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INTRODUCTION

ABSTRACT
In response to the widespread COVID-19 pandemic, cryopreservation of allogeneic donor apheresis products was
implemented to mitigate the challenges of donor availability and product transport. Although logistically benefi-
cial, the impact of cryopreservation on clinical outcomes and graft composition remains unclear. In this study, we
compared outcomes and graft composition with cryopreserved versus fresh allografts in the setting of allogeneic
hematopoietic cell transplantation (allo-HCT). We retrospectively analyzed the clinical outcomes of 30 consecu-
tive patients who received cryopreserved allografts between March and August 2020 and 60 consecutive patients
who received fresh allografts before the COVID-19 pandemic. Primary endpoints were hematopoietic engraftment
and graft failure (GF), and secondary outcomes were overall survival (0S), relapse-free survival (RFS) and nonre-
lapse mortality (NRM). In addition, extended immunophenotype analysis was performed on cryopreserved and
prospectively collected fresh apheresis samples. Compared with recipients of fresh allografts, both neutrophil and
platelet recovery were delayed in recipients of cryopreserved reduced-intensity conditioning (RIC) allo-HCT, with
a median time to engraftment of 24 days versus 18 days (P = .01) for neutrophils and 27 days versus 18 days
(P =.069) for platelets. We observed primary GF in 4 of 30 patients in the cryopreserved cohort (13.3%) versus
only 1 of 60 patients (1.7 %) in the fresh cohort (P = .03). Cryopreserved RIC allo-HCT was associated with signifi-
cantly lower median total, myeloid, and T cell donor chimerism at 1 month. OS and RFS were inferior for cryopre-
served graft recipients (hazard ratio [HR], 2.16; 95% confidence interval [CI], 1.00 to 4.67) and HR, 1.90; 95% CI,
0.95 to 3.79, respectively. Using an extended immunophenotype analysis, we compared 14 samples from the cryo-
preserved cohort to 6 prospectively collected fresh apheresis donor samples. These analyses showed both a
decrease in total cell viability and a significantly reduced absolute number of natural killer cells (CD3~CD56") in
the cryopreserved apheresis samples. In this single-institution study, we found delayed engraftment and a trend
toward clinical inferiority of cryopreserved allografts compared with fresh allografts. Further evaluation of the
use of cryopreserved allografts and their impact on clinical and laboratory outcomes is warranted.

© 2022 Published by Elsevier Inc. on behalf of The American Society for Transplantation and Cellular Therapy.

high-dose myeloablative chemotherapy and hematopoietic

Cryopreservation of autologous hematopoietic grafts is a
standard-of-care approach that allows adequate collection and
storage of patients’ blood-forming stem cells in advance of
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cell rescue. In contrast, cryopreserved grafts are not routinely
used for allogeneic hematopoietic cell transplantation (allo-
HCT), because healthy donors are available at the time recipi-
ents undergo conditioning for their transplantation procedure.
Despite some advantages in the logistics of cryopreserved allo-
HCT, to date there are no studies supporting the use of cryo-
preserved allografts over fresh allografts as a gold standard for
allo-HCT, and data on the impact of cryopreservation on graft
content and clinical outcomes are limited [1].

2666-6367/© 2022 Published by Elsevier Inc. on behalf of The American Society for Transplantation and Cellular Therapy.
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In 2020, in response to the COVID-19 pandemic, wide-
spread cryopreservation of allogeneic donor apheresis prod-
ucts was implemented to mitigate the challenges of donor
availability and product transport. During the early phase of
the pandemic from March to August 2020, the US National
Marrow Donor Program (NMDP) required the cryopreserva-
tion of all unrelated donor (URD) grafts. Before the pandemic,
data available from single-center or small multicenter reports
showed conflicting results regarding post-HCT clinical out-
comes of cryopreserved allografts [2—4]. One of these studies
comparing cryopreserved and fresh peripheral blood stem cell
(PBSC) grafts from related donors showed similar clinical out-
comes in terms of overall survival (0S), nonrelapse mortality
(NRM), acute and chronic graft-versus-host disease (GVHD),
and hematopoietic recovery [2]. In contrast, 2 other studies
showed increased rates of graft failure (GF) with cryopreserved
URD PBSC grafts [3] and delayed platelet recovery with cryo-
preserved related donor and URD PBSC grafts [4].

