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Summary

Approaches to evaluate T-cell responses to Epstein–Barr virus (EBV)

include enzyme-linked immunospot (ELISPOT), which quantifies cells

capable of immediate interferon-c secretion upon antigen stimulation.

However, evaluation of expandable EBV-specific memory T cells in an

ELISPOT format has not been described previously. We quantified EBV-

specific T-cell precursors with high proliferative capacity by using a pep-

tide-based cultured interferon-c ELISPOT assay. Standard and cultured

ELISPOT responses to overlapping peptide pools (15-mers overlapping by

11 amino acids) covering the lytic (BZLF1 and BMRF1) and latent

(EBNA1, EBNA3a, EBNA3b, EBNA3c, LMP1 and LMP2) EBV proteins

were evaluated in 20 healthy subjects with remote EBV infection and, for

comparison, in four solid organ transplant recipients. Cultured ELISPOT

responses to both lytic and latent EBV antigens were significantly higher

than standard ELISPOT responses. The distribution of EBV-specific T-cell

responses detected in healthy virus carriers showed more consistent cul-

tured ELISPOT responses compared with standard ELISPOT responses.

T-cell responses quantified by cultured ELISPOT were mainly mediated

by CD4+ T cells and a marked pattern of immunodominance to latent-

phase antigens (EBNA1 > EBNA3 family antigens > LMP2 > LMP1) was

shown. Both the magnitude and distribution of EBV-specific T-cell

responses were altered in solid organ transplant recipients; in particular,

cultured ELISPOT responses were almost undetectable in a lung-

transplanted patient with EBV-associated diseases. Analysis of T-cell

responses to EBV by ELISPOT assays might provide new insights into the

pathogenesis of EBV-related diseases and serve as new tools in the

monitoring of EBV infection in immunocompromised patients.

Keywords: ELISPOT; Epstein–Barr virus; immunocompetent subjects;

memory T cells; solid organ transplant recipients.

Introduction

Epstein–Barr virus (EBV) is a gamma-herpes virus that

infects > 90% of the population worldwide. Primary EBV

infection usually occurs during childhood and is generally

asymptomatic; however, acute infectious mononucleosis

may manifest in some individuals.1 After primary infec-

tion, the virus persists life-long within the B-cell compart-

ment. Replication and persistence of EBV are maintained

through a balance between productive (lytic) and non-

productive (latent) infections. In healthy individuals,

EBV-specific T-cell responses play a key role in control-

ling viral replication and latency establishment during

primary infection, and through the life-long carrier state,

preventing EBV-associated diseases.2,3 However, EBV has

been implicated in the development of malignancies such

as Burkitt’s lymphoma, nasopharyngeal carcinoma, Hodg-

kin’s lymphoma and post-transplant lymphoproliferative

disorders (PTLD).4

Epstein–Barr virus-specific T-cell responses have been

mostly determined by MHC-peptide tetramer staining,5

intracellular cytokine staining6,7 and the enzyme-linked

immunospot (ELISPOT) assay.8,9 These assays have relied

mainly on the use of autologous EBV-transformed B-

lymphoblastoid cell lines (B-LCL) as a source of antigen

for stimulation of lymphocytes. The B-LCL express not
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only the latent proteins of EBV but also the lytic proteins,

owing to the fact that a small proportion of cells (< 5%) in

the B-LCL enter into the lytic phase of infection.10 Addi-

tionally, B-LCL stimulation can also activate both CD8+

and CD4+ lytic antigen-specific T cells.11,12 However,

attempts to generate autologous B-LCL are not always suc-

cessful. Although the tetramer approach allows direct

quantification of antigen-specific T cells, both the viral

peptide and its restricting MHC molecule must be known

in advance, limiting the use of this approach to the clinical

setting. The ELISPOT and intracellular cytokine staining

assays are attractive alternatives because they use an entire

protein-spanning mixture of overlapping peptides, pre-

sented by a variety of HLA alleles, which is efficient for in

vitro stimulation of T lymphocytes. The interferon-c
(IFN-c) ELISPOT assay is widely used to quantify human

