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Storage of high-quality cryopreserved peripheral blood mononuclear cells (PBMC) is often a requirement for
multicenter clinical trials and requires a reproducibly high standard of practice. A quality assurance program
(QAP) was established to assess an Australia-wide network of laboratories in the provision of high-quality
PBMC (determined by yield, viability, and function), using blood taken from single donors (human immuno-
deficiency virus [HIV] positive and HIV negative) and shipped to each site for preparation and cryopreser-
vation of PBMC. The aim of the QAP was to provide laboratory accreditation for participation in clinical trials
and cohort studies which require preparation and cryopreservation of PBMC and to assist all laboratories to
prepare PBMC with a viability of >80% and yield of >50% following thawing. Many laboratories failed to reach
this standard on the initial QAP round. Interventions to improve performance included telephone interviews
with the staff at each laboratory, two annual wet workshops, and direct access to a senior scientist to discuss
performance following each QAP round. Performance improved substantially in the majority of sites that
initially failed the QAP (P = 0.002 and P = 0.001 for viability and yield, respectively). In a minority of
laboratories, there was no improvement (n = 2), while a high standard was retained at the laboratories that
commenced with adequate performance (n = 3). These findings demonstrate that simple interventions and
monitoring of PBMC preparation and cryopreservation from multiple laboratories can significantly improve
performance and contribute to maintenance of a network of laboratories accredited for quality PBMC frac-

tionation and cryopreservation.

Multicenter clinical trials of human immunodeficiency virus
(HIV) and hepatitis C virus therapies and vaccines, as well as
observational research, including natural history studies, re-
quire high-quality cryopreserved peripheral blood mononu-
clear cells (PBMC) for subsequent examination of immuno-
logical function. While real-time functional analysis of PBMC
in local laboratories is stipulated by some multicenter clinical
trials, batched analysis of cryopreserved PBMC at specialist
laboratories is often preferable. It is well appreciated that
PBMC populations are fragile and that poor handling during
cryopreservation and thawing can compromise functional data
relative to those obtained with freshly isolated cells (4, 8, 12—
15). The process of PBMC isolation, storage, and recovery
consumes considerable resources. Hence, it is reasonable to
expect that investment of these resources should be linked to
adequate, objectively assessed performance. In 1999, a multi-
center quality assurance program (QAP) was established in
laboratories across Australia to evaluate PBMC quality (yield,
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viability, and function) and to support participating laborato-
ries to improve their performance. Since 2001, the QAP has
used single-source blood donors (one HIV-positive and one
HIV-negative donor) as well as local donors.

In the Australian setting, there are established networks of
clinical trial sites located in the major population centers which
have conducted many successful multicenter trials, several of
which involved PBMC storage for immunological substudies.
These networks have generally operated internal QAPs to
monitor different methods used in these studies. However,
given the move toward uniform quality assurance, we modeled
our QAP on that of the NIH AIDS Clinical Trials Group
(ACTG) to ensure that all laboratories participating in an
Australian laboratory network could isolate and freeze PBMC
to an agreed standard.

The designated performance standard required in this QAP
was procurement of at least 5 X 10° PBMC from each 9-ml
acid citrate dextran (ACD) blood tube provided, a postthaw
PBMC viability of >80%, and a yield of viable PBMC of
>50%. The initial performance at most laboratories was poor,
leading to the introduction of specific interventions to address
this inadequacy. Consistent with the ACTG experience (15), a
few laboratories failed to make sufficient improvements in per-
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formance. However, most laboratories made substantial im-
provements in response to these interventions. The impact of
these interventions and their effect on laboratory performance
in this single-donor QAP are reported.

MATERIALS AND METHODS

Specimens and shipping. A single clinic (St. Vincent’s Hospital, Sydney, Aus-
tralia) collected the donor samples, and a QAP coordinator (Wayne Dyer) at the
Australian Red Cross Blood Service (ARCBS) in Sydney coordinated sample
distribution and assessment of thawed PBMC and implemented strategies to
improve laboratory performance. QAP rounds were performed twice yearly.

