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As clinical applications for chimeric antigen receptor T cell
(CART) therapy extend beyond early phase trials, commer-
cial manufacture incorporating cryopreservation steps be-
comes a logistical necessity. The effect of cryopreservation
on CART characteristics is unclear. We retrospectively eval-
uated the effect of cryopreservation on product release
criteria and in vivo characteristics in 158 autologous CART
products from 6 single-center clinical trials. Further, from
3 healthy donor manufacturing runs, we prospectively iden-
tified differentially expressed cell surface markers and gene
signatures among fresh versus cryopreserved CARTs. Within
2 days of culture initiation, cell viability of the starting frac-
tion (peripheral blood mononuclear cells [PBMNCs])
decreased significantly in the cryo-thawed arm compared to
the fresh arm. Despite this, PBMNC cryopreservation did
not affect final CART fold expansion, transduction effi-
ciency, CD3%, or CD4:CD8 ratios. In vivo CART persistence
and clinical responses did not differ among fresh and cryo-
preserved final products. In healthy donors, compared to
fresh CARTs, early apoptotic cell-surface markers were
significantly elevated in cryo-thawed CARTs. Cryo-thawed
CARTs also demonstrated significantly elevated expression
of mitochondrial dysfunction, apoptosis signaling, and cell
cycle damage pathways. Cryopreservation during CART
manufacture is a viable strategy, based on standard product
release parameters. The clinical impact of cryopreservation-
related subtle micro-cellular damage needs further study.
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INTRODUCTION
In a historic action in 2017, the US Food and Drug Administration
(FDA) ushered in 2 new gene therapies for the treatment of hemato-
logic malignancies in the United States.1,2 As living drugs, these re-
programmed autologous chimeric antigen receptor T cells (CARTs)
represent a new age of innovative cancer treatment. Concurrently,
they present unique manufacturing3 and commercialization4 chal-
lenges that differ from those of traditional pharmaceuticals. Most
CARTs are manufactured from autologous peripheral blood mono-
nuclear cells (PBMNCs) collected by leukapheresis, followed by
T cell selection, activation, gene modification, and expansion.5 The
expanded CARTs are then formulated for infusion into the patient.
Each semi-automated processing step above may introduce inter-
product variability.

Commercial large-scale manufacturing of autologous CARTs further
requires cell transportation to and from centralized processing facil-
ities, and cell cryopreservation becomes a logistical necessity. As a
result of the time required for safety and potency testing that includes
assessing transduction efficiency (TE), sterility testing, and testing for
the absence of replication-competent virus, most commercial manu-
facturers have elected to cryopreserve the final CART product. The
autologous PBMNC starting material is also often cryopreserved to
allow for flexibility in scheduling manufacturing.6

While hematopoietic stem cells survive cryopreservation and thawing
well, and cryopreserved hematopoietic stem cell transplantation has
been performed for many years,7,8 the effects of the cryopreservation
on cultured T cells is less certain. The data available suggest that the
overall recovery of cryo-thawed T cells is marginally worse than that
of hematopoietic stem cells.9,10 Recently, one institution reported that
CARTs cultured over prolonged periods (9–14 days), particularly in
fully automated systems, may have worse post-thaw recovery11,12

than other cultured T cells (Zhu et al., 2019, Transplantation &
Cellular Therapy, annual meeting).

As a center manufacturing CARTs for early phase clinical trials since
2012, we often manufacture CARTs from cryopreserved PBMNCs,
and we cryopreserve the final CART products. However, given
the advanced nature of the hematologic malignancies of many pa-
tients and the need for urgent treatment, fresh, non-cryopreserved
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Table 1. Demographics

Protocol 12-C-0112 14-C-0059 14-C-0168 15-C-0029 16-C-0054 17-C-0048 Total

CART type CD19, CD28 GD2, CD28, O � 40 BCMA, CD28 CD22, 41BB CD19, CD28 CD30, CD28 –

Age group pediatric + adult pediatric + adult adult pediatric + adult adult adult –

Diagnosis ALL, DLBCL
osteosarcoma,
neuroblastoma

multiple myeloma ALL, DLBCL
ALL, DLBCL,
MCL, FL, BL

Hodgkin’s
lymphoma

–

Infusion, n (%) 56 (38.1) 12 (8.2) 20 (13.6) 37 (25.2) 20 (13.6) 2 (1.4) 147 (100)

Age (years) (mean ± SD) 14.3 (±6.7) 17.8 (±5.9) 56.7 (±4.9) 18.3 (±7.0) 56.4 (±11.5) 35.4(±8.9) 27.7 (±19.9)

