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Cryopreservation of chimeric antigen receptor (CAR) T cells
facilitates shipment, timing of infusions, and storage of subse-
quent doses. However, reports on the impact of cryopreserva-
tion on CART cell efficacy have beenmixed.We retrospectively
compared clinical outcomes between patients who received cry-
opreserved versus fresh CAR T cells for treatment of B cell leu-
kemia across two cohorts of pediatric and young adult patients:
those who received anti-CD22 CAR T cells and those who
received bispecific anti-CD19/22 CAR T cells. Manufacturing
methods were consistent within each trial but differed between
the two trials, allowing for exploration of cryopreservation
within different manufacturing platforms. Among 40 patients
who received anti-CD22 CAR T cells (21 cryopreserved cells
and 19 fresh), there were no differences in in vivo expansion,
persistence, incidence of toxicities, or disease response between
groups with cryopreserved and fresh CAR T cells. Among 19
patients who received anti-CD19/22 CAR T cells (11 cryopre-
served and 8 fresh), patients with cryopreserved cells had
similar expansion, toxicity incidence, and disease response,
with decreased CAR T cell persistence. Overall, our data
demonstrate efficacy of cryopreserved CAR T cells as compara-
ble to fresh infusions, supporting cryopreservation, which will
be crucial for advancing the field of cell therapy.
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INTRODUCTION
Chimeric antigen receptor (CAR) T cell therapy has shown remark-
able efficacy for treatment of relapsed/refractory B cell malig-
nancies1,2 and is a rapidly expanding field of research, with ongoing
efforts to both improve access and extend the therapeutic index across
a wide range of targets, including hematologic and solid tumors.3,4 As
the use and effectiveness of CAR T cell therapy increases, it is impor-
tant to optimize both its efficacy and availability.

Cryopreservation of cellular therapy products allows for storage of
cellular products for shipment, preparation of products for potential
subsequent infusions, and coordination of care for patients traveling
for therapy, potentially improving access to care.5–7 It also allows
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optimal timing of both cell collection and final product infusion in
the context of patients’ clinical status. Furthermore, cryopreservation
improves CAR T cell safety since all lot-release testing can be
completed prior to giving cells to the patient.

In CAR T cell manufacturing, the cells used to begin the
manufacturing process may be cryopreserved immediately after
they are collected by leukapheresis or later in the course of CAR
T cell production. Cryopreservation of the leukapheresis product
has become a standard methodology in the manufacture of CD19
CAR T cells and has resulted in similar clinical outcomes when
compared with fresh infusions.8 Cryopreservation of T cells is also
well established based on historical use of donor lymphocyte infu-
sions.9,10 Thus, the majority of leukapheresis products are cryopre-
served prior to CAR T cell manufacture. Subsequently, depending
on the clinical situation, CAR T cell products in early phase studies
have been given either as a fresh infusion or cryopreserved.11 Prod-
ucts in later stages of development, including FDA-approved prod-
ucts (e.g., tisagenlecleucel, axicabtagene ciloleucel, and lisocabtagene
maraleucel), were cryopreserved in the initial studies that led to
approval and are all cryopreserved prior to shipment.1,12–16 Thus, re-
ported efficacy data are based on infusion of cryopreserved products.
While the cryopreservation of CAR T cell products is routinely
utilized, it has not been extensively studied.

The primary concern with cryopreservation of CAR T cells is loss of
efficacy or increased toxicity as a result of cells undergoing the
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Figure 1. Diagram of patients included in the study

Our study included patients from the expansion doses of two CAR T cell dose-escalation trials: one involving anti-CD22 CAR T cells and one involving bispecific anti-CD19/

CD22 CAR T cells. (A) depicts patients in the CD22 cohort and (B) depicts patients in the CD19/22 cohort.
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freeze-thaw cycle. Some preclinical data have suggested differences in
cytokine production between fresh and cryopreserved anti-B cell
maturation antigen (BCMA) CAR T cells in mouse models of lym-
phoma; however, overall tumor response in this study remained the
same.17 Frozen CAR T cells also exhibit different gene expression,
with increased expression of genes associated with apoptosis and
cell cycle damage compared with fresh cells.18 Furthermore, it is
known that different lymphocyte subsets have varying tolerance to
the freeze-thaw process,19–21 so results from one cell type cannot
necessarily be extrapolated to others. The added delay in CAR
T cell infusion when cells need to be cryopreserved and shipped
may also lead to disease progression and subsequently worse out-
comes, but it is likely necessary to facilitate the commercial develop-
ment of this novel treatment approach.

