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Technical pitfalls when
collecting, cryopreserving,
thawing, and stimulating
human T-cells
Daniel J. Browne1, Catherine M. Miller2† and Denise L. Doolan3*†

1Centre for Molecular Therapeutics, Australian Institute of Tropical Health and Medicine, James Cook
University, Cairns, QLD, Australia, 2College of Medicine and Dentistry, James Cook University, Cairns,
QLD, Australia, 3Institute for Molecular Bioscience, The University of Queensland, St Lucia,
QLD, Australia
The collection, cryopreservation, thawing, and culture of peripheral blood

mononuclear cells (PBMCs) can profoundly influence T cell viability and

immunogenicity. Gold-standard PBMC processing protocols have been

developed by the Office of HIV/AIDS Network Coordination (HANC); however,

these protocols are not universally observed. Herein, we have explored the

current literature assessing how technical variation during PBMC processing can

influence cellular viability and T cell immunogenicity, noting inconsistent findings

between many of these studies. Amid the mounting concerns over scientific

replicability, there is growing acknowledgement that improved methodological

rigour and transparent reporting is required to facilitate independent

reproducibility. This review highlights that in human T cell studies, this entails

adopting stringent standardised operating procedures (SOPs) for PBMC

processing. We specifically propose the use of HANC’s Cross-Network PBMC

Processing SOP, when collecting and cryopreserving PBMCs, and the HANC

member network International Maternal Pediatric Adolescent AIDS Clinical Trials

(IMPAACT) PBMC Thawing SOP when thawing PBMCs. These stringent and

detailed protocols include comprehensive reporting procedures to document

unavoidable technical variations, such as delayed processing times. Additionally,

we make further standardisation and reporting recommendations to minimise

and document variability during this critical experimental period. This review

provides a detailed overview of the challenges inherent to a procedure often

considered routine, highlighting the importance of carefully considering each

aspect of SOPs for PBMC collection, cryopreservation, thawing, and culture to

ensure accurate interpretation and comparison between studies.
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Introduction

T-lymphocytes (T cells) are integral components of adaptive

immunity (1), and are essential for clearing infections (2),

responding to vaccinations (3) or emergent tumorigenesis (4),

and maintaining immune system homeostasis (5). Given these

broad and critical effector functions, T cells have been the focus

of intensive research which predominantly aims to: i) characterise

and compartmentalise T cell phenotypes (6, 7), and ii) understand

and modulate T cell immunogenicity (8, 9). T cells can be broadly

characterised as either CD4+ Helper T cells, or CD8+ cytotoxic T

cells (1). CD4+ T cells are crucial for regulating the immune

response by releasing signalling molecules that activate, modulate,

or direct other immune cells against a particular pathogen (3, 5).

Cytotoxic CD8+ T Cells are primarily responsible for killing

dangerous self-cells, such as those infected with intracellular

pathogens or cells undergoing tumorigenesis (3, 4). Both CD4+

and CD8+ T cell immunogenicity is commonly studied through

functional immunoassays that investigate the activation and

behaviour of T cells in response to specific stimuli (10). These

experiments generally involve the in-vitro stimulation of peripheral

blood mononuclear cells (PBMCs) with antigenic peptide epitopes

or non-specific mitogens. This mimics the in-vivo activation of T

cells, which initiates various responses including cytokine

production (11), proliferation (12), or apoptosis (13). Optimal

assessment of T cell phenotypes and immunogenicity requires

PBMCs that are viable, and which retain their natural in-vivo

immunogenic capabilities.

The in-vitro loss of PBMC viability or in-vivo T cell

immunogenicity can critically impact immunological research and

clinical trials (14, 15). A notable example is the differential response

of T cells when stimulated either in-vitro or in-vivo with the CD28

agonist antibody TGN1412 (16). In 2006, a phase I clinical study

triggered life threatening cytokine release syndrome in patients

infused with TGN1412 (17). Further studies revealed that T-cell

activation by TGN1412 was dependent upon co-stimulatory signals

(18), which were restored to in-vivo conditions in-vitro when

PBMCs were pre-cultured (rested) in high densities (14, 19).

More broadly, persistent controversies in T cell research, such as

inconsistencies between vaccine antigen testing and vaccine clinical

trial immunogenicity (20–22), disagreements on immunodominant

antigen or epitopes (23, 24), or other debated aspects of

immunological responses (25), may be partly explainable by

technical variation during PBMC processing.

PBMC processing involves collecting, storing, thawing, and

culturing PBMCs from human donors (26). This protocol typically

involves: i) collecting peripheral blood using venepuncture, ii)

separating PBMCs from other blood components, iii) immediately

experimenting on, or cryopreserving the cells, iv) thawing

cryopreserved cells, and v) in-vitro cell culture. Following the

outbreak of the HIV/AIDS epidemic there was a heightened need

for a globally coordinated T cell clinical trial network with a

standardised PBMC processing protocol (27, 28). In response, the

Office of HIV/AIDS Network Coordination (HANC) established gold-
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which were widely, but not universally adopted (29, 30). The current

SOPs include the HANC’s Cross-Network PBMC Processing SOP, for

collecting and cryopreserving PBMCs (31), and the HANC member

network International Maternal Pediatric Adolescent AIDS Clinical

Trials (IMPAACT) PBMC Thawing SOP when thawing PBMCs (32).

This review will demonstrate even relatively minor deviations from

these SOPs can have profound consequences for PBMC viability and

T cell immunogenicity, and indeed that many studies investigating

the effect of technical variation during PBMC processing have

reported contradictory results (Supplementary Table 1). The

objective of this review is to briefly discuss the key research that

has demonstrated technical variation during this process can

profoundly influence cellular viability and immunogenicity

(Figure 1), highlight the challenges of comparing immunogenicity

across samples exposed to variant protocols, and emphasize the need

for stringent protocol standardization.
Sources of variation in cellular viability
and immunogenicity

Sample collection

Choice of anticoagulant
When collecting peripheral blood for PBMC isolation,

clinically-convenient anticoagulant-lined vacuum-tubes are

commonly used for venepuncture. Different anticoagulants,

typically Ethylenediaminetetraacetic acid (EDTA), heparin, or

citrate, serve specific purposes and have advantages and

disadvantages relative to others (Supplementary Table 2) (33).

