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Abstract
Although cryopreservation of peripheral blood mononuclear cells (PBMC) is a commonly used
technique, the degree to which it affects subsequent functional studies has not been well defined.
Here we demonstrate that long-term cryopreservation has detrimental effects on T cell IFN-γ
responses in human immunodeficiency virus (HIV) infected individuals. Long-term cryopreservation
caused marked decreases in CD4+ T cell responses to whole proteins (HIV p55 and cytomegalovirus
(CMV) lysate) and HIV peptides, and more limited decreases in CD8+ T cell responses to whole
proteins. These losses were more apparent in cells stored for greater than one year compared to less
than six months. CD8+ T cell responses to peptides and peptide pools were well preserved. Loss of
both CD4+ and CD8+ T cell responses to CMV peptide pools were minimal in HIV-negative
individuals. Addition of exogenous antigen presenting cells (APC) did not restore CD4+ T cell
responses to peptide stimulation and partially restored T cell IFN-γ responses to p55 protein.
Overnight resting of thawed cells did not restore T cell IFN-γ responses to peptide or whole protein
stimulation. A selective loss of phenotypically defined effector cells did not explain the decrement
of responses, although cryopreservation did increase CD4+ T cell apoptosis, possibly contributing
to the loss of responses. These data suggest that the impact of cryopreservation should be carefully
considered in future vaccine and pathogenesis studies. In HIV-infected individuals short-term
cryopreservation may be acceptable for measuring CD4+ and CD8+ T cell responses. Long-term
cryopreservation, however, may lead to the loss of CD4+ T cell responses and mild skewing of T
cell phenotypic marker expression.
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1. Introduction
Cryopreservation of PBMC is a commonly used practice to preserve cells for future phenotypic
and functional analyses in a wide range of infectious disease and vaccine studies. The
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availability of large repositories of banked specimens allows multi-center studies to be
performed by batch testing, avoiding some of the issues of assay variability that are introduced
by testing independently isolated fresh samples. In the context of HIV vaccine and pathogenesis
studies, repositories of banked frozen PBMC samples allow retrospective monitoring of
cellular immune responses by ex vivo assays such as ELISPOT and intracellular cytokine
staining. Accurate quantitation of cellular immune responses is important in such studies
because these responses are thought to play an essential role in control of viral replication
(Borrow et al., 1994;Rosenberg et al., 1997;Altfeld et al., 2001;McMichael and Rowland-
Jones, 2001). Also, the design of most active phase II/III vaccine studies is to bank cells from
all participants and to retrospectively use these cells to define the immunologic correlates of
viral control. A precise and rigorous appreciation of the impact of cryopreservation is required
to interpret the results of such studies.

While cryopreservation is a useful tool, it is a harsh process for cells to undergo. To prevent
lethal ice crystal formation in frozen cells, 10% dimethyl sulphoxide (DMSO), a polar aprotic
solvent, is commonly added to fetal bovine serum (FBS) to create a cryoprotectant freezing
solution. DMSO at such concentrations is toxic to cells. The risk of damage to cells from the
freezing and thawing process is high and may result in alterations to the phenotype and function
of cells (Tollerud et al., 1991;Romeu et al., 1992;Rosillo et al., 1995;Koenigsmann et al.,
1998;Hattori et al., 2001;Cavers et al., 2002;Costantini et al., 2003). The lethality of
intermediate temperatures during cooling and thawing are particularly problematic (Gao and
Critser, 2000), and research groups have optimized freezing and storage conditions to offer
preservation of cell viability (Kreher et al., 2003; Disis et al., 2006;Smith et al., 2007). Studies
assessing the effects of freezing and thawing on PBMC have found minimal effects on the
viability of cells (Birkeland, 1980;Sobota et al., 1997;Hayes et al., 2002), with no significant
difference between fresh and frozen cell responses to recall antigens (Kreher et al.,
2003;Maecker et al., 2005;Disis et al., 2006). Weinberg et al. (2000) and Reimann et al.
(2000) found the function of eryopreserved PBMC in lymphoproliferative assays was
associated with cell viability. Other investigators have also measured an improvement of
responses in frozen samples versus freshly isolated PBMC (Weinberg et al., 1998;Maecker et
al., 2005). However, there are also reports of reduced function assessed by lymphoproliferative
assays to select recall antigens such as HIV p24 and CMV, and to mitogens in frozen PBMC
compared to freshly isolated PBMC (Costantini et al., 2003;Miniscalco et al., 2003). The reason
for these inconsistent observations has not been well defined. Two recent studies show that the
time elapsed between phlebotomy and cryopreservation can result in lower functional
responses (Bull et al., 2007;Kierstead et al., 2007). Other factors may include the quality of
the cryopreservation and storing procedures (which are generally not standardized), as well as
the duration of cryopreservation. Of note, most studies comparing fresh and frozen responses
have used relatively short-term sample storage in liquid nitrogen (a few weeks to a few months),
and the effect of long-term cryopreservation on the function of PBMC has not been fully
investigated.

During our studies of HIV-specific immune responses, we noted a loss of responses in frozen
specimens compared to initial responses measured with freshly isolated PBMC or cells
eryopreserved for a short time period. Given these observations, we more formally
characterized the effect of cryopreservation on CD4+ and CD8+ T cell IFN-γ responses to both
peptides and proteins. In two independent laboratories we assessed the effects of
cryopreservation on samples obtained from acutely and chronically HIV infected individuals
and from HIV uninfected individuals. To determine if the effect of cryopreservation was limited
to HIV-specific responses or was more broadly defined, we also measured responses to CMV
peptides or lysate and to a superantigen. Finally, we conducted a series of mechanistic studies
to define why responses may change during cryopreservation. Specifically, we performed add-
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back studies using autologous B-lymphoblastoid cell lines (B-LCL) as a source of exogenous
APC and measured the proportion of apoptotic cells before and after antigenic stimulation.

2. Materials and methods
2.1. Study subjects

Blood samples were obtained after informed consent from HIV-infected individuals enrolled
in the University of California, San Francisco (UCSF) SCOPE (chronic HIV infection) and
Options (acute HIV infection) cohorts, from donors who were enrolled in a study of structured
treatment interruption (STI), from healthy donors who were HIV seronegative and CMV
seropositive, and from HIV seronegative recipients of the Towne CMV vaccine. All samples
were collected under protocols approved by the UCSF Committee on Human Research.
Participants from SCOPE were selected based on a history of strong HIV-specific CD4+ T cell
IFN-γ secretion (Emu et al., 2005), including those in three categories: (1) long-term non-
progressor (LTNP) who have been infected at least 10 years with a viral load <5000 RNA
copies/ml without antiretroviral therapy, (2) “elite” controllers who have an undetectable viral
load (<75 RNA copies/ml) without antiretroviral therapy, and (3) progressors who have higher
viral loads (> 10,000 RNA copies/ml) and CD4 counts <500 cells/ml. Participants selected
from the Options cohort were in primary HIV infection, determined by a negative HIV antibody
or detuned antibody test (Janssen et al., 1998), a high viral load and a normal CD4 count, and
were within 12–50 days from the onset of symptoms at their screening visit. STI subjects with
a range of CD4+ T cell responses to Gag, Towne CMV vaccine recipients and healthy
uninfected donors with a range of responses to CMV pp65 were selected. Characteristics of
individual study subjects are summarized in Table 1.

