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ABSTRACT
The coronavirus disease 2019 (COVID-19) pandemic created major challenges for allogeneic hematopoietic stem cell trans-
plantation (allo-HSCT). Scientific societies and authorities recommended cryopreserving grafts before starting conditioning 
regimens, despite limited data on the clinical impact. The Italian Group for Bone Marrow Transplantation (GITMO) con-
ducted a registry-based study involving 3492 patients who underwent allo-HSCT between March 2018 and September 2021. 
The cryopreserved cohort (n = 976) included patients who received cryopreserved grafts during the pandemic and was com-
pared to the historical cohort (n = 2516). Graft cryopreservation was associated with a lower day 30 incidence of neutrophil 
and platelet engraftment (adjusted sHR = 0.8 and 0.7, p = 0.031 and p < 0.001, respectively) and delayed hematopoietic recov-
ery. However, primary graft failure rates at day +30 were similar in the cryo and historical cohort (4% vs. 5%, respectively; 
p = 0.337), also after adjustment (RR = 1.19, p = 0.518). Day 100 incidence of grade II-IV acute GVHD was comparable between 
the two groups (adjusted sHR = 1.2, p = 0.194). Regarding chronic GVHD incidence, we found that it was higher in patients 
aged < 18 years in the cryo group (adjusted sHR = 3.9, p = 0.002), but lower in those aged 18–55 years (adjusted sHR = 0.7, 
p = 0.008). Cumulative incidence of relapse did not differ between historical and cryo cohort (adjusted sHR 1.0. p = 0.943), as 
well as non-relapse mortality (adjusted sHR 1.1, p = 0.196) and relapse-free survival (adjusted sHR = 1.1, p = 0.197). However, 
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a shorter overall survival was observed in the cryopreserved group (adjusted HR = 1.2, p = 0.038). Transplant centers should 
carefully balance the benefits and drawbacks of cryopreservation in allo-HSCT.

1   |   Introduction

The coronavirus disease 2019 (COVID-19) pandemic caused a se-
rious healthcare crisis that undermined transplantation center's 
ability to infuse fresh donor cells into the intended recipients on 
the scheduled day of allogeneic hematopoietic stem cell transplan-
tation (allo-HSCT). At the time of the pandemic (March 2020), 
the scientific societies, donor registries, and regulatory authorities 
worldwide formally recommended to cryopreserve grafts before 
starting the conditioning regimen, although data about the clini-
cal impact of cryopreserved grafts in allo-HSCT were still scanty. 
Indeed, allografts cryopreservation has been associated with con-
troversial results. Several studies agreed that patients receiving 
allo-HSCT from cryopreserved grafts experienced delayed hema-
topoietic engraftment, although this effect was modest in most 
cases [1–9]. Conversely, the effect of allografts cryopreservation on 
post-transplant outcomes such as acute and chronic graft-versus-
host disease (GVHD) incidence, incidence of relapse, non-relapse 
mortality, relapse-free survival, and overall survival were dis-
cordant. Some studies have shown a higher incidence of acute 
GVHD (aGVHD) after allo-HSCT from cryopreserved grafts [4, 5], 
whereas other studies reported similar incidence [3, 6, 10–12] with 
a lower rate of chronic GVHD (cGVHD) [3–5]. Moreover, cryo-
preservation may also impair the graft-versus-leukemia effect, as 
a higher relapse incidence and inferior relapse-free survival have 
been found in a few studies [3, 5, 9]. The impact on non-relapse 
mortality is still uncertain, while a detrimental effect of cryopres-
ervation on overall survival has been described by some authors 
[4, 5, 9]. Most studies exhibited heterogeneity in terms of period, 
sample size, disease type, patient population, or were based on 
single-center experiences.

To clarify these unmet clinical needs, the “Gruppo Italiano per 
il Trapianto di Midollo Osseo, cellule staminali emopoietiche 
e terapia cellulare” (GITMO) carried out a comprehensive 
registry-based study, evaluating the safety and clinical effects of 
cryopreservation on engraftment and post-transplant outcomes.

2   |   Study Design

This is a registry-based study conducted on behalf of the GITMO, 
with participation from 44 adult and pediatric Transplant 
Centers (Table S1).

The principal objectives were to evaluate the safety of al-
lografts cryopreservation and the impact of cryopreservation 
on hematopoietic engraftment, graft failure incidence, cumu-
lative incidence of acute and chronic graft-versus-host disease 
(aGVHD and cGVHD, respectively), cumulative incidence of 
relapse (CIR), non-relapse mortality (NRM), relapse-free sur-
vival (RFS), and overall survival (OS). The impact of transit 
time (< 2 days vs. ≥ 2 days), defined as the interval between the 
collection date and the cryopreservation date, was also consid-
ered within patients who received allo-HSCT from cryopre-
served graft.