One HIV-infected and one healthy donor gave approximately 300 to 400 ml of
whole blood for each round of the QAP. Blood was collected into ACD tubes (27
to 36 ml blood per laboratory). Inclusion criteria for the HIV-infected volunteers
were a CD4™ T-cell count of >300 cells/ul, hemoglobin within the normal range
for age and gender, low plasma HIV RNA (<5,000 copies/ml), being either on
or off antiretroviral therapy, and no history of receipt of an immunomodulatory
agent (e.g., recombinant interleukin-2, alpha interferon [IFN-a], hydroxyurea, or
corticosteroids) within 6 months of donation, and those for the healthy donor
were CD4™" T-cell counts and hemoglobin within the normal range. Blood tubes
were shipped at ambient temperature to the participating laboratories by over-
night courier service from Sydney to major cities in Australia (Melbourne,
Brisbane, Adelaide, and Perth). Ambient temperatures were monitored with a
Tinytag Transit unit (Gemini Data Loggers, Chichester, United Kingdom)
placed inside the specimen container. Blood processing commenced at the same
time at each laboratory site, approximately 24 h after the blood draw. From the
fifth QAP round onward, a fresh blood specimen collected from a local HIV-
negative donor was also included in the assessment as a backup in case of poor
results from the shipped blood specimens. Following PBMC isolation and cryo-
preservation, frozen cryovials were returned on dry ice to ARCBS in Sydney for
analysis. These procedures were approved by the St. Vincent’s Hospital Human
Research Ethics Committee, and informed consent was given by each donor.

Isolation and freezing of PBMC. A laboratory protocol for PBMC cryopreser-
vation was provided to assist all laboratories to achieve the required performance
standard, with the added advantage that adherence to a best practice protocol
may result in overall improved skills in PBMC handling at each site. Briefly,
whole-blood tubes were centrifuged at 600 X g for 10 min. The buffy coats (from
a single donor) were pooled into a 50-ml centrifuge tube and diluted with either
RPMI cell culture medium (supplemented with 20 TU/ml penicillin, 20 pg/ml
streptomycin, 25 mM HEPES, and 2 mM L-glutamine) or phosphate-buffered
saline to 30 ml, and 15 ml of Ficoll-Paque (Amersham Biosciences, Uppsala,
Sweden) was layered beneath the buffy coat and medium mixture. Tubes were
centrifuged at 400 X g for 20 min at 20°C with the brake off. PBMC bands from
each tube were removed, placed into 50-ml centrifugation tubes, and washed
twice with RPMI or phosphate-buffered saline. PBMC were counted manually in
a hemacytometer or using an automated cell counter, and 1-ml aliquots (mini-
mum of 5 X 10° PBMC/vial) were frozen in cryopreservation medium (10%
dimethyl sulfoxide [DMSO] in 20 to 90% fetal calf serum [FCS], with the balance
made up with RPMI), using either a controlled-rate freezer or a precooled Mr.
Frosty unit (Nalgene, Rochester, NY) placed in a —80°C freezer for at least 4 h.
Frozen cells were stored in liquid nitrogen until return shipment on dry ice to the
central testing laboratory at ARCBS in Sydney.

Assessment of PBMC viability and function. Cryopreserved PBMC were rap-
idly thawed, with gradual dilution of the cryopreservation medium with warm
RPMI plus 10% FCS to 20 ml. After a second wash, cells were counted manually
in the presence of trypan blue to determine viability, and the viable cell yield was
determined by dividing the sum of the lymphocyte and monocyte counts, per-
formed on an automated cell counter (CellDyn 3200; Abbott, Abbott Park, IL),
by the number of PBMC claimed to have been placed in each vial. Cryopreserved
PBMC from each QAP round were thawed and assessed on the same day by the
same assessor.