2.2. PBMC isolation and cryopreservation
Blood drawn from SCOPE and Options individuals was collected in evacuated blood tubes
(Vacutainer, Becton Dickinson, San Jose, CA) containing acid-citrate-dextrose. Blood drawn
from Towne CMV vaccine recipients, individuals within the STI cohort and healthy HIV−

CMV-seropositive donors was collected in evacuated blood tubes containing heparin
(Vacutainer, Becton Dickinson). Blood was separated on lymphoprep gradients (Accurate
Chemical & Scientific Corp., Westbury, NY) at Blood Systems Research Institute (BSRI) and
on Ficoll Histopaque-1077 (Sigma-Aldrich, Saint Louis, MO) at UCSF Core Immunology
Laboratory (CIL) and AIDS Specimen Bank (ASB), according to standard methods (Coligan,
2007). Fresh PBMC were stimulated as described below.

PBMC processed at BSRI were frozen in 10% DMSO (Fisher Bioreagents, Fair Lawn, NJ),
65% FBS, (HyClone, Logan, UT) and 25% RPMI (UCSF Cell Culture Facility, San Francisco,
CA) at a concentration of 5–10 million cells per ml in 1 ml aliquots. PBMC were frozen in 1
°C cyro “Mr. Frosty” freezing containers (VWR, West Chester, PA) to allow a controlled rate
of freezing to −80 °C for 24 h prior to transfer into liquid nitrogen storage in the vapor phase
at −135 °C. Liquid nitrogen storage freezers were connected to an automatic fill system and
an external alarm system to alert in the case of temperature failure.

Samples from individuals in the STI cohort, Towne CMV vaccine recipients and healthy
HIV− CMV-seropositive donors were processed at UCSF CIL and were frozen at 10 million
cells per ml in 10% DMSO and 90% FBS in 1 ml aliquots. Controlled rate “Mr. Frosty” freezing
containers were used at −80 °C, prior to transfer into vapor phase liquid nitrogen storage tanks
at −135 °C within 24 h of freezing. Liquid nitrogen freezers were manually filled, with levels
checked and documented several times per week.
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Samples processed at UCSF ASB were frozen in ice cold 10% DMSO and 90% FCS at 10
million cells per ml in 1 ml aliquots. Controlled rate freezing containers were used at −70 °C
for 4–24 h prior to transfer into vapor phase liquid nitrogen freezers at −135 °C for long-term
storage. Liquid nitrogen storage freezers were connected to an automatic fill system and a
wireless scanning system to alert in the event of temperature changes. The ASB undergoes
extensive internal and external quality control monitoring and has consistently exceeded
minimal requirements in terms of cell viability and other outcome measures. For example, the
ASB participates in the Adult AIDS Clinical Trials Group Immunology Quality Assessment
(IQA) program, and quarterly shipments of PBMC are sent to the IQA for viability and cell
yield monitoring.

Specimens stored in liquid nitrogen for 0–170 days are defined as short-term cryopreserved,
and specimens stored for 300 days or longer are defined as long-term cryopreserved.

2.3. Thawing PBMC
Cryopreserved PBMC were rapidly thawed in a 37 °C water bath until only an ice chip remained
and then added drop-wise into 10 ml of culture media at 37 °C. Cells were washed and
resuspended in an appropriate volume of culture media and counted using trypan blue dye
exclusion (Sigma-Aldrich) or by Viacount on a Guava Personal Cell Analyzer (Guava,
Hayward, CA). Cells were used directly after thawing or rested overnight in 1–2 ml of culture
media in 15 ml conical tubes (Falcon, Becton Dickinson Labwear, Franklin Lakes, NJ) loosely
capped in a 5° slant rack. Following resting, cells were washed in culture media and re-counted
prior to stimulation.

2.4. Antigens
Peptides (15 amino acids long with an 11 amino acid overlap) spanning the entire HIV-1
consensus subtype B proteome (NIH AIDS Research & Reference Reagent Program,
Rockville, MD) were resuspended to 1 mg/ml stock solutions consisting of 90% purified water
(Sigma-Aldrich) and 10% DMSO (Fisher Bioreagents). The final concentration of each peptide
used in the assays was 5 µg/ml. Staphylococcal enterotoxin B (SEB; Sigma-Aldrich) was used
as a positive control at a final concentration of 200 ng/ml. CMV lysate (Microbix Biosystems
Inc., Toronto, ON) was used at 5.86 µg/ml. HIV-1 IIIB PR55 Gag (p55 protein; NIH AIDS
Research & Reference Reagent Program, Germantown, MD) was used at a final concentration
of 5 µg/ml. HIV-1 (MN) CL.4/CEMX174 (kind gift of J. D. Lifson, AIDS Vaccine Program,
NCI, Frederick, MD) was used at a final concentration of capsid at 0.1075 µg/ml. Peptide pools
consisting of 15 amino acid long peptides with an 11 amino acid overlap corresponding to HIV
Gag HXB2 (122 peptides; p55 peptide pool) and CMV pp65 matrix protein (138 peptides;
CMV pp65 peptide pool) were used to stimulate paired whole blood and frozen PBMC samples.
Final concentrations of 2 µg/ml of each peptide were used in whole blood and PBMC assays.
Peptide pools were the kind gift of BD Biosciences (San Jose, CA).

2.5. Stimulation of whole blood
At UCSF CIL, one ml of fresh whole blood was stimulated with CMV pp65 and Gag p55
peptide pools. Purified anti-CD28/CD49d (1 µg/ml of each, BD Biosciences) was included for
co-stimulation. For the negative control only co-stimulatory antibodies were added. After 2 h
at 37 °C, Brefeldin A (Sigma-Aldrich) was added at a concentration of 10 µg/ml, and the cells
were incubated for an additional 4 h at 37 °C, then held at 18 °C overnight. Cells were then
washed, FACS Lysing Solution (BD Biosciences) was added to remove red blood cells, and
cells were permeabilized with FACS Permeabilizing Solution (BD Biosciences). Cells were
stained with the four-color panel described below.
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2.6. Stimulation of PBMC
At BSRI 1 million PBMC were suspended in 250 µl of either R10HS media, consisting of
RPMI supplemented with 10% human AB serum (Sigma-Aldrich), 10 mM Hepes (UCSF Cell
Culture Facility) and 50 IU/ml penicillin/streptomycin (UCSF Cell Culture Facility) or in R20
media, consisting of RPMI supplemented with 20% FBS, 10 mM Hepes and 50 IU/ml
penicillin/streptomycin. Cells were stimulated for 2 h with antigens plus 1µl of purified anti-
CD28/CD49d (BD Biosciences) in 12×75 mm polystyrene tubes (Falcon, Becton Dickinson
Labwear) prior to the addition of 10 µg/ml Brefeldin A (Sigma-Aldrich), and cells were
cultured overnight in a 5° slant rack at 37 °C, 5% CO2. For the negative control only co-
stimulatory molecules were added. Co-stimulatory molecules were not added to samples that
were to be stained with the eight-color apoptosis and phenotypic flow cytometry panel. Cells
from SCOPE were stained with the three-color panel, and cells from Options were stained with
the eight-color apoptosis and phenotypic flow cytometry panel described below.

Stimulation with CMV pp65 and Gag p55 peptide pools was performed at UCSF CIL in 96
well plates in the presence of 0.5 mg/ml Brefeldin A and co-stimulation as described above.
Cells were stimulated for 6 h at 37 °C in a temperature-controlled plate incubator (INHECO,
Munich, Germany) and held at 18 °C after the incubation period. Cells were stained at UCSF
CIL with the six-color panel described below.