To compare the outcomes of cryopreserved and non-cryopreserved 
grafts, we included all allo-HSCT from any indication, donor, and 
stem cell source (excluding cord blood transplants) performed 
by GITMO Centers from March 1, 2018, to September 30, 2021. 
Since cryopreservation was extremely rare before the COVID-19 
pandemic [13, 14] we assumed that all transplants performed be-
fore March 2020 used non-cryopreserved products. For patients 
transplanted from March 1, 2020, to September 30, 2021, only 
cryopreserved transplants were considered. This information was 
confirmed through a specific questionnaire sent to all participating 
transplant centers. Additional data concerning the hematopoietic 
stem cells (HSCs) collection, graft manipulation, cryopreservation 
date, cell dose of the cryopreserved grafts, and infusion adverse 
effects of cryopreserved products were also recorded.

All the clinical data collected were extracted by the GITMO 
registry, and all patients gave a formal consent for data collec-
tion, as previously reported [15]. A total of 3492 patients were 
included in the present analysis, with 976 in the cryopreserved 
group (“cryo cohort”) and 2516 in the non-cryopreserved group 
(“historical cohort”).

The study was conducted according to the Declaration of 
Helsinki.

2.1   |   Statistical Analysis

Categorical variables were presented as counts and percent-
ages of each category. Quantitative variables were summarized 
as median and interquartile range (IQR, 25th–75th percentile). 
The association between two categorical variables was assessed 
via Fisher's exact test. The Mann–Whitney test for independent 
samples was used to compare quantitative variables among two 
groups of patients. The reverse Kaplan–Meier method was used 
to assess the median follow-up of the two cohorts.

Cumulative incidence (CI) of hematopoietic engraftment at day 
30 (30-day CI) after allo-HSCT was the primary study outcome. 
Neutrophil engraftment was defined as the first of 3 consecutive 
days with an absolute neutrophil count > 0.5 × 109/L. Platelet en-
graftment was defined as the first of 7 consecutive days with a 
platelet count ≥ 20 × 109/L without platelet transfusion. Primary 
graft failure was defined, according to the established criteria 
[16], as the failure to achieve the pre-specified neutrophil and 
platelet thresholds by day +30 following allo-HSCT. To account 
for early deaths, primary graft failure was analyzed including 
only patients who were alive at day +30 (primary analysis) and 
then considering patients who died before day +30 as experienc-
ing primary graft failure (sensitivity analysis).

Secondary outcomes included: cumulative incidence of 
aGVHD, cGVHD, relapse (CIR), non-relapse mortality 
(NRM), relapse-free survival (RFS), and overall survival (OS). 
Cumulative incidence of aGVHD or severe aGVHD was de-
fined as the time between allo-HSCT and the occurrence of 
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a grade ≥ II aGVHD or grade III–IV aGVHD, respectively. 
Cumulative incidence of cGVHD or extensive cGVHD was 
defined as the time between allo-HSCT and the occurrence 
of a cGVHD or of extensive cGVHD, respectively. Acute and 
chronic GVHD were diagnosed and graded as previously de-
scribed [17].

Relapse-free survival was defined as the time from allo-HSCT to 
clinical evidence of relapse, progression, or death from any cause 
or last documented follow-up. Non-relapse mortality was defined 
as the deaths not related to the underlying hematological disease. 
Overall survival was defined as the time from allo-HSCT to death 
from any cause or last documented follow-up.

The cumulative incidence of neutrophil and platelet engraft-
ment, aGvHD, cGVHD, CIR, and the NRM was estimated by the 
Kalbfleisch and Prentice method. For these analyses, death with-
out the event of interest was considered a competing event. OS 
and RFS were calculated according to the Kaplan–Meier method.

For all outcomes, univariable and multivariable analyses were 
performed to estimate the impact of cryopreservation on post-
transplant outcomes. The multivariable analysis was conducted by 
adjusting for the following factors: age (< 18 years vs. 18–55 years 
vs. > 55 years), HLA match (haploidentical vs. matched related 
donor [MRD] vs. unrelated donor [URD]), hematopoietic stem cell 
source (peripheral blood [PB] vs. bone marrow [BM]), myeloabla-
tive conditioning (yes/no), disease status at allo-HSCT (complete 
remission/not complete remission), T-cell depletion (yes/no), 
Karnofsky score (90–100 vs. < 90), and at least one comorbidity 
(yes/no). Specifically, the Fine & Gray regression model for com-
peting risk was used to assess the effect of cryopreservation on the 
following study outcome: cumulative incidence of neutrophil and 
platelet engraftment, CIR, NRM, cumulative incidence of aGVHD 
and cGVHD. Results from Fine & Gray regression models were 
reported in terms of sub-hazard ratio (sHR) with its 95% confi-
dence interval (95% CI). The effect of cryopreservation on primary 
graft failure was evaluated by generalized linear models for the 
binomial family, and results were reported as risk difference (RD) 
with 95% CI. The proportional hazard Cox regression model was 
used to compare OS and RFS of cryopreserved grafts to the histor-
ical cohort. Results from Cox regression models were reported as 
hazard ratio (HR) with its 95% CI. Both for Fine & Gray and Cox 
models, clustered sandwich standard errors have been calculated 
to account for the intra-center correlation.