A lymphocyte proliferation assay (LPA) (measuring the CD4 T-cell response)
was initially chosen to assess cell function and was later supplemented with an
enzyme-linked immunospot (ELISPOT) assay (measuring the CD8 T-cell re-
sponse), using methods described previously (5). The ELISPOT assay was in-
cluded because this method is now widely used to assess immune function in
clinical trials, it measures the response of a different cell population, and more
importantly, the intra- and interassay variations in background readings were
much less in the ELISPOT than in the LPA, enabling better comparison of
results between QAP rounds. In this study, thawed PBMC (1 X 10°/well) were
added to IFN-y-coated ELISPOT plates (Mabtech, Nacka Strand, Sweden) and
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cultured with one of the following: a pool of 23 defined epitopes from cytomeg-
alovirus, Epstein-Barr virus, and influenza virus (CEF peptides; Pepscan Sys-
tems, Lelystad, The Netherlands), at 2 pg/ml of each peptide (3); phorbol
12-myristate 13-acetate (PMA; 20 ng/ml) combined with ionomycin (100 ng/ml)
as a positive control for maximum stimulation; or medium alone (RPMI plus
10% FCS) as the negative control. After 18 h of incubation, the plates were
developed according to the manufacturer’s instructions, and resulting spots were
visualized on an automated ELISPOT reader (AID, Strassberg, Germany).

PBMC for the LPA were resuspended in LPA medium (RPMI plus 15%
human serum), and 1 X 10° cells/well were added in triplicate to round-bottomed
96-well plates containing tetanus toxoid (2 flocculation units/ml) or inactivated
influenza virus (A/Sydney/5/97; 200 hemagglutinating units/ml), both of which
were kindly provided by CSL (Parkville, VIC, Australia), or containing medium
as a control. Plates were cultured for 6 days, [*H]thymidine (1 p.Ci/well; NEN,
Perkin-Elmer, Wellesley, MA) was added during the final 6 h of culture prior to
harvesting of cells onto glass fiber-bottomed plates (Perkin-Elmer), and B-emis-
sion of incorporated thymidine was counted in a liquid scintillation counter (Top
Count; Perkin-Elmer). Results were expressed as stimulation indexes (cpm of
stimulus wells/cpm control wells).

To achieve accreditation in the QAP, each laboratory was required to provide
at least one PBMC specimen that passed the following performance indicators in
at least two of the three most recent QAP rounds: ability to fractionate at least
5 X 10° PBMC from each 9-ml ACD blood tube, PBMC viability of >80%, and
viable yield of >50%. Functional assay results were considered in the final
assessment only if these indicated poor cell quality not identified by the viability
and yield results.

Statistical analysis. Correlations between viability, yield, and function were
determined by linear regression. Fisher’s exact test was used to test the associ-
ation between the presence of cell clumps and below-standard viability and yield
results. Paired ¢ tests were used to evaluate changes in performance between
specific QAP rounds, and unpaired ¢ tests were used to compare results within
QAP rounds. To determine the overall improvement in performance throughout
the course of the QAP, the slope of change was first calculated for each labo-
ratory by linear regression analysis, and then a single sample ¢ test was used to
determine if the aggregate improvement was significantly different from zero,
which is a preferable method for analyzing serial determinants from each site
compared to using paired tests (9). These tests were performed separately for
both viability and yield data for the combined single-donor specimens from each
laboratory.

RESULTS

Viability and yield of PBMC. During the course of estab-
lishing this QAP, the number of participating laboratories in-
creased from 9 to 13, with three laboratories dropping out of
the QAP (results not reported) and five laboratories partici-
pating in all seven QAP rounds. Sequential viability and yield
results for PBMC isolated from the HIV-positive and HIV-
negative common donors are shown in Fig. 1. Fig. 1A shows
results from laboratories that performed consistently through-
out the course of the QAP, while the laboratories whose results
are shown in panel B demonstrated different stages in achiev-
ing the desired quality standards. Considerable intra-QAP
variability in yields was evident between laboratories, as well as
inter-QAP variability in results from the same laboratory,
whereas the spread in viability data narrowed to a relatively
high standard over time (Fig. 1A).

The complete records of results for each specimen tested,
including the locally sourced donor PBMC, are displayed in
Table 1. The ability to recover PBMC following isolation and
freezing with a viability of >80% was achieved consistently by
about half of the laboratories (n = 3) that participated in all
seven QAP rounds. Two laboratories (J and K) performed
poorly on the first attempt at the QAP exercise but made rapid
improvements in both viability and yield in the subsequent
round (P = 0.001 and P = 0.040, respectively), which were
followed by a consistent overall trend in laboratory J (P =
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FIG. 1. Sequential assessment of viability and yield results from
(A) laboratories that performed adequately throughout the QAP and
(B) laboratories that either improved during the course of the QAP or
failed to improve. Viabilities (upper panels) and yields (lower panels)
of PBMC from HIV-positive (left panels) and HIV-negative (right
panels) common donors supplied from each participating laboratory
(same symbols in each panel) are shown. Dashed lines represent the
required performance standards.