2.7. Antibodies and flow cytometry
Unless otherwise noted, all antibodies were obtained from BD Biosciences or BD Pharmingen.
Antibodies to the following markers were used in the BSRI laboratory: a three-color panel for
analysis of PBMC responses consisted of CD3-FITC, CD4-PE and IFN-γ-APC; an eight-color
panel to assess responses, T cell phenotype and apoptosis consisted of CD3-Pacific Blue, CD4-
Alexa Fluor 700, CD45RA-PE-Cy7, CD28-PerCPCy5.5, CD14-Tri-Color (Caltag, Carlesbad,
CA), CD16-PE-Cy5, CD19-PE-Cy5, CCR7-PE, activated caspase-3-FITC and IFN-γ-APC.
Ethidium monoazide (EMA; Invitrogen-Molecular Probes, Carlsbad, CA) was used at 0.2 µg/
ml in the apoptosis and phenotypic panel as a viability stain.

At UCSF CIL, a four-color panel used for analysis of whole blood responses consisted of IFN-
γ-FITC, CD3-APC, CD69-PE and CD4-PE-Cy5 (Beckman Coulter Inc., Fullerton, CA). A
six-color panel for PBMC analysis consisted of CD8-ECD (Beckman Coulter Inc.), CD4-APC,
CD3-Pacific Blue, IFN-γ-FITC, IL-2 PE and Aqua amine reactive dye (AARD; Invitrogen-
Molecular Probes, used as recommended by the manufacturer with an additional 1/2 dilution)
as a viability dye.

Compensation controls included comp beads (BD Biosciences) stained with an equivalent
volume of the test antibody, calibrite beads (BD Biosciences), and unstained cells.
Fluorescence minus one (FMO) controls were used to verify gating and compensation for eight-
color panel staining.

PBMC stimulated overnight at BSRI were washed in calcium and magnesium-free PBS (UCSF
Cell Culture Facility) before surface staining for 20 min at 4 °C for the three-color panel. PBMC
stained with the apoptosis and phenotypic panel were surface stained for 10 min at room
temperature in darkness before a 10-minute exposure to bright light to activate EMA. Cells
were washed in PBS and fixed with 100 µl of Fixation reagent A (Caltag) for 10 min at room
temperature. Cells were then washed and simultaneously permeabilized and stained with 100
³l of Permeabilization reagent B (Caltag) and IFN-γ-APC (for three-color analysis) for 30 min
at 4 °C. PBMC stained with the apoptosis and phenotypic panel were stained intracellularly
with CD3-Pacific Blue, CCR7-PE, IFN-γ-APC and caspase-3-FITC for 20 min at room
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temperature in the dark. Cells were washed and resuspended in either 250 µl of 1%
paraformaldehyde (Sigma-Aldrich), or 1% formaldehyde (JT Baker, Phillipsburg, NJ).

At UCSF CIL both whole blood and PBMC were treated with 2 mmol/L EDTA, and PBMC
were washed and resuspended in PBS without protein prior to staining with AARD for 20 min.
Antibody staining for both whole blood and PBMC was performed intracellularly for 50 min
at room temperature following 10-minute incubations in FACS Lysing Solution followed by
FACS Permeabilizing Solution (BD Biosciences). After staining, cells were washed and fixed
in 0.5% paraformaldehyde. Whole blood samples were acquired on a FACSCalibur flow
eytometer (BD Bioscience) using CellQuest software and an Autoloader with Worklist
manager software (BD Biosciences). PBMC samples were collected on an LSRII flow
eytometer (BD Biosciences). All data analysis was performed with FlowJo software (TreeStar,
San Carlos, CA).

2.8. PBMC and autologous B-LCL co-culture
PBMC (5×106) were transformed with 1 ml Epstein Barr Virus (EBV) supernatant harvested
from the B95-8 cell line (American Type Culture Collection, Manassas, VA), 0.1 µg/ml
cyclosporin A (Sigma-Aldrich) and 0.5 µg/ml phytohemagglutinin (PHA; Sigma-Aldrich) in
R20 culture media. Following successful transformation, B cell cultures were maintained in
R20. For PBMC stimulation assays 5×105 autologous B-LCL were pre-pulsed with 2x final
concentration of antigen in 125 µl R10HS in 12×75 mm polystyrene tubes for 1 h. PBMC
(5×105) were added to the B-LCL in a 125 µl volume of R10HS and co-cultured for 2 h in a
5° slant rack at 37 °C, 5% CO2. Cells were stimulated and stained for flow cytometric analysis
using the three-color panel described above.

2.9. Statistical analyses
Short-term cryopreserved or fresh PBMC responses were compared to long-term
cryopreserved PBMC responses by two-tailed, paired t tests. Correlation of responses from
fresh or short-term cryopreserved cells with long-term cryopreserved cells was measured by
Spearman’s correlation. Statistical analyses were performed with Stata 9.2 SE software (Stata
Corp., College Station, TX). Bland–Altman analysis was performed with Prism 4.0c software
(GraphPad Software, San Diego, CA).

3. Results
3.1. Loss of responses in long-term cryopreserved PBMC

We measured the CD4+ and CD8+ T cell IFN-γ responses in fresh PBMC or cells isolated from
individuals with chronic and acute HIV infection that were frozen short-term (0–170 days) or
long-term (300 days or longer). The viability of the cells thawed immediately after long-term
cryopreservation was 94% (range 88–99%), with no difference in viability of cells processed
and frozen at BSRI or at UCSF ASB either when studied immediately post-thawing or after
resting (Table 2).

A loss of CD4+ T cell IFN-γ responses to HIV whole Gag protein (p55 protein) was observed
in long-term cryopreserved PBMC (t test, p=0.023) compared to freshly isolated PBMC from
acute HIV infection and short-term cryopreserved PBMC from chronic HIV infection (Fig.
1a). There was no correlation between the responses measured in fresh or short-term and long-
term cryopreserved PBMC (Spearman’s Rho = −0.06) (Table 3). In an independent experiment
the p55 protein was tested using Gag-specific CD4+ T cell clones and was found to have
preserved antigenicity (data not shown), implying that the loss of responses was not due to
degraded p55 protein. There was a small gain of 0.069% (p=0.806) in CD4+ IFN-γ responses
to MN stimulation; however, there was no correlation between short-term cryopreserved and
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long-term cryopreserved PBMC responses (Spearman’s Rho = −0.09). Finally, there was a
trend towards the loss of CD4+ T cell IFN-γ responses to individual HIV peptides. However,
this did not reach statistical significance, possibly due to the small number of individuals tested
from the chronic HIV cohort.

A statistically significant loss of CD4+ T cell IFN-γ responses to CMV lysate in long-term
cryopreserved PBMC compared to freshly isolated PBMC (t test, p=0.038) was also observed
(Fig. 1a) in the acute HIV infection group (individuals from the chronic HIV cohort were not
tested for responses to CMV lysate). In contrast, CD4+ T cell IFN-γ responses to SEB were
more robust and appeared to be maintained following long-term cryopreservation. The mean
absolute decrease in the percentage of responding CD4+ T cells was 0.29% (p=0.023) to p55
protein stimulation, 0.87% (p=0.105) to HIV peptide stimulation, and 0.59% (p=0.038) to
CMV lysate stimulation, demonstrating loss of responses to both whole protein and peptide
antigens.

