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Abstract

Donor lymphocyte infusions (DLI) are routinely used as second line treatment to protect
against relapse of haematological malignancies following haematopoietic stem cell
transplant (HSCT). Lymphocyte collections are increasingly being used as starting
materials for chimaeric antigen receptor-T (CAR-T) manufacture. Current protocols for
storage and cryopreservation of lymphocytes are based on those developed for CD34+
HSC grafts and may not be appropriate for lymphocytes. As clinical use of lymphocyte
products increases, there is a pressing need to identify cryopreservation and storage
protocols that will optimise lymphocyte recovery and function when cells are stored or
shipped prior to use. This study investigated the effects of storage time at 4°C prior to
cryopreservation on post-thaw recovery and functionality of T lymphocytes from non-
mobilised and granulocyte-colony stimulating factor (G-CSF) mobilised peripheral blood.

Non-mobilised lymphocytes were extracted from sixteen apheresis cones from platelet
donations and purified by density gradient separation. Lymphocytes exposed to G-CSF
were obtained from the residual quality control samples from nine G-CSF mobilised
apheresis harvests from volunteer donors. Lymphocyte preparations were phenotyped
by flow cytometry and the total number of viable T cells present determined. Cells were
stored for either 24, 24-48 or 48-72 hours at 4°C prior to rate-controlled
cryopreservation. Following a minimum of 7 days storage, cells were thawed and
stimulated with CD3/CD28 activation beads for 4, 24 and 72 hours followed by flow
cytometric assessment of CD25 and CD69 expression on CD4+ and CD8+ cells. Post-thaw
recovery of viable T cells from each cryopreserved sample was calculated. Expression of
CD25/CD69 and CD3+ viability and recovery were compared for cells cryopreserved after
the different times in storage.

The results demonstrated a significant loss of viable T cells after cryopreservation that
became greater over time from collection to cryopreservation. If cryopreserved within
24 hours of collection, means of 77% of non-mobilised and 57% of mobilised CD3+ cells
were recovered post thaw. After >48 hours, the mean recovery dropped to 28% and 15%
respectively. Expression of activation markers after stimulation appeared unaffected by
length of time to cryopreservation in both sample groups indicating that T cells that
survived the freeze thaw process were functionally unharmed. Exposure to G-CSF did
not affect T cell responses to stimulation.

These findings demonstrate that current protocols for storing and handling lymphocytes
require modification to optimise recovery of T cells post thaw. Further study on a larger
sample group, is required to determine optimum protocols. As functionality post thaw
was unaffected by time to cryopreservation or G-CSF stimulation, this positive finding
indicates current freezing protocols do not influence lymphocyte functionality which will
be advantageous for future therapies using T cells.
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1 Chapter1 Introduction

1.1 Haematopoietic Stem Cell Transplantation

1.1.1 Historical Perspectives

Allogeneic haematopoietic stem cell transplant (HSCT) is the current standard of care
for treatment of chemotherapy resistant haematological malignancies, primarily
leukaemia and lymphoma. HSCT is not a new treatment — the first successful bone
marrow transplant (BMT) was performed by Dr E. Donnell Thomas in New York, United
States of America (USA) in 1956 using bone marrow from an identical twin to treat a
child with leukaemia. By the mid 1980’s bone marrow transplant had become a routine
treatment in Europe and the USA (Bortin et al. 1992). In essence, the principle and
practice of BMT has changed very little in the subsequent six decades (Barrett and

Craddock, 2020).

During the transplant process, the recipient bone marrow is ablated with
chemotherapeutic agents and radiotherapy to destroy all the marrow cells, both normal
and malignant. The empty marrow is then repopulated by HSC collected from a matched
healthy individual and the donor cells are introduced into the recipient via intravenous
infusion. Haematopoietic stem cells (HSC) then migrate to the recipient bone marrow,
where they engraft and reconstitute the bone marrow environment. Transplanted cells
can create sustained multilineage haematopoiesis (Servais et al. 2013, Locatelli et al.
2014), producing the full spectrum of normal blood cells of donor origin within the
recipient bone marrow (Figure 1.1). The common lymphoid progenitor cells give rise to
the cells of the adaptive immune response, B and T lymphocytes whereas the common

myeloid progenitor cells give rise to cells of the innate immune system and specifically
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macrophages which are the key antigen presenting cell, linking the innate and adaptive

immune system responses to foreign antigens.

Multipotential hematopoietic
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Figure 1.1: Image: Haematopoiesis (human) diagram (Rad and Haggstrom, 2009)

1.1.2 Bone Marrow as a Cell Source

Historically, the cell source used for HSCT was bone marrow. During a bone marrow
harvest procedure, the donor cells are collected via a long, wide gauge needle inserted
directly into the ileac crest of the pelvis under general anaesthetic. Syringes of blood are
withdrawn from the marrow space containing the resident bone marrow cells as well as
circulating blood cells until an adequate number of human stem cells (HSTs) to
reconstitute the recipient’s immune system have been collected. Multiple aspirations
are required and there may be several puncture sites as up to 1200mL of marrow may

be required to achieve a suitable cell dose for an adult recipient.
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The mean CD34+ cell dose collected from bone marrow harvest is approximately 2-3 x
10%/Kg recipient weight (Korbling and Anderlini, 2001, Anasetti et al. 2012). Studies on
patient outcome from patients transplanted with PBSC have shown that an optimal
number of >5 x 10° CD34+ cells/Kg recipient weight has been identified as able to
provide rapid and sustained engraftment (Pierelli et al. 2012, Remberger et al. 2020).
The lower CD34+ cell dose in bone marrow transplants contributes to longer
engraftment time; mean neutrophil and platelet engraftment has been shown to be 5-
7 days longer for patients transplanted with bone marrow compared to PBSC, which

results in longer hospital stay and increased risk of complications (Anasetti et al. 2012).

The harvest procedure of necessity requires a hospital admission and a minimum of a
one-night stay. The procedure can be painful for the donor and can result in anaemia
through blood loss if a high-volume collection is needed. The collected bone marrow
contains not only HSTs but high numbers of mature leukocytes, platelets and red cells
which are not required for transplant and can cause problems during storage and
infusion of the marrow. If the marrow is infused into the recipient with no further
manipulation, then donor and recipient must be blood group compatible as a marrow
harvest of sufficient volume to provide a good cell dose will also contain a sufficient red
cell volume to cause a severe transfusion reaction where the recipient has antibodies to
donor red cell antigens. Mature granulocytes can also cause problems in unmanipulated
grafts as they have a short half-life with around 85% cell death in culture after 72 hours
(Colotta et al. 1992). Unmanipulated marrow that is stored or shipped prior to infusion
may therefore contain a high number of dead granulocytes. Release of cytotoxic
chemicals and free DNA from the dead cells can cause bystander damage to the viable

HSCs in the graft and adversely affect its ability to engraft (Agashe et al. 2017).
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1.1.3 Manipulation of Bone Marrow Graft

It is possible to manipulate a bone marrow graft to remove or reduce the number of red
cells and granulocytes within it, thereby reducing the risks of transfusion reaction or cell
death. However, these are specialist procedures that require the use of complex cell
separation equipment and highly trained operators. In addition, to manipulating the
graft, the collecting system must be accessed, allowing the potential for contamination
during the manipulation. Any intervention where the collection system containing the
product is opened, must be performed in a clean room as the Human Tissue Authority
(HTA) require all open interventions to be performed in a sterile environment, if
regulatory compliance is to be maintained. Not all cell therapy laboratories have access
to acleanroom, or the specialist equipment required and so are unable to perform these
manipulations. In addition to the difficulties posed by the operational requirements, ex-
vivo manipulation of a graft carries substantial risks of unacceptable cell loss as well as
contamination of the graft (Kim-Wanner et al. 2017).

1.1.4 Apheresis Procedures

These disadvantages of bone marrow as a cell source for transplant provided an
incentive for clinicians to find an alternative cell source. Peripheral blood as a source of
stem cells has mostly replaced the need for bone marrow collections, since the mid-
1990s. In this process, leukocytes can be collected from peripheral blood using a cell
separator during a procedure known as apheresis. The cell separator is a programmable
machine that can be set to collect a specific fraction of the peripheral blood (white blood
cells (WBC), red blood cells (RBC), platelets, plasma) as required and return the
remainder to the circulation. HSCs are found within the mononuclear fraction of the

blood, but under normal circumstances are retained in the bone marrow until they reach
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maturity making them inaccessible to collection by apheresis. To facilitate mobilisation
of immature blood cells from the marrow compartment, donors are administered with
granulocyte-colony stimulating factor (G-CSF) (Stoikou et al. 2020).

1.1.5 Granulocyte-Colony Stimulating Factor

G-CSF is a cytokine which stimulates granulocyte proliferation. It is produced in response
to inflammatory stimuli by many different tissues and its release into the bloodstream
stimulates increased neutrophil proliferation and mobilisation from the bone marrow
(Molyneaux et al. 1990). Administration of G-CSF to healthy donors was found to
increase the number of haematopoietic progenitor cells in the peripheral blood, making
it an ideal mobilising agent and has been in routine use for this purpose for the last 3
decades (Bendall, and Bradstock, 2014, Stoikou et al. 2020). Unlike bone marrow
harvests, apheresis procedures are minimally invasive and do not require donor hospital
admission. Collected cell numbers are usually far higher, making it a better option for
adult recipients, and red cell contamination is usually below the threshold for initiating
a transfusion reaction. Probably because of the higher cell number, the risk of graft
failure for transplants performed using mobilised peripheral blood stem cells (PBSC) has
been shown to be approximately a third of that for transplants using BM (Passweg et al.
2011, Olsson et al. 2015).

1.1.6 HSCT transplants performed in the United Kingdom

In 2020, 1596 allogeneic HSCT transplants were performed in the UK. The most common
diagnosis of the patients treated was myelodysplasic syndrome/acute myeloid
leukaemia which comprised 45% of the total. Other acute leukaemias, lymphomas and
aplastic anaemias comprised the majority of the remaining 55%. 1223 (77%) of the
transplants performed in the UK utilised donor cells procured by apheresis (source:
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British Society of Blood and Marrow Transplantation and Cellular Therapy

https://bsbmtct.org/activity/2020/).

As seen from the British Society of Blood and Marrow Transplantation (BSBMT) data,
apheresis collections are now the preferred option in the UK, both because there is
reduced impact on the donor and because the number of cells that can be harvested is
higher, which enables satisfactory transplant doses to be achieved for larger recipients.
In most cases, the donor cells are infused into the recipient with little or no laboratory
manipulation.

1.1.7 Clinical Role of Human Leukocyte Antigen (HLA) in Relation to HSCT

Transplants

The human major histocompatibility complex (MHC), also known as human leukocyte
antigen (HLA) complex, is a specific group of molecules expressed on the cell surface
that are crucial for the recognition of self and non-self, molecules by the immune system
(Bertaina and Andrani, 2018). Graft-versus-host disease (GvHD) is a potentially serious
complication of allogeneic stem cell transplantation and reduced-intensity allogeneic
stem cell transplantation, which occurs when the transplanted donor immune system
recognises the recipient as non-self and mounts an immune response against recipient
cells. Initially transplants were only performed between identical twins or siblings to
avoid the complication of life-threatening GvHD. GvHD occurs when the donor derived
alloreactive T cells within the graft recognise the recipient cells as non-self and create
animmune response against them. When the donor and recipient are MHC mismatched,
a large proportion of the donor T cells in the graft will target host derived peptides in
the context of recipient MHC. This results in selective expansion of T cells with TCRs that
have a high affinity for host MHC molecules or peptides presented in their context.
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Unmanipulated HSC grafts usually contain a high number of T cells and GvHD in the
context of HSCT can be difficult to control. Skin, liver and intestine are the major targets
of HSCT related GvHD, but niche forming cells in the bone marrow can also be affected,
leading to long term deficits in haematopoiesis or immune function (Szyska and Na,

2016).

The first successful transplant between HLA matched unrelated individuals was
performed in 1968 on a child with severe combined immune deficiency (Gatti et al.
1968). HLA matching of donor and recipient significantly reduces the risk of GvHD and
allows transplant of HSC from unrelated donors. Current HLA matching transplant
practice is to match donor and recipient at 5 loci: HLA-A, HLA-B, HLA-C, HLA-DRB1 and
HLADQB1 (Little, et al. British Society of Histocompatibilty and Immunogenetics
Guideline 2021) to minimise the likelihood of either graft rejection or GvHD. However,
the likelihood of a full HLA match is only 25% for those recipients who have full siblings
and not all patients have siblings. To increase access to suitable donors for patients
without a suitable relative, registries of healthy volunteers willing to donate to another

individual have been created.

The Anthony Nolan Trust was the first donor bone marrow registry and was set up in the
UK in 1974. Other worldwide registries soon followed. Formation of the donor registries
has increased donor availability to the point where 40-70% of recipients are able to find
a donor somewhere in the world (Little, et al., 2021) but this has had the knock-on effect
of markedly increasing the time that grafts spend in transit. Grafts are routinely
collected on one continent for end use on another and frequently spend up to 48 hours

in transit before receipt at the transplant centre. Largely because of the requirement to
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cryopreserve HSC during the Covid pandemic, there is now substantial evidence that
shipment of HSC followed by cryopreservation does not adversely impact patient
engraftment (Hamadani et al., 2020, Thibideaux et al., 2023). However, in the case of
lymphocytes, there is evidence that shipment at 4°C can impair both recovery and
functionality (Johnson et al., 2022, Jerram et al., 2021) indicating that even where
storage and shipment take place under tightly controlled conditions, extended shipment
times could potentially have adverse consequences for the viability and functionality of
lymphocyte grafts.

1.1.8 Infusion of Donor Lymphocytes

Not all tumour cells are destroyed by the pre-transplant conditioning regime and for the
long-term outcome to be successful, the transplanted immune system must be able to
recognise and target any remaining tumour cells —in what is known as the Graft Versus
Leukaemia (GvL) effect. In some patients, tumour cell recognition and destruction by the
transplanted cells is not completely effective and one of the main causes of death
following HSCT is relapse of the original disease. Lymphocytes from the donor graft are
responsible not only for GvHD but also for initiation of GvL. Since the 1990s, infusion of
donor lymphocytes (DLI) from the original donor has been used to induce a GVL effect.
They can be used either prospectively to treat falling donor chimerism, as evidenced by
re-emergence of recipient origin leukocytes with no evidence of relapse, or they can be
used reactively to treat re-emergence of disease (Mackinnon et al. 1995, de Vos et al.,

2019).

Use of DLI has been shown to provide a degree of protection against relapse, and in
some cases to dramatically improve long term survival (Schmid et al. 2007, Eefting et al.

2014), particularly in the case of patients with chronic myeloid leukaemia (Kolb 2008, Ye
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etal. 2022). The precise mechanism by which DLI provide protection against relapse is
not yet fully established and the clinical results obtained have been found to be
extremely variable, but there are indications that the infused lymphocytes are able to
stimulate marrow infiltrating CD8+ cells and reverse the T cell exhaustion produced by
a state of chronic inflammation, enabling the host to mount an effective immune

response against the tumour (Bachireddy et al. 2014, Yi et al. 2010, Zhou et al. 2020).

DLI are collected from the peripheral blood of the healthy HSC donor, either at the time
of the original transplant or later once a need for them has been identified. The cells are
then analysed by flow cytometry and divided into aliquots based on the number of CD3+
lymphocytes present. These aliquots may then be given fresh to the recipient or frozen
for future use. The standard protocol for treatment with DLI is to give escalating doses
of CD3+ cells over time (Mackinnon et al. 1995) until either the recipient marrow
stabilises at 100% donor cells with no disease markers detected by cytogenetic or
molecular methods, or until GvHD is induced. Induction of mild (Grade I-1I) GvHD has
been shown to be essential to produce long term remission (Iltonaga et al. 2013, Rozmus
et al. 2022) and patients who never get GvHD have a higher relapse rate than those that

do.

Clinical practice in the South Yorkshire region, in common with most transplant units
worldwide, is to collect DLI pre-emptively and cryopreserve them for future
requirements. The cells are donated by volunteer donors (related or unrelated) who
may be unable or unwilling to provide cell donations on repeated occasions. If the
original donor can no longer donate cells (for whatever reason) then there are few

remaining treatment options for a patient with incipient relapse. Re-transplant with a
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new donor may be the only curative therapy and outcomes are generally poor (Clinical
commissioning policy: second allogeneic haematopoietic cell transplant for relapsed
disease all ages 2017). Even if the donor is available to provide further collections, the
time taken to arrange a donation and the cost of each procurement make it impractical
to collect only at need. Given the high relapse rate in allogeneic transplants, it is
therefore the preferred option to cryopreserve and store multiple escalating doses
when the donor is available, even if there is no clinical need at the time, rather than run
the risk of donor unavailability when needed. As a result of this practice, the cells may

be stored for months or even years before they are used.

The cost of procuring cells from a donor registry is particularly high, with costs for
procurement of a donor from the USA at approximately £30,000 per donation at the
time of writing. To save costs, some transplant laboratories routinely utilise surplus cells
from mobilised Haematopoietic Progenitor Cell - Apheresis (HPC-A) donations as donor
lymphocytes. This saves them the cost of a second procurement if the patient relapses
as the cells are already banked. In the South Yorkshire region, clinical practice is to use
a maximum of 5 x 10 CD34+/Kg body weight for transplant. Allogeneic products
containing more than this cell dose are therefore split in the laboratory to create a
transplant dose which is issued to the patient and the remainder which are

cryopreserved as escalating DLI doses for use against future relapse.

1.2 Cryopreserved DLI Products

1.2.1 Cryopreservation of DLI protocol

Cryopreservation of DLI products is carried out using the same protocols as used for HPC.
That these protocols are effective for HPCs is well established as outcome data in the

form of patient engraftment and survival can easily be assessed (Tricot et al. 1995).
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Although there are no infallible in vitro tests for the potency of cryopreserved HPC, the
ability of the graft to form blood cell colonies as assessed by the colony forming units-
granulocyte macrophage (CFU-GM) assay has been shown to correlate well with
engraftment (Rowley et al. 1987). The CFU-GM assay is currently the standard used
worldwide to predict the efficacy of products that have been in long term storage and is

mandated as an investigative tool in the 8™ edition standards produced by the
Foundation For the Accreditation of Cell Therapy (FACT) and spectrum vi, the Joint

Accreditation Committee of the International Society for Cellular Therapy (ISCT) and the
European Society for Blood and Marrow Transplantation (EBMT). It is performed on a
stored pilot vial representative cellular product, or occasionally on a cryopreserved bag
of cells, if there are enough to permit sacrifice of a single bag. The decision to use the
cryopreserved product is made based on the results obtained from this assay. In clinical
practice within NHSBT, the absolute number of viable CD34+ cells in a product (assessed
by flow cytometry) is a release criteria for frozen HSC products where there may have
been a processing error or that have spent >5 years in liquid nitrogen storage.

Viable cell dose calculation is performed on these cells and the data backed up with CFU-
GM assays. Cell viability is assessed using exclusion staining with 7-Aminoactinomycin D
(7-AAD). 7-AAD is a dye that stains nuclear material, often binding to double stranded
DNA. 7-AAD is excluded from healthy cells as it is unable to pass through intact cell
membranes. Cells with membrane damage will allow 7-AAD into the nucleus and cells
will fluoresce at 648nm. The intensity of the staining increases as damaged cells take up
more dye, making it possible to separate the healthy cell populations from those with

membrane damage (Schmid et al. 1992). See Figure 1.2.
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Figure 1.2: Flow cytometry dot plot of live/dead gating with 7-AAD. Two distinct cell
populations are visible. Dead cells in region P2 are shown staining positive for 7-AAD
while healthy cells have not taken up the dye and are shown in region P1. Image
adapted from Adan, A., et al. (2017).

There is emerging evidence that lymphocyte cell numbers and activity may be adversely
affected by cryopreservation and long-term storage in nitrogen (Li et al. 2022, Pi et al.
2020), but there is currently no easily available assay to determine the viability and
functionality of the stored lymphocytes. Outcome data is difficult to interpret or
standardise, as patient response to infusion of DLI is extremely variable. The cells are
aliqguoted on a crude CD3+ cell analysis with no further phenotyping to identify CD3+
subsets. In the absence of a suitable test for functionality, the only test of the quality of
the cell product currently in routine use in most laboratories is assessment of membrane
integrity using DNA staining with either trypan blue or 7AAD as performed for CD34+

cells.

However, unlike CD34+ cells there is no in vitro test data to confirm the results.

Membrane integrity assays are usually performed prior to cryopreservation and provide
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an indication of the general condition of the product on arrival at the processing
laboratory. Membrane integrity assays can also be performed on a thawed sample of
cryopreserved cells to give an indication of how well they have survived the
cryopreservation process. However, this assay may detect gross damage to cell
membranes but does not provide any indication of the functionality of the cells. There
is some evidence, particularly in the case of lymphocytes, that they may appear normal
in trypan blue or 7-AAD assays but are apoptotic and unable to respond to stimuli
(Sparrow et al. 2006). Although calculation of the number of viable CD3+ cells remaining
in a DLI frozen product could be performed and used as a release criterion, in practice
this is rarely done, largely because of the absence of a suitable in vitro test of activation
potential to confirm the results.

1.2.2 Cryopreserved DLI Products in the South Yorkshire Region

In the absence of an easily available assay to demonstrate cell viability, clinical practice
in the South Yorkshire region is therefore to issue the cells for patient use with no further
testing, even after protracted storage. The standard protocol in the region is to freeze
multiple doses starting with a dose of 5 x 10° CD3+cells/Kg body weight and increasing
at half log intervals to a maximum dose of 1 x 10® CD3+cells/Kg. The frozen DLI are
administered to the patient following the dose escalation procedure described by
Mackinnon in 1995. Clinical efficacy of the infused product is measured by assessment
of donor chimerism by polymerase chain reaction (PCR) (Bader et al. 2005, Tozzo et al.

2021).

A completely successful transplant will result in full donor chimerism where 100% of the
bone marrow derived cells are of donor origin. Re-emergence of bone marrow derived

cells of recipient origin can be an indicator of incipient relapse and in the South Yorkshire
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region, donor chimerism is closely monitored for up to 2 years post-transplant. If the
percentage of nucleated blood cells derived from the donor drops below 95% then DLI
are infused, if available. Chimerism is retested at 2-week intervals post infusion. If there
is no clinical response to the lowest cell dose after a period of 6 weeks, as measured by
an increase in donor chimerism, then the next dose is infused. The treatment can be
continued until either donor chimerism returns to 100% or GvHD is induced. The
absence of a detectable clinical response is not investigated partly due to the lack of a
suitable assay to provide assurance of the cell viability and partly due to the inherent

variability of individual responses (Tozzo et al. 2021).

As a result, it is not known whether a poor response by a patient to a product is caused
by damage sustained by the cells during storage and cryopreservation or by patient
associated factors. Current practice for preparation and storage of DLI is a pragmatic
approach designed to minimise costs to the transplant unit and maximise the number
of cells stored. It is not based on scientific findings and raises questions about best

practice which requires further investigation.

1.3 Impact of Cryopreservation on Lymphocyte function

In 1979, Merker et al. reported that freezing peripheral blood lymphocytes did not affect
their capacity to form rosettes in a mixed lymphocyte reaction. Subsequently there have
been some published studies describing no impact of cryopreservation and storage on
the lymphocyte’s phenotype or ability to respond to stimuli. Sambor et al. (2014) studied
frozen samples of 131 leukapheresis products (95 from HIV negative and from 36 HIV
positive individuals found that over a cryopreservation period of 7 years, T cell subsets

were able to respond to viral antigens Epstein Barr Virus (EBV), Cytomegalus Virus
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(CMV), influenza and HIV-1). Viability, recovery, and functionality were consistently
recovered from cryopreserved samples from the same donor. The cells in this study
were held in liquid nitrogen, but the cryopreservation and thawing methods were not
detailed. A comprehensive study by Weinberg et al. in 2009 found good correlation
between pre- and post-freeze lymphocyte proliferation assays (LPAs), on cells from 104
individuals (49 HIV infected and 55 uninfected). The LPA response to Candida, Tetanus
toxin and pokeweed mitogen (PWM) were assessed at 8 hours post collection, after
cryopreservation in 10% dimethyl sulphoxide (DMSO) and storage in liquid nitrogen.
LPA responses to all the antigens were conserved over cryopreservation and storage for
a period of up to 15 months in liquid nitrogen. Weinberg et al. 2009 did also report that
CD45R0 and CD62L markers, found on naive T cells (Courville and Lawrence, 2021, Foster
et al. 2004) were diminished in cryopreserved cells, but there was no demonstrable
effect on function. Reduced post-thaw expression of CD62L in Tregs was also reported
by Florek et al. (2015). In this case, however, Treg function was found to be

compromised and they were unable to protect against GvHD in a murine model.

There are reports of cryopreservation having an adverse effect on lymphocyte function.
Owen et al. (2007) found that the ability of CD4+ cells from HIV infected individuals to
produce IFNy was reduced after >1 year in storage. In 2017, Ford et al. also reported a
post-thaw reduction in the number of IFNy producing CD4+ cells derived from peripheral
blood mononuclear cells (PBMC) drawn from donors in a in a malaria vaccine trial. Both
these results corroborate those reported by Keane et al. (2015) who compared
leucocyte mitochondrial responses in cells stored in liquid nitrogen for up to 3 months.
They found no deficit in mitochondrial responses on storage of up to 1 month, but

thereafter found decreasing basal respiration and ATP. However, the cells used in this

Page 15 of 253



study were not specifically MNCs and so the results may not translate across all
leucocyte populations. Tompa et. al (2018) reported that cryopreservation of
lymphocytes from 50 healthy blood donors did not affect the percentage of Treg or
memory T cells present post thaw, but it did reduce the numbers of naive CD4+ and
CD8+ cells. Li et al. (2021) reported reduction of naive CD8+ cells (although not CD4+) in
cryopreserved PBMC from 57 healthy donors. Li et al. also reported loss of Tregs as

reported by Florek et al. (2015) and Weinberg et al. (2009).

Although some studies on natural killer (NK) cells have found no difference in activity
pre and post cryopreservation (Pollara et al. 2011) there is some convincing evidence
differences in activity between cryopreserved and fresh NK cells. Reduced numbers of
CD16+CD56dim cells were found in thawed samples compared to fresh, and the level of
background CD107a degranulation as higher in samples that had just been thawed
(Marti et al. 1993, Mata et al. 2014). Schafer et al. (2020) also found reduced post-thaw
numbers of CD56+ cells in a study of 77 cryopreserved mobilised apheresis products.
This result is contradicted by a small study by Anderson et al. (2019) who reported no
difference in the expression of CD4, CD8, CD19 or CD56 in thawed samples from 12
healthy donors. Although Anderson et al. found no difference in phenotype post thaw,

they did report increased cytokine production in stimulated samples.

In 2020, Schafer et al. also reported significant reduction in T cell proliferation ability
post-thaw, as did Worsham et al (2017) when DLI collected from 12 donors were
cryopreserved in 10% DMSO. Worsham et al. (2017) compared proliferation and
cytokine secretion between paired samples of cells cryopreserved in CryoStor® CS5,

which contains 5% DMSO, with those cryopreserved in 10% DMSO. They reported that
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cells preserved in CryoStor® CS5 had better preserved proliferation and inflammatory
cytokine response compared to those cryopreserved in 10% DMSO. In contrast, in 2019,
Panch et al. reported that although CD3+ viability was reduced at 48 hours in culture
when thawed lymphocytes were used as starting materials for Chimeric Antigen
Receptor T cell (CAR-T) manufacture compared to fresh cells, T cell phenotype and
expansion in culture was unaffected. The persistence in vivo and clinical effectiveness of

the manufactured products were also unaffected.

The data reviewed here show that although there is evidence indicating that
cryopreservation has no adverse impact on the ability of lymphocytes to respond to
stimuli, there are many papers that demonstrate impairment. A large range of freezing
and sample handling techniques have been employed by the various groups, and it is
possible that reported results, particularly in older studies may have been affected by
poor handling. For example, a study from 2000 by Weinberg et al. showed that PBMC
viability on thawed samples was higher in laboratories with experienced staff.
Admittedly the sample number in this study was small (only 54 samples from 27
laboratories) but it gives an indication of how much operator expertise could affect

results.

The standard of older published work on cryopreservation is variable overall and the
array of different methods employed to achieve the same ends has muddied the waters
and led to directly conflicting results. Many of the studies cited are large multicentre
trials where the quality of the work produced will have been hard to monitor (Weinberg

et al. 2000, 2009 and 2010) because of the large number of operator dependant
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variables. Some of them (Bourguignon et al. 2014, Anderson et. al 2019) are reports on

very small sample numbers.

Many of the studies do not detail their methods for storage and cryopreservation in the
first place. The cryoprotectant used to cryopreserve the cells may well have an impact
on both the phenotype and functionality of the thawed cells and incorrect conclusions
may be drawn by comparing publications where the where the cryoprotectant media is
not stated. 10% DMSO is the most commonly used cryoprotectant for clinical HSC and
DLI products (Worsham et al. 2017) and there is current debate about its suitability for
cryopreservation of lymphocytes. There have been conflicting reports about post-thaw
lymphocyte functionality after cryopreservation in 10% DMSO and 5% DMSO. For
example, Juhl et al. (2021), found more consistent proliferation and mixed lymphocyte
reactions in cells cryopreserved in 10% DMSO compared to 5%, whereas Worsham et al.
found that proliferation ability and inflammatory responses were more severely
impaired after cryopreservation in 10% DMSO. Pi et al. (2020), reported no differential
impairment in recovery or function of either CD4+ or CD8+ cells from 10 healthy

volunteers cryopreserved in 10% DMSO or in DMSO free cryoprotectants.

As a part of their 2009 study, Weinberg et al. also compared different methods of
thawing cryopreserved cells and demonstrated that a fast thaw followed by dropwise
addition of wash medium significantly increased cell recovery as measured by trypan
blue exclusion, a result that corresponds with the data produced by Disis et al. (2006)
and Honge et al. (2017) demonstrating superior cell viability when thawed cells are
diluted dropwise with warmed medium. Honge et al. cryopreserved MNC derived from

peripheral blood samples from 20 healthy blood donors. Cells were thawed in parallel
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and resuspended in media at 4°C, RT and 37°C. The thawed samples were then analysed
by flow cytometry and the recovery of viable CD45+ cells assessed by 7-AAD exclusion
was calculated. The poorest recovery of viable CD45+ cells was found when cells were
resuspended in cold media; there was no significant difference found between media at
RT or 37°C. This finding potentially has implications for NHSBT practice, as current SOPs

require dropwise dilution of thawed cells in media at 4°C.

Mata et al. (2014) showed that resting the thawed cells for at least 5 hours after thawing
and washing restored activity in chromium release assays and CD107a degranulation
assays to pre-freeze levels. This finding conflicts with the results obtained by
Bourguignon et al. (2014), where resting post thaw dramatically reduced the recovery
of CD8+ cells, and with Germann et al. (2013) who demonstrated marked impairment in
viability and activity in PBMCs rested overnight post thaw, compared to those

challenged with CMV antigen immediately post thaw.

1.4 Cryopreservation methods and storage conditions

Several different cryopreservation methodologies are routinely used in the literature.
Some studies used passive techniques, where samples are placed in an insulated box in
an electric freezer overnight for up to 24 hours and frozen to -70°C or -80°C and some
used rate programmable freezers. Samples that have been passively frozen are variably
stored at temperatures ranging from -70-80°C or transferred to liquid nitrogen for
ongoing storage. Work by Smith et al. (2007) and Weinberg (2010) indicate that storage
at -80°C may be associated with poor viability and reduced function, simply because the

cells are likely to be subject to temperature fluctuation when in this type of storage.
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Programmable freezers use liquid nitrogen to take the sample temperatures down to
temperatures below -130°C. On completion of the freezing programme, the samples are
then transferred to liquid nitrogen for long term storage. Programmable freezing
protocols have been showed to produce a better outcome in terms of cell viability and

ability to respond to stimuli (Buhl et al. 2012, Koryakina et al. 2014).

The wide variation in cryopreservation practice, particularly as described in older
published papers, are the primary focus of most publications on cryopreservation and
post-cryopreservation storage contributes to the fact that the available literature
cannot provide a conclusive answer to the question of whether there is any detectable

adverse effect on the cell following storage and/or cryopreservation.

Although the 2009 study by Weinberg showed no significant difference in LPA between
cells stored at -70°C and those stored in liquid nitrogen, in 2010 Weinberg et al.
published a smaller study that showed impaired ELISPOT responses to CMVpp65 antigen
for cells stored at -70°C compared to those stored in liquid nitrogen, an impairment
which increased with length of storage at this temperature. This result may be explained
by examining the data from a comprehensive study by Smith et al. (2007). Smith
investigated the effects of different sub-optimal storage conditions: -20°C, cycling
between -130°C and -70°C or storage in liquid nitrogen (control group). They examined
CD4+ cell responses to Varicella Zoster Virus (VZV), a multiple antigen peptide pool and
PHA by ELISPOT assay and staining with apoptotic markers. They found marked and
significant impairment of the response to stimuli (particularly apparent with the
response to PHA) after three cycles of storage temperature fluctuation or after a few

hours at-20°C. Unusually, they found that the results improved after >4 cycles of storage
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temperature changes between -130°C and -70°C. Staining with Annexin V demonstrated
a marked increase in the apoptotic population under poor storage conditions. This study
was conducted by using multiple samples from only two donors, but the results reached

statistical significance for all parameters studied.

A study by Germann et al. (2013) examined the effects of undisturbed storage in liquid
nitrogen compared with cycling between -102°C and -135°C on paired samples from 10
healthy donors. They demonstrated conclusively that thawed samples that had cycled
between temperatures had reduced viability assessed by trypan blue, and a reduced
response to CMV peptide as assessed by production of IFNy using ELISPOT. Results from
cells stored in steady state liquid nitrogen were comparable to fresh cells based on
trypan blue exclusion and IFNy measurement. Similarly, recently published work by the
Lonza Group AG showed that lymphocyte responses as assessed by carboxyfluorescein
diacetate succinimidyl ester (CFSE) and cytokine secretion were unaffected by

cryopreservation that took place <24 hours post collection (Dunnick et al. 2022).

1.5 Storage Prior to Cryopreservation

The question as to whether reports of alteration in T cell response is caused by the
freeze/thaw process itself, poor sample handling or by storage prior to cryopreservation
is not fully answered by the available literature. A case for storage prior to
cryopreservation having an adverse impact on lymphocyte viability/functionality was
made by Bull et al. (2007). In a study on samples taken from 11 healthy donors, they
found an 8% loss of viability in peripheral blood cells frozen at 24 hours as opposed to
freezing 8 hours post collection. They also found 32% reduction in recovery and 36-56%
reduction in interferon gamma (IFNy) production by enzyme linked immunosorbent spot

assays (ELISPOT) if the cells were held for 24 hours prior to cryopreservation. It must be
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noted that in this study, cells were stored at room temperature (RT) prior to
cryopreservation and the results may have been affected by granulocyte breakdown
during storage. Also in 2007, Kierstead et al. reported that reducing storage time of
PBMC to <12 hours prior to freezing was associated with a marked increase in IFNy
ELISPOT responses and a 3-fold improvement in T cell responses to an adenovirus-based
HIV vaccine. In 2009, Chiva-Blanch et al. investigated the effect of 24-hour storage
followed by cryopreservation on the expression of P-glycoprotein or Rhodamine 123
efflux. They found no significant difference between the behaviour of lymphocytes from
12 healthy volunteers when assayed fresh, fresh frozen, held for 24 hours or frozen after
24 hours. Chiva-Blanch also studied lymphocyte apoptotic markers, instead of trypan
blue exclusion and found no significant differences in the Annexin V or 7-AAD staining
between the groups, indicating that storage conditions prior to freezing did not push
cells into apoptosis. This study remains the only publication that reported the effect of
pre-cryopreservation storage for more than a few hours. Unfortunately, it does not

detail the exact length of storage, or the storage conditions used.

As aresult of this work, larger studies have been conducted by several groups. Olemukan
et al. (2010) examined the phenotype and response of HIV infected cryopreserved
PBMCs from 59 donors over 3 years and reported freezing within 8 hours of collection
ensured a stable and continued response over time. However, they did not assess the
potential impact of a longer time to cryopreservation by testing after 8 hours. The same
applies to the large multi-centre study by Sarzotti-Kelsoe et al. (2014) where cell viability
was assessed on samples taken from several hundred HIV and autoimmune patients at
3 different study sites. It has been assumed that the good recoveries and viabilities

obtained were due to the short time from collection to freezing, but no functional
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testing was carried out. In a small study of HIV CD8+ lymphocytes from 22 individuals,
Bourguignon et al. (2014) reported reduced recovery of cells if they were stored for >7
hours prior to cryopreservation, but on further investigation, this effect is marginal and
not statistically significant. Weinberg (2010) also states that in their 2009 study that
storage for >8 hours prior to cryopreservation reduced recovery and viability of cells,
but this is not reported in the 2009 paper. Similarly, Olson et al. (2011) reported loss of
lymphocyte viability and function in samples drawn from 250 healthy donors if the
samples were shipped at temperatures <22°C for >8 hours. More recently, studies on
PBMCs isolated from donor blood samples have shown no impact on thawed
lymphocyte phenotype (Anderson et al. 2019) or function after storage for up to 24
hours at 4°C prior to cryopreservation (Honge et al. 2017) or alternatively have found
significant decreased numbers of viable CD4+ lymphocytes compared to samples stored

at RT after storage for up to 24 hours (Jerram et al. 2021).

