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  Abstract 
  Background . Successful cell therapy relies on the identifi cation and mass expansion of functional cells for infusion. Cryo-
preservation of cells is an inevitable step in most cell therapies which also entails consequences for the frozen cells. 
 Material and methods.  This study assessed the impact of cryopreservation and the widely used protocol for rapid expansion 
of T lymphocytes. The effects on cell viability, immunocompetence and the impact on apoptotic and immunosuppressive 
marker expression were analyzed using validated assays.  Results and conclusion . Cryopreservation of lymphocytes during 
the rapid expansion protocol did not affect cell viability. Lymphocytes that underwent mass expansion or culture in high 
dose IL-2 were unable to respond to PHA stimulation by intracellular ATP production immediately after thawing 
(ATP    �    16    �    11 ng/ml). However, their reactivity to PHA was regained within 48 hours of recovery (ATP    �    356    �    61 ng/ml). 
Analysis of mRNA levels revealed downregulation of TGF- β  and IL-10 at all time points. Culture in high dose IL-2 led to 
upregulation of p73 and BCL-2 mRNA levels while FoxP3 expression was elevated after culture in IL-2 and artifi cial TCR 
stimuli. FoxP3 levels decreased after short-term recovery without IL-2 or stimulation. Antigen specifi city, as determined 
by IFN γ  secretion, was unaffected by cryopreservation but was completely lost after addition of high dose IL-2 and artifi -
cial TCR stimuli. In conclusion, allowing short-time recovery of mass expanded and cryopreserved cells before reinfusion 
could enhance the outcome of adoptive cell therapy as the cells regain immune competence and specifi city.   

 Adoptive cell therapy (ACT) is an encouraging 
approach for treatment of malignant hematological 
and solid tumors. ACT in tumor immunotherapy is 
based on infusion of high numbers of tumor antigen-
specifi c T cells isolated from peripheral blood, drain-
ing lymph nodes or tumor tissues [1]. These cells are 
characterized, mass-expanded and re-infused to the 
lymphodepleted autologous host [2]. Successful 
therapy relies on treatment with viable and avid cells 
which in turn directly depend on correct handling of 
large cell batches. In ACT, cryopreservation of 
immune cells is a standard procedure that is rou-
tinely performed in order to preserve cells for future 
use. It also allows for the establishment of specimen 
banks for future analysis while reducing problems 
such as assay variabilities that are common when 
independently isolated fresh samples are analyzed. 
Large-scale cell expansions for ACT may involve up 

to two freeze/thawing steps. The fi rst is usually per-
formed after isolation and characterization of opti-
mal cells for therapy and the second may be performed 
after mass expansion prior to infusion. Although 
cryopreservation is a valuable tool, it is also a rather 
harsh treatment of the cells with the potential to 
induce considerable alterations in cell functions. Sig-
nifi cant cell loss due to cryopreservation caused by 
formation of intracellular ice crystals and disruption 
of cell membrane during freezing has been observed 
[3]. It is suggested that although storage at low tem-
perature blocks most enzymatic pathways and metab-
olism in the cells, some of the apoptotic mechanisms 
caused by physiological signals still remain active and 
cause apoptosis or senescence [4]. There are reports 
on loss of response and reduced T cell functions in 
frozen cells compared to freshly isolated cells and 
loss of antigen recognition of T cells that increases 
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with prolongation of freezing time [5,6]. Freezing 
and thawing of the cells may also cause phenotypic 
alterations such as loss of cell surface receptors and 
change in cytokine production by peripheral blood 
mononuclear cells (PBMCs) [7,8]. 

 In order to obtain therapeutically suffi cient num-
bers, the T cells are usually cultured with high dose 
interleukin 2 (IL-2) together with polyclonal activa-
tion of the T cell receptor (TCR) with anti-CD3 
antibodies. Several reports describe induction of 
apoptosis involving p73 and Fas pathways following 
prolonged TCR ligation [9,10]. In addition, several 
groups have reported the induction of FoxP3 expres-
sion and an increase in numbers of regulatory T cells 
after culture in high dose IL-2 combined with 
TCR stimuli [11]. Given that prolonged TCR activa-
tion and expansion of lymphocytes may result in 
activation-induced cell death (AICD), senescence 
and expansion of possible regulatory T cell subsets, 
it is crucial to assess the quality of the manufactured 
cells prior to ACT [12]. 