0.014 and P = 0.015 for viability and yield, respectively). After
the generally poor results in the second round, there was a
gradual increase in viability toward the seventh QAP round as
more laboratories attained the required performance standard
(P = 0.013). Over the same time, the yield remained variable
between sites and did not improve to the same extent (P =
0.107). Upon initiation of local donor specimen processing in
the fifth QAP round, using data from laboratories that pro-
vided both local and single-donor PBMC, viability was higher
in the local donor PBMC than in the single-donor PBMC (P =
0.030), but yield was not significantly increased (P = 0.148).
However, this difference in quality was less obvious in subse-
quent rounds (P > 0.1). Overall, comparing results between
the HIV-positive and HIV-negative donors, there was no sig-
nificant difference in the average viability (P > 0.1) or yield
(P> 0.1) over the course of the QAP.

There was an overall trend toward improved viability and
yield in the group of participating laboratories as a whole (Fig.
2), which can reasonably be attributed to specific interventions
aimed at improving performance (presented below). Although
the raw yield data (Table 1) displayed considerable overesti-
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FIG. 2. Summary (means and standard deviations) of viabilities
(A) and viable yields (B) of PBMC prepared by the participating
laboratories in each QAP round (yield data were calculated with the
maximum yield being 100%). The ratio of new to total labs participat-
ing in each round is indicated. Initiatives to improve performance are
indicated by arrows. The dashed lines represent the performance stan-
dards set for both viability and yield. Local donor results represent
PBMC collected from an HIV-negative donor at the laboratory site.

mations of cell numbers for some samples submitted, for all
analyses the maximum yield achievable was determined to be
100% (so as to not skew the average performance to a higher
level and to reflect a theoretical range in yield between 0 and
100%). The number of new laboratories joining the QAP for
the first time is also shown (Fig. 2). Poorer results from labo-
ratories participating for the first time led to a reduction in the
mean performance of the respective QAP round as a whole.
Correlates of poor yield and viability. One of the common-
est findings across all QAP runs was that the presence of
clumps in thawed PBMC samples was associated with low
viability and yield. A significant association between the pres-
ence of cell clumps and a viability result of <80% was dem-
onstrated in the third (P = 0.0114), fifth (P = 0.0086), and sixth
(P = 0.0004) QAP rounds (Fisher’s exact test), with a strong
association (P < 0.0001) in the combined data from the second
to seventh QAPs. A similar association between clumps and a
yield result of <50% was evident in the second (P = 0.0101),
third (P = 0.0114), fourth (P = 0.0037), and seventh (P =
0.0012) QAPs, with a strong association (P < 0.0001) in the
combined data from the second to the seventh QAPs.
Therefore, the possible causes of cell clumping in the
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TABLE 1. Raw viability (V) and yield (Y) data (%) from the seven single-donor QAP rounds®