According to the HANC-SOP, it is mandatory to document the

type of anticoagulant used for each sample (31). Use of EDTA

rather than heparin has been linked to diminished immunogenicity

following PBMC stimulation (34). Conversely, other studies have

found no significant change of functionality between EDTA and

sodium-heparin isolated PBMCs (35), nor between sodium-heparin

and lithium-heparin collection (36). Anticoagulant has been shown

to not be associated with PBMC viability (35), however this study

did note viability was statistically associated with anticoagulant

when the cryopreservation of PBMCs was delayed. Taken together,

these studies report a potential connection between anticoagulant

and PBMC viability and functionality and highlight the first

potential technical pitfall when studying T cells: the absence of

standardised or intentional anticoagulant selection.

Processing time and temperature
It is generally accepted the post-venepuncture processing time

and temperature are critical parameters affecting cellular viability

and T cell immunogenicity (35, 37). However, PBMCs are routinely

isolated from peripheral blood well beyond 24 hours after

venepuncture, especially in clinical trials (26, 38). The HANC-

SOP recommends that processing time should not exceed 8 hours

(31). Processing delays of 24 hours or more have been associated
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with reduced cell viability (35), and ambient temperatures less than

22°C reduced PBMC viability and immunogenicity (39). Nucleic

acid recovery from whole blood was profoundly reduced following

exposure to suboptimal processing times and temperatures (40).

However, these results are challenged by another study which found

a 24-hour delay in blood sample processing did not affect the

viability of PBMCs, nor the amount of mitogen-induced protein

secretion (37). Although conflicting studies exist, discrepancies in

the timing and temperature conditions of PBMC processing clearly

pose a significant challenge for T cell research. The HANC-SOP

requires the collection, processing, and freezing date and time to be

documented (31). We propose the ambient temperature should also

be reported.

PBMC isolation
PBMCs are typically isolated from peripheral blood using

density-gradient centrifugation methods, such as Ficoll-Paque, or

in clinically-convenient cell preparation tubes (CPTs), including

SepMate™ and Vacutainer® CPTs (41). The HANC-SOP requires

the isolation method and processing technician to be documented

(31). Ficoll-processed PBMCs were found to have higher viability

when compared to CPT-processed PBMCs (42). Another study

reported that differences in viability due to isolation method were

detected in one laboratory but not another (43). In contrast, others

have reported no significant differences in cell viability and recovery
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when isolating PBMCs with either Ficoll-Paque or CPTs (35, 44).

Immunogenicity has also been associated with isolation method, as

PBMCs isolated using Ficoll-Paque were found to secrete lower

levels of the cytokine Interferon-gamma (IFN-g) compared to those

isolated with CPTs (41). However, transcriptomic profiles were not

found to be influenced by isolation method (44). These results may

be confounded by technician experience, which has been estimated

to contribute to approximately 60% of the variability of cell recovery

(41). The findings of these studies suggest that standardising PBMC

isolation procedures and technician training is likely to enhance the

reproducibility and reliability of T cell research.
Cryopreservation

Fresh PBMCs
PBMCs are used in immunoassays either immediately (fresh) or

following cryopreservation. Cryopreservation can profoundly

influence the viability and immunogenicity of T cells. Indeed, the

kinetics of cytokine expression, proliferation, cell viability, and

immunophenotypes were demonstrated to differ between freshly

isolated and matched cryopreserved PBMCs (45). However, many

studies have demonstrated minimal post-cryopreservation

differences. A multi-site study across nine laboratories was able to

recover similar PBMC numbers following cryopreservation without
FIGURE 1

Variability Factors in Cellular Viability and Immunogenicity in Sample Processing. The process of collection, storage, thawing, and culturing cells
collected from the peripheral blood of human donors can influence the viability and the immunogenicity of the sample. During Sample Collection,
variability arises from the type of anticoagulant used, the time and temperature of processing, and the strategy for isolating Peripheral Blood
Mononuclear Cells (PBMCs). During Cryopreservation variability is influenced by the choice of cryopreservation media, cooling rate, duration at -80°
C before long-term storage, storage duration, temperature fluctuations during storage, and conditions during shipping. During Thawing, factors
include thawing time, wash strategies, thawing media and sera, nuclease digestion, and whether cells are rested before experiments. During
Culturing, the cell concentration, stimulant dose, and duration of stimulation affect outcomes. Viability is marked by a transition from healthy to dead
cells, increasing cellular debris. Immunogenicity, is the ability of cells to react to stimulants like antigenic peptides or mitogens, is typically assessed
through functional immunoassays measuring the immune response via the production of surrogate markers of immunity. Created with
BioRender.com.
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significant loss of viability (46), while others have demonstrated full

functionality of cryopreserved T cells (47). Nevertheless, results

from these single studies have not significantly influenced typical

PBMC cryopreservation protocols, and reporting the status of cells,

whether fresh or cryopreserved, is generally expected.

Cryopreservation media
The first stage of cryopreservation is typically to suspend PBMCs

in a cryoprotective agent, such as dimethylsulfoxide (DMSO) (48).

The HANC-SOP specifies PBMCs should be gently resuspended to

107/mL in a 10% DMSO 90% Foetal Calf Serum (FCS)

cryopreservation media cooled to 2 to 8°C with continuous swirling

(31). The concentration of DMSO has been found to be usually the

most important factor determining cellular viability (49) and is

generally 10% (50, 51). However, one study has reported PBMC

recovery was significantly improved when using 5% DMSO (52). A

cell concentration greater than 6x106 PBMC/mL has been associated

with improved viability (53) and sera in the cryopreservation media

has been found to improve viability (54) and immunogenicity (55).

