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Engineered T cell therapies have shown significant clinical suc-
cess. However, current manufacturing capabilities present a
challenge in bringing these therapies to patients. Furthermore,
the cost of development and manufacturing is still extremely
high due to complexity of the manufacturing process.
Increased automation can improve quality and reproducibility
while reducing costs through minimizing hands-on operator
time, allowing parallel manufacture of multiple products, and
reducing the complexity of technology transfer. In this article,
we describe the results of a strategic alliance between GSK and
Miltenyi Biotec to develop a closed, automated manufacturing
process using the CliniMACS Prodigy for autologous T cell
therapy products that can deliver a high number of cells suit-
able for treating solid tumor indications and compatible with
cryopreserved apheresis and drug product. We demonstrate
the ability of the T cell Transduction – Large Scale process to
deliver a significantly higher cell number than the existing pro-
cess, achieving 1.5 � 1010 cells after 12 days of expansion,
without affecting other product attributes. We demonstrate
successful technology transfer of this robust process into three
manufacturing facilities.

INTRODUCTION
Adoptive T cell transfer, which involves ex vivo expansion of tumor-
specific T cells followed by infusion into the patient, is a rapidly ex-
panding approach that has demonstrated significant clinical success,
particularly in the area of hematological malignancies, where several
therapies are now commercially approved.1 However, application to
the treatment of solid tumors, which account for more than 75% of
cancer-related deaths, has beenmuchmore challenging.2 Early clinical
trials demonstrated limited efficacy and high toxicity,3–5 although
some successes have been shown.6–10 The challenges associated with
translating the therapeutic success in hematological malignancies
into solid tumors has been widely reviewed.2,11–18 However, one factor
contributing to lack of efficacy may be the dose used: one modeling
study showed that trafficking of chimeric antigen receptor (CAR)-T
cells to solid tumors is less effective in humans than inmice, suggesting
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that the dose defined using animal models may be insufficient to
achieve a similar clinical response in humans.19,20 Ongoing studies
of CAR- and T cell receptor (TCR)-T cell therapies in solid tumors
suggest that a higher dose of TCR-T cells is required compared to
CAR-T cells.21 Therefore, manufacturing processes need to be able
to expand a relatively small starting cell number into a much higher
cell number over a period of days, without negatively affecting the
function of the cells.

The cost of developing a lentiviral vector-modified autologous gene
therapy from the start of clinical trials to commercialization was
calculated to be $550million, with cell process development and tech-
nology transfer accounting for a significant proportion of this. The
costs are directly proportional to the complexity and degree of auto-
mation of the manufacturing process.22 The manufacturing process
for autologous T cells therapies and the different technologies avail-
able have been extensively reviewed elsewhere.23–25 In many cases,
manufacturing is performed using a modular platform (Figure 1),
with different unit operations performed on different devices.
Although this approach is more flexible, it is also more complex
and requires a higher level of operator intervention, as well as imple-
mentation of additional controls to ensure no product cross-contam-
ination occurs when manufacturing multiple products in parallel.

An all-in-one manufacturing platform (Figure 1) capable of perform-
ing multiple unit operations in an automated way within a closed sys-
tem can reduce costs through reducing hands-on operator time from
over 24 h with a modular manufacturing process based on a rocking-
motion bioreactor to around 6 h,26 which in turn increases
manufacturing throughput, reduces the complexity of technology
evelopment Vol. 31 December 2023 ª 2023 GlaxoSmithKline plc. 1
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Figure 1. Modular vs. all-in-one manufacturing process for T cell therapies
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transfer, and improves the quality and consistency of the
manufacturing process to reduce product failure and subsequent re-
manufacturing rates. Automation can also enable compliance with
regulatory requirements for clinical and commercial manufacturing
by allowing precise control of process parameters to demonstrate
reproducibility and repeatability of the manufacturing process,
including across multiple sites if required. Manufacturing within a
closed system contributes to both cost reduction and quality of the
product, as it enables parallel manufacturing of multiple products, al-
lowing scale-out and reducing the requirement for the rigorous
change-over processes needed to prevent cross-contamination; it
also enables the majority of processing steps to be carried out within
a lower-classification cleanroom while minimizing the risk of micro-
bial, particulate, or cross-product contamination. The disadvantage of
an all-in-one system include the high initial cost, a lack of flexibility
once committed to a particular device, and a requirement for large
numbers of devices to meet clinical or commercial manufacturing
demands.

The CliniMACS Prodigy (Figure 1) has been used for clinical
manufacturing of multiple different types of cell and gene therapies,
including CAR-T cells,27–29 macrophages,30 and regulatory T cells,31

including in point-of-care settings.32,33 However, cell expansion in
this system is limited by the size of the culture chamber, which has a
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maximum capacity of 250 mL and 5 � 109 total cells. In 2016, GSK
and Miltenyi Biotec formed a strategic alliance to enable integration
of greater automation and high-end processing technology into GSK
manufacturing processes for cell and gene therapies. One of the pri-
mary aims of this alliance was the development of new hardware
and software for the CliniMACSProdigy to deliver a highly automated
and closed process termedT cell Transduction – Large Scale (TCT-LS)
compatible with a cryopreserved startingmaterial and a cryopreserved
drug product and capable of producing the higher cell doses required
for TCR-T drug products. A full comparison of the already available
TCT and the newTCT-LS processes is shown inTable 1. Furthermore,
we could demonstrate that the new process does not negatively affect
other product attributes, is very robust, and shows consistent high-
quality clinical products after successful transfer to three different
manufacturing sites.