Other papers do not specify whether or for how long, or under what conditions cells
were held prior to cryopreservation so it is difficult to draw any conclusions. The
available datais limited and storage times and conditions are largely not described. Most
of the relevant publications are old, reflecting the fact that clinical practice was
established many years ago and there has been little incentive to investigate possible
improvements until recently. It must also be stressed that most published studies relate
to PBMCs derived from peripheral blood samples stored in blood tubes, not bags as is
the case for clinical transplant products and therefore the obtained results cannot be

fully applied to clinical products.
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What published work there is on clinical products focusses on storage times of up to 24
hours (only the study by Chiva-Blanch in 2009 investigated the effects of storage for >24
hours), when in clinical practice in the South Yorkshire region, lymphocytes are almost
always at least 24 hours old when they are cryopreserved and sometimes considerably
older. The question of whether extended storage prior to cryopreservation impacts on

lymphocyte responsiveness remains unanswered.

A definitive answer is now even more urgently required due to changes in clinical
practice and adoption of CAR-T therapies. CAR-T are anti-cancer cellular therapeutic
products manufactured from peripheral blood T cells. The T cell receptor is genetically
modified ex-vivo to bind to tumour specific markers. In the last 2-3 years CAR-T therapies
targeting CD19 or CD20 on B lymphocytes have moved from 4™ line treatment to 2"
line treatment for B cell leukaemia and lymphoma. CAR-T cells are prepared from
lymphocytes harvested by apheresis. All CAR-T products currently licensed in the UK are
autologous products so must be collected from the patient, wherever they are located

and shipped to the manufacturing facility, which may be some distance away.

Cells are subject to a manufacturing process that takes 12-14 days, and the cellular
starting material must be sufficiently viable to survive the manipulation and expand to
produce a clinical dose. Given the uncertainty around lymphocyte responsiveness after
extended storage prior to cryopreservation, some manufacturers prefer to cryopreserve
the starting material immediately after collection and ship frozen cells to the
manufacturing site, accepting the risk of a catastrophic failure during cryopreservation
(KYMRIAH® Novartis Europharm). Others ship the starting material unfrozen at 4°C

(YESCARTA®, Kite Pharma) and start the manufacturing process within 24 hours of
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collection which, although achievable in many cases, limits the accessibility of the
therapy to patients located within shipping distance of the manufacturing facility and
places great strain on the logistics infrastructure. Products for both HSCT and CAR-T
production are uniformly shipped at 4°C which contradicts Jerram’s 2021 finding that
thawed PBMCs from donor blood samples fare better if stored at 37°C prior to
cryopreservation. In 2022 Johnson et al. compared the responses of PBMCs derived
from 8 healthy blood donors against S. aureus after shipment at ambient temperature
for up to 48 hours. They reported that lymphocyte phenotype and function was
conserved for up to 24 hours storage but a decrease in the inflammatory response was
seen after 48 hours. Again, this study was performed on peripheral blood collected in
tubes and cannot be directly extrapolated to apply to products shipped in bags, but it

does have implications for current shipping and storage practices.

1.6 G-CSF mobilised harvests

As previously discussed, to save the transplant centre the cost of procuring another
donation, DLI are often prepared from surplus HPC, apheresis cells that are not required
for the initial transplant. As these are mobilised cells collected by apheresis, they have
of necessity been exposed to G-CSF during the collection process. It is known that G-CSF
can inhibit T-lymphocyte function, reducing levels of some adhesion factors and pushing
naive CD4+ and CD8+ T cells into a state of anergy (Vasconcelos et al. 2003, Chang et al.
2009). G-CSF has been shown to induce tolerance and suppression of lymphocyte
function and expansion (Mielcarek et al. 1998, Joshii et al. 2001, Rutella 2007) and post-
transplant administration of G-CSF has been shown to impair immune recovery in
hapolidentical transplants (Volpi et al. 2001). There is significant evidence that G-CSF
has anti-inflammatory and anti-apoptotic properties (Boneberg et al. 2002, Katoda et al.
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2012, Wright et al. 2017, Modi et al. 2020). The immune modulating effect of G-CSF
therefore raises the question of whether the DLI prepared from G-CSF mobilised
products will be clinically effective as the lymphocytes may be less responsive than
lymphocytes collected from non-mobilised donors. The transplant centre may be guilty
of a false economy in funding preparation and long-term storage of such cells. Clinical
opinion in the UK as to the benefit of DLIs prepared from mobilised products is currently
split. In the Yorkshire region alone, the South Yorkshire transplant teams take the view
that if excess mobilised cells are available then they are used as DLI, while in West
Yorkshire they are not used and non-mobilised collections are commissioned at need.
Outcome from both the South and West Yorkshire centres working with NHSBT meets
BSBMT benchmarks (confidential data — cannot be shared) so little can be gleaned from

the clinical data.

Contaminating granulocytes do not survive storage or freeze/thaw procedures well. As
G-CSF stimulates granulocyte proliferation, HSC products mobilised with G-CSF, may
contain large numbers of contaminating granulocytes (Vasconcelos et al. 2003) which
will rapidly become apoptotic if the products are stored for any length of time, or when
they are cryopreserved. The Spectra Optia apheresis devices currently in use at NHSBT
apheresis collection centres are programmed to collect only the MNC fraction, reducing
but not eradicating granulocyte contamination in apheresis products (Lopez-Pereira et
al. 2020). However, despite recent technological advances such as the Optia cMNC
programme, granulocyte counts in apheresis products remain high and investigators
intending to study PBMCs from mobilised subjects need to be aware of the potential
problems they can cause. Dead granulocytes release cytoplasmic and nuclear material

into the local environment. Decay products from dead granulocytes can cause death of
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other cell types via bystander damage, leading to reduction in reported cell numbers
and viability. They can also physically interfere with assays by causing cell clumping that

can block some analytical instruments (Agashe et al. 2017).

Flow cytometers where cells are projected through a narrow aperture are particularly
vulnerable to blockage and results from time sensitive tests can be lost if this happens.
Treatment of the thawed samples with DNAse may make it easier to analyse the cells
(Garcia-Pineres et al. 2006) but does not reflect the situation in vivo. It is possible to
remove granulocytes by density separation, but this contributes further variables and
may damage the ability of MNCs to respond functionally. Density gradient separation
may damage or activate some cell types but using whole blood may suppress the
activation of others. Each sample type has its own pitfalls and optimisation of sample

preparation is required.

1.7 Laboratory measurement of lymphocyte activation

Lymphocyte activation in response to stimulus can be measured in a variety of ways; cell
expansion, cytokine production, or expression of cell surface markers associated with
activation. Historically, the gold standard by which cell division has been measured in
the laboratory was by tritiated thymidine (Taylor et al. 1956). Dividing cells incorporate
the radioisotope into their DNA and the radio-signal can then be detected by scintillation
counting. Signal strength is proportional the amount of cell division. However, the use
of radioisotopes has health and safety implications and other ways of monitoring cell
division have been adopted. Flow cytometric approaches can capture cell division
utilising the fluorescent dye CFSE. This dye penetrates cell membranes and binds to
cytoplasmic proteins. When analysed by flow cytometry, steady state cells absorb the

dye and give a single highly fluorescent peak. As cells divide, the stain is incorporated
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into the next generation of cells and the fluorescence decreases with each division as
the dye is diluted (Lyons and Parish, 1994). CFSE has been shown to be capable of
demonstrating cell division in activated lymphocytes (Lyons 2000, Dunnick et al. 2022).
Although CFSE is easy to use and has been shown be sensitive and consistent, it does
have some disadvantages. Fluorescein is one of the most used conjugates for
commercial flow cytometry reagents. Using CFSE in a multi parameter analysis,
therefore prevents the researcher from using some of the best and most easily available
reagents particularly if using an instrument not equipped with a violet laser (Quah and

Parish, 2012).

Analysis of cell phenotype and number together with their ability to produce cytokines
are essential for the assessment of the ability of the lymphocyte response to stimulus.
The principal target cytokines in published papers are IFNy, tumour necrosis factor alpha
(TNFa), and interleukin 2 (IL2), although tests can be developed for any cytokine for

which there is a monoclonal antibody (Huang et al. 2015).

Cytokine production can be analysed as they are secreted extracellularly by enzyme
linked immunosorbent assays (ELISAs) or by ELISPOT assays (Mobs and Schmidt 2016),
and commercial kits are available for most cytokines for either technology. Alternatively
intracellular cytokine (ICC), production can be assessed (Garibay-Escobar et al. 2003).
ICC assays have the advantage over ELISPOT in that the cells producing the cytokines can
be characterised by cell surface markers simultaneously (Sambor et al. 2014, Munier et
al. 2009). In Garibay-Escobar’s initial publication, cells from healthy controls and
patients with chronic tuberculosis were stimulated with PHA and /or recombinant IL2.

The study showed that stimulated lymphocytes, upregulated the markers CD25 and
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CD69 (CD69 only being present on activated cells). CD3+CD69+ cells produced IL2, and

IFNy whereas CD3+CD25+ cells produced IL2.

CD25 and CD69 have been well characterised and have been used in numerous studies
to assess T lymphocyte activation, making them good candidate markers for use in this

current study. See Figure 1.3.
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Figure 1.3: Schematic of early and late phase T cell activation markers showing early
activation (CD69), mid-stage activation (CD25) and late activation (HLA-DR). Image
adapted from Sartorius https://intellicyt.com/. Downloaded 23/03/23.

The first marker to be upregulated after stimulation is CD69 (Bajnok et al. 2017). CD69
is aninducible type Il C-Lectin receptor expressed on the cell surface after T cell receptor
(TCR)/CD3 engagement. It is expressed at very low levels on resting T cells (Garibay-

Escobar et al. 2003) and has been shown to upregulate on most lymphocyte and NK cells
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between 3-12 hours after activation, remaining elevated for up to 24 hours and then
declining (Reddy et al. 2004). Surprisingly, it may also have a role in regulating the
immune responses of T helper cells (TH1 and TH17) cells (Cibrian, Sanchez-Madrid,

2017).

CD25 is the a chain of the trimeric IL2 receptor. It is normally expressed at low levels on
the surface of regulatory and resting memory phenotypes (McHugh et al. 2002) and is
upregulated on the surface of activated T cells, approximately 24 hours after TCR/CD3

engagement. Levels remain elevated for some days (Caruso et al. 1997). See Figure 1.4.
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Figure 1.4: Timelines for CD25 and CD69 expression on T lymphocytes after
stimulation showing mean fluorescence intensity (MFI) peak at 24 hours for CD69 and
48-72 hours for CD25.

Image adapted from Teixero et al. (2009).

1.8 Stimulation and Culture Conditions

It is clear from the various reports in the literature that the strength of the lymphocyte
response to stimulation varies considerably depending on the nature of the antigen. The
most used antigen is PHA which elicits a strong response under most conditions, and it

was used in several of the papers reviewed here. Smith et al. (2007) demonstrated that
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the PHA response in an LPA was tenfold stronger than the response against CMV
antigen, as measured by ICC assays. The strength of the result did not compromise
sensitivity. Several studies have used viral or fungal antigens in LPAs, as many of them
relate to vaccine research, and responses to these are harder to measure as they are
generally weaker but are still capable of attaining statistical significance under test
conditions (Weinberg 2000, 2009, 2010, Sambor et al.2014, Smith et al. 2015). Other
studies have successfully used tuberculosis (TB) antigens, pertussis toxin and a variety
of bacterial antigens. It is also possible to use manufactured CD3/CD28 stimulation
beads (Ruitenberg et al. 2011, da Silva Ferreira et al. 2015) which circumvent the
problems posed to the researcher caused by the requirement to hold pathogenic
organisms/toxins in a licensed cell therapy manufacturing unit such as at NHSBT. The
beads are well defined and are manufactured to good manufacturing practice (GMP)
standard which eliminates problems related to inter-batch variability. They have been
shown to induce reliable activation comparable with that generated by PHA (Jiao et al.
2019). The disadvantage of using CD3/CD28 stimulation beads is that they block the CD3
site on the cell so analysis of CD3 positive cell numbers is no longer possible by flow

cytometry.

1.9 Current protocols for sample handling / storage or cryopreservation on

lymphocytes
In the South Yorkshire region, 85% of DLI are prepared from surplus HPC-A. Although

some are collected in Sheffield for related recipients, many other products are collected
by donor registries and may originate from collection centres both within and outside
the UK. Typically, a donor apheresis collection is booked over two days. If sufficient cells

for transplant are collected in a single day, cells will be shipped the day following

Page 31 of 253



collection and will arrive approximately 24 hours after they have been collected for a UK
collection or 36 hours after a European/USA collection. If the collection requires 2 days
to obtain sufficient cells for transplant, the cells will be shipped on the day of the second
collection. In practice, this means that cells from donor registries are always a minimum
of 24 hours old on receipt in the laboratory and may well be significantly older. Cells
from overseas collection centres and 2-day collections typically arrive out of working
hours (usually between 7pm and 1am) and because of overnight staffing constraints, are

not processed at NHSBT until the following day.

On arrival in the laboratory, priority is always given to preparation of the portion of cells
that will be issued for transplant, as these are the cells on which the patient’s life
depends. In an NHS environment where staffing resources are limited, this may mean
that for products arriving mid-afternoon, the donor lymphocyte cryopreservation is
frequently held over to the following day while priority is given to preparation issue of
the transplant dose. The result of this practice is that if cells have already been in transit
for 24-48 hours to reach the laboratory, they can be approaching 72 hours by the time
they are cryopreserved. 72 hours post end of collection is the maximum permitted time
for cells to be stored prior to cryopreservation according to NHSBT protocols. This time
limit was determined as the maximum time whereby the benefit of keeping cells fresh
outweighs the benefit of freezing them (Pamphillon and Mijovic 2007). It has

subsequently been adopted as a worldwide standard.

Work leading to this prescribed time limit was however done on CD34+ HPCs not
lymphocytes although it is applied to them equally. Non-mobilised lymphocyte

collections are received more rapidly as they are only ever booked as a 1-day collection
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and are shipped immediately after completion of collection. Even those coming from
the USA are usually received within 24 hours, although if they arrive late in the working
day, staffing constraints in the evenings are such that they may not be cryopreserved

until the following day by which time they may be up to 36 hours old.

There are two distinct points to be addressed concerning storage and cryopreservation
of DLI preparations. Lymphocytes are often stored/and or cryopreserved for use in
ongoing studies, as well as for therapeutic use in transplantation. Most of the published
data relates to sample storage for functional assays in autoimmune disease or
immunodeficiencies. The effect of storage prior to cryopreservation has been little
studied, but there is a reasonable amount of published work on the effect of

cryopreservation itself on lymphocytes.

1.10 Study Aims and Objectives

The aim of the study was to provide a definitive answer to the questions about the
responsiveness of lymphocytes that have been stored at 4°C for up to 72 hours prior
to cryopreservation, as is current clinical practice in the Yorkshire region. Tightly
controlled and monitored conditions for storage and cryopreservation were applied
according to NHSBT protocols to ensure that the data produced was not affected by the
sample handling discrepancies commonly seen in the literature. This was determined by

three key objectives:

i) Cells destined for use as DLI were cryopreserved immediately on receipt in
the laboratory and additional samples were stored for up to 72 hours at 4°C
to assess any impact of storage, prior to freezing, on lymphocyte

responsiveness.
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i)

Lymphocytes from G-CSF mobilised harvests as well as those that originated
from non-mobilised harvests were assessed under the same conditions to
determine any differences in response to stimulation.

In addition, the study aimed to develop an in vitro test of lymphocyte
functionality that could be used within NHSBT laboratories to confirm fitness
for use of clinical DLI products. If suitable, this test will then be further used
to prospectively test the responsiveness of clinical products in long term
storage and the results used to inform clinical practice within the NHS as to

the cost-effectiveness of cryopreservation and long-term storage of DLI.
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2 Chapter 2 Materials and Methods

2.1 Project Overview

The aim of this research was to investigate differences in the response of cryopreserved
human CD3+ lymphocytes to activation after thawing, compared with fresh lymphocyte
preparations. Lymphocytes were isolated from peripheral blood, stored for up to 72
hours at 4°C and then cryopreserved. Cryopreserved lymphocytes were subsequently
thawed and stimulated with beads coated with anti-CD3 and anti-CD28 to stimulate T
cells in a manner that partially mimics stimulation by antigen-presenting cells.
Phenotyping by flow cytometry for lymphocyte subsets and activation markers was
performed prior to cryopreservation as well as after thawing, at 4-, 24- and 72-hours

post thaw and following activation.

The lymphocytes used in the study were isolated from:

i) The apheresis cones of healthy platelet donors.
ii) Apheresis harnesses of healthy donors undergoing collection of G-CSF
mobilised peripheral blood stem cells.
iii) Samples taken for quality control analysis from G-CSF mobilised apheresis
products collected from healthy HSC donors.
Samples were collected and analysed over the period February 2022 — March 2023.
Colleagues from the Advanced Therapy Team at NHSBT Barnsley helped with preparing

and running samples on the flow cytometer.

2.2 Research Ethics Overview

The apheresis cones and harnesses used in the study were collected via the NHSBT non-

clinical issue system, which is in place to provide researchers with anonymised human
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material from volunteer donors. The materials are available for projects meeting criteria
for either service development or ethically approved research and are made available
on successful application to NHSBT. The researcher must demonstrate either approval
from an HRA Research Ethics Committee or a completed HRA online research tool
indicating that ethical approval is not required. This study did not require ethical
approval as it qualified as service development, as determined by use of the NHS HRA
tool (Appendix 1). Materials provided by NHSBT for non-clinical use are appropriately
consented and supply complies with all statutory and regulatory obligations including
(but not limited to) the Human Tissue Act (2004) and associated Codes of Practice and
Standards. Materials supplied are NOT consented for use in animal models or in studies
where genetic analysis may establish the identity of the donor. The applicant must work
in a facility with appropriate HTA licenses for the type of study to be performed. Once
the scope of the research had been reviewed and accepted by the internal R&D
committee, a non-clinical issue account is authorised for use only in the stated study. In
this case, an application was made for supply of materials for the study in April 2022 and
the application was accepted in May 2022. Material is supplied on receipt of a written
application by the researcher (see Appendix 2). No information about the donor,

including age or sex is available to the researcher.

The samples studied from apheresis products were from healthy volunteer donors. All
donors who have products collected by NHSBT provide consent for the use of samples
of fresh or frozen blood or product for testing relevant to the quality of their stored cells.
This information is captured in Parts 1 and 2 on FRM1570 Consent for Testing Storage

and Discard of Stem Cells or Lymphocytes (see Appendix 3).
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2.3 Lymphocyte preparations

2.3.1 Sample numbers

Sample numbers used in the study were determined through review of published
studies. Sample numbers in reported literature were found to be highly variable
depending on study design. High sample numbers ranging from 50 to several hundred
were seen in large multicentre studies primarily focussed on HIV research or tissue
banking (Bourguinon et al. 2014, Sambor et al. 2014, Smith et al. 2007). Sample numbers
were far lower in those studies with a similar design to the proposed study: in vitro
studies on human samples with a focus on lymphocyte cryopreservation, storage or
activation (Boudreaux et al. 2019, Buhl et al. 2012, Garibay-Escobar 2003). Sample
numbers in these type of studies ranged from as few as 6 (Kumar and Meneghal, 2022)
to 20 (Bajnok et al. 2017). Due to the scarcity of the starting materials, after consultation
with the Sheffield Hallam University statistician, it was initially decided that a sample

size of 15 would be used as this number fell within the mid-range seen in the literature.

2.3.2 Apheresis cones

Apheresis cones are waste products produced from the apheresis harnesses used in
collection of platelets from healthy donors on a cell separator. During the collection
procedure, cells are trapped in this part of the apheresis set and can be retrieved
aseptically in the laboratory. Apheresis cones were selected as starting materials for this
study as they are rich sources of nucleated cells collected from healthy donors.
Lymphocyte numbers of up to 1 x 10° can be isolated from a single cone, and the
characteristics of the lymphocytes isolated from them have been shown to be
equivalent to those isolated from peripheral blood (Boudreaux et al. 2019). Both the cell

concentration and their characteristics were ideal for the purpose of this study. Cones
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are readily available to researchers within NHSBT and can be ordered to arrive within
specified timeframes which allowed cell analysis in a timely manner. As the donors are
healthy, functionality of the cells derived from the cones was expected to fall within the

normal range.

One of the aims of this study was to compare the response of lymphocytes collected by
apheresis that have been exposed to G-CSF to those that have not, after
cryopreservation and thawing following the sample handling procedures used for
clinical products within NHSBT (see Appendix 4 for full list of NHSBT Standard Operating
Procedures and controlled documents followed in the study). It was therefore essential
to ensure that there was no possibility that the cones were obtained from a donor who
had recently been exposed to G-CSF as either donor or patient. Although some platelet
donors are registered on the stem cell donor registries (Anthony Nolan, British Bone
Marrow Registry), anyone who has donated blood or bone marrow is excluded from any
kind of blood component donation for a minimum period of 6 months. People who have
been treated for cancer are also excluded from being platelet donors. Therefore, it was
certain that the cone cells used had not been exposed to G-CSF and were suitable for
the non-G-CSF arm of the study. Apheresis cones were collected during the afternoon
session at NHSBT collection centres in Leeds and Sheffield following SOP412 — Trima
Apheresis Procedures and shipped to the study site as soon as they were available,
arriving between 17.00 - 19.00. They were placed into temperature controlled and
monitored storage at 4°C immediately on receipt at NHSBT and stored overnight. The
cones were processed the following morning, to ensure that the Day 1 cells were
cryopreserved within 24 hours of collection. Cones that had been delayed in transit and

unable to be processed within 24 hours of collection were omitted from the study.
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2.3.3 Apheresis harnesses

After an apheresis collection, the used harness contains large numbers of cells that
cannot be extracted for clinical use but can be aseptically collected in a laboratory. They
are typically used as a source of CD34* mobilised peripheral blood stem cells for research
applications but all leukocyte sub-types are present. The cells of interest in this study
were the lymphocytes that had been exposed to G-CSF during the mobilisation process.
The apheresis harnesses were from G-CSF mobilised peripheral blood collections
performed at the NHSBT Therapeutic Apheresis centres in Leeds and Sheffield. The
collections were performed in the morning and the harnesses were shipped to the study
site as soon as they were available, arriving at approximately 14.00. They were stored
overnight at 4°C as in section 2.3.2 above. Harnesses that were delayed in transit and
unable to be processed within 24 hours of collection were omitted from the study.
2.3.4 Mobilised cells from apheresis collections

Mobilised apheresis products contain very large numbers of cells. A nucleated cell count
of >200 x 10%/mL is normally expected in products collected at NBSBT apheresis units.
1.5mL sample of product therefore contained a minimum of 300 x 10° nucleated cells
which was sufficient to perform all the testing required for the current study. On receipt
of the product in the Cellular and Molecular Therapy (CMT) laboratory, 5-6mL of product
is routinely removed for quality control testing, including sterility, full blood count and
flow cytometric analysis of CD34+ cells. The cells used in this study were taken from the
subsample removed for quality control testing and did not therefore impact on the
recipient. The samples used in this study were from mobilised products collected from
Antony Nolan Centre donors at the NHSBT Therapeutic Apheresis centre in Sheffield.

Samples were received immediately post collection, diluted to a volume of 10mL with
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4.5% Huma Albumen Serum (HAS), stored overnight at 4°C and used for the study within
24 hours of collection. Samples from products with a nucleated cell count of <200 x
10%/mL were not used as they did not contain sufficient cells to complete all

experimental conditions.

2.4 Key Technology
All instruments used in this study were in routine use within NHSBT laboratory at the

time and were calibrated and maintained according to the manufacturers’
specifications. Control testing to ensure that the equipment was functioning to
specification was performed daily for those items of equipment requiring daily
validation. Controls were run on the equipment, prior to starting work on the study
samples. If the controls failed, study samples were not analysed until satisfactory
corrective action had been taken and control testing had passed specification.

2.4.1 Equipment used in this study

Refer to Table 2.1 below.

Equipment Make/Model Used for

Haematology analyser Sysmex XS1000i Full blood counts on samples, Total
nucleated cells

Programmable rate- Planer Rate controlled cryopreservation of

controlled freezer Kryo 560-16 samples

Vapour phase nitrogen MVE XLC 1400 Vapour phase storage of

storage vessel cryopreserved samples

Sterile Connecting Device Terumo TSCDII Aseptic connections

Heat sealer Lyungberg & Kogel Sealing lines connecting bags/other

Biosealer CR4 consumables

COz incubator PhCBI Incusafe CO: controlled culture system

Environmental monitoring | Pharmagraph Monitoring of environmental

system conditions (temperature, CO2
concentration)

Table 2.1 Key equipment used in the study.
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2.4.2 Flow cytometer

The standard methods for measurement of T cell immune responses, include ELISPOT,
intracellular cytokine staining (ICS) assay, tetramer assay and flow cytometry. In this
study, cell phenotyping by flow cytometry was selected as the appropriate tool for
assessing cellular responsiveness, as it has been demonstrated to be a powerful
technique for functional T cell analysis (Mousset et al. 2019). Developed in 1968 by
Wolfgang Gohde, flow cytometry is an analytical methodology whereby individual cells
expressing specific markers can be accurately counted. Fluorescent markers are
attached to individual cells using monoclonal antibodies targeting extracellular or
intracellular structures. The cells are passed through a laser in a unicellular stream and
if a fluorescent dye is attached to the cells a flash of light is emitted. The light emitted is
passed through a series of filters and mirrors before it is captured in a photomultiplier
tube. A detector in front of the light beam measures light scattered forward (forward
scatter (FS)) and detectors to the side of the beam measure light scattered sideways
(sideways scatter (SS)). FS correlates with cell size and SS with cell granularity, allowing
cells to be characterised on the basis of FS/SS patterns (Macey 2007). Staining of cell
surface markers with fluorescent dyes enables the cells to be further characterised
based on both morphology and the light emission from the cell specific markers

expressed. See Figure. 2.1.

Page 41 of 253



Plot A: Cells separated into different Plot B: Lymphocytes gated in
populations by size (FSC) and granularity (SSC) Plot A stained for CD4 and CD8
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Figure 2.1: Flow cytometry dot plot of leukocytes (Plot A) Forward scatter (FSC) versus
side scatter (SSC) (Plot A) and CD4-FITC versus CD8-PE (Plot B). Each dot represents a
single cell analysed by the flow cytometer. The characteristic position of different cell
populations is determined by differences in cell size and granularity. After gating on the
lymphocyte population, cells stained positive for CD4-FITC (516nm) and CD8-PE
(574nm) can be identified. Cells not stained with either CD4 or CD8 are shown close to
the axes. Image adapted from Riley, R. and Idowu, M. Principles and Applications of
Flow Cytometry (2012).

Flow cytometry was used as the primary method for cell phenotyping and enumeration.
The flow cytometer used in this study was a FACSLyric™ (Becton Dickinson, Wokingham,
UK). It is a two-laser instrument equipped with a blue laser (488nm) and a red laser
(460nm). It can analyse up to a total of 6 colours (4 on the blue laser and 2 on the red
laser). The instrument was used in conjunction with TruCount™ Tubes (Becton
Dickinson, Wokingham, UK) which allowed measurement of absolute cell counts.

2.4.3 Set up of the flow cytometric protocols: Colour Compensation

Spectral overlap is the phenomenon produced when emissions from one fluorochrome
are detected in channels designed for a different fluorochrome. It occurs because most

fluorochromes have broad emission spectra and although the band-pass filters within
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the instrument are designed to select the appropriate excitation and emission ranges
for specific fluorophores, the trailing edge of emission from one fluorochrome may be
detected as a false positive signal by the detector for another. For example, as seen in
Figure 2.3, although FITC peak emission is at 516nm, it continues to emit light at up to

600nm and spills over into the PE detector with peak emission at 574nm.
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Figure 2.2: Demonstration of spectral emission overlap between
Fluoroisothiocyanate (FITC), Phycoerythrin (PE) and 7-amino-actinomycin D (7-AAD)
when excited by a 488nm blue laser. Image generated from BD Biosciences Spectrum
Viewer.

Colour compensation can be used to reduce the impact of spectral overlap by preventing
the detection of the unwanted overlap signal. However, some fluorochromes
combinations have such severe spectral overlap that they cannot be compensated for
and therefore cannot be used together. Selection of appropriate fluorophores is

therefore a critical part of study design (McKinnon 2018). As the study samples were
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analysed on a 2 laser Becton Dickinson FACSLyric™, advice about suitable fluorochromes
taken from the Becton Dickinson technical expert to ensure those selected could be

adequately compensated on the instrument (Table 2.2).

Fluorochrome used in study Excitation Emission
wavelength (hm) | wavelength (nm)

Phycoerythrin Cyanine 7(PECy7) 566 778
Fluorescein 5-isothiocyanate (FITC) 491 516
Allophycocyanin-Cy7 (APC-Cy7) 754 779
Phycoerythrin (PE)-Cy7 566 574
Phycoerythrin (PE) 566 574
Allophycocyanin (APC 651 660
Allophycocyanin (APC) 651 660
Fluorescein 5-isothiocyanate (FITC) 491 516
Phycoerythrin (PE) 566 574
Phycoerythrin (PE) 566 574
Phycoerythrin Cyanine 7(PECy7) 566 788
7-aminoactinomycin-D 546 647

Table 2.2 Fluorochromes used in the study; selected to minimise spectral overlap
(from BD Biosciences Fluorochrome Reference Chart).

2.4.4 Panel 1: Lymphocyte Subsets

Panel 1 was designed to provide information about the phenotype of the starting
material. It included cell markers commonly used to characterise lymphocytes (Wang et
al. 2017) and fluorochromes that were compatible with the FACSLyric™ (Omana-Zapata
et al. 2019). Human peripheral blood samples are inherently variable and to be able to
fully understand any observed experimental effects it was necessary to understand the

cellular content of the starting material. Differences in the responses of cells from
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different donors may be a direct result of the presence of different cell populations and
totally unrelated to experimental conditions. To this end, a standard lymphocyte
phenotyping panel was used to determine both the absolute number and percentage of
cells staining positive for CD3, CD4, CD19, CD25, CD56 and CD16. This enabled
characterisation and enumeration of T and B lymphocytes, Tregs, and NK cells. Panels
designed using these markers were initially defined several years ago (Maecker et al.
2007, Wullner et al. 2010, Mata et al. 2014) but the basic elements of the phenotype

are still included in more recent and complex studies (Blache et al. 2021) indicating that

they were still relevant and a suitable panel to use in this study.

The antibodies used are detailed Table 2.3.

Target Cell Population CD Markers Antibodies
Defining
Population
Nucleated Cells CD45 Anti-CD45-FITC
Viable cells None — DNA 7-AAD
binding
T Lymphocytes CD3 Anti-CD3-PE-Cy7
Th Lymphocytes CD3+CD4+ Anti-CD3-PE-Cy7
Anti-CD4-APC-Cy7
Cytotoxic T Lymphocytes | CD3+CD4- Anti-CD3-PE-Cy7
Anti-CD4-APC-Cy7
B Lymphocytes CD19+ Anti-CD19-APC
Natural Killer Cells CD3-CD16+ and or | Anti-CD3-PE-Cy7
CD56+ Anti-CD16/56-PE
Monocytes CDi16+ Anti-CD16-PE

Table 2.3 Antibodies used in Panel 1.
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Fresh pre-cryopreservation samples were tested with this panel after density separation

and washing (cones and harnesses) or dilution (apheresis product).

Panel 1 gating hierarchy

The gating strategy is shown in Figure 2.3. Cells were identified as events that were not
excluded as either Beads or Debris as shown in Plot 2. Events characterised as Cells were
classified as viable or non-viable according to 7-AAD absorption (Plot 3). Viable Cells
were then gated against CD45/SSC to identify cell populations by morphology (Plot 4).
Although T lymphocytes require the presence of monocytes to respond to antigen (Mata
et al. 2014), the classical monocyte marker CD14 could not be included in the panel due
to lack of available fluorescence channels on the flow cytometer used for the study.
Although most monocytes are also CD16+ (Kapellos et al. 2019), the limitations of the
instrument prevented the use of anti-CD16 for monocyte identification. Monocytes
were therefore identified morphologically by FS/SC. Viable monocytes were identified
by morphology in Plot 4 (Monos) and backgated into Histogram 1 to confirm their scatter
pattern remained as expected for monocytes (Monos2). Viable lymphocytes were
identified by morphology (Plot 4) and then gated against CD3, CD4, CD19 and
CD16/CD56 to identify Th cells, cytotoxic T cells and NK cells as shown in Plots 5, 6 and
7. Due to the limitations of the flow cytometer it was not possible to use anti-CD8 in
Panel 1. CD8+ cells were therefore identified as CD3+CD4- lymphocytes. The validity of
this approach was tested by comparison of the number of CD3+CD4- events/uL from
Panel 1 against the number of CD3+CD8+ events from Panel 3 where it was possible to

include anti-CD8.
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Figure 2.3: Panel 1 gating hierarchy. Debris and Beads excluded as shown on Plots 1 and 2. Cells identified as all events not excluded as Beads/Debris.
Cell events staining 7-AAD+ excluded as non-viable as shown on Plot 3. Viable cells then gated by CD45/SSC to identify populations by morphology as
shown on Plot 4. Viable lymphocytes further characterised as: CD3+CD4+ Th and CD3+CD4- Cytotoxic T cell populations (Plot 7); CD3-CD19+ B lymphocytes

(Plot 6); NK cells CD16/CD56+ (Plot 5). Monocytes identified by morphology on CD45/SSC on Plot 4and back gated onto FS/SSC plot 1 (Monos2) to confirm
the population.
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2.4.5 Panel 2: Regulatory T Cells

Panel 2 was designed to identify regulatory T cells (Tregs), naive and memory T cells that
could potentially affect the responsiveness of the lymphocytes in the starting product.
Tregs are a distinct population of CD4+ T cells which co-express high levels of CD25
(McHugh et al. 2002, Sjaasted et al. 2021). They are implicated in the dampening down
of the allo-response and achievement of tolerance. It can therefore be postulated that
DLI products containing high levels of T regs, could be less effective at inducing GvL than
those with lower numbers. As the study compared the responses of lymphocytes from
different donors, the number of T regs in each starting product could potentially have
affected the experimental results. T Regs were identified as CD4+CD25+CD127Lo (Wang
et al. 2017, Sjaasted et al. 2021). CD4+CD25+CD127hi was used to define activated
effector T cells (Simonetta et al. 2010). CD45RA was used to discriminate between naive
T cells (CD4+CD45RA+) that have been shown to give rise to T cells that maintain their
Treg expression when expanded (Tian et al. 2017) and CD8+CD45RA- memory cells
(Toma et al.2022). As described in Panel 1, CD8+ lymphocytes were again identified as

CD3+CD4-.

Fresh pre-cryopreservation samples were tested with this panel after density separation

and washing (cones and harnesses) or dilution (apheresis product).

The antibodies used are detailed in Table 2.4.
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Target Cell Population

CD Markers Defining

Antibodies

Population

T Lymphocytes CD3 Anti-CD3-FITC

T Helper Lymphocytes CD3+CD4+ Anti-CD3-FITC
Anti-CD4-APC-Cy7

Cytotoxic T CD3+CD4- Anti-CD3-FITC

Lymphocytes Anti-CD4-APC-Cy7

T Reg CD3+CD4+CD25+CD127Lo | Anti-CD3-FITC
Anti-CD4-APC-Cy7
Anti-CD25-APC
Anti-CD127-PE-Cy7

T effector (activated) CD3+CD4+CD25+CD127Hi | Anti-CD3-FITC

Anti-CD4-APC-Cy7
Anti-CD25-APC
Anti-CD127-PE-Cy7

T central/effector

memory cell

CD3+CD4+CD25-CD127+

Anti-CD3-FITC
Anti-CD4-APC-Cy7
Anti-CD127-PE-Cy7

Naive T Helper
Lymphocytes (non-
memory phenotype)
Some effector memory

phenotype

CD3+CD4+CD45RA+

Anti-CD3-FITC
Anti-CD4-APC-Cy7
Anti-CD45-RA-FITC

Cytotoxic T Lymphocyte
(Memory phenotype)

CD3+CD4-CD45RA+

Anti-CD3-FITC
Anti-CD45RA-FITC
Anti-CD4-APC-Cy7

Table 2.4 Antibodies used in Panel 2.
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Panel 2 gating hierarchy (see Figure 2.4)

Beads and debris were excluded as described for Panel 1 in section 2.7.3. Lymphocytes
were identified by morphology using FSC/SSC (Plot 1). Total lymphocytes were classified
as viable or non-viable according to 7-AAD absorption (Plot 3). Viable T lymphocytes
were then identified as CD3+ (Plot 4). Th cells were identified as CD3+4+ and cytotoxic
T cells as CD3+CD4- (Plot 5). Treg cells were identified as CD4+ cells staining
CD25+CD127Lo (Plot 6). Activated effector T cells were identified as CD4+ cells staining

CD25+CD127Hi (Plot 6).
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Figure 2.4: Panel 2 gating hierarchy. Debris and Beads excluded as shown on Plots 1 and 2. Lymphocytes identified by morphology on Plot 1. Lymphocyte
events staining 7-AAD+ excluded as non-viable as shown on Plot 3. Viable T lymphocytes identified by CD3/SSC as shown on Plot 4. Viable T lymphocytes
further characterised as: CD3+CD4+ Th and CD3+CD4- Cytotoxic T cell populations (Plot 5); CD4+25+CD127Hi activated effector T and CD4+CD25+CD127Lo

Tregs (Plot 6) ; CD3+CD45RA+ naive T cells and CD3+CD8+ memory T cells (Plot 7).
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2.4.6 Panel 3: Activated T Cells

Panel 3 was designed to demonstrate the ability of the lymphocytes to activate in
response to antigen. CD25 and CD69 were used to demonstrate early and middle

activation markers, as discussed in introduction section 1.5.