One recent study describing 22 patients treated with bispecific anti-
CD19/20 CAR T cells manufactured using a self-contained, auto-
mated closed-process system (CliniMACs Prodigy)22 reported a
significantly higher rate of disease response in the 15 patients who
received freshly infused cells, compared with those seven who
received cryopreserved cells.23 Of note, in this study, fresh infusion
was intended for all patients, with cryopreservation only performed
for clinical complications such as infection precluding a planned
fresh infusion. Conversely, a study by Panch et al. described six
different CAR T cell types across 145 patients that were cryopre-
served and showed that they had similar in vitro characteristics to
fresh cells, including fold expansion, transduction efficiency, and
CD3 percent.11 Although patient numbers did not allow for clinical
outcome comparisons for all cell types in this study, cryopreserved
anti-CD19 CAR T cells showed similar persistence, clinical
response, and rate of cytokine release syndrome when compared
with freshly infused cells. For the 16 anti-CD22 CAR T cells evalu-
ated, frozen products led to lower in vivo expansion but similar
overall persistence and clinical response. Another recent study of
cryopreserved CD19 CAR T cells demonstrated phenotypic differ-
ences between fresh and cryopreserved products but comparable
anti-tumor activity based on in vitro assays.24
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As applications of CAR T cell therapy have increased, novel automated
manufacturingmethodshavebeen introduced,whichmay lead to subtle
changes in CAR T cell characteristics.25,26 CAR T cells produced in
automated systems may respond differently to the freeze-thaw process.
In order to ship and transport these important products, understanding
how cryopreservation plays a role in outcomes remains critical.

To more closely evaluate the effect of cryopreservation on CAR T cell
therapy, we examined clinical outcomes and toxicities in a larger cohort
of patients who received anti-CD22 CAR T cells as well as a second
cohort of patientswho received bispecific CD19/22CART cells. The ef-
fect of cryopreservation on these bispecific CAR T cells, which were
manufactured using the CliniMACs Prodigy system, has not previously
been described. By studying the impact of cryopreservation across a
similar patient population using two different constructs and
manufacturing methodologies, our results provide further insight into
the feasibility of cryopreserving CAR T cells and maintaining clinical
outcomes.

RESULTS
40 patients who received anti-CD22 CAR T cell therapy at a uniform
dose and 19 patients who received bispecific CD19/22 CAR T cell
therapy at a uniform dose were included in our analysis (Figure 1).
Manufacturing methods were consistent within each cohort, with
CD22 CAR T cells being manufactured using bag culture and bispe-
cific CD19/22 CAR T cells manufactured using the Prodigy system. In
the CD22 cohort, 21 patients received cryopreserved cells and 19
received fresh infusions. In the bispecific CD19/22 CAR T cell cohort,
11 received cryopreserved cells and eight received fresh infusions.
Throughout the treatment period, although fresh infusions were
generally considered the preferred method, cells were cryopreserved
primarily for logistical and scheduling considerations.

Baseline patient characteristics

Baseline characteristics, including demographics, disease burden, and
prior therapies were compared between the cryopreserved and freshly
infused groups (Table 1). In the CD22 cohort, no significant
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Table 1. Baseline characteristics of patients from both CD22 and bispecific CD19/22 CAR T cell cohorts included in the study

Characteristic

CD22 CAR T cells (n = 40) CD19/22 CAR T cells (n = 15)

Cryopreserved Fresh p value Cryopreserved Fresh p value

n 21 19 11 8

Gender (%male) 57% 84% 0.09 45% 38% 1

Median age (yrs) 13 12 0.96 28 17 0.41

Median weight (kg) 47 50 0.94 67 52 0.12

Race

67% White 63% White 1 54% White 63% White 1

19% Asian 5% Asian 0.35 18% Black 0% Black 0.49

5% multiple 11% multiple 0.60 9% Asian 0% Asian 1

10% unknown 21% unknown 0.40 18% unknown 38% unknown 0.60

Ethnicity 29% Hispanic 39% Hispanic 0.52 27% Hispanic 75% Hispanic 0.07

Diagnosis 100% ALL
89% ALL, 6% CML
w/ALL blast crisis, 6% B-LLy

1 100% ALL 100% ALL 1

Median disease burden
(percent MNCs in BM)

48% 40% 0.93 0.70% 25.15% 0.03

Disease burden M
M1 24%, M2 9.5%,
M3 67%

M1 26%, M2 16%, M3 58% 0.79 M1 73%, M2 9%, M3 18%
M1 38%, M2
13%, M3 50%

0.28

CNS status 95% CNS1, 5% CNS2 100% CNS1 1 100% CNS1 100% CNS1 1

Extramedullary disease 5/21 (24%) 3/19 (16%) 0.70 4/11 (36%) 1/8 (13%) 0.34

Prior HSCT 10/21 (48%) 9/19 (47%) 0.99 7/11 (64%) 3/8 (38%) 0.37

Prior CAR T therapy 12/21 (57%) 14/19 (74%) 0.33 2/11 (18%) 2/8 (25%) 1

Median number of
prior treatments

6 6 0.41 3 4.5 0.16

MNC = mononuclear cell, BM = bone marrow, HSCT = hematopoietic stem cell transplant, ALL = acute lymphoblastic leukemia, CML = chronic myelogenous leukemia, BLLy =
B-lymphoblastic lymphoma, CNS = central nervous system.
Statistically significant p-values are shown in bold.
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differenceswere found inpatient demographics or baseline disease sta-
tus, including disease burden, presence of central nervous system
(CNS) disease, or presence of extramedullary disease. Patients were
generally heavily pretreated, with an average of six prior lines of ther-
apy. The majority, 65%, had previously received CAR T cell therapy,
and almost half of patients had previously had a stem cell transplant,
but there was no difference in prior therapies between the fresh and
cryopreserved groups.