 This study was designed to determine the effects 
of rapid expansion and cryopreservation on lympho-
cytes at different time points during the course of 
the procedure. We tested fresh versus frozen/thawed 
samples from the same donors with polyclonal 
stimuli to assess immune responsiveness in vitro. 
Moreover, we performed a comparative analysis 
evaluating the expression of markers for immuno-
suppression and apoptosis at the mRNA level at dif-
ferent time points throughout the protocol. Finally 
we compared the effects of cryopreservation and 
rapid expansion on antigen specifi city and reactivity 
of fresh and frozen/thawed CMV-specifi c lympho-
cytes by measuring IFN γ  secretion in response to 
stimulation with a CMV pp65-derived peptide. To 
our knowledge, this is the fi rst study where the com-
bined effects of rapid expansion and cryopreserva-
tion of T cells have been explored.  

 Material and methods  

 Study design 

 Lymphocytes were isolated from PBMCs from fi ve 
healthy donors. These cells were used to simulate the 
effects of cryopreservation and thawing of tumor 
infi ltrating lymphocytes (TILs) during the process of 
rapid expansion. In order to imitate the settings of 
TIL isolation and rapid expansion, freshly isolated 
lymphocytes were cultured with high concentration 
of interleukin (IL)-2 for a period of 14 days where 
after the cells were expanded according to the rapid 
expansion protocol (REP) developed at the NIH. 
During this period the vitality of cells was monitored 
using the Cylex Immuknow   ®    test. This test was also 
performed on cryopreserved TILs isolated from 

tumor biopsies obtained from six melanoma patients. 
We quantifi ed the levels of mRNA encoding pro- or 
anti-apoptotic markers and inhibitory molecules. 
This was done with high reproducibility and accu-
racy with real-time quantitative PCR and the levels 
of markers in the lymphocytes were compared after 
cryopreservation and during cultivation and expan-
sion. From each donor, freshly isolated lymphocytes 
were divided into two aliquots (1 and 2): aliquot 1 
was cultured for 14 days in 6000 IU/ml IL-2 (Novartis, 
Basel, Switzerland) and aliquot 2 was cryopreserved 
and thawed after three days for analyses. Aliquot 1 
was further divided in two new aliquots (aliquot 1a 
and 1b): aliquot 1a was immediately expanded 
according to the rapid expansion protocol (REP) and 
aliquot 1b was fi rst cryopreserved and thawed for 
analyses where after it was expanded according to 
REP. After a period of 14 days of expansion, aliquots 
1a and 1b were cryopreserved, thawed and analyzed. 
Upon thawing, a portion of cells from both aliquots 
were allowed to recover for a period of 48 hours 
in complete media without addition of IL-2 and 
then analyzed. The study design is summarized in 
Figure 1.   

 Ethical approval, patients and samples 

 Melanoma biopsies were collected within an ethical 
committee, approved protocol (reference number 
2005:383).   

 Isolation of tumor-infi ltrating lymphocytes 

 TIL cultures were prepared as previously described 
in detail [13]. Briefl y, multiple independent TIL cul-
tures were initiated in 2 ml wells containing tumor 
fragments (1 mm 3 ) in complete medium (CM) con-
sisting of RPMI1640 with 12 mM glutamine, 10% 
heat-inactivated human AB serum, 25 mM HEPES, 
10 ug/ml Penicillin-Streptomycin (PEST) and 
5.5    �    10 �5  M 2-mercaptoethanol. 6000 IU/ml of 
IL-2 (Novartis, Basel, Switzerland) was added to 
each well. Half of the media and IL-2 were changed 
on day 5 and thereafter every third day after initia-
tion. About 2 – 3    �    10 6  TILs were harvested after 
12 – 15 days when confl uent growth in each original 
well was observed. By pooling the wells, approxi-
mately 50    �    10 6  TILs were obtained. Pooled TILs 
were immediately cryopreserved for future use.   