Fresh pre-cryopreserved samples were tested with this panel after density separation
and washing (cones and harnesses) or dilution (apheresis product). Post-

cryopreservation samples were tested immediately post thaw and at 4, 24 and 72 hours

in culture. The antibodies used are detailed in Table 2.5.

Target Cell Population CD Markers Antibodies
Defining
Population
T Lymphocytes CD3 Anti-CD3-FITC
T Helper Lymphocytes CD3+CD4+ Anti-CD3-FITC
Anti-CD4-APC-Cy7
Cytotoxic T Lymphocytes CD3+CD8+ Anti-CD3-FITC
Anti-CD8-PE-Cy7
Activated T Helper CD3+CD4+CD69+ | Anti-CD3-FITC
Lymphocytes (early phase) Anti-CD4-APC-Cy7
Anti-CD69-PE
Activated Cyotoxic T CD3+CD8+CD69+ | Anti-CD3-FITC
Lymphocytes (early phase) Anti-CD8-PE-Cy7
Anti-CD69-PE
Activated T Helper CD3+CD4+CD69+ | Anti-CD3-FITC
Lymphocytes (late phase) Anti-CD4-APC-Cy7
Anti-CD25-APC
Activated Cytotoxic T CD3+CD8+CD69+ | Anti-CD3-FITC
Lymphocytes (late phase) Anti-CD8-PE-Cy7
Anti-CD25-APC

Table 2.5 Antibodies used in Panel 3
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Panel 3 gating hierarchy (see Figure 2.5 below)

Beads and debris were excluded as described for Panel 1 in section 2.7.3. Remaining
events were characterised by morphology using FSC/SSC (Plot 3). Events identified as
lymphocytes were then gated against CD3+ to define T lymphocytes (Plot 4). T
lymphocytes were classified as viable or non-viable according to 7-AAD absorption (Plot
5). Viable Th cells were identified as CD3+4+ and cytotoxic T cells as CD3+CD4- (Plot 6).
Activated Th and cytotoxic T cells were identified by gating against CD25 and CD69 (Plots
CD3+ lymphocytes from Plot 4 were gated against CD4 and 7-AAD to allow independent
identification of viable Th (CD3+CD4+7-AAD-) and cytotoxic T cells (CD3+CD4-7-AAD-) in

Plots 9 and 10.

Page 53 of 253



Plot 1 : All events by FS/SC . Plot 2 : All events (not debris) Plot 3 : Lymphocytes/Monocytes by FSC/SSC  Plot 4 : Lymphocytes Plot 5 : T Lymphocytes

7 -AAD- viable 7-AAD+ non

| Tcells viable T cells
S S S S S
S S Beads S S S
¢ c c C D3+ T cells C
Debris oy Monocytes CD3-
b > Lymphocytes sl ‘—P ’ —
FSC FSC FSC 7-AAD
. CD3-FITC
Exclude debris Exclude beads
Plot 10 : ThiLymphocytes Plot 9 : Cytotoxic T Lymphocytes Plot 8 : Activated Th Lymphocytes Plot 7 : Activated cytotoxic T Plot 6 §Viable T Lymphocytes
. . . ~» Lymphocytes .
CD4469 CD4+25469
CD4+7-AAD- CD4+7-AAD-non- : § ! CDB#69+ S CD3+4+Th lymphocytes
viable Th cells viable Th cells CD8+7-AAD- CD8+7-AAD+non
viable cytotoxic viable cytotoxic T 48
Tells cells < "
~
3
S S I&.-I ‘a.-l 2
a a <
s s 2 g 3
c o o < 8
CD3+4 Cytotoxic T
CD442569- CD4+25+ CD842569- CD8+25+
7-AAD 7-AAD CD25-APC D25 -APC CD8PE-Cy7
% Viable Th CD4+/7-AAD - % Viable CD84/7-AAD - Viable activated Th CD4+/CD25+ Viable activated cytotoxic T Viable Th CD3+4+and cytotoxic
From total CD3+ From total CD3+ and/or CD69+ from viable CD3+ CD8+/CD25+and/or CD69+ TCD348+from viable CD3+

from viable CD3+

Figure 2.5: Panel 3 gating hierarchy. Debris and Beads excluded as shown on Plots 1 and 2. Lymphocytes identified by morphology on Plot 3. T
lymphocytes identified by CD3/SSC as shown on Plot 4. T lymphocyte events staining 7-AAD+ excluded as non-viable as shown on Plot 5. Viable T
lymphocytes further characterised as: CD3+CD4+ Th and CD3+CD8+ Cytotoxic T cell populations (Plot 6); Activation of Th and cytotoxic T
lymphocytes determined by expression of CD25 and CD69 (Plots 7 and 8). Specific viabilities of Th and cytotoxic T lymphocyte populations
determined by staining with 7-AAD (Plots 9 and 10).
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2.4.7 Cell Viability

7-Aminoactinomycin D (7-AAD) was included in all 3 panels as a marker for cell viability.
Cells that stained positive were excluded from absolute cell number calculations and the
percentage viability of all cell phenotypes was calculated. Although this study was not
at clinical scale, calculation of the absolute number of viable cells at each stage provided
valuable information about how well cells survived over storage, cryopreservation and

culture.

2.5 Key Consumables

2.5.1 Key consumables list

Key consumables used in the study are listed in Table 2.6. For a full list of all

consumables used, see Appendix 5.
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Consumable

Product

Manufacturer

Density gradient separation

medium 1.077g/cm?

Lympholyte®-H

CedarlLane Labs, Burlington,

Canada

Dulbecco’s Phosphate Buffered

Saline

Dulbeccos Phosphate Buffered
Saline 500mL

Stem cell Technologies,

Vancouver, Canada

Density separation tubes

SepMate™ tubes

Stem cell Technologies,

Vancouver, Canada

6mL dockable syringe

RF-T15 6mL syringe

OriGen Biomedical, Austin, TX

USA

Lymphocyte culture medium

Immunocult™-XF T Cell

Expansion Medium 10981

Stem Cell Technologies

Vancouver, Canada

4.5% Human Albumin Solution

(HAS)

Zenalb 4.5%

BioProducts Laboratory Ltd.
Elstree, UK

Interleukin 2 (IL2)

Recombinant IL2 (CHO

expressed)

Stem cell Technologies,

Vancouver, Canada

CD3/38 activation beads

Immunocult™ Human

CD3/CD28 T Cell Activator

Stem Cell Technologies,

Vancouver, Canada

24 well plates

Sarstedt 83.3922.500

Sartstedt AG & Co KG,

Numbrecht, Germany

6 well plates

Stem Cell Technologies 38016

Stem Cell Technologies

Vancouver, Canada

Dimethyl Sulphoxide (DMSO)

Cryosure 50mL

WAK-Chemie Medical GmbH,

Steinbach, Germany

CryoMacs freezing bags

Cryo 50/250

Miltenyi Biotec, Bergisch

Gladbach, Germany

600mL transfer pack

Transfer pack with coupler —

600mL

Fresenius Kabi UK, Runcorn, UK

Absolute count tubes

TruCount™ Tubes

Becton Dickinson UK, Winnersh

Triangle, UK

Table 2.6 Key consumables.
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2.5.2 Flow cytometry antibody list

All antibodies were supplied by Becton Dickinson UK Ltd. Some of the antibodies used
in the study were already in routine use at the study site at the time the study was
performed. To minimise the financial impact on the department, these were also used

for the study and the remaining antibodies selected following advice from Becton

Dickinson.
Antibody Clone
Anti-CD3-Phycoerythrin -Cyanine 7 (PE-Cy7) UCHT1
Anti-CD3-Fluorescein isothiocyanate (FITC) HITC3a

Anti-CD4-Allophycocyanin- Cyanine-7 (APC-Cy7) RPA-T4

Anti-CD8- Phycoerythrin -Cyanine 7 (PE-Cy7) HIT8A
Anti-CD16/56- Phycoerythrin (PE) B159/3G8
Anti-CD19- Allophycocyanin (APC) HIB19
Anti-CD25- Allophycocyanin (APC) MA251
Anti-CD45- Fluorescein isothiocyanate (FITC) HI30

Anti-CD45-RA- Fluorescein isothiocyanate (FITC) HI100

Anti-CD69- Phycoerythrin (PE) FN50
Anti-CD127- Phycoerythrin -Cyanine 7 (PE-Cy7) HIL-7R-M21
7-Aminoactinomycin-D (7-AAD) Not Applicable

Table 2.7 Antibody clones used.

2.6 Methods: Sample Preparation

2.6.1 Aseptic technique

All open processing steps were performed in a Microbiological Safety Cabinet (MSC) to
prevent contamination during cell manipulation. The MSC was located in a dedicated
development space where the was no risk of crossover contamination from any other

materials in use in the department. All operators who performed this procedure were
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qualified in aseptic technique in accordance with NHSBT policies and standard operating
procedures. To comply with NHSBT policy, operators must complete bi-annual broth
simulation exercises, whereby they perform a dummy cell process using tryptone soya
agar broth instead of cellular products. At the end of processing, the broth is sampled
and tested for bacterial and fungal contamination. Operators must demonstrate a zero
contamination rate, proving that they are able to perform open manipulation of cellular
products without introducing microbiological contamination. For this reason, it was not
deemed necessary to perform microbiological culture assays on the study samples.
2.6.2 Preparation of starting cell preparations
All work was carried out in a temperature-controlled laboratory with a set point of 21°C.
Room temperature (RT) in this case was therefore defined at 21°C.

i) Apheresis cones
The cones were removed from 4°C storage and placed in the MSC at room temperature.
The lines on each end of the cone were cut with sterile scissors and the cone placed over
a sterile tube to allow the cells to drain into the tube by gravity. Aseptic removal of the
cells from the cones took from 5-10 minutes. The collected cells were then diluted with
an equal volume of 2% HAS in PBS for density gradient separation.

ii) Apheresis harnesses
The harness was suspended within the MSC so that gravity allowed the cells trapped
within the set to drain into an empty bag docked onto the harness using a sterile
connecting device (SCD). To remove the last cells trapped within the set. A syringe was
filled with 50mL of 2% HAS in PBS and attached to a port on the harness and the
HAS/saline flushed through the harness. The extracted cells were then transferred to
50mL conical tubes for density gradient separation.
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iii) Apheresis samples

Samples were removed aseptically from the apheresis pack by connecting a dockable
6mL syringe to the line on the pack using a sterile connecting device (SCD). 6mL of cells
were drawn up into the syringe. 4mL was aliquoted for sterility testing. The remaining
2mL was assigned for routine quality control (QC) testing (cell counting and flow
cytometry for CD34+ cells). After satisfactory completion of QC tests any remaining
sample was reserved for the study. The volume remaining ranged from 1-1.5mL
depending on the volume used for testing. The reserved cells were held in the dockable
syringe pending the results of the QC analysis. When released for the study, the syringe
was transferred to the MSC and the cell sample dispensed into a 15mL conical tube.
4.5% HAS was added to the cells to a final volume of 10mL.
2.6.3 Mononuclear cell preparation
The density separation medium used was Lympholyte®-H. Following the manufacturer’s
instructions, the medium was shaken vigorously and left to stand in the dark at RT until
all the bubbles had dispersed before it was used.

i) Apheresis Cones
The mononuclear cells were separated from the diluted cell suspension using the
SepMate™ system (Miltenyi Biotech, UK). The diluted cells were added to a SepMate™
tube filled with Lympholyte®-H density gradient medium and centrifuged in a
temperature-controlled centrifuge: 1000g for 10 minutes at 20°C. After centrifugation,
the SepMate™ tubes were transferred to the MSC. The supernatant was discarded and
the enriched MNC layer at the interface was carefully removed and placed in a clean
50mL conical tube. MNC layers from multiple tubes were pooled into a single tube to a

maximum volume of 20mL. The cells were washed 3 times by adding 2% HAS/PBS to
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make a total volume of 50mL, followed by centrifugation at 400g for 10 minutes at 20°C.
After washing the cell pellet was resuspended in 4.5% HAS to a final volume of 10mL at
RT. The HAS was added slowly to the cell pellet with constant gentle mixing to avoid
osmotic shock.
ii) Apheresis harnesses
The volume of starting material retrieved from the harnesses was much greater than
that retrieved from the cones (>100mL as compared to <30mL for the cones) making it
impractical to use SepMate™ tubes. The apheresis cells were therefore layered straight
onto Lympholyte®-H dispensed into a 50mL conical tube. The ratio of cells to
Lympholyte®-H to was 2:1. The maximum volume used in each tube was therefore 15mL
of Lympholyte®-H and 30mL of cells. The number of tubes required to perform the
separation was determined by the starting sample volume. The tubes were centrifuged
at 800g for 20 minutes at 20°C. After centrifugation, the tubes were transferred back
into the MSC. The supernatant was discarded and the MNC layer was carefully removed
into a clean 50mL conical tube. MNC layers from multiple tubes were pooled into a single
tube to a maximum volume of 20mL. As before, the number of tubes required was
dependant on the starting volume. The tubes containing the MNC layer were then
topped up with RT PBS to a volume of 50mL. The tubes were centrifuged at 500g for 5
minutes at 20°C. The supernatant was discarded, and the cell pellets were pooled, if
required, and resuspended in 4.5% HAS at RT as described above.
iii) Apheresis samples

The cell samples from the apheresis products were not prepared by density separation
for two reasons: 1) they were collected as the mononuclear fraction by a programmable
cell separator (Spectra Optia) and did not contain sufficient contaminating red cells or
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granulocytes to make density separation required and 2) to minimise any patient
impact, cell numbers taken from the product were the minimum that could be used for
the study and potential cell losses during the separation procedure could have rendered
the samples unusable.

2.6.4 Cell Counts

A 500uL sample of the prepared resuspended cells was removed using a sterile pipette.
A cell count was then performed on a using a Sysmex 1000i haematology analyser. The

number of nucleated cells present in the MNC preparation was then calculated:

WBC x 108/mL x Volume (10mL) = TNC x 108

The study required a minimum of 300 x 10° nucleated cells. Starting products that did
not meet this criterion were discarded. If the product contained sufficient cells to
perform all study conditions, the initial flow cytometry panels to establish cell
phenotype and activation marker expression were performed to establish the baseline

characteristics of the individual sample.

2.7 Methods: Flow Cytometry

2.7.1 Analyser set up and sample preparation

On each day that the BD™ FACSLyric™ was used, performance quality control (PQC) was
performed using BD® Cytometer Set & Tracking (CS&T) beads. The CS&T beads are used
to quality control the instrument optics, electronics, and fluidics. The instrument
measures position and fluorescence intensity of the beads against the target profile for
the bead lot to confirm sensitivity and reproducibility for the instrument. In addition,

performance of PQC optimises colour compensation for the assays to be used each day.
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The BD™ FACSLyric™ provides an automated report of the PQC result and the

instrument was only used to analyse study samples if a ‘PASS’ result was achieved.

100uLwas removed from the sample used to perform the WBC analysis. The 100uL
sample was diluted in PBS (BD FACSflow™) to a WBC concentration of 10-20 x 10%/mlL.
This was the optimum cell concentration range for sample analysis on the FACSLyric™.
A Full Blood Count (FBC) was then performed on the diluted sample using the Sysmex

1000i to confirm the accuracy of the dilution.

BD Trucount™ tubes were used in the study to enable generation of absolute cell
counts. A lyse no-wash protocol was employed to ensure that the BD Trucount™ beads
were conserved in the tubes. Lysing solution was made freshly each day. 1mL of FACS™
Lysing Solution 10X Concentrate was added to 9mL of sterile distilled water in a sterile
conical tube. The manufacturer specification for the products states that BD FACS™

Lysing Solution is compatible with both wash and no-wash protocols.

Antibodies were dispensed into BD Trucount™ tubes at volumes according to the

manufacturers’ recommendation for the number of cells to be stained:
Panel 1: 20ul 7-AAD, 5ul anti-CD3-PE-Cy7, 5ul anti-CD4-APC-Cy7, 20ul anti-CD45-FITC,
20ul anti-CD19-APC, 20uL anti-CD16/56-PE.

Panel 2: 20ul 7-AAD, 20pL anti-CD3-FITC, 20uL anti-CD25-APC, 5ul anti-CD4-APC-Cy7,
20puL anti-CD45RA-PECy7, 5uL anti-CD127-PE-Cy7.

Panel 3: 20pl 7-AAD, 20uL anti-CD3-FITC, 5L anti-CD4-APC-Cy7, 5L anti-CD8-PeCy7,
20pL anti-CD25-APC, 20pL anti-CD69-PE.

50uL of the diluted cell suspension was added to each tube by reverse pipetting. The
samples were mixed manually by gentle shaking of the tubes and incubated for 15

minutes in the dark at 21°C. After this time, 1ImL of FACSLyse was added to the samples
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and these were incubated for a further 5 minutes at 21°C. Samples were resuspended
manually by gently shaking the tubes and run immediately on the FACSLyric™. The
instrument stop condition for all 3 panels was set as either 100,000 events or 180
seconds data acquisition to ensure sufficient events were acquired. Protocols for the
different antibody panels used were stored on the FACSLyric™ to ensure that testing
was performed under the same conditions on each occasion. To allow for the inherent
variability of biological samples, the gates set on the assays were not fixed. They could
be moved by the operator to ensure the relevant cell populations were included. All
results were reviewed by an expert user and adjusted where necessary prior to

authorising the results.

2.8 Method: Storage and cryopreservation

Storage and cryopreservation conditions were designed to replicate those routinely in
use in NHSBT laboratories. Cells were stored under the same conditions as clinical
products in storage devices monitored by an independent Environmental Monitoring
System (EMS). Cryopreservation was performed following NHSBT’s in house validated
procedures for cryopreservation of human cells for infusion (Appendix 4). The prepared
cell products were split into three aliquots (by volume) for cryopreservation on Days 1,
2 and 3. The volume of each aliquot was used to calculate the absolute cell numbers
contained within it. There were minor variations in the aliquot volumes resulting in the

different pre-freeze cell counts in seen in Tables 4.2, 4.3, 4.4 and 4.5.

The washed cells were transferred to a breathable 600mL transfer pack (Fresenius Kabi
UK) and the volume of the cells adjusted to a minimum of 20mL. The maximum
permitted nucleated cell concentration in the transfer pack was 100 x 108/mL and

samples with cells at higher concentrations were diluted to reduce the count to <100 x
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10%/mL. The cell bag was then placed at 4°C until the temperature of the product

reached NHSBT specification of between 2-8°C.

A cryoprotectant mixture of 20% DMSO (CryoSure, WakChemie Medical GmbH) in 4.5%
HAS was prepared. 80mL of 4.5% HAS at 4°C was dispensed into a CryoMACS® 250 PVC
free cryobag (Miltenyi Biotec) via needle and syringe. The CryoMACS bag was placed on
gel pack pre-cooled to 4°C and 20mL of DMSO was added slowly with constant mixing.

The prepared cryoprotectant was then cooled to 4°C before use.

The cell product was A needle and syringe were used to transfer one third of the cell
product to a CryoMacs® 50 cryobag. The bag was labelled with an identifying number,
date of collection and Day 1 Cryopreservation. The bag was placed on a gel pack pre-
cooled to 4°C and an equal volume of the cryoprotectant added via needle and syringe.
The cryoprotectant was added slowly with constant mixing. A 1mL sample of the
cell/cryoprotectant mixture was transferred via needle and syringe to a 1.8mL vial
suitable for cryogenics (Nunc® CryoTube®). The bag and vial were immediately
transferred to a Kryo 560-16 rate-controlled freezer (Planer Ltd.) and cryopreserved
using the routine NHSBT freezing programme. Rate controlled cryopreservation allows
the freezer protocol to be designed for the type of product being cryopreserved and has
been demonstrated to be optimal for cryopreservation of human blood cells (Buhl et al.
2012). Temperature sensors inside the freezer control the chamber temperature to the
programmed temperature profile. In this study an additional sensor was placed next to
the bag inside the freezing cassette to provide assurance that the sample temperature
matched the programmed chamber temperature (see Figure 2.6 below). The freezing

programme used in the study has been in use for cryopreservation of clinical products
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for more than 20 years and there is a wealth of internal clinical data available to

demonstrate its suitability.

Programme steps:

Hold 4°C 5 minutes.

Ramp 1: -1°C/minute to -30°C.
Ramp 2: -2°C/minute to -60°C.
Ramp 3: -20°C/minute to -180°C.

Hold -180°C until unloaded into vapour phase nitrogen immediately on completion of
programme.

Chamber temperature

Sample temperature

m - c + o 3 ®mDT 3 0

Figure 2.6: Trace from programmable freezer. Showing close alignment between
chamber temperature and sample temperature.

To avoid membrane damage caused by prolonged exposure to DMSO prior to freezing
(de Menorval et al. 2012), the maximum time between the first addition of cold

cryoprotectant to starting the rate-controlled freezer was <20 minutes. After
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cryopreservation, the cells were immediately transferred to vapour phase nitrogen
storage for a minimum of 7 days before thawing and stimulation. The storage
temperature was maintained below -150°C and was monitored by an EMS system.
Frozen samples where storage temperatures did not meet this specification were

excluded from the study.

The remaining cells were stored at 4°C for 24 hours. Exactly 24 hours after the Day 1
cryopreservation, a second aliquot of the stored cells was cryopreserved following the
same protocol. This was the Day 2 Cryopreservation. 48 hours after Day 1
cryopreservation, the final aliquot was cryopreserved. This was the Day 3

cryopreservation.

2.9 Methods: Stimulation

The cryopreserved bag was removed from the vapour phase nitrogen storage and
thawed rapidly in a water bath at 37°C. The cells were then transferred to an MSC, and
all work was then performed in the MSC to minimise contamination. The thawed cells
were transferred from the cryobag to a sterile 50mL conical tube via a needle and
syringe. A 250uL sample was removed from the thawed cells for FBC/Panel 3 flow
cytometry to establish the number of viable cells present immediately post thaw. The
cell sample was diluted dropwise 1: 5 with BD Pharmingen™ Stain Buffer (BSA) (Becton
Dickinson UK) at 21°C prior to FBC and flow cytometric testing. The remaining cells were
diluted with an equal volume of ImmunoCult™ -XF T (Stem Cell Technologies) at 21°C.
The media was added dropwise to the thawed cells to minimise osmotic shock as
described by Disis et al. (2006). The resuspended cells were centrifuged at 300g for 5
minutes at RT. The supernatant was removed, and the cell pellet was resuspended in

10mL of 4.5% (v/v) HAS. A further wash was performed as before. The washed cell pellet
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was resuspended in ImmunoCult™ -XF T (Stem Cell Technologies) at RT to an
approximate cell concentration of 10 x 10%/mL, calculated from the WBC on the sample
taken immediately post thaw. A 100uL sample was taken from the resuspended cells
and FBC/Panel 3 flow cytometry was performed on this sample to establish the number

of viable CD3+ cells/mL.

Culture medium was prepared by adding 10mL of 4.5% HAS to 190mL of ImmunoCult™
-XF T in a sterile bottle. 100mL of prepared media was transferred to a second sterile
bottle and 100uL of IL2 at a concentration of 0.1mg/mL added to produce an IL2
concentration of 0.1ug/mL. Initially cells (cone samples 1-10) were seeded into a 6 well
plate (Stem Cell Technologies) at a density of 1 x 108 viable CD3+/mL. 3 x 10° viable cells
were seeded into each of 3 wells of a 6 well plate, and the total volume of the well,
adjusted to 3mL with the prepared medium. However, the samples from prepared
apheresis harnesses did not yield sufficient cells to seed 3 x 10° viable CD3+ into each
well. To reduce the number of cells required for the assay, Cones 11-16, apheresis
harness cells and samples from mobilised products were seeded into a 24 well plate
(Sarsted AG & Co KG). 1 x 10° viable CD3+ were seeded into 3 wells of the plate and the
volume of the well, adjusted to 1mL with the prepared medium. The seeding density
remained at 1 x 108/mL. The selection of 1 x 108/mL as optimum seeding density was
based on work previously performed within NHSBT on T cell activation assays (Kumar,

and Meneghal, 2022).

Well 1: Control sample -Cells + Media

Well 2: Control for experimental effect due to the presence of IL2 alone -Cells + Media
supplemented with Human Recombinant IL2 E.coli expressed (Stem Cell Technologies)
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Well 3: Test sample - Media supplemented with Human Recombinant IL2 E.coli
expressed (Stem Cell Technologies) and Immunocult™ Human CD3/CD28 T Cell
Activator (Stem Cell Technologies).

The sample plate was incubated for exactly 4 hours in a 37°C humidified incubator at 5%
C02/95% air. After 4 hours, a 250uL sample was aseptically removed from each well. The
contents of the cells were mixed gently using a pipette prior to sampling to ensure that
the sample taken was representative. An FBC and flow cytometric Panel 3 were
performed. Sampling and Panel 3 flow cytometry was repeated at 24 and 72 hours. A

summary of the study design is shown in Figure 2.7.
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Day 1: Prepare
starting materials

———— —————l
| diat Store 4°C Store 4°C
mmediate 24-48 hours 48-72 hours

Figure 2.7: Study Design Summary showing timescale for cell preparation,
cryopreservation and testing.
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2.10 Data Collection and Statistical Analysis

The raw flow cytometry data was exported as csv files from the FACSLyric™ into
Microsoft Excel spreadsheets. Calculations of absolute cell counts were performed
within the Excel spreadsheets. The data was then transferred into GraphPad Prism

version 9.5 for statistical analysis.

As it had not been possible to use anti-CD8 in Panels 1 and 2 because of the lack of
available fluorescence channels on the FACSLyric™, the validity of identifying CD8+ T
cells as those staining CD3+4- was confirmed by comparison of the numbers of CD3+4-
cells/mL from Panel 2 with the number of CD3+8+ cells/mL from Panel 3. The analysis
was performed on the same sample, taken prior to cryopreservation and the values
obtained confirmed using Wilcoxon rank test. A non-parametric test was used on this
occasion as QQ plotting showed that these data did not follow a normal distribution. No

significant difference was found between the two methodologies (Appendix 6).

Advice on statistical analysis was taken from Ellen Marshall, statistician at Sheffield
Hallam University. Following this advice samples with missing data sets were excluded
from the analysis. As the distribution of the samples under test was unknown and
biological samples cannot be assumed to have a normal distribution, a Shapiro-Wilk test
for normal distribution was applied to all paired comparisons prior to selecting the
method of analysis. The Shapiro-Wilk test has been shown to be the most appropriate
for small samples numbers (n<50) (Mishra et al. 2019). The data was confirmed to have
a normal distribution, therefore paired or unpaired t-tests were used to interrogate the
data for differences between two groups. To reduce the likelihood of detecting false

experimental effects, False Discovery Rate (FDR) correction factor was applied to all the
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p-values obtained using t-tests (Benjamini and Hochberg 1995). All reported p values

are FDR corrected.

Analysis of variance (ANOVA) was used to interrogate the data for comparisons between
multiple groups of the same sample size, using Tukey’s multiple comparison test as a
post-hoc test to confirm significant differences in the means. Residuals for all analyses
were plotted on QQ plots to confirm normality for each ANOVA and therefore validity
of the test. Where sample groups were the same size ANOVA was performed using a
repeated measures model Where it was not possible to perform repeated measures
ANOVA because of differences in the sample sizes between the experimental groups, a
mixed model was used. All hypothesis tests were two-sided, with a significance level

of p<0.05.
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3 Chapter 3 Phenotyping Results for Cryopreserved Cells

3.1 Background

The cells prepared from the apheresis cones, apheresis samples and apheresis harness
starting materials were phenotyped prior to cryopreservation to determine the cell

populations and numbers present.

The aim of the study was to determine relationships, if present, between the phenotype
of the starting cell population, pre-cryopreservation, and their recovery and activation
rates post-thaw. It was therefore important to establish the initial phenotype of the cell
populations within the different groups. Any differences between the groups were

determined by Statistical analyses.

As described in Chapter 2, each sample was tested with 3 different flow cytometric
panels to establish the numbers of the following cell types:

i) Granulocytes

ii) T, B and NK lymphocytes

iii) Naive/memory phenotype T cells

iv) Tregs

V) Activated T cells
The viability of CD45+ cells in the prepared starting material was tested by staining with
7-AAD to determine whether samples used in the study were in good condition prior to
cryopreservation. Samples that had been damaged by poor handling or storage were
not included in the cryopreservation study as it would have been impossible to detect

experimental effect.
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3.2 Study samples

Cells derived from sixteen apheresis cones, nine apheresis samples and five apheresis
harnesses were phenotyped for the study. Sufficient lymphocyte numbers were
retrieved from the cones and the apheresis samples to fulfil the cryopreservation
experimental conditions for the study. The apheresis harnesses unfortunately did not
yield sufficient lymphocytes to fulfil the study conditions and their use was discontinued
after 5 harnesses had been processed. The viability and 3-part differential results for
these harnesses are presented in this chapter as they offer some degree of explanation
for the failure to recover sufficient cells, but as the samples were not used in the study
the results are shown for information only. As only five harnesses were processed, the
number of harness samples was insufficient to provide robust evidence about their cell
content and they were excluded from statistical analysis. The harness recovery results

are discussed fully in Chapter 4.

Due to an error setting up the T lymphocyte subset panel (Panel 2) on the FACSLyric™
which initially went unnoticed, the flow cytometer did not acquire sufficient TruCount™
bead events from cones 1-7 for the T cell subset data to be valid. The number of bead
events acquired for these samples was <200 when the manufacturers recommended
minimum for validity is 1000 bead events. The results obtained on these samples were
therefore excluded from the analysis as they were almost certainly inaccurate. The error
was discovered after all the bags from both the cone and apheresis sample groups had

already been thawed, making it impossible to repeat the tests.

To obtain data on the number of Tregs, naive and memory phenotype lymphocytes
present in cones 1-7, the Day 1 cryopreserved pilot vials were thawed and analysed with

Panel 2. The pilot vial for Cone 2 could not be located. However, the effect of
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cryopreservation itself on the cells stored in vials could have altered the cell populations
present and the results obtained on the seven thawed samples could not have been
considered as reflective of the pre-cryopreserved sample. To better understand the
impact of cryopreservation on the cells stored in vials, the cryopreserved vials from all
sixteen cones and nine apheresis samples were located and thawed. The vials were
thawed rapidly in a water bath at 37°C and diluted in cell culture media at 21°C following
the same procedure used for thawing the bags. T cell subsets were successfully analysed
on the stored pilot cryovials from all samples.

3.3 Data analysis

To confirm that the lymphocyte subset data obtained followed a normal distribution
pattern, a Shapiro-Wilk test and QQ plots were performed on all the subsets tested using
GraphPad Prism. All the subsets studied were found to be normally distributed, enabling
the use of parametric testing. The data generated from the cone, apheresis and harness
(where applicable) sample groups were compared. The viability data between the
groups was compared using a one-way ANOVA. As lymphocyte subsets were only
analysed for cone and apheresis samples, student t-tests for independent samples were
used to compare the cell populations derived from the different groups. These
populations were also compared to reference ranges for peripheral blood from healthy

donors that were available.

Student t-tests for paired samples were applied to the pre-cryopreserved and thawed

samples from each group to assess the impact of cryopreservation.

3.4 Cell viability from Panel 1

CDA45+ viability testing by exclusion with 7-AAD was performed on the cone and harness

samples after density gradient separation had been completed but prior to
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cryopreservation. Apheresis samples were not separated by density gradient and were

tested after dilution for cryopreservation. The viability results for all sample types are

shown in Table 3.1.

Cones (n=16) Apheresis Samples (n=9) Apheresis Harnesses (n=5)
Sample CD45+ viability Sample CDA45+ viability Sample CD45+ viability
Number (%) Number (%) Number (%)
Cone 1l 97.59 APHO1 98.72 HAR 1 87.30
Cone 2 96.91 APHO2 97.27 HAR 2 91.55
Cone 3 92.27 APHO3 99.12 HAR 3 94.20
Cone 4 98.50 APHO4 99.20 HAR 4 96.23
Cone 5 94.35 APHO5 99.39 HAR 5 96.82
Cone 6 98.50 APHO6 99.12
Cone 7 93.88 APHO7 97.91
Cone 8 98.00 APHO8 97.90
Cone 9 96.43 APHO9 98.13
Cone 10 97.51
Cone 11 95.09
Cone 12 97.20
Cone 13 98.39
Cone 14 97.26
Cone 15 97.64
Cone 16 97.63
Mean 96.70 98.53 93.22
Median 97.38 98.72 94.20
Range 92.27-98.39 97.27-99.39 87.30-98.82

Table 3.1 Percentage Viability of CD45+ cells determined by staining with 7-AAD for
cone, apheresis and harness samples.

The mean viability of the cone derived cells was slightly lower (cones = 96.70%;

apheresis samples = 98.53%) and the range slightly greater than that of the apheresis

samples (92.27-98.39 vs 97.27-99.39), which probably reflected the fact that the cone

cells had been subject to physical trauma in the form of density gradient separation.
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Analysis using one-way ANOVA for multiple comparisons did not demonstrate a
significant difference between the cone and apheresis sample viabilities (p=0.104).
Harness samples had the lowest mean viability (93.22%) and this difference was
statistically significant (p= 0.0079 for cones and 0.0003 for apheresis samples), although
the harness sample numbers were so small that the poor viability found in HAR1 (87.3%)
was sufficient to affect the mean and no reliance can be placed on this result (Figure

3.1).
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Figure 3.1: Comparison of pre-cryopreservation viability cells from 16 cone samples
(C1-16), 9 apheresis samples (APH1-9) and 5 harness samples (HAR1-5) prior to
cryopreservation. Viability assessed by flow cytometry exclusion staining with 7-AAD
of cellular events identified by CD45/SSC. Means shown +/- SD. Statistical analysis by
one-way ANOVA, all p values shown.

3.5 WBC Differential counts of cell starting material from Panel 1

Lymphocytes and monocytes were identified by flow cytometric morphology using
CD45+/SSC gating. The lymphocyte population was further characterised with

lymphocyte specific markers (see section 3.5). As described in Chapter 2, monocytes
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were identified by morphology only due to the lack of available fluorescence channels
on the FACSLyric™ to enable use of a monocyte specific marker. Specific markers for
granulocytes were not used in the study and granulocytes were therefore identified as
CD45+ cellular events not classified as either lymphocytes or monocytes. The differential

results are shown in Table 3.2.
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Cones n=16 Apheresis Samples n=9 Apheresis Harnesses n=5
Sample | Lymphocyte | Monocyte Granulocyte | Sample | Lymphocyte | Monocyte Granulocyte | Sample | Lymphocyte | Monocyte | Granulocyte
Number (%) (%) (%) Number (%) (%) (%) Number (%) (%) (%)
Cone 1 59.46 31.30 9.24 APHO1 32.34 28.22 39.44 HAR 1 11.36 6.21 82.43
Cone 2 63.56 34.15 2.29 APHO2 47.75 27.91 24.34 HAR 2 13.22 4.19 82.58
Cone 3 70.18 24.76 5.05 APHO3 45.24 27.62 27.13 HAR 3 24.05 14.62 61.33
Cone 4 75.93 12.01 12.06 APHO4 55.29 29.09 15.62 HAR 4 23.25 30.72 46.02
Cone 5 49.00 50.11 0.89 APHO5 35.76 23.45 40.79 HAR 5 28.67 24.63 46.70
Cone 6 66.85 27.70 5.45 APHO6 40.67 29.80 29.53
Cone 7 64.01 33.78 221 APHO7 28.72 38.35 32.94
Cone 8 70.17 27.84 1.99 APHO8 47.40 28.99 23.61
Cone 9 52.04 42.09 5.87 APHO9 35.66 32.19 32.15
Cone 10 60.20 38.23 1.57
Cone 11 52.63 39.14 8.23
Cone 12 65.45 24.78 9.77
Cone 13 61.15 29.34 9.51
Cone 14 59.20 32.43 8.37
Cone 15 64.19 24.28 11.54
Cone 16 68.24 25.31 6.46
Mean 62.47 31.08 6.28 40.98 29.51 29.51 19.07 15.15 63.49
Median 63.56 31.30 6.46 40.82 28.99 29.53 23.25 14.89 62.41
Range 49.00-75.93 | 12.01-50.11 | 0.89-12.06 28.72-47.75 | 23.45-32.19 | 15.62-39.44 11.36-28.67 | 6.21-30.72 | 47.02-82.58

Table 3.2 Three-part white blood cell differential of prepared cones after density separation and apheresis product samples taken from

the product bag determined by flow cytometry using CD45/SSC. Lymphocytes/monocytes/ granulocytes calculated as % of all viable

CD45+ cellular events.
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The cells from cone samples were prepared by density gradient separation and as a
result would be expected to have low levels of granulocyte contamination. Mean
granulocyte content in the prepared cone samples was found to be 6.25% and ranged

from 0.89 — 12.06% of viable CD45+ cells.