In the bispecific CD19/22 cohort, there were no significant differences
in demographics. Importantly, the baseline disease burden differed
significantly, with median baseline disease burden of 0.7% blasts on
bone marrow flow cytometry in the cryopreserved group versus
25% in the fresh infusion group. Other baseline characteristics,
including incidence of CNS disease, extramedullary disease, and prior
lines of therapy, were similar between groups.

Baseline cell characteristics

Baseline CAR T cell product characteristics were compared at the end
of the manufacturing process (Table 2). In some cases, the mononu-
clear cell (MNC) leukapheresis products were cryopreserved prior to
CAR T cell production, and the proportion of patients whose MNCs
were cryopreserved did not differ between groups. Viability, trans-
Molecul
duction efficiency, CD4:8 ratio, and fold expansion were evaluated
on the day of CAR T cell harvest, and there were no baseline differ-
ences between fresh and cryopreserved groups.

Viability was re-checked for cryopreserved samples at the time of
infusion. The percent cell viability at the time of infusion was
notably decreased in cryopreserved cells compared with freshly
infused cells for both the CD22 and the bispecific CD19/22 cohorts.
For the CD22 cohort, the median time of cryopreservation was
24 days, with a range of 6–108 days. For the CD19/22 cohort, the
median time of cryopreservation was 20 days, with a range from
3 to 44. There was no correlation between final viability and the
number of days of cryopreservation. Of note, cell doses for infusion
were calculated based on numbers of viable cells, so differences in
percent viability did not affect the absolute numbers of viable cells
infused.

For select cryopreserved samples, post-thaw viability, CD3 percent,
transduction efficiency, and CD4:8 ratios were measured as part of
quality assurance. This included 7 samples from the CD22 cohort
and all 11 samples from the CD19/22 cohort. Grouped pre- and
post-thaw measurements are depicted in Figure 2, with the baseline
measurements in freshly infused cells shown for comparison.
ar Therapy: Methods & Clinical Development Vol. 28 March 2023 53
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Table 2. Baseline characteristics of CD22 and bispecific CD19/22 CAR T cells

Characteristic

CD22 CAR T cells (n = 40) CD19/22 CAR T cells (n = 15)

Cryopreserved Fresh p value Cryopreserved Fresh p value

n 21 19 11 8

CAR T cells manufactured using cryopreserved MNCs 15/21 (71%) 16/19 (84%) 0.46 7/11 (64%) 3/8 (38%) 0.37

Median CAR T cell viability at harvest 97% 97.5% 0.59 95% 97.7% 0.05

Median CAR T cell transfection efficiency
(percent Protein L)

44% 34% 0.08 70% 63% 0.35

Median CAR T cell in vitro fold expansion 3.02 3.405 0.99 15.01 14.07 0.49

CAR T cell median CD4:8 ratio 1.670 2.056 0.98 1.67 2.18 0.78

Median days of cryopreservation (range) 24 (6–108) n/a n/a 20 (3–44) n/a n/a

Median CAR T cell viability at Infusion 91% 97.5% 0.0001 86% 97.7% <0.0001

MNC = mononuclear cell.
Statistically significant p-values are shown in bold.
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Paired pre- and post-thaw samples are shown in Figure S1. Viability
was decreased post-thaw, as expected (p < 0.01). In addition, the
CD4:8 ratio was decreased in the post-thaw samples (p = 0.02 for
CD22 cohort, p < 0.01 for CD19/22 cohort), although the baseline
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Figure 2. Manufacturing characteristics of CAR T cells before and after cryopr

Viability, CD3 percent, transduction efficiency (based on Protein L percent), and CD4:8 r

Viability was tested for all samples prior to infusion. Post-thaw CD3 percent, Protein L pe

and for all cryopreserved anti-CD19/22 CAR T cells (n = 11). The results of testing an

bispecific CAR T cell products are shown in (E)–(H). (A) and (E) show the viability, (B) an

(D) and (H) the ratio of CD4:CD8-expressing cells. p values represent a comparison

cryopreservation comparisons, please refer to Figure S2.
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CD4:8 ratios were similar between fresh and cryopreserved groups.
We also noted that the Protein L percent (transduction efficiency)
was higher in the cryopreserved samples post-thaw in the CD22
cohort (p = 0.02), but not in the CD19/22 cohort.
C
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H

eservation

atios are shown for pre-cryopreservation, post-cryopreservation, and fresh samples.