RESULTS
The TCT-LS process produces large numbers of transduced

T cells without negatively affecting other product attributes

Healthy donor apheresis was used to manufacture genetically modi-
fied T cells transduced with lentiviral vector using either the standard
(TCT) or large-scale (TCT-LS) process on the CliniMACS Prodigy.
Cell count and viability were analyzed throughout the 12-day process.
Figure 2A shows that the TCT-LS process is able to produce
er 2023



Table 1. Summary of differences between TCT and TCT-LS processes

Process parameter TCT process TCT-LS process

Maximum chamber capacity (mL) 250 600

Maximum chamber capacity (cell number) 5 � 109 R 1.5 � 1010a

Maximum number of target cells for selection 3 � 109 3 � 109

Selection reagent CD4/CD8 microbeads (1 vial each) CD4/CD8 microbeads (1 vial each)

Number of CD4+/CD8+ cells to start culture 1 � 108 4 � 108

Activation reagent MACS GMP T cell TransAct (1 vial) MACS GMP T cell TransAct – Large Scale (1 vial)

Cell culture conditions Static culture until day 3 Shaking from day 0

aGreater cell numbers may be possible with further optimization of culture conditions.
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significantly higher cell numbers than the TCT process (mean at day
12 for TCT-LS, 1.70 � 1010; mean for TCT, 5.22 � 109, p < 0.0001),
meeting the target ofR1.5 � 1010 viable cells (shown by dotted line)
in the majority of cases. Figure 2B shows viability throughout the
manufacturing process. Although there is a decrease in viability on
day 1, and this is slightly lower for TCT-LS than for TCT in this study,
this difference is not statistically significant (mean for TCT, 81.9%;
mean for TCT-LS%, 72.9%; p = 0.0637); for both processes the
viability increases by the end of the process and is not significantly
different at day 12 (mean for TCT-LS, 92.6%; mean for TCT,
94.2%; p = 0.0928). The proportion of CD3+ (mean for TCT-LS,
98.3%; mean for TCT, 92.6%; p = 0.5906), CD4+ (mean for TCT-
LS, 58.6%; mean for TCT, 64.3%; p = 0.6033), and CD8+ (mean for
TCT-LS, 39.5%; mean for TCT, 31.7%; p = 0.3313) T cells in the final
product is comparable for both processes (Figure 2C). Performance
during the selection step is also similar for both processes (Figure 2D),
with no significant difference in recovery (calculated as the number of
CD3+ T cells post selection divided by the number of CD3+ cells pre-
selection; mean for TCT-LS, 49.9%; mean for TCT, 53.6%; p =
0.7892), purity as defined by the %CD3+ cells (mean for TCT-LS,
86.2%; mean for TCT, 87.3%; p = 0.9832), or viability (mean for
TCT-LS, 84.9%; mean for TCT, 89.3%; p = 0.4324). This is as ex-
pected, as there are minor differences in the design of the selection
column or the process itself at the selection stage. Analysis of different
immune cell sub-types was performed pre and post selection. Fig-
ure 2E shows enrichment of T cells post-selection, with reduction
in other immune cell types.

To account for the high variability seen between different donors,
extended characterization of memory T cell populations, activation
markers, exhaustion markers, and CD4:CD8 ratio was analyzed in
three runs with matched donors. Healthy donor apheresis was cry-
opreserved using the day -X process. Cells were thawed for selec-
tion, after which the CD4+/CD8+ cells were divided and expanded
in either the TCT or TCT-LS process. Analysis of memory subsets
was performed at days 0, 7, and 12. There is no significant differ-
ence in the proportion of different memory subsets in the final
product manufactured using either the TCT or TCT-LS process
(Figures 2F and S8; p > 0.8779). For both the TCT and TCT-LS pro-
cesses, there is a significant decrease in naive T cells from day 0 to
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days 7 and 12, and an increase in stem cell memory and effector
T cells, while proportions of central memory and effector memory
T cells are variable throughout the process and between donors
(Figure S8). Analysis of memory phenotypes in the total, trans-
duced, and non-transduced cell populations was also performed at
day 12 and shows no significant differences in any memory sub-
population (Figures S8A–S8E).

Expression of the exhaustion markers LAG-3, PD-1, and TIM-3 was
evaluated at days 0, 7, and 12 of the process. Expression of all
exhaustion markers remains below 15% at time points during the
process, with no differences seen between the TCT and TCT-LS
processes (Figures S10A–S10C; p > 0.7588). Expression of the acti-
vation markers CD69 and CD25 was evaluated at days 0, 1, 7, and
12 of the process. Expression of the early activation marker CD69
peaks at day 1 and the late activation marker CD25 at day 7, as ex-
pected. There is no significant difference in marker expression be-
tween the TCT and TCT-LS processes at any time point
(Figures S9D and S9E; p > 0.1041).

CD4:CD8 ratio was calculated based on the percentage of CD4+

and CD8+ T cells at day 0 and day 12 (Figure 2G). Although there
is variability between donors and between time points, with one
donor showing an increased CD4:CD8 ratio and two donors
showing a decreased CD4:CD8 ratio at day 12 compared to day
0, there is no significant difference between the TCT and TCT-
LS manufacturing processes (mean at day 12 for TCT-LS, 1.57;
mean for TCT, 1.24; p = 0.2386). Analysis of CD4:CD8 ratio was
also performed for the total, transduced, and non-transduced
cell populations at day 12 and shows no significant difference
(Figure S9F).

Accurate and consistent formulation and filling of apheresis

using the CliniMACS Prodigy

Development work for this part of themanufacturing process (termed
day -X) focused on development of a new custom software for the
CliniMACS Prodigy. This software performs washing, concentration
adjustment, formulation, and filling operations in a fully closed and
automated manner within existing commercially available single-
use tubing sets and using the CliniMACS Formulation Unit accessory.
herapy: Methods & Clinical Development Vol. 31 December 2023 3
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Figure 2. Comparison of standard (TCT) and large-

scale (TCT-LS) manufacturing processes

(A) Comparison of cell expansion over 12 days between

TCT and TCT-LS processes (n = 10 for TCT and 13 for

TCT-LS, individual data points shown, unpaired t test of

day 12 values). (B) Comparison of viability over 12 days

between TCT and TCT-LS processes (n = 10 for TCT

and 13 for TCT-LS, individual data points shown,

unpaired t test of day 12 values). (C) Comparison of

%CD3+, %CD4+, or %CD8+ T cell subsets in drug

product manufactured using either TCT or TCT-LS

process (n = 10 for TCT and 13 for TCT-LS; graph

shows individual data points with mean + SD; two-way

ANOVA with Sidak’s multiple comparisons test). (D)

