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transplant services during the COVID-19 pandemic. However, practices for product tracing, documentation, and
transportation can be optimized, and measures to reduce the incidence of unused unrelated donor product are

required.

Crown Copyright © 2021 Published by Elsevier Inc. on behalf of The American Society for Transplantation and Cel-

lular Therapy. All rights reserved.

The rapid global spread of SARS-CoV-2 (COVID-19) in
March 2020 led to major changes to stem cell donor availabil-
ity and product transportation. Transplantation organizations
throughout the world responded by recommending cryopres-
ervation of all unrelated donor hemopoietic progenitor cell
(HPC) products before commencing recipient conditioning
[1—4]. Although necessary to enable continued access to unre-
lated donors, routine cryopreservation may introduce addi-
tional risks to both donor and recipient. Our centers recently
reported significant variation in post-thaw CD34 recovery
from cryopreserved allogeneic HPC, particularly where
products have been subject to prolonged travel times
before cryopreservation [5]. Infusion reactions caused by
cryopreservation agents and delayed neutrophil or platelet
recovery may result [6,7]. Furthermore, collection and cryo-
preservation of products before the recipient has com-
menced conditioning increases the risk that the donor
product will never be infused and that the donor will be
exposed to unnecessary risk [8].

The Australian and New Zealand experience is notable for a
low community incidence of COVID-19 in the region during
2020, a historically high reliance on overseas unrelated donors
for HPC transplantation, and long travel times to most unre-
lated donor collection centers. In this context, we investigated
the effect of the first 6 months of the COVID-19 pandemic on
unrelated donor HPC product acquisition, product quality, and
clinical engraftment outcomes.

METHODS

We requested HPC product information on unrelated peripheral blood or
bone marrow donor HPC collected between April 1, 2020, and September 30,
2020 (“COVID era”), for recipients at all adult and pediatric Australian and
New Zealand allogeneic transplantation centers. For comparison, we also
requested information regarding neutrophil and platelet recovery for all
unrelated peripheral blood or bone marrow recipients in 2018 and 2019
from the Australasian Bone Marrow Transplant Recipient Registry (“pre-
COVID era”). Medians were compared using the Mann-Whitney U test, and
the effect of categorical variables on binary outcomes was assessed by the
chi-squared test. Graft quality was assessed by recipient transplant center
laboratories, and included product packing, labelling, accompanying samples
and documentation, and CD34 recovery and CD34 viability. CD34 recovery
was defined as post-thaw viable CD34+ cell count/pre-cryopreservation via-
ble CD34+ count. CD34 recovery >100% was possible because of CD34 mea-
surement uncertainty and method variation between laboratories. CD34
viability was defined as the percentage of viable events within the total CD34
+ gate in flow cytometry assays based on 7-AAD exclusion. Where available,
CD34 recovery and viability was assessed using representative samples
(“pilot vials”) cryopreserved and shipped alongside the product itself and
thawed at the recipient laboratory before transplantation. Neutrophil recov-
ery was defined as the first of 3 consecutive days >0.5 x 10°/L and platelet
recovery as the first of 7 consecutive days >20 x 10°/L unsupported by plate-
let transfusion. Cumulative incidences of neutrophil and platelet recovery
were calculated using death before day 21 as a competing risk. Analysis was
performed using SPSS, version 24.0 (IBM, Chicago, IL) and R.

RESULTS
Collected products

Fourteen centers contributed data, representing the major-
ity (82%) of unrelated donor centers in the region. Information
was received on a total of 191 HPC products collected for 175
recipients, with 16 patients requiring 2 HPC collections to
achieve target cell dose or collection center specification. Of

these 191 products, 50 (26%) were collected within Australia
or New Zealand, 93 (49%) from Europe, 21 (11%) from the USA,
16 (8%) from the UK and 11 (6%) from other overseas collection
centers. The proportion of domestic collections was greater
than that observed in 2019 (18%) (ABMDR, personal communi-
cation). Three HPC products were bone marrow (HPC[M]),
whereas the remainder (98%) were mobilized peripheral blood
apheresis products (HPC[A]). Of the 191 products collected,
190 were cryopreserved. Cryopreservation occurred at the
collection center (49%), at a regional cryopreservation hub
(45%) or at the transplantation center (6%). Of the 50 prod-
ucts collected in Australia and New Zealand, 39 (80%) were
cryopreserved at the collection center, 10 (20%) were cryo-
preserved after transportation to the transplant center, and
1 was infused fresh.

Pre-cryopreservation CD34 enumeration is a mandatory
criterion for product release for most donor centers and was
provided for all but one product in this study. However, only a
minority of processing laboratories provided information on
the post-thaw composition of HPC products (CD34 enumera-
tion was available for 46% of products and CD34 viability was
available for 32% of products).