Male:female 45:11 10:2 10:10 25:12 14:6 2:0 106:41

Weight (kg) (mean ± SD) 46.5 (±20.9) 60.5 (±21.4) 89 (±25.7) 52.6 (±17.8) 80.3 (±16.4) 115 (±27.6) 60.7 (±26.3)

CAR-T cell dose (million/kg)
(mean ± SD)

1.2 (±0.6) 2.9 (±3.9) 5.4 (±3.8) 1.1 (±0.7) 2.5 (±2.1) 0.3 2.0 (±2.5)

Delivery vector gamma-retrovirus gamma-retrovirus gamma-retrovirus lentivirus lentivirus lentivirus –

Pre-culture lymphocyte
enrichment (n)

elutriation (5), bead
enriched (46), both(5)

elutriation (5), bead
enriched (7), both (0)

Ficoll (20)
elutriation (7), bead
enriched (15), both
(13), none (2)

Ficoll (20) Ficoll (2) –

ALL, acute lymphoblastic leukemia; DLBCL, diffuse large B cell lymphoma; MCL, mantle cell lymphoma; FL, follicular lymphoma; BL, Burkitt’s lymphoma.
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PBMNCs have been used to manufacture the CARTs, and the final
CART products have been infused fresh immediately after the
completion of manufacturing.

The primary objective of this study was to determine the impact of
cryopreservation on CARTs. We evaluated factors used in current
clinical practice for product safety, purity, potency, and consistency
ascertainment. These included post-thaw CART recovery and post-
thaw changes in TE, CD3%, and CD4:CD8 ratios. In a subset of pa-
tients who received fresh or cryopreserved final products at a standard
dose, we compared in vivo CART levels, persistence over time, and
clinical response. We also investigated the effects of cryopreserved
autologous PBMNCs on the manufacturing process. Specifically, we
studied post-thaw PBMNC recovery, fold expansion (FE), TE, and
CD4:CD8 ratios during the manufacturing process. In addition, in
3 healthy volunteer donor CART manufacturing runs, we prospec-
tively examined more subtle markers of cryopreservation-related
cell damage.

RESULTS
Patient and Product Characteristics

Data were obtained on 145 patients with a total of 158 consecutive
autologous CART cultures; 12 patients received more than one infu-
sion in the same protocol. The total numbers of infusions in 6 clinical
trials of different CART types were as follows: CD19 CART pediatric
(P) trial, n = 58; GD2 CARTs, n = 14; BCMA CARTs, n = 21; CD22
CARTs, n = 42; CD19 adult (A) CART trial, n = 21; and CD30
CARTs, n = 2. After discarding 11 products due to manufacturing
failure during culture, 147 CARTs were prepared for infusion into pe-
diatric or adult patients with hematologic malignancies (135, 91.8%)
or solid tumors (12, 8.2%). The mean age was 27.7 years (±19.9) and
weight was 60.7 kg (±26.3), with a median CART dose of 1 � 106

CAR-transduced viable CD3 ± cells/kg (range: 1 � 105–1 � 107).
Gamma-retroviral or lentiviral vectors were used for CAR delivery
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in 88 (59.9%) and 59 (40.1%) infusates, respectively. See Table 1 for
demographics.

Of the 147 infusates, the starting fraction (PBMNCs) was cryopre-
served for 70 infusions. For 79 infusions, the final harvested CART
product was cryopreserved and thawed prior to infusion. For 50
CART products, both the PBMNCs and final CART product were
cryopreserved. The median duration of cryopreservation was 6 days
(range: 3–868) and 9 days (range: 1–408) for the starting PBMNCs
and the final harvested CARTs, respectively. See Figure 1 and Table
S1 for overall manufacturing schema and studies described in the
Materials and Methods, and see Table S2 for product cryopreserva-
tion details by protocol.

Manufacturing CARTs Using Cryopreserved PBMNCs

At 2 days after PBMNC culture initiation (stimulation period),
viable total nucleated cell (TNC, %) was significantly lower for cul-
tures initiated from cryopreserved PBMNCs compared to fresh
cells (Figure 2A). A separate analysis of the processing of CD19
CARTs (P) confirmed this finding (Figure 2B). The CD3% was un-
available for all products on day 2 of T cell culture. Despite the
decrease in cell counts on day 2, all products contained the
required cell quantity for starting the transduction and expansion
process.