Sera is typically either FCS or ‘normal’ human AB serum, and

although human sera may be more physiologically relevant (56),

one study reported the use of FCS improved human PBMC viability

(55), while another reported no significant difference between the two

(57). Other studies have reported only a minimal cell viability (58), or

immunogenicity (35, 58) improvement when supplementing

cryopreservation media with sera, or noted heightened background

immunoreactivity when supplementing with bovine serum

albumin (BSA) (57). Gradually resuspending PBMCs in cooled

cryopreservation media, such as by a drip-wise method, may

improve PBMC viability and immunogenicity by minimising toxic

shock or cell membrane damage (48, 59). However, the impact of

cryoprotectant addition rate on PBMC viability has not been

specifically contrasted, unlike in spermatozoa cryopreservation

studies, which have yielded inconsistent findings (60, 61). Cooling

the cryopreservation media to 4°C has been associated with

preserving T cell immunogenicity (62), although others have

shown that cooling temperature did not show any significant effects

(49). Taken together, these studies demonstrate that cryopreservation

media can significantly influence T cell viability and immunogenicity.
Cooling rate
Once cells are suspended in the cryopreservation media, they

must be cooled to their storage temperature, generally aiming to

reduce cell temperature by -1°C min-1. Cryopreservation of highly

concentrated PBMCS using an automated controlled-rate freezer is

the gold-standard, having been found to enhance T cell activation

(63). However, typically, cryopreservation is achieved with two-

stage cooling, where cells are cooled in ultra-low freezers (ULFs) to

-80°C, then in vapor phase liquid nitrogen (LN2) to below -150°C in

commercial freezing containers, such as a Mr. Frosty™. The

HANC-SOP requires samples to be immediately frozen in

commercial controlled rate freezing containers, first in ULF then

LN2 to reduce temperature by -1°C min-1 (31). Strategies have been

developed which avoid cell viability loss during rapid freezing, such

as media ice seeding (nucleation) which allowed PBMCs to be
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cooled at -90°C min-1 (64). Another study found cooling rate did

not influence viability, as long as thawing rates were high (113°C

min-1 and 45°C min-1) (65). Others have reported no change in cell

viability when cells were initially cooled in LN2 (66). Despite these

reports from single studies, cooling rate is generally accepted to

significantly influence T cell viability and immunogenicity. We

propose that the freezing container brand should be recorded.

Time at -80°C
Cells may be left briefly in ULFs before long-term storage in

LN2. The HANC-SOP requires samples to be transferred to LN2

within 72 hours of freezing (31). Studies have demonstrated storage

at -80°C can influence gene expression (67), and significantly reduce

PBMC viability and immunogenicity (68). Others have

demonstrated a linear relationship between decreasing viability

and time on dry ice (-70°C) over 12 weeks (69). Another study

found that viability had been lost with as little as 48 hours of storage

at -80°C (55). Conversely, others found PBMCs stored on dry ice for

three weeks had no significant difference in viability or

immunogenicity compared to those immediately cryo-stored (70),

while others have reported storing PBMCs on dry ice for three

weeks did not reduce the T cell immunogenicity (35). Although

some studies found relatively short-term storage at -80°C had a

minimal influence on PBMC viability and immunogenicity, the

consensus on its potential effect highlights the need to record and

standardise the date and time of transfer to LN2.

Time in cryo-storage
Cells stored in liquid nitrogen can remain viable and functional

for very long periods of time and the HANC-SOP states cells may be

stored in LN2 indefinitely (31). Several studies which directly

investigated cryo-storage viability found no clinically significant

variation in cellular viability over 15 months (70), or viability and

hematopoietic stem cell populations over 60 months (71). However,

immunogenicity may be influenced by small but statistically

significant variations in the populations of lymphocytes, which

have been found to vary following 3-to-6-months of cryo-storage

(72, 73). Despite a limited number of studies which have

demonstrated an impact of LN2 storage duration on PBMC

viability or immunogenicity, we nevertheless propose the length

of time in cryo-storage should be reported.

Exposure to varying temperatures
During long-term cryo-storage, cells are often transiently

exposed to briefly varying temperatures as other co-stored

aliquots are added or removed from the facility. One study found

reduced cell viability and immunogenicity when cyclically exposing

cryo-stored PBMCs briefly to room temperature (74). However,

another study found viability was not influenced when aliquots of

PBMCs went through repeated rounds of temperature cycling (75),

while another study investigating gene expression profiles found no

significant change of PBMC gene expression following brief but

repetitive temperature cycling (67). The HANC-SOP states PBMCs

are not to be transferred back to ULF storage (31). Additional

studies are required to precisely assess the impact of brief but
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potentially repetitive temperature fluctuations on the viability and

immunogenicity of cryopreserved PBMCs.

Shipping
The gold-standard practise to ship cryo-stored PBMCs is with

LN2-dry shippers, however, dry ice is also used. The HANC-SOP

requires PBMCs stored in LN2 to be shipped in cold-shippers

which maintain LN2 temperatures (31). Both viability and

immunogenicity were influenced by cold-shipping strategy (69).

However, one study found that the shipping method influenced

viability, but did not influence immunogenicity (35), while

another found that viability was not influenced but lymphocyte

populations (i.e., the ratio of CD4+/CD8+ T cells) were affected

(76). It is unclear why one population of T cell would be more

sensitive to shipping than another. Significant temperature

changes during shipping certainly will impact PBMC viability

and immunogenicity. However, similarly to the potential

fluctuations which can occur during long-term cryo-storage,

exposure to varying temperatures during shipping may be brief

but recurrent, and more research is required on the effects of

smaller or repeated fluctuations.
Thawing

Thaw time and washing
The IMPAACT-SOP calls for cells to be thawed rapidly at 37°C,

then added to the thawing media in a drip-wise action (32). When

returning cryo-preserved cells to physiological conditions PBMC

viability and immunogenicity has been improved with rapid

thawing (65, 77), and therefore, rapid thawing is widely

recognized as the preferred method to thaw cryo-preserved cells.