rcent, and CD4:8 ratios were only tested in a subset of anti-CD22 CAR T cells (n = 7)

ti-CD22-CAR T cell products are shown in (A)–(D), and those of anti-CD19/CD22

d (F) show CD3 percent, (C) and (G) the percent of cells expressing Protein L, and

between freshly infused and post-cryopreservation products. For pre- and post-
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Figure 3. Peak expansion and day 28 persistence in patients who received cryopreserved versus fresh CAR T cells

The results of testing for peak expansion and persistence of cryopreserved and freshly infused anti-C22 CAR T cells are shown in (A)–(D) and of anti-CD19/CD22 bispecific

CAR T cells in (E)–(H). (A) and (E) show peak in vivo expansion in peripheral blood expressed as the percentage of T cells expressing the CAR construct. (B) and (F) show peak

in vivo expansion in peripheral blood expressed as the absolute number of CAR T cells per microliter. Please note different y-axes used in these panels due to vastly different

expansion between the two CAR constructs. (C) and (G) show day 28 CAR T cell persistence in bone marrow expressed as percentage of T cells expressing the CAR

construct. Anti-CD22 CAR T cells were measured by the expression of the CD22 CAR and anti-CD19/CD22 CAR T cells by the expression of the CD19 CAR. All patients

receiving anti-CD22 CAR T cells (n = 40) and anti-CD19/22 CAR T cells (n = 19) were evaluated for peak expansion and day 28 (+/� 4 days) bone marrow persistence. In

addition, (D) and (H) show peak expansion with patients grouped by baseline disease burden in the CD22 and the CD19/22 cohorts, respectively, demonstrating the

relationship between expansion and disease burden especially in the CD19/22 cohort.
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In vivo expansion and persistence

In vivo CAR T cell expansion was compared among cryopreserved
and fresh CAR T cell products, based on peak expansion in the pe-
ripheral blood (Figure 3). In the CD22 cohort, there was no difference
in expansion between cryopreserved and freshly infused cells, with
median expansion of 82.5% CAR T cells and 76.6%, respectively
(p = 0.34). Peak expansion was not different between groups whether
measured by percent CAR T cells in peripheral blood or absolute
number of CAR T cells per microliter. The proportion of patients
who had low expansion (<10% of T cells expressing the CAR
construct) did not differ between groups. The timing of peak expan-
sion also did not differ, with median peak at day 15 for both cryopre-
served and fresh cells. A detailed illustration of CAR T cell expansion
over time can be found in Figure S2.

There was no difference in CD22 CAR T cell persistence based on
bone marrow biopsies on day 28. For those patients who had bone
marrow biopsy data after day 28 and prior to transplant, the majority
did have detectable CAR T cells, but there was no difference between
cryopreserved (median 40.9% CAR T cells in bone marrow) and fresh
Molecul
infusion (median 30.5% CAR T cells in bone marrow) groups (p =
0.22). Among patients with available bone marrow data after
28 days, 9 of 10 patients who received fresh infusions and 11 of 13 pa-
tients who received cryopreserved cells had detectable CAR T cells.

In the bispecific CAR T cell cohort, there were some differences noted
between fresh and cryopreserved cells after infusion. There was a
trend toward greater expansion in the fresh infusion group, with me-
dian peak expansion of 50% for freshly infused cells and 10% for cry-
opreserved cells (p = 0.06). Expansion over the first month is shown in
Figure S2. Persistence at 28 days was higher in patients who received
fresh infusions compared with those who received cryopreserved
cells, but overall persistence of this product was low, with a median
of 4.5% CAR T cells in bone marrow in the fresh infusion group
and 0.3% in the cryopreserved group (p = 0.01). There were insuffi-
cient data to compare persistence beyond 28 days, particularly
because of the limited persistence of this CAR T cell construct overall.

To elucidate the role of baseline disease burden as a confounder, we
compared peak expansion between patients with different levels of
ar Therapy: Methods & Clinical Development Vol. 28 March 2023 55
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Figure 4. CAR T cell-associated toxicities for patients receiving cryopreserved versus fresh CAR T cells

CAR T cell-associated toxicities in patients who received anti-CD22 CAR T cells are shown in (A) and for those who received anti-CD19/CD22 CAR T cells in (D). The

percentage of patients experiencing any grade of CRS, severe CRS defined as grades 3 or 4, neurotoxicity, or HLH are shown. The brackets show the p values for

comparison of patients receiving cryopreserved and fresh products. Following the infusion of CAR T cells, ferritin and C-reactive protein (CRP) were measured for all patients.