Since the institution of pandemic restrictions, the Center
for International Blood and Marrow Transplant Research
(CIBMTR) has reported on 3 retrospective studies comparing
the clinical outcomes of cryopreserved and fresh allogeneic
donor products [5-7]. The study by Eapen et al. [5], which
focused on patients with severe aplastic anemia, showed
higher rates of GF and inferior OS with cryopreserved allog-
rafts, whereas the study by Hamadani et al. [6], which included
only patients undergoing allo-HCT with post-transplantation
cyclophosphamide (Cy) as GVHD prophylaxis, showed similar
outcomes for cryopreserved and fresh allografts. The more
recent and largest study by Hsu et al. [7] examined a total of
7379 patients from the CIBMTR database who underwent
transplantation between 2013 and 2018 and separately
assessed the impact of cryopreservation on clinical outcomes
of transplantation with (1) URD PBSC grafts, (2) related PBSC
grafts, and (3) bone marrow (BM) grafts. That study demon-
strated a clear inferiority of cryopreserved URD PBSC grafts,
with delayed hematopoietic recovery, increased NRM and
relapse, and decreased progression-free survival (PFS) and OS.
In addition, cryopreserved PBSC grafts from related donors
showed delayed platelet recovery, inferior NRM and OS, and a
higher rate of acute GVHD. Recipients of BM cryopreserved
grafts from both related donors and URDs had similar out-
comes as recipients of fresh BM grafts. These latter results
from the CIBMTR are in contrast to the findings of a large retro-
spective single-center analysis of 958 patients at the Princess
Margaret Cancer Centre who underwent allo-HCT between
2010 and 2018 that found no differences in hematopoietic
recovery, GF, acute and chronic GVHD, and OS in recipients of
cryopreserved grafts compared with recipients of fresh grafts
[8]. The different outcomes reported in the latter study could
be attributed mainly to the difference in graft sources used in
the analysis, because the majority of patients (91%) who
received cryopreserved grafts had a matched related donor
graft and only 9% received a URD graft, compared with 83% of
URD graft recipients in the fresh graft cohort. Importantly, this
imbalance in graft source differs substantially from the real-
time experience during the COVID-19 pandemic, because
nearly all URD grafts were cryopreserved. A recent publication
from the Dana-Farber Cancer Institute comparing cryopre-
served and fresh URD PBSC grafts in the context of the COVID-
19 pandemic reported lower T cell chimerism, impaired
immune reconstitution the first months post-allo-HCT, as well
as increased GF linked to longer transit time (>48 hours) inde-
pendent of cryopreservation. No differences in 6-month OS,
PFS, or NRM were noted [9].

At our center, we observed a highly unusual cluster of GF in
patients undergoing reduced-intensity conditioning (RIC) allo-
HCT which correlated with the institution of URD cryopreser-
vation beginning in March 2020. Therefore, we compared clin-
ical outcomes of 30 consecutive patients who underwent allo-
HCT with cryopreserved PBSC grafts during the COVID-19 pan-
demic with 60 consecutive patients who received fresh PBSC
grafts prior to the pandemic cryopreservation requirement. No
previous study has reported on the variable of conditioning
intensity; here we separately assessed the effect of graft cryo-
preservation on the outcomes of patients receiving a RIC regi-
men versus those receiving a myeloablative conditioning
(MAC) regimen. Furthermore, to study whether differences in
cell composition might be present between cryopreserved and
fresh grafts, we carried out extended phenotype analyses of
hematopoietic stem cell (HSC) and lymphocyte subsets on
available samples from the cryopreserved PBSC products and
prospectively collected and analyzed fresh allogeneic PBSC
samples. To our knowledge, our study is the first to include
extended phenotyping of the graft composition, which we
believe will further elucidate the biological relevance of the
different cellular subpopulations for clinical outcomes.

METHODS
Patients

Data were collected retrospectively from 30 consecutive patients who
underwent allo-HCT with cryopreserved PBSCs between March and August
2020 (cryopreserved cohort) and a control cohort of 60 consecutive patients
who underwent allo-HSCT with fresh PBSCs between June 2019 and March
2020 (fresh cohort). All patients included in the analysis received either MAC
or RIC regimen. Patients receiving total lymphoid irradiation (TLI), antithy-
mocyte globulin (ATG), and low-dose total body irradiation (TBI) RIC were
excluded from this analysis, because (1) this TLI/ATG/TBI reduced-intensity
regimen is center-specific and (2) this regimen leads to higher rates of mixed
donor chimerism compared with other RIC regimens [10]. Donors included
HLA-matched siblings, HLA-matched unrelated, haploidentical relatives, and
HLA-mismatched URDs. All patients had provided written informed consent,
and the study was approved by the Institutional Review Board of Stanford
University.