Compared with cultures that were initiated with fresh PBMNCs,
cryopreservation-thawed PBMNC cultures did not demonstrate a
significant difference in FE, TE, CD3%, or CD4:CD8 ratios at the
time of final CART harvest. Data stratified by protocol and all
data combined are summarized in Table S4. Figures S1A–S1D
demonstrate the lack of a significant correlation between duration
of PBMNC cryopreservation and FE, TE, CD3%, and CD4:CD8 ra-
tios. These correlations remained non-significant, even when data
were stratified by CART type. The day of final CART harvest varied



Figure 1. CART Manufacturing Schema

A simplified diagram of the CART manufacturing process

across the various manufacturing protocols at the NIH

Center for Cellular Engineering. Starting with collection of

PBMNCs by apheresis, the fresh or cryo-thawed cells

(PBMNCs) are processed by mechanical or electromag-

netic bead selection or density gradient centrifugation.

Following the cell selection and enrichment process, CAR

gene transduction, cell expansion, and harvest are per-

formed over 7–9 days. After testing for sterility, the final

CART product is either released fresh for infusion or cry-

opreserved again for future thaw and infusion. At the time

of release, viability (post-thaw) and counts are repeated on

cryo-thawed CARTs for cell dose calculations.
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by type, ranging from 7 to 9 days. We evaluated the same correla-
tions on day 7 for all CART types (data not shown) and identified
no difference.

Recovery, Expansion, and Survival of Cryopreserved CARTs

In Vitro Post-thaw Recovery of Cryopreserved CARTs

For the 79 cryopreserved CART products, the mean TNC recovery of
the thawed fraction was 97% ± 17.4%. Before cryopreservation and
after thaw, CART CD3%, TE(%), and CD4:CD8 ratios were 98% ±

2.1% and 98% ± 2.4%, 56% ± 21% and 55% ± 23%, and 2.2 ± 3.9
and 2.3 ± 4.0, respectively. No significant changes were observed in
these parameters across the different types of CARTs. CD19(A),
CD19(P), and CD22 CARTs with adequate sample sizes were
analyzed separately, and no significant changes were identified
post-thaw. Mean values and SDs of all the measured parameters var-
ied by protocol, as expected, due to differences in patient population,
vector type, and culture conditions (Figure 3).

As a control, we compared the post-thaw recovery of 78 CART prod-
ucts with the 69 PBMNC products that had been cryopreserved prior
to the start of manufacturing. For these 69 PBMNCs, the viable post-
thaw TNC recovery was significantly lower compared to CARTs
(77% ± 12% versus 97% ± 17%, p < 0.0001) (Figure 4A). Viable
post-thaw CD3% recovery trended lower for PBMNCs compared to
CARTs, but the difference was not statistically significant (87% ±

17% versus 97% ± 17%, p = 0.07) (Figure 4C). Overall, CD3%
recovery for thawed PBMNCs was better compared to TNC recovery,
suggesting that non-CD3+ T cells accounted for most of the cell loss
post-thaw.

We also evaluated these differences in the post-thaw recovery of
CARTs and PBMNCs using 50 cases where both the PBMNCs
and CART products were cryopreserved (n = 50). Of these products
cryopreserved at both ends, most (47, 94%) were manufactured for
the CD19(A) and CD22 CART clinical trials. These CARTs also
M

demonstrated higher TNC recovery at thaw
(96% ± 19%) compared to the starting
PBMNCs at thaw (76% ± 11%, p < 0.001) (Fig-
ure 4B). However, these differences were not as
evident in CD3% recovery: 96% ± 19% for CARTs versus 92% ±

24% for PBMNCs, p = 0.2 (Figure 4D).

Comparison of Expansion, Survival, and Clinical Response to

CARTs Infused Fresh and/or Post-cryopreservation

In vivo comparisons between fresh and cryo-thawed CART infusions
were feasible for 2 protocols with adequate numbers in each group, at
a pre-specified dose level. At a dose level of 1� 106 transduced viable
CD19 CART(P) cells/kg, maximum CART levels, CART persistence
in vivo, clinical responses, and occurrence of cytokine release syn-
drome were not significantly different between patients receiving
fresh CARTs (n = 17) and cryo-thawed CARTs (n = 30) (Figures
5A, 5C, and 5E). For CD22 CARTs, the mean maximum CART levels
and mean persistence (in days) in vivo were greater than those seen
with the CD19 CART(P), which was likely due to differences in the
vector and co-stimulatory domains, manufacturing methods, and pa-
tient-related differences.

Maximum CD22 CART levels in vivo were higher in patients
receiving fresh CARTs compared to cryo-thawed CARTs (p = 0.03)
(Figure 5B); however, no significant differences were identified in
the persistence of CARTs between fresh and cryo-thawed CD22
CARTs (Figure 5D). Upon further evaluation, the number of patients
who received CD22 CARTs with high disease burden was greater in
the cryo-thawed CART group (5/6, 83%) compared to the fresh group
(6/9, 67%). This difference was not statistically significant (p = 0.5).
Different cell selection methods used to manufacture these products
are also illustrated in Figures 5A and 5B. In this clinical trial as
well, clinical responses and occurrence of cytokine release syndrome
were no different between patients receiving fresh and cryo-thawed
CARTs (Figures 5E and 5F).