QAP round Improvement
Lab Donor 1 2 3 4 5 6 7 (slope)>©
\'% Y \'% Y \'% Y \'% Y \'% Y \'% Y \'% Y \% Y
A$§ HIV* 93 78 83 142 95 105 94 111 89 41 89 65 —0.13 —5.88
HIV™ 94 101 97 68 90 76 97 79 95 108 96 57 98 49 0.54 —5.39
Local 98 80 95 57 93 100
HIV* 72 32 65 22 50 8 73 41 51 6 93 23 2.94 —1.24
HIV™ 61 30 92 40 54 25 85 53 45 23 82 62 98 45 2.93 3.11
Local 73 31
C§ HIV* 92 54 86 58 73 68 88 85 96 31 90 67 0.86 0.30
HIV™ 83 41 78 54 94 56 75 99 84 40 90 54 91 59 1.38 1.36
Local 84 66 88 44 85 73
E§ HIV* 96 66 92 62 93 59 89 102 77 119 95 77 -0.96 4.49
HIV™ 94 71 100 72 100 77 96 81 73 122 88 141 97 51 -1.50 0.68
Local 92 124 97 144 98 61
Fi HIV* 76 62 50 27 76 28 67 46 83 49 65 67 0.56 3.21
HIV™ 75 23 77 25 63 24 67 95 88 68 92 86 90 63 3.57 10.21
Local 97 113 98 93 97 90
Ji HIV* 0 0 69 23 91 83 76 98 90 69 14.31 15.37
HIV™ 13 81 47 75 96 64 85 77 116 76 61 8.34 3.20
Local 84 69 94 74 96 61
Ki HIV* 0 0 97 113 85 56 15.42 7.39
HIV™ 0 0 86 185 24 2 91 86 12.00 7.40
Local 64 58 35 13 97 108
L HIV* 81 50 84 72 §§ §§
HIV™ 95 42 70 116 67 45 —14.0 1.50
Local
M HIV* 55 21 29 22 18 §§ —-1.14
HIV™ 14 0.6 14 4 0 1 9 =7.00 222
Local 96 127 65 26 95 49
Ni HIV* 70 187 64 40 73 §§ —5.36
HIV™ 76 185 66 26 97 145 8.21 5.29
Local 84 98 494
Of HIV* 74 32 77 58 75 35 88 25 86 75 222 5.33
HIV™ 88 39 36 22 81 60 70 32 85 71 84 104 2.94 10.25
Local 93 68 92 72
P HIV* 96 7 N §8
HIV™ 91 78 98 63 §§ §8
Local 83 42 94 81
Q HIV* 91 17 N §8
HIV™ 95 13 §§ §8
Local 83 42 88 14
QAP round HIV* 74 =11 5419 64%32 4733 66 £30 40 +33 81x13 68+32  72+21 51x33 8+x9 57x23
summary HIV™ 83 13 51 +29 70 = 33 47 =21 70 =32 46 = 27 76 =23 71 =34 67 =25 61 =38 72 =31 60 = 34 92 +7 58 =29
(mean = SD) Local 85 =10 60 =29 84 =21 62 =30 94 + 4 72 =28

“ For statistical analysis, the maximum yield was defined as 100%. Improvements in PBMC viability and yield from each laboratory (single-donor PBMC only) were calculated by linear regression analysis (slope), and
overall improvement was determined from the slope data by a ¢ test. Laboratories A, C, and E (§) retained a sufficient level of performance throughout each QAP round (P > 0.1). Most remaining laboratories showed
substantial improvements () in viability and yield results.

b §§, insufficient data for slope analysis.

¢ P values for a slope ¢ test for all labs were 0.100 and 0.020 for viability and yield, respectively, and those for a ¢ test for improved labs were 0.002 and 0.001 for viability and yield, respectively.
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FIG. 3. Association between viability and viable cell yield, revealing
differences in quality of thawed PBMC between QAP rounds. Linear
regression and 95% confidence interval curves are shown (for data
taken from the single-donor PBMC only). In the fifth QAP round,
there was a significant correlation between viability and yield for the
HIV-negative single-donor specimens (dashed line) (% = 0.455; P =
0.046), but it was not significant for the HIV-positive donor specimens
(solid line) (* = 0.175; P = 0.263); however, overall significance was
reached when data from both donors were combined (* = 0.289; P =
0.022). Low yield was not associated with viability (uniformly high) in
specimens from the seventh QAP round, consistent with improvements
in PBMC quality from this round.

thawed specimens were specifically targeted to improve per-
formance in the QAP.

There was a direct correlation between yield and viability, as
shown in results from the fifth QAP (Fig. 3). However, the
overall improvement in viability in the seventh QAP round was
not matched with the same improvement in yield (P > 0.1).
Similarly, cell function results from the seventh QAP were of a
uniformly high standard, with more variability in results from
the fifth QAP. Given that cell clumps were removed before
assessment of viability, yield, and function, the uniformly high
viability and function results in the seventh QAP indicated that
the likely cause of low yield (clumping [P < 0.0001]) did not
impact cell quality (viability [P = 1.000]). In the earlier QAP
rounds, we observed an association between reduced function
and a high percentage of dead suspended cells and gross cell
clumping. This suggested that the methods employed by the
laboratory staff in the earlier QAP rounds impacted PBMC
quality.