 Isolation of peripheral blood mononuclear cells 
(PBMCs) 

 Buffy coats from standard whole blood units 
were obtained from fi ve healthy blood donors. 
PBMCs were isolated by Ficoll-Paque (Amersham 
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Biosciences, Uppsala, Sweden) gradient centrifuga-
tion. The lymphocyte fractions were separated by 
plastic adherence, for 90 minutes at 37 ° C in T-75 
culture fl asks (Corning, NY, USA). Lymphocytes 
were collected as non-adherent cells and were cul-
tured in complete medium (CM) (RPMI1640, sup-
plemented with 10% AB serum, 1% Penicillin, 
Streptomycin (PEST), 1% HEPES, 0.5% 1 mM 
L-Glutamine and 0.2% 20  μ M 2-mercaptoethanol). 
All cell culture reagents were purchased from Invit-
rogen (Carlsbad, CA, USA).   

 Rapid expansion of peripheral blood 
lymphocytes (PBLs) 

 Expansion of PBLs was performed using the REP 
[2,14]. Briefl y, cells were co-cultured with 200-fold 
excess of irradiated (55 Gy) allogeneic PBMCs from 
at least fi ve healthy donors as feeder cells in standing 
T75 fl asks. Cells were cultured in standing T-75 
fl asks in CM containing 5% human AB serum, 30 
ng/ml agonistic anti-CD3 antibody (Ortho Biotech, 
Bridgewater, NJ, USA) and 600 IU/ml IL-2. Half of 
the media was changed on day 5 using CM and 600 
IU/ml IL-2 and cells were transferred to standing 
T-175 fl asks.   

 Cryopreservation and thawing of cells 

 Freezing solution (85% complement inactivated AB 
serum and 15% dimethyl sulfoxide (DMSO, Apo-
teket, Sweden). Cells were preserved at 10 7  cell/ml 
in cryogenic vials (Nalgene Labware, Nalge Com-
pany, Rochester, NY, USA) and stored for 24 hours 
at �80 ° C in Nalgene Cryo freezing containers (Nalge 
Nunc International, Rochester, NY, USA). Frozen 
cells were thereafter transferred to a gaseous nitrogen 
freezer for cryopreservation. Frozen cells were thawed 
in 37 ° C water bath until approximately 4/5 of the 
freezing solution was thawed. The cells were resus-
pended in complete medium and washed twice. 
Frozen/thawed cells were counted and assessed for 
viability using trypan blue exclusion.   

 Cylex Immuknow   ®    immune function test 

 Immuknow   ®    is a test for monitoring of T cell 
immune responses in transplanted patients. In this 
test lymphocytes are stimulated with phytohemag-
glutinin (PHA), a non-specifi c mitogen which stim-
ulates T cells regardless of their antigen specifi city 
or phenotypic status. The amount of produced 
intracellular adenosine triphosphate (ATP) is then 
measured as an indicator of cellular activation. 
The immune function assay was performed with 
minor modifi cations to the manufacturer’s protocol. 
Briefl y, lymphocytes were diluted with a sample 
diluent, added to a microtiter plate well, and incu-
bated with PHA for 15 to 18 hours in a 37 ° C, 5% 
CO 2  incubator. The following day, CD4    �    cells were 
positively selected within the microwells with 
magnetic particles coated with anti-human CD4 
monoclonal antibodies (Dynabeads, Dynal, Oslo, 
Norway) and a strong magnet (model 1050 magnet 
tray, Cylex, Inc., Columbia, MD, USA), washed to 
remove residual cells, and lysed to release intracel-
lular ATP. Released ATP was measured with a 
luciferin/luciferase system and a luminometer 
(Berthold, Knoxville, TN, USA). In this assay 