However, this effect has been found to be minimal in a single study

when the cells were cooled at the rate required by the HANC-SOP

(-1°C min−1) (65). Once cells are thawed, they are routinely

immediately washed to minimise contact with the cryoprotectant.

However, one study has controversially reported no change in cell

viability following either immediate washing or leaving in the water

bath for five minutes (78). Cells and washing medium may be

combined by swiftly diluting the cells into the thawing media or by

adding in a drip-wise action. No difference in the absolute count of

live PBMCs was reported when cells were added rapidly (78). While

further studies may identify protocols with more refined thawing

rates and washing steps, standardising the current SOP would likely

improve the reproducibility and reliability of T cell research.

Thawing media & sera
The media used during the thawing process can include various

salt-balanced and buffered solutions such as phosphate buffered

saline (PBS) or culture media, typically RPMI 1640 medium

(RPMI) supplemented with additives including FCS. Sera can

vary significantly between batches (79), and the HANC group

reserve lots of FCS for batched experiments (32). Several studies

investigating various combinations of washing medias have found

PBMC viability was highest following washing with media
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including sera (55, 78), and noted improved cell viability (55, 78),

and functionality (80), when thawing with media at a temperature

of 37°C rather than 4°C. No significant difference in viability was

observed when thawing cells in either 50mL or 15mL of thawing

media (55). Collectively, these studies indicate that both thawing

media and sera significantly affect T cell viability and

immunogenicity, underscoring the importance of standardizing

these components to the greatest extent feasible. The IMPAACT-

SOP requires the use of 10% approved lot FCS in RPMI (32), we

furthermore recommend the media is warmed to 37°C. The optimal

sera for human T cell assays are human sera, which although

impractical, would ideally be autologously matched (26). FCS is a

popular alternative, especially in clinical trials due to its greater

consistency, scalability, and cost efficiency.

Nuclease digestion
To prevent cell clumping due to nucleic material released from

lysed cells, post-thawed and washed cells may be incubated with a

nuclease. The use of a DNase endonuclease was reported to have

little effect on cell morphology, function, or viability (81). However,

a flow cytometry-based study found changes in cell populations

with varying forward and side scatter profiles following DNase

treatment (82), but no detectable changes in cell viability,

expression of standard lymphocyte surface markers, nor

intracellular cytokine expression. Benzonase is another commonly

used nuclease which allows efficient degradation of all types of DNA

and RNA. The use of Benzonase® during PBMC processing has

been reported to not influence T cell immunogenicity (83). The

IMPAACT-SOP includes the optional inclusion of Benzonase®

during the first wash (32), as the enzyme’s properties suggest that

it could potentially influence PCR outcomes (84). Further research

will be required to provide clearer guidelines for the use of nuclease

digestion; however, as no study has demonstrated Benzonase®

influences PCR outcomes when used during PBMC thawing, we

therefore recommend the routine inclusion of Benzonase®.

Pre-culture (rest)
Post-thawing, cells can be experimented upon immediately or

undergo preculture (or resting). The IMPAACT-SOP includes an

optional rest in culture for 14-18 hours (32). Overnight resting has

been found to be optimal to increase the immunogenicity of PBMCs

(85), while even 1 hour of pre-culture can replicate the surface

marker expression of fresh cells (86). However, others have reported

preculture had no statistically significant influence on PBMC

immunogenicity (87). The concentration of cells during the rest

period has also been found to influence cellular immunoreactivity.

Short term pre-culture of PBMCs at high concentrations has been

found to improve immunogenicity (19), and others reported the

immunogenic response varied relative to PBMC preculture

concentration (10). Longer term incubation, upwards of 48 hours

in extremely high densities (1×107 cells/mL), has been reported to

greatly improve the immunogenicity of CD8+ T cell responses (14),

without influencing viability. The results from these combined

studies demonstrate that pre-culture conditions, especially cellular

density, can significantly influence T cell immunogenicity, and
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therefore, we propose that the rest period and cell density should be

standardised and recorded.
Cell culture

Cell concentration
During functional immunoassays cell density is typically between

1-4×106 cells/mL to facilitate inter-cellular contact and antigen

presentation, which is a concentration not expected to influence cell

viability (10, 88). The immunogenic response of PBMCs is profoundly

influenced by the concentration of cells in the stimulation reaction,

particularly when stimulating with weakly immunoreactive antigenic

peptides (10). More highly reactive stimulants are also influenced by

cell concentration, with one study determining a PBMC concentration

of 2.5×106 cells/mL was optimal to detect cytokine responses following

mitogen stimulation (89). There are, however, a relatively limited

number of studies which have optimised stimulation cell

concentrations. Such optimisation may be impractical, particularly

when considering experiments involving antigenic T cell peptide

epitopes which may involve thousands of stimulatory conditions.

Nevertheless, standardising and reporting cell density during culture

is generally expected.

Stimulant concentration and solvent
Stimulant concentration is a critical determinant of T-cell

functionality. For example, increasing the concentration of

antigen is recognised to generally increase the number of IFN-g+

PBMCs (14). Titrated antigen experiments have identified ranges

between 1 mg/ml (90) to 10 mg/ml (36) as optimal for MHC-class I

peptide epitope-induced immunogenicity. However, a donor-

specific effect on the optimal antigen stimulant concentration to

induce immunoreactivity has been described (36). While these

studies cumulatively confirm that, as expected, stimulant

concentration does influence T cell immunoreactivity, there are

limited studies optimising stimulant concentrations. Identifying

universally optimal stimulant concentrations is impractical,

especially for T cell peptide epitope screening studies. Lyophilized

peptide epitopes are typically resuspended in DMSO, which has

several key advantages and disadvantages relative to other common

solvents (Supplementary Table 3) (91). Even relatively low

concentrations of DMSO in cell culture have been found to

induce changes to cellular phenotypes (92), with as little as 0.25%

DMSO influencing immunogenicity (93), and marginal toxicity

reported at 2-5% DMSO (93). While reporting the stimulant

concentration is common practise, we further recommend

reporting the concentration and type of solvent in the stimulation.