Definitions and Study Endpoints

Primary endpoints were the time to hematopoietic engraftment of neutro-
phils and platelets and GF. Neutrophil recovery was defined as the date of the
first of 3 consecutive days with an absolute neutrophil count (ANC) >0.5 x 10°
/L, and platelet recovery was defined as the date of the first of 3 consecutive
days with a platelet count >20 x 10° /L without transfusion within the previous
7 days. Primary GF was defined as initial donor chimerism <5% or failure to
achieve an ANC >0.5 x 10° /L without morphologic evidence of disease relapse.
Secondary GF was defined as decrease in donor chimerism to <5% after initial
successful engraftment or decrease in ANC to <0.5 x 10° /L without morpho-
logic evidence of disease relapse. Poor graft function was defined as 2 or 3 cyto-
penic lines (hemoglobin <10 g/dL, ANC <1.0 x 10° /L, platelet count <30 x 10°
/L) for >2 consecutive weeks beyond day +28, without transfusion support and
in the presence of complete donor chimerism [11]. Secondary endpoints were
chimerism level post allo-HCT, OS, relapse-free survival (RFS), and NRM. Donor
cell chimerism of whole blood and lineage subsets was assessed by short tan-
dem repeat analysis as described previously [12]. To assess T cell and myeloid
chimerism, immunomagnetic beads coated with monoclonal antibodies against
CD3 and CD15 were used to separate these fractions in peripheral blood [10].
For OS, death from any cause was considered an event, and surviving patients
were censored at last contact. For RFS, relapse, or death, whichever occurred ear-
lier, was considered an event, and surviving patients without relapse were cen-
sored.

Disease state was reported as myeloid, lymphoid, or mixed. The Disease Risk
Index (DRI) was calculated for each patient according to disease and stage risk
using standard criteria [13]. Cytomegalovirus (CMV) risk category was reported
as high (recipient (R)+/ donor (D)- or +], intermediate (R-/D+) and low (R-/D-)
based on pre-HCT CMV serostatus. The cell doses of CD34* x 10/kg and CD3" x
108/kg that patients received as part of their grafts were available only at the
time of collection and not obtained at the time of product thaw.

Apheresis Sample Collection and Processing

In the cryopreserved cohort 28 apheresis products were cryopreserved at
our center, whereas only 2 apheresis products underwent cryopreservation
at the donor center. Cryopreservation at our center was performed according
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to standard operating procedure, using 10% dimethylsulfoxide (DMSO)/Nor-
mosol media, followed by cryopreservation in an automated controlled-rate
freezer. On the day of infusion cryopreserved products were transported to
the patient unit in liquid nitrogen transporter, thawed using 37 °C bath, and
infused.

Analysis of cryopreserved grafts was performed on available quality con-
trol (QC) samples collected on patients in the cryopreserved cohort. In brief,
QC vials were obtained from the actual products after adding 10% DMSO/Nor-
mosol medium and were frozen in the same controlled-rate freezer as the
apheresis products. On the day of analysis, the QC vials were thawed in
warm bath for 1 to 2 minutes, resuspended in warm RPMI medium (contain-
ing 10% fetal bovine serum) and DNAse to avoid clumping, and centrifuged at
500x g for 10 minutes at room temperature. Cells were counted on an Invi-
trogen Countess automated cell counter (Thermo Fisher Scientific, Waltham,
MA), and mononuclear cells (MNCs) were isolated using Ficoll density gradi-
ent separation; in cases with a low cell count at baseline, the Ficoll step was
not performed. Fresh apheresis samples were obtained prospectively from
related donors at the day of collection and processed immediately. After cell
counting, MNCs were isolated using Ficoll density gradient separation as
described above.

Immunophenotype Analysis

MNCs obtained as described above were stained for surface markers for
30 minutes at room temperature in the dark. An extended table describing
the monoclonal antibodies used for immunophenotype analysis of hemato-
poietic stem and progenitor cell (HSPC) and lymphocyte subsets is provided
in the Supplementary Data. Propidium iodide or Zombie Aqua viability dye
(catalog no. 423101; BioLegend, San Diego, CA) were used to exclude dead
cells. Data were collected on a BD FACSAria II (BD Biosciences, San Jose, CA)
and analyzed with Flow]Jo version 9.9.4 (Flow]Jo Software, Ashland, OR). Preci-
sion count beads (catalog no. 424902; BioLegend) were used to obtain abso-
lute cell counts for CD34" cells, HSCs, and lymphocyte subpopulations
according to the manufacturer’s instructions. In brief, 100 L of precision
count beads was added to 200 pL of sample, and absolute cell counts/uL
were calculated using the following equation: (cell count x bead volume)/
(bead count x cell volume) x bead concentration/uL.

Statistical Analysis

Patient, disease, and transplantation characteristics were summarized,
and differences between the 2 graft type cohorts were compared. P values
based on the t test for continuous variables, the chi-square test for categorical
variables, and Fisher’'s exact test for binary variables were provided for
descriptive purposes.

The endpoints considered were neutrophil engraftment, platelet engraft-
ment, donor chimerism, primary GF, OS, RFS, and NRM. Cumulative incidence
of neutrophil and platelet engraftment and NRM were calculated based on
competing-risks models. Probabilities of OS and RFS were estimated using
the Kaplan-Meier method. A Cox proportional hazards model was used to
assess the effect of graft type (cryopreserved versus fresh) on OS while
adjusting for other covariates of interest. A logistic regression model was
built similarly for the primary GF endpoint. These statistical analyses were
performed using R 4.0.3 (R Foundation for Statistical Computing, Vienna, Aus-
tria).