For the CD19 CART(P), the proportion of patients that did not show
any CARTs in the peripheral blood post-infusion (i.e., had CARTs
below the limit of detection [<0.01% of T cells] for the protocol by
olecular Therapy Vol. 27 No 7 July 2019 1277
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fluorescence-activated cell sorting [FACS] analysis at all times after
infusion) was higher among cryopreserved CD19 CARTs (85.7%,
6 of 7) compared to the fresh infused products (14.3%, 1 of 7;
p = 0.01). None of the CD22 CART products demonstrated a com-
plete absence of detection in vivo post-infusion.

Role of Cryopreservation on Manufacturing Failures

Of the original 158 products, 11 (6.9%) failed manufacture and
were not infused. These were non-uniformly distributed across
CART types. The causes for manufacturing failure were variable.
Of the 11 that failed, 5 cultures were initiated from a cryopre-
served starting parent product and 6 from fresh PBMNCs. Overall,
5 of 75 (6.7%) cryopreserved PBMNCs and 6 of 83 (7.2%; p = 0.9)
fresh PBMNCs failed manufacturing. Following failure, remanu-
facture from a cryopreserved PBMNC fraction was attempted for
6 cases, and all 6 resulted in the successful production and
infusion of a CART product. These 6 remanufacturing cases
included 3 that were originally manufactured from cryopreserved
PBMNCs (Table S5).

Phenotypic Evaluation of Fresh versus Cryopreserved CARTs in

Healthy Donor Samples

To study T cell phenotypic changes prospectively, 3 healthy donor
PBMNCs were used to manufacture CART using 4 different
manufacturing schemes, as described in the Materials and Methods.
As with the clinical products analyzed previously, mean CART FE,
TE, CD4%, and CD8% were no different across the 4 schemes in
healthy donor samples (Figures S2A–S2E). Viable (7-amino actino-
mycin D [7AAD]neg, 7AADdim) CD3+ T cell percentage was similar
in the 4 manufacturing arms (Figures 6A, 6C, 6E, 6G, and 6I). This
population also corresponded to the viable cells identified by trypan
blue staining (data not shown). However, after eliminating early
apoptotic cells (Annexin-V positive and/or Helix NP positive)
destined for eventual cell death, viability was significantly lower in
the arms where the final CART product was cryopreserved (Figures
6F, 6H, and 6J) compared to the arms where the final CARTs were
tested fresh (Figures 6B, 6D, and 6J). This result was independent
of the state (cryo-thaw or fresh) of the starting PBMNCs. Analysis
of the CD4+ and CD8+ cells within the CART products revealed
that the proportion of naive, central memory, and effector memory
T cells did not differ significantly across the 4 manufacturing arms
(Figure S3).
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Global Gene Expression Analysis of Fresh versusCryopreserved

CARTs in Healthy Donor Samples

Global gene expression changes were also studied prospectively in the
manufacturing arms above (categories described in the Materials and
Methods). A total of 30 samples was analyzed. Of these, 6 samples
were uncultured PBMNCs (fresh or cryo-thawed). 12 others were
CARTs from the 3 healthy donors, with each donor sample subjected
to one of the 4 manufacturing schemes detailed above. As controls, 12
more samples were cultured simultaneously using all the same condi-
tions, except they were not transduced. Principal-component analysis
(PCA) of 28 samples was available for further evaluation. Two sam-
ples were eliminated from analysis due to sample-processing discrep-
ancies. All the samples clustered into 3 groups. One group contained
all of the PBMNCs that were not cultured, the second group con-
tained fresh final CARTs and cultured T cells that were analyzed
fresh, and the third contained all cryo-thawed final CARTs and
cryo-thawed cultured T cells (Figure 7A). Unsupervised hierarchical
clustering analysis also grouped the samples into the same 3 cate-
gories (Figures 7B and 7C). As expected, the effect of cryopreservation
eclipsed the effects of vector transduction and inter-donor variability.

Eliminating the untransduced control samples from the analysis
decreased sample size significantly. PCA of the smaller sample set
demonstrated inter-donor variability alone as a significant factor
(data not shown).