The apheresis samples, not having undergone density gradient separation, had a higher
level of granulocyte contamination than the cones; mean = 29.51% and range = 16.62-
39.44%. APH1 and APH5 had the highest granulocyte content; 39.44% and 40.79%

respectively. APH4 had the lowest number of granulocytes at 15.62%.

The cells retrieved from the apheresis harnesses largely failed to separate on density
gradient separation. The mean granulocyte content of the prepared harness cells was
63.29%, and HAR 1 and 2 had granulocyte content of >80% after separation. Attempts
to improve this outcome by repeating the separation process resulted in unsustainably

high cell losses and were therefore abandoned.

Graphical representation of the white blood cell differentials is shown in Figure 3.2 but
statistical comparison of the 3 experimental groups was not undertaken as the results
could not be expected to be the same, due to the differences in cell preparation

methods.
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Figure 3.2: Graphical representation of the mean 3-part differentials for prepared
pre-cryopreservation cone samples C1-16), apheresis samples (APH1-9) and
harness samples (HAR1-5) performed by flow cytometry. Cellular events identified
by CD45/SSC. CD45+ events subtyped into lymphocytes, monocytes and
granulocytes by degree of side scatter.

3.6 Discussion of viability and WBC Differential of cell starting materials from Panel

1

Viabili;y

The NHSBT specification for CD45+ viability on a fresh product as assayed using 7-AAD
is >90% (SPN256). All starting materials, except for HAR1, met this specification and
would have been regarded as fit for clinical use. Cone 3 had a lower viability than the
other samples but on investigation, no factor was found that indicated poor handling. It
had been received in the same consignment as Cone 4 which had a post-separation
viability of 98.5% and there had been no difficulties extracting the cells from the cone,

or during density gradient separation. Although the viability was lower than the mean,

as Cone 3 met NHSBT specification, it remained in the study.
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The cells originating from apheresis harnesses had a slightly lower viability than the cells
originating from cone or apheresis samples, probably because of the additional physical
trauma undergone removing the cells from the harness, combined with the high
numbers of granulocytes present. It was possible that the cells extracted from the
harnesses had been damaged during MNC apheresis, which can take up to 5 hours and
processes 2-3 blood volumes (Davis et al. 2016) as opposed to the 40-minute Trima
platelet collection process. However, both mean (98.53%) and median (98.72%) viability
of the apheresis samples were the highest of the experimental groups, ruling out the
possibility of adverse impact on the cells derived from the Optia apheresis MNC

collection itself.

Good cell density separation was achieved on all the cone samples, and sufficient
lymphocytes were recovered to fulfil the study conditions. There was a wide range of
viable cells recovered within the populations identified as lymphocytes or monocytes.
Cone 4 was found to be 75.93% lymphocytes and Cone 5: 49.00% lymphocytes. The best
explanation for the wide variation in lymphocyte content of the prepared cones is that
they are directly related to the lymphocyte count of the donor prior to donation. Platelet
donors can donate several times a year and there is emerging evidence that frequent
platelet donation can result in lymphopoenia in the donor (Zhao et al. 2020). It was
therefore possible that Cone 5 was collected from a frequent donor with lower

peripheral blood lymphocytes than the Cone 4 donor.

The apheresis samples displayed surprisingly low variation in cellular composition, given
that the Spectra Optia cell separator, although programmed to maximise collection of

mononuclear cells (Davis et al. 2016), can only collect the cells that are present in the
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donor at the time and donor responses to G-CSF can be highly individual. The mean MNC
content was 70% with only APH1 and 4 below this level. The finding confirmed that
NHSBT apheresis settings deliver accurate MNC products in line with published data

(Davis et al. 2016).

The samples derived from apheresis harnesses performed extremely poorly after
density gradient separation. The cells retrieved from the apheresis harnesses all had
starting granulocyte contents of 50-80% and lymphocyte contents ranging from 10-20%,
as determined by FBC on the Sysmex 1000i haematology analyser prior to separation.
Differential counts performed on immature blasts or G-CSF mobilised cells are not
completely accurate for this type of analyser (Herklotz and Huber, 2001) so the
differential results obtained can only be regarded as indicative of cell content, but they
do provide valuable information. As the harnesses had to be flushed to retrieve all
available cells, the volume obtained from each harness was high, ranging from 100-
150mL. It is probable that the combined factors of high volume and high starting
granulocyte content prevented good separation. As the cell losses on some separations
were high (80% of starting cells were lost from HAR 1) and the starting lymphocyte
numbers were low in most cases, it was not deemed worthwhile to repeat the

separations.

3.7 Lymphocyte subset phenotypes from Panel 1

The viable lymphocyte populations from the sixteen cone and nine apheresis samples
were identified on CD45/SSC. CD45+ cells staining 7-AAD+ were excluded from analysis.
The lymphocytes were further classified as T, B and NK cells using the markers CD3/4/8
(T cells) CD19 (B cells) and CD16/56 (NK cells) as described in Chapter 2. The percentage

of viable lymphocytes categorised as T, B and NK cells was then calculated for both
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sample groups. The harnesses performed so poorly, and in some cases contained so few

lymphocytes that they were not further phenotyped. The results from individual

samples are shown in Tables 3.3 and 3.4.

Sample CD3+ CD3+CD4+ CD3+CD8+ CD4:8 Ratio CD19+ CD16/56+
Number Al T cells Th cells Cytotoxic T % B Cells NK cells
n=16 (%) % of CD3+ of CD3+ (%) (%)
Cone 1 74.63 54.91 45.09 1.22 9.57 13.19
Cone 2 72.14 63.64 36.36 1.75 11.18 15.51
Cone 3 62.68 50.32 49.68 1.01 12.46 22.18
Cone 4 72.25 56.73 43.27 1.31 13.97 11.45
Cone 5 55.12 77.10 22.90 3.37 19.15 21.48
Cone 6 56.92 65.54 34.46 1.90 23.83 17.65
Cone 7 74.70 68.43 31.57 2.17 14.55 8.90
Cone 8 67.62 56.51 43.49 1.30 15.37 19.46
Cone 9 64.00 76.23 23.77 3.21 12.28 18.80
Cone 10 51.85 60.38 39.62 1.52 13.11 33.99
Cone 11 69.55 77.76 22.24 3.50 15.92 11.54
Cone 12 77.92 71.93 28.07 2.56 7.82 10.62
Cone 13 79.33 51.15 48.85 1.05 10.39 6.81
Cone 14 78.81 57.52 42.48 1.35 12.20 3.95
Cone 15 65.82 71.33 28.67 2.49 18.91 11.91
Cone 16 74.10 67.47 32.53 2.07 15.05 7.95
Mean 68.59 64.18 35.82 1.99 14.11 14.71
Median 70.85 64.59 35.41 1.83 13.54 12.55
Range 51.85-79.33 | 51.15-77.76 | 22.24-49.68 | 1.01-3.50 | 7.82-23.93 3.95-33.99
Ref. Range* | 53.0-83.0 NA NA 0.9-5.0 5.0-21.0 5.0-32.0

*Reference range for German healthy blood donors from Zhang et al. 2016

Table 3.3 T/B/NK lymphocyte content of prepared cones after density separation

determined by flow cytometry. T/B/NK content was calculated as a % of all viable

lymphocytes identified by morphology using CD45/SSC. CD4+ and CD8+ lymphocytes

calculated as a % of viable CD3+ lymphocytes. NA - Not available.
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Sample %CD3+ %CD3+CD4+ |%CD3+CD8+ |CD4:8 Ratio |%CD19+ %CD16/56+
Number Al T cells Th cells Cytotoxic T B Cells NK cells
n=9 % of CD3+  |% of CD3+

APHO1 71.98 46.38 53.62 0.86 16.76 9.31
APHO02 78.88 69.89 30.11 2.32 11.00 7.80
APHO3 76.06 64.51 35.49 1.82 13.74 11.08
APHO4 67.46 62.51 37.49 1.67 15.59 20.99
APHO5 77.70 57.31 42.69 134 12.40 6.80
APHO6 78.44 57.10 42.90 1.33 10.34 7.35
APHO7 72.97 58.21 41.79 1.39 18.70 6.07
APHO08 67.86 64.25 35.75 1.80 17.46 9.77
APHO9 66.89 57.06 42.94 1.33 23.51 7.99
Mean 73.14 59.69 40.31 1.54 15.50 9.68
Median 72.97 58.21 41.79 1.39 15.59 7.99
Range 66.89-78.88 | 46.38-64.51 | 30.11-53.62 | 0.86-2.32 |10.34-23.51| 6.07-20.99
Ref. Range 53.0-83.0 NA NA 0.9-5.0 5.0-21.0 5.0-32.0

*Reference range for German healthy blood donors from Zhang et al. 2016

Table 3.4 T/B/NK lymphocyte content of apheresis product samples taken from the
product bag determined by flow cytometry. T/B/NK content was calculated as a % of all
viable lymphocytes identified by morphology using CD45/SSC. CD4+ and CD8+
lymphocytes calculated as a % of viable CD3+ lymphocytes. NA - not available.

The phenotypes of the lymphocyte subsets from separated cone sample cells had high
inter-sample variability for all studied subsets (Figure 3.3) but were in line with the wide
ranges found by other researchers establishing reference ranges for peripheral blood in
different populations (Choi et al., 2014, Zhang 2016 et al.). With the exception of Cone
10, which had slightly elevated levels of NK cells (33.99%), the mean percentage of the
lymphocyte population for all cone samples staining CD3+, CD19+ and CD16/CD56+ fell
within the normal range for Caucasian peripheral blood samples as established by Zhang
et al. (2016), despite the fact that the samples had been retrieved from an apheresis set

and had then undergone density gradient separation.
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The inter-sample variability in the apheresis samples was lower than that seen in the
cone samples (Figure 3.3), again confirming the accuracy of the MNC collection
procedures as performed at NHSBT. The mean percentage of lymphocytes staining for
CD3+, CD19+ and CD16/CD56+ in the apheresis samples were also in line with the

published data (Choi et al., 2014, Zhang 2016 et al.) for normal peripheral blood samples.
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Figure 3.3: Graphical representation of lymphocyte subsets for cone samples C1-16
(Plot A) and apheresis samples APH1-9 (Plot B) as determined by flow cytometry
pre-cryopreservation. Lymphocytes identified by morphology on CD45/SSC and
subtyped as staining with CD19+ (B cells), CD3+ (T cells) and CD16/CD56+ (NK cells).
Subsets shown as a percentage of viable lymphocytes. Viability determined by dye
exclusion staining with 7-AAD.

The range of CD4 and CD8 positive cells was again wider in the cone samples than in the
apheresis samples (Figure 3.4). The CD4:CD8 ratio ranged from 1.01 —3.50 in the cones

and from 0.86 — 2.32 in the apheresis samples. All samples from both groups fell withing
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the normal range of 0.9-5.0 as published by Zhang et al., (2016) although APH1 was

found to have a CD4:CD8 ratio of 0.86 which was at the bottom of this range.
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Figure 3.4: Graphical representation of CD4:8 expression on viable CD3+ cells from cone
samples C1-16 (Plot A) and apheresis samples APH1-9 (Plot B) as determined by flow
cytometry pre-cryopreservation. Lymphocytes identified by morphology on CD45/SSC.
Lymphocytes staining positive for CD3+ subtyped as staining CD3+CD4+ (Th cells) and
CD3+CD4- (cytotoxic T cells). Viability determined by dye exclusion staining with 7-AAD.

Although most results from both sample groups fell within the range for normal
peripheral blood in German donors as reported by Zhang et al. in 2016, the percentage
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of CD3, CD19 and CD16/CD56 lymphocytes and the CD4:8 ratio was compared between
groups to determine if there were any significant differences between the cell
populations derived from cones and apheresis samples. The expression of each marker
in the two groups was tested using two-way ANOVA. No significant differences in
expression of any of the markers studied were found between sample groups; p =0.4595
(CD3), 0.4738 (CD4), 0.4738 (CD8), >0.9999 (CD4:CD8), 0.9965 (CD19), 0.3414

(CD19/CD56) (see Figure 3.5).
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Figure 3.5: Statistical comparison of lymphocyte subsets on cells derived from cone
C1-16 and apheresis samples APH1-9 determined by flow cytometry pre-
cryopreservation. T (CD3+), B (CD19+), NK (CD16+/CD56+) and CD4:8 ratio compared
between groups. ns — not significant by two-way ANOVA. Means shown +/- SD.
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3.8 Panel 2: Treg, Naive and Memory Phenotypes

As described in Chapter 2, lymphocytes from both cones and apheresis samples were
identified from morphology by FSC/SSC flow cytometry. Lymphocytes staining positive
for the viability marker, 7-AAD, were excluded from the analysis as non-viable. Viable
lymphocytes staining CD3+ were further sub-classified to identify Tregs
(CD4+CD25+CD127Lo), activated effector T cells (CD4+CD25dimCD127Hi), naive T cells
(CD4+CD45RA+/CD8+CD45RA+) and memory T cells (CD4+CD45RA-/CD8+CD45RA-). It
was not possible to use anti-CD8 in the panel due to the lack of available fluorescence

channels. CD8+ cells were therefore identified as CD3+CD4- lymphocytes.

The percentage of viable CD3+ lymphocytes classified as Treg, effector, memory and
naive phenotypes was calculated and the two sample groups compared. As explained in
section 3.2, the thawed pilot vials from all samples were also tested with the T cell subset
panel. The T subset results from the thawed vials were compared with the results from
the pre-cryopreservation samples for cones 8-16 and all the apheresis samples and are

shown in Tables 3.5 and 3.6.
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Sample |Fresh Treg| Thawed Fresh Thawed Fresh Thawed Fresh Thawed Fresh naive | Thawed | FreshT | Thawed T| FreshT | Thawed T
Number Treg activated T | activated | naive T naive T naive Th naive Th | cytotoxicT | naive |memory| memory | effector | effector
n=8 effector | T effector cytotoxic T
%CD4+CD25+ %CD4+CD127+CD25dim %CDA45RA+ %CD4+CD45RA+ %CD8+CD45RA+ %CD4+CD45RA- %CD8+CD45RA-
of viable CD3+ of viable CD3+ of viable CD3+ of viable CD3+ of viable CD3+ of viable CD3+ of viable CD3+

Cone 1 *k 1.43 *k 46.69 *ok 54.30 *E 23.89 ** 30.40 *x 24.44 *x 21.25
Conez %k k %k k %k k 3k k * %k k% %k 3k k% k% * %k %k %k %k %k 3k
Cone 3 *k 1.39 *k 31.78 *k 25.71 *E 8.62 *k 17.09 *k 24.71 *k 49.41
Cone 4 *k 1.04 *k 46.11 *k 49.63 *E 20.48 *k 29.16 *k 27.21 *k 22.85
Cone 5 *k 3.34 *k 71.12 *k 21.13 *E 16.83 *k 4.30 *k 58.76 *k 19.99
Cone 6 *k 3.58 *k 59.40 *k 33.94 *E 21.28 *k 12.65 *k 42.63 *k 23.07
Cone 7 *k 3.53 *k 65.55 *k 46.11 *E 35.33 *k 10.78 *k 34.59 *k 19.06
Cone 8 3.64 1.22 52.77 42.73 51.93 53.63 26.09 21.25 25.84 32.38 30.98 23.52 16.89 22.88
Cone 9 4.38 1.65 71.50 42.68 57.74 36.15 48.85 19.55 8.89 16.61 27.80 26.10 14.32 37.78
Cone 10 8.98 1.06 51.48 36.60 32.34 28.80 18.08 9.81 14.26 18.99 42.96 27.93 24.58 43.02
Cone 11 7.2 2.8 68.77 56.10 40.15 25.87 34.73 18.21 5.42 7.65 41.49 41.10 18.38 32.78
Cone 12 5.29 2.12 66.01 59.55 40.67 34.01 27.03 19.23 13.64 14.79 44.47 42.74 14.86 23.13
Cone 13 3.45 1.51 46.95 37.36 42.52 36.38 22.99 15.53 19.54 20.85 27.37 23.61 30.15 39.95
Cone 14 4.82 0.94 52.97 32.16 45.10 43.94 18.12 7.60 26.98 36.34 39.89 25.68 14.85 30.17
Cone 15 8.43 3.69 62.27 57.78 48.36 36.71 30.39 17.62 17.97 19.09 40.65 44.25 10.81 18.61
Cone 16 2.81 0.63 65.16 40.25 42.89 37.73 23.67 10.67 19.22 27.06 44.30 30.37 12.58 31.60
Mean 5.44 1.74 59.76 45.02 44.63 37.02 27.77 15.50 16.86 21.53 37.77 31.70 17.49 31.10
Median 4.82 1.51 62.27 42.68 42.89 36.38 26.09 17.62 17.97 19.09 40.65 27.93 14.86 31.60
Range 46.95- 32.16- 32.34- 18.12- 7.65- 27.37- | 23.52- 10.81- 18.61-

2.81-8.98|0.63-3.69| 71.50 57.78 57.74 | 25.87-53.63 48.45 7.60-21.25 (5.42-26.98 | 36.34 44.47 44.25 24.58 43.02

** Not tested

Table 3.5 Treg, Effector, Naive and Memory cell phenotypes shown as a % of viable CD3+ lymphocytes from fresh cone samples pre-
cryopreservation and thawed samples post cryopreservation. Thawed results for cones 1-7 (**) were not included in the analysis and are
shown for information only.
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Sample |Fresh [Thawed [Fresh Thawed Fresh Thawed [Fresh naive [Thawed |[Fresh naive Thawed [FreshT [Thawed T [Fresh T [Thawed T
Number [Treg Treg activated T [activated T jnaive T  |naive T  [Th naive Th [cytotoxic T |naive memory [memory [memory/ |[memory
n=9 effector effector cytotoxic effector |effector
T

%CD4+CD25+ |%CD4+CD127+CD25dim %CDA45RA+ %CD4+CD45RA+ %CD8+CD45RA+ %CD4+CD45RA- %CD8+CD45RA-

of viable CD3+ of viable CD3+ of viable CD3+ of viable CD3+ of viable CD3+ of viable CD3+ of viable CD3+
IAPHO1 4.11 3.90 42.52 42.05 44.27 44.59 16.66 16.59 27.61 28.01 29.97 29.42 25.66 25.65
IAPHO2 4.59 4.23 64.64 65.26 63.41 62.47 43.18 42.43 20.24 20.04 26.34 27.13 9.93 10.11
IAPHO3 5.25 4.49 59.66 60.38 38.41 37.84 23.25 23.50 15.16 14.34 41.35 41.42 20.16 20.33
APHO4 4.05 5.79 59.45 60.39 47.32 50.65 27.42 29.66 19.90 20.98 36.10 36.49 16.57 12.55
IAPHO5 4.63 4.83 55.15 51.33 33.97 32.76 24.42 21.89 9.55 10.88 35.63 34.32 30.35 32.80
IAPHO6 3.48 4.25 54.19 51.15 45.61 45.03 25.51 24.25 20.11 20.78 32.38 31.16 21.80 23.82
IAPHO7 6.66 3.07 51.49 52.57 52.17 50.17 35.29 32.16 16.88 18.01 23.15 23.39 24.60 26.44
IAPHOS8 7.51 4.57 57.37 59.97 50.84 49.67 27.22 25.91 23.62 23.77 37.14 38.58 11.85 11.78
IAPHO9 6.83 4.02 50.46 47.36 71.28 69.84 35.91 30.95 35.38 38.89 21.22 20.52 7.36 9.58
Mean 5.23 4.35 54.99 54.50 49.70 49.22 28.76 27.48 20.94 21.74 31.47 31.38 18.70 19.23
Median 4.93 4.25 55.15 52.57 47.32 49.67 27.22 25.91 20.11 20.78 32.38 31.16 20.16 20.33
Range 3.48- | 3.07- 33.97- | 32.76- 16.59- 10.88- | 21.22- | 20.52- 7.36- 9.58-

7.51 5.79 142.52-64.64/42.95-65.26| 71.28 69.84 |16.66-43.18| 42.43 |9.55-35.38| 38.89 41.35 41.42 30.35 32.80

Table 3.6 Treg, Effector, Naive and Memory cell phenotypes shown as a % of viable CD3+ lymphocytes from fresh apheresis samples pre-
cryopreservation and thawed samples post cryopreservation.

Page 91 of 253



While reference ranges for Treg populations in healthy donors have been established
(Niu et al. 2020, Garcia-Prat et al. 2019), reference ranges for the prevalence of naive
and memory T cells have not, making it difficult to assess the observed phenotypes
against the published literature. The reference range for Tregs established by Niu et al.
(2020) for healthy adults in a Chinese population was 2.17-7.94% of CD3+. T cell subsets
are known to vary slightly with population demographic (Zhang et al. 2016) but the
differences are small, and the reference range established by Niu et al. provides a
suitable guide for the study samples. The mean percentage of Tregs for the study
samples in both groups were very similar; mean cone Treg = 5.44% of viable CD3+ and
mean apheresis sample Treg = 5.23% of viable CD3+. Both means fell within the normal
range. The Treg content of all individual samples in both groups also fell withing the
normal range, except for Cones 10 and 15 which exceeded it slightly (8.98% and 8.43%

respectively). See Figure 3.6.

A wider range of results was seen for effector T cells in the pre-cryopreservation
samples, particularly in the cone samples (range 46.95-71.50%) although the means
were similar; 59.76% for cones and 54.99% for apheresis samples. The apheresis
samples were again very consistent, except for APH1 which had 42.52% effector T cells

while all other samples ranged between 51-65% (Figure 3.6).
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Figure 3.6: Graphical representation of proportion of total viable CD3+
lymphocytes typed as Treg (CD4+CD25+CD127Lo) and activated effector cells
(CD4+CD127HiCD25Dim in lymphocytes derived from cone samples C8-16 (Plot A)
and apheresis samples APH1-9 (Plot B) determined by flow cytometry pre-
cryopreservation. Viability determined by dye exclusion staining with 7-AAD.
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Naive T cells were identified as those expressing CD45RA. CD45RA- T cells were
identified as Memory T cells. In the absence of established reference ranges for
expression of naive and memory phenotypes, it is difficult to know whether the results
obtained in the study are consistent with normal blood samples, but it seems probable
that they are, given that all the other parameters tested fell within normal ranges. In
both sample groups the split between naive and memory phenotypes was similar; the
mean naive population for cones was 44.6% and for apheresis samples it was 49.7% (see
Figure 3.7). The cones appeared to have a more consistent split between memory and
naive phenotypes, but the ranges seen in these populations did not appear to differ

substantially from the ranges seen in the other cell populations studied.

Page 94 of 253



Plot A
Naive/memory phenotype : Cones 8-16
100
mm Memory : CD45RA-
+
o 80+
9 Naive : CD45RA+
2 60
=]
£
> 404
(T
o
EE 20_
ORI A I R
& & o o 9 & 2 L& @
[s) [s) El N R T S I ~
C O PP fEfEEE
Plot B
Naive/memory phenotype : apheresis samples
100
mm Memory : CD45RA-
+ .
0 80 Naive : CD45RA+
Q
2@ 60+
L0
8
> 404
"
e
3~ 204
0-
N DD L o A DO
SSEFTEETESSSE
¥y ¥y ¥Y ¥y ¥ y¥yvyvyYweswyxw
Figure 3.7: Graphical representation of proportion of viable CD3+ lymphocytes typed as
naive (CD45RA+) and memory (CD45RA-) in lymphocytes derived from cones C11-16 (Plot
A) and apheresis samples APH1-9(Plot B) pre-cryopreservation determined by flow
cytometry. Viability determined by dye exclusion staining with 7-AAD.

Garcia-Prat et al. (2018) published a study of the range of naive versus memory
phenotypes in paediatric subject’s peripheral blood. The oldest study group age range

was 12-18 years, and as the naive/memory ratio was found to decrease with age, the
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results are not completely applicable to the adult donor population. However, they do

serve as guidance for the normality of the results obtained in the study.

The ranges of naive/memory types as a % of the CD3+ lymphocyte population

established in 12—18-year-olds was as shown in Table 3.7.

Naive and Memory T Cell Phenotypes as a Percentage of Total CD3+
T cell CD markers Reference Study mean Study mean
population used to define | mean and and range; and range;
population range Cone Samples | Apheresis
Samples
Naive T cell CD4+CD45RA+ 44 (31-57) 28 29 (17-43)
CD8+CD45RA+ 21 (10-27) 17 20 (10-35)
Memory T cell | CD4+CD45RA- 30 (16-56) 38 31 (21-41)
CD8+CD45RA- 55 (28-31) 55 50 (7-30)

Table 3.7 Proportion of viable T cells classified as naive or memory phenotypes. Study
results compared to reference range established by Garcia-Prat et al. (2018)

The samples in both study groups had a lower proportion of naive T cells, particularly in
the CD4+ population, than found in paediatric subjects which is explained by the fact
that the study samples were all from adult donors. Overall, the cones had a slightly lower
ratio of naive: memory cells, seen in both CD4+ and CD8+ populations, although it was
not found to be statistically significant when tested using two-way ANOVA. This finding
may be explained by the fact that donor panels are now only recruiting volunteer HSC
donors under the age of 30 while platelet donors may donate up to 65 years of age.
Although the donors in the study were anonymous, it is probable that the apheresis

donors were younger than the platelet donors.

To determine whether the T cell subset population differed between the cones and the

apheresis samples, the prevalence of Tregs (CD4+CD25+CD127L0), activated effector T
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cells (CD4+CD127+), Naive (CD45RA+) and Memory cells (CD45RA-) were compared
between the two groups using two-way ANOVA. No significant difference was found
between the any of the T cell subsets studied; p=>0.9999 (Treg), p=0.3734 (activated
effector T cell), p=0.9994 (naive CD4+), p= 0.5559 (naive CD8+), p= 0.1159 (memory

CD4+), p=0.9981 (memory CD8+). See Figure 3.8.
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Figure 3.8: Statistical comparison of extended T cell subsets in lymphocytes derived
from cone samples C8-16 and apheresis samples APH1-9 pre cryopreservation. ns —
not significant by two-way ANOVA. Means shown +/- SD.

Page 97 of 253



3.9 Cryopreserved samples

The CD3+CD4+ and CD3+CD8+ cell results for fresh pre-cryopreservation samples and
thawed samples are shown in Tables 3.8 and 3.9 below. The T lymphocyte subsets in the
fresh samples pre-cryopreservation and the thawed sample results are shown in Tables

3.5 and 3.6 above.

Sample Fresh Thawed Fresh Thawed Fresh Thawed
Number |CD3+CD4+ |CD3+CD4+ %CD3+CD8+ |%CD3+CD8+ CD4:CD8 |CD4:CD8 Ratio
n=8 Th cells Th cells Cytotoxic T % |Cytotoxic T % of |Ratio

% of CD3+ |% of CD3+ of CD3+ CD3+
Cone 1 ** 48.33 ** 51.65 ** 0.94
Cone 2 *k *k *k *k *k *k
Cone 3 ** 33.33 ** 66.5 *E 0.50
Cone 4 ** 47.69 ** 52.01 *E 0.92
Cone 5 ** 75.59 ** 24.29 ** 3.11
Cone 6 ** 63.92 ** 35.73 ** 1.79
Cone 7 ** 69.92 ** 29.83 *E 2.34
Cone 8 57.07 44.77 42.73 55.26 1.34 0.81
Cone 9 76.65 45.64 23.21 54.38 3.30 0.84
Cone 10 61.04 37.74 38.84 62.01 1.57 0.61
Cone 11 76.22 59.31 23.81 40.43 3.20 1.47
Cone 12 71.5 61.97 28.5 37.92 2.51 1.63
Cone 13 50.36 39.14 49.68 60.8 1.01 0.64
Cone 14 58.01 33.28 41.83 66.5 1.39 0.50
Cone 15 71.04 61.87 28.79 37.7 2.47 1.64
Cone 16 67.97 41.04 31.8 58.65 2.14 0.70
Mean 65.54 47.20 34.35 52.63 2.10 0.98
Median 67.97 44.77 31.80 55.26 2.14 0.81
Range 50.36-72.22 | 37.74-61.97 | 23.21-49.68 37.70-66.50 | 1.01-3.30 0.50-1.64

**No thawed data available for Cone 2 as pilot vial could not be located

Table 3.8 CD4+ and CD8+ as a percentage of all viable CD3+ cells pre-and post-
cryopreservation. cones 8-16. Mean, median and range shown for cones 8-16. Thawed
results for cones 1-7 included in table for information only.
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Sample |[Fresh Thawed Fresh Thawed Fresh Thawed
Number |CD3+CD4+ CD3+CD4+ %CD3+CD8+ [%CD3+CD8+ |CD4:CD8 CD4:CD8 Ratio
n=9 Th cells Th cells Cytotoxic T % |[Cytotoxic T % |Ratio

% of CD3+ % of CD3+ of CD3+ of CD3+
APHO1 46.63 46.01 53.26 53.99 0.88 0.85
APHO2 69.51 69.56 30.17 30.44 2.30 2.28
APHO3 64.59 64.92 35.32 35.08 1.83 1.85
APHO4 63.52 66.15 36.47 33.85 1.74 1.95
APHO5 60.05 56.21 39.95 43.79 1.50 1.28
APHO06 57.89 55.41 42.11 44.59 1.37 1.24
APHO7 58.44 55.55 41.56 44.45 1.41 1.25
APHO8 64.36 64.49 35.64 35.51 1.81 1.82
APHO9 57.13 51.48 42.87 48.52 1.33 1.06
Mean 60.23 58.86 39.71 41.14 1.57 1.51
Median 60.05 56.21 39.95 43.79 1.50 1.28
Range 46.63-69.51 46.01-69.56 30.17-53.26 30.44-48.52 0.88-2.30 0.85-2.28

Table 3.9 CD4+ and CD8+ as a percentage of all viable CD3+ cells for apheresis samples
pre-and post-cryopreservation

Cryopreservation had a significant impact on all the CD3+ cell populations studied that
were derived from cones (Figure 3.9). Paired t-tests were used to determine the
statistical significance of the observed alteration in T cell populations pre-
cryopreservation and post-thaw. CD4+ lymphocytes were more severely impacted than
CD8+ lymphocytes. The mean %CD4+ dropped from 65.54% to 47.20% post thaw
(p=0.00165), while the mean %CD8+ rose from 34.35% to 52.63% (p=0.000177). The
mean CD4:CD8 ratio dropped accordingly from 2.10 to 0.98 (p=0.000874). The bottom
of the normal range for CD4:CD8 ratio is 0.9 (Zhang et al. 2016) and although the mean
thawed results for the cones remained within it, the individual results showed that
Cones 8, 9, 10, 13, 14 and 16 all had CD4:CD8 ratios of <0.9. Of those compared, only

cones C11, C12 and C15 maintained a normal CD4:CD8 ratio post cryopreservation.
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Although not included in the analysis due to lack of a pre-cryopreservation comparator,

cones C1, C3 and C4 were also found to have a low CD4:CDS8 ratio.

This effect was not seen in the apheresis samples, where CD4+ and CD8+ cells appeared
to be not impacted by cryopreservation and thawing (Figure 3.9). The mean pre-
cryopreservation CD4:CD8 ratio was 1.57 dropping slightly to 1.51 post thaw. No
significant difference was found between the pre-cryopreservation and post-thaw
results (Figure 3.9). Of the samples studied, only APH9 showed any evidence of loss of
CD4+ cells. In this sample the CD4:CD8 ratio dropped from 1.33 to 1.06. APH1 had a
CD4:CD8 ratio just below normal range (0.88) pre-cryopreservation but was found not

to be impacted after thawing (0.85).
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Figure 3.9: Comparison of CD4 and CD8 expression in cones and apheresis samples pre-
cryopreservation and post thaw using paired t-test for each sample group. CD4:CD8
expression on viable CD3+ cells from cone samples C8-16 (Plot A) and apheresis samples
APH1-9 (Plot B) as determined by flow cytometry pre-cryopreservation. Lymphocytes
identified by morphology on CD45/SSC. Lymphocytes staining positive for CD3+ subtyped
as staining CD3+CD4+ (Th cells) and CD3+CD4- (cytotoxic T cells). Viability determined by
dye exclusion staining with 7-AAD. Means shown +/-SD. All p-values shown.
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Cells expressing a Treg phenotype were found to be significantly reduced in the thawed
cone samples (Figure 3.10). The mean proportion of CD3+ identified as Tregs in samples
C8-16 dropped from 5.44% in the fresh sample to 1.74% in the thawed samples
(p=0.0003). The mean Treg proportion in apheresis samples APH1-9 was also slightly
reduced from 5.23% to 4.35% of CD3+ but this result was not significant (p=0.093521).
Pre-cryopreservation Treg numbers were found to have a broad range, particularly in
the cone samples where the range dropped from 2.81-8.98 to 0.63-3.69. Without
exception, fewer Tregs were identified in the thawed cone samples than in the pre-
cryopreservation samples, for most samples. The same picture was not true for the
apheresis samples where, although the mean proportion of Tregs dropped slightly,
individual samples were found that had either increased or decreased numbers post-

thaw.
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Figure 3.10: Comparison of Treg and activated effector cells populations derived from
cone samples C8-16 (Plot A) and apheresis samples APH1-9 (plot B) pre-
cryopreservation and post thaw using paired t-tests for each sample group. Proportion
of total viable CD3+ lymphocytes typed as Treg (CD4+CD25+CD127Lo) and activated
effector cells (CD4+CD127HiCD25Dim) determined by flow cytometry. Viability

determined by dye exclusion staining with 7-AAD.Means shown +/-SD. All p-values
shown.

A slight reduction in the proportion of naive T cells post-thaw was seen again in cone
samples only. The mean percentage of naive cells dropped from 44.6% to 37.02%,

thereby increasing the proportion of T cells with a memory phenotype. The difference
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was significant (p= 0.0255) and was derived from a reduction in the numbers of
CD4+CD45RA+ cells. The CD8+CD45RA+ cell numbers were unaffected by
cryopreservation and thawing. The proportions of naive or memory phenotype T cells
from apheresis samples were completely unaffected by cryopreservation and thawing

(p= 0.3911)
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Figure 3.11: Comparison of Naive and Memory populations phenotypes in cones and
apheresis samples pre-cryopreservation and post thaw using paired t-tests for each
sample group. Populations derived from cone samples C8-16 (Plot A) and apheresis
samples APH1-9 (plot B) pre-cryopreservation and post thaw. Proportion of total viable
CD3+ lymphocytes typed as naive (CD4+45RA+/CD8+45RA+) and memory (CD4+45RA-
/CD8+45RA-) determined by flow cytometry. Viability determined by dye exclusion

staining with 7-AAD. Means shown +/-SD. All p-values shown.
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3.10 Discussion of the lymphocyte subsets and T cell subset results

The results obtained for all cell populations indicated that the cell separation methods
used did not impact specific lymphocyte populations. The phenotype of lymphocytes
separated manually using density gradient media or using automated programming on
the Spectra Optia, did not differ significantly from each other and the samples used were
still reflective of those found in normal blood. The findings from the cone derived
samples confirmed those of Boudreaux et al. (2019) who reported that lymphocytes
extracted from leukocyte cones have the same phenotype and function as those from
normal peripheral blood. Both sample types were collected using Anticoagulant Citrate
Dextrose solution A (ACD-A) thereby eliminating any effect on phenotype that could
potentially have been caused by use of different anticoagulants. The samples were all
stored overnight before being phenotyped which could potentially have affected the
phenotype of the stored cells. However, a 2018 study of 50 samples from healthy blood
donors by Tompa et al. found no differences in expressed lymphocyte cell surface
markers in cells stored for 4 or 24 hours, indicating that the phenotypes reported on the

stored cells in this study were representative of the cells at collection.

Any effect seen in behaviour at activation/stimulation could therefore be attributed to

experimental effect, rather than skewing of the starting population.

There were some marginal outliers from established ranges; Cone 6 and APHO9 had B
cell content that narrowly exceeded the normal range and Cone 10 had NK cell content
that narrowly exceeded the normal range. Reported normal ranges identified in healthy
donors are wide and that they vary with age, sex and ethnicity (Choi et al. 2014, Zhang
et al. 2016 Garcia-Prat et a/.2018, Omana-Zapata et al. 2019). The donors in this study

were anonymous, making it impossible to relate any findings to individual donor
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characteristics. In addition, classification by flow cytometry is affected by multiple
variables: analyser type, gating strategy and operator expertise to name but a few (van
der Strate et al. 2017). It was therefore not deemed necessary to further investigate the

outlying results.

The results of the comparison of CD3+ cell subtypes in thawed vials compared to the
pre-freeze results showed a marked impact in the case of lymphocytes derived from
cones only. The apheresis samples maintained their pre-cryopreservation profile, while
the cone samples showed a significant loss of CD4+ cells, a finding that was particularly
marked in Tregs. It was possible that the alteration in observed T cell phenotype was
derived from the fact that the freezing protocol in use was one optimised for bags, not
vials (Hunt, 2019, Meneghal et al., 2020) and the sub-optimal cryopreservation
conditions could have contributed to the death of some cell populations in the vials.
However, it would be expected that both samples from apheresis and cones would be
equally impacted which was not the case here. In fact, given the poor survival of
granulocytes during cryopreservation in 10% DMSO (Vian and Higgins, 2014), it would
be expected that the samples from apheresis, containing up to 30% granulocytes, would
have shown higher overall cell losses than the density gradient separated cone cells.
There is some evidence that storage in the presence of granulocytes can adversely
impact the number of detectable CD4+ cells. A multicentre study published by Agashe
etal.in 2017 provided some evidence that granulocyte contamination of stored samples
can lead to a reduction of identified CD4+ events after 6-18 hours storage. The cones
were stored overnight prior to density gradient separation and potentially could have
been damaged by the presence of granulocytes at this stage, leading to a higher loss of

CDA4+ cells during the cryopreservation process. However, Agashe’s study related to cells
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that had been shipped at 20°C to different study sites, while the samples in this study
were stored at 4°C. The apheresis samples in our study were also stored overnight prior
to cryopreservation for an average period of 18 hours, and there was no identifiable
impact on the number of CD4+ events post-thaw in this group. In addition, both groups
of samples demonstrated high CD3+ cell viability when tested prior to cryopreservation,

and the phenotypes of both groups fell within the normal ranges at this point.