For all outcomes, the interaction term between cohort (cryo-
preserved vs. historical cohort) and age class was tested; in the 
case of a significant interaction (e.g., cGVHD), models were per-
formed separately for age class.

Univariable and multivariable analyses were performed to as-
sess the impact of transit time (< 2 days vs. ≥ 2 days), defined as 
the interval between the collection date and the cryopreserva-
tion date, on the study endpoints within the cryo cohort. In case 
of significant interaction between transit time and type of donor 
(URD vs. other), two separate univariable and multivariable 
models were developed, applying the same adjustment variables.

A p < 0.05 was considered statistically significant. Statistical 
analyses were performed using Stata 18 (StataCorp. 2023. 

Stata Statistical Software: Release 18. College Station, TX: 
StataCorp LLC.).

3   |   Results

3.1   |   Patients' Characteristics

Patients' characteristics are depicted in Table  1. Recipients of 
cryopreserved allografts were older (median age 54 years vs. 
52 years in historical cohort, p < 0.001), more likely to receive 
allografts from younger donors (donor median age 32 years vs. 
34 years in historical cohort, p = 0.005) and reduced-intensity 
conditioning regimens (p = 0.001). The two cohorts also differed 
for type of employed donor and HSCs source, being unrelated 
donors (URD) and peripheral blood-derived stem cells (PBSC) 
more used in the “cryo” cohort (p < 0.001), reporting a trend con-
sistent with that observed in Europe [18]. Consequently, a greater 
use of in  vivo T-cell depletion in this cohort was registered 
(p < 0.001). Additionally, unfavorable donor/recipient CMV se-
rostatus (patient negative with donor positive) was prominent 
in the “cryo” group (p < 0.001). As expected, taking into account 
different transplant eras, median follow-up was 23 months (IQR: 
18–28) for the “cryo” cohort and 41 months (IQR: 37–48) for the 
historical cohort. Separate clinical data for adults and pediatrics 
are provided in Tables S3 and S4.

3.2   |   Cryopreserved Allografts

Median transit time, as previously described, was 1 day (IQR 
0–2). Graft manipulation was reported in 506 cases (51.8%) of 
the patients belonging to the cryo cohort, with deplasmation 
(n = 348) being the most frequent, followed by erithrodeple-
tion (n = 40) and dimethyl sulfoxide (DMSO) removal (n = 35). 
Of note, only one case of non-compliant product due to post-
thaw CD34+ viability < 30% was recorded. Data related to 
the cryopreserved allografts are described in Table  S2. Forty-
seven patients (5%) experienced adverse events during infusion 
(Figure S1), with only 2 cases of grade 3 post-infusion desatura-
tion episodes, as defined by the Common Terminology Criteria 
for Adverse Events (CTCAE).

3.3   |   Hematopoietic Engraftment and Graft 
Failure

At univariable analysis (Table 2), cumulative incidence of neu-
trophil engraftment at day 30 (30-day CI) was similar between 
the “cryo” cohort (90.9% [95% CI: 88.9%–92.6%]) and historical 
group (91.8% [95% CI: 90.7%–92.9%]) with median time to en-
graftment of 18 days in both groups (IQR: 16–22 and 15–21, re-
spectively). Conversely, 30-day cumulative incidence of platelet 
recovery appeared to be affected by cryopreservation (71.1% [95% 
CI 68.1–73.9] and 78.3% [95% CI 76.6–79.9], respectively), while 
median time to engraftment was not different (19 days (IQR: 14–
27) in the “cryo” cohort and 18 days (IQR: 13–25) in the historical 
cohort).

At multivariable analysis (Table  2), graft cryopreservation 
did impact on day30-incidence of neutrophil and platelet 
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engraftment (adjusted sHR = 0.8 [95% CI: 0.7–1], p = 0.033 and 
adjusted sHR = 0.7 [95% CI: 0.6–0.8]; p < 0.001, respectively). The 
adjusted 30-day CI of neutrophil engraftment was 90.1% (95% 
CI: 88.4%–91.8%) in the cryopreserved cohort and 93.4% (95% 

CI: 92.4%–94.4%) in the historical cohort (p = 0.03). Similarly, 
the adjusted 30-day CI of platelet engraftment was 68.2% (95% 
CI: 79.5%–83.1%) in the cryopreserved cohort and 68.2% (95% CI: 
65.4%–71.0%) in the non-cryopreserved group.

TABLE 1    |    Patients' characteristics.

