosphamide; ATG = anti-thymocyte globulin; Flu = fludarabine; TBI = total body irradiation

IQR = inter quartile range

MMF = mycophenolate mofetil; MTX = methotrexate

*
Donor age, median (range):

Haploidentical: Controls: 32 years (10-65); Cases: 36 years (14-65)

Unrelated: Controls: 27 years (18-59); Cases: 30 years (19-43)
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**
Cyclophosphamide dosing:

Cy + ATG

Cases: Cy dose=200 mg/kg (n=11)

Controls: Cy dose= 200 mg/kg (n=56), Cy dose=120 mg/kg (n=3)

Flu + Cy + ATG

Cases: Cy dose=120 mg/kg (n=5), Cy dose 60 mg/kg (n=1)

Controls Cy dose= 120 mg/kg (n=15), Cy dose 60 mg/kg (n=3)

Bu + Cy

Cases: Cy dose=200 mg/kg (n=1), Cy dose=120 mg/kg (n=2)

Controls Cy dose=200 mg/kg (n=2), Cy dose=120 mg/kg (n=2)

Cy + ATG + TBI (200 cGy)

Cases: Cy dose=200 mg/kg (n=6), Cy dose 29 mg/kg Cases (n=2)

Controls: Cy dose=200 mg/kg (n=22), Cy dose 120 mg/kg (n=1), Cy dose=100 mg/kg (n=4), Cy dose=50 mg/kg (n=2), Cy dose 29 mg/kg (n=8), 
Cy dose unknown (n=1)

Cy + ATG + TBI (1000 cGy)

Cases: Cy dose=120 mg/kg (n=1)

Flu + Cy + ATG + TBI (200 cGy)

Cases: Cy dose=100 mg/kg (n=4), Cy dose=50 mg/kg (n=4), Cy dose=29 mg/kg (n=5)

Controls: Cy dose=100 mg/kg (n=19), Cy dose=50 mg/kg (n=15), Cy dose=29 mg/kg (n=19)

Interval between diagnosis and transplant

#
77% were HLA-matched sibling and 23% were HLA-matched or mismatched unrelated donor transplants

╪
55% were HLA-matched sibling, 30% were HLA-matched or mismatched unrelated donor and 14% were HLA-haploidentical transplants

║
23% were HLA-matched sibling, 59% were HLA-matched or mismatched unrelated donor and 19% were HLA-haploidentical transplants

#
20% were HLA-matched sibling, 63% were HLA-matched or mismatched unrelated donor and 17% were HLA-haploidentical transplants
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