Comparison of viability, purity (%CD3+ cells), and cell

recovery during selection in TCT and TCT-LS processes

(n = 7 for TCT and 13 for TCT-LS, graph shows

individual data points with mean + SD; two-way ANOVA

with Sidak’s multiple comparisons test). (E) Cellular

composition pre and post selection for TCT and TCT-

LS processes (n = 6 for TCT and 10 for TCT-LS, graph

shows mean). (F) Comparison of memory T cell subsets

in product manufactured using either TCT or TCT-LS in

matched donors (n = 3, graph shows individual data

points with mean + SD; two-way ANOVA with Sidak’s

multiple comparisons test). (G) Comparison of CD4:CD8

ratio on day 0 and day 12 in product manufactured

using either TCT or TCT-LS in matched donors (n = 3;

graph shows individual data points with mean +

SD; two-way ANOVA with Sidak’s multiple comparisons

test).
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Development studies were completed in two stages. The first stage
evaluated accuracy of filling, post-thaw viability, and %CD3+ cells.
The second stage evaluated performance of the cells cryopreserved us-
ing the day -X process throughout a single proof-of-concept TCT-LS
process to produce a transduced T cell product. Results and accep-
tance criteria are shown in Table 2. All acceptance criteria were
met, with a mean filling accuracy of 94% across 42 bags in 13 studies
and a mean DMSO concentration of 5.1%. It was noted that the post-
thaw viability of the CD3+ population was lower than the viability of
the overall CD45+ population (mean for CD3+, 68.7%; mean for
CD45+, 80.9%), showing CD3+ cells are more susceptible to damage
during freeze-thaw; however, subsequent data from the TCT-LS pro-
cess using both healthy donor (Figure 2; Table 2) and patient apher-
4 Molecular Therapy: Methods & Clinical Development Vol. 31 December 2023
esis (Figure 5) cryopreserved using the day -X
process shows cells are able to recover and
expand to reach a high viability and number,
demonstrating an ability to deliver a consistent
final product.

Development of formulation and fill process

At the end of the TCT-LS process, cells are
washed to reduce any residual impurities
relating to the cell culture process, such as me-
dium, cytokines, or vector. The cells are resus-
pended in formulation buffer in the chamber of the tubing set, where
the volume of cell suspension is adjusted to 2� the target cell concen-
tration for filling. A final concentration of 5% DMSO is achieved
through a 1:1 dilution of cell suspension and CryoStor 10 to formulate
the bulk drug product.

A two-step approach toward automated formulation and filling of the
drug product was chosen. In the first step, clinical studies were initi-
ated using manual distribution of an automatically formulated bulk
drug product into individual drug product and quality control
(QC) bags. The Prodigy completed washing, cell concentration
adjustment, and DMSO addition steps in an automated way. While
still working in a closed system, operators then ensured a



Table 2. Summary of day -X development studies

Study Parameter investigated Acceptance criteria Number of runs Result (range)

Apheresis cryopreservation

filling Accuracy (%) ±15% of target volume 13 (42 bags filled) 94.0% (85.2%–105.6%)

DMSO concentration (%) for information only (target 5%) 6 5.1% (4.5%–5.3%)

post-thaw viability (%)
CD45: R70%
CD3: for information only

9
CD45+: 80.9% (74.3%–87.4%)
CD3+: 68.7% (50.9%–83.9%)

Drug product manufacturing

%CD3+ Cells R80% 1 99.6%

cell number R1 � 1010 1 1.58 � 1010

transduction efficiency (%) R10% 1 39.4%

vector copy number (copies/cell) %5 copies/cell 1 1.4

potency antigen-specific killing detected 1 detected

post-thaw viability (%) R70% 1 91.8%
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homogeneous cell suspension via a sequence of inversion of the bag
and incubation on a horizontal shaker and distributed the formulated
cells into the individual bags via gravity flow. The operators used
gravity to allow the cell suspension to flow into the bags to be filled,
using a balance to monitor filling, and manually opening and closing
the bag clamps to control the liquid flow. This semi-automated pro-
cess ensured flexibility for dose escalation with different planned
filling volumes and dosing strategies and allowed rapid implementa-
tion for initiation of the clinical study.

The accuracy of this semi-automated formulation and fill process was
evaluated by determination of bag weight, expressed as a percentage
of the target volume, in the clinical batches manufactured for
GSK3377794 (Figure 3A). Of the 53 successfully manufactured
batches, one batch was filled into three product bags, 51 were filled
into two product bags, and two were filled into one product bag
(the number of bags filled is dependent on the number of cells at
the end of expansion). Filling accuracy was high, with a mean of
99.8% (range, 78.5%–104.7%) across all bags filled. Of the 105 bags
filled, 95 were within the required 5% volume accuracy (shown by
the dotted lines), demonstrating the consistency and accuracy of
this process for manufacturing clinical products. Cell concentration
was determined via post-thaw analysis of the drug product filled
into the QC bag and expressed as the percentage of the expected
cell concentration (Figure 3B). This was more variable, with an
average of 92% and range of 62.0%–117.4%, reflecting the complexity
and variability of manufacturing a product using patient starting
material.

While initially allowing filling flexibility with high accuracy, this
filling process still consisted of a labor-intensive, two-operator pro-
cess step. To further increase automation and reduce operator
hands-on time at later clinical stages, the filling process was auto-
mated in a second step. While the bulk drug product was initially
formulated into a bag that required manual mixing and incubation
on a horizontal shaker before distribution, the automated filling pro-
cess allowed the 1:1 dilution of the formulated 2� drug product with
CryoStor 10 in the culture chamber of the Prodigy tubing set itself, in
Molecular T
which automated mixing with an optimized resuspension strategy
was then possible. Depending on the pre-defined dosing strategy,
the appropriate volumes of formulated cells were automatically trans-
ferred into bags of different sizes, including product bags, retain bags
to be stored for further analysis as required, and QC bags to be ali-
quoted into cryovials prior to cryopreservation for QC analysis of
the T cell product.

The filling accuracy (Figure 4A) was evaluated through weighing the
filled bags and expressed as a percentage of the target fill volume. The
filling accuracy was lower than in the manual gravity filling process
(mean for product bags, 89.8% [range 84.8%–97.2%]; retain bags,
90.9% [87.8%–97.0%]; QC bags, 89.0% [83.6%–94.5%]). Therefore,
the specification of the ongoing clinical study of +5% volume
accuracy was not met without further development work, such as
including the device camera for volume accuracy factors, and the
automated filling project was discontinued at this stage.

However, the automated formulation of the bulk drug product within
the chamber using automated mixing still consisted of a step toward
higher automation and was investigated further. First, the mixing
strategy was optimized in buffer runs without cells. The DMSO con-
centration (Figure 4B) was measured using osmolality as a surrogate
measure. The DMSO concentration was shown to be slightly lower
than the 5% target in all bag types (mean for product bags, 4.6%;
retain bags, 4.6%; QC bags, 4.5%), but this had no negative impact
on the post-thaw viability and cell number.