Further, a total of 2,124 genes were differentially expressed between
the fresh CARTs and cultured T cells that were analyzed fresh
(group 1) and the cryo-thawed CARTs and cryo-thawed cultured
T cells (group 2). The 1,139 genes overexpressed in cryo-thawed
CARTs were more likely to belong to apoptotic and cell cycle damage
pathways (unfolded protein response, endoplasmic reticulum [ER]
stress pathways, mitochondrial dysfunction, apoptosis signaling, pro-
tein ubiquitination, and cell cycle damage pathways) (Figure 7D). The
985 genes overexpressed in fresh CARTs and culture-expanded
T cells were more likely to belong to signaling pathways specific to
T cell cytolysis (Toll-like receptor signaling, B cell-activating factors,
and leukemia-signaling pathways) (Figure 7E).

DISCUSSION
More than 70% of therapeutic agents that demonstrate success in early
phase clinical trials for refractory solid organ and hematologic



Figure 3. Comparisons of CART Characteristics at Cryopreservation and Post-thaw

Viable TNC (row 1), TE (row 2), CD3% (row 3), and CD4:CD8 ratio (row 4) are compared for the final CART product at cryopreservation and following thaw. Column 1

(A, E, I, andM) shows all CART products. Column 2 (B, F, J, and N) shows CD19-CART (P) products, column 3 (C, G, K, andO) showsCD19CART(A) products, and column 4

(D, H, L, and P) shows CD22-CART products. The p values were calculated for paired t tests.
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malignancies fail efficacy endpoints in larger trials.13,14 Further,with cell
therapies, the conversion rate from a phase III study to regulatory
approval is estimated to be at 14.3%, which is considerably lower than
the conversion rate (48.7%) of mature pharmaceutical drug classes
that demonstrate new drug application success with the FDA.15 This
is due in part to the fact that small changes in manufacturing practices
during the scale-out of cell therapies can greatly impact final product
safety, purity, and potency.16,17 While smaller single institution studies
often use fresh PBMNCs for CART manufacturing and/or fresh final
CART products for autologous infusion, the short stability and shelf
life of liquid-stored T cells makes cryopreservation essential for
advancement to multicenter trials and licensure, with centralized
manufacturing. Hence, it is essential to verify that cryopreserved prod-
ucts are equivalent in safety and efficacy to fresh CARTs, prior to
commercialization.

Despite the optimized use of intracellular cryoprotective cocktails,18

slow cooling in controlled rate freezers,19 and quick-thaw processes
prior to cell use, some decrease in post-thaw cell viability is inevi-
table.20 This limitation may be overcome by increasing cell numbers
used for cryopreservation. Other issues, including phenotypic and
functional drifts in cell subtypes, occur following the freeze-thaw pro-
cess.21 Consequently, the biophysical and physiologic properties of
thawed mature cells cultured ex vivo may vary from those for freshly
isolated cells that encounter the same stressors.22,23 To better under-
stand the clinical impact of these phenomena, we studied relevant
phenotypic and functional cellular alterations during and after the
manufacture of CARTs cryo-thawed at either or both ends of cell
manufacturing.

The results of this study suggest that the CARTs that are cryo-
preserved at the end of manufacturing and thawed immediately
before infusion are as clinically effective as CARTs given fresh.
Furthermore, cryopreserved CD19 CARTs have a similar in vivo
survival and peak in vivo levels as CD19 CARTs that are infused
fresh.
Molecular Therapy Vol. 27 No 7 July 2019 1279
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It is not certain if the dose of CARTs administered should be
increased if cryopreserved cells are given. We administered CARTs
as transduced viable (based on post-thaw trypan blue viability)
T cells per kilogram of recipient weight, and we used the same dose
for fresh and cryopreserved CARTs. While the in vivo recovery and
survival of fresh and cryopreserved CD19 CARTs was similar, in a
small number of CD22 CARTs the survival of cryopreserved cells
was less than that of fresh cells. Further, based on in vitro data
from healthy volunteer donor CART products, despite similar
viability (based on traditional viability assays) between fresh and
cryo-thawed CARTs, using markers for early apoptosis and including
a novel nucleic acid-binding dye24 identified a significantly larger
number of cells among the viable cells post-thaw, which were destined
for eventual demise. Gene expression profiling also identified an
increased expression of pathways involved in cell cycle damage and
apoptosis in the cryo-thawed CART products.