(B) shows peak ferritin levels and (C) shows peak CRP levels in patients receiving anti-CD22 CAR T cells (n = 40). For patients receiving anti-CD19/CD22 CAR T cells (n = 19),

peak ferritin levels are shown in (E) and peak CRP levels in (F). Please note that scales on y axes differ between different cohorts in order to optimize viewing of individual data

points.
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baseline disease. We found that in the CD19/22 cohort, in vivo CAR
T cell expansion correlated with baseline disease burden (p < 0.01).
Peak expansion grouped by baseline disease is illustrated in
Figures 3D and 3H and is shown for cryopreserved and freshly
infused cells separately in Figure S3. Expansion in proportion to base-
line disease is an important contributor to adequate disease response
to CAR T cell therapy. Day 28 persistence also correlated with base-
line disease burden in the CD19/22 cohort (p < 0.01). Interestingly, in
the CD22 cohort, where much greater absolute expansion was
observed, the relationship between expansion and disease burden
was more variable.

Toxicities

Incidence of CAR T cell-associated toxicities as well as peak levels of
ferritin and C-reactive protein (CRP) are shown in Figure 4. The in-
cidences of cytokine release syndrome (CRS), neurotoxicity, and lym-
phohistiocytosis (HLH)-like toxicities were similar between groups
for both the CD22 and CD19/22 cohorts. In the CD22 cohort, the
grade of CRS was similar, with a median grade of 2 for cryopreserved
and 1 for freshly infused cells. The proportion of patients who devel-
oped severe CRS (grade 3 or higher) was also similar between groups
56 Molecular Therapy: Methods & Clinical Development Vol. 28 March
(p = 0.7). In the CD19/22 cohort, higher grade CRS occurred in the
patients who were infused with fresh cells, with median CRS grade
1.5, compared with median CRS grade 1 in patients who received cry-
opreserved cells (p = 0.03). The proportion of patients with severe
CRS did not differ significantly between groups (p = 0.42).

The peak levels of ferritin and peak levels of CRP after CAR T cell
infusion were similar for patients who received cryopreserved versus
freshly infused cells in both cohorts. The median days at which peak
CRP and peak ferritin levels were observed were also similar between
groups. CRP peaked on day 12 for both fresh and cryopreserved
groups in the CD22 cohort. Ferritin peaked at day 13 for fresh and
day 14 for cryopreserved products. Similarly, in the CD19/22 cohort,
CRP peaked at day 4 for fresh infusions and day 5 for cryopreserved
products. Ferritin peak was at day 5 and day 4 for fresh and
cryopreserved products, respectively.

Disease response

Importantly, for both CD22 and CD19/22 cohorts, disease response,
based on presence of complete response (CR) as best overall
response after infusion, did not differ between patients who received
2023
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Figure 5. Disease response in patients who received cryopreserved versus

fresh CAR T cells

The number of patients whose best clinical outcome was a complete response (CR)

after infusion of cryopreserved versus fresh cells is shown for those receiving CD22

CAR T cells in (A) and CD19/CD22 CAR T cells in (B).
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freshly infused cells and those who received cryopreserved cells
(Figure 5).

Plots showing more long-term follow-up information for patients in
both cohorts are included in Figure S4.
Outcomes as a function of viability

Since the percent viability at infusion was a major difference between
fresh and cryopreserved cells, we also examined the relationship be-
tween viability and clinical outcomes. In both cohorts, patients with
low cell viability at infusion did tend to have lower peak expansion
in vivo, but this did not lead to a significant correlation. In the
CD19/22 cohort, lower viability did correlate with lower day 28
persistence (Figure S5). With the cohorts split into two groups by
percent viability at infusion (above or below 90% for CD22 and above
or below 70% for CD19/22), there was no difference in rate of com-
plete response at 28 days, rate of CRS, grade of CRS, rate of neurotox-
icity, or rate of HLH between the high and low viability groups.
DISCUSSION
This study compared cell characteristics and clinical outcomes for
two cohorts of patients who received either cryopreserved or freshly
infused CAR T cells across two different constructs and using two
different manufacturing platforms. We include a large cohort of pa-
tients who were treated with uniform dosing of anti-CD22 CAR
T cells, which were manufactured using CD4/CD8 antibody selected
Molecul
T cells and bag culture. We also report data on patients who received
bispecific anti-CD19/22 CAR T cells, which were manufactured using
CD4/CD8 antibody selected T cells and the Prodigy system. We
compare detailed clinical outcomes for both cohorts, including com-
parisons of baseline disease status and CAR T cell-associated
toxicities.

Our results showed no significant difference between freshly infused
or cryopreserved cells for anti-CD22 or bispecific CD19/22 CAR
T cells in patients with B cell leukemia, with similar expansion,
toxicity profiles, and disease response. Our observed difference in
day 28 persistence in the CD19/22 cohort (4.5% CAR T cells in
bone marrow for the fresh infusion group versus 0.3% in cryopre-
served group), while statistically significant, may not be clinically sig-
nificant. Importantly, of the two patients in the CD19/22 cohort who
did not achieve a CR following infusion of a cryopreserved product,
one had a CR to a second infusion, which was a cryopreserved prod-
uct from the original manufacturing. The one patient in this cohort
who failed to achieve a CR after a fresh infusion did have full clearance
of his B-ALL but emerged with lineage switch and extramedullary dis-
ease, demonstrating CAR efficacy with immune escape. Overall, our
results support the use of both CD22 and bispecific CD19/CD22
CAR T cryopreserved cells without compromising safety or efficacy.