Stimulation time
The lengthof timecells are incubated in thepresenceof the stimulant

can influence thenumber and intensity of responsive cells. Six-hour long

incubations are frequently reported (94, 95), however, longer

incubations are also common (96). Overnight incubations have been

reported to increase antigen immunogenicity (97). The optimal

timepoint to measure mitogen stimulations has been reported to be

between 72 and 96 hours (98). Similarly, kinetic studies investigating
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whole-blood stimulations found 72 hours as optimal for mitogen

stimulants (99). While antigenic peptide stimulation time length has

been found to not decrease cell viability, longer mitogen stimulations

have been associated with increased numbers of non-viable cells (45).

Interestingly, a recent study over a 12 hour time course noted peak

cytokine mRNA expression occurred between 3-6 hours post peptide-

epitope stimulation, and occurred in a peptide- and donor-specific

fashion (95).
Discussion

Taken together these studies demonstrate that technical

variation during PBMC collection, cryopreservation, thawing, and

culture may profoundly impact cell viability and immunogenicity.

Notably, many of the conclusions of these studies are contradictory,

suggesting the influence and interaction of underreported factors.

Although several of the results discussed in this review are derived

from single studies, these results from well-controlled, high-quality

studies nevertheless underscore the importance of maintaining

stringently consistent protocols and reporting guidelines when

analysing human T cells. Therefore, we propose the use of the

HANC’s-SOP when collecting and cryopreserving PBMCs (31); and

the IMPAACT networks-SOP when thawing PBMCs (32).

Furthermore, we have made additional recommendations to

standardise the protocol during PBMC collection, storage,

thawing, and culture (Table 1).
TABLE 1 Standardised protocol for the collection, cryopreservation,
thawing and culturing of human PBMCs for T cell studies.

Major sources of
technical
variation

HANC and
IMPAACT
protocol
instructions

Further
recommendations

Collection

Anticoagulation The type of
anticoagulant must
be recorded*

Processing Time
& Temperature

The collection,
processing, and
freezing date and
time must
be recorded*

The ambient temperature
should be recorded

Isolation Method The processing
method and
processing
technician must
be recorded*

Cryopreservation

Cryopreservation Media 10% DMSO in
FCS
cryopreservation
media cooled to 2
to 8°C must
be used*

(Continued)
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The biological mechanisms underlying variations in cell viability

and immunogenicity during PBMC processing are complex and

incompletely understood. The various reagents used during

processing may significantly influence T cells by impacting cellular
Frontiers in Immunology 07
integrity, agonistically or antagonistically influencing cellular

activation, or changing media chemistry. For example, the

anticoagulant EDTA can impair T cell activation by disrupting

cellular calcium levels (100), while heparin may interfere with cell-

to-cell interactions (101). The more profound influences which have

been found following delays in processing and fluctuations in

temperature during storage can be attributed to induced metabolic

stress which may have activated apoptosis pathways (102, 103).

Techniques like density-gradient centrifugation and cryopreservation

introduce stress through physical forces (104), and if cryoprotectants

are not completely removed after thawing, they may further alter cell

functions (105). This complexity highlights the critical need for strict

standardisation and detailed documentation in T cell research to avoid

the technical pitfalls when collecting, cryopreserving, thawing, and

stimulating human T-cells.

The development of PBMC processing SOPs by HANC and its

affiliated members such as IMPAACT were driven by an awareness

that technical variation during this critical experiment window may

reduce the reproducibility of experimental findings. There is a

growing concern that the social, behavioural, and biomedical

sciences are facing a ‘reproducibility crisis’ (106), as many

influential published findings have failed reproducibility testing

(107, 108). Indeed, a relatively recent large meta-analysis proposed

that, at best, around 50% of preclinical biomedical research was

reproducible (109). The cause of this low reproducibility is likely

complex, ranging from poor statistical literacy (110) and noise

discovery (111), to unconscious or conscious bias induced by a

pressure to publish (112). While a low rate of reproducibility is

certainly not ideal, it has been argued that some irreproducibility is

expected (113), even potentially beneficial (114), when cutting-edge

science is investigating competing hypotheses. Nevertheless, there is a

growing appreciation that insufficient communication of

experimental methods is a major contributing factor (115–118).

We expect that strict adherence to HANC’s and HANC affiliates

SOPs during PBMC collection, cryopreservation, thawing, and

culture will greatly improve the replicability of human T cell research.
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TABLE 1 Continued

Major sources of
technical
variation

HANC and
IMPAACT
protocol
instructions

Further
recommendations

Cryopreservation

Cooling Rate Immediately freeze
in a ULF using a
commercial
controlled-rate
freezing container*

Commercial product should
be recorded

Time at -80°C Transfer to LN2

within 72 hours
of freezing*

The date and time of
transfer to LN2 should
be recorded

Time in Cryo-storage Frozen PBMC
samples can be
stored safely in
vapor phase
LN2 indefinitely*

The date and time of
transfer from LN2 should
be recorded

Exposure to
Varying Temperatures

Do not transfer
back to ULF*

Shipping All transfers must
be maintained in
LN2 *

Thawing

Thaw Time
and Washing

Thaw cells rapidly
at 37°C, added in a
drip-wise action †

Thawing Media & Sera Wash in RPMI
10% FCS thawing
media †

Warm media to 37°C

Nuclease digestion Optional inclusion
of Benzonase®

during the first
wash †

Benzonase® use should be
routine and reported

Preculture Cells may be
optionally rested in
culture for 14-18
hours †

The rest period and cell
density should be recorded

Culturing

Cell concentration Reporting cell
density is
generally expected.