Analyses of chimerism and immunophenotype data were performed
with the Mann-Whitney U test using Prism version 8.4.2 (GraphPad Software,
San Diego, CA). All P values were 2-sided, and statistical significance was
assessed at the nominal level of .05 without multiplicity adjustment.

RESULTS
Patient, Disease, and Transplantation Characteristics

A total of 90 patients were included in our analysis, includ-
ing 30 in the cryopreserved cohort and 60 in the fresh cohort.
Patient baseline and transplantation characteristics are shown
in Table 1. Both cohorts were similar in terms of patient age
and sex, type of malignancy (myeloid versus lymphoid), CMV
risk group, and DRI. Conditioning intensity was equally distrib-
uted (cryopreserved cohort: 70% RIC and 30% MAC; fresh
cohort: 65% RIC and 35% MAC). The median donor age was
34 years in the cryopreserved cohort and 41 years in the fresh
cohort. The median postcollection (prefreezing) dose of CD34"
cells was lower in the cryopreserved cohort (7.4 x 10%/kg ver-
sus 9.3 x 10%/kg in the fresh cohort), but there was no
between-group difference in CD3* cell dose. The cryopre-
served cohort included more HLA-matched URDs (73% versus
42%), whereas the fresh cohort included more HLA-matched

sibling donors (33% versus 6.7%) and slightly more haplo/HLA-
mismatched donors (25% versus 20%). We noted that the
imbalance between the cryopreserved and fresh cohorts was
seen mainly in the haploidentical and identical sibling donors;
however, the cohorts were balanced in the URDs (n=22 in the
cryopreserved cohort versus n=25 in the fresh cohort).

ABO major mismatch was documented in 17% of the fresh
cohort and 10% of the cryopreserved cohort. More patients in
the fresh cohort had a Karnofsky Performance Status <90 prior
to allo-HCT (P = .006). The most common MAC regimen was
busulfan/Cy (Bu/Cy; n = 22), followed by fludarabine/thiotepa/
melphalan (Flu/TT/Mel; n = 5), TBI/Cy (n = 1), Flu/Cy/TBI
(n=1), and Flu/TBI (n = 1). The most common RIC regimen was
Flu/Mel (140 mg/m?; n = 43), followed by Flu/Cy/TBI (200 to
300 cGy; n = 9), Flu/TBI (300 cGy; n = 7), and Flu/Mel/post-
transplantation Cy (n=1).

Hematologic Recovery

Neutrophil recovery was significantly delayed in the RIC
cryopreserved cohort, with a median time to neutrophil
engraftment of 24 days compared with 18 days in the RIC fresh
cohort (P = .01; Figure 1A). Platelet engraftment was also
delayed in the RIC cryopreserved cohort, with a median time
to engraftment of 27 days compared with 18 days in the RIC
fresh cohort (P = .069; Figure 1B). The median time to neutro-
phil engraftment in MAC allo-HCT recipients was 19 days in
the cryopreserved cohort versus 14 days in the fresh cohort
(P = .53), and the median time to platelet engraftment was
24 days in the cryopreserved cohort versus 17 days in the fresh
cohort (P =.73; Figure 1C and D). In a subgroup analysis exam-
ining only URDs, we observed similar results with significant
delays in both neutrophil and platelet recovery (Supplemen-
tary Figure S1).

Engraftment Failure

Primary GF was documented in 5 patients among the 90
patients analyzed, including 4 of 30 patients in the cryopre-
served cohort (13.3%) and 1 of 60 patients (1.7 %) in the fresh
cohort (P = .03). In a subgroup analysis including only URDs,
we observed similar results with a significantly higher rate of
GF (P=.03).