A decrease in the CD4+ cell population, and particularly Tregs, in thawed cells as seen in
this study has been reported by several researchers, although others have reported no
impact on prevalence of lymphocyte subsets at all (Anderson et al. 2019, Tompa et al.
2018). Li et al. (2022) reported a deficit in CD8+ events with CD4+ events unaffected by
cryopreservation. In 2017, Ford et al. reported differential loss of the CD4+
compartment in a study of cryopreserved paired donor PBMC samples. Both a decrease
in numbers and loss of function after cryopreservation and thawing has been reported
in Tregs derived from PBMC (Florek et al. 2015, Weiner et al. 2015), although the study
by Tompa et al. (2018) reported no deficit in the percentage of CD3+ cells staining
CD4+CD25+ in PBMCs isolated from whole blood by Ficoll separation after
cryopreservation. Tregs represent a small fraction of total CD3+ in normal blood and
inaccuracy of flow cytometry increases with low numbers of events so it is possible that
the deficit seen in this study, or the lack of deficit seen in Tompa et al.’s study, may be
related to the relatively low number of Treg events analysed. In this study, the mean
number of events classified as Treg was 330 for cone samples but 906 for apheresis
samples indicating the results for apheresis samples would be more accurate (Lambert
etal., 2020). However, flow cytometric analysis for rare cell populations has been shown

to be reliable where the number of target events acquired is >100 (Lambert et al., 2020,
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Macey, 2007), so the results found here probably demonstrate a real effect, particularly
when related to the reduction in CD4+ T cell numbers was seen across the spectrum of

subsets.

Tompa et al. (2018) also found no impact on the ratio of naive:memory phenotypes pre-
and post- cryopreservation. Our study showed a small reduction in the number of naive
CD4+ cells after thaw which is compatible with the findings of Courville and Lawrence
(2020) who demonstrated a reduction in the numbers of naive phenotypes after

cryopreservation and thawing.

The thawed T cell extended subset results presented in this study were obtained from
pilot cryovials. These were thawed only when it was discovered that the results from
Cones 1-7 were not valid because of the flow cytometer set-up error. The samples
cryopreserved in bags were not tested for T cell subsets when thawed for activation, so
it is not possible to know whether the effect of cryopreservation and thawing found in
the study was caused by the cryovials themselves or whether it was also present in the
bags. Most of published literature also refers to lymphocytes cryopreserved in vials as
bags are expensive and require specialist facilities to cryopreserve and store them. One
study by Schafer et al. in 2020 did examine the phenotype and function of thawed
lymphocytes from mobilised apheresis collections. They reported no alteration in the
ratio of CD4+ to CD8+ cells post-thaw, which corroborates the findings for apheresis
samples from our study, but they did not phenotype the thawed cells further. The
absolute numbers of viable CD3+ lymphocytes pre-freeze and post-thaw could not be
compared using Panel 2 as it was not set up to gather this information. However, when

the bags themselves were thawed for activation, the absolute numbers of viable CD3+
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lymphocytes still present after thaw were calculated and compared to the number
present pre-cryopreservation. These results are fully discussed in Chapter 3, but to
summarise, viable CD3+ cell losses of between 10-80% were seen under the different
study conditions, indicating that the reduction of some cell populations seen in the
thawed samples was at least in part, reciprocated in the bags. Further study will be

required to address this issue.

3.11 Chapter 3: Summary and Key Findings

1. Insufficient cells were retrieved from the apheresis harnesses to fulfil the
experimental criteria. It is recommended that researchers doing similar work do not

attempt to use these as a starting material.

2. No statistically significant differences in lymphocyte phenotype (B, T, NK, Treg, naive
and memory phenotype) were found between the cells derived from the cone and
apheresis samples, although the CD3+:CD8+ ratio found in apheresis samples was lower
(1.54) than that found in cones (1.99). The lymphocyte phenotypes seen in both sample

groups fell within normal ranges reported in the literature.

3. Comparison of T cell subsets from the pre-freeze cone samples with cells
cryopreserved in vials demonstrated statistically significant loss of CD4+ T cells with a
50% reduction in CD4+:CD8+ ratio from 2.1 to 0.98. Tregs were reduced from 5.44% of
viable CD3+ to 1.74% and a reduction in CD3+ cells expressing a naive phenotype from
44.6% to 37.0% was also seen. In contrast, cells derived from apheresis samples
appeared to be unaffected by cryopreservation. The CD4+:CD8+ ratio, and percentage

of naive T cells remained unchanged post-thaw.
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4 Chapter4 Results — Total Nucleated and Viable CD3+ Cell

Recoveries Post-Cryopreservation

4.1 Background

To determine whether the cell numbers in the product prior to cryopreservation were
maintained over the cryopreservation and thawing process, the numbers of viable CD3+
and TNC (both viable and non-viable) in the thawed products were calculated.
Cryopreserved DLI products are issued for clinical use based on the cell numbers present

in the product prior to cryopreservation.

It was therefore an important aim of the study to determine the impact of both the
cryopreservation itself, and of extended storage time pre-cryopreservation on the viable
cell numbers remaining in the thawed product. This information could then be used to
determine the accuracy of the information about the product supplied to the clinicians
when the cells are requested for transplant, and the potential requirement for further
testing. It could also be used to establish a recommended maximum pre-

cryopreservation storage time for lymphocyte products.

4.2 Summary of the study methods

Cells from sixteen cone samples, nine apheresis samples and three harnesses were
cryopreserved in 10% DMSO following standard NHSBT cryopreservation protocols. The
cells were cryopreserved in CyoMACS® freezing bags (Miltenyi Biotec) at a WBC
concentration ranging from 10-20 x 10%/mL. The bags were frozen using a Planer Kryo
560-16 rate-controlled freezer and transferred to storage in vapour phase nitrogen
immediately after completion of the programme. The cells were stored for a minimum

of 7 days in vapour phase nitrogen before thawing for stimulation.
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The bags were removed from vapor phase storage and thawed rapidly in a water bath
at 37°C. As soon as the contents were thawed, a sample was removed for FBC and flow
cytometric analysis to enable calculation of the TNC and viable CD3+ cell recovery
immediately post thaw. These samples were diluted dropwise in media at 21°C and used
for both flow cytometry analysis and FBC. The total number of nucleated cells recovered
from each product bag was calculated using the WBC from the Sysmex 1000i
haematology analyser and the product volume as recorded on the product worksheet.
The percentage recovery after thaw was then calculated from the number of cells

present in the bags prior to cryopreservation.

% TNC thaw recovery = WBC x 10%/mL post-thaw x bag volume(mL)
WBC x 108/mL pre-thaw x bag volume(mlL)

Similarly, the total number of viable CD3+ cells in each product bag were calculated

using the viable CD3+/mL produced by the FACSLyric™ and the product volume.

% viable CD3+ thaw recovery = Viable CD3+ x 10%/mL post-thaw x bag volume(mL)
Viable CD3+ x 10%/mL pre-thaw x bag volume(mlL)

The results for each sample were plotted individually, allowing for investigation of

anomalous results.

Although no microbiology testing was performed on any of the samples used in the
study, no evidence of infection as indicated by clumping or severe cell loss was evident

in any of the thawed samples.
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4.3 Data analysis

Recovery and viability data generated from D1, D2 and D3 cryopreservation samples was
analysed to compare outcome between the different days of cryopreservation within
the sample groups using one-way ANOVA. The outcome between sample groups was
compared using two-way ANOVA. QQ plots were generated to confirm normality of
distribution for all tests and results accepted only if a normal distribution was confirmed.
All tests performed were found to have a normal distribution, confirming the validity of
the approach. On the advice of the Sheffield Hallam University statistician, samples with

missing data sets were excluded from the analysis.

4.4 Summary of the study samples

4.4.1 Apheresis cones

Sixteen apheresis cones were tested in the study. Sufficient cells were yielded from all

16 cones to cryopreserve cells under all study conditions.

D1 and D2 bags were cryopreserved from cones C3 and C4, but due to an oversight in
the laboratory, the D3 bags were not cryopreserved. The data generated from the D1

and D2 bags was analysed.

The Panel 3 flow cytometry for C10 on D2 and D3 was performed on incorrect samples
and the CD3+ viability and viable CD3+/mL results from this sample were therefore
excluded from the analysis.

4.4.2 Apheresis samples

Nine apheresis samples were tested in the study. Eight of the nine apheresis samples
contained sufficient cells to cryopreserve all study conditions. APHO4 did not contain
sufficient cells to cryopreserve in bags but was cryopreserved in 1mL vials on D1, D2 and

D3. The RCF programme used was designed to maximise recovery of cells cryopreserved
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in bags and it is known that cell recovery is lower for cells cryopreserved in vials as
compared to bags (Hunt, 2019, Meneghal et al., 2020). As a result, the cell viability and
recovery data from the vials were excluded from the analysis.

4.4.3 Apheresis harnesses

Five apheresis harnesses were tested in the study. Unfortunately, the number of
nucleated cells that could be extracted from the harnesses was far lower than expected
— the harnesses yielded between 30-50% of the cell numbers retrieved from the
apheresis cones. Density gradient separation further reduced the numbers of available
cells to the point where insufficient cells were retrieved from 4 of the 5 apheresis

harnesses tested to fulfil the study conditions.

Harness 1

Only 19% of the nucleated cells extracted from the set were still present after density
gradient separation and 82.43% of the remaining cells were identified as granulocytes
by flow cytometry (See Chapter 3). Only 3.8 x 108 viable CD3+ cells were identified, which

was insufficient for the study. The harness sample was discarded.

Harness 2

Although recovery of nucleated cells after density gradient separation was 89%, 82.58%
of the recovered cells were identified as granulocytes by flow cytometry (see Chapter
3). Possibly because of the high granulocyte content, the cells extracted from the set
clumped during overnight storage prior to D1 cryopreservation. A total of 36.8 x 10°
viable CD3+ remained and D1, Day 2 and D3 bags were cryopreserved. However, when

the Day 1 bag was thawed, the recovery of viable CD3+ cells was extremely poor (6.91%).

Page 114 of 253



The total number of viable CD3+ was 8.38 x 10°. They were plated but failed to expand

in culture.

Harness 3

Although recovery of nucleated cells after density gradient separation was 47%, the
MNC extracted from the set clumped during overnight storage prior to D1
cryopreservation. A total of 8.83 x 10° viable CD3+ remained and D1 and D2 bags were
cryopreserved. However, when the D1 bag was thawed, the recovery of viable CD3+
cells was poor (20.48%). The total number of viable CD3+ cells was 9.03 x 10°. They were

plated but failed to expand in culture.

Harness 5

38% of the nucleated cells were recovered post density gradient separation and there
were sufficient CD3+ cells (66 x10°) to cryopreserve on D1 and D2. However, when the
bags were thawed, the cells clumped so severely that it was not possible to recover

sufficient cells for the study. The samples were discarded.

Harness 4

Harness 4 alone yielded sufficient cells to adequately fulfil all study conditions. Cell
recoveries and viabilities for all 3 days were calculated for this harness (shown in Tables
4.2 and 4.4 below). However, the results from harness 4 were not included in the data
analysis as it was the only representative of the sample type. It was concluded that
apheresis harnesses did not routinely contain sufficient cells to fulfil the study conditions

and their use was discontinued after the first 5 had been processed.
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Harness Pre- |[Thawed| Thawed | TNC | Thawed | Thawed TNC | Thawed | Thawed TNC
Number|Freeze D1| CD3+ CD3+ |[Recover| CD3+ CD3+ |[Recovery| CD3+ CD3+ |Recovery
n=5 CD3+ |viability|Recovery|y Day 1| viability |Recovery| Day 2 | viability |Recovery| Day 3
viability | Day1 | Day1 (%) Day 2 Day 2 (%) Day 3 Day 3 (%)
(%) (%) (%) (%) (%) (%)
HAR 1 99.6 CLUMPED PRE-CRYOPRESERVATION — NOT CRYOPRESERVED
HAR 2 99.4 6.9 36.4 INSUFFICIENT CELLS FOR D2/D3 CRYOPRESERVATION
HAR 3 98.4 20.5 23.7 INSUFFICIENT CELLS FOR D2/D3 CRYOPRESERVATION
HAR 4 97.7 38.6 5.4 85.5 31.1 4.1 56.1 15.4 2.2 58.5
HAR 5 99,9 CLUMPED ON THAWING — UNABLE TO TEST
97.7- 5-4— 23.7-
Range |99.9 20.5 85.5

Table 4.1 Nucleated cell count recovery, thawed CD3+ viability and viable CD3+ recovery
pre- and post-freeze from apheresis harnesses 1-5; showing %recovery of nucleated
cells in thawed bags cryopreserved on Day 1 (harnesses 2,3,4), Day 2 (harness 4 only)
and Day 3 (harness 4 only).

4.5 Discussion of harness failures

All the harnesses had good CD45+ and CD3+ viability on arrival in the laboratory, but all
contained very low total numbers of lymphocytes. This finding is compatible with
reported MNC collection efficiency of up to 60% for Optia MNC harvests (Davis et al.
2016) — most circulating lymphocytes had been collected into the product bag and
therefore did not remain in the set to be extracted for the study. The harnesses were
separated using Lympholyte in 50mL tubes as opposed to SepMate™ tubes which were
used for the cone samples. There is some evidence that recovery of MNC is superior in
SepMate™ tubes (Grievink et al. 2016) and it is therefore possible that the method of
density separation contributed to the poor MNC recovery from the harnesses. However,
in this case, the granulocyte contamination in the cells retrieved from the harnesses was

so overwhelming that even after density separation, >60% of the cells present were still
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granulocytes (See Chapter 3). As discussed in Chapter 1 granulocytes have a short half-
life (Colotta et al. 1992, Klinkmann et al. 2021), surviving 24-48 hours in storage.
Degradation of granulocytes during storage and cryopreservation releases cytotoxic
materials into the surrounding cells causing bystander damage and cell death (Vemeren
et al. 2021). Bystander damage from granulocyte degradation was the most likely cause
of the poor CD3+ cell recoveries post-thaw and the sample clumping both pre-and post-

cryopreservation.

Harnesses 2 and 3 did contain enough viable CD3+ to cryopreserve a single bag on D1
but when they were thawed the total number of viable CD3+ cells recovered was <1 x10°
which was insufficient to be plated for culture. Notwithstanding the poor recovery, the
cells from harnesses 2 and 3 were plated at a reduced concentration but failed to expand
in culture. After 72 hours in culture only 2-4% of the viable CD3+ cells that had been

plated could be detected, indicating that they had died during the incubation period.

It was not possible to draw any conclusions from the very limited recovery results

obtained.

4.6 Total nucleated cells recoveries

Although the WBC from the haematology analyser includes dead/apoptotic cells as well
as viable cells, the total number of cells recovered can still be used as an indicator of the
efficacy of the freezing process. The results for cone and apheresis sample groups are

shown in Tables 4.2 — 4.3.
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Total Nucleated Cells x 10°
Sample |Pre-Freeze| Thawed | Recovery | Pre-Freeze | Thawed Recovery |Pre-freeze| Thawed | Recovery
Number D1* D1 D1 D2* D2 D2 D3* D3 D3
n=16 (%) (%) (%)
Cone 1 148.0 117.6 79.0 165.0 70.6 43.0 165.0 73.5 44.5
Cone 2 500.0 | 515.2 100.0 643.0 331.4 51.8 643.0 | 366.7 57.0
Cone 3 160.0 156.3 97.7 160.0 240.0 100.0 *x *E *x
Cone 4 139.0 108.7 78.2 139.0 109.6 78.8 *x *E *x
Cone5 237.0 | 205.8 84.0 237.0 231.0 97.5 237.0 186.2 78.6
Cone 6 261.0 226.5 87.0 261.0 183.0 70.4 261.0 | 202.2 77.5
Cone 7 111.0 92.4 83.0 111.0 82.1 74.0 111.0 75.0 67.7
Cone 8 625.0 | 432.6 69.2 625.0 415.2 66.4 625.0 | 367.0 58.8
Cone 9 357.0 | 300.0 84.0 357.0 291.6 81.7 357.0 | 330.5 92.6
Cone 10 479.7 | 477.6 99.6 479.7 427.7 89.2 479.7 | 4154 86.6
Cone 11 610.0 | 534.3 87.5 610.0 585.0 95.9 610.0 | 583.7 95.7
Cone 12 568.0 | 564.0 99.3 568.0 588.0 100.0 610.0 | 547.2 89.7
Cone 13 487.0 | 456.0 93.6 487.0 489.0 100.0 487.0 | 501.0 100.0
Cone 14 483.0 | 419.0 86.6 483.0 365.0 75.6 483.0 | 388.0 80.3
Cone 15 398.0 | 436.0 100.0 423.0 291.0 68.8 373.0 | 299.0 80.2
Cone 16 702.7 | 475.2 67.6 703.0 462.0 65.7 703.0 | 480.7 68.3
Mean 87.3 78.7 77.0
Median 86.8 77.2 79.4
Range 67.6-100.0 43.0-100.0 44.5-100.0

** Samples not cryopreserved

Table 4.2 Nucleated cell counts pre- and post-freeze from apheresis cones 1-16; showing
%recovery of nucleated cells in thawed bags cryopreserved on D1, D2 and D3.

*Pre-freeze viable TNC numbers calculated from the WBC count of the prepared starting
material x volume of the aliquot prepared for cryopreservation. TNC recovery values
were calculated as a percentage of the pre-freeze TNC number originally aliquoted into
the bags.
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Total Nucleated Cells x 10°

Sample |Pre-Freeze| Thawed | % Recovery |Pre-Freeze| Thawed | % Recovery |Pre-Freeze| Thawed | Recovery
Number D1* D1 D1 D2* D2 D2 D3* D3 D3
n=8 (%) (%) (%)
APH 1 111.7 97.5 87.3 111.7 88.32 |79.1 111.7 99.8 80.4
APH 2 132.3 87.4 66.0 133.7 99.36 |74.3 135.2 79.1 58.5
APH 3 156.2 127.4 |81.6 156.2 122.88 |78.7 147.5 109.9 74.5
APH 4 ** |55.3 26.0 47.0 55.3 22.00 |39.8 55.3 26.0 47.0
APH 5 171.9 132.0 |76.8 171.9 121.60 |70.7 171.9 126.4 73.5
APH 6 153.1 1245 |81.3 153.1 114.75 |74.9 163.4 118.4 725
APH 7 208.7 123.6 |59.2 226.1 127.40 |56.3 191.3 99.0 51.7
APH 8 122.7 77.0 62.7 116.3 81.00 |69.7 122.7 88.4 72.0
APH9 171.9 161.0 |93.6 171.9 140.70 |81.8 171.9 161.0 93.6
Mean 78.3 77.4 71.1
Median 76.8 74.3 72.5

59.2-93.6 56.3-81.8 51.7-
Range 93.6

**Insufficient cells to freeze in bags so sample was frozen in vials. Post thaw viabilities
and recoveries were excluded from the analysis as not representative.

Table 4.3 Nucleated cell counts pre- and post-freeze from apheresis samples 1-8;
showing %recovery of nucleated cells in thawed bags cryopreserved on D1, D2 and D3.
*Pre-freeze TNC numbers calculated from the WBC count of the prepared starting
material x volume of aliquot prepared for cryopreservation. TNC recovery calculated as
a percentage of the pre-freeze TNC number originally aliquoted into the bags.

Cone sample cell recovery

The TNC recovery data for cone samples was found to be consistent across all three
days. The mean recovery on D1 was 87.3%; D2 78.7%, and D3 77.0%. Although recovery
did drop with increasing time to cryopreservation the difference was not found to be
significant using one-way ANOVA (Figure 4.1). The difference in recovery between D1
and D3 almost achieved significance (p=0.0589), however, examination of the individual
data for the cones indicated that the difference in recovery was attributable to a wider
range of recovery results in D2 and D3 samples rather than a consistent decrease in cell

numbers (Figure 4.1) and was affected by two outliers: Cone 1 and Cone 2. Cone 1
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showed unusually poor TNC recovery on both D2 and D3 (43.0% and 43.5%), and Cone
2 showed poor recovery on D2 only (57.0%). If the results from Cones 1 and 2 were
excluded from analysis, no difference in TNC recovery between D1, D2 and D3
cryopreservation was observed. The viable CD3+ recovery from Cones 1 and 2 was good
on both D2 and D3, although the CD3+ viability on D3 was low for both samples. The
granulocyte content of Cone 1 was 9.24% and Cone 2 was 2.29%, which was
insufficiently high to account for the cell losses seen. Cones 1 and 2 were the first
samples processed in the study so the most likely explanation of the low TNC recovery

on D2 and D3 was laboratory error.
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Figure 4.1: Calculated TNC recovery for cells derived from cone samples
cryopreserved D1, D2 and D3 as determined by WBC performed on sample
immediately post thaw. APH4 shown as outlier on D1 and D2 as cryopreserved in vial.
Means shown +/-SD from cone samples 1-16. Statistical analysis by one-way ANOVA,
all p values shown. Samples with missing data sets excluded.

Apheresis samples

For apheresis samples, the TNC recovery overall was slightly lower than for cone cells

and showed a decrease in cell recovery with increasing time to cryopreservation; 78.3%
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D1, 77.4% D2, and 71.1% D3. There was again wide variation in the results obtained.
Recovery ranged from 51.7-93.6 but it did not follow an observable pattern (Figure 4.2).
The difference in TNC recovery between D1, D2 and D3 recovery was not significant in
the case of apheresis samples (see Figure 4.2). APH4 was cryopreserved in vials and was

excluded from analysis. It is shown as an outlier on D1 and D2.
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Figure 4.2: Calculated TNC recovery for cells derived from apheresis samples
cryopreserved D1, D2 and D3 as determined by WBC performed on sample immediately
post thaw tested. APH4 shown as outlier on D1 and D2 as cryopreserved in vial. Means
shown +/-SD from apheresis samples 1-9. ns- not significant by one-way ANOVA. APH4
excluded from analysis.

The mean recoveries for both apheresis cones and samples were very similar and
although the mean recovery for apheresis samples was lower than that for cone samples
on all 3 days of cryopreservation, no significant difference was found between them

using two-way AVOVA; p=0.1359 D1. p= 0.6652 D2, p=0.8276 D3 (see Figure 4.3).
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Figure 4.3: Statistical comparison of calculated %TNC recovery for cones C1-16
and apheresis samples APH1-9 cryopreserved on D1, D2 and D3 as determined
by WBC performed on sample immediately after thaw. Means shown +/-SD. ns-
not significant by two-way ANOVA.

4.7 CD3+ Cells: recoveries and viabilities

CD3+ viability was calculated as the percentage of total CD3+ cells detected by flow
cytometry. It was calculated both on the prepared sample prior to Day 1
cryopreservation or further storage and from a sample taken immediately after thawing

the cryopreserved bags, prior to washing or resuspension.

Viability was assessed for CD3+ cells only using 7-AAD. Good discrimination was shown
between populations staining 7-AAD+ and 7-AAD- in all test samples immediately post

thaw (see Figure 4.4 below).
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Panel 3 CD3+ viability
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Figure 4.4: Histogram taken from FACSLyric™ showing typical 7-AAD dye
exclusion staining of CD3+ cells in a thawed sample. Clear discrimination shown
between viable CD3+7-AAD- cells and non-viable CD3+7-AAD+ cells.

4.7.1 CD3+ cell viability pre-cryopreservation and post-thaw

The viability of CD3+ cells from all sample types was close to 100% as assessed on the
prepared sample prior to Day 1 cryopreservation or continued storage. Mean pre-
cryopreservation CD3+ viability was for Cones = 98.6%, harnesses = 99.0% and apheresis

samples = 99.7% (See Tables 4.4 — 4.5 below).
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Sample | Pre-freeze | Viable CD3+ | Thawed |Total CD3+ | Total CD3+ | Viable CD3+ |Viable CD3+|Thawed CD3+| Total CD3+| Total CD3+ |Viable CD3+|Viable CD3+| Thawed |Total CD3+| Total CD3+ | Viable CD3+
Number CD3+ Cells x 108 CD3+ Cells x 10° |Cells Recovery|Cells Recovery| Cells x 106 | Viability D2 | Cells x 108 Cells % Cells Cells x 108 CD3+ Cells x 10° |Cells Recovery| Cells Recovery
n=16 Viability Pre-Freeze |Viability D1|Thawed D1 D1 D1 Pre-Freeze (%) Thawed D2 | Recovery D2 | Recovery |Pre-Freeze |Viability D3 [Thawed D3 D3 D3
(%) D1* (%) (%) (%) D2* (%) D2 D3* (%) (%) (%)
(%)
Cone 1 99.5 39.3 70.9 55.3 100.0 99.8 45.9 77.2 28.6 62.3 48.1 45.9 27.4 36.1 78.8 21.6
Cone 2 98.7 62.0 92.7 66.6 100.0 99.6 79.7 55.9 97.4 100.0 68.3 79.7 30.0 52.0 65.2 19.6
Cone 3 87.4 111.7 89.6 83.6 75.8 67.1 111.7 77.8 53.0 47.5 36.9 *x *E *x *E *x
Cone 4 99.2 95.0 87.7 76.0 80.0 70.2 95.0 77.5 55.6 58.5 45.3 o *x o *x o
Cone 5 99.0 62.7 88.3 84.4 100.0 100.0 62.7 74.6 59.9 95.6 71.3 62.7 34.3 51.8 82.6 28.4
Cone 6 99.2 97.0 87.1 61.8 63.7 55.5 90.5 43.6 67.2 74.2 32.4 97.0 76.0 76.5 79.9 60.0
Cone 7 99.4 51.3 91.7 39.4 76.7 70.3 51.3 77.7 34.6 67.3 52.3 51.3 30.1 28.3 57.0 215
Cone 8 99.5 268.0 83.1 204.0 76.1 63.3 268.0 79.1 193.7 72.3 57.2 268.0 60.2 176.0 65.7 39.5
Cone 9 99.5 108.8 81.5 104.9 96.4 78.6 108.8 79.2 110.2 100.0 80.2 108.8 72.7 63.6 58.4 42.5
Cone10| 99.3 184.4 88.7 130.7 70.9 62.9 153.7 roHk ok rHk ok 153.7 ok rokk ok rokk
Cone1l| 98.5 219.5 63.7 123.2 56.1 35.8 219.5 59.2 1141 52.0 30.8 219.5 46.9 94.4 43.0 20.2
Cone 12| 99.7 258.3 73.2 208.6 80.7 59.1 258.3 66.7 204.5 79.2 52.8 258.3 53.5 146.6 56.8 30.4
Cone 13| 99.9 236.5 74.7 168.2 71.1 53.1 236.5 66.0 149.6 63.3 41.7 236.5 62.9 144.0 60.9 38.3
Cone 14| 99.9 244.7 72.6 146.8 60.0 43.6 244.7 64.3 113.2 46.3 29.7 2447 39.4 71.0 29.0 114
Cone 15| 99.8 172.6 70.0 128.0 74.2 51.9 183.3 39.8 50.0 27.3 10.9 161.8 30.2 40.7 25.1 7.6
Cone 16| 99.8 368.4 76.7 204.8 55.6 42.6 368.4 71.8 166.3 45.2 32.4 368.4 66.3 155.5 42.2 28.0
Mean 98.6 80.8 77.3 65.8 67.4 66.0 46.0 49.1 57.3 28.4
Median 99.5 82.3 76.0 63.1 71.8 63.3 45.3 46.9 58.4 28.0
Range [87.4-99.9 63.7-92.7 55.6-100.0 [35.8-100.0 39.8-79.2 27.3-100.0 [10.9-80.2 27.4-76.0 25.1-82.6 [7.6-60.0

**Samples not cryopreserved *** Incorrect samples tested — results not valid

Table 4.4 Viable CD3+ cell counts pre- and post-freeze from Cones 1-16; showing %recovery of viable CD3+ cells in thawed bags
cryopreserved on D1, D2 and D3. *Pre-freeze CD3+ cell numbers calculated from the CD3+ cell count of the prepared starting material x
volume of aliquot prepared for cryopreservation. CD3+ cell recovery calculated as a percentage of the pre-freeze CD3+ cell number
originally aliquoted into the bags.
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Sample | Pre- Viable Thawed |Total CD3+|Total CD3+| Viable [Viable CD3+| Thawed |[Total CD3+|Total CD3+|Viable CD3+ | Viable CD3+| Thawed |Total CD3+| Total CD3+ |Viable CD3+
Number| freeze |CD3+Cells| CD3+ |Cellsx 10° Cells |CD3+ Cells| Cells x 108 CD3+ Cells x 10% | Cells % Cells Cells x 106 CD3+ |Cells x 106 Cells Cells
n=9 CD3+ | x 10°Pre- |Viability D1{Thawed D1| Recovery | Recovery | Pre-Freeze | Viability D2 [Thawed D2| Recovery |Recovery D2| Pre-Freeze |Viability D3|Thawed D3|Recovery D3 |Recovery D3

Viability | Freeze (%) D1 D1 D2* (%) D2 (%) D3* (%) (%) (%)

(%) D1* (%) (%) (%)

APH 1 99.2 24.8 66.2 13.0 52.2 34.6 24.8 54.4 11.7 47.1 25.6 24.8 38.0 10.6 42.6 16.2
IAPH 2 99.9 39.2 79.4 34.6 88.2 70.0 39.2 62.2 28.0 71.4 44.4 39.2 33.9 18.1 46.3 15.7
IAPH 3 99.9 41.3 88.4 29.6 71.8 63.4 41.3 92.9 33.8 82.0 76.2 39.0 54.6 17.2 44.0 24.1
éEH 4 99.8 16.2 94.4 7.6 47.1 445 16.2 84.1 6.2 38.3 32.2 16.2 66.2 5.4 33.3 22.1
IAPH 5 99.7 39.9 83.7 30.9 77.4 64.8 39.9 66.8 25.1 63.0 42.0 39.9 36.6 14.1 35.3 12.9
IAPH 6 99.9 44.3 76.3 30.2 68.0 51.9 44.3 61.0 23.4 52.8 32.2 45.6 42.3 17.4 38.2 16.2
IAPH 7 99.8 38.9 52.8 9.3 23.9 16.8 42.1 45.5 10.9 25.8 14.5 35.6 31.8 6.1 17.3 6.6
IAPH 8 99.9 34.6 44.4 10.6 30.8 15.8 31.6 46.7 11.6 36.8 21.0 38.6 30.4 8.3 21.4 7.5
IAPH9 99.8 50.1 62.5 22.3 44.5 27.8 50.1 66.9 21.0 42.0 28.0 50.1 47.8 16.9 33.8 16.2
Mean 99.8 69.2 57.1 43.3 62.0 52.6 35.1 39.4 34.9 15.3
Median| 99.8 71.3 60.1 44.5 61.6 49.9 32.2 373 36.7 16.2
Range [99.2-99.8 44.4-94.4 23.9-88.2 | 16.8-70.0 41.8-92.9 36.8-82.0 | 14.5-76.2 30.4-66.2 17.3-46.3 7.5-24.1

** Insufficient cells to freeze in bags so sample was frozen in vials. Post thaw viabilities and recoveries were excluded from the analysis as
not representative.

Table 4.5 Viable CD3+ cell counts pre- and post-freeze from Apheresis Samples 1-9; showing %recovery of total and viable CD3+ cells in
thawed bags cryopreserved on D1, D2 and D3. *Pre-freeze CD3+ cell numbers calculated from the CD3+ cell count of the prepared starting
material x volume of aliquot prepared for cryopreservation. CD3+ cell recovery calculated as a percentage of the pre-freeze CD3+ cell
number originally aliquoted into the bags.
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The mean post-thaw CD3+ viability for the cone cells and apheresis samples
cryopreserved on D1 was 80.8% for cone samples and 69.2% for apheresis samples. The
D2 and D3 thawed viabilities however were significantly lower for both cone samples;
67.4% D2, 49.1% D3 (Figure 4.5) and apheresis samples; 62.0% D2 and 39.4% D3 (Figure
4.6). Examination of the individual data points showed that the reduced mean D2 and
D3 viabilities in cone samples resulted from an increased range in viability with some
samples (cones C6, C9 and C16) maintaining thawed viability of >65% on D3 while others

dropped to <35% (cones C1, C2, C3 and C15).

The same finding was not present in the apheresis samples where the viability range
reduced from 44.4 —94.4% on D1 to 30.6 - 66.2% on D3. The overall lower mean viability
seen in apheresis samples, was attributable to APH7 and 8, which were found to have
lower than average CD3+ viability on all days of cryopreservation. The effect was
particularly apparent on D1 where both samples had viabilities substantially less than
the mean. No laboratory error was found that could account for the poor viability, but
it was noted that the TNC recovery for both these samples was also lower than the mean

with the except for APH8 D3 which was equivalent to the mean.
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Figure 4.5: Post-thaw CD3+ viability for cone samples cryopreserved on D1, D2
and D3.CD3+ viability as determined flow cytometrically by 7AAD exclusion
staining. Means shown +/-SD from cone samples C1-16. p values shown from one-
way ANOVA. Samples with missing data sets excluded from analysis.
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Figure 4.6: Post-thaw CD3+ viability for apheresis samples cryopreserved on D1,
D2 and D3. CD3+ viability as determined flow cytometrically by 7AAD exclusion
staining. Means shown +/-SD from apheresis samples APH1-9. p values shown
from one-way ANOVA. APH4 excluded.

On comparison of the thawed CD3+ cell viability between cone and apheresis samples
cryopreserved on D1, D2 and D3, although the mean viability for apheresis samples was

lower than that for cones on each day, the difference was not statistically significant
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when analysed by two-way ANOVA. p = 0.4373 D1, p= 0.9576 D2, p=0.6392 D3. See

Figure 4.7.
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Figure 4.7: Comparison of post-thaw CD3+ viability of cells derived from cone samples
C1-16 and apheresis samples APH1-9 cryopreserved on D1, D2 and D3. CD3+ viability
as determined flow cytometrically by 7AAD exclusion staining. Means shown +/-SD. ns
- not significant by two-way ANOVA. Samples with missing data sets excluded.

4.7.2 CD3+ cell recovery post-thaw

Total numbers of CD3+ cells both viable and non-viable as defined by dye exclusion
staining with 7-AAD, present in the thawed bags were calculated for each product. There
was evidence of CD3+ cell loss after cryopreservation and thawing in both cone and

apheresis derived samples and total CD3+ cell recovery rates were lower than TNC

recovery for both sample groups.

Cones
Mean total CD3+ recoveries were found to be 77.3% for cones samples cryopreserved
on D1, D2 and D3 recoveries were lower; 66.0% D2 and 57.3% D3 (Figure 4.8). When

viable CD3+ cell numbers were calculated, recovery was found to be lower. 65.0% of
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viable CD3+ cells were recovered from cone samples cryopreserved on D1, 46.0% from
D2 samples and only 28.4% of viable CD3+ cells recovered from samples cryopreserved
on D3. Although the total CD3+ recovery was reduced from D1 to D2 and from D2 to D3,
only the reduction in CD3+ cells recovered from D1 to D3 achieved statistical significance
when analysed by one-way ANOVA (p=0.0017) (Figure 4.8A). Although the range of data
generated for viable CD3+ recovery increased slightly from D1 to D2/D3, the significant
decrease in recovery seen in D2 and D3 cone samples was not generated solely by
outliers as was the case for TNC recovery. The reduction in viable CD3+ cell recovery
was statistically significant from D1 to D2 (p=0.0025), D2 to D3 (p=0.0173) and D1 to D3
(p=0.0007) (Figure 4.8B). The D2 and D3 CD3+ results for Cone 10 were excluded from
analysis as on investigation of anomalous results for these samples, it was found that

the wrong samples had been tested.
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Figure 4.8: Calculated post-thaw CD3+ recovery from thawed product bags derived
from cone samples C1-16 cryopreserved on D1, D2 and D3. Total CD3+ cell numbers
as determined flow cytometrically by staining with anti-CD3, using TruCount™ tubes
to generate absolute cell counts. Viability assessed by dye exclusion staining with 7-
AAD. Means shown +/-SD. p values shown from one-way ANOVA. Samples with
missing data sets excluded.

Apheresis Samples

The CD3+ cell recovery found in thawed product bags derived from apheresis samples
was substantially lower than that found in bags derived from cone samples. The mean
recovery dropped significantly between days of cryopreservation, falling from 57.1% on
D1, to 52.6% on D2 and 34.9% on D3. Unlike cones, the range of recovery results
decreased with increased time to cryopreservation; the D3 results appearing more
homogenous than the D1 results (See Figure 4.9). The reduction in recovered CD3+ cells

was found to be statistically significant on all 3 days when analysed by one-way ANOVA:

D1 to D2 p=0.0045, D2 to D3 p=0.0175 and D1 to D3 p=0.0001.
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The number of viable CD3+ cells recovered from the thawed apheresis samples was
extremely poor. The mean viable CD3+ recovery from bags cryopreserved on D1 was

43.3%, on D2 35.1% and on D3 only 15.3%.
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Figure 4.9: Calculated post-thaw CD3+ recovery from thawed product bags derived
from apheresis samples APH1-9 cryopreserved on D1, D2 and D3. Total CD3+ cell
numbers as determined flow cytometrically by staining with anti-CD3, using
TruCount™ tubes to generate absolute cell counts. Viability assessed by dye exclusion
staining with 7-AAD. Means shown +/-SD. p values shown from one-way ANOVA. APH4
excluded.