Stimulant concentration Reporting
stimulant
concentration is
generally expected

The solvent type and
concentration should
be reported

Stimulation Time Reporting the
stimulation time is
generally expected
*The Office of HIV/AIDS Network Coordination (HANC)-SOP; †International Maternal
Pediatric Adolescent AIDS Clinical Trials (IMPAACT)-SOP, LN2: vapour phase liquid
nitrogen (-180°C), ULF, Ultra-low freezer (-80°C); SOP, standard operating procedure;
DMSO, Dimethyl sulfoxide; FCS, Foetal Calf Serum.
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functional stability of leukocytes from human peripheral blood samples: considerations
for the design of immunological studies. BMC Immunol. (2019) 20:5. doi: 10.1186/
s12865-019-0286-z

38. Langat RK, Farah B, Indangasi J, Ogola S, Omosa-Manyonyi G, Anzala O, et al.
Performance of International AIDS Vaccine Initiative African clinical research
laboratories in standardised ELISpot and peripheral blood mononuclear cell
processing in support of HIV vaccine clinical trials. Afr J Lab Med. (2021) 10:1056.
doi: 10.4102/ajlm.v10i1.1056

39. Olson WC, Smolkin ME, Farris EM, Fink RJ, Czarkowski AR, Fink JH, et al.
Shipping blood to a central laboratory in multicenter clinical trials: effect of ambient
temperature on specimen temperature, and effects of temperature on mononuclear cell
yield, viability and immunologic function. J Trans Med. (2011) 9:26. doi: 10.1186/1479-
5876-9-26

40. Sarathkumara YD, Browne DJ, Kelly AM, Pattinson DJ, Rush CM, Warner J, et al.
The effect of tropical temperatures on the quality of RNA extracted from stabilized whole-
blood samples. Int J Mol Sci. (2022) 23(18):10609. doi: 10.21203/rs.3.rs-1721397/v1

41. Hendrika W, Grievink TL, Kluft C, Moerland M, Malone KE. Comparison of
three isolation techniques for human peripheral blood mononuclear cells: cell recovery
and viability, population composition, and cell functionality. Biopreserv Biobank.
(2016) 14:410–5. doi: 10.1089/bio.2015.0104

42. Ruitenberg JJ, Mulder CB, Maino VC, Landay AL, Ghanekar SA.
VACUTAINER® CPT™ and Ficoll density gradient separation perform equivalently
in maintaining the quality and function of PBMC from HIV seropositive blood
samples. BMC Immunol. (2006) 7:11. doi: 10.1186/1471-2172-7-11

43. Nilsson C, Aboud S, Karlén K, Hejdeman B, Urassa W, Biberfeld G. Optimal
blood mononuclear cell isolation procedures for gamma interferon enzyme-linked
immunospot testing of healthy Swedish and Tanzanian subjects. Clin Vaccine
Immunol. (2008) 15:585–9. doi: 10.1128/CVI.00161-07

44. Chen H, Schürch CM, Noble K, Kim K, Krutzik PO, O’Donnell E, et al.
Functional comparison of PBMCs isolated by Cell Preparation Tubes (CPT) vs.
Lymphoprep Tubes. BMC Immunol. (2020) 21:15. doi: 10.1186/s12865-020-00345-0

45. Jeurink PV, Vissers YM, Rappard B, Savelkoul HFJ. T cell responses in fresh and
cryopreserved peripheral blood mononuclear cells: Kinetics of cell viability, cellular
subsets, proliferation, and cytokine production. Cryobiology. (2008) 57:91–103.
doi: 10.1016/j.cryobiol.2008.06.002

46. Reimann KA, Chernoff M, Wilkening CL, Nickerson CE, Landay AL.
Preservation of lymphocyte immunophenotype and proliferative responses in
cryopreserved peripheral blood mononuclear cells from human immunodeficiency
virus type 1-infected donors: implications for multicenter clinical trials. Clin Diagn Lab
Immunol. (2000) 7:352–9. doi: 10.1128/CDLI.7.3.352-359.2000

47. Kreher CR, Dittrich MT, Guerkov R, Boehm BO, Tary-Lehmann M. CD4+ and
CD8+ cells in cryopreserved human PBMC maintain full functionality in cytokine
ELISPOT assays. J Immunol Methods. (2003) 278:79–93. doi: 10.1016/S0022-1759(03)
00226-6

48. Raju R, Bryant SJ, Wilkinson BL, Bryant G. The need for novel cryoprotectants
and cryopreservation protocols: Insights into the importance of biophysical
investigation and cell permeability. Biochim Biophys Acta (BBA) - Gen Subj. (2021)
1865:129749. doi: 10.1016/j.bbagen.2020.129749

49. Nazarpour R, Zabihi E, Alijanpour E, Abedian Z, Mehdizadeh H, Rahimi F.
Optimization of human peripheral blood mononuclear cells (PBMCs)
cryopreservation. Int J Mol Cell Med. (2012) 1:88–93.

50. Makino M, Baba M. A cryopreservation method of human peripheral blood
mononuclear cells for efficient production of dendritic cells. Scandinavian J Immunol.
(1997) 45:618–22

51. Barcelo H, Faul J, Crimmins E, Thyagarajan B. A practical cryopreservation and
staining protocol for immunophenotyping in population studies. Curr Protoc Cytom.
(2018) 84:e35. doi: 10.1002/cpcy.35

52. Kaiser D, Otto NM, McCallion O, Hoffmann H, Zarrinrad G, Stein M, et al.
Freezing Medium Containing 5% DMSO Enhances the Cell Viability and Recovery
Rate After Cryopreservation of Regulatory T Cell Products ex vivo and in vivo. Front
Cell Dev Biol. (2021) 9:750286. doi: 10.3389/fcell.2021.750286

53. Hope CM, Huynh D, Wong YY, Oakey H, Perkins GB, Nguyen T, et al.
Optimization of blood handling and peripheral blood mononuclear cell
cryopreservation of low cell number samples. Int J Mol Sci. (2021) 22(17):9129.
doi: 10.3390/ijms22179129

54. Bogoslovsky T, Wang D, Maric D, Scattergood-Keepper L, Spatz M, Auh S, et al.
Cryopreservation and enumeration of human endothelial progenitor and endothelial
cells for clinical trials. J Blood Disord Transfus. (2013) 4(5):158. doi: 10.4172/2155-
9864.1000158