In contrast, post-thaw CD34 enumeration was measured by
the recipient transplant center for all infused products and for
98% of collected products. Median post-thaw CD34 recovery
calculated at the transplantation center was 78% but ranged
from 25% to 176%. Eight products (4%) had a CD34 recovery of
less than 50%. Median CD34 recovery varied according to
where the product had been cryopreserved: collection center
(81%, range 25% to 176%), regional cryopreservation hub (75%,
range 32% to 133%), or transplantation center (65%, range 54%
to 109%), overall P = .038.

Post-thaw CD34 viability as a proportion of all CD34+
events reflects the integrity and quality of the HPC product
and was available from the transplantation center for 73% of
collected products. The median post-thaw CD34 viability was
87% (range 34% to 112%) and was less than 50% in 4 products
(2%). Median CD34 viability also varied according to location of
cryopreservation: collection center (84%, range 34% to 98%),
regional cryopreservation hub (90%, range 46% to 112%), trans-
plantation center (79%, range 60% to 99%), overall P =.027.

We also collected information regarding mishaps, concerns,
or non-conformances relating to the products reported by the
transplantation centers, either directly or through Serious
Product Events and Adverse Reactions (SPEAR) reports sent to
the Australian Bone Marrow Donor Registry (ABMDR). Overall,
reports were received regarding 55 (29%) products (Figure 1).
Process quality issues were most commonly reported (19% of
products) and included missing product information (n = 15
[8%]) and missing or incorrect representative product samples
(n = 10 [5%]). Of the 9 products that arrived without any
representative product samples, 7 also had no post-thaw CD34
enumeration result available from the processing center.
Product quality issues were reported for 10% of products,
including temperature deviation during transport and low
CD34 recovery. Infrequent but potentially critical product
non-conformances included damaged product (n = 4), <50%
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Figure 1. Product non-conformances or low CD34 recovery reported by recipient transplant center (n = 55, 29% of all products).

requested cell dose received (n = 1), and product received in
multiple (>10) bags resulting in large dimethyl sulfoxide vol-
ume (n =2).

Comparison with grafts cryopreserved prior to the COVID
pandemic

We have previously reported a median CD34 recovery of
76% (range 6% to 122%) for HPC products cryopreserved for
Australian recipients prior to the COVID-19 pandemic (2015 to
2019) [5]. While the median CD34 recovery of products cryo-
preserved during the first 6 months of the COVID pandemic
was similar (78%), the proportion of grafts with very low
(<50%) CD34 recovery was actually lower during the pan-
demic (4% versus 15%, P < .001).

Infused products

A total of 164 products had been infused for 151 patients
(86%) by December 31, 2020. Nine (6%) patients underwent
transplantation for nonmalignant disease, the remainder for
hematological malignancies. Infusion reactions were reported
for 25 patients (17%) and were clinically moderate or severe in
5 (3%) and 4 (3%), respectively. Median infused CD34+ cell
dose was 5.04 x 10%/kg (range 1.6 to 13.7). Neutrophil and
platelet recovery are summarized in Table 1. Three patients
(2%) suffered primary graft failure, and 3 (2%) had initial neu-
trophil recovery followed by secondary graft failure (Table 2).
No association was observed between neutrophil recovery and
infused viable CD34+ cell dose nor CD34 recovery, although a
statistically significant association was observed between
platelet recovery and infused viable CD34+ cell dose (HR 1.12
per 1.0 x 10°/kg CD34+ cell dose, 95% confidence interval
1.01-1.22 [P = .026]) but not CD34 recovery. Of 5 patients who

underwent transplantation for severe aplastic anemia, 1
received fresh HPC(M) and the remainder received cryopre-
served HPC(A). All achieved engraftment (median time to neu-
trophil recovery 17 days, range 7-23 days) and remain alive at
last follow-up.

Comparison with neutrophil and platelet recovery prior to
the COVID-19 pandemic

To assess the effect of routine cryopreservation compared
with the use of fresh products prior to the COVID-19 pan-
demic, we measured graft failure rates, platelet and neutrophil
recovery in 613 consecutive patients from the “pre-COVID era”
(2018 to 2019). Patient and transplant characteristics are sum-
marized in Table 1. Patients who underwent transplantation
during the COVID-19 pandemic were more likely to be recipi-
ents of anti-thymocyte globulin (ATG) and HPC(A) products.
Neutrophil and platelet recovery were similar in the “pre-
COVID era,” and the proportion of patients with primary graft
failure was also similar (n = 19 [3%]).