Finally, the suitability of this mixing strategy was analyzed in four in-
dependent runs using T cells frozen with the day -X process and then
expanded with the TCT-LS process. At the end of the culture process,
T cells were automatically formulated to the final bulk drug product
and mixed in the chamber before distribution into three to six bags.
The bags were then frozen and thawed using the clinical study proto-
cols, and cell concentration and viability were assessed both directly
after thawing (post thaw [0 h]), and after a 2-h hold time at room tem-
perature without prior DMSO wash-out (post thaw [2 h]). While cell
concentrations were significantly higher for the post-thaw 0-h
herapy: Methods & Clinical Development Vol. 31 December 2023 5
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Figure 3. Development of a partially automated formulation and fill process

(A) Filling accuracy in product bags filled for clinical product; n = 108 bags across 55 batches, solid line indicates target of 100%, dotted line indicates acceptable range

of ±5%. (B) Cell concentration in product bags filled for clinical product expressed as percentage of expected; n = 55 batches. (C) Cell viability from post-thaw drug product,

n = 55 batches. Graph shows individual data points with mean + SD.
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analysis, the concentrations at pre-freeze and post-thaw 2 hwere close
to the target and not significantly different (mean for pre-freeze,
104.5%; mean for post-thaw 0 h, 112%; mean for post-thaw 2 h,
101.8%) The entire T cell manufacturing and fill process also showed
highly promising data for cell viability (Figure 4D). Viability was high
pre-freeze (mean 90.1%) and did not drop significantly after the
freeze-thaw process at either 0 h (mean 87.5%, p = 0.1977) or 2 h
(mean 87.6%, p = 0.1721) time points. Cells in all 15 bags from all
four runs met the acceptance criterion of >70% viability.

Successful technology transfer of an automated manufacturing

process to multiple manufacturing facilities

Technology transfer of a manufacturing process from research and
development (R&D) labs to a Good Manufacturing Practice (GMP)
manufacturing facility contributes significantly to the cost of devel-
oping an autologous T cell therapy product due to the length and
complexity of the process. Following successful development of the
automated manufacturing process described above, GSK transferred
this process to three GMP manufacturing facilities in the US and Eu-
rope to support manufacturing of three T cell therapy products. Fig-
ure 5 shows the results of technology transfer runs performed for each
facility using healthy donor material. All runs met the pre-defined
acceptance criteria.

Figure 5A shows the performance of the selection process in terms of
cell recovery (number of CD3+ cells post selection compared to num-
ber ofCD3+ cells pre-selection), viability andpurity (%CD3+ cells) post
selection. Most runs met the targets for recoveryR40% (mean for site
1, 39.4%; site 2, 51.3% and site 3, 48.8%), viabilityR70% (mean for site
1, 73.9%; site 2, 81.8%; and site 3, 75.9%), and purityR80% (mean for
site 1, 94.3%; site 2, 95.0%; and site 3, 92.3%), in all runs at all three sites,
with no significant difference in any attribute between the different
sites (p = 0.08). Figure 5B shows the attributes of theT cell product after
genetic modification and expansion in terms of viability, purity, and
transduction efficiency (percentage of cells expressing transgene). All
runs at all sitesmet the acceptance criteria ofR70%post-thaw viability
(mean for site 1, 83.0%; site 2, 84.5%; and site 3, 88.0%),R80% purity
6 Molecular Therapy: Methods & Clinical Development Vol. 31 Decemb
(mean for site 1, 99.5%; site 2, 100.0%; and site 3, 99.2%), andR10%
transduction efficiency (mean for site 1, 45.5%; site 2, 51.3%; and site
3, 49.9%), with no significant difference in any attribute between the
different sites (p = 0.4529). Figure 5C shows that there is no significant
difference in fold expansion (from cells seeded post selection to cells
harvested at the end of the process) between the manufacturing sites
(mean for site 1, 32.7; site 2, 41.4; and site 3, 25.0; p = 0.3227). Figure 5D
shows that all products had a vector copy number (VCN) below the
requirement of five copies per cell, with no significant difference be-
tween sites (mean for site 1, 2.2; site 2, 3.0; and site 3, 1.7; p =
0.7466). All runs met the acceptance criteria for antigen-specific cell
killing ofR3 points on the serial dilution curve withR17% antigen-
specific cell killing, demonstrating comparable potency of the final
product (data not shown).

Consistent and robust manufacturing of autologous T cell

therapy products for clinical studies

Figure 6 shows a summary of data from clinical batches manufactured
for three T cell therapy products in clinical studies at a single
manufacturing facility. Batches were manufactured between October
2020 and November 2022. Of 72 batches manufactured, 64 met all
acceptance criteria and were released, representing a batch success
rate of 89%, demonstrating the robustness and consistency of the
manufacturing process even with patient starting material. The suc-
cess rate of manufacturing improved over time, as further process
and operational improvements were implemented: the success rate
for the 42 batches manufactured in 2021 was 82%, and for the 29
batches manufactured in 2022 was 97%. Of the batches that failed,
either during manufacturing or due to failure to meet acceptance
criteria on the final product, it was frequently because of the quality
of the starting material: for example, the presence of particulates,
low viability, or failure of the cells to expand. In many cases, re-
manufacturing, either from additional cryopreserved apheresis from
the day -X process or from a second apheresis collection, was success-
ful. No batches failed due to microbial contamination, demonstrating
the suitability of the Prodigy platform for manufacturing within a
closed system at a lower cleanroom classification (grade C).
er 2023



Figure 4. Development of a fully automated formulation and fill process

(A) Filling accuracy in product, retain, andQCbags filled in buffer runs (expressed as percentage of expected value); n = 66 for product bags, six for retain bags, 17 forQCbags;

solid/dotted lines indicate target, 5% and 15% variability. (B) DMSO concentration measured by osmolality against a standard curve with known DMSO concentrations in

product, retain, andQCbags filled in buffer runs; n = 30 for product bags, 10 for retain bags, six forQCbags; dotted line indicates target of 5%. (C)Cell concentration in product

bags from runs expressed as the percentage of expected concentration (solid/dotted lines indicate target, 5% and 15% variability), n = 15 bags across four runs, graph shows

mean+SD, one-wayANOVAwithmultiple comparisons (Dunnett’smultiple comparisons test). (D) Viability in product bags from runs (dotted line showsacceptance criterion of