55. Disis ML, dela Rosa C, Goodell V, Kuan L-Y, Chang JCC, Kuus-Reichel K, et al.
Maximizing the retention of antigen specific lymphocyte function after
cryopreservation. J Immunol Methods. (2006) 308:13–8. doi: 10.1016/j.jim.2005.09.011
Frontiers in Immunology 09
56. Alipour R, Fatemi A, Alsahebfosul F, Andalib A, Pourazar A. Autologous plasma
versus fetal calf serum as a supplement for the culture of neutrophils. BMC Res Notes.
(2020) 13:39. doi: 10.1186/s13104-020-4902-z

57. Filbert H, Attig S, Bidmon N, Renard BY, Janetzki S, Sahin U, et al. Serum-free
freezing media support high cell quality and excellent ELISPOT assay performance
across a wide variety of different assay protocols. Cancer Immunol Immunother. (2013)
62:615–27. doi: 10.1007/s00262-012-1359-5

58. Anja Germann JCS, Kemp-Kamke B, Zimmermann H, von Briesen H.
Standardized serum-free cryomedia maintain peripheral blood mononuclear cell
viability, recovery, and antigen-specific T-cell response compared to fetal calf serum-
based medium. Biopreserv Biobank. (2011) 9:229–36. doi: 10.1089/bio.2010.0033

59. Kopeika J, Thornhill A, Khalaf Y. The effect of cryopreservation on the genome
of gametes and embryos: principles of cryobiology and critical appraisal of the evidence.
Hum Reprod Update. (2015) 21:209–27. doi: 10.1093/humupd/dmu063

60. Behnamifar A, Bernal B, Torres O, Luis-Chincoya H, Ggil M, Garcıá-Casado P,
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92. Tunçer S, Gurbanov R, Sheraj I, Solel E, Esenturk O, Banerjee S. Low dose
dimethyl sulfoxide driven gross molecular changes have the potential to interfere with
various cellular processes. Sci Rep. (2018) 8:14828. doi: 10.1038/s41598-018-33234-z

93. Elisia I, Nakamura H, Lam V, Hofs E, Cederberg R, Cait J, et al. DMSO represses
inflammatory cytokine production from human blood cells and reduces autoimmune
arthritis. PloS One. (2016) 11:e0152538. doi: 10.1371/journal.pone.0152538

94. Kaveh DA, Whelan AO, Hogarth PJ. The duration of antigen-stimulation
significantly alters the diversity of multifunctional CD4 T cells measured by
intracellular cytokine staining. PloS One. (2012) 7:e38926. doi: 10.1371/
journal.pone.0038926

95. Browne DJ, Kelly AM, Brady JL, Doolan DL. A high-throughput screening RT-
qPCR assay for quantifying surrogate markers of immunity from PBMCs. Front
Immunol. (2022) 13. doi: 10.3389/fimmu.2022.962220

96. Portmann K, Linder A, Oelgarth N, Eyer K. Single-cell deep phenotyping of
cytokine release unmasks stimulation-specific biological signatures and distinct
Frontiers in Immunology 10
secretion dynamics. Cell Rep Methods . (2023) 3:100502. doi: 10.1016/
j.crmeth.2023.100502

97. Bourguignon P, Clément F, Renaud F, Le Bras V, Koutsoukos M, Burny W, et al.
Processing of blood samples influences PBMC viability and outcome of cell-mediated
immune responses in antiretroviral therapy-naïve HIV-1-infected patients. J Immunol
Methods. (2014) 414:1–10. doi: 10.1016/j.jim.2014.09.001

98. Listvanova S, Temmerman S, Stordeur P, Verscheure V, Place S, Zhou L, et al.
Optimal kinetics for quantification of antigen-induced cytokines in human peripheral
blood mononuclear cells by real-time PCR and by ELISA. J Immunol Methods. (2003)
281:27–35. doi: 10.1016/S0022-1759(03)00267-9

99. Godoy-Ramirez K, Franck K, Mahdavifar S, Andersson L, Gaines H. Optimum
culture conditions for specific and nonspecific activation of whole blood and PBMC for
intracellular cytokine assessment by flow cytometry. J Immunol Methods. (2004) 292:1–
15. doi: 10.1016/j.jim.2004.04.028

100. Mellau LS, Jørgensen RJ. Does EDTA-infusion affect calcium homeostatis
leading to increased resistance to challenge? Acta Vet Scand Suppl. (2003) 97:29–34.

101. Xu X, Dai Y. Heparin: an intervenor in cell communication. J Cell Mol Med.
(2010) 14:175–80. doi: 10.1111/j.1582-4934.2009.00871.x

102. Gu ZT, Wang H, Li L, Liu YS, Deng XB, Huo SF, et al. Heat stress induces
apoptosis through transcription-independent p53-mediated mitochondrial pathways
in human umbilical vein endothelial cell. Sci Rep. (2014) 4:4469. doi: 10.1038/srep04469

103. Hikim APS, Lue Y, Yamamoto CM, Vera Y, Rodriguez S, Yen PH, et al. Key
apoptotic pathways for heat-induced programmed germ cell death in the testis.
Endocrinology. (2003) 144:3167–75. doi: 10.1210/en.2003-0175

104. Whaley D, Damyar K, Witek RP, Mendoza A, Alexander M, Lakey JR.
Cryopreservation: an overview of principles and cell-specific considerations. Cell
Transpl. (2021) 30:963689721999617. doi: 10.1177/0963689721999617

105. Ekpo MD, Xie J, Liu X, Onuku R, Boafo GF, Tan S. Incorporating
cryopreservation evaluations into the design of cell-based drug delivery systems: an
opinion paper. Front Immunol. (2022) 13:967731. doi: 10.3389/fimmu.2022.967731

106. Romero F. Philosophy of science and the replicability crisis. Philos Compass.
(2019) 14:e12633. doi: 10.1111/phc3.12633