CD8+ T cell IFN-γ responses to individual HIV peptides (Spearman’s Rho=0.88) were
maintained in PBMC following long-term cryopreservation, whilst CD8+ T cell IFN-γ
responses to whole protein antigens were lower in long-term cryopreserved PBMC and did not
correlate with responses from freshly isolated or short-term cryopreserved PBMC (Table 3).
CD8+ T cell IFN-γ responses to SEB by long-term cryopreserved PBMC had a poor correlation
to responses measured in freshly isolated or short-term cryopreserved PBMC (Spearman’s Rho
= 0.28). Statistically significant reductions were observed between the freshly isolated or short-
term cryopreserved PBMC and long-term cryopreserved PBMC following p55 protein (t test,
p=0.004) and CMV lysate (t test, p=0.041) stimulation (Fig. 1b). The mean absolute decrease
in the percentage of responding CD8+ T cells was 1.348% (p=0.004) to p55 protein stimulation,
0.281% (p=0.502) to HIV peptide stimulation, 0.254% (p=0.187) to MN stimulation and
1.637% (p=0.041) to CMV lysate stimulation, reflecting a relatively greater loss of responses
to the CMV and p55 whole protein antigens than to individual HIV peptides.

3.2. Loss of CD4+ T cell responses confirmed in a second laboratory and specimen bank
In a second series of independent experiments performed at UCSF CIL, T cell IFN-γ responses
to Gag p55 and CMV pp65 peptide pools were measured in PBMC that had been cryopreserved
and in fresh whole blood, both in HIV-seropositive (HIV+) and HIV-seronegative (HIV−)
individuals. A dramatic reduction in the CD4+ T cell IFN-γ responses to the Gag p55 peptide
pool was observed in PBMC cryopreserved for 2 to 5 years (Fig. 2a; t test, p=0.043, Spearman’s
Rho=0.57). Responses to the CMV pp65 peptide pool in the same individuals were not
statistically different (t test, p=0.645) and correlated well with fresh responses (Table 3;
Spearman’s Rho=0.96). In contrast to CD4+ T cells, CD8+ T cell IFN-γ responses after long-
term cryopreservation were preserved to both Gag p55 (Spearman’s Rho=0.89) and CMV pp65
(Spearman’s Rho=0.89) peptide pools (Fig. 2b).

HIV− individuals maintained their CD4+ and CD8+ T cell IFN-γ responses to CMV pp65
following long-term cryopreservation (Fig. 2a and b). Small decreases in the CD4+ T cell
response to CMV pp65 were measured in the HIV− group (mean absolute decrease in the
percentage of responding cells was 0.058%), which were statistically significant in a two-tailed,
paired t test (Table 3). However, the mean absolute decrease in the percentage of responding
cells was low (0.058%) and Spearman’s correlation coefficient was excellent (Rho = 0.99)
despite these small decreases. HIV+ individuals also maintained their CD4+ T cell response to
CMV pp65, with a mean gain of 0.307% in response. In contrast, the CD4+ T cell IFN-γ
response to the p55 peptide pool by long-term cryopreserved PBMC from HIV+ individuals
showed a mean loss of 0.363%. Long-term cryopreserved PBMC from HIV− and HIV+

individuals maintained their CD8+ T cell IFN-γ response to peptide pools (Fig. 2b).
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These results confirm the marked decline of CD4+ T cell responses and the preservation of
CD8+ T cell responses to HIV peptide stimulation after long-term cryopreservation of PBMC
from HIV+ individuals and suggest that responses to other peptide antigens may be preserved
in both CD4+ and CD8+ T cells. Responses to peptide antigens were also preserved in long-
term cryopreserved PBMC from healthy control individuals. A comparable loss of CD4+ T
cell responses to HIV peptides was measured in two independent laboratories; therefore the
loss was not specific to procedures or personnel from a single laboratory.

One possible explanation for the poor agreement between responses in fresh or short-term
cryopreserved samples and long-term cryopreserved samples would be high inter-assay
variability, independent of cryopreservation effects. Inter-assay variability was measured at
UCSF CIL for stimulation with CMV pp65 and Gag p55 peptide pools. The average coefficient
of variation (CV) for six samples stimulated in triplicate with CMV pp65 was 12.43% (range
2.25 to 30.33%) and 5.68% (range 1.19 to 21.56%) for CD4+ and CD8+ T cell IFN-γ responses
respectively. The average CV for ten samples stimulated in triplicate with Gag p55 peptide
pool was 14.01% (range 1.25 to 27.48%) and 4.13% (range 0.88 to 21.56%) for CD4+ and
CD8+ T cell IFN-γ responses respectively. CV values greater than 20% were obtained only
when the mean IFN-γ response was below 0.1%. Infra-assay variability was also determined
in frozen PBMC for responses to CMV pp65 peptide pool stimulation. CV values of 17.1%
for CD4+ and 3.74%for CD8+ T cell IFN-γ responses were measured over ten experiments.
The degree of inter-assay variability measured using cryopreserved samples was much less
than the marked decrement seen in CD4+ T cell responses to HIV Gag p55 peptide pool after
long-term cryopreservation, implying that the decrement we measured was due to lack of cell
responsiveness and not assay variability.

PBMC isolated and cryopreserved at two independent sites (BSRI and UCSF ASB) from the
same phlebotomy for six individuals from the chronic HIV (SCOPE) cohort were tested
simultaneously at BSRI in the three-color staining assay following stimulation with SEB, HIV
peptides, p55 protein or MN. Similar T cell IFN-γ responses with no statistically significant
differences were measured in PBMC processed and frozen at BSRI and at UCSF ASB (Fig.
3a and b). Spearman’s analysis showed correlation between responses measured in the PBMC
processed at the two independent sites. The responses measured in long-term cryopreserved
PBMC from BSRI and UCSF ASB showed reduced CD4+ and CD8+ IFN-γ responses when
compared to short-term cryopreserved PBMC (data not shown). Therefore, loss of responses
was not due to differences in sample processing and cryopreservation methods or shipping of
samples between sites.

3.3. Bland–Altman analysis of T cell IFN-γ responses to peptide and protein antigens
Since the responses to peptide stimulation appeared to be better preserved than responses to
protein antigen, we tested for numeric agreement between fresh whole blood and long-term
cryopreserved PBMC responses or between short-term and long-term cryopreserved PBMC
responses. The difference between the paired results of each assay was plotted against the mean
of the paired results in a Bland–Altman plot (Bland and Altman, 1986). The mean bias between
the fresh or short-term cryopreserved and long-term cryopreserved PBMC is shown as a solid
line in each plot and the 95% limits of agreement (dashed lines) are also shown (Fig. 4a and
b). A mean bias greater than zero represents loss of responses in the long-term cryopreserved
PBMC, and the within-subject variability can be assessed by how close the 95% limits of
agreement are to the bias. For comparison, replicate responses to Gag p55 and CMV pp65
peptide pools were also plotted this way (data not shown). The mean bias of replicate CD4+ T
cell responses to p55 peptide pool stimulation was −0.006, with 95% limits of agreement from
−0.062 to 0.050. In contrast, agreement between CD4+ T cell IFN-γ responses from long-term
cryopreserved PBMC and fresh or short-term cryopreserved PBMC was poor, as indicated by
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the mean bias of 0.874 for CD4+ T cell IFN-γ responses to individual HIV peptides and of
0.291 for p55 protein stimulation (Fig. 4a). In addition, the 95% limits of agreements (HIV
peptides: −0.958 to 2.706; p55 protein: −0.369 to 0.950) indicate considerable within-subject
variability for the two assay conditions. The mean bias of replicate CD4+ T cell responses to
CMV pp65 peptide pool stimulation was −0.013, with 95% limits of agreement from −0.067
to 0.041 (data not shown). Comparison of CD4+ T cell IFN-γ responses to CMV pp65 peptide
pool stimulation within fresh whole blood and long-term cryopreserved PBMC showed better
agreement in both HIV+ and HIV− individuals (mean bias: HIV+ = −0.307 and HIV−=0.058).
Whilst the 95% limits of agreement for HIV− individuals from −0.014 to 0.130 indicate good
within-subject agreement, they were poor (from −3.589 to 2.974) for the HIV+ individuals’
CD4+ T cell IFN-γ responses to CMV pp65 peptide pool stimulation (Fig. 4a).