CLIN. VACCINE IMMUNOL.

Assessment of PBMC function. Functional data were as-
sessed by LPA in the earlier QAP rounds and by ELISPOT
assay in later QAP rounds. Functional ELISPOT data from the
seventh QAP round demonstrated no significant association
between viability or yield and cell function (Fig. 4). Responses
to the CEF peptides from HIV-negative donor PBMC were
uniformly detectable (285 + 159 spots/10° PBMC) but below
the detection limit of 50 spots/10° PBMC from the HIV-pos-
itive donor (CD4 " T-cell count, 713 = 57). All samples from
both donors responded maximally after exposure to PMA and
ionomycin (data not shown). Data from the LPA (seventh
QAP) were a little more variable, but the response to tetanus
toxoid by PBMC from the HIV-negative donor was detectable,
and the magnitude of this response was not associated with
either viability or yield (data not shown). The response to
influenza virus was similar to that to tetanus toxoid. The lack of
correlation between viability, yield, or the presence of cell
clumps and the functional data confirms the observation that
PBMC samples from the seventh QAP were of uniformly high
quality. However, a similar examination of the equivalent data
from the fifth QAP round suggested a tendency toward lower
function (LPA) and lower viability in the HIV-positive speci-
mens (in parallel with correlations between cell clumps and
viability, as mentioned above), but these observations did not
reach statistical significance, possibly due to the generally low
stimulation index values obtained from this QAP round. One
observation from the fourth QAP round was an increase in
background counts in the LPA associated with lower viability
(P = 0.008). This was of concern because it suggested that
lower viability was a reflection of lymphocyte quality, resulting
in nonspecific activation, and not just contamination with gran-
ulocytes or other terminally differentiated cell populations.

Interventions to improve QAP performance. Several inter-
ventions were made to improve QAP performance. These
included detailed individual telephone interviews with partic-
ipating laboratory staff and an annual centralized workshop in
Sydney, Australia. The initial telephone interviews (conducted
in 2003, between QAP rounds 3 and 4) revealed that labora-
tory staff members at certain sites were not strictly following
the recommended protocol. Some of the practices identified
were detrimental to PBMC quality and conflicted with the
QAP protocol (summarized in Table 2).

The second major intervention was an annual workshop. A
wet workshop was held with at least one representative from
each participating laboratory attending, including those from
laboratories which had performed well. The workshop in-
cluded an open forum to discuss the merits and disadvantages
of variations in methods in relation to the QAP protocol.
Emphasis was placed on methods to reduce cell clumping,
either through minimizing granulocyte contamination or iden-
tifying any deviation from the protocol methods which may
have inappropriately activated cells in the specimen. This in-
cluded some of the issues raised during the telephone inter-
views (summarized in Table 2). A practical session also en-
abled participants to demonstrate their personal application of
the protocol, thus exposing any potential misunderstanding
that may have occurred.

To exclude the possibility that performance in laboratories
outside Sydney was compromised by air transport of fresh
blood specimens, a locally sourced HIV-negative blood donor
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FIG. 4. As a consequence of uniformly high cell viability in the seventh QAP PBMC specimens, there was no association between viability or
yield and immune function (determined by the IFN-y response to the CEF peptide pool, as measured by ELISPOT assay). Linear regression and
95% confidence interval curves are shown (for data taken from the single-donor PBMC only). SFC, spot-forming cells.

specimen was collected by each laboratory and processed soon
after collection. In order to resolve whether the ambient tem-
perature range during transportation impacted quality, a tem-
perature-monitoring device was sent with each interstate ship-
ment of whole blood following the fourth QAP, and as a
control, one was also sent with specimens to a Sydney labora-
tory. The temperature recorded in the local couriered sample
within Sydney was remarkably consistent (22 to 24°C), whereas
PBMC flown to cities other than Sydney experienced a tem-
perature nadir as low as 12°C (which was identified to be due
to warehouse conditions between the flight and morning de-
livery). However, the reduction in temperature during air
transport did not correlate with performance in the QAP, since
both adequate and inadequate performances were observed
from laboratories both within and outside Sydney.