Disease and transplantation characteristics for the 5
patients with GF are presented in Table 2. All patients in the
cryopreserved cohort received a graft from a matched URD
following RIC (3 with Flu/Mel 140 mg/m? and 1 with Flu/TBI
300 cGy), whereas the 1 patient in the fresh cohort received
a haploidentical graft following MAC with Bu (14.4 mg/kg)/
Cy. Three of the 5 patients had DRI high before allo-HCT.
One patient in the cryopreserved cohort had undergone
prior allo-HCT with a fresh graft from a different donor, fol-
lowed by GF. One patient in the cryopreserved cohort died
at day 114 post-HCT from disease relapse. This patient, who
had refractory high-risk myelodysplastic syndrome and pro-
gression to acute myelogenous leukemia before allo-HCT,
showed initial morphologic remission with blast counts
<5%, followed by disease recurrence in the absence of donor
engraftment. Three of 4 patients in the cryopreserved cohort
were alive at the time of this report, including 2 who under-
went a rescue second allo-HCT with fresh allografts and 1
who developed autologous hematopoietic recovery followed
by disease progression. The single patient with GF in the
fresh cohort underwent a rescue second allo-HCT from a dif-
ferent haploidentical donor following RIC (with Flu/Cy/ATG)
and demonstrated >95% total donor and myeloid chimerism
after the second allo-HCT. However, despite prompt
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Table 1
Baseline Characteristics of the Cryopreserved and Fresh Cohorts
Characteristic N* Cryopreserved (N = 30) Fresh (N = 60) P Value'
Patient age, yr, mean 90 56 57 74
Donor age, yr, mean 87 34 41 .017
Sex, n/N (%) 90 11
Female 17/30 (57) 22/60 (37)
Male 13/30 (43) 38/60 (63)
Karnofsky Performance Scale, n/N 88 .006
>90 13/29 16/59
<90 16/29 43/59
Graft type, n/N (%) 90 .28
Allogeneic 27/30(90) 47/60(78)
Haploidentical 3/30(10) 13/60(22)
Donor type, n/N (%) 90 .003
HLA-identical sibling 2/30(6.7) 20/60 (33)
HLA-matched unrelated 22/30(73) 25/60 (42)
HLA-haploidentical 3/30(10) 13/60 (22)
HLA-mismatched unrelated 3/30(10) 2/60 (3.3)
Conditioning intensity, n/N (%) 90 .81
MAC 9/30 (30) 21/60 (35)
RIC 21/30(70) 39/60 (65)
CMV risk group, n/N (%) 90 17
High (R+) 18/30 (60) 47/60 (78)
Intermediate (R-, D+) 4/30(13) 3/60 (5)
Low (R-, D-) 8/30(27) 10/60 (17)
ABO match, n/N (%) 90 .033
Matched 16/30 (53) 42/60 (70)
Minor mismatch 11/30(37) 7/60(12)
Major mismatch 3/30(10) 10/60(17)
Bidirectional 0/30(0) 1/60 (1.7)
Disease type, n/N (%) 90 34
Myeloid 23/30(77) 52/60 (87)
Lymphoid 6/30 (20) 6/60 (10)
Mixed 1/30(3.3) 2/60 (3.3)
DRI, n/N (%) 90 18
High 12/30 (40) 18/60 (30)
Intermediate 17/30(57) 42/60(70)
Low 1/30(3.3) 0/60 (0)
(D34 dose, x 10°/kg, mean 90 7.4 9.3 .034
CD3 dose, x 10%/kg, mean 89 3.1 2.56 061

R indicates recipient; D, donor.
* Number of patients with available data.

T Statistical test performed: t test, chi-square test of independence, Fisher’s exact test.

hematopoietic engraftment, this patient died shortly after
the second allo-HCT from multiorgan dysfunction.

Poor graft function was observed in 8 of the 90 patients
analyzed, including 5 of 30 (16.7%) in the cryopreserved group
and 3 of 60 (5%) in the fresh group, suggesting a trend toward
an increased rate of poor graft function in the cryopreserved
group. However, this trend did not reach statistical significance
(P =.09). The transit time of the cryopreserved grafts did not
appear to be associated with GF or poor graft function (Supple-
mentary Figure S2A and B).

Donor Chimerism

Total cell, myeloid cell, and T cell donor chimerism levels
measured in blood at 1 month post-transplantation for RIC
allo-HCT recipients and 3 months post-transplantation for
MAC allo-HCT recipients are shown in Figure 2. Cryopreserved
RIC allo-HCT was associated with significantly lower median

total, myeloid, and T cell donor chimerism at 1 month
(Figure 2A), whereas no differences in donor chimerism were
observed when MAC conditioning was used (Figure 2B). Of
note, the patient with GF in the fresh cohort who had under-
gone MAC allo-HCT was not included in the 3-month chime-
rism assessment, because this patient died very early in the
post-transplantation course and chimerism levels were avail-
able only at 1 month. In the RIC cryopreserved cohort, besides
the 4 patients who developed primary GF with levels of donor
chimerism <5% at 1 month post-HCT, 3 more patients were
observed to be mixed donor T cell chimeras. Their donor T cell
levels increased over time without further interventions (Sup-
plementary Figure S3).

Univariable Analysis for 0S, RFS, and NRM
The median duration of follow-up was 15.4 months in the
fresh cohort compared with 9.9 months in the cryopreserved
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Figure 1. Hematopoietic recovery in recipients of cryopreserved grafts versus fresh grafts. (A) Neutrophil engraftment in RIC allo-HCT. (B) Platelet engraftment in RIC
allo-HCT. (C) Neutrophil engraftment in MAC allo-HCT. (D) Platelet engraftment in MAC allo-HCT.