Historical cohort n = 2516 Cryo cohort n = 976 p

Median age at allo-HSCT, years (IQR) 52 (37–61) 54 (42–63) < 0.001

Male/female, n (%) 1444 (57.4)/1072 (42.6) 579 (59.3)/397 (40.7) 0.303

Donor median age, years (IQR) 34 (25–45) 32 (25–42) 0.005

Diagnosis, n (%) 0.098

Acute leukemia 1472 (58.5) 585 (59.9)

Lymphoma/multiple myeloma 419 (16.6) 166 (17.1)

MDS/MPN and MPN 452 (18) 179 (18.3)

Chronic leukemia 38 (1.5) 15 (1.5)

Bone marrow failure 69 (2.7) 20 (2)

Othera 66 (2.7) 11 (1.2)

Disease status at allo-HSCT 0.781

CR/not CR, n (%) 1528 (60.7)/835 (33.2) 612 (62.7)/327 (33.5)

Missing, n (%) 153 (6.1) 37 (3.8)

KPS, 90–100/ < 90, n (%) 1967 (78.7)/533 (21.3) 779 (80.4)/190 (19.6) 0.284

Myeloablative conditioning, n (%) 1807 (72.0) 647 (66.3) 0.001

Type of donor, n (%) < 0.001

Haploidentical 754 (30.0) 219 (22.4)

MRD 593 (23.6) 167 (17.1)

URD 1168 (46.4) 590 (60.5)

Source PBSCs, n (%) 1825 (72.6) 934 (95.7) < 0.001

T-cell depletion, n (%) 1696 (69.5) 760 (78.3) < 0.001

Type of T-cell depletion, n (%) 0.003

ATG 832 (49.1) 381 (50.1)

PTCy 834 (49.2) 349 (45.9)

ATG + PTCy 30 (1.8) 30 (4.0)

At least 1 comorbidity, n (%) 1082 (43.3) 470 (48.4) 0.008

CMV donor/patient, n (%) < 0.001

−/− 277 (11.2) 92 (9.5)

−/+ 659 (26.6) 332 (34.2)

+/− 217 (8.8) 82 (8.4)

+/+ 1326 (53.5) 465 (47.9)

Median follow-up, months (IQR) 41 (37–48) 23 (18–28)

Note: Bold p values are statistically significant (< 0.05).
Abbreviations: Allo-HSCT, allogeneic hematopoietic stem cell transplantation; ATG, anti-thymocyte globulin; CR, complete response; KPS, Karnofsky Performance 
Status; MDS/MPN, myelodysplastic/myeloproliferative neoplasms; MPN, myeloproliferative neoplasms; MRD, matched related donor; PBSC, peripheral blood-derived 
stem cells; PTCy, post-transplant cyclophosphamide; URD, unrelated donor.
aHemoglobinopathies (n = 38 in the historical and n = 3 in the cryo cohort, respectively), inherited disorders (n = 2 in the historical and n = 1 in the cryo cohort, 
respectively), primary immunodeficiencies (n = 20 in historical an n = 6 in cryo cohort, respectively), and familial erythrophagocytic and familial hemophagocytic 
lymphohistiocytosis (FELH/FHLH) (n = 6 in historical and n = 1 in cryo cohort, respectively).
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Nevertheless, the rate of primary graft failure at day 30 after 
allo-HSCT in patients who received cryopreserved grafts mir-
rored that of the historical cohort in the primary analysis (5%, 
95% CI: 3.7%–6.6% vs. 4%, 95% CI: 3.3%–4.9%; p = 0.337) and in 
the sensitivity analysis (9.1% [95% CI 7.4–11.2] vs. 7.8% [95% CI 
6.8–9], respectively; p = 0.321), also after adjustment for other 
variables (adjusted RR = 1.19, 95% CI: 0.70–2.03, p = 0.518 in 
the primary analysis and adjusted RR = 1.13, 95% CI: 0.82–1.54, 
p = 0.542 in the sensitivity analysis, respectively).

Separated analyses for adults and pediatrics are provided in 
Tables S5 and S6.

3.4   |   aGVHD and cGVHD Cumulative Incidence

At univariable analysis, cumulative incidence of grade II-IV 
aGVHD at day 100 after allo-HSCT was superimposable be-
tween the two cohorts (Figure 1A, Table 2). Similarly, 100-day 
cumulative incidence of grade III-IV aGVHD was comparable 
in both groups (8.4% [95% CI: 6.7%–10.2%] in the cryo vs. 6.9% 
[95% CI: 5.9%–7.9%] in the historical cohort). At multivariable 
analysis, risk of grade II-IV aGVHD and grade III-IV aGVHD 
was not statistically different between the two groups (Table 2).

The crude 1-year and 2-year cumulative incidence of cGVHD 
were similar between the cryo group and the historical cohort 
(Figure 1B). At univariable analysis (Table 2), cryopreservation 
was associated with different cGVHD cumulative incidence 
according to age class (Figure 1C–E). Indeed, a higher cGVHD 
incidence was observed among patients aged < 18 years 
(p < 0.001) in the cryo cohort compared to the historical co-
hort, while a lower incidence was reported among “cryo” adult 
patients (aged 18–55 years) (p = 0.006). Patients aged > 55 years 

in the cryo cohort had the same risk of cGVHD as the his-
torical cohort at univariable analysis. Multivariable analysis 
(Table 2) confirmed such differences (patients aged < 18 years: 
adjusted sHR = 3.9, 95% CI: 1.7%–9.1%, p = 0.002; patients aged 
18–55 years: adjusted sHR = 0.7, 95% CI: 0.5–0.9, p = 0.008; 
patients aged > 55 years: adjusted sHR = 0.8, 95% CI: 0.6–1.1, 
p = 0.144). 1-year cumulative incidence of extensive cGVHD 
was 7.1% (95% CI: 5.6%–8.9%) in the cryo group and 8.6% (95% 
CI: 7.5%–9.7%) in the historical cohort (p = 0.433) and did not 
differ also after adjustment at multivariable analysis (Table 2).