  Figure 1.      The progress fl ow sheet for the treatment of cells 
displayed in sequential steps. Isolated lymphocytes from fi ve 
donors were split into two aliquots. Aliquot 2 was immediately 
cryopreserved and thawed. Aliquot 1 was cultured for 2 weeks and 
split into 1a and 1b. Aliquot 1a was expanded and cryopreserved, 
while aliquot 1b was cryopreserved before expansion. Both 
aliquots 1a and 1b were cryopreserved after expansion and were 
allowed to recover for 48 hours after thawing. During the 
progression of the treatment schedule, each box, representing 
different time points were analyzed.  
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1    �    10 6  PBMCs or PBLs were diluted 1:4 with the 
sample diluent. Magnetic separation approximately 
isolated about 3 – 5    �    10 5  CD4    �  cells. According to 
the manufacturer, the limit of ATP detection in this 
assay is 1 ng/ml.   

 Quantitative Real-time PCR (qRT-PCR) 

 Quantitative RT-PCR was performed to determine 
the gene expression levels of pro/anti-apoptotic and 
immunosuppressive markers. The panel of analyzed 
genes consisted of markers for: immunoregulation 
(IL-10, FoxP3, TGF- β ), apoptosis (p73, FasL and 
BCL-2) and  β -actin as housekeeping gene. Primer 
oligo sequences (Table I), validated for specifi city 
and effi cacy were retrieved from the Harvard Primer 
Bank and purchased from Sigma. Validated FOXP3 
primers were obtained from Qiagen. Total RNA was 
extracted from lymphocytes using the RNeasy kit 
(Qiagen, CA, USA). Reverse transcription reaction 
with 1  μ g of total RNA in 100  μ l was carried out 
using the SuperScript II Reverse Transcription Kit 
following the manufacturer ́ s instructions (Invitrogen). 
Quantitative PCR was performed in 25  μ l reaction 
volumes using, 200 nM of primers and the Power 
SYBR Green Master Mix (Applied Biosystems). All 
reactions were performed on the 7500 Real-Time 
PCR system (Applied Biosystems). 

 Target gene mRNA levels were normalized to 
 β -actin mRNA according to the following formula: 
[2^�(C T  target � C T  actin)] �    100%, where CT is 
the threshold cycle. Fold change was calculated by 
dividing the normalized target gene expression of 
manipulated cells by that of the freshly isolated cells.   

 Flow cytometric analysis 

 Cells were suspended in PBS supplemented with 1% 
human serum albumin. Cells were stained with sur-
face antibodies APC-conjugated anti CD3 and PE-
conjugated anti CD4 (Becton Dickinson, San Jose, 

CA, USA) for 30 minutes at 4 ° C in the dark. The 
cells were washed twice in PBS before fi xation. 
Intercellular staining was performed with FITC-
conjugated anti human FoxP3 (PCH101) and control 
isotype mAb (eBiosciences, San Diego, CA, USA). 
Data acquisition and analysis was performed using 
the FACSCalibur and the CellQuest Pro software 
(Becton Dickinson).   

 CMV ELISpot 

 Buffy coats were obtained from 13 healthy CMV 
seropositive blood donors. Three donors with a high 
proportion of CD8  �   T cells recognizing the HLA-
A ∗ 0201 restricted CMV derived pp65 495-503  peptide 
were identifi ed using tetramer staining. Briefl y, 
200  μ l of buffy coat was lysed using BD FACS 
lysing solution (BD) according to manufacturers ’  
guidelines. White blood cells were subsequently 
stained with CD8-PerCP, CD3-APC (BD) and PE-
labeled HLA-A ∗ 0201/pp65 495-503  tetramer (Beckman-
Coulter, San Diego, CA, USA). PBMCs were 
obtained from these donors using Ficoll Paque (GE 
Healthcare, Uppsala, Sweden) gradient centrifuga-
tion according to manufacturers ’  instructions and 
washed three times in PBS. Cells were subjected to 
analysis of IFN γ  production in response to stimula-
tion with the CMV derived pp65 495-503  peptide using 
ELISPOT, either directly after isolation or after cry-
opreservation and REP. 