cohort. In a univariate analysis, OS was inferior in the cryopre-
served cohort (hazard ratio [HR], 2.16; 95% confidence interval
[CI], 1.00 to 4.67; P = .050, Figure 3A). In the cryopreserved
graft recipients who received either a RIC or MAC regimen,
there was a trend toward inferior OS (Supplementary Figure
S4A and B). The magnitude of the difference was similar in the
RIC and MAC recipients, with an HR of 2.19 (95% CI, 0.80 to
6.01) and 2.38 (95% CI, 0.72 to 7.83), respectively. We also per-
formed a subgroup analysis including only URDs and observed
a similar trend toward inferior OS in the cryopreserved cohort
(Supplementary Figure S4C). The cryopreserved graft recipi-
ents showed a trend toward lower RFS (HR, 1.90; 95% CI, 0.95
to 3.79; Figure 3B). This trend was more pronounced in the

MAC subgroup (HR, 2.63; 95% CI, 0.79 to 8.69) compared with
the RIC subgroup (HR, 1.63; 95% CI, 0.69 to 3.83; Supplemen-
tary Figure S5A and B); however, the difference was of border-
line statistical significance (P = .071) for the entire patient
cohort and did not reach statistical significance in the condi-
tioning subgroups. The cumulative incidence of NRM was
higher in the cryopreserved cohort (Figure 4A), and a trend
toward a higher cumulative incidence of NRM was also
observed in the conditioning subgroups (Figure 4B and C).

Multivariable Analysis for OS and GF
We performed a multivariable Cox model for OS by graft
type (cryopreserved versus fresh) while adjusting for donor

Table 2
Characteristics and Outcome of Patients Who Developed Primary GF
Disease Graft Type Donor Prior DRI Conditioning Outcome
HCT
Mycosis fungoides Cryopreserved HLA-matched unrelated Yes High RIC (Flu/TBI) Autologous reconstitution; alive
High-risk MDS > AML Cryopreserved HLA-matched unrelated No High RIC (Flu/Mel) Died
AML Cryopreserved HLA-matched unrelated No Int RIC (Flu/Mel) Underwent second HCT with fresh allografts; alive
CML Cryopreserved HLA-matched unrelated No Low RIC (Flu/Mel) Underwent second HCT with fresh allografts; alive
MDS/CMML Fresh Haploidentical No High MAC (Bu/Cy) Underwent second HCT; died

MDS indicates myelodysplastic syndrome; AML, acute myelogenous leukemia; Int, intermediate; CML, chronic myelogenous leukemia; CMML, chronic myelomono-

cytic leukemia.
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age, patient sex, donor type, CD34" cell dose, conditioning
intensity, and DRI. There was no statistically significant differ-
ence in OS by graft type (HR, 1.48; 95% CI, 0.62 to 3.52; P = 4;
Table 3). Similarly, in a multivariable logistic regression model
for GF by graft type (cryopreserved versus fresh), adjusted for
donor age, patient sex, CD34" cell dose, conditioning intensity,
and DRI, no statistically significant increase in GF was observed
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in the cryopreserved cohort (OR, 6.99; 95% CI, 0.80 to 168;
P=.12; Table 4).

Analysis of Cellular Components in Cryopreserved Grafts
versus Fresh Grafts

We performed extended immunophenotype analysis by
flow cytometry on 14 available donor apheresis samples from
the cryopreserved cohort and 6 prospectively collected fresh
donor apheresis samples. The analyses included cell viability,
HSPC content, and immune cell subsets. Cell viability as
assessed by propidium iodide was significantly reduced in the
cryopreserved grafts compared with fresh grafts (P < .0001;
Figure 5A). However, the absolute counts of CD34" cells and of
more stringent HSCs (CD34"CD38 CD90*CD45RA ™) were simi-
lar in the 2 types of grafts (Figure 5B and C). The flow cytome-
try gating strategy used to identify the CD34" cells and HSCs is
shown in Supplementary Figure S6.

In contrast to the stable quantity of HSPC populations pres-
ent in grafts under the conditions of cryopreservation and
thaw, analysis of the lymphocyte subsets revealed a significant
decrease in the absolute numbers of natural killer (NK) cells,
phenotypically defined as CD3-CD56" cells (Figure 5D and E),
in the cryopreserved apheresis samples compared with the
fresh apheresis samples. Absolute counts of total T cells
(CD3*CD567) and B cells (CD19*CD20") did not differ between
the cryopreserved and fresh samples (Figure 5E). However,
there was a trend toward decreased absolute numbers of CD4
memory T cells (CD45R0") in cryopreserved samples, but no
differences in the absolute numbers of total and naive
(CD45RA") CD4" T cells (Figure 5F) were observed. Total, naive,
and memory CD8 T-cell counts were similar in the fresh and
cryopreserved samples (Figure 5G). In addition, no statistically
significant between-group differences were observed in regu-
latory T cells (CD3*CD4"CD25"CD127) (Supplementary Figure
S7A and B).