R70%), n = 15 bags across four runs, one-way ANOVAwithmultiple comparisons (Dunnett’smultiple comparisons test). Graphs show individual data points withmean +SD.
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Data shown are from 67 batches (55 batches for GSK3377794, five
batches for GSK3845097, and seven batches for GSK3901961) that
were successfullymanufactured and issued with a certificate of analysis.
Product attributes, including purity (%CD3+ cells), transduction effi-
ciency (percentage of transduced cells), vector copy number, and fold
expansion (number of cells at the end of the process compared to the
number of cells seeded after selection) were evaluated in the final prod-
uct prior to freezing, and post-thaw viability, cell number, and antigen-
specific cell killing were evaluated from a sentinel vial filled from the
QC bag and cryopreserved in parallel to the product bags. The purity
of the final product (Figure 6A) was >90% for all batches (mean for
GSK3377794 = 98.7%, GSK3845097 = 99.6%, and GSK3901961 =
99.7%) exceeding the acceptance criterion of R80% (shown by the
Molecular T
dotted line). Post-thaw viability (Figure 6B) was also high (mean for
GSK3377794 = 88.3%, GSK3845097 = 88.2%, GSK3901961 = 86.3%).
Transduction efficiency was more variable across batches and across
different products (Figure 6C), ranging from 23% to 81% (mean for
GSK3377794 = 58.9%, GSK3845097 = 54.8%, GSK3901961 = 44.9%),
which may reflect variability both in patient material but also in
different vector batches used. Vector copy number (Figure 6D) showed
a similar variability, with a range of 0.7–4.2 copies/cell (mean for
GSK3377794 = 2.6, GSK3845097 = 2.6, GSK3901961 = 1.7), but all
batches met the acceptance criterion of %5 copies/cell (shown by the
dotted line). However, the high fold expansion (Figure 6E) achieved,
although still variable (ranging from 10 to 50; mean for
GSK3377794 = 29, GSK3845097 = 19, GSK3901961 = 33), meant that
herapy: Methods & Clinical Development Vol. 31 December 2023 7
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Figure 5. Consistent performance of TCT-LS process at site 1 (n = 12), site 2 (n = 4), and site 3 (n = 3)manufacturing facilities during technology transfer using

healthy donor material

(A) Comparison of recovery (CD3+ cells after selection/CD3+ cells before selection), viability, and purity (%CD3+ cells) post selection. (B) Comparison of viability, purity (%CD3+

cells), and transduction efficiency in final product. (C) Comparison of fold expansion (number of cells at end of process/cells seeded after selection). (D) Comparison of vector

copy number in final product; dotted line shows acceptance criterion of %5 copies/cell. Graphs show mean + SD.

Molecular Therapy: Methods & Clinical Development
evenbatcheswith lower transductionproduced enough transducedcells
for patient treatment in most cases (Figure 6F). In addition, all batches
met the acceptance criteria for in vitro antigen-specific cell killing,
withR3 points on the serial dilution curvewithR17% antigen-specific
cell killing, demonstrating potency of the final product.

DISCUSSION
Recent years have demonstrated the enormous potential of T cell
immunotherapy, notably in treating cancer, but in other diseases as
well. However, the manufacturing process for autologous cell
therapies is complex and expensive, resulting in high prices for
these medicines and therefore limiting patient access. These costs
are directly related to the complexity and degree of automation of
the manufacturing process. Introducing an automated and closed
manufacturing process can therefore significantly increase product
safety and quality while reducing costs and complexity.

The CliniMACS Prodigy has previously been used for GMP produc-
tion of several different types of cell therapy, including T cells. How-
ever, the size of the chamber for culturing cells poses a limitation
8 Molecular Therapy: Methods & Clinical Development Vol. 31 Decemb
where high cell numbers are required, such as in solid-tumor
oncology indications.21 In this paper, we describe the results of a
newly developed manufacturing platform using the CliniMACS
Prodigy for GSK’s pipeline of CAR- and TCR-T cell therapies to treat
multiple oncology indications. Our results demonstrate the ability of
the new TCT-LS process to deliver the required target doses without
affecting any relevant product attributes.

Implementing a cryopreservation step for the apheresis starting ma-
terial prior to manufacturing avoids rescheduling or canceling a
manufacturing slot. Cryopreservation of multiple bags of apheresis
for each patient also enables re-manufacture in case of
manufacturing or product failure without needing to schedule a
repeat apheresis collection. Due to the rapid progression of their
disease, patients are often on bridging chemotherapy while awaiting
treatment, and a wash-out period of several weeks may be required
before apheresis collection, significantly increasing the time until
patient treatment. The results of this study demonstrate the ability
of the day -X process to formulate apheresis accurately and
consistently.
er 2023



Figure 6. Summary of clinical manufacturing data for three T cell products (n = 55 for GSK3377794, five for GSK3845097, and seven for GSK3901961)

(A) Purity (%CD3+ cells); acceptance criterion of 80% shown by dotted line. (B) Post-thaw viability; acceptance criterion of 70% shown by dotted line; GSK3377794 data are

the same as post-thaw viability shown in Figure 3C. (C) Transduction efficiency. (D) Vector copy number; acceptance criterion of >5 copies/cell shown by dotted line. (E) Fold

expansion (cells in final product/cells seeded for expansion). (F) Total number of transduced cells manufactured. Graphs show individual data points with mean + SD.
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Automated formulation and fill of the final product also enables sup-
ply chain flexibility, as the product can be stored while all release
testing is completed and can be shipped to and stored at the clinical
site to enable the physician to schedule treatment. This step of the
process is particularly challenging to automate due to complexities
Molecular T
in dosing, where a clinical trial design may require dose escalation
and or split-dosing strategies, and this is likely to change during clin-
ical development of a product. Different products may also require
different doses, making a platform manufacturing approach chal-
lenging. In this case, we demonstrate successful development of a
herapy: Methods & Clinical Development Vol. 31 December 2023 9
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partially automated formulation and fill process, where formulation
is performed in the chamber of the Prodigy tubing set to achieve a
homogeneous cell suspension, which is then manually filled into in-
dividual product bags. This process resulted in a filling accuracy
within 5% of target volume and allows for a more flexible filling
approach, which may be beneficial to early-phase clinical studies, as
it enables the filling process to be entirely closed while also providing
flexibility to manage complex dosing strategies.

We also show preliminary data for a fully automated formulation and
fill process, using the formulation unit to control filling of individual
product bags. In this case, it was not possible to completely automate
the fill process while meeting GSK’s requirement for a filling accuracy
of +5% of the target volume, although we were able to achieve filling
to within ±15% of the target volume. Further optimization of this pro-
cess is currently being developed byMiltenyi Biotec. Instead, we chose
to focus on the automated formulation of the drug product in the
chamber, optimizing the mixing and resuspension steps to ensure
homogeneous filling of the product without negatively affecting
viability.