Separated analyses for adults and pediatrics are provided in 
Tables S5 and S6.

3.5   |   Cumulative Incidence of Relapse, 
Non-Relapse Mortality, Relapse-Free Survival, 
and Overall Survival

There was no difference in cumulative incidence of relapse be-
tween the two cohorts (Figure 2A) at univariable analysis, and 
the risk of relapse remained similar also after adjustment at 
multivariable analysis (Table 2). NRM showed a trend toward a 
greater risk in the cryo cohort (sHR 1.2 [95% CI 1–1.4], p = 0.050, 
Figure 2B). However, after adjustment, cryopreservation did not 
impact NRM (Table 2). A significantly higher number of deaths 
due to infection was registered in the cryo cohort (n = 106 [29.4%] 
vs. n = 231 [23.7%] in the historical cohort; p = 0.040).

“Cryo” patients showed similar outcomes in terms of RFS com-
pared to the historical cohort (Figure  2C) at univariable and 
multivariable analysis (Table 2). Patients who received cryopre-
served allografts displayed a trend toward shorter OS at univari-
able (HR = 1.2, 95% CI: 1.0–1.4, p = 0.052), which was confirmed 

TABLE 2    |    Cryopreservation effect on study endpoints: Summary of univariable and multivariable analyses.

Outcomea Univariable analysis Multivariable analysis

Cumulative incidence sHR 95% CI p sHR 95% CI p

Neutrophil engraftment 0.9 0.8–1.0 0.068 0.8 0.7–1.0 0.033

Platelet engraftment 0.8 0.7–0.9 < 0.001 0.7 0.6–0.8 < 0.001

Grade II-IV aGVHD 1.2 1.0–1.4 0.152 1.2 0.9–1.5 0.194

Grade III-IV aGVHD 1.2 0.9–1.7 0.210 1.1 0.8–1.6 0.589

cGVHD

Patients < 18 years 4.5 2.1–9.5 < 0.001 3.9 1.7–9.1 0.002

Patients 18–55 years 0.7 0.6–0.9 0.006 0.7 0.5–0.9 0.008

Patients > 55 years 0.9 0.7–1.1 0.176 0.8 0.6–1.1 0.144

Extensive cGVHD 0.8 0.6–1.1 0.185 0.8 0.6–1.1 0.165

Cumulative incidence of relapse 1.0 0.9–1.1 0.814 1.0 0.9–1.2 0.943

Non-relapse mortality 1.2 1.0–1.4 0.050 1.1 1.0–1.3 0.197

Relapse-free survival 1.1 1.0–1.3 0.178 1.1 1.0–1.2 0.174

Overall survival 1.2 1.0–1.4 0.052 1.2 1.0–1.3 0.038

Abbreviations: aGVHD, acute GVHD; cGVHD, chronic GVHD.
aReported models according to age class when interaction was significant.
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in multivariable analysis (adjusted HR = 1.2, 95% CI: 1.0–1.3, 
p = 0.038) (Figure 2D, Table 2).

Separated analyses for adults and pediatrics are provided in 
Tables S5 and S6.

3.6   |   Impact of Transit Time on Primary 
and Secondary Endpoints in the Study Cohort

Patients' characteristics according to transit time (< 2 days vs. 
≥ 2 days) are described in Table  S7. We found that donor age 
was significantly lower, and there was a higher prevalence of 
unrelated donors for products cryopreserved ≥ 2 days from col-
lection. Additionally, this category showed a lower number of 
CD34+ cells after thawing compared to those cryopreserved 
earlier (transit time < 2 days) (median 5 × 106/kg, IQR 3.7–7 vs. 6 
× 106/kg, IQR 4.3–7.6, respectively; p = 0.005).

Results of univariable and multivariable analyses are reported in 
Table 3. At multivariable analysis, there was no significant dif-
ference in terms of neutrophil and platelet engraftment between 
patients with graft transit time < 2 days and those with longer 
transit time. Cumulative incidence of grade II-IV aGVHD, grade 

III-IV aGVHD, cGVHD, and extensive cGVHD appeared to be 
similar in the two groups at uni- and multivariable analysis. 
Cumulative incidence of relapse was higher among patients with 
transit time ≥ 2 days at uni- and multivariable analysis (adjusted 
sHR = 1.61, 95% CI 1.08–2.40, p = 0.020). No difference was found 
in terms of NRM at uni- and multivariable analysis. Relapse-
free survival showed to be different according to type of donor 
(p = 0.007). Specifically, “cryo” patients who received allo-HSCT 
from MRD or haploidentical donor with transit time ≥ 2 days 
had an inferior RFS at uni- and multivariable analysis (adjusted 
HR = 2.17, 95% CI 1.57–3.00, p < 0.001). Conversely, patients who 
received URD did not display different RFS according to tran-
sit time. Overall survival was also different according to type of 
donor. Indeed, “cryo” patients who underwent allo-HSCT from 
MRD or haploidentical donor with transit time ≥ 2 days showed a 
shorter OS at uni- and multivariable analysis (adjusted HR = 1.79, 
95% CI 1.08–2.96, p = 0.023). No difference was observed among 
patients who received cryopreserved allografts from URD.