While we routinely measure the post-thaw viability of CARTs and
calculate cells based on viable transduced CD3+ cells, this measure
is of limited accuracy. Since cells were infused immediately post-
thaw, delayed onset cell death (DOCD) could not be assessed.
Furthermore, the in vivo expansion of CARTs is also dependent on
tumor burden in addition to cell dose. Patients enrolled in 2 clinical
protocols received fresh or cryo-thawed final products at the same
dose level (1 � 106 transduced viable CARTs/kg). In both protocols,
CART persistence did not differ by cryopreservation status. This
aligned with data from another recent retrospective analysis.25 In 1
of the 2 protocols, maximum CART numbers were higher for the
fresh infusions compared to cryo-thawed infusions. However, differ-
ences in patient disease burden at baseline and variability in cell selec-
tion methods during manufacture, which are known to impact in vivo
CART levels,26–28 precluded definitive conclusions on this protocol.
1280 Molecular Therapy Vol. 27 No 7 July 2019
Of the infusions that failed to demonstrate any CART appearance
in vivo, 86% and 0% were cryo-thawed in the CD19 and CD22
CART protocols, respectively. Testing, validation, and routine use
of commercially available current good manufacturing practice
(cGMP) grade cryoprotectant solutions may possibly minimize in-
ter-product variability seen with home-brewed counterparts.29,30

We also found that CARTs can be manufactured from cryopreserved
PBMNCs.We did observe a reduction of T cells over the first 2 days of
culture for cryopreserved, but not fresh, PBMNCs. This DOCD is
known to occur between 6 and 48 h post-thaw, and it may occur
due to a transcriptional upregulation of key apoptotic markers,
including the proteolytic activation of caspase-3 post-thaw. Immedi-
ately post-thaw these early apoptotic cells destined for secondary ne-
crosis are not identified by the standard dye-exclusion methods (such
as the trypan blue assay used for product release), which only identify
losses in structural integrity. Despite this difference in the quality of
cells early in culture, we had a sufficient quantity of cells to transduce,
and we had similar numbers of CARTs at the end of manufacturing
for both fresh and cryopreserved PBMNCs. As with the PBMNCs
post-thaw and within the initial culture period, DOCD likely occurs
hours to days in vivo after CART administration, followed by a
partially compensatory expansion.20 The in vivo levels of cryopre-
served CARTs may have been higher had a greater dose of cells
been administered.

The cryo-thawed starting fraction, PBMNCs, demonstrated signifi-
cantly lower TNC recovery than the final cryo-thawed CART
product, TNCs. This may be attributable to a higher number of
non-lymphocytic mononuclear cells, including granulocytes and
monocytes, in the starting fraction. These cells are known to have
lower post-thaw viability (�7% and 36%, respectively) compared to
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Figure 5. Comparison of In Vivo Levels and Persistence of CARTs Infused Fresh or after Cryopreservation

(A and B) The clinical risk stratification (solid shape, high disease burden; outline shape, low disease burden) andmaximum levels of peripheral blood T cells expressing CD19

CARTs (A, n = 47) and CD22 CARTs (B, n = 15) in patients who received a first infusion of fresh or cryo-thawed product at a dose of 1 � 106 cells/kg. (C and D) The post-

infusion persistence of CARTs in the peripheral blood of patients receiving CD19 CARTs (C) and CD22 CARTs (D). All patients received a dose of 1 � 106 CART cells/kg.

Patients receiving fresh CARTs are indicated by pink shapes (CD19 CARTs, n = 17 and CD22 CARTs, n = 9). Patients receiving cryopreserved CARTs are indicated by gray

shapes (CD19 CARTs, n = 30 and CD22 CARTs, n = 6). The limit of CART detection by FACS in the peripheral blood was determined for each protocol. For CD19 CARTs and

CD22CARTs, the limits of detection were defined as CART cell fractions of 0.01% and 0.001%of total T cells in the peripheral blood, respectively. In patients receiving fresh or

cryopreserved CD19 CARTs (E) and CD22 CARTs (F), clinical response at day 28 and proportion of patients experiencing any grade CRS are shown. All patients received a

dose of 1� 106 CARTs/kg. A total of 17 patients received fresh and 30 received cryopreservedCD19CARTs and 9 patients received fresh and 7 cryopreserved CD22CARTs.

CR, complete response; SD, stable disease; PD, progressive disease; CRS, cytokine release syndrome. p values were calculated for non-parametric tests, where applicable.
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lymphocytes alone (74%).31 This finding is consistent with what was
previously reported for TNC recovery in stem cell products, wherein
global TNC recovery was recognized to be lower than that of the
more resilient CD34+ cell subsets (post-thaw viability �80%).32,33

Upon further analysis of CD3+ T cell subsets, viable post-thaw recov-
ery of T cells in the starting fraction was not significantly different
from that in the final manufactured CARTs, which were harvested
and cryo-thawed prior to infusion. This was in contrast to a previous
report suggesting lower viability of transduced T cells cultured over a
period of 7 days in patients with immune deficiencies.23

Cryopreservation of PBMNCs and/or of the final manufactured
CARTs did not impact TE, CD3%, or CD4:CD8 ratios at harvest or
before infusion, respectively. Neither were the proportion of T cell
subsets, including naive, effector, and central memory T cells,
impacted significantly in our prospective donor cell analysis. Prior
studies of other cell types identified phenotypic changes in T cell sub-
sets with cryopreservation34 and functional impairments due to tran-
sient warming events, which occurred during prolonged hypothermic
storage.35 While we were unable to evaluate the frequency and dura-
tion of transient warming events in our study, we noticed no signifi-
cant effect of duration of cryopreservation on T cell phenotype and
functional characteristics, during or after manufacture. Further, of
the products that failed manufacture, none was specifically related
to cryopreservation.