DISCUSSION

This single-center retrospective analysis reports our real-
world experience with cryopreserved allogeneic PBSC grafts
during the COVID-19 pandemic, examining both clinical
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Figure 3. Kaplan-Meier curves for OS (A) and RFS (B) in recipients of allo-HCT with cryopreserved grafts and fresh grafts.
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Figure 4. Cumulative incidence of NRM in recipients of allo-HCT with cryopreserved grafts and fresh grafts for all patients (A), patients receiving RIC regimens (B),

and patients receiving MAC regimens.

impact and graft characteristics. On univariate analysis, we
observed that cryopreserved allo-HCT was associated with
delayed hematopoietic recovery, increased primary GF,
decreased OS, and trends toward decreased RFS and increased
NRM. These data are consistent with the recently reported
results from the largest retrospective study of the CIBMTR
database |[7]. However, in a multivariable analysis, cryopreser-
vation was not associated with a statistically significant infe-
rior OS or an increased rate of GF. Given the small study size
and the observed trend toward inferiority for the cryopre-
served cohort, future studies with larger numbers of patients
are warranted.

Assessing the subgroups of RIC and MAC allo-HCT recipi-
ents revealed that the differences in neutrophil and platelet
engraftment between the cryopreserved and fresh cohorts
were associated primarily with RIC allo-HCT. In addition, all
patients with GF in the cryopreserved cohort had undergone
RIC allo-HCT. At our institution, standard-of-care RIC regi-
mens include either Flu/Mel or Flu/TBI, and for these regi-
mens, in vivo lymphodepletive serotherapy, such as ATG and
alemtuzumab, is not standard of care. Interestingly, we did
not observe an increase in GF in patients who received our
institution-specific RIC with TLI/ATG/TBI and underwent cryo-
preserved allo-HCT (data not shown).

Table 3
Multivariable Cox Model for OS

Variable HR (95% CI) PValue

1.48(0.62-3.52) | 4

Graft type (cryopreserved vs fresh)

The negative experience with frozen allogeneic products
contrasts with the decades-long experience in autologous
HCT that relies exclusively on frozen grafts. Allografting con-
trasts with autografting in that the former requires overcom-
ing the immunologic barrier, and both HSC and non-HSC
cellular components in the allografts are important in over-
coming engraftment resistance. Hence, variables in the proc-
essing that negatively impact allograft content are more
likely to be observable in allograft recipients. Based on our
data and review of the studies reported to date, we conclude
that multiple factors are responsible for the observed differ-
ences between cryopreserved and fresh products including
alterations in the graft composition, which may be impacted
by product age, including transit time between donor collec-
tion centers and transplantation centers; the cryopreservation
manipulation itself; and inadequacy of RIC regimens to suffi-
ciently deplete endogenous HSC and reduce the immunologic
resistance to engraftment, thus requiring graft cellular ele-
ments to aid in overcoming these barriers. Purtill et al. [14]
have reported on the variable quality of post-thaw apheresis
products. Specifically, they found that longer transit time,
higher initial white cell counts, and graft manipulation (ie,
CD34 selection and washing) before cryopreservation can
negatively impact CD34" cell post-thaw recovery and viability
[14]. Similarly, a recent study by Maurer et al. [9] that
included allo-HCTs performed before and during the COVID-
19 pandemic showed that older PBSC product age (>48
hours), independent of cryopreservation, was associated with

Donor age 0.99(0.96-1.04) | .8 Table 4
Patient sex 077 Multivariable Logistic Regression Model for GF
Female — Variable OR (95% CI) PValue
Male 0.48 (0.21-1.08) Graft type (cryopreserved vs fresh) 6.99 (0.80-168) 12
Donor type 3 Donor age 1.00 (0.92-1.07) 8
HLA-identical sibling — 3 Patient sex 7
Haploidentical 2.44 (0.50-11.9) Female —
HLA unrelated (matched + mismatched) | 2.56(0.49-13.5) Male 0.67 (0.07-5.06)
CD34" cells/kg 1.05(0.96-1.14) | 3 CD34" cells/kg 0.80(0.50-1.12) 3
Conditioning intensity .037 Conditioning intensity .8
MAC — MAC —
RIC 0.38 (0.15-0.94) RIC 1.46 (0.15-32.9)
DRI high 043 DRI high 4
No — No —
Yes 2.55(1.03-6.31) Yes 2.42(0.33-21.8)
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Figure 5. Characteristics of the apheresis products in cryopreserved versus fresh allografts. (A) Percentage of viable cells as assessed by FACS using propidium iodide
dead cell exclusion in fresh and cryopreserved grafts. (B) Absolute counts (cells/uL) of CD34" cells as assessed by FACS in fresh and cryopreserved apheresis samples.
(C) Absolute counts (cells/uL) of HSCs (CD34"CD38 CD90*CD45RA") as assessed by FACS in fresh and cryopreserved apheresis samples. (D) Representative FACS plots
in 1 fresh and 1 cryopreserved apheresis sample from allogeneic donors. Gated from lymphocytes. T cells (CD56 CD3"), NK cells (CD56"CD3~), memory T cells
(CD45RO"CD45RA "), naive T cells (CD45RO~CD45RA"). (E) Absolute counts (cells/ul) of NK, T and B (CD19*CD20") cells as assessed by FACS in fresh as compared to
cryopreserved apheresis samples. (F) Absolute counts (cells/ul) of total, memory and naive CD4" T cells as assessed by FACS in fresh as compared to cryopreserved
apheresis samples. (G) Absolute counts (cells/ul) of total, memory and naive CD8" T cells as assessed by FACS in fresh as compared to cryopreserved apheresis sam-

ples.