4   |   Discussion

Cryopreservation has become an attractive option in many 
transplant centers, providing greater flexibility in the timing 

FIGURE 1    |    Acute and chronic GVHD incidence in the two cohorts. (A) Cumulative incidence of grade 2–4 aGVHD: 30-day cumulative inci-
dence (CI) 9.6% (95% CI: 7.4–11.1) in cryo cohort versus 9.2% (95% CI: 8.1–10.4) in historical cohort, 100-day CI 23.1% (20.5%–25.9%) and 20.3% (95% 
CI: 18.7–21.9), respectively; (B) Cumulative incidence of cGVHD: 1-year CI 17.3% (95% CI: 14.9–19.7) in cryo cohort versus 19.5% (95% CI: 18–21.1) 
in historical cohort, 2-year CI 22.2% (95% CI: 19.5–25) and 23.3% (95% CI: 21.6–24.9), respectively; (C) Cumulative incidence of cGVHD in patients 
aged < 18 years: 1-year CI 30% (95% CI: 18.7%–42.1%) in cryo cohort versus 7.2% (95% CI: 4.5%–10.7%) in historical cohort and 2-year CI 33.6% (95% 
CI: 20.9%–46.8%) in cryo cohort versus 9.1% (95% CI: 6%–13%) in historical cohort; (D) Cumulative incidence of cGVHD in patients aged 18–55 years: 
1-year CI 15% (95% CI: 11.8%–18.5%) in cryo cohort versus 21.3% (95% CI: 19%–23.8%) in historical cohort and 2-year CI 20.5% (95% CI: 16.6%–24.6%) 
in cryo cohort versus 25.3% (95% CI: 22.8%–27.8%) in historical cohort; (E) Cumulative incidence of cGVHD patients aged > 55 years: 1-year CI: 17.9% 
(95% CI: 14.5%–21.5%) in cryo cohort versus 20.7% (95% CI: 18.4%–23.2%) in historical cohort and 2-year CI 22.4% (95% CI: 18.6%–26.4%) in cryo co-
hort versus 24.7% (95% CI: 22.1%–27.3%) in historical cohort.
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and coordination of donor collection and allo-HSCT. However, 
the safety and comparability of cryopreserved grafts to fresh 
products have yet to be fully clarified. Our study aimed to eval-
uate the characteristics and safety of cryopreserved transplants 
and to assess their implications for transplant outcomes.

The first important finding of this experience is that cryopreser-
vation of allografts is feasible, with only one case of significant 
loss of viability after the procedure. Despite a relatively low rate 
of DMSO removal (reported in less than 10% of cases) and other 
manipulations, typically mild to moderate adverse events were 
reported during infusion, thus supporting the safety and quality 
of stem cell cryopreservation [19].

As expected, PBSC source was more common in the cryopre-
served cohort leading to an increased use of T-cell depletion. 
This trend may be attributed to the preference for PBSC since 
the onset of the COVID-19 pandemic, as it allows for faster re-
covery and easier collection and helps prevent stem cell loss 
during cryopreservation [14].

However, despite the prevalent use of PBSCs, the cumula-
tive incidence of engraftment at day 30 after allo-HSCT was 
diminished by cryopreservation, as reported in most studies 
[4, 6, 9, 20].

The largest available study by the Center for International Blood 
and Marrow Transplant Research (CIBMTR) [5], including 
roughly 4000 subjects, showed a decreased 30-day incidence of 
neutrophil and platelet recovery among the recipients of cryopre-
served allografts compared to the fresh group (95.4% vs. 96.7%, 
respectively, p = 0.041; 71.8% vs. 78.1%, p < 0.001, respectively). 
While this study noted an increased risk of primary graft failure in 
the cryopreserved cohort, our findings showed that the rate of pri-
mary graft failure was comparable between the two groups. Such a 
finding could be related to the higher use of T-cell depletion in the 
cryo cohort compared to the historical cohort, as shown by other 
studies [7, 11, 12, 21–23]. Additionally, concerns have been raised 
about the time from collection date to cryopreservation date (tran-
sit time). Historical data suggest that prolonged transit time be-
fore freezing could compromise CD34+ cell counts and viability, 
potentially leading to delayed engraftment and worse outcomes 
[2, 24]. However, in our experience, despite a decline in CD34+ 
cells number, transit time did not significantly affect hematolog-
ical recovery or increase the risk of graft failure. This outcome 
emphasizes the efficiency of Italian stem cell laboratories in deliv-
ering high-quality products, contributing to the reduction of risks 
associated with graft cryopreservation and manipulation [25].