The mean bias of replicate CD8+ T cell IFN-γ responses to Gag p55 peptide pool stimulation
was 0.015, with 95% limits of agreement from −0.096 to 0.126 and to CMV pp65 peptide pool
the mean bias was −0.034, with 95% limits of agreement from −0.293 to 0.225 (data not shown).
The mean bias for CD8+ T cell IFN-γ responses to individual HIV peptides was 0.281, with
95% limits of agreement from −2.344 to 2.906, indicating considerable within-subject
variability for the two types of samples (Fig. 4b). The mean bias for Gag p55 peptide pool
stimulation was −0.239, with 95% limits of agreement from −0.826 to 0.349. Comparison of
CD8+ T cell IFN-γ responses to p55 protein stimulation within fresh or short-term and long-
term cryopreserved PBMC showed poor agreement between the two methods, with a large
mean bias of 1.858 and wide 95% limits of agreement (from −1.850 to 5.567) again showing
considerable within-subject variability (Fig. 4b). Comparison of CD8+ T cell IFN-γ responses
to CMV pp65 peptide pool stimulation between fresh whole blood and long-term cryopreserved
PBMC showed better agreement in both HIV+ and HIV− individuals (mean bias; HIV+−0.117
and HIV− = 0.039), with the 95% limits of agreement showing less within-subject variation in
the HIV− group (from −0.102 to 0.181) than in the HIV+ group (from −0.690 to 0.665) (Fig.
4b).

Bland–Altman analysis showed considerable variability between the results obtained from the
two sample types assayed in HIV+ individuals, evidenced by the large spread between the 95%
limits of agreement. In contrast, responses measured in HIV− individuals showed much less
variability, as they have closer 95% limits of agreement for both CD4+ and CD8+ T cell IFN-
γ responses.

3.4. CD4+ T cell IFN-γ responses to peptide stimulation are not restored by exogenous APC
Loss of T cell IFN-γ responses after cryopreservation of PBMC was more pronounced when
using whole antigen as a stimulus than with either peptide or superantigen stimuli. One possible
explanation for the defect would be a selective decrement in APC function (Makino and Baba,
1997;Waldrop et al., 1998;Lund et al., 2001). To determine whether CD4+ or CD8+ T cell IFN-
γ responses could be restored, autologous B-LCL from four individuals from the chronic HIV
cohort (SCOPE) were pre-pulsed with antigen prior to the addition of PBMC at a 1:1 ratio.
Cryopreserved PBMC were from BSRI and UCSF ASB and had been frozen for 546 to 939
days.

The addition of autologous APC did not restore CD4+ T cell IFN-γ responses in three
individuals tested with HIV peptides (Fig. 5a). Of the four individuals for whom autologous
B-LCL plus long-term cryopreserved PBMC were available, only one individual (1092) had
a prior CD4+ T cell IFN-γ response to p55 protein stimulation. Addition of B-LCL pre-pulsed
with p55 protein to long-term cryopreserved PBMC from this individual partially restored the
CD4+ T cell IFN-γ response, with a gain of 0.23% (Table 4). In contrast, in the one individual
(3169) who had a CD4+ T cell IFN-γ response to MN stimulation in short-term cryopreserved
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PBMC that was lost in the long-term cryopreserved PBMC, addition of autologous B-LCL
pre-pulsed with MN did not restore the response.

Only one of the individuals for whom B-LCL were available exhibited responses to whole HIV
protein (p55). The addition of p55 protein pre-pulsed B-LCL almost fully restored the CD8+

T cell IFN-γ response in individual 1092 (Fig. 5b) to the level measured in short-term
cryopreserved PBMC (a gain of 0.71%, Table 4). CD8+ T cell IFN-γ responses to HIV peptides,
which were not lost after long-term storage, were not affected by the addition of exogenous
APC.

Exogenous co-stimulatory molecules (purified CD28 and CD49d) were added to all chronic
PBMC (SCOPE) experiments (data not shown), but a loss of responses was still observed,
suggesting the defect is caused by more than a mere lack of co-stimulation.

3.5. Responses not restored by overnight resting
Some groups have suggested resting PBMC overnight after thawing before testing effector
functions (Lamoreaux et al., 2006;Kierstead et al., 2007). It is possible that the resting process
would remove cells destined for death and allow "stunned" cells to recover functional ability.
Long-term cryopreserved PBMC from 10 subjects in the chronic HIV cohort (SCOPE) were
thawed and split, with half the cells immediately stimulated with individual HIV peptides, p55
protein, MN and SEB. Remaining PBMC were placed in 1–2 ml of culture media and rested
overnight at 37 °C, 5% CO2 to allow a period of recovery. These cells were washed and viability
was assessed before stimulating with the same antigens as the cells undergoing immediate
stimulation. Cell viability was decreased after resting (cells processed at BSRI had a mean
viability of 88%, range 79–96%, and cells from UCSF ASB had a mean viability of 85%, range
68–92%), compared to viability immediately post thawing (BSRI cells: mean 94%, range 88–
99%, p=0.396 and UCSF ASB cells: mean 94%, range 92–97%, p = 0.007, Table 2). However,
viability was still within an acceptable range and was comparable to the viability of rested
PBMC measured at USCF CIL (Table 2) where thawed PBMC are routinely rested overnight
prior to stimulation. Overnight resting did not improve the CD4+ (Fig. 6a) or CD8+ (Fig. 6b)
T cell IFN-γ responses to any of the antigens. Table 5 shows the mean change in the percentage
T cell IFN-γ responses after resting PBMC overnight.

3.6. Effect of cryopreservation on T cell phenotype
While T cell function showed definite changes after long-term storage, it was not clear if the
phenotype of the thawed cells would change. We were particularly interested in the relative
effect of cryopreservation on the effector population, as these cells are the focus of most of the
functional studies outlined above. The percentages of CD4+ and CD8+ naïve, central memory,
and effector memory T cell populations were enumerated in freshly isolated and long-term
cryopreserved PBMC from individuals in the acute HIV cohort (Options). All samples were
processed at BSRI and had been cryopreserved for 331 to 537 days. Naïve cells were defined
as CD45RA+ CD28+ CCR7+, central memory T cells as CD45RA− CD28+ CCR7+ and effector
memory T cells as CD45RA+/− CD28− CCR7− (Fig. 7a). Samples tested earlier in the study
were not stained with CCR7, so analysis of T cell phenotype was performed based on CD45RA
and CD28 expression for a subset of individuals.