Efforts are underway to add inhibitors of apoptosis and secondary ne-
crosis (zVAD-fmk, p38 mitogen-activated protein kinase [MAPK],
Molecular Therapy Vol. 27 No 7 July 2019 1281
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Figure 6. Viability and Apoptosis Analysis of Fresh and Cryopreserved CARTs

CARTs were prepared from fresh or cryopreserved PBMNCs and were analyzed fresh or following cryopreservation. CARTs were prepared from 3 healthy subjects and were

transduced (TR) with murine stem cell virus (MSCV)-CAR1922-woodchuck hepatitis virus (WHP) posttranscriptional regulatory element (WPRE) vector. Representative dot

plots of fresh CARTs from donor 1 prepared from fresh PBMNCs (Fresh TR Fresh) for 7AAD expression is shown in (A) and for Annexin-V, Helix NP in (B). Dot plots of fresh

CARTs from donor 1 prepared from cryopreserved PBMNCs (Cryo TR Fresh) for 7AAD expression is shown in (C) and for Annexin-V, Helix NP in (D). Dot plots of cry-

opreserved CARTs from donor 1 prepared from fresh PBMNCs (Fresh TR Cryo) for 7AAD expression is shown in (E) and for Annexin-V, Helix NP in (F). Dot plots of cry-

opreserved CARTs from donor 1 prepared from cryopreserved PBMNCs (Cryo TR Cryo) for 7AAD expression is shown in (G) and for Annexin-V, Helix NP in (H). The 7AADdim

population in (A), (C), (E), and (G) was also the cells that were Annexin-V bright in the corresponding adjacent figures, likely representing early apoptotic cells. However, in

column 1, the combined viable cell fraction, which included 7AADbright and 7AADdim populations, corresponded with the trypan blue viability used to test clinical products.

(I and J) The results for combined analysis CARTs from all 3 donors tested and prepared under the 4 conditions are summarized. The results of the expressions of (I) 7AAD and

(J) Annexin-V, Helix NP are shown. Bars in (I) and (J) represent means + SD.
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and ROCK inhibitors) to cryopreservation cocktails and culture
media.20,36 Further, cryobiologists are evaluating the role of epigenetic
changes and phenotypic and functional drifts in cryo-thawed cells,
either due to cryopreservation itself or from a proliferative stress
imposed on the surviving cells post-thaw.37 The need to study
DOCD and obtain accurate viable cell counts in the immediate
post-thaw period is critical after manufacture, as dose calculations
for cell infusion rely on viable transduced T cell counts. To our knowl-
edge, our study presents the most detailed assessment to date of
phenotypic, functional, and gene expression alterations in manufac-
tured CARTs.

In summary, cryopreservation at either end of CART manufacture
is a viable strategy. Specifically, the cryo-thaw process does not
significantly affect clinically relevant CART phenotypic and/or
functional parameters, including FE, TE, CD3%, and CD4:CD8 ra-
1282 Molecular Therapy Vol. 27 No 7 July 2019
tios. Further, manufacturing failures, which accounted for approx-
imately 7% of all products in our study, were unrelated to cryo-
preservation. In vivo CART levels and persistence may not be
affected by cryopreservation. However, larger controlled studies
are necessary to further understand functional and phenotypic
alterations with cryopreservation at a molecular level and to assess
the occurrence of and mechanisms underlying DOCD in vitro and
in vivo. These studies will inform the need for standardized
dose adjustments that may be required to account for the structur-
ally viable albeit early apoptotic cells in cryo-thawed CARTs
prepared for infusion into patients. With an increasing demand
for large-scale manufacture of these autologous CART therapies
of high logistical and regulatory complexity, standardizing and
optimizing cryopreservation steps are pivotal to maintaining
downstream cell quantity and quality and to enhancing patient
outcomes.
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Figure 7. Gene Expression Analysis of Fresh and Cryopreserved CARTs