Regarding the effect of cryopreservation on GVHD, we found no 
significant difference in the cumulative incidence of grade II-IV 

FIGURE 2    |    Post-transplant outcomes incidence in the two cohorts. (A) Cumulative incidence of relapse: 1-year CI 19.5% (95% CI: 17.0%–22.1%) 
in cryo cohort and 19.5% (17.9%–21.0%) in historical cohort; 2-year CI 24.8% (95% CI: 21.9%–27.7%) in cryo cohort and 24.6% (95% CI: 22.9%–26.3%) 
in historical cohort; (B) Non-relapse mortality: 1-year CI 18.9% (95% CI: 16.5–21.5) in cryo cohort versus 16.3% (95% CI: 14.8–17.8) in historical co-
hort, 2-year CI 22.9% (95% CI: 20.225.8) versus 19% (95% CI: 17.5–20-6), respectively; (C) Relapse-free survival: At 1 year 61.9% (95% CI: 58.7–64.9) in 
cryo cohort versus 64% (95% CI: 62.1 65.8) in historical cohort; at 2 years 53.2% (95% CI: 49.8–56.5) versus 56.7% (95% CI: 54.7–58.6), respectively; (D) 
Overall survival: At 1 year 72% (95% CI: 69–74.8) in the cryo versus 73.3% (71.5–74.9) in the historical cohort; at 2 years 60% (95% CI: 57–63.7) versus 
65% (95% CI: 63–66.8), respectively.
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TABLE 3    |    Impact of transit time (< 2 days and ≥ 2 days) in the “cryo” cohort at univariable and multivariable analysis.

Univariable analysis Multivariable analysis

Outcome Cumulative incidence % (95% CI) sHR 95% CI p sHR 95% CI p

Neutrophil engraftment 
(30-day)

Transit 
time < 2 days

89.9% 
(87.3%–91.9%)

— — — — — —

Transit 
time ≥ 2 days

93.1% 
(89.5%–95.5%)

1.27 1.02–1.57 0.033 1.17 0.93–
1.46

0.186

Platelet engraftment 
(30-day)

Transit 
time < 2 days

70.5% 
(66.8%–73.9%)

— — — — — —

Transit time 
≥ 2 days

72.1% 
(66.5%–76.9%)

1.06 0.89–1.26 0.503 0.87 0.72–
1.06

0.158

Grade II–IV aGVHD 
(100-day)

Transit time 
< 2 days

22.5% 
(19.4%–25.8%)

— — — — — —

Transit time 
≥ 2 days

24.6% 
(19.8%–29.7%)

1.09 0.81–1.46 0.589 1.25 0.87–
1.80

0.228

Grade III–IV aGVHD 
(100-day)

Transit time 
< 2 days

8.1% (6.2%–10.4%) — — — — — —

Transit time 
≥ 2 days

9.0% (6.0%–12.6%) 1.08 0.69–1.69 0.737 1.39 0.77–
2.52

0.278

cGVHD (2 years) Transit time 
< 2 days

22.0% 
(18.8%–25.3%)

— — — — — —

Transit time 
≥ 2 days

21.8% 
(16.9%–27.1%)

0.93 0.73–1.18 0.548 0.98 0.74–
1.31

0.903

extensive cGVHD (2 years) Transit time 
< 2 days

9.4% (7.3%–11.8%) — — — — — —

Transit time 
≥ 2 days

8.6% (5.5%–12.6%) 0.84 0.55–1.29 0.433 0.86 0.56–
1.31

0.479

Cumulative incidence of 
relapse (2 years)

Transit 
time < 2 days

21.9% 
(18.6%–25.3%)

— — — — — —

Transit time 
≥ 2 days

31.7% 
(26.0%–37.4%)

1.59 1.19–2.14 0.002 1.61 1.08–
2.40

0.020

Non-relapse mortality 
(2 years)

Transit time 
< 2 days

24.3% 
(21.0%–27.8%)

— — — — — —

Transit time 
≥ 2 days

20.3% 
(15.7%–25.3%)

0.82 0.63–1.06 0.135 0.88 0.64–
1.23

0.459

Survival (95% CI) HR 95% CI p HR 95% CI p

Relapse-free survivala (2 years)

MRD/
Haplo

Transit 
time < 2 days

56.0% (50.6%–61.2%) — — — — — —

Transit time 
≥ 2 days

25.0% (6.0%–50.5%) 2.19 1.43–3.36 < 0.001 2.41 1.57–3.00 < 0.001

URD Transit time 
< 2 days

53.9% (47.5%–59.8%) — — — — — —

Transit time 
≥ 2 days

49.5% (43.0%–55.6%) 1.20 0.93–1.57 0.166 1.21 0.90–1.63 0.196

Overall survivala (2 years)