increased GF, and impaired immune reconstitution was
observed in recipients of cryopreserved grafts. Wiercinska
et al. [15] reported a median post-thaw recovery of viable
CD34" cells of 42% compared with a viability of >90% before
cryopreservation of HSC products [15]. Although at our cen-
ter, cell viability and CD34" cell content are not routinely
measured after thawing of cryopreserved grafts, we were

able to evaluate these parameters by flow cytometry in avail-
able samples from the cryopreserved grafts and compare
them with prospectively freshly collected allogeneic graft
samples. Importantly, we saw no decrease in the absolute
counts of CD34"* cells and HSCs and only a slight decrease
in viability that was consistent among the cryopreserved
samples.
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Given that (1) prefreeze CD34" cell count was not notably
different in the cryopreserved and fresh cohorts and (2) post-
thaw numbers of CD34" cells and HSCs were similar in the
apheresis samples of the 2 cohorts, our experience suggests
that cryopreservation and storage might have negatively
impacted the amount or activity of non-CD34 graft “facilitating
cells.” Replete allogeneic hematopoietic grafts are known to
contain non-HSCs that facilitate donor HSC engraftment
[16—19]. In the absence of sufficient myeloablation and lym-
phoablation, these non-HSC facilitating cells play a more
prominent role in promoting HSC engraftment. T cells are
known to facilitate engraftment by virtue of marrow-directed
graft-versus-host activity [16,19-21], but other populations
and mechanisms also have been implicated in enhancing
donor HSC engraftment [18,22-24]. We performed immuno-
phenotype profiling to examine the different lymphocyte sub-
sets present in fresh versus cryopreserved products. These
studies revealed a significant loss of NK cells (CD3~CD56"),
with no changes in T cell and B cell compartments. Although
little is known about NK cell stability or cell surface molecule
changes in cryopreserved apheresis products, our results are
consistent with a prior study demonstrating a significant
quantitative decrease in the percentage of NK cells in donor
lymphocyte products upon cryopreservation/thaw [25]. Along
with induction of the graft-versus-leukemia effect and
impairment of GVHD, NK cells have been shown to have
potential in facilitating HSC engraftment [24,26,27]. In preclin-
ical mouse models, NK cells were shown to increase the in vitro
clonogenicity and in vivo repopulation potential of cord blood
hematopoietic cells [22], and alloreactive NK cells have been
shown to enhance HSC engraftment in MHC-mismatched HCT
in the setting of RIC [26]. Importantly, several correlative clini-
cal studies have reported beneficial effects of higher NK cell
transplant dose on hematopoietic recovery, infections, OS, and
NRM post allo-HCT [24,27].

Our data are consistent with previous reports that raise
concerns about a universal practice of cryopreservation for
allo-HCT [5,7,9]. A strength of our study is that patients in both
the cryopreserved and fresh cohorts were collected consecu-
tively, thereby minimizing selection bias. Moreover, patients
who underwent cryopreserved allo-HCT underwent transplan-
tation between March and August 2020 and represent our
real-time experience during the COVID-19 pandemic. In addi-
tion, our results provide important observations regarding the
consequences of cryopreserved allo-HCT in the context of con-
ditioning intensity. Finally, we have identified changes in the
allograft composition elicited by the process of cryopreserva-
tion/thaw that had not been reported previously.

We acknowledge that our study has some limitations,
including the imbalances between the 2 groups in terms of
donor type at baseline and the relatively shorter observation
period for the cryopreserved cohort compared with the
fresh cohort. Furthermore, because immunophenotype anal-
ysis of the cryopreserved products was not performed at the
time of infusion, it is possible that the duration of storage in
liquid nitrogen might have negatively impacted the NK cell
population.

In summary, our analysis revealed detrimental clinical
outcomes associated with the cryopreservation of allogeneic
grafts. Alterations in graft composition caused by prolonged
product storage before freezing and the process of cryopres-
ervation itself should be considered as contributing factors to
this effect. Given the need to optimize strategies for HCT care
during the COVID-19 pandemic, which continues to impose

challenges in transportation and donor availability world-
wide, further evaluation of the use of cryopreserved grafts
and its impact on both clinical and laboratory outcomes is
warranted.
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