Although no significant difference had been found between the thawed CD3+ viability
of cells derived from cone and apheresis samples on any day of cryopreservation, there
was a lower total CD3+ cell recovery in apheresis samples compared to cone samples on
all 3 days of cryopreservation (see Figure 4.10 below). The difference was significant on
D3 only (p=0.0063). indicating higher cell losses during storage and cryopreservation in

the apheresis samples.
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Figure 4.10: Comparison of calculated total thawed CD3+ recovery from thawed
product bags for cells derived from cones and apheresis samples cryopreserved on
D1, D2 and D3 by two-way ANOVA. Total CD3+ cell numbers as determined flow
cytometrically by staining with anti-CD3, using TruCount™ tubes to generate
absolute cell counts. Means shown +/-SD from samples C1-16 and APH1-9. p values
shown from two-way ANOVA. Samples with missing data sets and APH4 excluded.

Recovery of viable CD3+ cells was found to be similarly lower in apheresis derived
samples compared to cone derived samples on all 3 days of cryopreservation (see Figure
4.11). In the case of viable CD3+ cell recovery the difference in recovery was significant

on D1 (p=0.0400) and on D3 (p= 0.0408), although not D2 (p=0.3312).
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Figure 4.11: Comparison of calculated viable thawed CD3+ recovery from thawed
product bags for cells derived from cones and apheresis samples cryopreserved on
D1, D2 and D3 by two-way ANOVA. Total CD3+ cell numbers as determined flow
cytometrically by staining with anti-CD3, using TruCount™ tubes to generate absolute
cell counts. Viability assessed by dye exclusion staining with 7-AAD. Means shown +/-
SD from samples C1-16 and APH1-9. p values shown from two-way ANOVA. Samples
with missing data sets and APH4 excluded.

4.8 Discussion of the results for total nucleated cell recoveries

Total nucleated cell (TNC) viability post-thaw was not assessed by flow cytometry. The
nucleated cell recovery reported was calculated from all intact cells detected by the
Sysmex 1000i haematology analyser. The overall TNC recoveries were high in both
sample groups on all 3 days of cryopreservation, remaining above 70% even on D3
cryopreservation. The TNC recovery was slightly higher in cone derived samples on all 3
days compared to apheresis derived samples, which probably reflected increased cell
death associated with the higher granulocyte content of the apheresis samples; mean
granulocyte contamination in cone samples was 6.28% compared to 29.51% in apheresis

derived samples. This difference did not reach statistical significance on any day of
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cryopreservation. Given the significantly higher granulocyte contamination in the
apheresis samples, the difference in TNC recovery both between sample groups and
between days of cryopreservation was less than might have been expected, given that
granulocytes degrade rapidly during storage (Colotta et al., 1992, Klinkmann et al., 2021,
Vemeren et al., 2021). Although nucleated cell recovery after cryopreservation and
thawing is not a figure commonly reported in the literature, the recovery of both sample
types was in the study was similar to that found by Germann et al. (2016) who reported
82% recovery of MNC immediately post thaw, and Steininger et al. (2013) who reported
a TNC recovery of 81% in thawed apheresis samples from 12 volunteer donors. As the
calculation of TNC recovery is based on all intact cellular events detected by the
analyser, including cells that are apoptotic or already dead, it is not a clinically useful
statistic, but does provide information about the suitability of the sample handling and
cryopreservation techniques employed. The fact that >80% of nucleated cells were
recovered after cryopreservation on D1 indicated that the samples had not been

mistreated during the process.

4.9 Discussion of the results for CD3+ cell viability and recovery

Published literature has to date focussed on the effects of cryopreservation and low
temperature storage on lymphocytes. The effect of extended storage pre-
cryopreservation has not been a priority. In addition, recovery of viable lymphocytes is
a parameter that is rarely reported in the literature at all. As a result, only one report of
either thawed viability or recovery was be found in the literature where lymphocytes
had been stored for >24 hours prior to cryopreservation (Fisher et al., 2014), and in this
study, it was not made clear exactly how long the products had been stored for prior to

cryopreservation. Most studies focus only on viability/response to stimulation or the
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presence of cell populations as a percentage of the whole, which allows the researcher
to assess the differential impact of cryopreservation and thawing on specific phenotypes
but does not allow us to know how many cells of which phenotype have failed to survive
the process. It was therefore difficult to assess the results obtained in the study against

published work.

CD3+ thawed viabilities

The thawed viability for CD3+ cells derived from cone samples and frozen on D1 (80.8%)
was broadly in line with MNC and CD3+ post-thaw viability reported in other published
works (Li et al., 2022, da Silva Ferreira et al., 2015) although higher viabilities have also
been reported. Honge et al. (2017) reported mean thawed PBMC viability of 92%. The
thawed CD3+ viability for apheresis samples was lower than that for the cone derived
cells (69.2%), although the result was not statistically significant between the two
sample types. The thawed CD3+ viabilities decreased significantly with increased length
of storage prior to cryopreservation in both sample groups, dropping to 49.1% for cone

derived CD3+ cells and 38.9% for apheresis derived CD3+ cells by D3.

Most of the published literature refers to the thawed viability of MNCs derived from
density gradient separation of whole blood and it was not possible to find any
comparable results on the study of apheresis products. Of those studies that reported
CD3+ recovery post thaw in apheresis products (Fisher et al., 2014, Stroncek et al., 2011,
Steininger et al., 2013), none reported the actual CD3+ thawed viability so it was not
possible to comment further on the results obtained. Schafer et al. (2020) reported a

mean thawed cell viability of 51% from 77 G-CSF mobilised apheresis products, but
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unfortunately the publication does state whether this is CD45+ cell viability or T cell

viability.

Thawed CD3+ viability was maintained above the NHSBT threshold for release of 70%
CD3+ viability for cells derived from cones cryopreserved on D1 and D2. CD3+ cells
derived from apheresis almost met this criterion for cells cryopreserved on D1 only.
Apheresis derived CD3+ cells cryopreserved on D2 and D3, and cone derived cells
cryopreserved on D3 failed to meet it by a substantial margin. If found in a clinical
product these results would have initiated an investigation into the suitability of the
product for clinical use, but as stated in Chapter 1, thaw viability testing on clinical
products is rarely performed. In the light of the study results, consideration should be
given to introducing release testing for lymphocyte products, but further work will first

be required to consolidate the study findings.

CD3+ thawed cell recoveries

The total number of CD3+ cells found in the thawed products in both sample groups was
lower than the numbers cryopreserved, indicating a loss of some CD3+ cells during the
cryopreservation and thawing process. For cells derived from cones the total CD3+
recovery was 77% on D1, indicating a CD3+ cell loss of 23%. The viable CD3+ cell recovery
was lower still at 65.8%. Recovery of both total and viable CD3+ cells decreased with
time to cryopreservation and the discrepancy between total and viable cell numbers
increased, indicating that not only were a higher proportion of cells destroyed by
cryopreservation and thawing if stored for a longer period prior to cryopreservation, but
that a higher proportion of those remaining suffered membrane damage that rendered

them non-viable although still detectable by flow cytometry. The total recovered CD3+
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cells on D3 was 57.3% but only half of these were still viable (28.4%). Overall, the
recovery results obtained for Cones 1-10 showed a slightly higher degree of variability
than those for Cones 11-16 and the mean recovery was higher (Figure 4.11) This was
probably because these were the first samples tested and the process was still being

optimised.

For cells derived from apheresis products, the picture was worse, with significantly
lower numbers of total and viable CD3+ cells detectable on D1 (57.1%; 43.3%

respectively). These figures dropped to 39.4% by D2 and 15.3% by D3.

What published data on CD3+ cell recovery there is relates to CD3+ cell recoveries in
cryopreserved apheresis samples, from both mobilised and non-mobilised donors. The
total CD3+ cell recovery results obtained in this study from cone derived samples were
in line with the total CD3+ cell recoveries reported by Stroncek et al. (2011) who
reported a 76% recovery of total CD3+ in a study of 311 cryopreserved non-mobilised
harvests and Fisher et al. (2014) who reported 66.6% total recovery of CD3+ from 14
cryopreserved apheresis donations from volunteer unrelated donors. Fisher et al. also
reported that the CD3+ cell recovery from related donors was significantly higher than
that from unrelated donors. They postulated that this was because cells from unrelated
donors had been shipped to the investigating site and were therefore older than the
related donor cells when cryopreserved. These investigators did not report viable CD3+
cell recovery. Steininger et al. (2013) reported 81.5% recovery of viable CD3+ cells in a
study of 12 cryopreserved non-mobilised apheresis collections which was significantly
higher than the results found here. The results obtained from the CD3+ derived from

mobilised apheresis samples were significantly lower than the published results for non-
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mobilised products. In 2014, Fisher did compare CD3+ recovery between mobilised and
non-mobilised products from related donors only and found there to be no difference,
which was not the case in this study where the recovery from mobilised products was
significantly poorer. However, it must also be borne in mind that cells derived from
apheresis cones are not identical to cells from non-mobilised apheresis collections and
may behave differently. However, all investigators report very wide ranges in results, a
finding which was also seen in this study. Given the small number of apheresis samples
tested in this study, it is possible that the poor viability outcomes from APH7 and APH8
skewed the results for the apheresis group and resulted in a significant difference being
found between the cone and apheresis derived samples. Further testing with larger
sample numbers is required to fully answer this question. Interestingly, the one sample
that was cryopreserved in vials as opposed to bags showed higher thawed viability than
the cells cryopreserved in bags but similar overall viable cell recovery, indicating that
there was a higher loss of CD3+ cells in vials as compared to bags. This finding was in
keeping with findings that rate controlled freezing programmes designed to be effective

for bags are unsuitable for cryovials (Hunt, 2019, Meneghal et al. 2020).

Although the comparison between the non-mobilised cone derived cells and the
mobilised apheresis derived cells may require further work, it was clear that increasing
time in storage prior to cryopreservation has an adverse impact on thawed cell numbers
in both study groups. However, it can clearly be seen from the results of this study that
the number of viable CD3+ cells that can be retrieved from a cryopreserved product
derived from cone samples drops to less than a third of the cell numbers originally
cryopreserved (28.4%) if the cells are held for 48-72 hours prior to cryopreservation. For

cells derived from mobilised apheresis harvests the outcome of storage pre-
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cryopreservation was even more marked; only 15.3% of cells originally cryopreserved
on D3 were still present and viable when thawed. NHSBT does not use calculated viable
cell recovery as a release criterion, possibly because it is difficult to know what a suitable
cut-off point would be, given the lack of published material on the subject, but in the
light of the study results reported here, consideration should be given to introducing

such a specification.

4.10 Chapter 4: Summary and Key Findings

1. The percentage recovery of total nucleated cells from the thawed products was
reduced slightly from cryopreservation on D1 to cryopreservation on D3 for cells derived
from both cone and apheresis samples. The reduced recovery was not statistically
significant in either sample group with no significant differences seen between the

sample groups.

2. The thawed CD3+ cell viability, as determined by dye exclusion staining, showed a
statistically significant reduction with increased time to cryopreservation in both sample
groups, dropping from 77% for cone and 69% for apheresis derived samples on D1 to
49% and 39% respectively on D3. CD3+ cells derived from cone samples had higher
thawed viability than those derived from apheresis samples cryopreserved on D1, D2

and D3 but this difference was not statistically significant.

3. Recovery of non-viable and viable CD3+ cells from the thawed products also dropped
sharply with increasing time to cryopreservation. Recovery of viable CD3+ dropped from
66% for cone and 43% for apheresis derived samples on D1 to 46% and 35% on D2, and

just 28% and 15% respectively on D3. Higher cell numbers were recovered from cone
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compared to apheresis derived cell products on all 3 days of cryopreservation and this

difference was statistically significant.

Summary : The findings indicated that the practice of storing cells for up to 72 hours
prior to cryopreservation could have a serious adverse impact on their quality and
efficacy following transplantation. This was particularly the case for apheresis derived
products. The reported cell doses in cryopreserved products, based on the pre-

cryopreservation CD3+ cell numbers is therefore likely to be completely inaccurate.
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5 Chapter 5 Activation Results

5.1 Background

The aim of this study was to investigate the functional responses of lymphocytes to
stimulation after storage and cryopreservation and identify the optimum way to handle
and cryopreserve them in to preserve their functionality. Current clinical practice in our
region permits a storage period for cells intended for use as DLI at 4°C of up to 72 hours
prior to cryopreservation. It is not known if this storage period generates any deficits in
the lymphocyte response to stimulation, as there is no suitable test available to assess
functionality for lymphocytes associated either with extended storage at 4°C prior to
cryopreservation, or with exposure to G-CSF. To this end, a functional assay was
designed that could be easily applied to pilot vials from clinical products.

5.2 Study samples

Cells from sixteen cone samples and nine apheresis samples were cryopreserved in 10%
DMSO following standard NHSBT cryopreservation protocols. The cells were
cryopreserved in CyoMACS® freezing bags (Miltenyi Biotec) at a WBC concentration
ranging from 10-20 x 10°/mL. The bags were frozen using a Planer Kryo 560-16 rate-
controlled freezer and transferred to storage in vapour phase nitrogen immediately
after completion of the programme. The cells were stored for a minimum of 7 days in

vapour phase nitrogen before thawing for stimulation.

The bags were removed from vapor phase storage and thawed rapidly in a water bath
at 37°C. As soon as the contents were thawed, a sample was removed for FBC flow
cytometric analysis to enable calculation of the TNC and viable CD3+ cell recovery
immediately post thaw. The remainder of cells from the thawed bags were then slowly

resuspended in warmed media and washed to remove DMSO. A sample of the washed
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cells was taken for further flow cytometric analysis to determine the number of viable
CD3+ cells present for seeding. Cells were seeded into plates at a concentration of 1 x
10° viable CD3+cells/mL. Each sample was seeded into 3 wells as follows:

i) Media only (ImmunoCult XF-T, STEMCELL Technologies).

ii) IL2 (STEMCELL Technologies) + media to control for the effect of IL2 alone on

the cells.

iii) IL2 + CD3/CD28 activation beads (STEMCELL Technologies) + media.

The plated cells were incubated in a temperature-controlled CO; incubator. Samples
were aseptically taken from the wells to test for viable numbers of CD4+/CD8+
lymphocytes/mL and for the presence of the early and late activation markers CD25 and

CD69 by flow cytometry at 4, 24, and 72 hours in culture.

Activated lymphocytes were identified as CD4+ or CD8+ lymphocytes that also

expressed CD25 and/or CD69 following the gating strategy as described in Chapter 2.

It was not possible to perform absolute CD3+ counts on the stimulated samples because
the CD3/CD28 activation beads block the CD3 antibody binding site on the cells.
Therefore, the absolute number of viable cells/mL that were either CD4+ or CD8+ was
used to calculate the number of viable lymphocytes present at 4, 24 and 72 hours in
culture for the control, IL2 and stimulated sample groups. The number of viable
CD4+/CD8+ cells present at these timepoints was compared to demonstrate the level of

either expansion or cell death in culture in each of the three sample groups.

The percentage of viable CD4+ and CD8+ lymphocytes expressing CD25 and or CD69 was
determined at each time point. The percentage expression at the different time points

was then compared to the expression of the same markers after thawing and washing
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but prior to culture to enable any changes in cell expression levels to be plotted against
time for each sample group.

5.3 Data Analysis

Data analysis was performed using two-way ANOVA. Residuals were plotted on a QQ
plot to check for normal distribution. All the data analysed was found to be normally
distributed and alternative analyses for non-parametric data were not required. The
expansion and activation results for lymphocytes cryopreserved on D1, D2 and D3 were
compared to determine if time to cryopreservation had an impact on lymphocyte
response. The results from the cones were then further compared with the results from
the apheresis samples to determine if there was a difference between the two sample
groups. Samples with missing data sets were excluded from the analysis on the advice

of the Sheffield Hallam University statistician.

5.4 Viable CD3+ Cell Expansion on Stimulation

The viability of the stimulated CD4+ and CD8+ cells was assessed by staining with 7-AAD

at each sampling time point (Table 5.1).
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Mean viability in culture (%)
Day cryopreserved D1 D2 D3
Cell type CD4+ CD8+ CD4+ CD8+ CD4+ CD8+
Cones C1-16
4 hours 61.32 |61.82 |51.95 |54.27 |44.59 |43.30
24 hours 64.94 |58.28 |57.70 |53.07 |50.01 |36.65
72 hours 7199 |66.14 |73.64 |63.47 ]54.34 |41.02
Cones C11-16
4 hours 90.04 |86.38 181.67 |75.38 |72.08 |69.11
24 hours 81.67 |75.38 |84.95 |77.14 ]65.17 |53.27
72 hours 93.05 |89.27 |87.45 |77.14 ]179.74 |64.30
Apheresis APH1-9
4 hours 80.46 |79.93 |81.74 |79.71 }72.71 |69.32
24 hours 72.23 |67.03 |77.24 |73.39 |77.24 |73.39
72 hours 81.56 |76.59 ]189.97 [90.14 |89.48 |88.72

Table 5.1 Mean viability of stimulated CD4+ and CD8+ cells sampled from culture at 4,
24 and 72 hours. Determined by 7-AAD dye exclusion staining.

Cells from cones 1-10 should have been seeded at 1x 10° viable CD3+ cells/well.
However, on analysis of the number of viable CD3+ cells at 4, 24 and 72 hours in culture,
it became apparent that there had been an error in seeding density. C1 was seeded at a
very high density and C2-10 had been seeded at a lower density than that required. The
median number of viable CD4+/CD8+ cells at 4 hours culture for C1-10 was found to be
0.373 x 10%/mL while the median number in C11-16 was 0.901 x 10%/mL at the same
time point (see Table 5.2.). Probably because of the sub-optimal seeding density, the
cells did not expand in culture as well as those from cones 11-16. The expansion results
from C1-10 and C11-16 were therefore analysed both independently and pooled. No
significant differences were found between the numbers of viable CD4+/CD8+ cells in

the control condition (media only) and those cultured in IL2 (media + IL2) at any time
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point, indicating that any experimental effects observed were due to stimulation with

CD3/28 activation beads, not due to the presence of IL2 in the medium.

5.4.1 Time in Culture: 4 hours

Cone Samples

H Total Viable CD4+ and CD8+ cells/mL
Cone Control IL2 Stimulated
Samples
n=16 D1 D2 D3 D1 D2 D3 D1 D2 D3
C1 2.37E+06|1.25E+06|2.24E+05|2.41E+06|1.09E+06|1.88E+05| 2.32E+06 | 8.38E+05 | 8.11E+04
c2 3.22E+05(1.39E+05|1.06E+05|2.03E+05|1.88E+05|6.16E+04| 1.30E+05 | 7.05E+04 | 5.73E+04
Cc3 2.61E+05|1.97E+05 *x 2.30E+05|1.67E+05 *x 1.91E+05 | 1.65E+05 *k
C4 1.29E+05|1.65E+05 *x 1.40E+05|3.08E+05 *x 1.36E+05 | 1.56E+05 o
C5 5.02E+04(8.63E+04|1.41E+04|8.19E+04 |8.48E+04|1.32E+04| 6.21E+04 | 7.19E+04 | 1.33E+04
C6 1.26E+05|1.13E+05|1.24E+05|1.65E+05|1.02E+05|1.29E+05| 1.16E+05 | 1.04E+05 | 1.42E+05
C7 2.35E+05|1.78E+05(2.52E+04|2.06E+05|2.19E+05|8.71E+03| 2.08E+05 | 1.95E+05 | 5.17E+03
Cc8 9.97E+04|1.24E+05|4.56E+04|1.10E+05|1.13E+05|2.99E+04 | 8.37E+04 | 1.11E+05 | 2.14E+04
c9 8.08E+03|5.28E+03|1.93E+05|7.88E+03|6.66E+03|1.69E+05| 7.21E+03 | 3.81E+03 | 1.70E+05
C10 6.73E+04|2.82E+04|5.15E+04|6.86E+04|2.25E+04|5.09E+04| 6.07E+04 | 2.46E+04 | 4.71E+04
Cl11 8.50E+05|8.40E+05|6.77E+05|8.41E+05|7.86E+05|7.88E+05| 7.60E+05 | 7.45E+05 | 5.78E+05
C12 9.70E+05|8.19E+05|5.54E+05|9.75E+05|8.77E+05(5.99E+05| 9.93E+05 | 8.82E+05 | 5.91E+05
C13 8.05E+05|7.71E+05|6.31E+05|8.03E+05|8.01E+05|7.45E+05| 7.19E+05 | 6.13E+05 | 5.73E+05
C14 8.11E+05|5.84E+05|5.85E+05|8.10E+05|6.29E+05|6.45E+05| 6.18E+05 | 4.48E+05 | 5.12E+05
C15 7.97E+05|8.25E+05|6.02E+05|8.35E+05|7.83E+05|6.63E+05| 6.88E+05 | 7.08E+05 | 5.99E+05
C16 9.30E+05|9.56E+05|7.75E+05|9.50E+05 |8.96E+05|8.19E+05| 7.98E+05 | 7.13E+05 | 6.94E+05

Mean (5.52E+05(4.43E+05|3.29E+05 |5.52E+05|4.42E+05|3.51E+05|4.93E+05| 3.66E+05 | 2.92E+05

Median |2,91E+05|1.88E+05|2.08E+05|2.18E+05 |2.64E+05|1.78E+05|2.00E+05| 1.80E+05 | 1.56E+05
** Samples not cryopreserved

Table 5.2 Viable CD4+/CD8+ cells/mL in control, IL2 and stimulated cone samples
cryopreserved on D1, D2 and D3 after 4 hours in culture.

At 4 hours in culture, it was possible to detect some differences in the numbers of viable
CD3+ cells in the stimulated groups as compared to the control groups. As can be seen
in Table 5.2, because of the errors in seeding density, the range of results from C1-10

was very wide, and cell numbers were low, making it impossible to detect any
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experimental effect in this group and masking effects seen in C11-16 when the data was

pooled.

In C11-16, the data range was much tighter and a decrease in the numbers of viable
CD4+/CD8+ cells in the stimulated group as compared with the control groups was seen
on all three days of cryopreservation, although this result was not statistically significant.
Cells cryopreserved on D1 maintained viable cell numbers close to those seeded after 4
hours in culture but viable cell numbers in the control, IL2 and stimulated groups were
found to decrease steadily with increasing time to cryopreservation. This difference was
statistically significant when tested by two-way ANOVA in the case of control D1 to D3
(p=0.0058), D2 to D3 (p=0.0269); IL2 D1 to D3 (0.0473) and stimulated D1 to D3
(p=0.0362) of cryopreservation (see Figure 5.1). The mean number of viable CD4+/CD8+
cells seen in the control conditions did not alter, indicating that the difference between
the groups resulted from expansion in the stimulated cell group rather than cell death
in the control groups. The day of cryopreservation did not impact viable CD3+ cell
numbers in short term culture. There was no significant difference found in the mean
number of CD3+ cells/mL seen on D1 (0.493 x 10°), D2 (0.366 x 108) and D3 (0.292 x 10°)

in the stimulated samples.
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Figure 5.1: Viable CD4+/CD8+cells/mL after 4 hours in culture determined by flow
cytometry using Trucount™ tubes in control, IL2 only and stimulated cells from
cone samples cryopreserved on D1, D2 and D3. CD4+ and CD8+ cells identified by
additional staining of CD3+ cell population. Viability of identified CD4+ and CD8+
cells assessed by dye exclusion staining with 7-AAD. Number of viable CD4+cells
/mL and CD8+cells/mL was calculated and combined to create a single value.
Results calculated for cone samples C1-10 (Plot A), cone samples C11-16 (Plot B)
and cone samples C1-16 (Plot C). p values from two-way ANOVA. Only p values
<0.05 are shown. Means shown +/- SD.
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Apheresis Samples

H Total Viable CD4+ and CD8+cells/mL
IApheresis Control IL2 Stimulated
Samples
n=9 D1 D2 D3 D1 D2 D3 D1 D2 D3

APH1 6.57E+05|9.27E+05 e 5.95E+05|7.62E+05| 5.66E+05 |4.47E+05|6.70E+05 [5.61E+05
IAPH2 7.96E+05|9.18E+05|7.18E+05 | 6.99E+05 | 8.30E+05 Lk 5.47E+05|7.44E+05 | 4.67E+05
IAPH3 7.16E+05|8.22E+05|7.58E+05 | 7.26E+05 | 7.17E+05 | 6.50E+05 |5.87E+05|5.11E+05 [5.64E+05
IAPH4 6.99E+05|6.52E+05|6.61E+05 | 6.63E+05 |6.73E+05| 6.55E+05 |5.32E+05|5.71E+05 [5.82E+05
IAPH5 8.40E+05|8.70E+05|6.91E+05 | 7.78E+05 | 7.38E+05 | 6.63E+05 |7.45E+05|6.37E+05 [5.63E+05
IAPH6 6.95E+05|6.61E+05(6.45E+05 | 7.15E+05|6.92E+05| 6.51E+05 [5.28E+05|4.87E+05 |5.95E+05
APH7 8.33E+05|9.84E+05|8.51E+05 |8.42E+05|1.04E+06| 8.61E+05 [6.36E+05 |8.88E+05 |7.50E+05
IAPH8 1.06E+06{1.07E+06|9.22E+05 |1.11E+06|1.15E+06 | 1.01E+06 |1.03E+06 |7.60E+05|7.81E+05
IAPH9 3.18E+05|4.03E+05(2.71E+05 | 3.58E+05|4.42E+05| 2.25E+05 [3.11E+05|3.32E+05|1.96E+05
Mean 7.35E+05(8.12E+05|6.90E+05 | 7.21E+05 | 7.82E+05 | 6.60E+05 |5.96E+05|6.22E+05 |5.62E+05
Median (7.16E+05|8.70E+05|7.04E+05 |7.15E+05 | 7.38E+05| 6.53E+05 |5.47E+05 |6.37E+05|5.64E+05
** Not tested

Table 5.3 Viable CD4+/CD8+ cells/mL in control, IL2 and stimulated apheresis samples after 4
hours in culture.

Lymphocytes derived from apheresis samples showed a decrease in viable cell numbers
from those originally seeded in the control, IL2 and stimulated groups for those
cryopreserved on all three days (Table 5.3). The reduction in cell numbers from D1 to D3
and D2 to D3 in the IL2 group and from D2 to D3 in the control group attained statistical
significance when tested using two-way ANOVA (IL2 D1-D3 p=0.0315, D2-D3 p= 0.0056;
control D1-D3 p=0.0062) (Figure 5.2). Mean cell numbers in the stimulated groups were
lower than those seen in the control and IL2 groups on all three days, although this
difference was not significant. The mean number of viable CD4+/CD8+ cells in the
stimulated group dropped to approximately 50% of the cells seeded within the first four
hours of culture, for cells cryopreserved on D1, D2 and D3. The mean number of viable

cells/mL in the control, IL2 and stimulated groups was not affected by day of
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cryopreservation at this time point. Mean viability of CD4+ and CD8+ cells as tested with
7-AAD dye exclusion in the stimulated group was found to be high on all three days of
cryopreservation, indicating that the reduction in cell numbers was due to loss of cells.
Very low viable CD3+ cell numbers were found in the APH9 sample cryopreserved on
D1, D2 and D3 in the control, IL2 and stimulated conditions. It was possible that a
seeding error had occurred on all three samples, although APH9 was the last sample
analysed and experimental design was well established at this point making it unlikely
that such an error had occurred. However, the thawed viability and viable CD3+ recovery
for APH9 were withing the normal experimental range (see Chapter 4) and the D1
control sample in culture had a CD3+ cell viability of 90.66% when tested at 4 hours,
making it unlikely that the sample was damaged during processing. This left seeding

error as the most probable explanation.

APH01-09
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6x10°
0.0062 | e Control
2x106d
1.5%106 + 0.0056 ® L2

I—l e Stimulated
°

BITFR LT RN

Viable CD4+/CD8+/mL

Figure 5.2: Viable CD4+/CD8+ cells/mL after 4 hours in culture determined by flow
cytometry using Trucount™ tubes in control, IL2 only and stimulated apheresis
samples cryopreserved on D1, D2 and D3. CD4+ and CD8+cells identified by additional
staining of CD3+ cell population. Viability of identified CD4+ and CD8+ cells assessed by
dye exclusion staining with 7-AAD. The number of viable CD4+ cells/mL and
CD8+cells/mL was calculated and combined to create a single value. Results calculated
for APH1-9. p values from two-way ANOVA. Only p values <0.05 are shown. Means
shown +/- SD.
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5.4.2 Time in culture time: 24 hours

At 24 hours incubation, there was more evidence of cell death in all experimental groups
with CD3+ numbers dropping below those seeded in all cone and apheresis groups,
particularly those cryopreserved on D3 (Tables 5.4 and 5.5). The percentage of viable

CD4+ and CD8+ cells in the stimulated culture remained high (Table 5.1).

Cone Samples

24H Total Viable CD4+ and CD8+cells/mL

Cone Control IL2 Stimulated

Samples

n=16 D1 D2 D3 D1 D2 D3 D1 D2 D3
C1 1.73E+06| 8.62E+05 |5.15E+04| 1.79E+06 |8.68E+05|5.52E+04|1.57E+06| 7.40E+05 |4.78E+04
Cc2 2.77E+05| 2.22E+05 |7.64E+03| 2.53E+05 [8.41E+04|3.86E+03|2.15E+05| 6.01E+04 |4.21E+03
Cc3 2.55E+05| 1.80E+05 R 2.71E+05 |1.75E+05 b 1.90E+05| 1.07E+05 *E
ca 1.29E+05| 1.72E+05 ok 1.15E+05 |1.62E+05 A 9.99E+04| 1.45E+05 ok
C5 9.43E+04 | 5.54E+04 |5.31E+03| 8.31E+04 |5.20E+04|5.91E+04|6.33E+04| 2.92E+04 |4.73E+04
C6 1.61E+05| 1.01E+05 [1.11E+05| 1.59E+05 |1.01E+05|1.33E+05|9.34E+04| 8.25E+04 |1.01E+05
Cc7 2.25E+05| 1.98E+05 |6.68E+03| 2.37E+05 [1.77E+05|6.69E+03|1.81E+05| 1.85E+05 |1.30E+03
Cc8 8.38E+04 | 1.11E+05 |6.81E+04| 1.03E+05 |1.34E+05|5.76E+04|8.57E+04| 8.70E+04 |5.15E+04
C9 3.13E+04| 1.17E+05 |1.81E+05| 2.92E+04 |1.17E+05(1.79E+05|2.82E+04 | 5.40E+04 |1.59E+05

C10 6.06E+04 | 1.66E+04 |3.29E+04| 6.01E+04 [1.13E+04|3.32E+04 |4.77E+04| 1.54E+04 |3.61E+04

C11 6.58E+05| 6.18E+05 |5.46E+05| 6.45E+05 [6.14E+05|5.70E+05|5.26E+05| 5.32E+05 |4.25E+05

C12 7.71E+05| 6.39E+05 |4.17E+05| 8.10E+05 [6.15E+05|4.27E+05|7.04E+05| 6.94E+05 |3.80E+05

C13 8.06E+05| 6.40E+05 |4.30E+05| 8.04E+05 |7.04E+05|5.12E+05|5.88E+05| 5.86E+05 |4.23E+05

c14 6.19E+05| 3.49E+05 |2.92E+05| 6.07E+05 |3.79E+05|2.86E+05 |4.89E+05| 3.03E+05 |2.62E+05

C15 6.68E+05| 6.30E+05 |4.48E+05| 6.42E+05 |5.62E+05|4.08E+05|5.27E+05| 4.98E+05 |3.60E+05

C16 7.98E+05| 7.22E+05 |4.56E+05| 8.06E+05 |7.12E+05|5.19E+05|7.23E+05| 5.46E+05 |4.29E+05

Mean |4.61E+05| 3.52E+05 |2.18E+05| 4.63E+05 |3.42E+05|2.32E+05 |3.83E+05| 2.92E+05 |1.95E+05

Median (2.66E+05 | 2.10E+05 |1.46E+05| 2.62E+05 |1.76E+05 |1.56E+05 |2.02E+05| 1.65E+05 |1.30E+05

** Samples not cryopreserved

Table 5.4 Viable CD4+/CD8+ cells/mL in control, IL2 and stimulated cone samples after 24
hours in culture.

In C1-10, gradual cell loss could be seen from increasing time to cryopreservation D1 to
D3 in all three experimental groups. Mean overall numbers of viable cone derived

cells/mL remaining in the control group were 0.33 x 10° on D1, 0.21 x 10° on D2, and
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0.06 x 10° on D3. Cell numbers in the stimulated group were even lower; D1 =0.29 x 106,
D2 =0.16 x 105, D3 = 0.06 x 10° but overall cell numbers were so low, particularly in the
D3 samples that it was not possible to draw any significant conclusions. Statistical
analysis using two-way ANOVA returned no significant results in the C1-10 group (Figure
5.3). The same picture of gradual cell loss with increasing time to cryopreservation was
also found in C11-16. However, in this group, the data was better controlled and
statistical analysis returned some significant results. In C11-16, the number of viable
cells still detectable had dropped below those seeded by 24 hours in culture in the
control, IL2 and stimulated groups. The mean viable cell numbers/mL were highest in
samples that had been cryopreserved on D1 (mean control = 0.798 x 10% mean IL2 =
0.719 x 10%; mean stimulated = 0.593 10° dropping to; mean control = 0.456 x 10%; mean
IL2 = 5.97 x 10°% mean stimulated = 0.380 x 10° by cryopreservation on D3 (see Table
5.4). The viable CD4+/CD8+ cell numbers were found to be significantly reduced in cells
cryopreserved on D3 compared to D1 (p= 0.0039) (Figure 5.3) although not between
cryopreservation on D1 to D2 or between D2 to D3. The number of viable cells was found
to be lower in the control group cryopreserved on D2 (p= 0.0475) and D3 compared to
D1 (0.0023). In the IL2 group, the number of viable cells was found to be reduced in cells
cryopreserved on D2 (p=0.0238) and D3 (p= 0.0252). No difference was found between
the number of viable CD3+ cells in the stimulated group compared to either control

group on any day of cryopreservation.

When C1-16 were analysed together, the reduction in cell numbers seen in C11-16
between samples cryopreserved on the different days was masked and the only
significant difference remaining was seen the control group between cells

cryopreserved on D2 to D3 (p=0.0393) (Figure 5.3).
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Figure 5.3: Viable CD4+/CD8+ cells/mL after 24 hours in culture determined by flow
cytometry using Trucount™ tubes in control, IL2 only and stimulated cells from cone
samples cryopreserved on D1, D2 and D3. CD4+ and CD8+ cells identified by additional
staining of CD3+ cell population. Viability of identified CD4+ and CD8+ cells assessed by
dye exclusion staining with 7-AAD. Number of viable CD4+cells /mL and CD8+cells/mL
was calculated and combined to create a single value. Results calculated for cone samples
C1-10 (Plot A), cone samples C11-16 (Plot B) and cone samples C1-16 (Plot C). p values
from two-way ANOVA. Only p values <0.05 are shown. Means shown +/- SD.
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Apheresis Samples

24H Total Viable CD4+ and CD8+ cells/mL

IApheresis Control IL2 Stimulated
Samples

n=9 D1 D2 D3 D1 D2 D3 D1 D2 D3

APH1 4.03E+05 | 7.57E+05 | 5.85E+05 |4.17E+05 | 8.15E+05 | 6.38E+05 |3.16E+05|6.18E+05 |4.65E+05

APH2 6.32E+05 |8.36E+05 | 5.89E+05 | 5.30E+05 | 7.85E+05 | 5.78E+05 |2.92E+05 |5.97E+05 |4.08E+05

/APH3 2.99E+05 |4.56E+05 (4.83E+05 | 2.34E+05|3.47E+05| 4.25E+05 |1.78E+05|2.93E+05|2.91E+05

APH4 3.62E+05 |4.68E+05 | 4.88E+05|3.16E+05 [ 2.89E+05 | 4.91E+05 |1.88E+05|1.91E+05|1.88E+05

IAPH5 5.70E+05 |6.16E+05 | 4.72E+05 |4.16E+05 | 5.20E+05 | 3.52E+05 |4.54E+05 |3.69E+05 |3.75E+05

APH6 1.45E+05|3.03E+05|4.23E+05 |1.34E+05 | 3.99E+05 | 4.82E+05 |8.40E+04|3.20E+05 | 2.46E+05

APH7 5.02E+05 | 8.69E+05 | 7.15E+05 | 4.50E+05 | 7.67E+05| 7.79E+05 |3.57E+05|5.57E+05|4.73E+05

APH8 6.73E+05 |1.01E+06 | 7.54E+05 | 7.22E+05 | 1.08E+06| 8.62E+05 |2.81E+05|4.23E+05|4.67E+05

IAPH9 2.66E+05 |6.80E+05 | 1.96E+05|2.78E+05 |3.70E+05| 2.00E+05 |2.60E+05 |6.39E+05 | 1.48E+05

Mean 4.28E+05 |6.66E+05 | 5.23E+05 | 3.89E+05 |5.97E+05| 5.34E+05 |2.68E+05 |4.45E+05 |3.40E+05

Median |4.03E+05 |6.80E+05 |4.88E+05 |4.16E+05 | 5.20E+05 | 4.91E+05 (2.81E+05 [4.23E+05|3.75E+05

Table 5.5 Viable CD4+/CD8+ cells/mL in control, IL2 and stimulated apheresis samples after 24
hours in culture.