 A MultiScreen   ®    fi lter plate [(MAIPSWU10), 
Millipore, Billerica, MA USA] was coated one day 
prior to cell isolation with an IFN γ  capturing anti-
body (Mabtech, Nacka, Sweden) as per manufac-
turer and incubated over night at 4 ° C. Cells were 
seeded at a density of 1.5    �    10 5  cells per well in trip-
licates, in CM and incubated with 5  μ g/well of the 
pp65 495-503  (NLVPMVATV) peptide (Genscript, Pis-
cataway, NJ, USA) overnight. The irrelevant VMAT-
1 31-39  (LLLDNMLFT) derived peptide (Sigma 
Genosys, Haverhill, Suffolk, UK) and medium alone 
were used as negative controls. Subsequent washing 
steps, antibody incubations and spot development 
were performed according to the manufacturers ’  
instructions (Mabtech). Spot forming cells were 
counted using the AID ELISpot reader (Autoimmun 
Diagnostika GmbH, Strassberg, Germany) and data 
analysis was performed using the Immunospot   ®    
software (CTL, Bonn, Germany). A signifi cant dif-
ference in spot formation after CMV peptide stimu-
lation compared to spot formation in response to 
irrelevant peptide and no peptide controls was con-
sidered a specifi c response. Statistically signifi cant 
differences were calculated using one way ANOVA 
and Bonferroni ́ s multiple comparison test. A p-value 
of    �    0.05 was considered signifi cant.   

   Table I. Primers used in RT-qPCR gene expression analysis.  

Gene Primer Sequence 5 ′   →  3 ′ 

Actin Forward ATGCAGAAGGAGATCACTGC
Reverse TCATAGTCCGCCTAGAAGCA

P73 Forward CATGGAGACGAGGACACGTACTAC
Reverse CTCCATCAGCTCCAGGCTCT

BCL-2 Forward CTGGTGGGAGCTTGCATCAC
Reverse ACAGCCTGCAGCTTTGTTTC

TGF- b Forward GCCCTGGACACCAACTATTG
Reverse CGTGTCCAGGCTCCAAATG

FasL Forward CACTTTGGGATTCTTTCCAT
Reverse GTGAGTTGAGGAGCTACAGA

IL-10 Forward GTGATGCCCCAAGCTGAGA
Reverse CACGGCCTTGCTCTTGTTTT
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 Statistical analysis 

 Analysis was performed using GraphPad prism soft-
ware version 5.01 (La Jolla, CA, USA), using the 
two-tailed Wilcoxon matched pair test. Statistical 
analyses for ELISpot were performed using one way 
ANOVA test and Bonferroni ́ s multiple comparison 
test. Values of p    �    0.05 were considered to be statisti-
cally signifi cant.    

 Results  

 Cell viability after freeze/thawing 

 Cell viability was  �    80% after each thawing when 
assessed with trypan blue exclusion. There was about 

10 – 15% cell loss during each round of cryopreserva-
tion (Table II).   

 Effects of cryopreservation on production of 
intracellular ATP 

 Cells were monitored with the Immuknow   ®    immune 
function test prior to and after each freeze/thawing 
step during the rapid expansion protocol. Based on 
the Immuknow   ®    assay CD4  �   T cells from freshly 
isolated PBMC showed moderate responses to 
PHA stimulation corresponding to 468    �    85 ng/ml 
of intracellular ATP (Figure 2a). After 24 hours of 
cryopreservation and subsequent thawing the ATP 
level was reduced to 224    �    109 ng/ml (aliquot 2). 

  Table II. Cell viability.  