Among patients in the CD19/22 cohort, those who received fresh in-
fusions had higher baseline disease burden compared with those who
received cryopreserved cells, which may account for the observed dif-
ferences in day 28 persistence and CRS grade. High disease burden is
generally associated with worse clinical outcomes and increased rates
of CRS.27,28 While the relationship between disease burden and
expansion has been variable in the literature,29–31 the results from
our CD19/22 cohort show correlations between disease burden and
expansion (p < 0.01) as well as day 28 persistence (p < 0.01). This
is consistent with prior studies that have shown an association be-
tween high baseline disease burden and greater expansion of anti-
CD19 CAR T cells.32–34

We also examined whether lower percent viability, which was noted
in a larger proportion of cryopreserved samples, was related to clinical
outcomes. In our patients, cell dose is calculated based on absolute
number of viable cells at infusion, so the percent viability from the
thawed samples should not alter the number of viable cells infused.
However, we did find a correlation between viability and persistence
for the CD19/22 cohort. In this group, as discussed above, there was
overlap between the cryopreserved samples with lower viability and
patients who had lower baseline disease, which may account for the
low persistence. It is also possible that among cryopreserved samples,
cells that are viable at the time of thaw undergo delayed apoptosis af-
ter infusion or have decreased in vivo activation or proliferation.35

Importantly, even with these potential differences, we did not observe
different rates of toxicity or disease response.

For the CAR T cells that were cryopreserved, it is also interesting to
note the pre- and post-thaw differences in cell characteristics. The
ar Therapy: Methods & Clinical Development Vol. 28 March 2023 57
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patterns were similar for both CD22 and bispecific CAR T cells, with
higher percentage of cells reacting with Protein L and lower CD4:8 ra-
tios post-thaw. Since there was no notable difference in CD3 percent,
this suggests that the cells that do survive the freeze-thaw cycle are
more likely to be those that were transduced. Since dosing is based
on the pre-cryopreservation flow measurements, this also implies
that patients who received cryopreserved cells may have received a
higher proportion of transduced cells. The difference in CD4:8 ratio
similarly suggests that CD8 cells are more likely to tolerate the
freeze-thaw cycle. Others have reported that naive, central memory,
and CD4+CD25+ (Treg) cells are more affected by cryopreservation
than effector memory cells,36,37 leading to higher proportions of
effector cells in thawed products. This may explain our observed
change in CD4:8 ratios.

Since manufacturing methods, such as use of different costimulatory
molecules or cell selection procedures, can affect CAR T cell func-
tion,38,39 it is worth nothing the differences in methods used to pro-
duce our CD22 and bispecific CAR T cells. Both the CD22 and CD19/
CD22 vectors use the 4-1BB costimulatory molecule. Both of the
apheresis products also underwent CD4/8 selection. Notably, the
CD22 CAR T cells were produced using bag cultures, while bispecific
cells were made using a closed system in the CliniMACS Prodigy.
These systems involve different T cell activation methods and
different culture conditions. We have previously shown that different
activation methods affect the proportions of T cell subtypes.40 We are
currently investigating how cells produced in the Prodigy systemmay
differ from CAR T cells produced in bag culture, which could provide
insights into whether certain manufacturing platforms are predis-
posed to a greater sensitivity to cryopreservation. Preliminary results
show that cells produced in the Prodigy have a more naive memory
cell phenotype,41 which may be more sensitive to cryopreservation
compared with effector memory cells.36,37

Among prior publications, cells produced in an automated system
have been infused fresh42 as well as thawed.43 A study by Maschan
et al. describes the clinical efficacy of freshly infused CD19-targeted
CAR T cells produced using the Prodigy, but it also includes preclin-
ical data showing that freshly infused cells had increased anti-tumor
activity compared with cryopreserved cells in a mouse lymphoma
model.44 The publication by Shah et al.,23 which showed inferior out-
comes with cryopreserved CAR T cells, is the only previous direct
clinical comparison between fresh and cryopreserved cells manufac-
tured in the Prodigy system. A limitation of the Shah et al. study is the
notably prolonged culture time, with a 14-day culture instead of a
7-day culture. Longer culture periods may be associated with T cell
differentiation,45 so it is possible that the prolonged culture time
also yields a different T cell phenotype, more sensitive to cryopreser-
vation.46 Furthermore, prolonged culture has also been associated
with impaired anti-tumor efficacy, which confounds the attribution
of worse outcomes solely to cryopreservation.47

While the aim of this study was not to compare anti-CD22 and bis-
pecific CD19/22 CAR T cells, we observed some differences in clinical
58 Molecular Therapy: Methods & Clinical Development Vol. 28 March
response between the two cohorts, with overall lower peak expansion,
ferritin, and CRP levels and lower incidence of toxicities in the bispe-
cific cohort compared with the CD22 cohort. These differences are
described in the previous publication reporting results of the CD19/
22 CAR T cell phase I trial.48