Similarly to the cone derived samples, the number of viable CD4+/CD8+ cells present in
the apheresis derived samples dropped below those seeded in control, IL2 and
stimulated conditions at 24 hours in culture on D1, D2 and D3 of cryopreservation.
However, in contrast to the cone derived cells, the apheresis derived cells with the
lowest numbers of viable cells were found to be those cryopreserved on D1 (Table 5.5).
The mean numbers of viable apheresis derived cells/mL remaining in the control group
were 0.428 x 10° on D1, 0.666 x 10° on D2, and 0.523 x 10° on D3. In the IL2 group the
numbers were very similar to those in the control group. Again, the lowest cell numbers
overall were found in the stimulated group; D1 = 0.268 x 10°; D2 = 0.445 x 10%; D3 =
0.340 x 10%. When tested with analysis by two-way ANOVA, no significant differences
were found in the stimulated groups cryopreserved on the different days, although

there were significantly lower numbers of cells in the stimulated group compared to the
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control and IL2 groups for cells cryopreserved on D3 only (p=0.0033 and 0.0326
respectively). In the control and IL2 groups, significantly higher cell numbers were found
in samples cryopreserved on D2 compared to D1 (p=0.0102 and 0.0353 respectively),
although the mean numbers were still lower than those initially seeded, indicating that
the higher numbers resulted from reduced cell death in samples cryopreserved on D2
(Figure 5.4). High cell numbers were found in APH9 in the control group and stimulated
groups on D2 cryopreservation only; APH9 D2 control = 0.680 CD4+/CD8+ cells x 10%/mL
compared to 0.266 x 10%/mL and 0.196 x 108/mL on D1 and D3 respectively. APH9 D2
stimulated = 0.639 x10%/mL compared to 0.260 x10%/mL and 0.148 x10%/mL on D1 and
D3 respectively. The APH9 IL2 sample was found to have a similar number of viable
CD4+CD8+ cells on all 3 days (D1= 0.278 x10%/mL, D2 = 0.370 x108/mL, D3 = 0.20
x10%/mL) which suggests laboratory error may have played a role in the control and
stimulated groups. However, after examination of the data, no error was identified, and
no alternative explanation could be found for this result. It therefore remained in the

analysis.

Although some individual donor samples maintained their cell numbers close to those
seeded in D1, D2 and D3 control samples (APH1, APH2, APH7), the remaining samples
did not. There was evidence of cell death, not expansion at this time point. Viability of

CD4+ and CD8+ cells in the stimulated group remained high (Table 5.1).
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Figure 5.4: Viable CD4+/CD8+ cells/mL after 24 hours in culture determined by flow
cytometry using Trucount™ tubes in control, IL2 only and stimulated apheresis
samples cryopreserved on D1, D2 and D3. CD4+ and CD8+cells identified by additional
staining of CD3+ cell population. Viability of identified CD4+ and CD8+ cells assessed
by dye exclusion staining with 7-AAD. The number of viable CD4+ cells/mL and
CD8+cells/mL was calculated and combined to create a single value. Results calculated
for APH1-9. p values from two-way ANOVA. Only p values <0.05 are shown. Means
shown +/- SD.
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5.4.3 Culture time: 72 hours

Cone Samples

72H Total Viable CD4+ and CD8+ cells/mL

Cone Control IL2 Stimulated
Samples

n=16 D1 D2 D3 D1 D2 D3 D1 D2 D3
C1 1.77E+06 | 8.15E+05 |3.91E+04 | 1.59E+06 | 7.26E+05 | 3.95E+04 | 2.23E+06 | 7.6 1E+05| 2.90E+04
c2 3.57E+05 |8.18E+04|1.17E+03 |3.05E+05 | 5.44E+04 | 7.84E+03 | 3.83E+05 | 7.92E+04 | 2.95E+03
Cc3 2.52E+05 | 1.89E+05 b 2.42E+05|1.72E+05 ** 3.16E+05|1.97E+05 X
C4 1.27E+05|1.98E+05 *k 1.44E+05|1.88E+05 *k 1.48E+05|1.98E+05 *E
C5 7.93E+04 | 5.78E+04 | 7.04E+03 | 8.54E+04 | 6.38E+04 | 1.14E+04 | 1.49E+05 | 1.05E+05| 8.53E+03
C6 1.51E+05|1.03E+05|1.88E+05|1.75E+05|9.77E+04 | 1.32E+05 |3.47E+05 | 2.10E+05 | 2.12E+05
c7 2.39E+05|1.76E+05 |8.96E+02 | 2.98E+05 | 2.35E+05 | 3.20E+03 | 3.88E+05 [ 3.10E+05| 4.91E+03
Cc8 1.91E+04|1.50E+04 |4.44E+04 |8.61E+03|1.31E+04 |4.39E+04 |5.38E+03 | 1.98E+04 | 2.19E+04
c9 3.11E+04 | 1.20E+05|9.17E+04 | 2.81E+04 | 1.02E+05 | 1.06E+05 | 2.93E+04 | 7.43E+04 | 1.07E+05
C10 2.45E+04 | 1.14E+04 | 2.86E+04 |3.29E+04 | 1.27E+04 | 3.55E+04 | 3.61E+04 | 1.16E+04 | 3.30E+04
C11 6.44E+05 | 4.89E+05 | 3.53E+05 | 6.04E+05 [4.90E+05 | 3.42E+05 | 8.33E+05 | 6.49E+05 | 3.98E+05
C12 7.64E+05|5.44E+05|2.98E+05 | 7.39E+05 [ 5.43E+05 | 3.43E+05 | 1.08E+06 | 1.10E+06| 6.21E+05
C13 6.83E+05 | 5.96E+05 | 3.98E+05 | 6.75E+05 |6.21E+05 (4.74E+05 | 1.24E+06 | 8.57E+05| 6.37E+05
C14 5.34E+05|2.90E+05|2.84E+05 | 5.74E+05 [ 3.52E+05 | 3.03E+05 | 7.87E+05 | 6.69E+05 | 4.07E+05
C15 7.06E+05 |6.20E+05|4.32E+05|6.73E+05 |5.76E+05 | 4.14E+05 | 1.12E+06 | 9.87E+05| 6.30E+05
C16 7.82E+05|6.11E+05|3.99E+05 | 7.56E+05 | 6.06E+05 | 4.35E+05 | 1.08E+06 | 8.69E+05 | 6.55E+05
Mean |4.48E+05 |3.07E+05|1.83E+05 [4.33E+05|3.03E+05 | 1.92E+05|6.36E+05 (4.44E+05| 2.69E+05
Median |3.04E+05 | 1.93E+05 | 1.40E+05 | 3.01E+05 [ 2.11E+05 | 1.19E+05 | 3.85E+05 | 2.60E+05 | 1.60E+05

** Samples not cryopreserved

Table 5.6 Viable CD4+/CD8+ cells/mL in control, IL2 and stimulated cone samples after 72
hours in culture.

After 72 hours incubation, no experimental effect was observed on cells in C1-10. Almost

no viable cells were detectable in any group cryopreserved on D3 after collection (Table

5.6). Examining the data generated from C11-16, there was an observable reduction in

viable cell numbers in both the control groups which increased with length of time to

cryopreservation.
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For cones 11-16 significant expansion of the stimulated cell group as compared to the
control and IL2 groups was seen at 72 hours culture for cells cryopreserved on D1 and
D2. The mean number of viable CD4+/CD8+ cells/mL in this group had returned to that
originally seeded (mean viable cells/mL D1 = 1.02 x10%/mL; D2 = 0.855 x10%/mL). Cells
cryopreserved on D3 did less well and although the mean cell numbers increased slightly
from 24 hours culture from0.380 x10® /mL to 0.558 x10%/mL mL) there was little
evidence of cell expansion. Mean cell numbers in the control and IL2 groups remained
very similar to those present at 24 hours culture (Table 5.6) with significantly lower
viable cell numbers present in the samples cryopreserved on D2 and D3 compared to D1
(Figure 5.5). The increased cell numbers seen in samples cryopreserved on D1 compared
to D3, and between D2 and D3 were statistically significant; D1 to D3 p<=0.0001 and D2-

D3 p=0.0020 (Figure 5.5).

When the data from C1-10 and C11-16 was pooled, some statistical significance was lost.
However, it was still clear that CD3+ cells derived from cones expanded best when
cryopreserved on D1 (D1-D3 p=0.0331; D2-D3 p= 0.0083) with decreasing viable cell
numbers seen in samples cryopreserved on D2 and poor expansion seen in samples

cryopreserved on D3 (Figure 5.5).
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Figure 5.5: Viable CD4+/CD8+/mL after 72 hours in culture determined by flow
cytometry using Trucount™ tubes in control, IL2 only and stimulated cells from cone
samples cryopreserved on D1, D2 and D3. CD4+ and CD8+ cells identified by additional
staining of CD3+ cell population. Viability of identified CD4+ and CD8+ cells assessed by
dye exclusion staining with 7-AAD. Number of viable CD4+cells /mL and CD8+cells/mL
was calculated and combined to create a single value. Results calculated for cone
samples C1-10 (Plot A), cone samples C11-16 (Plot B) and cone samples C1-16 (Plot C). p
values from two-way ANOVA. Only p values <0.05 are shown. Means shown +/- SD.
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Apheresis Samples

72H Total Viable CD4+ and CD8+cells/mL

IApheresis Control IL2 Stimulated
Samples

n=9 D1 D2 D3 D1 D2 D3 D1 D2 D3

APH1 3.66E+05|7.26E+05 [ 5.38E+05 | 3.80E+05 | 7.35E+05 | 6.04E+05 | 4.22E+05 | 5.93E+05| 4.56E+05

APH2 1.81E+05|7.14E+05|5.19E+05 | 1.55E+05 | 7.36E+05|5.33E+05 | 6.34E+04 | 1.46E+06 | 1.14E+06

IAPH3 3.02E+05 |4.93E+05 | 6.05E+05 | 2.20E+05 | 6.08E+05 | 6.36E+05 | 4.83E+05 | 8.77E+05 | 7.94E+05

APH4 4.72E+05 | 6.43E+05 | 6.68E+05 |4.91E+05 | 5.93E+05 | 5.26E+05 | 7.88E+05 | 2.06E+06 | 1.84E+06

APH5 6.12E+05|6.37E+05 | 5.43E+05 | 6.36E+05 |6.47E+05 | 6.16E+05 | 7.61E+05 | 6.64E+05 | 3.92E+05

APH6 1.97E+05|5.06E+05|5.92E+05 | 1.84E+05|5.22E+05 | 5.82E+05|3.94E+05 | 1.23E+06| 7.59E+05

APH7 4.46E+05 | 8.62E+05|7.62E+05 |4.66E+05 | 7.97E+05 | 7.59E+05 | 4.89E+05 | 6.46E+05 | 4.27E+05

APH8 6.31E+05|7.54E+05 | 8.66E+05 | 7.22E+05 | 9.60E+05 | 8.73E+05 |4.98E+05 | 8.28E+05 | 7.95E+05

IAPH9 1.32E+05|2.31E+05|1.37E+05 | 1.55E+05|2.55E+05 | 1.42E+05|3.81E+05 {4.07E+05| 1.63E+05

Mean 3.71E+05 |6.19E+05 | 5.81E+05 | 3.79E+05 | 6.50E+05 | 5.86E+05 |4.75E+05 [9.73E+05 | 7.52E+05

Median |3.66E+05 |6.43E+05|5.92E+05 |3.80E+05 |6.47E+05 | 6.04E+05 | 4.83E+05 | 8.28E+05 | 7.59E+05

Table 5.7 Viable CD4+/CD8+cells/mL in control, IL2 and stimulated apheresis samples after 72
hours in culture.

The results for apheresis derived cells were less uniform that those seen in the cone
derived cells. Although significant differences in viable cell numbers were seen between
each of the three days of cryopreservation, the data was very wide ranging and was
therefore influenced by outlying samples. APH2 and APH4 both expanded substantially,
with the cell numbers in APH4 reaching double the number seeded. Other samples,
APH1, APH5 and APH7, did not respond well and viable cell numbers remained below
those seeded. APH9 did not respond at all and remained an outlier. Although there was
clear evidence of cellular expansion in all samples except APH9 from the numbers

present at 24 hours in culture, the mean number of viable CD4+ and CD8+ cells in culture
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did not quite attain the original number of cells seeded, reaching a maximum of 0.973 x

10%/mL for cells cryopreserved on D2.

Overall CD4+/CD8+ cells derived from apheresis samples were found to expand most
effectively when cryopreserved on D2. Cells cryopreserved on D1 contained the lowest
number of viable CD3+ cells after 72 hours in culture; the mean number of viable
CD4+/8+cells/mL found in samples cryopreserved on D1 was found to be 0.475 x 10°.
Samples cryopreserved on D2 contained the highest cell numbers; median viable cell/mL
=0.973 x 108, dropping back to 0.75° for samples cryopreserved on D3 (Table 5.7). The
decrease in cell numbers from D2-D3 was statistically significant (p= 0.0147) but not the
increase in numbers from D1-D2 (p= 0.2601). The difference between the control
conditions and the stimulated condition was not statistically significant on any day of
cryopreservation. Significantly increased cell numbers were seen in the control and IL2
groups cryopreserved on D1 compared to D2 (control D1-D2 p= 0.0315; IL2 D1-D2 =

0.0254), as was seen at 24 hours in culture (Figure 5.6).
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Figure 5.6: Viable CD4+/CD8+/mL after 72 hours in culture determined by flow
cytometry using Trucount™ tubes in control, IL2 only and stimulated apheresis
samples cryopreserved on D1, D2 and D3. CD4+ and CD8+cells identified by additional
staining of the CD3+ cell population. Viability of identified CD4+ and CD8+ cells assessed
by dye exclusion staining with 7-AAD. The number of viable CD4+ cells/mL and
CD8+cells/mL was calculated and combined to create a single value. Results calculated
for APH1-9. p values from two-way ANOVA. Only p values <0.05 are shown. Means
shown +/- SD.

5.4.4 Summary of Expansion

To summarise, cone and apheresis derived CD4+/CD8+ cells behaved completely
differently when stimulated and cultured after cryopreservation and thawing. Cone
derived cells expanded best in culture when frozen within 24 hours of collection (D1)
with a gradual reduction in viable cell numbers seen as the length of time to

cryopreservation increased (D2-D3) (p=<0.0001 at 72 hours culture) (Figure 5.5).

Apheresis derived cells expanded best in culture when held for 24-48 hours in storage
at 4°C prior to cryopreservation (p=0.0024 D2-D3; p= 0.0589 D1-D2). Surprisingly, cells

held in storage for 48-72 hours (D3) expanded better than cells cryopreserved within 24

Page 161 of 253



hours of collection (D1) although this difference was not significant (Figure 5.6). The
findings from the viable CD3+ cell numbers determined in all experimental conditions

are summarised in Figure 5.7.
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Figure 5.7: Viable CD4+/CD8+cells/mL after 4, 24 and 72 hours in culture determined using
Trucount™ tubes for stimulated cone and apheresis samples cryopreserved on D1, D2 and
D3. CD4+ and CD8+ cells identified by additional staining of CD3+cell population. Viability of
identified CD4+ and CD8+ cells was assessed by dye exclusion staining with 7-AAD. Number
of viable CD4+cells/mL and CD8+cells/mL calculated and combined to create a single value.
Results calculated for cones C11-16 (Plot A), cones C1016 (Plot B) and APH1-9 (plot C). p
values from two-way ANOVA. Only p values <0.05 are shown. Means shown +/- SD.
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5.5 Activation Markers

5.5.1 Pre-cryopreservation expression of CD25 and CD69 cell markers

The samples were stained for activation markers CD25 and CD69 using Panel 3 when
prepared for cryopreservation and again after thawing and washing, prior to seeding
into plates for stimulation. CD25 and CD69 were found to be expressed at low levels in
all pre-cryopreservation samples, except for C1 in which 18.48% of CD4+ cells also
expressed CD25. As cones C1-7 failed the T cell subset panel, it was not known what the
pre-cryopreservation numbers of Tregs were in C1 but the percentage of CD3+ cells that
were CD4+25+ after thaw of a pilot vial was found to be only 1.43%. After thawing and
washing only 3.1% of CD4+/CD8+ cells were found to express CD25; it is therefore likely
that the C1 CD25 pre-cryopreservation result was erroneous, but it remained in the
analysis as it could not be proved to be so. Baseline CD25+ expression in the rest of the
prepared cone and apheresis cell samples pre-cryopreservation, was found to
correspond to that obtained from the T cell subsets performed using Panel 2 and
discussed in Chapter 3. The mean number of CD4+ cells expressing CD25 and/or CD69
was found to be 6.88% in cone samples and 4.37% in apheresis samples. The mean
number of CD8+ cells expressing CD25 and/or CD69 was found to be 5.16% in cone

samples and 4.52% in apheresis samples. See Tables 5.8 and 5.9.
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Percentage of CD4+ cells expressing CD25 and CD69 Percentage of CD8+ expressing CD25 and CD69
:ﬁ::ﬁ:l:r CDACD23- | (pascDas+ | cpascpeor | COATCD2SH acIi?/tailed CD8+CD23- | (pgicDas+ | cDBscDGo+ | COorCD2S* ac-tri(\)ltaz:.'led
n=16 c?,/f;" (%) (%) C'(’oz’* D4+ c'(?,/‘:;" (%) %) c?;?* D8+
(%) (%)
Cone 1 81.2 18.48 0.24 0.08 18.8 93.59 4.61 1.73 0.07 6.41
Cone 2 96.94 2.77 0.26 0.03 3.06 96.39 0.33 3.29 0 3.61
Cone 3 94.79 4.07 1.09 0.05 5.21 97.21 0.77 2 0.01 2.79
Cone 4 96.14 2.63 1.09 0.14 3.86 96.31 0.79 2.88 0.02 3.69
Cone 5 90.67 5.87 3.23 0.23 9.33 90.72 3.55 5.29 0.44 9.28
Cone 6 91.06 6.31 241 0.21 8.94 90.5 6.55 2.84 0.11 9.5
Cone 7 94.74 4.5 0.7 0.06 5.26 95.7 2.38 1.82 0.1 4.3
Cone 8 94.45 4.77 0.72 0.05 5.55 96.03 0.79 3.16 0.01 3.97
Cone 9 96.47 2.98 0.51 0.04 3.53 96.52 1.15 2.28 0.05 3.48
Cone 10 90.97 7.91 0.94 0.19 9.03 89.31 1.28 9.3 0.11 10.69
Cone 11 91.13 7.56 1.17 0.13 8.87 96.57 0.48 2.9 0.05 3.43
Cone 12 91.73 6.39 1.73 0.15 8.27 96.75 0.52 2.73 0 3.25
Cone 13 90.85 8.5 0.58 0.07 9.15 91.28 0.93 7.77 0.01 8.72
Cone 14 96.97 2.61 0.4 0.02 3.03 97.33 0.49 2.16 0.01 2.67
Cone 15 93.45 5.85 0.67 0.03 6.55 95.93 1.89 2.16 0.02 4.07
Cone 16 98.38 0.93 0.67 0.02 1.62 97.36 0.94 1.65 0.05 2.64
Mean 93.12 5.76 1.03 0.09 6.88 94.84 1.72 3.37 0.07 5.16
Median 93.95 5.31 0.71 0.07 6.05 96.17 0.94 2.79 0.04 3.83
Range 81.20-98.38 | 0.93-18.48 | 0.40-3.23 0.02-0.23 18.8-1.62 |89.31-97.36| 0.33-4.61 1.65-3.29 0-0.44 2.64-10.69

Table 5.8 CD25 and CD69 expression on viable CD4+ and CD8+ lymphocytes in prepared cone samples pre-cryopreservation.
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Percentage of CD4+ cells expressing CD25 and CD69 Percentage of CD8+ expressing CD25 and CD69
'S\Iaun;p::r CDél;(;I;-ZS- D 4_2_;?25_'_ D 4:_ ;I))69+ CDg;gng Totalca;;il/ated CDg;(GZI;-ZS- CD8-;;I))25+ CDS:- ;I)) 69+ CD(8:;2|9355+ Totalca;;illated
n=9 (%) (%) (%) (%) (%) (%)
APHO1 94.10 4.15 1.72 0.03 5.90 96.32 0.13 3.53 0.02 3.68
APO02 96.04 3.64 0.32 0.00 3.96 97.64 0 2.36 0.00 2.36
APHO3 98.03 1.30 0.67 0.00 1.97 96.28 0.75 2.97 0.00 3.72
APHO4 95.78 3.75 0.42 0.05 4.22 96.79 0.43 2.77 0.00 3.21
APHO5 92.87 5.5 1.39 0.24 7.13 91.83 1.38 6.64 0.15 8.17
APHO6 94.24 4.16 1.35 0.25 5.76 94.84 0.88 4.27 0.02 5.16
APHO7 96.92 2.26 0.80 0.02 3.08 92.10 0.20 7.70 0.00 7.90
APHO8 97.23 1.57 1.18 0.02 2.77 97.01 0.39 2.60 0.00 2.99
APHO09 95.44 3.50 1.00 0.07 4.56 96.49 0.19 3.32 0.00 3.51
Mean 95.63 3.31 0.98 0.08 4.37 95.48 0.48 4.02 0.02 4.52
Median 95.78 3.64 1.00 0.03 4.22 96.32 0.39 3.32 0.00 3.68
Range 92.87-98.03 1.30-4.16 0.32-1.78 0-0.25 1.97-5.90 | 91.83-97.64 0-1.38 2.36-7.70 0-0,15 2.36-7.90

Table 5.9 CD25 and CD69 expression on viable CD4+ and CD8+ lymphocytes in prepared apheresis samples pre-cryopreservation.
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5.5.2 Post thaw expression of CD25 and CD69 on CD4+ and CD8+ lymphocytes

When thawed and washed for stimulation, the percentage of CD4+ and CD8+ cells

expressing CD25 and/or CD69 present in the washed samples was found to be reduced

from that found

in pre-cryopreservation tests with the mean percentage

CD4+CD25+/CD69+ and CD8+CD25+/CD69+dropping gradually from D1 to D3 reaching

3.71% and 3.39% respectively in cone samples on D3 and 2.21% and 2.83% in apheresis

samples on D3 (see Table 5.10). This finding corresponded with the observed loss of

Tregs in the thawed samples as discussed in Chapter 3.

Percentage of CD4+ cells expressing CD25 and

Percentage of CD8+ expressing CD25 and CD69

CD69
Sample numbers Total Total
Cones n=16 CD4+CD25+/CD4+CD69+CD4+CD25+CD69+ activated |CD8+CD25+|CD8+CD69+|CD8+CD25+CD69+ activated
Apheresis (%) (%) (%) CD4+ (%) (%) (%) CD8+
h=9 (%) (%)
Cones1-16 Pre- | o ¢ 1.03 0.09 6.88 1.72 3.37 0.07 5.16
Cryopreservation

Cones 1-16

gl 5.46 0.73 0.08 6.27 1.01 3.04 0.04 4.09
Cones 1-16

o D2 3.56 0.58 0.09 4.24 1.07 3.33 0.11 4.50
Cones 1-16

gt 2.66 1.03 0.03 3.71 0.94 2.42 0.03 3.39
APHPre- 3.31 0.98 0.08 437 0.48 4.02 0.02 4.52
Cryopreservation|

APHThawed D1 |, o, 0.79 0.02 2.41 0.44 3.31 0.02 3.77
APHThawed D2 |, .4 0.73 0.03 2.35 0.33 2.92 0.01 3.26
APHThawed D3 |, g 0.91 0.02 221 0.27 2.55 0.01 2.83

Table 5.10 Reduction of cell activation markers CD25 and CD69 on CD4+ and CD8+ cells

detected on thawed samples frozen on D1, D2 and D3.

Event numbers in all tests were very low, particularly for CD69+ cells, so although the

difference between fresh and thawed samples attained statistical significance using 2-

way ANOVA to compare the sample groups (Figure 5.8), too much importance should

not be attached to these results.
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Figure 5.8: Statistical comparison of CD25 and CD69 expression on lymphocytes
derived from cone and apheresis samples pre-cryopreservation and immediately
post-thaw (prior to culture) on D1, D2 and D3 of cryopreservation. CD25 and CD69
expression assessed by flow cytometry as a percentage of viable CD4+ and CD8+
lymphocytes. Means +/-SD shown from samples C1-16 (Plot A) and APH1-9 (Plot B). p
values from two-way ANOVA. Only p values <0.05 shown.

5.5.3 Expression of CD25 and CD69 in culture

For this study, upregulation of CD25 and CD69 expression was regarded as evidence of
activation (Motamedi et al. 2016, Bajnok et al. 2017, Texeiro et al. 2009). The percentage

of viable CD4+ and CD8+ cells expressing CD25 and/or CD69 was calculated for the
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samples removed from culture at 4, 24, and 72 hours. The mean expression of CD25 and
CD69 in the control, IL2 and stimulated groups at the time points sampled is shown in
Tables 5.11 and 5.12. Gating was established on the control sample and that gate
maintained for both the IL2 and stimulated samples to ensure that reported

upregulation was a result of the experimental conditions (Figures 5.9 and 5.10).

Page 169 of 253



Post-thaw

M Panel 3 - CD4 Activated

CD69 PE-A

10 10! 1
* CD25 APC-A
Control IL-2 only Stimulated
M Panel 3 - CD4 Activated M Panel 3 - CD4 Activated M Panel 3 - CD4 Activated
104 104 107
15 Rliz
y < <
= = =
o = =
b= =l o
. 3 8
8 10 8 10 o 4H
culture
o] Of |
10 17 10
O [ 10 10* T0° jm) 0 1 10* 1 (=) i 1 e e
o D25 APC-A CD25 APC-A o CD25 APC-A
Panel 2 - CD4 Activated M Panel 3 - CD4 Activated Panel 3 - CD4 Activated
10 104 o
1t 1t i
< < b
z E £ 24H
o N
S é I g I
culture
0 o] oj
-10° Rl o
O - 0 10° 1t 10° 0 = [ 10 10t 108 0w 0 o 0t 10
‘ CD25 APC-A e CD25 APC-A CD25 APC-A
Panel 3 - CD4 Activated Panel 3 - CO4 Activated M Panel 3 - CD4 Activated
0 10
1”' i 72H
=< - <
o i &
s s = culture
= A B
S o g
o
17
10 A :
ImEs 0 10 TR |:|‘ -1 2 10 s w0 0 e 0 o 1 10°
=) D25 APC-A . CD25 APC-A CD25 APC-A

Figure 5.9 Identification of CD4+CD25+CD69+ cell population in post-thaw, control, IL2 and
stimulated samples by flow cytometry. Samples tested immediately post-thaw, and at 4, 24 and
72 hours in culture. Viable CD4+cells identified by dye exclusion staining with 7-AAD stained with
anti-CD25-APC and anti-CD69-PE. Gating set on control sample and conserved in IL2 and
stimulated samples.
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Figure 5.10 Identification of CD8+CD25+CD69+ cell population in post-thaw, control, IL2 and
stimulated samples by flow cytometry. Samples tested immediately post-thaw, and at 4, 24
and 72 hours in culture. Viable CD8+cells identified by dye exclusion staining with 7-AAD stained
with anti-CD25-APC and anti-CD69-PE. Gating set on control sample and conserved in IL2 and
stimulated samples.
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Cone samples

The mean CD25 and CD69 expression for viable CD4+ and CD8+ lymphocytes found in
the cone derived samples is summarised in Table 5.11. Due to the seeding density errors
on samples from C1-10, flow cytometric event numbers acquired in these samples were
sub-optimal. The potential inaccuracy in reporting caused by the low numbers of events
acquired was compounded by the fact that the mean CD3+ cell viability of the control
samples from C1-10 at 4 hours in culture was found to be only 35.64% and as a result
<2000 viable CD3+ events had been acquired in these samples. Although the percentage
cell viability improved slightly over time in culture, event numbers acquired by flow

cytometry remained low so the reported results must be treated with caution.

After 4 hours in culture, the mean CD3+ cell viability found in control samples from C11-
16, which had been seeded at the correct density, was found to be 79.15% and viable
CD3+ event numbers exceeded 10,000. The 4-hour results from cones C1-16 and from

C11-16 were therefore analysed independently (Figure 5.11).
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Day of Cryopreservation

Cones 1-16 n=16 D1 D2 | D3 p1 [ b2 | b3 D1 D2 D3
Incubation Time 4 24 72
(hours)
%CDA+CD25+

228 | 141 | 080 | 1534 | 1255 | 11.35 | 38.97 | 38.95 | 39.62
%CDA+CD6O+

40.95 | 39.01 | 3394 | 1523 | 1584 | 2361 | 649 | 620 | 9.71
%CD4+CD25+CD69+

176 | 116 | 097 | 31.29 | 32.07 | 29.79 | 3453 | 37.47 | 27.28
00 H
gﬂa'a““’ated 44.99 | 41.58 | 35.70 | 61.86 | 60.46 | 64.75 | 79.99 | 82.62 | 76.61
%CD8+CD25+

034 | 028 | 014 | 1130 | 849 | 727 | 30.10 | 30.73 | 29.39
%CD8+CD69+

43.16 | 39.94 | 29.88 | 23.16 | 24.89 | 2551 | 15.01 | 15.85 | 17.19
%CD8+CD25+CD69+

051 | 037 | 059 | 22.89 | 22.87 | 18.44 | 2862 | 31.94 | 27.13
- .
g’;;’:a'“t“’ated 44.00 | 40.59 | 30.62 | 57.35 | 56.25 | 51.21 | 73.72 | 78.52 | 73.72

Table 5.11 Mean CD25 and CD69 expression on CD4+ and CD8+ lymphocytes from Cones 1-16
cryopreserved on D1, D2 and D3.

Cone samples after 4 hours in culture:

Both CD4+ and CD8+ cells derived from cone samples showed high levels of activation
after 4 hours in culture (Figure 5.11). Activation, as identified by upregulated expression
of CD25 and/or CD69 in the stimulated samples was significantly higher than that seen
in the control samples when tested using two-way ANOVA. This finding was seen in both
C1-16 (D1 CD4 p=0.0012, D1 CD8 p=0.0280, D2 CD4 p=0.0002, D2 CD8 p=0.0040, D3
CD4+ p=0.0023, D3 CD8+ p=0.0033) and C11-16 (D1 CD4 p=0.0107, D1 CD8 p=0.0229,
D2 CD4 p=0.0224, D2 CD8 p=0.0219, D3 CD4+ p=0.0008, D3 CD8+ p=0.0370) indicating
that the high activation level found was not an error created by low event numbers in
C1-10 (Figure 5.11). No significant differences were seen between the control and the
IL2 groups indicating that the effect was caused by the activation beads. The mean

percentage of both activated CD4+ and CD8+ cells decreased slightly with increased time
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to cryopreservation; D2 CD4+ = 41.58%; D2 CD8+ = 40.59%, D3 CD4+ = 35.70%, D3 CD8+
= 30.62%. However, these differences did not attain statistical significance in either

group when analysed using two-way ANOVA (Figure 5.11).

The high level of activation after 4 hours in culture was attributable almost entirely to
raised CD69 expression on both CD4+ and CD8+ cells. As expected, CD25 expression was
very low at this time point. The maximum expression of CD25 after 4 hours in culture
was 2.28% of CD4+ cells and 0.34% of CD8+ cells. The highest CD69+ expression was
seen in cells cryopreserved on D1 and was similar on both CD4+ and CD8+ cells; 40.95%
CD4+69+ and 44.00% CD8+69%. Very low numbers of CD4+ or CD8+ cells staining

positive for both CD25 and CD69 (<2%) were seen at this time point.
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Figure 5.11: Comparison of activated viable CD4+ and CD8+ lymphocytes in cells
derived from cone samples after 4 hours in culture determined by flow cytometry in
control, IL2 and stimulated groups. Activated lymphocytes classified as CD25+, CD69+
or CD25+CD69+ cells. Viability of CD4+ and CD8+ cells determined by dye exclusion
staining with 7-AAD. Cone samples C1-16 (Plot A). Cone samples C11-16 shown
separately (Plot B). p values from two-way ANOVA. Only p values <0.05 shown. Means
shown +/-SD.
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Cone Samples after 24 — 72 hours in culture:

The percentage of activated CD4+ and CD8+ cells increased with time in culture in cells
cryopreserved on all 3 days. The expression of CD25/CD69 was significantly higher in the
stimulated group as compared to the control or IL2 groups for all parameters studied
when tested by two way-ANOVA. Slightly higher numbers of CD4+ cells expressing
activation markers were seen after 24 hours in culture in the IL2 group compared to the
control on D1 (p=0.0108) and D2 (p=0.0009) of cryopreservation, and after 72 hours of
culture in D1 cells only (p=0.0017) indicating low level activation of some CD4+ cells in
response to IL2 alone (Figure 5.12). However, the differences were small and not seen
in all study conditions. Mean values for CD25/CD69 expression on cells cryopreserved
on D1 were, CD4+ = 61.86%; CD8+ = 57.35%; on D2 CD4+ = 61.86%. CD8+ = 57.35%; and
on D3 CD4+ =79.99%, CD8+ = 73.72% (Table 5.11). This was due to increased expression
of CD25 during the longer period in culture. CD69 expression gradually decreased with
time in culture on both CD4+ and CD8+ cells, although expression on CD8+ cells
remained slightly higher than that on CD4+ cells. CD69 expression on CD4+ cells was also
retained slightly longer on cells cryopreserved on D3 when compared to D1 and D2; D1

6.49%; D2 6.20%; D3 9.71%.

Mean CD25 expression increased on both CD4+ and CD8+ cells from <2.3% on CD4+ cells
and <0.5% on CD8+ cells at 4 hours culture. Cells cryopreserved on D1 CD4+ = 38.97%,
CD8+ =30.1%; on D2 CD4+ =38.95, CD8+ = 30.73%; and on D3 CD4+ =39.62%, CD8+
=29.39% at 72 hours culture (Table 5.11). CD25+ expression was consistent on cells

cryopreserved on D1, D2 and D3.
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CD4+ and CD8+ cells staining dual positive for both CD25+and CD69+ increased from
<2% of the total at 4 hours incubation to approximately 30% of the total by 72 hours in
culture. The percentage of dual positive cells was consistently lower in CD8+ cells
compared to CD4+. At 24 hours in culture the mean percentage of CD25+CD69+cells
cryopreserved on D1 was CD4+ =31.29%, CD8+ = 22.89%; on D2 CD4+ = 32.01%, CD8+ =
22.78%, and on D3 CD4+ = 29.79%, CD8+ = 18.44%. At 72 hours culture CD25/CD69
expression for cells cryopreserved on D1 was, CD4+ =34.53%, CD8+ = 28.62%; on D2
CD4+ =37.47%, CD8+ = 31.94% and on D3 CD4+ = 27.28%, CD8+ = 27.13% (Table 5.11).
There were no statistically significant differences in expression of activation markers at
72 hours in culture between days of cryopreservation when tested using two-way

ANOVA (Figure 5.13).
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Figure 5.12: Comparison of activated viable CD4+ and CD8+ lymphocytes in cells
derived from cone samples after 24 hours culture determined by flow cytometry in
control, IL2 and stimulated groups. Activated lymphocytes classified as CD25+, CD69+ or
CD25+CD69+ cells. Viability of CD4+ and CD8+ cells determined by dye exclusion staining
with 7-AAD. Cone samples C1-16 (Plot A). Cone samples C11-16 shown separately (Plot
B). p values from two-way ANOVA. Only p values <0.05 shown. Means shown +/-SD.
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Figure 5.13: Comparison of activated viable CD4+ and CD8+ lymphocytes in cells derived
from cone samples after 72 hours culture determined by flow cytometry in control, IL2
and stimulated groups. Activated lymphocytes classified as CD25+, CD69+ or
CD25+CD69+ cells. Viability of CD4+ and CD8+ cells determined by dye exclusion staining
with 7-AAD. Cone samples C1-16 (Plot A). Cone samples C11-16 shown separately (Plot
B). p values from two-way ANOVA. Only p values <0.05 shown. Means shown +/-SD.

5.5.4 Activation markers: apheresis samples

The mean CD25 and CD69 expression for viable CD4+ and CD8+ lymphocytes found in
the apheresis derived samples is summarised in Table 5.12. The apheresis derived

samples were seeded at the correct density and sufficient viable CD3+ events were
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acquired on all samples to ensure the accuracy of the data. The mean viability of the
apheresis derived cells after 4 hours culture was 76.15%. This result was similar to that
seen in cones C11-16, suggesting that the low 4-hour viability found in C1-10 was

probably related to the low seeding density.