 Day 0 Day 0 a Day 14 Day 14 a  Day 28 b Day 28 a, b 

Viability 100% 92% 95% 89% 90% 83%

     a Freeze thawed   
  b Post rapid expansion   

  Figure 2.      Concentration of intercellular ATP concentration as a marker for metabolic activity and immunocompetence of CD4  �   T cell 
subsets isolated from peripheral blood of healthy donors (a) and TILs isolated from melanoma biopsies (b) was measured with the 
Immuknow assay. Cells were stimulated with PHA for 24 hours and lysed to release intracellular ATP. Released ATP was measured with 
a luciferin/luciferase system and a luminometer. (a) Figure showing changes in ATP concentration throughout the protocol of; fresh cells 
isolated from healthy blood donors (Fresh); cryopreserved and thawed cells (F/T); non-cryopreserved cells cultured for 14 days in high-dose 
IL-2 (IL-2); cells cultured for 14 days in high-dose IL-2 and then cryopreserved and thawed (IL-2 F/T); non-cryopreserved and cryopreserved 
day 14 cells after rapid expansion (REP1 and REP2, respectively); REP2 cells after cryopreservation and thawing (Post REP F/T) and 
REP2 cells allowed to recover for 48 hours after cryopreservation and thawing (Post REP Rec.). F/T (frozen/thawed), gray bars represent 
non-cryopreserved cells. (b) Immuknow results from cryopreserved TILs from melanoma patients. TILs obtained from six melanoma 
patients were stimulated with PHA directly after thawing and after 48 hours of recovery. The boxes represent concentrations of intracellular 
ATP with median, minimum and maximum values (n    �    5). Asterisks denote statistical signifi cance where  ∗ p    	    0.05,  ∗  ∗ p    	    0.01.  
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of TGF- β  which remained stable throughout the 
protocol (Figure 3a). The levels of Bcl-2 were not 
affected by immediate freeze thawing, but increased 
by approximately fi ve-fold after 14 days of culture 
in IL-2 and remained elevated to the time point 
after rapid expansion. The levels were signifi cantly 
decreased after 48 hours of recovery and were sim-
ilar to those of fresh PBMC (Figure 3b). After 14 days 
of culture in high dose IL-2 there was a 30-fold 
increase of p73 mRNA levels and a 30-fold decrease 
of IL-10 compared to fresh cells (Figure 3c and d). 
These alterations remained throughout the proto-
col. We observed an approximately 10-fold decrease 
of FoxP3 mRNA levels after 14 days of culture in 
high dose IL-2. However, after rapid expansion, 
FoxP3 levels increased by 25-fold but declined to 
approximately four-fold over baseline when the 
cells were allowed to recover in IL-2 free medium 
(Figure 3e). This correlated with intracellular stain-
ing for FOXP3 in the same cell populations (data 
not shown). The expression of FasL mRNA was 
not signifi cantly changed at any point during the 
protocol (Figure 3f). Cryopreservation prior to 
rapid expansion, as described for aliquot 1b, had 

After 14 days of culture with high dose IL-2, the ATP 
level was reduced to 229    �    28 ng/ml (aliquot 1a) and 
after cryopreservation and thawing ATP levels were 
signifi cantly reduced to 16    �    11 ng/ml (aliquot 1b). 
Both cell populations (aliquot 1a and 1b) were 
expanded according to the rapid expansion protocol. 
After 14 days of rapid expansion, cells subjected to 
prior cryopreservation (aliquot 1b) showed signifi -
cantly increased ATP levels (641    �    62 ng/ml). Cryo-
preservation and thawing of those cells reduced 
the ATP levels to 12    �    8 ng/ml. The cells were 
allowed to recover for 48 hours after the fi nal 
cryopreser vation which resulted in increased ATP to 
356    �    61 ng/ml. We observed similar results when we 
measured the ATP content of cryopreserved TILs 
isolated from six melanoma patients. When allowed 
to recover for 48 hours after cryopreservation, the 
intercellular ATP content of the TILs increased 
from 67    �    28 ng/ml to 552    �    188 ng/ml (Figure 2b).   