On the basis of paired data comparisons between single-
donor results in specific QAP rounds, improved results ap-

peared to be associated with both interventions (Fig. 2). The
telephone interviews between the third and fourth QAPs re-
sulted in improved viability (P = 0.067) and yield (P = 0.012),
based on data from laboratories with results below standard in
the third QAP. Likewise, matched data from laboratories with
results below standard in the fifth QAP showed improved
results in viability (P = 0.003) in the seventh QAP (after the
2005 workshop), but improvements in yield were not signifi-
cant (P = 0.089). One confounding factor that potentially
limited overall improvement between these QAP rounds in-
volved high staff turnover at some laboratories.

In determining if the QAP resulted in overall improvements
in viability and yield (single-donor data only) for laboratories
that commenced the QAP with an acceptable performance
standard (n = 3), this level of expertise did not change over the
course of the QAP (viability, P = 0.947; yield, P = 0.675). Only
two laboratories failed to make substantial improvements in

TABLE 2. Summary of practices that did not conform to the recommended protocol distributed to all participating labs”

Procedure identified as being in conflict with the QAP protocol

Presence of procedure in laboratory

A B C D E F H J K

Short Ficoll spin (<20 min)

Inclusion of platelet deposit on tube adjacent to PBMC layer
Non-cell culture-grade DMSO used

Insufficient medium used for cell washing steps

Inclusion of all white cells as the PBMC count

DMSO too concentrated (>10%)

Freezing medium at ambient temperature when added to PBMC
Ampoules not prechilled

PBMC kept in freezing medium too long before being frozen

PBMC not stored at cryogenic temperatures (i.e., stored at >—150°C)

X
X X X X X

al'al

elels

X
X

“ These practices were identified during telephone interview sessions. Each of these practices could have potentially reduced PBMC quality.
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either viability or yield, while another two did not improve
their yield results (Table 1). However, the remaining labora-
tories with results below standard on the initial attempt at the
QAP exercise made substantial improvements in viability (P =
0.002) and yield (P = 0.001) over the course of the QAP.

DISCUSSION

The objective of this QAP for PBMC was to provide accred-
itation to Australian laboratories for PBMC cryopreservation
conforming to a quality standard and to raise performance to
this standard across all sites. To help achieve this standard, a
consensus laboratory protocol was implemented. In addition to
the distribution of blood specimens from single HIV-positive
and HIV-negative donors, a locally sourced fresh blood spec-
imen was also included in the QAP. This sample was included
to provide a backup in case of poor results from the single-
donor specimens attributed to the time elapsed from blood
collection or to effects of shipment on the specimen (1, 12, 14).

A common finding across all QAP rounds was that a low
PBMC yield or viability was closely associated with clumping of
the thawed PBMC sample. In earlier rounds, this was attrib-
uted to poor handling, which may have caused cell activation
and cell-cell adherence. We noted from these early QAP
rounds that PBMC samples with lower viabilities produced
higher background counts in the LPA. Clumps of cells upon
thawing were also the result of granulocyte contamination,
which when mistakenly identified as PBMC during manual
counting produced artificially poor yield and viability measure-
ments. Since these were the major issues impacting on perfor-
mance in the QAP, interventions to limit cell clumping were
emphasized during the teleconference sessions and annual
workshops. The following recommendations, based on experi-
ence and published studies, were made to address this issue:
use a centrifugation speed appropriate for the density gradient
product used, select a batch of Ficoll with high PBMC purifi-
cation efficiency and low granulocyte contamination specifica-
tions, avoid harvesting the platelet aggregate that forms on the
tube wall adjacent to the PBMC layer during the Ficoll step,
minimize the amount of the Ficoll layer collected (as this may
contain suspended granulocytes), resuspend cell pellets imme-
diately after centrifugation, do not leave PBMC chilled for
extended periods before freezing them, use cell culture-grade
DMSO at 10% in the freezing medium, replace DMSO within
6 months of opening the container, select a serum batch for
freezing medium that returns high cell viability (4), do not
prechill PBMC before adding freezing medium (8), add cold
DMSO medium (13) to the PBMC pellet immediately before
freezing it, and commence the temperature-controlled freezing
process from 4°C, not room temperature. Implementation of
these recommendations was associated with improved perfor-
mance. Based on specimens sent from laboratories without
liquid nitrogen storage, short-term storage at noncryogenic
temperatures (higher than —150°C) was acceptable, as other
studies have similarly shown no loss in cell quality after short-
term (10 weeks) storage of cryopreserved PBMC at —80°C (4)
or as a result of shipment on dry ice for at least 3 days (4, 6).