Products not infused

Twenty-seven products had not been infused at clinical
data cutoff, which was at least 90 days after the last product
was collected. Since December 2020, a further 5 products have
been infused, leaving 22 products still not infused after a mini-
mum of 9 months of follow-up. This represents 12% of all prod-
ucts collected during the study period. Of these 22, 4 (18%)
were not infused because of a problem with the product,
including damaged on arrival (n = 1), missing product repre-
sentative samples (n = 2), and insufficient cell dose (n = 1).
Eight (36%) were not infused because the patient was not
ready for transplantation (eg, disease progression or interval
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Table 1
Comparison of Patient Characteristics Between Study (“COVID") Cohort and 2018 to 2019 (“Pre-COVID") Cohort
“Pre-COVID” cohort “COVID” cohort P
Total number of patients 613 151
Age, median (range) 54(0-74) 53 (0-75) .827
Diagnosis, n (%)
AML 262 (43) 65 (43)* .768
ALL 90 (15) 17 (11)
MDS 105(17) 28(19)
MPN 42 (7) 9(6)
Lymphoma 72(12) 17(11)
Bone marrow failure syndromes 21(3) 5(3)
Immunodeficiency 13(2) 3(2)
Other 8(1) 3(2)
ATG given, n (%)
Yes 373 (61%) 99 (70%)" .038
No 240 (39%) 42 (30%)
MTX-based GVHD prophylaxis, n (%)
Yes 520 (81%) 126 (89%)" .166
No 93 (15%) 15(11%)
Stem cell source, n (%)
HPC (A) 552 (90%) 148 (98%) .002
HPC (M) 61 (10%) 3(2%)
Regimen intensity, n (%)
Myeloablative 230 (38%) 49 (35%)} .503
Reduced intensity 383 (63%) 93 (66%)
Time to neutrophil recovery, median (IQR) 17 (10-24) 17 (10 — 24) .540
Neutrophil recovery by day 28, cumulative incidence (95% confidence interval) 90 (89-92%) 92 (90-95%) 521
Time to platelet recovery, median (IQR) 20(9-31) 21 (8-34) 123
Platelet recovery by day 60, cumulative incidence (95% confidence interval) 87 (86-88%) 92 (89-95%) 755

AML indicates acute myeloid leukemia; ALL, acute lymphoblastic leukemia; MDS, myelodysplasia including myeloproliferative/myelodysplastic overlap conditions;

MPN, myeloproliferative neoplasms; IQR, interquartile range.
* 4 cases missing data.

10 cases missing data.

19 cases missing data.

illness), whereas a reason was not provided for the remaining
10 (46%) products. In comparison, the ABMDR reported only 3
products not infused after a minimum 12 months of follow-up
for the calendar year 2019, out of a total of 339 unrelated
donor products (0.9%) (ABMDR, personal communication).

DISCUSSION

Despite the severe disruption to international healthcare
and travel industries that occurred at the time, we observed
satisfactory post-thaw product quality and neutrophil and
platelet recovery for the majority of unrelated donor products
collected for Australia and New Zealand recipients during the
first 6 months of the COVID-19 pandemic. This observation is a
testament to the resourcefulness and commitment of the unre-
lated HPC donor sector, including registries, collection and
processing centers, couriers, recipient transplantation centers,
and the donors themselves. A key element in the response to
the travel uncertainty imposed by the pandemic was to per-
form cryopreservation as soon as possible after collection of
the product. We observed excellent post-thaw CD34 recovery
for products cryopreserved at collection centers or regional
cryopreservation hubs (median 81% and 75%, respectively).
Furthermore, the products collected during this period had a
lower incidence of very low (<50%) CD34 recovery compared
with a historical cohort of products cryopreserved before the
COVID-19 pandemic, the majority of which had long liquid
storage times during travel to Australia [5]. These observations

are broadly concordant with those of a large European cryo-
preservation center [6] and suggest that the strategy of cryo-
preservation at collection centers or local regional hubs is
effective for preserving product quality. Conversely, a strategy
of cryopreservation at transplantation centers appears less
desirable, possibly because of the longer liquid storage time
during transit from the collection center.