 Quantitative Real-time PCR 

 Cryopreservation of fresh PBMC did result in an 
approximately 10-fold decrease in the mRNA levels 

  Figure 3.      Relative expression levels of (a) TGF- β , (b) Bcl-2, (c) p73, (d) IL-10, (e) FoxP3 and (f) FasL in PBMCs from healthy donors 
at different time points during the protocol. All values were normalized to the expression of  β -actin and gene expression in fresh PBMC 
was set as one. F/T  –  frozen/thawed. Bars represent mean fold change (n    �    5)  �    SD. Asterisks denote statistical signifi cance where 
 * p    	    0.05,  *  * p    	    0.01.  
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no signifi cant effect on mRNA levels of the 
analyzed markers (not shown).   

 ELISpot 

 To detect any effects of cryopreservation and rapid 
expansion on antigen-specifi c CD8  �   T cell responses, 
a series of ELISpot assays were performed. PBMCs 
from three CMV seropositive donors were stimu-
lated with a HLA-A0201-restricted, CMV pp65-
derived peptide directly after Ficoll separation, 
cryopreservation, culture in high dose IL-2 for 
14 days and rapid expansion. Cells stimulated 
directly after Ficoll separation generated a signifi -
cantly higher number of IFN γ  spots in response to 

the pp65 peptide compared to control peptide stim-
ulation and no peptide controls, which confi rmed 
their CMV specifi city (Figure 4a). Cryopreservation 
did not impact the antigen specifi c reactivity as all 
donors showed signifi cantly higher reactivity for the 
pp65 peptide compared to controls when analyzed 
after thawing and immediate stimulation (Figure 
4b). After two weeks of culture in high dose IL-2, 
specifi c IFN γ  secretion after peptide stimulation was 
no longer detected (Figure 4c). After completion of 
the rapid expansion, background IFN γ  secretion was 
still high in all donors and no specifi c responses were 
observed (Figure 4d). After 48 hours of culture in 
the absence of IL-2 there was a clear, although 
not signifi cant (p ~ 0.06), restoration of antigenic 

  Figure 4.      ELISpot assays showing the number of spot-forming cells in response to stimulation with CMV pp65 and unspecifi c peptide 
VMAT-1 in healthy CMV  �   donors. Cells stimulated directly after isolation (a), immediately after freeze/thawing (b), after 14 days of culture 
in high dose IL-2 (c), after rapid expansion (d) and after 48 hours of recovery without IL-2 (e). Numbers of spot-forming cells per 1.5    �    10 5  
cells were measured. Bars represent mean of triplicate wells and SD. Asterisks denote statistical signifi cance where  ∗ p    	    0.05,  ∗  ∗ p    	    0.01 
and  ∗  ∗  ∗ p    	    0.001. One of two representative experiments is shown.  



  Effects of cryopreservation and rapid expansion on T cells   985

specifi city manifested by an overall reduction of 
background IFN γ  secretion and specifi c responses 
were detected in two of three donors (Figure 4e).    