Our results are in agreement with published QAP results
showing that functional integrity of PBMC was more associ-
ated with viability (15) than with yield. Improved specimen
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handling in the recent QAP rounds produced PBMC samples
with high viability and good functional readings, although cell
clumping is an ongoing problem in some specimens. Further
improvements in specimen quality may be achieved by select-
ing specific batches of Ficoll medium with high performance
specifications (13). However, given the design of this QAP
(shipped specimens processed at >24 h postcollection), a cer-
tain level of clumping in the thawed PBMC may be unavoid-
able (12).

The inclusion of a second measure of cell function (ELISPOT
assay) in recent QAP rounds has provided useful information
on cell quality that is relevant to many immunological substud-
ies of clinical trials and cohort studies with HIV and hepatitis
C virus. The ELISPOT assay is generally considered the gold
standard for quantification of viral antigen-specific T-cell re-
sponses in stored PBMC specimens. Studies comparing the
effects of different specimen handling protocols have based
functional outcomes on either the LPA (4, 14, 15) or the
ELISPOT assay (8, 12). It is important that the LPA and the
ELISPOT assay measure immune responses from different cell
populations (CD4 and CDS8 T cells, respectively). In our expe-
rience of using both assay systems to assess PBMC function,
the ELISPOT assay is a more reproducible assay than the
LPA, whereas the LPA may be more informative in that results
are more likely to decrease with reductions in cell quality.
Increased background responses in both assay systems which
are associated with reduced PBMC quality have also been
reported in other studies (13). Hence, both assays have merit
in a QAP to monitor operator effects on overall immune func-
tion of cryopreserved PBMC. Measurements of apoptosis have
also been used to monitor the quality of cryopreserved PBMC
(4, 6). High frequencies of PBMC undergoing apoptotic death
have been observed in ex vivo blood samples from patients
during primary HIV infection (11), in association with disease
progression (10), and during other causes of excessive immune
activation, and apoptotic markers increase upon delay in pro-
cessing. Therefore, this assay would not be appropriate for a
QAP based on overnight shipment of blood from HIV-positive
donors. Flow cytometric determinations of immune function,
including tetramer and intracellular cytokine staining, have
proven reliable for analysis of cryopreserved PBMC (2) and
may also be considered an assessment tool. Whichever func-
tional readout is chosen to assess PBMC quality, it should be
appropriate for the specimens provided and representative of
the immune function assays for which PBMC are being stored.

This QAP for Australian laboratories demonstrates the
value of careful monitoring of the cryopreservation skills of
laboratory staff members who process PBMC for clinical trials
and cohort studies. While large variations in expertise have
also been observed in other QAPs (15), the interventions de-
scribed here to improve PBMC handling skills resulted in sub-
stantial increases in viability and yield, along with cell quality,
as determined by functional parameters. Based on data from
the Multicenter AIDS Cohort Study specimens, showing an
average viability of >90% after 12 years of storage (7), an
expectation of high-quality PBMC preparations from our QAP
is not unreasonable. The remaining issues to be addressed by
the QAP therefore include increasing the acceptable standard
for the yield of viable PBMC to higher levels (75% is the
benchmark for the ACTG program) and maintaining a high
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standard of technical expertise at each laboratory site, despite
the inevitable staff turnover. Given the need for high-quality
cryopreserved PBMC for immune function studies, it is essen-
tial that PBMC QAPs continue to monitor laboratory perfor-
mance and provide ongoing training and accreditation to such
laboratories can demonstrate expertise in PBMC fractionation
and cryopreservation. In summary, although improvements are
still needed at some participating sites, we demonstrate that
following several simple interventions, this QAP raised the
performance of PBMC preparation and cryopreservation to a
uniform and acceptable standard across diverse geographical
sites in Australia.
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