Technology transfer of a manufacturing process from R&D to a GMP
manufacturing facility contributes significantly to the cost of devel-
oping an autologous T cell therapy product, due to the length and
complexity of the process. Development of an automated process
can simplify this process, reducing the risk of run failures and helping
to comply with regulatory requirements to demonstrate that the
manufacturing process at each site results in a comparable product.
Following successful development of the end-to-end manufacturing
process described above, GSK transferred this process to three
GMP manufacturing facilities in the US and Europe to support clin-
ical and commercial manufacturing of three T cell therapy products
meeting all acceptance criteria.

Finally, we show that the manufacturing process still performs consis-
tently even when using patient apheresis as starting material, which is
frequently highly variable. We summarize the manufacturing data
from 69 batches, showing a manufacturing success rate of 89%.
Where batches did fail, they were re-manufactured from existing cry-
opreserved apheresis in most cases. All products had a purity of more
than 80%, and only two had a post-thaw viability of less than 70%.
While transduction efficiency was more variable, the high total cell
numbers achieved in the process meant that even batches with lower
transduction produced a sufficient dose of transduced cells. All
batches met the acceptance criteria for antigen-specific cell killing,
demonstrating potency of the final product in vitro. All three T cell
products have beenmanufactured in a certifiedmulti-product facility,
where manufacturing processes are performed in a single cleanroom
suite at grade C classification. The closed nature of the Prodigy plat-
form formed a critical component of our contamination control strat-
egy in justifying this approach to the regulatory authorities.

While the closed tubing set of the Prodigy provides a high degree of
sterility assurance, consideration must also be given to the prepara-
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tion of the raw materials required for the process, such as viral vector,
media, and supplements. The ability to sterile weld the container
closures for such raw materials is an area still requiring further
development by suppliers to aid simplification/streamlining of the
manufacturing processes.

A significant challenge facing advanced therapies is the ability to link
manufacturing data to clinical outcomes, to be able to define the crit-
ical quality attributes responsible for the safety and efficacy of a prod-
uct. Extended characterization of many product attributes is required
at early stages of development when there may be limited resources
and expertise available. This can contribute to limited understanding
of the complex product, its mechanism of action, and how
manufacturing process parameters can affect the final product.

There is currently limited understanding of the dose requirements for
product efficacy for T cell therapies in solid-tumor indications, as
their therapeutic effect is largely driven by expansion in vivo following
infusion and their ability to traffic to and persist in the tumor site.2 It
is likely that other factors apart from the absolute number of trans-
duced T cells are important for efficacy, such as the proportions of
different T cell memory subsets and levels of exhaustion.34 Early
studies focused on effector T cells, due to their high secretion of
effector cytokines and proficiency in killing tumor cells in vitro; how-
ever, more recent evidence suggests that infusion of products with a
higher proportion of less differentiated T cells, including naive, cen-
tral memory, and stem cell memory T cells, may be advantageous due
to their high proliferative capacity.35,36 However, a previous post hoc
analysis of GSK3377794 product characteristics and clinical outcome
found that a higher dose was correlated with a better clinical outcome
and found no link with different memory phenotypes; instead, a
higher number of CD8+ T cells in apheresis material was linked to
a better response.37

There is evidence that these attributes can be influenced by the
manufacturing process, such as the use of different cytokines for
T cell expansion in vitro. While interleukin (IL)-2 was reported to
increase in vitro expansion but to result in higher exhaustion and
therefore poorer anti-tumor function, a combination of IL-7 and
IL-15 resulted in better expansion, cytotoxicity, and cytokine secre-
tion in vitro, and IL-21 resulted in greater expansion of less differen-
tiated T cells and showed prolonged persistence in vivo.38 Our own
analysis shows that a manufacturing process using IL-2 for expansion
over 12 days results in a reduction in naive T cells and increase in stem
cell memory and effector T cells compared to cells on day 0. However,
we found that expansion was similar with either IL-2 or a combina-
tion of IL-7 and IL-15 (data not shown). There is also some evidence
that reducing the manufacturing duration to 1–3 days may improve
the anti-tumor activity of CAR-T cells in hematological indica-
tions.39,40 Expansion over a reduced number of days may also skew
populations toward less differentiated sub-types,36 resulting in a
lower available dose but a potentially more efficacious product, as
well as significantly reducing the cost of manufacturing. Further char-
acterization of the correlation between clinical outcomes andmemory
ber 2023
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phenotypes in the product infused will be necessary to determine
the optimal product characteristics, and, even then, designing a
manufacturing process to produce the T cell sub-populations of
choice will pose new challenges.

MATERIALS AND METHODS
Source of cells

Experiments were performed at GSK (Medicines Research Centre,
Stevenage, UK, or Upper Providence, Collegeville, USA) andMiltenyi
Biotec (Bergisch Gladbach, Germany). Leukapheresis was obtained
from healthy donors, WSQQied by Hemacare (Los Angeles, CA),
BioIVT (Cambridge, UK), or Medizinische Hochschule (Hannover,
Germany). Buffy coats were obtained fromMedizinische Hochschule
(Hannover, Germany). The human biological samples were sourced
ethically, and their research use was in accordance with the terms
of the informed consents under an Institutional Review Board/
Ethics Committee (IRB/EC)-approved protocol. Cells were formu-
lated in a 1:1 mixture of CryoStor Buffer and CryoStor 10 (both
STEMCELL Technologies, Vancouver, Canada), resulting in a final
concentration of 5% DMSO. Cells were cryopreserved using a
controlled-rate freezer (CRF) and stored in vapor-phase liquid
nitrogen.

Source of vector

Third-generation self-inactivating lentiviral vectors based on human
immunodeficiency virus type one (HIV-1) pseudotyped with the en-
velope glycoprotein from vesicular stomatitis virus G (VSV-G) and
encoding a therapeutic engineered T cell receptor or chimeric antigen
receptor construct were used in these studies. Vector was manufac-
tured at AGC Biologics (Bresso, Italy) using transient transfection
of suspension culture-adapted HEK293T cells. Following transfec-
tion, the supernatant containing the viral particles was purified,
concentrated, and stored at �80�C. The infectious titer of each batch
was determined by flow cytometry for the TCR- or CAR-specific pep-
tide complex in transduced cell lines.