There are several limitations to this study. Most importantly, this is a
retrospective analysis, and the decision to cryopreserve CAR T cells
was not randomly assigned. While the baseline characteristics of pa-
tients receiving cryopreserved and freshly infused cells were compa-
rable in the CD22 cohort, the difference in baseline disease burden
in our bispecific cohort makes it difficult to interpret differences in
outcomes related to expansion and persistence. Treatment for pa-
tients with greater disease burden was preferentially expedited, so
they were more likely to be given fresh cells, which is particularly
evident in the CD19/22 cohort. Nonetheless, one patient who received
cryopreserved CD19/22 CAR T cells had a baseline disease burden of
>90% and, accordingly, had high peak expansion and CAR T cell
persistence. Despite lack of randomization, the relatively large sample
size and homogeneous population in the CD22 group provides
convincing support for the safety and efficacy of cryopreserved
CAR T cells. The results of the CD19/22 cohort also support the effi-
cacy of cryopreserved CAR T cells for patients with both high and low
disease burden. A larger sample size will be needed to demonstrate a
consistent response to cryopreserved CD19/22 CAR T cells in pa-
tients with high baseline disease. Additional limitations include lack
of post-thaw cell characterization data for all patients. As more
CAR T cell products are being cryopreserved, our center has now
started routinely measuring post-thaw CD3 percent, CD4:8 ratios,
and Protein L percent on all samples, so this information will be avail-
able for future analyses. Furthermore, we do not have more detailed
flow cytometry data for phenotypic characterization of CAR T cells,
which may elucidate more subtle differences in the future. We also
excluded data for the second infusion among several patients who
received repeated infusions of CAR T cells. Finally, long-term
follow-up data are limited especially in the bispecific cohort, which
includes more recently treated patients. Future work may include
long-term follow-up of both cohorts of patients as well as comparison
of outcomes from cell products that were infused first fresh and then
reinfused after cryopreservation.

In conclusion, cryopreserved CAR T cells produced in bag cultures
and in the Prodigy closed system have demonstrated the ability to
expand and to effectively target leukemia in vivo. This study, in com-
bination with previously reported and ongoing trials that use cryopre-
served CAR T cells, adds to the body of literature supporting use of
cryopreservation routinely in CAR T cell manufacture.

MATERIALS AND METHODS
We retrospectively reviewed two cohorts of pediatric and young adult
patients with relapsed/refractory B cell leukemia or lymphoma who
were treated with CAR T cell therapy at the NIH Clinical Center. Pa-
tients received either anti-CD22 CAR T or bispecific anti-C19/22
CAR T cells as part of phase I/II dose-escalation trials for these
2023
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CAR T cell therapies (NCT02315612, NCT03448393). Trial protocols
were approved by the National Cancer Institute institutional review
board.

Patients who received CAR T cell therapy prior to October 1, 2022,
were screened for inclusion. Only patients who received CD4/8
selected cells were included. The patient cohort included in this study,
which included only patients who had CAR T cells manufactured
from CD4/8 selected cells and infused at the final expansion dose,
did not overlap with the 16 patients reported previously by Panch
et al. Only patients who received the final dose chosen for enrollment
expansion were included. For the CD22 CAR T cell cohort, these were
patients who received dose level 1, 0.3 � 106 cells/kg. For the bispe-
cific CAR T cell cohort, the expansion dose was dose level 3,
3 � 106 cells/kg. For patients who received more than one cell infu-
sion, only data from the first infusion were included. Figure 1 summa-
rizes the patient selection.

CAR T cell manufacturing

Anti-CD22 and bispecific anti-CD19/CD22 CAR T cells were manu-
factured at the Center for Cellular Engineering, NIH Clinical Center.
Anti-CD22 CAR T cells were manufactured as previously described.48

Briefly, for anti-CD22 CAR T cells, the mononuclear cell (MNC) leu-
kapheresis product used to begin manufacturing was either freshly
collected or cryopreserved and thawed. The target for cell collection
is 3–6 x 109 CD3+ cells. The MNCs underwent CD4/8 selection using
magnetic bead separation in the Miltenyi CliniMACS system. Culture
was then initiated with 1.5–2 x 106 cells/mL in bags with volume
ranging from 20 to 325 mL depending on the required cell dose. Cul-
ture medium was supplemented with GlutaMAX and IL-2. CD3/
CD28 Dynabeads were used for activation. Lentiviral transduction
with a vector containing CD22 single-chain variable fragments
(scFvs) with 41BB and CD3zeta costimulatory domains was conduct-
ed on day 2. Cells then expanded in culture for 9 days, with transduc-
tion efficiency being measured on day 7 using flow cytometry to
determine the percent of cells reacting with Protein L. At the time
of harvest on day 9, evaluation of cells following expansion included
flow cytometry for CD3, CD4, and CD8 percentage. Cells were then
either used for fresh infusion or cryopreserved, depending on clinical
scenario.