CARTs were manufactured from 3 healthy subjects, and fresh (C-FR) and cryopreserved (C-CR) CARTs were analyzed by global gene expression analysis. The CARTs were

produced from both fresh PBMNCs (P-FR) and cryopreserved PBMNCs (P-FR), and they were transduced (TR) with MSCV-CAR1922-WPRE vector. Untransduced (UTR)

fresh and cryopreserved PBMNCs and cultured PBMNCs were also analyzed as a control. The 28 samples were available for global gene expression profiling, and the results

were analyzed by principal-component analysis (A) and unsupervised hierarchical clustering analysis (B, cluster dendrogram; C, hierarchical clustering heatmap). (D and E)

Ingenuity pathway analysis of genes expressed by cryopreserved and fresh CARTs and cultured T cells are shown. A comparison of the transcriptome of cryopreserved

CARTs (n = 6) and cultured T cells (n = 6) with that of fresh CARTs (n = 6) and cultured T cells revealed 2,124 differentially expressed genes. The results of ingenuity pathway

analysis of 1,139 genes whose expression was greater in cryopreserved cells is shown in (D) and ingenuity pathway analysis of 985 genes whose expression was greater in

fresh cells is shown in (E).
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MATERIALS AND METHODS
Study Design

From January 2012 to July 2017, a retrospective data analysis was
performed on all CARTs manufactured at the NIH, Center
for Cellular Engineering. Clinical protocols on which data were
obtained are listed in Table S1. All subjects were enrolled in
protocols approved by the National Cancer Institute (NCI) institu-
tional review board (IRB). Protocols comprised phase I dose
escalation studies using the various CART constructs against
antigens overexpressed in hematologic malignancies or solid
tumors. Data on products that failed manufacture were collected
separately.

CART manufacturing on the clinical protocols followed 1 of 2
methods. In the protocols treating adult patients (B cell matura-
tion antigen [BCMA], CD19[A], and CD30 CARTs), fresh or
cryo-thawed PBMNCs collected by apheresis underwent density
gradient separation. T cell stimulation was performed with inter-
leukin-2 (IL-2) and soluble anti-CD3 monoclonal antibody
(OKT3) in culture bags, followed by gamma retroviral or lentiviral
transduction and expansion, as shown in Figure 1 and Table S3.
Between days 7 and 9, cells were harvested, concentrated, and
infused fresh or cryopreserved for thaw and infusion at a later
time. In the pediatric patient trials (CD19[P], GD2, and CD22
CARTs), fresh or cryo-thawed PBMNC concentrates underwent
cell enrichment steps (CD4/8 selection, monocyte depletion by
flask [plastic] adherence, elutriation, and/or CD3/CD28 paramag-
netic bead enrichment and stimulation). This was followed by
gamma-retroviral transduction and expansion with culture harvest
between days 7 and 11 for fresh or cryo-thawed infusion (Figure 1;
Table S4). See the Supplemental Materials and Methods I for addi-
tional CART manufacturing details.38–42
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Further, to study T cell phenotypic changes and gene expression pro-
spectively, 3 healthy donor PBMNCswere used tomanufacture CARTs
using 4 different manufacturing schemes: (1) starting manufacturing
with fresh PBMNCs and analysis of freshCARTs, (2) startingwith fresh
PBMNCs and analysis of cryopreserved CARTs, (3) starting with cryo-
preserved PBMNCs and analysis of fresh CARTs, and (4) starting with
cryopreserved PBMNCs and analysis of cryopreserved CARTs.

Cryopreservation and Thaw

Products that were cryopreserved used a controlled rate freezer (Kryo-
save, Integra, Planer, Sunbury-on-Thames, UK) and 5%DMSO and 6%
pentastarch with 4% human serum albumin as a cryoprotectant. The
cryopreserved polyfluoroethylene bags (KryoSure, American Fluroseal,
Gaithersburg, MD) or vials (Nunc Cryotube Vials, Roskilde, Denmark)
were stored in both the vapor and liquid phases of liquid nitrogen. Thaw
was performed in a water bath at 37�C. Immediately after thawing, the
products were diluted to a final required volume with Plasma-Lyte
A (Baxter Healthcare) containing 10 U/mL preservative-free heparin.

Laboratory Assays

Flow cytometry staining included CD3, CD45, 7-AAD (BD Biosci-
ences), cell surface CAR expression (biotin-labeled protein L,
GenScript), Annexin-V (BD Biosciences), and Helix NP (BioLegend).
T cell subset analysis used CCR7 and CD45RA (BD Biosciences).
RNA purification and microarray data analysis were done as
described previously.43

Statistical Analysis

Non-parametric Wilcoxon signed-rank tests were used to estimate
strength of effects. Multiple linear regression analysis was performed
to examine the effect of cryopreservation on the CART production,
adjusting for other factors such as different protocols, cell manipula-
tion methods, and infusion dose levels. Statistical analyses were
performed using SAS version (v.)9.4 software (Cary, NC). See the
Supplemental Materials and Methods II.
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