Large-scale automated T cell production using the CliniMACS

Prodigy

The TCT and TCT-LS processes comprise T cell selection, activation,
transduction, and expansion steps of the manufacturing process. Cells
were thawed using either a Sahara-TSC (Sarstedt, Nümbrecht, Ger-
many) or Plasmatherm (Barkey, Leopoldshöhe, Germany) thawing
device, and connected to the CliniMACS Prodigy (Miltenyi Biotec,
Bergisch Gladbach, Germany) via sterile welding. For the TCT pro-
cess, the TS520 tubing set (with a centricult chamber with capacity
up to 250 mL) and the TCT software was used. For the TCT-LS
process, the TS620 tubing set (with a MXC50 centricult chamber
with capacity up to 600 mL) and the custom software developed in
collaboration with Miltenyi Biotec, which is now commercially avail-
able, was used. After thawing, the cells were immediately diluted and
loaded into the chamber.

Magnetic selection of CD4+ and CD8+ cells was performed using CD4
and CD8 microbeads (Miltenyi Biotec, Bergisch Gladbach, Ger-
Molecular Th
many). For the TCT process, 1 � 108 CD4+/CD8+ cells were seeded
into the chamber. For the TCT-LS process, 4 � 108 CD4+/CD8+ cells
were seeded into the chamber. Cells were activated by addition of
MACS GMP T cell TransAct Large Scale (Miltenyi Biotec, Bergisch
Gladbach, Germany). The following day, transduction was performed
with lentiviral vector at a previously determined multiplicity of
infection (MOI). The cells were then expanded for up to 12 days in
TexMACS medium (Miltenyi Biotec, Bergisch Gladbach, Germany)
supplemented with 100 IU/mL IL-2 (Miltenyi Biotec, Bergisch Glad-
bach, Germany) and 5% AB serum (Access Biologicals, Vista, CA)
for the first 5 days, after which the medium was changed to serum
free. At the end of the manufacturing process, cells were automatically
formulated in CryoStor CS5 (5% DMSO) at a concentration of
10–100� 106 cells/mL and filled into CryoMACS bags (Miltenyi Bio-
tec, Bergisch Gladbach, Germany) using the custom formulation soft-
ware as described below and cryopreserved using a CRF. Cells were
transferred into cryovials for analytical testing and cryopreserved in
parallel to the product bags. Samples for cell count/viability and
immunophenotype were taken throughout the process. Samples for
transduction efficiency, vector copy number, and cytotoxicity were
taken at the end of the process.

Apheresis formulation and fill

The day -X process comprises washing, formulation, and cryopreser-
vation of apheresis material to enable it to be stored until required for
manufacturing. Cells were connected to the TS710 tubing set on the
CliniMACS Prodigy via sterile welding. The automated day -X pro-
cess was used to wash the cells twice in CliniMACS PBS/EDTA buffer
(Miltenyi Biotec, Bergisch Gladbach, Germany) supplemented with
0.5% human serum albumin (HSA; Irvine Scientific, Santa Ana,
CA) and twice in CryoStor buffer (CSB; STEMCELL Technologies,
Vancouver, Canada). The cell concentration was then adjusted to
40 � 106 CD3+ cells/mL by addition of further CSB, and cells were
then transferred from the Prodigy chamber into CryoMACS bags
provided as part of the CliniMACS Formulation Set (Miltenyi Biotec,
Bergisch Gladbach, Germany) in an automated way using the
CliniMACS Formulation Unit (Miltenyi Biotec, Bergisch Gladbach,
Germany). Cells were then formulated by adding a 1:1 dilution of
CryoStor CS10 to each bag containing the cell suspension, resulting
in a final 5% DMSO concentration and a final concentration of
20 � 106 CD3+ cells/mL. The number of bags filled was determined
by the cell number post wash, as each bag contains a set number of
CD3+ cells sufficient to start the next stage of manufacturing. Cells
were cryopreserved using a CRF. Samples for cell count/viability
and immunophenotype were taken prior to the start of processing,
after completion of the wash steps, and after cryopreservation.

Initial runs were performed using buffers only to evaluate filling accu-
racy and consistency, with CliniMACS PBS/EDTA buffer used in place
of leukapheresis. The volume of each filled bag was measured using a
balance to measure weight as a surrogate for volume, and the
weight-to-volume calculation was adjusted according to the solution
density. The DMSO concentration was measured using an osmometer,
with results extrapolated from a standard curve generated from
erapy: Methods & Clinical Development Vol. 31 December 2023 11

http://www.moleculartherapy.org


Molecular Therapy: Methods & Clinical Development
osmometer readings of samples with known DMSO concentrations
ranging from 2.5% to 10%. Subsequent runs were performed with
healthy donor leukapheresis obtained as described above.

Drug product formulation and fill

The drug product formulation and fill process includes washing,
formulation, and cryopreservation of transduced T cells to enable
the final product to be stored until required for patient treatment.
This process takes place in the existing TS620 tubing set used for
the TCT-LS process together with the CliniMACS Formulation Set
to fill multiple product bags.

In the version of the formulation process used for clinical
manufacturing, washing, resuspension of the cells in formulation
buffer (0.9% saline [Fresenius Kabi, Bad Homburg, Germany] supple-
mented with 4% HSA [Grifols, Los Angeles, CA]), and concentration
adjustment of the cell suspension at the end of expansion were per-
formed in the chamber of the TS620 tubing set. The cell suspension
was then transferred to a bulk product bag, where CryoStor CS10
(STEMCELL Technologies, Vancouver, Canada) was added in a 1:1
ratio to achieve a final 5% DMSO concentration. Mixing of the
bulk bag, and subsequent transfer of the formulation cell suspension
into individual product bags, was performed manually. This process
was evaluated using transduced T cells produced using the TCT-LS
process. Consistency and accuracy of filling across several product
bags was assessed by measuring the volume and % DMSO. Samples
for cell count/viability were taken prior to harvest, after filling and
prior to cryopreservation, and after cryopreservation.

Further optimization to develop a completely automated formulation
and fill process was performed. In this process, cell washing, concen-
tration adjustment, and formulation of the drug product in formula-
tion buffer and CS10 occurs in the chamber of the TS620 tubing set,
with automated shaking to ensure homogeneous mixing of cell
suspension and formulation buffer. Cells are then transferred from
the Prodigy chamber into CryoMACS bags provided as part of the
CliniMACS Formulation Set in an automated way using the
CliniMACS Formulation Unit. Initial tests of the software were per-
formed with buffer only to evaluate chamber mixing efficiency and
accuracy of volume transfer, including determining the dead volume
remaining in the tubing set, the accuracy of dilution with CS10, and
the accuracy and consistency of filling across multiple bags. Subse-
quent runs were then performed with transduced T cells produced us-
ing the TCT-LS process to evaluate the accuracy and consistency of
cell concentration across multiple bags.