 Discussion 

 In this study we investigated the impact of rapid 
expansion and cryopreservation on lymphocytes iso-
lated from peripheral blood of healthy donors. Cryo-
preservation of activated and stimulated T cells did 
not, at any step during the protocol, lead to a sig-
nifi cant decrease in cell viability. After the third cycle 
of cryopreservation, we observed the same amount of 
cell loss as in the fi rst step. Next, we measured the 
amount of ATP production in response to PHA stim-
ulation, comparing fresh and cryopreserved T cells. 
Using the Immuknow assay we observed that cryo-
preservation has a profound effect on the ATP pro-
duction of T cells. Cryopreserved cells did not respond 
to PHA stimulation and displayed signifi cantly lower 
concentrations of intracellular ATP when compared 
to fresh cells. ATP concentrations returned to normal 
levels when the cells were allowed to recover for 48 
hours or when cryopreserved cells were rapidly 
expanded. T cells cultured for two weeks in high dose 
IL-2 did also displayed a signifi cant reduction in 
intracellular ATP concentrations as compared to 
fresh T cells. ATP levels were however normalized 
after rapid expansion regardless of cryopreservation. 
Importantly, the results derived from patient TILs 
were comparable in terms of ATP concentration. In 
addition to cell viability and immune-competence, 
possible alterations in apoptotic and immunosup-
pressive marker expression during rapid expansion 
and cryopreservation were investigated. Cryopreser-
vation alone reduced the relative expression of TGF- β  
in cryopreserved cells when compared to freshly iso-
lated PBMC. The same reduction in TGF- β  as well 
as IL-10 levels could also be observed after 14 days 
of culture in high dose IL-2 and remained reduced 
during the rest of the protocol. FoxP3 expression 
increased by 20-fold after rapid expansion. Given the 
simultaneous decrease in immunosuppressive TGF- β  
and IL-10 mRNA levels, the rise in FoxP3 expression 
could be interpreted as a marker for activation of T 
cells rather than induction or proliferation of preexist-
ing T reg . IL-2 and TCR stimuli have been shown to 
transiently upregulate FoxP3 expression in T cells. 
These cells lack the regulatory properties of natural 
T regs  and do not suppress proliferation or cytokine 
production through secretion of, e.g. TGF- β  and 
IL-10 [15]. The FoxP3 levels were reduced by 50% 
after 48 hours recovery in the absence of IL-2 and 
CD3 stimuli which further supports that FoxP3 is 
transiently upregulated upon stimulation and should 
not be interpreted as a marker for T regs . 

 The mRNA levels of p73 increased after addition 
of IL-2. The protein p73 was originally described as 
a mediator of apoptosis [16] and increase of p73 
could be an indicator of TCR-activation-induced 
cell death (TCR-AICD) that occurs with strong 
stimulation of TCR [10]. In this study we observed 
that expanded cells were non-apoptotic despite 
increased levels of p73 mRNA. This could be 
explained by the fact that our qPCR analysis did 
not discriminate between the many variants of 
p73 isoforms, of which some have anti-apoptotic 
properties. It is well established that isoforms with 
alternative N-terminals have the ability to inhibit 
Fas and Bax mediated apoptosis [17]. The unchanged 
expression of FasL indicated the absence of 
Fas-mediated activation-induced apoptosis, which 
is a known mechanism of clonal deletion of T cells 
[18]. Overall, the gene expression profi le indicates 
that rapid polyclonal expansion and cryopreserva-
tion do not cause apoptosis or induction of regula-
tory cell populations. 

 In contrast to stimulated ATP production which 
was heavily impaired, cryopreservation did not sig-
nifi cantly alter the ability of CMV pp65-specifi c T 
cells to secrete IFN γ  in response to cognate antigen 
stimulation as revealed by ELISpot analysis. After 
two weeks of culture in high dose IL-2, unspecifi c 
IFN γ  secretion was dramatically increased in all 
donors and specifi c responses to antigen could no 
longer be detected. Background IFN γ  secretion was 
still high after rapid expansion; however, a specifi c 
response was again detected in one donor. The high 
background responses corroborate a previously pub-
lished report where high-scale expansion of TILs 
with polyclonal stimulus resulted in a decrease in 
the percentage of tumor-reactive T cells [19]. The 
high background responses are probably a conse-
quence of IL-2 addition as it is known to induce 
IFN γ  production in an unspecifi c manner [20]. The 
relative contribution of unspecifi c IFN γ  secretion 
comparing CD8  �  /CD4  �   was not completely eluci-
dated due to lack of cells. Short-time recovery of 
expanded cells resulted in a decrease in background 
IFN γ  secretion and distinct antigen-specifi c res-
ponses were again detected in two donors. It is likely 
that an extended recovery period could further 
decrease the background levels. The optimal culture 
time for rejuvenation of T cell metabolic compe-
tence and antigenic specifi city needs to be eluci-
dated in upcoming studies. 

 Our fi ndings may be of importance for the 
improvement of T cell therapy as they implicate that 
allowing short-time recovery of mass expanded and 
cryopreserved cells before reinfusion could enhance 
the outcome of adoptive cell therapy as the cells 
regain immune competence and specifi city.               
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