There was a statistically significant decrease in the percentage of naïve CD4+ T cells from the
cryopreserved PBMC as compared to fresh PBMC (p=0.0003). There was no effect of long-
term cryopreservation on the CD4+ central memory T cell population. However, a statistically
significant increase in the CD4+ effector memory T cell population was observed in the
cryopreserved PBMC compared to fresh PBMC (p=0.030) (Fig. 7b). In contrast to CD4+ T
cells, there was a statistically significant decrease in the percentage of naïve CD8+ T cells
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(p=0.044) and a statistically significant increase in CD8+ central memory T cells (p=0.041)
measured in long-term cryopreserved PBMC compared to freshly isolated PBMC. There was
no statistically significant alteration in the percentage of effector memory CD8+ T cells
following long-term cryopreservation (Fig. 7c), however, Bland–Altman analysis shows large
95% limits of agreement (from −31.53 to 34.30), suggesting a high degree of variability seen
within individuals.

These data suggest that selective loss of effector cell populations does not account for the loss
of CD4+ or CD8+ T cell IFN-γ responses to antigenic stimulation in cryopreserved PBMC.

3.7. Cryopreservation increases CD4+ T cell apoptosis after antigenic stimulation
While effector cells appear to be present after long-term cryopreservation, it is possible that
an increased propensity to apoptosis blunts their ability to respond to antigenic stimulation.
The level of apoptosis was measured at BSRI by staining for activated caspase-3 in CD4+ IFN-
γ− (Fig. 8a) and CD8+ IFN-γ− (Fig. 8b) T cells from freshly isolated and long-term
cryopreserved PBMC (331 to 537 days) from individuals in the acute HIV infection cohort.
Long-term cryopreserved CD4+ IFN-γ− T cells in samples stimulated with SEB and p55 protein
had statistically significant increases in the percentage of caspase-3+ cells (p=0.016 and 0.049
respectively) and a non-significant trend towards increased levels of caspase-3+ CD4+ cells
when they were stimulated with CMV lysate. These data imply that a population of CD4+ T
cells specific for the stimulating antigen is undergoing apoptosis and is unable to secrete IFN-
γ in the long-term cryopreserved samples.

4. Discussion
Our findings show that long-term eryopreservation of PBMC from HIV infected individuals
resulted in a loss of IFN-γ responses to antigenic stimulation with whole proteins or individual
HIV peptides and peptide pools in CD4+ T cells and whole protein antigens in CD8+ T cells.
In contrast to HIV peptide responses, CD4+ T cell IFN-γ responses to CMV pp65 peptide pools
were maintained in both HIV− and HIV+ individuals. Adding exogenous APC did not restore
CD4+ T cell IFN-γ responses to individual HIV peptide stimulation. However, in the one
individual tested, autologous B-LCL partially restored T cell IFN-γ responses to p55 protein
stimulation. Cryopreservation increased CD4+ T cell apoptosis after antigenic stimulation,
possibly contributing to the loss of responses. Our findings also suggest that the effect of
cryopreservation becomes more significant over time, with the most significant reductions in
responses observed in samples that were stored for longer than 300 days.

PBMC responses following long-term cryopreservation were compared with either short-term
cryopreserved or fresh responses by testing for differences (using a paired, two-tailed t test)
and association (Spearman’s correlation). Significant reductions were found in CD4+ T cell
IFN-γ responses to p55 protein, p55 peptide pools and CMV lysate in HIV+ individuals and
to CMV pp65 peptide pools in HIV− individuals after long-term cryopreservation. However,
a significant difference did not always indicate that long-term cryopreserved PBMC samples
cannot be used for evaluation of CD4+ T cell IFN-γ responses. Despite the observed difference
in CD4+ T cell responses to the CMV pp65 peptide pool stimulation in HIV− individuals, the
excellent correlation between fresh and long-term cryopreserved responses indicated that the
rank order of the responses was maintained, and that reduced responses were consistent enough
that data obtained from fresh and long-term cryopreserved PBMC would give similar results
on a population basis. Conversely, whilst there was no significant difference in the CD4+ T
cell IFN-γ responses to stimulation with individual HIV peptides, MN or SEB between the
long-term and short-term cryopreserved PBMC, there was a lack of correlation between
responses from cells cryopreserved for different lengths of time. This indicated that responses
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from long-term cryopreserved samples have been lost to a variable degree and are not
comparable to the responses from short-term cryopreserved PBMC.

CD8+ T cell IFN-γ responses to all of the peptides tested correlated strongly between short-
term and long-term cryopreserved PBMC. Whilst a strong correlation indicates that data from
one set of samples may give comparable results to data from another group, it does not indicate
that data from the two types of samples are equivalent. For example, if a study included samples
that have been cryopreserved for short- and long-term, it would be important to know the results
would not be biased by the length of time the samples had been stored. To test for agreement
in T cell IFN-γ responses between fresh or short-term cryopreserved and long-term
cryopreserved samples we used Bland–Altman analysis. An increase in the mean bias above
zero represents a loss of responses in long-term cryopreserved PBMC and the within-subject
variability can also be assessed by the 95% limits of agreement. Bland–Altman analysis showed
there was a bias towards higher results from fresh or short-term cryopreserved samples when
compared with long-term cryopreserved samples, and considerable variability in HIV+

individuals’ CD8+ T cell IFN-γ responses to CMV pp65 and Gag p55 peptide stimulation,
despite strong correlations between responses found using fresh or short-term cryopreserved
samples and long-term cryopreserved samples. In contrast, CMV pp65 stimulated samples
from HIV− subjects showed very little bias and good limits of agreement. These data suggest
that cryopreservation introduces more variability in samples from HIV+ individuals, whilst
samples from HIV− individuals may be less sensitive to the effects of long-term
cryopreservation. It would be important in novel studies of cryopreserved PBMC from HIV
infected individuals to establish the effect of cryopreservation on the responses being
measured.

The loss of responses cannot be attributed to cryopreservation technique or to the shipping of
samples, as suggested in previous studies (Disis et al., 2006;Bull et al., 2007;Kierstead et al.,
2007), as similar losses were measured in samples processed and frozen at three independent
laboratories. These changes occurred despite the observation that cell viability was generally
maintained at acceptable levels of 81–95% (Table 2). Additionally, processing and storing of
PBMC performed at UCSF ASB was with state-of-the-art cryopreservation techniques, and
has routinely met all internal and external quality control monitoring.

Differences in the processing and presentation of whole protein and peptide antigens may
explain the greater loss of T cell responses to whole protein antigens versus individual peptides.
APC such as monocytes and macrophages preferentially process whole proteins via the
exogenous pathway of antigen presentation (Braciale et al., 1987;Monaco, 1995). In contrast,
short peptides spanning immunodominant epitopes can bind directly into the MHC groove,
bypassing the requirement for protein internalization and processing (Kern et al., 1998;He et
al., 2001). Previous research has shown that CD4+ T cell responses induced by peptide mixes
are equal to those induced by whole proteins (Maecker et al., 2001) whilst CD8+ T cell
responses can be significantly higher after peptide compared to whole protein stimulation,
presumably a result of bypassing the antigen internalization and processing requirement.
Previous reports found that cryopreservation has detrimental effects on APC such as monocytes
and dendritic cells (Makino and Baba, 1997;Waldrop et al., 1998;Lund et al., 2001). Therefore,
impaired APC internalization and processing of whole protein antigens (such as HIV p55
protein and CMV lysate) may lead to the loss or impairment of presentation of whole protein
antigens to T cells. In contrast, peptide stimuli are not dependent on fully functional APC
function and this may contribute to the maintenance of CD8+ T cell IFN-γ responses to HIV
peptides in long-term cryopreserved PBMC.