Leukapheresis and CD4/8 selection was similarly conducted for bis-
pecific CD19/22 CAR T cells. The cell manufacturing was completed
as previously described.49 Culture was initiated with cell counts
ranging from 110–132 � 106 cells, in medium supplemented with
IL-2. TransAct CD3/CD28 beads were used for activation. Transduc-
tion and expansion were performed using the CliniMACS Prodigy
enclosed CAR T manufacturing system. Cells were transduced with
a lentiviral vector containing two distinct scFv recognizing CD19
and CD22 proteins as well as 41BB and CD3zeta costimulatory do-
mains. The cells were transduced after 1 day of culture and were har-
vested after 7 days of culture. Cell counts and viabilities were moni-
tored on day 5. After harvest, cells were evaluated by flow
cytometry as above.
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Cryopreservation

Products were cryopreserved using a controlled rate freezer. Clinical
aliquots were preserved at 1.3–2x the required volume. Cryopreserva-
tion was done either in cryovials (1.8–4.5 mL) or cryobags (25–
50 mL), depending on the required total volume. Cell concentration
ranged from 1–100 � 106 cells/mL for vials or 20–300 � 106 cells/
mL for bags. Two different cryoprotectants were used. For earlier pa-
tients, cells were preserved in 5% dimethyl sulfoxide (DMSO), 6%
pentastarch, and 4% human serum albumin. We then transitioned
to using CryoStor, a pre-made cryopreservation media from Sigma-
Aldrich that contains 10% DMSO. This transition affected one of
the reported anti-CD22 CAR T cell products and six of the reported
bispecific CAR T cell products.

Thaw of cryopreserved products

Thawing was performed in a water bath at 37�C. Immediately after
thawing, products were diluted to a final required volume with
Plasma-Lyte, containing 10 u/mL preservative-free heparin. Post-
thaw quality control was completed on all samples, including WBC
count, Trypan-blue viability, and sterility testing. Flow cytometry
post-thaw was only conducted for selected products.

Cell infusions

Anti-CD22 CAR T cells were infused at a dose of 0.3 � 106 cells/kg.
Bispecific CD19/22 CAR T cells were infused at a dose level of 3� 106

cells/kg. The final cell doses were calculated as a product of total cell
count, percent viability, percent CD3, and transduction efficiency.
Importantly, these calculations are completed at the end of manufac-
ture, prior to cryopreservation. Patients were treated with a lympho-
depleting regimen including fludarabine and cyclophosphamide.

Cell manufacturing characteristics

Data on the following cell manufacturing characteristics were
collected at the time of harvest from cell culture: percent viability,
fold expansion, transduction efficiency (measured by Protein L
percent), as well as CD3, CD4, and CD8 percent. Fold expansion
was calculated from day 1 to day of harvest (day 9 for CD22 CAR
T cells and day 7 for Bispecific CD19/22 cells). For cells that were cry-
opreserved, the number of days of cryopreservation was documented.
Furthermore, post-thaw viability was also measured. For some cell
products, post-thaw data on CD3, CD4, and CD8 percent and trans-
duction efficiency was also available. These baseline cell characteris-
tics were compared between freshly infused and cryopreserved groups
using Mann-Whitney U tests. Paired comparisons for pre- and post-
thaw products were conducted using Wilcoxon signed rank tests.

Clinical characteristics and outcomes

Data on the following baseline characteristics were collected: demo-
graphics, disease burden prior to cell infusion, presence of CNS dis-
ease, presence of extramedullary disease, and number of lines of prior
treatment, specifying prior CAR T cell or stem cell transplant therapy.
Clinical outcomes included in vivo CAR T cell expansion and persis-
tence, incidence, severity, and day of onset for CAR T cell associated
toxicities (CRS, neurotoxicity, and CAR T cell-associated
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hemophagocytic HLH), and best overall disease response. Cell expan-
sion was measured by both percent of T cells that expressed CAR
T cell targets (CD22 for the first cohort and CD19 for the bispecific
cohort) and absolute number of CAR T cells in peripheral blood.
CAR T cell persistence was reported based on percentage of CAR
T cells identified by flow cytometry in the day 28 bone marrow sam-
ple. Since some of these patients were treated prior to utilization of the
immune effector cell-associated neurotoxicity syndrome scoring sys-
tem,50 neurotoxicity was more broadly defined and included any
neurologic symptoms, including headache, documented in the post-
infusion period.

Continuous variables were compared between patients in the fresh
infusion and cryopreserved groups using Mann-Whitney U tests,
and categorical variables were compared using chi squared, Fisher’s
exact, and Wilcoxon rank-sum tests. Correlations between contin-
uous variables were calculated using Spearman’s correlation. Com-
parisons between multiple groups were done using Kruskal-Wallis
tests. Statistical analyses were performed using GraphPad Prism
software.
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