antigen-specific immune responses. This assay quantifies T

cells capable of immediate secretion of IFN-c upon antigen

stimulation. These cells are thought to represent mainly

effector memory T cells.13 On the other hand, the cultured

ELISPOT assay quantifies expandable memory T cells,14

probably representing central memory T cells.15 The assay

is performed by culturing lymphocytes with specific anti-

gens for 10 days allowing T cells to expand in response to

the antigen. Then, the standard ELISPOT procedure is

applied in response to the corresponding antigens used for

the 10-day stimulation period. So far, the dynamics of

EBV-specific T-cell responses simultaneously analysed by

standard and cultured ELISPOT assays have not been

described.

In the present study, we evaluated virus-specific T-cell

responses to overlapping peptide pools of both lytic

(BZLF1 and BMRF1) and latent [EBV nuclear antigen 1

(EBNA1), EBNA3a, EBNA3b, EBNA3c, latent membrane

protein 1 (LMP1) and LMP2] EBV proteins by standard

ELISPOT in healthy virus carriers. At the same time,

EBV-specific T-cell responses were evaluated by the

cultured ELISPOT assay. Subsequently, we examined

memory T-cell responses against EBV in immunocom-

promised transplant patients.

Materials and methods

Immunocompetent healthy subjects and immunocompro-
mised patients

Following approval by the local ethics committee and

after obtaining written informed consent, 23 healthy lab-

oratory personnel (17 women and six men) from the

Fondazione IRCCS Policlinico San Matteo, Pavia, Italy,

volunteered to give blood samples. The mean subject age

at sample collection was 37�1 (standard deviation, SD:

8�1) years. Twenty subjects were EBV-seropositive and

three were EBV-seronegative. The EBV-specific serologi-

cal profile indicated that the 20 EBV-positive subjects

were individuals with remote EBV infection (VCA IgG

and EBNA IgG positive and VCA IgM negative). Four

additional EBV-seropositive individuals, with remote

EBV infection, were recruited from among the blood

bank donors at the Fondazione IRCCS Policlinico San

Matteo, Pavia, Italy, providing a sufficient number of

cells for depletion studies as well as reproducibility stud-

ies. Blood samples from four solid organ transplant

recipients were analysed for comparison. Three patients

(P01 and P02, males aged 68 and 42 years, respectively;

P03, female aged 54 years) underwent heart transplanta-

tion, and one patient (P04, male aged 69 years) under-

went lung transplantation. The four patients were

seropositive for remote EBV infection before transplanta-

tion; three (P01–03) had not experienced EBV-related

diseases in the post-transplant period, whereas the

fourth (P04) experienced a PTLD and an EBV-related

lymphoma at 4 and 6 months after transplantation,

respectively. At the time of blood collection, patient

P01 was receiving cyclosporine (175 mg/day), everolimus

(1�25 mg/day) and steroid (15 mg/day), patient P02 was

receiving cyclosporine (200 mg/day) and steroid (5 mg/

day), patient P03 was receiving mycophenolate mofetil

(1500 mg/day), tacrolimus (7 mg/day) and steroid

(10 mg/day), and patient P04 was receiving prednisone

(25 mg/day) without other immunosuppressive drugs

because of lymphopenia.

Isolation of peripheral blood mononuclear cells

Peripheral blood was collected into tubes containing

heparin (BD Vacutainer, Plymouth, UK) or into a blood

collection bag. Whole blood was used for determination

of T-cell subsets by flow cytometry. Peripheral blood

mononuclear cells (PBMC) were isolated by standard

density gradient centrifugation using Lymphoprep (Axis-

Shield, Oslo, Norway). Isolated PBMC were cryopre-

served in freezing medium [10% DMSO (Sigma-Aldrich,

St Louis, MO), 25% human albumin (Grifolds Biologi-

cals, Los Angeles, CA) and 65% RPMI-1640 supple-

mented with 2 mM L-glutamine, 100 U/ml penicillin and

100 µg/ml streptomycin (all from Euroclone, Milan,

Italy)] and kept in liquid nitrogen until ELISPOT

analyses.