Apheresis samples D1 D2 D3 D1 D2 D3 D1 D2 D3
1-9 n=9
Incubation Time 4 24 72
(hours)
%CD4+CD25+

0.79 0.83 0.67 12.81 11.11 7.06 17.74 18.92 13.38
%CD4+CD69+

30.51 42.51 | 45.60 10.84 11.42 14.09 4.49 3.54 2.84
%CD4+CD25+CD69+

0.55 0.86 0.84 50.69 | 64.14 | 63.92 | 62.33 | 71.13 | 76.46

. :
%Total activated 31.85 | 44.19 | 47.12 | 74.35 | 86.67 | 85.07 | 84.56 | 93.60 | 92.68

CD4+
%CD8+CD25+

0.17 0.08 0.09 18.01 14.78 9.79 24.79 31.71 | 22.24
%CD8+CD69+

22.24 3494 | 42.85 9.90 14.49 18.01 6.54 6.02 9.78
%CD8+CD25+CD69+

0.12 0.13 0.27 37.87 | 50.38 | 51.42 | 55.93 | 54.74 | 57.02

%Total activated

CDS+ 22.54 | 35.15 | 43.21 | 65.79 | 79.65 | 79.22 | 87.26 | 92.47 | 89.04

Table 5.12 Mean CD25 and CD69 expression on CD4+ and CD8+ lymphocytes from apheresis
samples APH1-9 cryopreserved on D1, D2 and D3 at 4, 24 and 72 hours in culture.

Apheresis Samples after 4 Hours in Culture

As was found in the cone derived samples, both CD4+ and CD8+ cells derived from
apheresis samples showed high levels of activation after 4 hours in culture (Figure 5.14).
Activation, as identified by upregulated expression of CD25 and/or CD69 in the
stimulated cell samples was significantly higher than that seen in the control samples
when tested using two-way ANOVA for all samples tested. (D1 CD4+ p=0.0006, D1 CD8+
p=0.0030, D2 CD4+ p=<0.0001, D2 CD8+ p=<0.0001, D3 CD4+ p=0.0018, D3 CD8+
p=0.0007). No significant differences were seen between the control and the IL2 groups

indicating that the effect was experimental in origin. The mean percentage of both
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activated CD4+ and CD8+ cells increased slightly with increased time to
cryopreservation. For cells cryopreserved on D1, CD4+=31.85%, CD8+ = 22.54%; on D2
CD4+ = 44.19%, D2 CD8+ = 35.15%; and D3 CD4+ = 47.12%, D3 CD8+ = 43.21%. The
increase in the percentage of activated CD8+ cells between cells cryopreserved on D1
and D3 was the only finding that was statistically significant (p=0.0027) when analysed

using two-way ANOVA (Figure 5.14).

Again, the high level of cell activation after 4 hours in culture was attributable almost
entirely to raised CD69 expression on both CD4+ and CD8+ cells. CD25 expression was
expressed on <1% of CD4+ and CD8+ cells at this time point. The highest CD69+
expression was seen in cells cryopreserved on D3 and was higher on CD4+ cells

compared to CD8+ cells; CD4+CD69+ = 47.12%; CD8+CD69+ = 43.21% (Table 5.12).
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Figure 5.14: Comparison of activated viable CD4+ and CD8+ lymphocytes in cells
derived from apheresis samples APH1-9 after 4 hours culture determined by flow
cytometry in control IL2 and stimulated groups. Activated lymphocytes classified as
CD25+, CD69+ or CD25+CD69 cells. Viability of CD4+ and CD8+ cells determined by dye
exclusion staining with 7-AAD. p values from two-way ANOVA. Only p values <0.05
shown. Means shown +/-SD.

Page 181 of 253



Apheresis samples after 24 — 72 hours in culture

The percentage of activated CD4+ and CD8+ cells increased rapidly with time in culture
for cells cryopreserved on all 3 days. The expression of CD25/CD69 was significantly
higher in the stimulated group as compared to the control or IL2 groups for all
parameters studied when tested by two way-ANOVA. Activation levels for both CD4+
and CD8+ cells were similar at both the 24- and 72-hour time points. Mean total
activation at 24 hours in culture for cells cryopreserved on D1 was found to be: CD4+ =
74.35%, CD8+ = 65.79%; on D2 CD4+ = 86.67%, CD8+ = 79.65%; on D3 CD4+ = 85.07%,
CD8+ =79.22% (Figure 5.15). No significant differences were found between these days
when analysed using two-way ANOVA. A small but significant increase in expression of
activation markers on CD4+ cells in the IL2 group was seen on all three days of
cryopreservation at 24 hours culture (D1 p=0.0499), D2 p= 0.0009, D3 p=0.0028) and 72
hours culture (D1 p=0.0008, D2 p= 0.0105, D3 p= 0.024) (Figure 5.16). This finding was

not seen in CD8+ cells at any time point. See Figures 5.15 and 5.16.
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Figure 5.15: Comparison of activated viable CD4+ and CD8+ lymphocytes in cells
derived from apheresis samples APH1-9 after 24 hours culture determined by flow
cytometry in control IL2 and stimulated groups. Activated lymphocytes classified as
CD25+, CD69+ or CD25+CD69+ cells. Viability of CD4+ and CD8+ cells determined by
dye exclusion staining with 7-AAD. p values from two-way ANOVA. Only p values <0.05
shown. Means shown +/-SD.

Mean cell activation at 72 hours in culture was found to be extremely high, with almost
all viable CD4+ and CD8+ cells expressing CD25 and/or CD69. For cells cryopreserved on
D1; CD4+ = 84.56, CD8+ = 87.26%; on D2 CD4+ = 93.60%, CD8+ = 92.47%; on D3 CD4+ =
92.68%, CD8+ = 89.04% (Table 5.12). Although the mean cell activation seen on cells
cryopreserved on D2 and D3 was higher than that seen on cells cryopreserved on D1 at
both 24 and 72 hours in culture, the difference was not statistically significant at either

time point (Figure 5.16).
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Figure 5.16: Comparison of activated viable CD4+ and CD8+ lymphocytes in cells
derived from apheresis samples APH1-9 after 72 hours culture determined by flow
cytometry in control IL2 and stimulated groups. Activated lymphocytes classified as
CD25+, CD69+ or CD25+CD69+ cells. Viability of CD4+ and CD8+ cells determined by
dye exclusion staining with 7-AAD. p values from two-way ANOVA. Only p values <0.05
shown. Means shown +/-SD.

The increased level of activation was due to raised expression of CD25 during the longer
period in culture. The percentage of cells expressing CD69 only, gradually decreased
with time in culture on both CD4+ and CD8+ cells, although CD69 expression on CD8+

cells remained slightly higher than that on CD4+ cells throughout. (Table 5.12).

Mean CD25 expression increased on both CD4+ and CD8+ cells from <2.3% on CD4+ cells
and <0.5% on CD8+ cells at 4 hours culture to D1 CD4+ = 38.97%, D1 CD8+ =30.1%; D2+
CD4+ =38.95, D2 CD8+ = 30.73%; D3 CD4+ =39.62%, D3 CD8+ =29.39% at 72 hours

culture (Table 5.12). CD25+ expression was consistent across days of cryopreservation.

The number of CD4+ and CD8+ cells dual staining for CD25 and CD69 increased with
length of time culture. Mean numbers of dual positives were <1% of the total after 4
hours but increased rapidly over 24-48 hours. At 24 hours the mean percentage of cells

staining CD25+69+ cryopreserved on D1 was CD4+ = 50.69%, CD8+ = 55.93%; on D2
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CD4+ = 64.14%, CD8+ = 54.74%; on D3 CD4+ = 63.92%, CD8+ = 57.02%. At 72 hours the
mean percentage staining CD25+CD69+ reached on D1 CD4+ = 62.33%, CD8+ = 55.93%;
on D2 CD4+=71.13 %, CD8+ = 54.74%; and on D3 CD4+= 76.46%, CD8+ = 57.02% (Table
5.12). There was a higher percentage of CD4+CD25+CD69+ at both 24 and 72 hours in
culture for cryopreserved on D2 and D3 compared to D1. The percentage of
CD8+CD25+CD69+ was not affected by day of cryopreservation.

5.5.5 Comparison of CD25 and CD69 expression on lymphocytes derived from cone

and apheresis samples

CD4+ and CD8+ lymphocytes derived from cone samples were found to have similar
levels of CD25 and CD69 expression on all days of cryopreservation. This was the case at
all time points in culture. Apheresis samples, in contrast had weakest expression of
activation markers in cells cryopreserved on D1 at all time points tested, although the
difference was only significant in the case of CD8+ cells at 4 hours in culture. When the
two data sets were compared using two-way ANOVA, no significant differences were
found between the groups cryopreserved on D1, although both CD4+ and CD8+
lymphocytes derived from apheresis samples expressed higher levels of activation

markers at 24 and 72 hours in culture (Figure 5.17).
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Figure 5.17: Statistical comparison of activated CD4+ and CD8+ lymphocytes
derived from cone samples C1-16 and apheresis samples APH1-9 cryopreserved on
D1. Percentage of viable CD4+ and CD8+ lymphocytes expressing CD25 and/or CD69
at 4 hours, 24 hours and 72 hours of culture determined by flow cytometry. Viability
determined by dye exclusion staining with 7-AAD. ns — not significant by two-way
ANOVA. Means shown +/-SD.

On D2 of cryopreservation, cells derived from apheresis samples were found to have a
significantly higher percentage of activated CD4+ and CD8+ at 24 (CD4+ p= <0.0001;
CD8+ p= 0.0011) and 72 hours (CD4+ p=0.0225; CD8+ p= 0.0109) in culture than cells

derived from cone samples (Figure 5.18).
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Figure 5.18: Statistical comparison of activated CD4+ and CD8+ lymphocytes derived
from cone samples C1-16 and apheresis samples APH1-9 cryopreserved on D2.
Percentage of viable CD4+ and CD8+ lymphocytes expressing CD25 and/or CD69 at 4
hours, 24 hours and 72 hours of culture determined by flow cytometry. Viability
determined by dye exclusion staining with 7-AAD. p values from two-way ANOVA.
Only p values <0.05 are shown. Means shown +/-SD.

For cells cryopreserved on D3, although lymphocytes derived from apheresis samples
had a higher level of activation than those derived from cones at all time points, the

difference was only significant at 24 hours in culture (Figure 5.19).
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Figure 5.19: Statistical comparison of activated CD4+ and CD8+ lymphocytes derived
from cone samples C1-16 and apheresis samples APH1-9 cryopreserved on D3.
Percentage of viable CD4+ and CD8+ lymphocytes expressing CD25 and/or CD69 at 4,
24 and 72 hours in culture determined by flow cytometry. Viability determined by dye
exclusion staining with 7-AAD. p values from two-way ANOVA. Only p values <0.05 are
shown. Means shown +/-SD.

5.6 Discussion of the CD3+ expansion and activation

5.6.1 Errors and anomalies

The poor seeding density seen in cells retrieved from cones 1-10 was almost certainly
an error generated by miscalculation of viable/non-viable CD3+ cells. The low CD3+
viability seen in the control samples at 4-hours in culture indicated that dead cells had
been included in the seeding calculation. Clearly initial viable cell numbers in these
samples were so low that the cells were unable to respond to stimulation and gradually
died in culture. However, although our internal data indicated an optimum CD3+ seeding
density of 1 x 108/mL for stimulation and culture, there are publications indicating that
concentrations as low as 1 x 10°/mL produce satisfactory results (Juhl et al. 2021). There

may be other unidentified sample handling factors related to our inexperience with the
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laboratory techniques employed which reduced the ability of the cells to response.
Results from this group were included in the overall analysis, but the results from C11-
16 were analysed separately to determine whether experimental effects present in
correctly seeded samples were being masked by the poor results from C1-10.

5.6.2 Upregulation of activation markers in response to stimulation

When correctly seeded, cells derived from cone cells were consistent in their response
to stimulation and responded equally well to stimulation regardless of the day of
cryopreservation. By 72 hours in culture both CD4+ and CD8+ lymphocytes derived from
cone cells expressed activation markers on over 70% of viable cells. The apheresis
derived lymphocytes also showed very high levels of activation regardless of the day of
cryopreservation, although the percentage of both activated CD4+ and CD8+
lymphocytes was slightly higher in samples cryopreserved on D2 and D3 compared to
(93.6% of CD4+ and 92.5% of CD8+ on D2 compared to 84.6% and 87.3% in D1). This
finding was not statistically significant. Mean activation in the apheresis derived cells
was uniformly higher than in the cone derived cells at all time points sampled. The high
levels of responsiveness seen are consistent with the numerous studies on cellular
responses obtained from cryopreserved lymphocytes post thaw (Tompa et al. 2018,
Keane et al. 1025, Da Silva Ferreira et al. 2015, Sambor et al. 2014 Weinberg et al. 2009).
However, as none of these studies examined the effect of storage of lymphocytes for
>24 hours prior to cryopreservation, it is not possible to compare this aspect of the

results to the published literature.

Aside from the overall percentage activation shown, both cone and apheresis samples
demonstrated extremely rapid upregulation of CD69, with between 30-40% of CD4+ and

CD8+ expressing CD69 after four hours in culture. The percentage of cells expressing
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CD69 only tailed off in culture to <10% of CD4+ in both cone and apheresis groups and
to <10% of apheresis derived CD8+ by 72 hours culture. CD69 expression in CD8+ cone
cells remained at 15-17% after 72 hours. This finding was consistent with published work
demonstrating upregulation of CD69 within 1-3 hours of stimulation followed by a
decline after 24 hours but remaining elevated for up to 5 days (Texeiro et al. 2009,
Cibrian & Sanchez-Madrid, 2017, Bajnok et al. 2017). CD25+ expression in both sample
groups also followed the pattern described in the literature, showing rapid upregulation

from 24 hours in culture, reaching a peak at 72 hours (Texeiro et al. 2009).

However, there was a difference between the cone derived and apheresis derived
groups in the number of cells expressing CD25 only compared to those that expressed
both CD25 and CD69 at 72 hours in culture. 30% of CD4+ cells derived from cones were
CD25+CD69+ at 72 hours compared with 62-75% of apheresis derived CD4+. Similarly,
30% of CD8+ cells derived from cone cells were CD25+69+ at 72 hours in culture
compared with 55-57% of apheresis derived CD8+. 40% of cone derived CD4+ cells
expressed CD25 only compared to 15-17% of apheresis derived CD4+ cells. There was
no difference in CD25 expression in CD8+ cells. These findings indicate that CD69
remained upregulated on the apheresis derived cells, particularly CD4+, longer than it
did on the cone derived cells. Given that the lymphocyte starting populations were
almost identical in phenotype, it is difficult to explain the findings. Possibly the
contaminating monocytes in the apheresis group contributed to the increased
upregulation of CD69 in this group. However, this theory does not accord with recent
publications showing that lymphocyte activation by CD3/CD28 beads can be reduced in
the presence of monocytes as monocytes can block the activation beads (Wang et al.

2022, Noakes et al. 2021), and that lymphocyte activation is more effective if monocytes
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are depleted. Possibly the difference seen on our study related to the relatively small
number of samples tested and the wide variability seen on individual donor response to
stimulation (Noakes et al. 2021, Fisher et al. 2014). Further study with increased samples
numbers will be required to confirm this finding.

5.6.3 Absolute numbers of cells in culture

Cells were seeded at a viable CD3+ cell concentration of 1 x 10%/mL but analysis of the
absolute counts from the samples taken during culture was performed on viable CD4+
and CD8+ cells because the CD3/CD28 activation beads block the CD3 antibody binding
site. This approach meant that the numbers seeded at the start and the numbers
counted during culture were measured slightly differently. However, as CD4+ and CD8+
lymphocytes make up the vast majority of total CD3+ cells (Choi et al. 2014, Zhang et al.
2016, Garcia-Prat et al. 2019), this approach was valid. As discussed in section 5.6.3, the
cells in culture from both sample groups responded well to stimulation and there was
no significant difference in expression of activation markers between cells
cryopreserved at different time points. Cells present in culture responded well but
significant differences were found in the number of cells present both between sample

groups and between days of cryopreservation.

Viable CD4+ and CD8+ cell numbers dropped below those seeded in both apheresis and
cone derived cells, as culture progressed, and the effect was more pronounced in the
stimulated groups than in the control and IL2 groups. This confirmed the findings of Jiao
et al. (2019), who found significantly increased levels of apoptosis in T cells stimulated
with CD3/CD28 activation beads compared to an unstimulated control group, and
Planch et al. (2019) who reported that viable cell CD3+ cell numbers in CAR-T culture

significantly decreased after 48 hours. The viability of the cells in culture remained high

Page 191 of 253



in all sample groups, indicating that the missing cells had been destroyed. The cells did
expand in culture, but only in the case of cone derived cells C11-16 cryopreserved on D1
(1.02 x 10%/mL) and apheresis derived cells cryopreserved on D2 (0.973 x 10%/mL) did
the cell numbers regain or exceed those originally seeded. Cone cells cryopreserved on
D2 reached a concentration of 0.855 x10%/mL and apheresis samples cryopreserved on

D3 reached a concentration of 0.752 x 10%/mL.

The findings of the study regarding cone derived cells corroborated findings from those
researchers who have looked at this effect. However, the finding that apheresis derived
cells cryopreserved 24-48 hours and 48-72 hours after collection showed significantly
better survival and expansion in culture than those cryopreserved <24 hours post
collection was novel. It had been assumed that degradation of residual granulocytes
during extended storage would adversely impact the ability of lymphocytes to respond
to stimulus (Agashe et el. 2017), but this appeared not to be the case. Possibly the
granulocytes in the apheresis products were still present in the cells cryopreserved on
D1 and then were able to supress the lymphocyte response after thawing (Johnson et
al. 2022). Stroncek et al. (2016) reported that the presence of contaminating myeloid
cells reduced the expansion of lymphocytes in CAR-T manufacturing, which corresponds
with the findings in our study. Granulocytes in the products that had been stored for a
longer period may have died prior to cryopreservation (Colotta et al. 1992) and were
therefore not able to affect the lymphocyte response. No assessment was made of
residual granulocyte contamination post thaw, so it is not possible to answer this

guestion, although this can be addressed in future work.
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5.7 Chapter 5: Summary and Key Findings

1. Cone derived samples: An increased time to cryopreservation was found to have an
adverse impact on the viability and expansion capability of lymphocytes derived from
cone cells. Both CD4+ and CD8+ lymphocytes derived from cone cells were found to have
the highest viability in culture and best cell expansion after stimulation when
cryopreserved on D1. Cells cryopreserved on D2 also showed good viability and
expansion and did not differ significantly from those cryopreserved on D1. Cells
cryopreserved on D3 were found to have significantly lower viability and poorer
expansion than those cryopreserved on D1 or D2. Expression of CD69 on stimulated cells
was induced more rapidly on cells cryopreserved on D1 and D2 (approximately 40%
CD69+ after 4 hours) with lower expression (approximately 30%) in cells cryopreserved
on D3. Induction of CD25 did not appear to be affected by time to cryopreservation and
after 72 hours incubation, the percentage of both CD4+ and CD8+ cells expressing CD25
and/or CD69 was similar for cells cryopreserved on D1, D2, and D3 (80% of CD4+ and

75% of CD8+).

2. Apheresis derived samples: Lymphocytes derived from apheresis samples behaved
very differently to those derived from cone cells. Increased time to cryopreservation was
not found to adversely impact viability or expansion after stimulation. Viability of both
CD4+ and CD8+ cells in culture increased slightly for cells cryopreserved on D2 and D3
compared to those cryopreserved on D1 and the cells cryopreserved on D2 showed the
best expansion, followed by D3. Cells cryopreserved on D1 had significantly poorer
expansion than those cryopreserved on D2 or D3. Expression of CD69 on stimulated cells
was induced more rapidly on cells cryopreserved on D3 (46% of CD4+ and CD8+ after 4

hours) with lowest expression (30% of CD4+ and 22% of CD8+) in cells cryopreserved on
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D1. Induction of CD25 did not appear to be affected by time to cryopreservation. After
72 hours incubation, the percentage of CD4+ expressing CD25 and/or CD69 was highest
for cells cryopreserved on D2 (94%) and D3 (93%) and lowest on those cryopreserved
on D1 (84%). No difference was observed in activation markers on CD8+ cells

cryopreserved on D1, D2 or D3.

Summary: The results from Chapter 5 clearly demonstrated that non-mobilised cone
derived lymphocytes respond best to stimulation when cryopreserved within 24 hours
of collection. The results from Chapter 4 also demonstrated the highest recovery of
viable CD3+ cells from products cryopreserved on D1. It is therefore, recommended that
these products are cryopreserved within 24 hours of collection where possible, and at

the very latest within 48 hours of collection.

The findings were less clear for the mobilised apheresis derived lymphocytes, as
expansion after stimulation was significantly poorer for cells cryopreserved on D1
compared to D2 and D3. However, the results from Chapter 4 demonstrated the best
recovery of viable cells cryopreserved on D1 and very poor recovery of viable CD3+ cells
from products cryopreserved on D3, so the recommendation is that apheresis products

destined for use as DLI are cryopreserved within 48 hours of collection.
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6 Chapter 6 Discussion

6.1 Overview and Study Aims

This research study examined the effect of storage time at 4°C prior to cryopreservation
on the recovery and responsiveness to stimulation of viable T lymphocytes after
thawing. Lymphocytes derived from non-mobilised apheresis cones and from G-CSF
mobilised apheresis harvests were cryopreserved after storage for <24, 24-48 and 48-
72 hours. The cryopreserved cells were then thawed out and functional assays
performed in vitro. The study was designed to mimic as closely as possible the storage
and cryopreservation protocols in place for clinical products processed within NHSBT, so
that any findings could be applied to clinical practice. Donor lymphocytes for patient use
are collected by apheresis either prospectively, or at need, and cryopreserved as
aliquots of CD3+ cells. The cells are then stored in vapour phase nitrogen until required
to treat re-emergence of disease in transplant by initiating GvL, thereby preventing full
blown relapse. The products may be stored for a period of years before use, and as there
is no suitable release test to assure quality, they are issued to the patient based on the
numbers of viable CD3+ cells that were obtained when the fresh product was first
received in the laboratory. In routine clinical practice in the Yorkshire region, for
operational and staffing reasons, lymphocyte products destined for use as DLI for are
frequently stored at 4°C for over 48 hours before being cryopreserved. There is evidence
that prolonged cold storage of lymphocytes can adversely impact T lymphocyte recovery
and function (Johnson et al., 2022, Jerram et al. 2021), so the principal aims of the study

were:
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i) To determine whether local practice of extended storage at 4°C could impair
the ability of lymphocytes to respond to stimuli, thereby reducing their
clinical effectiveness and putting patients at increased risk of relapse.

ii) To make recommendations as to the optimum length of storage time to
preserve the lymphocyte response.

Storage and handling of lymphocytes is becoming an increasingly important topic in the
field of haematology/oncology as the use of CAR-T therapies to treat malignant disease
increases. The starting material for all CAR-T therapies currently authorised for use in
Europe and the USA are autologous lymphocytes collected by apheresis. These products
have of necessity to be shipped from the collection centre to the manufacturing hub,
which may be some distance away, and it is critical that they are handled in such a way

as to maximise their ability to expand in vitro during manufacture.

The second aim of the study was to determine whether lymphocytes from surplus
portions of G-CSF mobilised HSC, which are not required for transplant are suitable for
use as DLI. It is routine clinical practice to cryopreserve aliquots of mobilised HSC as DLI
products to save the cost of a second donor procurement. Given the known
immunomodulating effects, both of G-CSF itself (Boneberg et al. 2002, Modi et al. 2020,
Engelmann et al. 2022) and of contaminating granulocytes (Stroncek et al. 2016,
Johnson et al. 2022) that are present in HSC products, there has always been a question
as to the responsiveness of these lymphocytes and whether using them for DLl is a false

economy.

6.2 Key Findings
6.2.1 Phenotypes of the starting cell preparations

The lymphocyte subsets of both cone and apheresis derived lymphocytes were very

similar and pre-cryopreservation samples from both fell within the normal ranges
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described for peripheral blood lymphocytes. However, phenotypes of individual samples
were highly variable and as the sample numbers tested were limited it was difficult to
draw conclusions about cellular responsiveness. When T cell subsets from the pre- and
post-cryopreservation samples were compared, the samples derived from cone samples
showed alterations in phenotype typical of those reported in the published literature;
reduced numbers of naive T cells, Tregs and a reduced CD4:CD8 ratio (Jerram et al. 2021,
Li et al. 2022, Florek et al. 2015, Tompa et al. 2018) while those from apheresis derived
samples appeared completely unaffected by the process. This was an unexpected
finding which has not previously been reported and further study with a larger sample
group is required to confirm it.

6.2.2 CD3+ cell viability and recovery post-thaw

The CD3+ viability and recovery post-thaw was significantly affected by time to
cryopreservation in both cone and apheresis derived samples. Cells cryopreserved
within 24 hours of collection (D1) contained the highest numbers of viable cells when
thawed, and cells that had been held for over 48 hours (D3) prior to cryopreservation
fared extremely badly. Only 15% of the viable T cells originally cryopreserved could be
detected in thawed apheresis derived cells cryopreserved on D3. The recovery of viable
T cells from the G-CSF mobilised apheresis group was consistently poorer than that from
the non-mobilised cone group but this finding was significant only for cells
cryopreserved on D3. The reduction in recovery and viability seen with increased time
in storage corroborated the findings of other researchers that T lymphocyte viability,
recovery and responsiveness can be reduced by storage at 4°C for more than a few hours
(Bull et al. 2007, Kierstead et al. 2007, Olsson et al. 2011, Fisher et al. 2014, Jerram et al.

2021, Johnson et al. 2022).
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Sample numbers in the study were small and the overall results could have been
influenced by the poor performance of individual samples, but the trend was clear for
all samples in both study groups.

6.2.3 T cell response to stimulus after thaw

Substantial T cell death was found when cells were seeded into culture, and a gradual
decline in numbers of viable CD4+ and CD8+ cells was seen in non-mobilised cone
derived cells until they had reached 72 hours in culture at which point significant
expansion of both CD4+ and CD8+ cells could be seen in samples cryopreserved on D1
and D2 only. Cone derived CD4+ and CD8+ cells cryopreserved on D3 did not expand.
Similarly, there was evidence of CD4+ and CD8+ cell death in samples derived from G-
CSF mobilised apheresis derived samples which gradually worsened with time in culture
up to the 72-hour point, at which evidence of expansion was seen. Unlike the cone
derived cells, no expansion was seen in cells cryopreserved on D1, with the best result
seen in those cells cryopreserved on D2, followed by those cryopreserved on D3. Both
CD4+ and CD8+ lymphocytes from mobilised and non-mobilised sources responded well
to stimulus with CD3/28 activation beads. No significant differences were seen between
the different sample groups or between samples cryopreserved on different days.
6.2.4 Conclusions

Although surviving T cells in culture from both mobilised apheresis and non-mobilised
cone samples demonstrated no impairment in upregulation of activation markers
related to pre-cryopreservation storage time, post thaw recoveries of viable CD3+ cells

and their ability to expand in culture were significantly affected.

Non-mobilised cone derived cells clearly showed both poorer recovery and response

when measured by CD3+ cell expansion as pre-cryopreservation storage time increased.
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Cells cryopreserved within 24 hours of collection showed good recovery of viable CD3+
on thawing (77%) and satisfactory expansion in culture with maximum viable CD3+ cell
numbers reaching 1.02 x 10%/mL. Non-mobilised cells cryopreserved 24-48 hours after
collection showed acceptable viable CD3+ recovery (67%) and some expansion in
culture; maximum viable CD3+ cell number reaching 0.855 x 10%/mlL. Cells cryopreserved
after 48 hours storage had the poorest viable CD3+ recovery (57%) and did not expand
in culture. The study findings clearly showed that cell numbers and function of T cells
from non-mobilised products were best preserved when cryopreserved within 24 hours
of collection, but that acceptable cell numbers and function were maintained for up to

48 hours.

Recovery of viable CD3+ cells from G-CSF mobilised apheresis derived cells was poorer
than that from cone cells and worsened significantly as time to cryopreservation
increased. Cells cryopreserved within 24 hours of collection were found to have 57%
recovery of viable CD3+ cells after thaw, but they did not expand in culture: maximum
viable CD3+ cell number reaching only 0.475 x 10%/mL. In contrast, cells cryopreserved
24-48 hours after collection had poor CD3+ cell recovery after thaw (35%) but expanded
well in culture; maximum viable CD3+ cell number reaching 0.973 x 10%/mL. Cells
cryopreserved >48 hours after collection had a very poor viable CD3+ cell recovery
(15%), although they did expand in culture; maximum viable CD3+ cell number reaching
0.752 x 10%/mL. The study findings demonstrated a trade-off between recovery and
expansion of viable CD3+ cells from mobilised products cryopreserved <24 hours and
24-48 hours post collection. As a result, storage times of up to 48 hours may adequately
preserve T cell numbers and function in this group, but the finding requires further

investigation to confirm it.
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6.3 Limitations of the study

The study was performed in a busy operational laboratory which had just been equipped
with a new flow cytometer. The operator was relatively inexperienced in the use of this
instrument which resulted in programming errors. As a result, the first ten cone samples
were poorly seeded, and the initial T cell subset panel was incorrectly performed on the
first seven cone samples. Availability of source cellular materials were limited, and
insufficient cell numbers were available to cryopreserve more than one bag per day per
sample. This meant that in the event of an error thawing or seeding cells from a bag,
that there was no option to repeat that part of the study. In addition, the study design
was such that it took approximately three weeks to gather all the data from one sample,
which left little time to obtain further samples in the event of a failure. As a result, the
potentially inaccurate results generated from the first ten cone samples, combined with
the highly individual responses seen in all data sets meant that further study will be
required to confirm the findings from the stimulation and expansion study. Improved
training and better allocation of time to perform the analysis will enable better

management of future work.

The primary investigative tool used in the study was flow cytometry. One of the
limitations associated with this technology is that is that it provides information about
cell phenotype but cannot provide information about the functionality of the cells. The
study investigated upregulation of CD25 and CD69 as these are the two most cited
activation markers (Motamedi et al., 2016, Schwab et al., 2019). Due to budgetary and
time constraints, cytokine release assays or CFSE assays, which have been used by other

researchers to provide conclusive evidence of cellular function post cryopreservation
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and thawing (Li et al. 2022, Boudreaux et al 2019, Juhl et al., 2021), were not performed

here.

Cell viability in this study was assessed by dye exclusion staining with 7-AAD, which
differentiates between those cells which have sustained serious membrane damage
from those that have not. 7-AAD cannot detect those cells that have intact membranes
but are apoptotic (Duggleby et al. 2012). One of the key measures used throughout was
the absolute cell number/mL of viable CD3+, CD4+ and CD8+ cells. It is therefore highly
likely that some of the cells classified as ‘viable’ by dye exclusion were apoptotic, and as

such the viable cell numbers in this study were overreported.

The study investigated the recovery and response of CD3+ cells after storage and
cryopreservation but did not investigate the effect of the 4°C storage period itself. Cell
recoveries and stimulation assays were performed on the prepared cells prior to storage
but not repeated each day prior to cryopreservation. As a result, it is not known what,

in any, deficit may have already been present when the cells were cryopreserved.

The study aimed, as far as possible to replicate cryopreservation and storage conditions
for real clinical products. However, the fact remains that in the case of cone derived
lymphocytes, the cells used were similar but not the same as MNCs collected by
apheresis for use either as DLI or CAR-T starting materials. The observed phenotypes of
the cone derived cells after density gradient separation indicated that they were in every
respect identical to those that are collected by apheresis, but in the absence of

functional assays and a suitable comparator group this cannot be assumed.

The study was small, and a wide range of CD3+ recovery results were seen in between
the individual samples. This is a finding seen in other studies, particularly those on G-
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CSF mobilised apheresis products, and it has been suggested that it is related to donor
factors (Fisher et al. 2014, Schafer et al. 2020) but it makes it difficult to draw robust
conclusions from a study of this size. Further study on larger sample group is required

to confirm the findings.

Finally, the study was performed in-vitro using artificial means of stimulation and it is
not possible to speculate whether the lymphocyte response to stimulation would be the
same in-vivo. Evidence from CAR-T manufacturing suggests that although
cryopreservation accelerates apoptosis and cell death in culture, the persistence and
clinical effectiveness of the manufactured cells in vivo is not affected (Panch et al. 2019).

Further study using clinical samples and patient follow up data would be required.

6.4 Recommendations for future research and changes in practice

6.4.1 Cryoprotectant formulation

The cells used in this study were cryopreserved in 4.5% HAS and 10% DMSO following
standard NHSBT cryopreservation protocols which were originally designed and
validated to maximise recovery of CD34+ cells. However, there is considerable evidence
that 10% DMSO is not the best cryoprotectant for lymphocytes, and that both cell
recovery and functionality is better conserved if the DMSO concentration is reduced to
5% (Worsham et al., 2017, Fisher et al., 2014, Abzari et al., 2019). Several other studies
reporting adverse impact on lymphocyte recovery or functionality post-thaw, also used
10% DMSO as a cryoprotectant (Ford et al. 2017, Schafer et al. 2020). It has been
postulated that high DMSO concentration may selectively deplete alloreactive T cells
which could explain the higher relapse rates seen by some groups in cryopreserved HSCT
during the Covid era (Guo et al. 2023). There are equally some studies reporting either
no impact of cryopreservation in 10% DMSO (Pi et al. 2020) or a positive benefit (Juhl et
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al. 2021). However, it is known that DMSO can cause side effects in recipients and is
toxic to thawed cells if they are maintained at temperatures above freezing for any
length of time (De Abreu Costa et al. 2017) and as a result, NHSBT has been considering
reducing the DMSO percentage in cryoprotectant medium from 10% to 5%. The very
poor recovery of viable CD3+ cells found here, particularly in samples that had been
stored for longer periods clearly indicates that further study into formulation of
cryoprotectant media used for lymphocytes is urgently required.

6.4.2 Functional assays

The assay used in this study was intended to be a simple method to assess lymphocyte
function. Although the assay studied provided information about expression of
activation cell markers on the T cells surviving in culture, it was not able to discriminate
between samples cryopreserved on different days, despite the heavy cell losses seen
when viable CD3+ cells were calculated post-thaw. It is therefore recommended that
NHSBT investigate additional assays that may be able to detect the numbers of
functionally impaired or apoptotic cells both pre-cryopreservation and post-thaw. The
ideal assay for this purpose is one that can be performed in <24 hours, so that the
laboratory can decide about the fate of a product before it is either issued to a patient
or has started an expensive manufacturing run. STAT-5 phosphorylation (Bitar et al.
2019) and Annexin V assays (Duggleby et al., 2012) should be investigated as more
sensitive detection methods for apoptosis than the dye exclusion assays currently in use.
CFSE expansion and cytokine secretion assays can then be combined with cell surface

activation markers to provide a more comprehensive view of functional capability.
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6.4.3 Storage conditions

Lymphocytes are stored and shipped at 4°C largely because this is the temperature used
for HSC products for transplant. However, there is a body of evidence to show that
lymphocyte function can be impaired by storage at 4°C and that for optimal recovery,
storage at RT or above is recommended (Johnson et al., 2022, Jerram et al., 2021).
NHSBT should therefore investigate the functionality and recovery of lymphocytes
stored at different temperatures both pre-and post-cryopreservation using the assays
described in section 6.4.2, as it is quite probable that storage conditions suitable for HSC

products are unsuitable for lymphocyte products.

Finally, NHSBT operating procedures for thawing cells for CFU-GM and viability assays
specify rapid thawing and dropwise resuspension of cells in 4.5% HAS at 4°C. As all
publications about frozen PBMC thawing recommend thawing into warmed media (Disis
et al. 2006, Honge et al. 2017 Li et al. 2022, Baboo et al. 2019). NHSBT will need to
consider investigating the appropriateness of this technique both for HSC samples and
for lymphocyte samples. As the release criteria for issue of a thawed product within
NHSBT is a viability of 70% and viable cell recovery is not calculated, it is possible that
poorer thawed viabilities/recoveries resulting from defective technique have had no
clinical impact and have therefore passed unnoticed. In any case, in clinical practice,
thawed viability testing is almost exclusively performed on CD34+ cells, not lymphocytes
so there is little internal data. Further study is required to confirm whether a change to

procedure is required.

The results of this study, particularly for apheresis derived samples, showed wide
individual variation and further samples should be tested to confirm their

reproducibility. In addition, it may be possible to test samples from existing stored
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products if these are no longer required for clinical use. As time from collection to
cryopreservation is documented in the product records, it will be possible to categorise
these samples by length of time to cryopreservation and compare the responses of the
cells to stimulation on this basis. This additional work will serve the dual purpose of
expanding the data from the existing study and confirming the accuracy (or not) of the

reported cell doses sent to clinicians.

In summary, extended storage beyond 48 hours at 4°C impairs the ability of T
lymphocytes to respond to stimuli, thereby reducing their clinical effectiveness and
putting patients at increased risk of relapse. This study, although small, suggests that
the optimum length of storage time to preserve the lymphocyte response is <48 hours

and ideally <24hours, particularly if the cells are from non-mobilised collections.

In practice cryopreservation of DLIs as soon as they are received in the laboratory could
present a serious staffing problem. Ensuring that DLI products received in routine
working hours are cryopreserved as soon as they arrive is achievable, and staff will be
made aware of the potential impact of not doing so. However, as discussed in Chapter
1, allogeneic products for transplant are often received out of routine working hours at
NHSBT Barnsley and are therefore stored at 4°C until the morning when staff are
available to cryopreserve them. Under the current operating model, if immediate
cryopreservation was required, this work would fall to the single on-call member of staff.
Cryopreservation of these products is a complex process requiring two members of staff,
so it is currently not possible to delegate the entire process to the on-call operator.

Increasing out of hours staffing to cover this activity will be an unpopular move with
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those who will be required to participate in it as well as the cost implications and thus

should not be undertaken without careful review of the potential benefits.
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