Neutrophil recovery appeared similar after infusion of
thawed cryopreserved products to that achieved with “fresh”
unrelated donor products in 2018 to 2019. This observation is
consistent with an earlier report of unrelated donor HPC cryo-
preservation for transplantation [7] and with a description of
recipients of cryopreserved products who received post-trans-
plantation cyclophosphamide for graft-versus-host disease
(GVHD) prophylaxis [8]. However, 2 recent CIBMTR publica-
tions comparing historical cryopreserved and fresh HPC out-
comes for malignancies [9] and severe aplastic anemia [10]
reported different findings. Both of these observed delayed
neutrophil and platelet recovery and inferior overall survival
for recipients of cryopreserved products. Neither study
included information regarding post-thaw composition or via-
bility of the cryopreserved products, and it is possible that
cryopreservation of the product itself was responsible for
these differences. However, it is also possible that the reason
for cryopreservation, which before the COVID-19 pandemic
was usually due to emergent patient-related issues, may
explain inferior patient outcomes. For example, relapse
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Table 2

Patients With Primary or Secondary Graft Failure
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requiring additional chemotherapy or infection requiring
intensive therapy may result in the patient being more vulner-
able to toxicity or progression after transplantation. Our study
is therefore unique in comparing the clinical outcome of “rou-
tine” cryopreservation with the results of fresh HPC product
infusion. Although the numbers of severe aplastic anemia
transplant recipients in our study are too small to make any
conclusions, it is somewhat reassuring that these patients
were able to undergo transplantation and achieve timely
engraftment despite HPC cryopreservation.

Infusion reactions were reported for 17% of patients and
were mostly mild and consistent with reactions to cryopreser-
vation additives. A large study of 1269 recipients of cryopre-
served autologous HPC reported an incidence of infusion
adverse events of 38% [11], whereas another report of infusion
reactions in children reported an overall incidence of 36%,
with a higher risk after fresh allogeneic compared with cryo-
preserved autologous product infusion [12]. Differences in
cryoprotectant concentration, pre-medication, infusion tech-
nique, and adverse event reporting may account for the lower
incidence reported in our study.

Although the majority of recipients received satisfactory
HPC products and achieved successful clinical engraftment
outcomes, our observations highlight some important risks
and opportunities for improvement. Receiving transplantation
centers reported product non-conformances for a significant
proportion (26%) of products, including 7 cases where neither
a representative sample nor post-processing information was
available to determine the hemopoietic potential of the cryo-
preserved product, leaving transplantation centers with no
way of determining the quality of the cryopreserved product
short of thawing the product itself. Transplantation centers
need to be able to make an assessment of the hemopoietic
potential of a cryopreserved product before the recipient com-
mencing the conditioning regimen, and such evaluations are
required to be performed by cell therapy laboratories both
before and after processing procedures according to FACT/
JACIE standards [13]. The provision of processing information,
post-thaw testing, and product representative samples may
require increased attention from accreditation and regulatory
agencies in the context of ongoing local cryopreservation of
unrelated donor HPC products.

This study also observed a lower use of HPC(M) during the
COVID-19 pandemic. This change was likely driven by a lack of
availability of bone marrow collection facilities at many donor
centers during the height of the public health crisis [4]. It is
possible that such changes in stem cell source may alter out-
comes for patients particularly vulnerable to the risk of GVHD,
including children and patients with nonmalignant indications
for transplantation. GVHD outcomes were not captured for
this study. Although ATG use was more frequent during the
COVID pandemic than the preceding 2 years, this is likely due
to several centers changing institutional practice just before
the pandemic to prescribe ATG as routine GVHD prophylaxis
for unrelated donor recipients (personal communication).

Our data also highlight risks to the donor of unused dona-
tion during the early phase of the COVID-19 pandemic. The
high proportion of products not infused within 9 months of
collection (12%) likely reflects a high number of products that
will never be infused, and is dramatically different to the inci-
dences of unused product in 2019 reported by the ABMDR
(0.9%) and DKMS Germany (0.32%) [14]. This raises ethical con-
cerns for donors who may have suffered not only minor
adverse effects and inconvenience associated with stem cell
collection, but also potential exposure to COVID-19 as a result
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of attendance at hospital clinics and collection centers in high-
prevalence areas. To address this, some registries have pro-
posed setting up banks of “excess” HPC from young donors
with common HLA genotypes and favorable donor/patient
weight ratios to provide ready access to cryopreserved product
without subjecting additional donors to the risks of stem cell
donation [14]. Transplantation centers can also abrogate the
risk of unused product by only requesting donation after con-
firming recipient transplant eligibility and scheduling infusion
as close as possible to receipt of product. However, long travel
times and the need for quality assessment of the product after
arrival mean that some delay between collection and infusion
is unavoidable.

Local cryopreservation and delayed recipient conditioning
have enabled safe continuation of unrelated donor transplanta-
tion in Australia and New Zealand during the COVID-19 pan-
demic. However, transplantation centers have faced challenges
because of damaged product or missing information in a signifi-
cant proportion of products, and it appears that significant
numbers of unrelated donors have undergone unnecessary
mobilization and collection procedures for products that will
not be infused. These observations support increased attention
to quality management systems around cryopreservation and
transportation of HPC products and strategies to minimize
unnecessary unrelated donor collection.
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