While impaired APC function may explain loss of T cell responses to whole proteins, the
marked decrease in CD4+ T cell responses to HIV peptides does not appear to be APC-

Owen et al. Page 12

J Immunol Methods. Author manuscript; available in PMC 2008 September 30.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



dependent. Interestingly, CD4+ T cells from HIV+ individuals with reduced response to the
HIV p55 peptide pool retained their ability to respond to CMV peptides, suggesting a defect
in the HIV-specific CD4+ T cells rather than in the APC. Supporting the concept of a primary
CD4+ T cell defect, the addition of exogenous APC pre-pulsed with individual HIV peptides
could not restore lost CD4+ T cell IFN-γ responses. However, a defect in the processing and
presentation of whole protein antigens may play a role in the loss of responses to p55 protein,
as exogenous, autologous B-LCL pre-pulsed with p55 protein could partially restore T cell
IFN-γ responses in the one individual tested. A study by Kreher et al. (2003) reports that
addition of exogenous APC to previously frozen murine splenic cells could not improve
responses in T cell ELISPOT assays. Defining the mechanism by which exogenous APC restore
T cell responses to whole protein antigens in cryopreserved PBMC remains an interesting area
of research.

Defective co-stimulation would also prevent the efficient induction of T cell responses to
antigenic stimulation. We added exogenous CD28 and CD49d to assays using PBMC from the
chronic HIV cohort and in all assays performed at UCSF CIL, suggesting the defect in long-
term cryopreserved cells represents more than a simple lack of co-stimulation. However,
cryopreservation may have had detrimental effects upon other co-stimulatory molecules such
as CD40-CD40L and 4-1BBL (DeBenedette et al., 1997), thus impairing the induction of T
cell responses. Conversely, cryopreservation may induce upregulation of negative regulators
of T cell activation, such as CTLA-4 and PD-1 (Chambers and Allison, 1997;Okazaki et al.,
2002;Blattman and Greenberg, 2006), which may result in the lack of T cell responses. Our
studies did not examine the expression of co-stimulatory molecules and ligands on either T
cells or APC, though this warrants further investigation in cryopreserved PBMC.

It has been suggested that using PBMC directly after thawing has detrimental effects on the
measurement of T cell responses. Lamoreaux et al. (2006) found that resting PBMC can reduce
background cytokine responses and therefore increase the specificity of the T cell response.
Kierstead et al. (2007) also report that resting cells overnight post thawing is essential for
measurement of optimal T cell responses by ELISPOT or intracellular cytokine staining. This
is thought to be due to cells requiring a period of recovery following the harsh procedure of
thawing to allow any cells which may be apoptotic or necrotic to die, leaving a healthy
population of cells for functional studies. Indeed, as Kierstead et al. (2007) report, we also
measured a reduction in cell viability after resting, compared to immediately post thawing,
suggesting that a population of cells still undergoes apoptosis or necrosis following thawing,
even after an 18 h period of rest. However, our BSRI laboratory routinely uses PBMC directly
after thawing without resting and has measured good T cell responses in short-term
cryopreserved PBMC (Fig. 1). Additionally, losses in CD4+ T cell IFN-γ responses were
measured at UCSF CIL, where thawed PBMC are routinely rested overnight (Fig. 2). We also
compared unrested PBMC with rested PBMC from the same individuals following long-term
cryopreservation and found no recovery of T cell IFN-γ responses (Fig. 6). We conclude that
it was not necessary to rest PBMC before stimulation with antigen and that resting could not
overcome the loss of T cell responses following long-term cryopreservation. These findings
are consistent with those of Maecker et al. (2001).

Cryopreservation is known to alter the expression of surface markers used to define T cell
phenotype, such as CD62L (Tollerud et al., 1991;Romeu et al., 1992;Rosillo et al.,
1995;Koenigsmann et al., 1998;Hattori et al., 2001;Cavers et al., 2002;Costantini et al.,
2003). Our study avoided such markers and used others (CD28 and CCR7) that are not lost on
previously frozen PBMC (Hamann et al., 1997;Hislop et al., 2001;Palmer et al., 2004;Yue et
al., 2004). Costantini et al. (2003) reported an increase in CD45RA expression on
cryopreserved PBMC. This may account for the increase in effector memory T cells measured,
defined as CD45RA+/− CD28−. In contrast, Reimann et al. (2000) found a decrease in CD45RA
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and CD62L expression following cryopreservation and a loss of naïve T cells. Our results also
showed a loss of naive CD4+ and CD8+ T cells, due to a decrease in staining of CD28 on
CD4+ T cells and of CD45RA on CD8+ T cells. Costantini et al. (2003) also report a loss of
naïive CD4+ and CD8+ T cells after cryopreservation. The alteration in expression of surface
markers used to define populations will be important to consider in future studies, as T cell
populations may be under- or overestimated in cryopreserved PBMC. However, this may not
be a problem in longitudinal studies where only cryopreserved cells are used. Clearly caution
must be taken that phenotypic analyses from fresh and frozen PBMC should not be mixed in
the same analysis.

Our data suggest that cryopreservation induces higher levels of apoptosis in antigen-specific
CD4+ T cells than in freshly isolated cells. Caspase activation plays a central role in the
induction of apoptosis, and once caspase-3 is activated the cell will undergo apoptosis
(Longthorne and Williams, 1997;Budihardjo et al., 1999;Los et al., 2001). Previous studies
found cryopreservation induces higher levels of apoptosis in PBMC (Fowke et al., 2000;Stroh
et al., 2002). Therefore, it was not surprising that we observed a similar effect. The higher
percentage of CD4+ IFN-γ− caspase-3+ T cells in cryopreserved PBMC that had been
stimulated with SEB or p55 protein suggests that apoptosis induced by cryopreservation may
be eliminating CD4+ T cells that could potentially respond to HIV or other stimuli. This may
help explain the marked decrement in antigen-specific CD4+ T cell responses seen following
long-term cryopreservation. T cells from HIV infected individuals appear to be more fragile
and more susceptible to the effects of freezing and thawing than those from healthy, uninfected
individuals, as we saw greater losses of responses in HIV infected individuals than in uninfected
individuals.

Sarkar et al. (2003) found high levels of apoptosis of CD4+ T cells from SIV infected and
uninfected macaques following cryopreservation of PBMC. They report the use of caspase
inhibitors and cytokine cocktails to block cryopreservation-induced apoptosis by inducing
upregulation of anti-apoptotic proteins such as Bcl-2 and Bcl-xL. The use of cytokines such
as IL-2, IL-4, IL-7 and IL-15, which are know to act as survival factors from in vitro and in
vivo studies (Amos et al., 1998;Baust et al., 2000;Keller and Borst, 2006), also may have the
potential to rescue responses in human cryopreserved PBMC (Jennes et al., 2002). The use of
caspase inhibitors to rescue cells following cryopreservation needs to be evaluated, as they
may have detrimental effects on cell function (Alam et al., 1999). If more cells, particularly
the CD4+ T cells, can be rescued without phenotypic or functional alterations post-
cryopreservation, this would remove barriers to the future use of cryopreserved PBMC.