107. Errington TM, Denis A, Perfito N, Iorns E, Nosek BA. Challenges for assessing
replicability in preclinical cancer biology. eLife. (2021) 10:e67995. doi: 10.7554/
eLife.67995

108. Open Science C. Estimating the reproducibility of psychological science.
Science. (2015) 349:aac4716. doi: 10.1126/science.aac4716

109. Freedman LP, Cockburn IM, Simcoe TS. The economics of reproducibility in
preclinical research. PloS Biol. (2015) 13:e1002165. doi: 10.1371/journal.pbio.1002165

110. Ioannidis JP. Microarrays and molecular research: noise discovery? Lancet.
(2005) 365:454–5. doi: 10.1016/S0140-6736(05)70249-X

111. BranchMN. The “Reproducibility crisis:”Might the methods used frequently in
behavior-analysis research help? Perspect Behav Sci. (2019) 42:77–89. doi: 10.1007/
s40614-018-0158-5

112. Fanelli D. Do pressures to publish increase scientists’ Bias? An empirical
support from US states data. PloS One . (2010) 5:e10271. doi: 10.1371/
journal.pone.0010271

113. Ioannidis JPA. Why most published research findings are false. PloS Med.
(2005) 2:e124. doi: 10.1371/journal.pmed.0020124

114. Hunter P. The reproducibility “crisis”: Reaction to replication crisis should not
stifle innovation. EMBO Rep. (2017) 18:1493–6. doi: 10.15252/embr.201744876

115. Scudamore CL, Soilleux EJ, Karp NA, Smith K, Poulsom R, Herrington CS,
et al. Recommendations for minimum information for publication of experimental
pathology data: MINPEPA guidelines. J Pathol. (2016) 238:359–67. doi: 10.1002/
path.4642

116. Bustin SA, Benes V, Garson JA, Hellemans J, Huggett J, Kubista M, et al. The
MIQE guidelines: minimum information for publication of quantitative real-time PCR
experiments. Clin Chem. (2009) 55:611–22. doi: 10.1373/clinchem.2008.112797

117. Brazma A, Hingamp P, Quackenbush J, Sherlock G, Spellman P, Stoeckert C,
et al. Minimum information about a microarray experiment (MIAME)—toward
standards for microarray data. Nat Genet. (2001) 29:365–71. doi: 10.1038/ng1201-365

118. Deutsch EW, Ball CA, Berman JJ, Bova GS, Brazma A, Bumgarner RE, et al.
Min imum informat ion spec ifica t ion for in s i tu hybr id iza t ion and
immunohistochemistry experiments (MISFISHIE). Nat Biotechnol. (2008) 26:305–12.
doi: 10.1038/nbt1391
frontiersin.org

https://doi.org/10.1089/bio.2020.0058
https://doi.org/10.1371/journal.pone.0187440
https://doi.org/10.1002/rmb2.12024
https://doi.org/10.3390/cells1030313
https://doi.org/10.1016/j.jim.2006.04.004
https://doi.org/10.1128/CDLI.8.5.871-879.2001
https://doi.org/10.1021/ac062249q
https://doi.org/10.3390/cells4010001
https://doi.org/10.3390/cells4010001
https://doi.org/10.1016/j.jim.2016.04.010
https://doi.org/10.3390/cells1030409
https://doi.org/10.3390/cells1030409
https://doi.org/10.1210/jc.82.4.1177
https://doi.org/10.1086/340637
https://doi.org/10.1016/0003-2697(79)90702-4
https://doi.org/10.1038/s41598-018-33234-z
https://doi.org/10.1371/journal.pone.0152538
https://doi.org/10.1371/journal.pone.0038926
https://doi.org/10.1371/journal.pone.0038926
https://doi.org/10.3389/fimmu.2022.962220
https://doi.org/10.1016/j.crmeth.2023.100502
https://doi.org/10.1016/j.crmeth.2023.100502
https://doi.org/10.1016/j.jim.2014.09.001
https://doi.org/10.1016/S0022-1759(03)00267-9
https://doi.org/10.1016/j.jim.2004.04.028
https://doi.org/10.1111/j.1582-4934.2009.00871.x
https://doi.org/10.1038/srep04469
https://doi.org/10.1210/en.2003-0175
https://doi.org/10.1177/0963689721999617
https://doi.org/10.3389/fimmu.2022.967731
https://doi.org/10.1111/phc3.12633
https://doi.org/10.7554/eLife.67995
https://doi.org/10.7554/eLife.67995
https://doi.org/10.1126/science.aac4716
https://doi.org/10.1371/journal.pbio.1002165
https://doi.org/10.1016/S0140-6736(05)70249-X
https://doi.org/10.1007/s40614-018-0158-5
https://doi.org/10.1007/s40614-018-0158-5
https://doi.org/10.1371/journal.pone.0010271
https://doi.org/10.1371/journal.pone.0010271
https://doi.org/10.1371/journal.pmed.0020124
https://doi.org/10.15252/embr.201744876
https://doi.org/10.1002/path.4642
https://doi.org/10.1002/path.4642
https://doi.org/10.1373/clinchem.2008.112797
https://doi.org/10.1038/ng1201-365
https://doi.org/10.1038/nbt1391
https://doi.org/10.3389/fimmu.2024.1382192
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

	Technical pitfalls when collecting, cryopreserving, thawing, and stimulating human T-cells
	Introduction
	Sources of variation in cellular viability and immunogenicity
	Sample collection
	Choice of anticoagulant
	Processing time and temperature
	PBMC isolation

	Cryopreservation
	Fresh PBMCs
	Cryopreservation media
	Cooling rate
	Time at -80&deg;C
	Time in cryo-storage
	Exposure to varying temperatures
	Shipping

	Thawing
	Thaw time and washing
	Thawing media &amp; sera
	Nuclease digestion
	Pre-culture (rest)

	Cell culture
	Cell concentration
	Stimulant concentration and solvent
	Stimulation time


	Discussion
	Author contributions
	Funding
	Conflict of interest
	Publisher’s note
	Supplementary material
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