(Continues)
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and grade III-IV aGVHD with the use of cryopreserved grafts, 
consistent with findings from several studies [3–6, 11, 12, 20, 21]. 
In parallel, the incidence of cGVHD exhibited a bimodal pattern, 
being higher among younger “cryo” patients (aged < 18 years) 
and lower among adult “cryo” patients (aged 18–55 years), 
while no significant difference was observed in patients aged 
> 55 years between the two groups. A clear explanation for this 
bidirectional effect is difficult to determine. Some studies in the 
literature suggest that cryopreserved grafts may reduce the in-
cidence of cGVHD by favoring the selection of the T-regulatory 
(T-reg) subset [3, 5, 10]. Additionally, a reduction in cGVHD has 
been documented in pediatric transplant populations using post-
transplant cyclophosphamide (PTCy) as GVHD prophylaxis [3]. 
In our context, the use of PTCy in pediatric patients of the cryo 
cohort was very limited compared to the historical cohort (5.4% 
vs. 28.9%, respectively), as Italian pediatric transplant physicians 
tended to reserve its use for selected cases due to concerns about 
potential late adverse effects. Instead, alpha-beta ex vivo T-cell 
depletion is widely applied, particularly in the setting of non-
malignant diseases [26, 27]. The shift in transplant paradigms 
during the pandemic may have further influenced these results.

The impact of graft cryopreservation on immune cells could also 
lead to an impaired graft-versus-leukemia effect, as reported by 
some authors [2, 10]. Clinically, this has been associated with an 
increased incidence of relapse and inferior relapse-free survival 
in a few studies [3, 5, 9]. In our study, we did not observe any 
difference in the cumulative incidence of relapse or RFS between 
the cryopreserved cohort and the historical cohort.

Indeed, we observed a trend toward higher NRM among patients 
receiving cryopreserved grafts, though this was not confirmed 
in multivariable analysis. However, a shorter OS was noted in 
this group. These findings may be attributed to the reduced in-
cidence and delayed hematopoietic recovery and a higher rate 
of infections, which were significantly more frequent causes 
of death among patients receiving cryopreserved transplants. 
Unfortunately, we lacked data on the precise causes of infec-
tion or on immune reconstitution in the two patient groups, 
making it impossible to definitively establish the actual effect 
of cryopreservation on immune recovery. However, several re-
ports have documented the effects of cryopreservation on both 
the number and function of immune cells [28]. Additionally, the 
SARS-CoV-2 pandemic may have significantly contributed to a 
higher post-transplant infectious risk in the more recent cryo 

cohort, given the vulnerability of these patients and the con-
straints faced by the healthcare system during this period [29].

Notably, a significant increase in relapse risk was observed 
when the time between HSCs collection and cryopreservation 
exceeded 1 day. Additionally, shorter OS and RFS were noted in 
MRD and haploidentical transplants, though not in URD trans-
plants, depending on transit time.

This suggests that graft age at cryopreservation may affect lympho-
cyte function and the likelihood of achieving full donor chime-
rism, emphasizing the importance of minimizing transit time to 
maintain optimal graft quality, particularly in high-risk transplants 
such as haploidentical settings. These differences might be par-
tially attributed to variations in graft quality and donor age, which 
is typically younger in URD donors compared to MRD and hap-
loidentical transplants, as observed in our study and others [30].

These findings could inform clinical decision-making regarding 
the use of cryopreserved grafts based on patient-, donor-, and 
disease-specific risk factors. For instance, a fresh graft might be 
preferable in cases of active neoplastic disease, especially when 
the donor is overseas, while cryopreserved grafts could be con-
sidered for patients in first remission, balancing the procedure's 
risks and benefits.

We acknowledge several limitations of our study, including 
its retrospective nature and the potential for some patients in 
the historical cohort to have received cryopreserved grafts. 
However, as reported in a recent EBMT survey, only 7.4% of 
transplant centers used cryopreserved HPC products before the 
pandemic [13]. Despite these limitations, the inclusion of a large 
cohort of transplanted patients within the robust Italian GITMO 
network over a recent and relatively short timeframe allows for 
meaningful observations.

Our findings support the general safety of cryopreservation, 
which remains a viable option when safety or logistical con-
straints could otherwise hinder the transplant process. However, 
caution is warranted with the use of cryopreserved products, es-
pecially when the interval between collection and cryopreser-
vation is prolonged, given their potential impact on relapse risk 
and OS. Transplant centers should carefully balance the benefits 
and drawbacks of cryopreservation, considering its clinical im-
plications and the potential for immunological dysfunction.

Survival (95% CI) HR 95% CI p HR 95% CI p

MRD/
Haplo

Transit time 
< 2 days

59.6% (54.0%–64.7%) — — — — — —

Transit time 
≥ 2 days

33.3% (10.3%–58.8%) 2.01 1.44–2.81 < 0.001 1.79 1.08–2.96 0.023

URD Transit time 
< 2 days

62.9% (56.8%–68.4%) — — — — — —

Transit time 
≥ 2 days

59.8% (53.3%–65.8%) 1.08 0.85–1.37 0.529 1.14 0.88–1.49 0.319

Abbreviations: aGVHD, acute GVHD; cGVHD, chronic GVHD; Haplo, haploidentical donor; MRD, matched related donor; URD, unrelated donor.
aReported multivariate models according to donor type when tested for interaction with transit time were significant.

TABLE 3    |    (Continued)
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