Cryopreservation of cells offers many advantages to the research community, such as the
banking of multiple aliquots of cells from multi-center studies of large cohorts of individuals,
allowing precious samples to be available for future studies, often using newly developed
techniques or assays. Additionally, sequential samples banked over time can be simultaneously
processed allowing greater control of assay conditions and reducing per assay costs. Reimann
et al. (2000) found the extent of the decrease in responses varied among individuals, consistent
with our current findings. Therefore, infra-donor variation must be considered when using
cryopreserved PBMC. Most previous studies have not explored the effect of long-term
cryopreservation on the functional responses of PBMC. We found that PBMC from HIV
infected cohorts frozen for approximately one year or longer did not maintain their ability to
respond to some antigens. Both CD4+ and CD8+ T cells lost their ability to respond to whole
protein antigens. CD8+ T cell responses to individual peptides and peptide pools were
preserved, whilst CD4+ T cells lost the ability to respond to HIV but not CMV peptides. PBMC
cryopreserved for less than six months responded to HIV peptides and proteins with a higher
magnitude of responses than we observed in long-term cryopreserved PBMC, suggesting
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responses may be preserved over the short-term. However, responses from fresh and short-
term cryopreserved PBMC were not directly compared in the current study.

Our study could have major implications on the current practice of longitudinal storage of
PBMC samples for future studies that rely upon the long-term storage of specimens prior to
evaluation of T cell responses, particularly within the field of HIV immunology and vaccine
research. Samples from HIV+ cohorts that have been stored for approximately one year or
longer may not be suitable for measurement of CD4+ T cell cytokine responses. It will be
essential to evaluate the effect of cryopreservation upon responses to individual antigens being
measured in each study. The timing of future studies using cryopreserved samples must be
carefully considered both in study design and for the establishment of specimen banks.
However, even if a loss of responses is measured (as shown by two-tailed, paired t tests), data
from long-term cryopreserved PBMC could remain useful if the relative ranks of loss are
preserved. Long-term cryopreservation of PBMC is likely acceptable for vaccination studies
of HIV− individuals where peptides are used to stimulate T cells, particularly for analysis of
CD8+ T cell responses. Samples from HIV+ individuals that have been cryopreserved for long
periods of time may remain useful for testing T cell responses to mitogens or CD8+ T cell
responses to peptide antigens.
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Fig 1.
Loss of T cell IFN-γ responses in HIV+ individuals after long-term cryopreservation. PBMC
from the same phlebotomy were frozen and tested for (a) CD4+ IFN-γ and (b) CD8+ IFN-γ
responses to SEB, HIV peptides, p55 protein, MN and CMV lysate after short-term (<170
days) and long-term (>300 days) storage by 3 or 8-color intracellular cytokine staining.
Individual subjects are represented by distinct symbols, with dashed lines representing PBMC
from acute HIV infection and solid lines representing PBMC from chronic HIV infection.
Subject symbols are consistent throughout the panels and figures.
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Fig 2.
Confirmation of loss of CD4+ IFN-γ responses in HIV+ individuals after long-term
cryopreservation. Fresh, whole blood was stimulated with CMV pp65 and Gag p55 peptide
pools and (a) CD4+ T cell and (b) CD8+ T cell IFN-γ responses were measured by four-color
intracellular cytokine staining. PBMC from the same phlebotomy were cryopreserved for long
periods of time (345−1907 days) and stained with six-color intracellular cytokine staining at
UCSF CIL. Individual subjects are represented by different symbols, with grey lines
representing PBMC from HIV− individuals, dotted and dashed lines representing Towne CMV
vaccine recipients, dotted lines representing acute HIV infection, solid lines representing
PBMC from chronic HIV infection and solid lines with grey symbols representing individuals
from a HIV STI cohort. Subject symbols are consistent throughout the panels.
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Fig 3.
Correlation of responses in PBMC frozen at two independent laboratories. Long-term
cryopreserved PBMC (621–917 days frozen) from six individuals from the chronic HIV cohort
(SCOPE) from the same phlebotomy processed at BSRI or at UCSF ASB were stimulated with
SEB, HIV peptides, p55 protein or MN. CD4+ IFN-γ (a) and CD8+ IFN-γ (b) T cell responses
were measured by three-color flow cytometry. Two-tailed, paired t tests were performed, and
Spearman’s rank correlation coefficient (Rho) was calculated for BSRI processed versus ASB
processed PBMC.
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Fig 4.
Bland–Altman analysis of T cell IFN-γ responses. Bland–Altman plots of fresh or short-term
cryopreserved responses minus long-term cryopreserved responses vs. the average response
are shown for (a) CD4+ T cell IFN-γ and (b) CD8+ T cell IFN-γ responses to HIV peptides,
p55 protein, Gag p55 peptide pool and CMV pp65 peptide pool in HIV+ and HIV− individuals.
The mean bias was plotted with a solid line and 95% limits of agreement with dashed lines.
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Fig 5.
Addition of autologous APC to long-term cryopreserved PBMC. Autologous B-LCL pre-
pulsed with SEB, p55 protein, MN or individual HIV peptides were added at a 1:1 ratio to
long-term cryopreserved PBMC (634–939 days frozen; hatched bars) and (a) CD4+ or (b)
CD8+ T cell IFN--γ responses were compared to those measured in short-term cryopreserved
PBMC (black bars) or in long-term cryopreserved PBMC stimulated without autologous B-
LCL (grey bars). The data shown are from four individuals tested from a cohort of individuals
with chronic HIV infection.
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Fig 6.
T cell IFN-γ responses not restored by overnight resting. Long-term cryopreserved PBMC
(546–923 days frozen) were rested overnight (hatched bars) or stimulated directly after thawing
(grey bars) with SEB, p55 protein, MN or HIV peptide 7874 (within Gag p17) and stained for
intracellular IFN-γ expression in (a) CD4+ and (b) CD8+ T cells using the 3-color panel.
Responses measured in the short-term (unrested) cryopreserved PBMC are shown by the black
bars. The data shown are representative of 1 out of 10 individuals tested from a cohort of
individuals with chronic HIV infection.
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Fig 7.
Decreased naïve cells after long-term cryopreservation. (a) Naïve cells are defined as
CD45RA+ CD28+; central memory cells as CD45RA− CD28+ and effector memory cells as
CD45RA+/− CD28−. Summary results are gated on viable (b) CD3+CD4+ and (d)
CD3+CD4−" unstimulated PBMC from fresh and long-term cryopreserved (>300 days)
samples from the same phlebotomy. Two-tailed, paired t tests were performed with significant
p values highlighted in bold. Bland−Altman plots showing the difference of fresh PBMC
(naïve, central memory or effector memory) minus long-term cryopreserved PBMC (naïve,
central memory or effector memory) vs. the average are shown for (c) CD4+ and (e) CD8+ T
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cell phenotypes. The bias is plotted with a solid line and 95% limits of agreement with dotted
lines.
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Fig 8.
Increased apoptosis after long-term cryopreservation. Intracellular caspase-3 staining of (a)
CD4+ IFN-γ− and (b) CD8+ IFN-γ−T cells from freshly isolated and long-term cryopreserved
(>300 days) PBMC following no stimulation or overnight stimulation with SEB, p55 protein,
or CMV lysate is shown for individuals from the acute HIV infection cohort. Two-tailed, paired
t tests were performed, with significant p values highlighted in bold.
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