Flow cytometry

Flow cytometry was performed on the MACSQuant Analyzer 10. An
overview of the panels and antibodies used for analysis at different
time points is shown in Table S1. Cells were transferred into a
96-well round-bottom plate (Corning, Corning, NY) and resuspended
in fluorescence-activated cell sorting (FACS) buffer (CliniMACS +
0.5% HSA). Cells were washed and resuspended in FACS buffer, and
dextramer reagent for detection of the engineered TCR was added
12 Molecular Therapy: Methods & Clinical Development Vol. 31 Decem
(transduction panel only). Cells were incubated for 25 min, washed,
resuspended in FACS buffer, and all other antibodies added as a pre-
prepared master mix. Cells were incubated for 30 min, washed, and re-
suspended in FACS buffer. The gating strategies used are shown in
Figures S1–S6. Appropriate fluorescence minus one (FMO) and
compensation controls were used. Data analysis was performed
using MACSQuantify software (Miltenyi Biotec, Bergisch Gladbach,
Germany).

Antigen-specific cell killing

Analysis of antigen-specific cell killing of transduced T cells was per-
formed using a flow cytometry assay to detect carboxyfluorescein suc-
cinimidyl ester (CFSE) in a cell line presenting the target peptide recog-
nized by the engineered TCR on transduced T cells. The difference in
live cell count between peptide- and no-peptide conditions is used to
calculate the percentage of peptide-specific cell killing, providing a
measure of cytotoxicity activity in transduced T cells.

On day 0, target cells were seeded in T75 flasks (Thermo Fisher, Wal-
tham, MA) in RPMI 1640 medium (Gibco, Billings, Montana) sup-
plemented with 10% heat-inactivated fetal bovine serum (FBS; Gibco,
Billings, Montana), 1� GlutaMAX (Gibco, Billings, Montana), and
50 U/mL penicillin/streptomycin (Gibco, Billings, Montana) and
incubated overnight at 37�C, 5% CO2. The following day, transduced
T cells were thawed, resuspended in complete RPMI, and incubated
for 4 h at 37�C, 5% CO2. Target cells were resuspended at a concen-
tration of 1 � 107 cells/mL in a 1 mM CFSE (BD Bioscience Franklin
Lakes, NJ) solution in Dulbecco’s phosphate-buffered saline (DPBS)
(Gibco, Billings, Montana). Cells were incubated for 10 min and re-
suspended in assay medium. A 2-fold serial dilution of transduced
T cells was prepared in a 96-deep-well plate (Costar, Washington
D.C.) and 4 � 104 CFSE-labeled target cells were added to each
well. Then 50 mL of target peptide (Peptide Protein Research, Fare-
ham, UK) or 50 mL of complete RPMI was added to the sample
and control wells, respectively. Cells were incubated for 18 h at
37�C, 5% CO2.

On day 2, cells were resuspended in a 1:100 dilution of 7-Aminoacti-
nomycin D (7-AAD) (BD Bioscience, Franklin Lakes, NJ) in FACS
buffer. Data were acquired using the MACSQuant Analyzer 10.
Appropriate compensation controls were used. Data were analyzed
using MACSQuantify software. The gating strategy used is shown
in Figure S7. Control wells must have an average of R70% viability
and R200 cells/mL. Transduced T cells should have R3 points on
the serial dilution curve with R17% antigen-specific cell killing.

Vector copy number

The average number of copies of integrated lentivirus (LV) per cell
(vector copy number; VCN)was determined using a digital droplet
PCR (ddPCR) method on the QX200 AutoDG Droplet Digital PCR
system (Bio-Rad, Hercules, CA). The method is performed with
two sets of primers and probes: one specific for quantification of
LV and one specific for quantification of the cellular genome. VCN
is determined by the ratio of LV to genome.
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Cell pellets were frozen at�80�C and then thawed for genomic DNA
extraction using the DNeasy Blood and Tissue kit (Qiagen, Hilden,
Germany). DNA digestion was performed using the Fast Digest
MIuI kit (Thermo Fisher, Waltham, MA). The PCR reaction mixture
was prepared using the ddPCR Supermix for probes and ddPCR copy
number assay kit (both Bio-Rad, Hercules, CA). Primers/probe mix
were supplied by Invitrogen (Waltham, MA) or Thermo Fisher.
Droplet generation was performed using the automated droplet
generator (Bio-Rad, Hercules, CA). PCR amplification was performed
using the QX200 system thermocycler (Bio-Rad, Hercules, CA).
Droplet reading was performed using the QX200 droplet reader
(Bio-Rad, Hercules, CA). Data analysis was performed using the
QX manager software (Bio-Rad, Hercules, CA).
Manufacturing data from clinical batches

Manufacturing data from 67 clinical batches for three different
TCR-T cell products that were issued a certificate of analysis (55
batches for GSK3377794, five batches for GSK3845097, and seven
batches for GSK3901961) manufactured between 2020 and 2022 at
a single manufacturing facility under trials NCT04526509 and
NCT03967223 were evaluated. Product attributes, including purity
(%CD3+ cells), transduction efficiency (% transduced cells), fold
expansion, vector copy number, antigen-specific cell killing, and
post-thaw viability, were evaluated in the final product either prior
to freezing or from a sentinel vial cryopreserved in parallel to the
product bags.
Statistical analyses

GraphPad Prism v7.03 (GraphPad Software, San Diego, CA) was used
for statistical analysis and generation of graphs.

TCT-LS: unpaired t test was used to compare cell number and
viability between TCT-LS and TCT at day 12. Two-way ANOVA
with multiple comparison (with Sidak’s correction applied) was
used for all other comparisons.

Formulation: one-way ANOVA with multiple comparisons (Dun-
nett’s multiple comparisons test) was used to compare mean values
for post-thaw at 0 and 2 h with pre-freeze values.

Site-to-site comparison: one-way ANOVA with multiple compari-
sons (with Tukey’s correction applied) was used to compare mean
values for each site with each other site.

Statistical significance for each comparison is indicated on the graphs
as follows: no significant difference (NSD), *p % 0.05, **p % 0.01,
***p % 0.005.
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