Determination of T-cell subsets

Fresh whole blood was stained with anti-CD3-PC5

(phycoerythrin-Cy5), anti-CD45-FITC, anti-CD4-RD1

(phycoerythrin) and anti-CD8-ECD (phycoerythrin-Texas

Red-X) monoclonal antibodies (all from Beckman Coul-

ter, Milan, Italy). After lysis of red cells, CD4 and CD8

T-cell subsets were analysed by flow cytometry (Navios,

Beckman Coulter) using Flow-Count Fluorospheres

(Beckman Coulter).
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Synthetic peptides

Peptide pools spanning full-length EBV lytic proteins,

BZLF1 (59 peptides) and BMRF1 (99 peptides), as well as

full-length EBV latent proteins EBNA1 (158 peptides),

EBNA3a (234 peptides), EBNA3b (279 peptides), EBNA3c

(265 peptides), LMP1 (94 peptides) and LMP2 (122 pep-

tides) were purchased from JPT Peptide Technologies,

Berlin, Germany. Peptides were 15 amino acids in length

with an 11-amino-acid overlap. Each lyophilized peptide

pool was dissolved in DMSO (Sigma-Aldrich) and diluted

with RPMI-1640 medium supplemented with 2 mM

L-glutamine, 100 U/ml penicillin and 100 µg/ml strepto-

mycin to generate stock solutions. Aliquots were stored at

�20° until use. A final concentration of 0�25 µg/ml for

each individual peptide in the corresponding pool was

used in all experiments. Additionally, an EBV peptide

pool containing 15 peptides, 8 to 10 amino acids in

length (Anaspec, Fremont, CA), each corresponding to a

defined HLA class I-restricted T-cell epitope from EBV

that are part of the CEF control peptide pool,16 was used

at a final concentration of 2 µg/ml for each individual

peptide.

ELISPOT assays

The PBMC were thawed, washed and resuspended in cul-

ture medium [RPMI-1640 medium supplemented with

2 mM L-glutamine, 100 U/ml penicillin, 100 µg/ml

streptomycin and 10% heat-inactivated fetal calf serum

(Euroclone)]. Cells were kept overnight at 37° in a humid-

ified 5% CO2 atmosphere. Cells were then used in the

standard ELISPOT or were transferred to a 48-well flat-

bottom plate (5 9 105 cells/ml per well), stimulated with

the corresponding EBV peptide pool (one pool per well)

or culture medium only or phytohaemagglutinin (PHA;

5 μg/ml; Sigma-Aldrich), and cultured at 37° in a humidi-

fied 5% CO2 atmosphere for 10 days. On days 3 and 7,

half of the supernatant from each well was removed and

replaced with fresh culture medium supplemented with

20 IU/ml recombinant human interleukin-2 (Peprotech,

London, UK). After 10 days, cells from each well were

harvested, washed three times with culture medium and

resuspended at a concentration of 4 9 105 cells/ml before

their use in ELISPOT assays. Human IFN-c ELISPOT kits

were purchased from Diaclone (Cedex, France). Multi-

Screen-IP 96-well plates (Merck Millipore, Darmstadt,

Germany) were coated with IFN-c capture antibody and

incubated overnight at 4°. Plates were then washed five

times with PBS (Euroclone) and blocked with culture

medium for 2 hr at room temperature. For the standard

ELISPOT, PBMC (1 9 105 cells/well) were stimulated (in

duplicate) with the corresponding EBV peptide pool, or

PHA (5 µg/ml), or culture medium only. For the cultured

ELISPOT, cells stimuated with antigen for 10 days were

added in duplicate (4 9 104 cells/well) and re-stimulated

with the corresponding antigen used for stimulation dur-

ing the 10-day period or staphylococcal enterotoxin B

(SEB; 2 µg/ml; Sigma-Aldrich, for cells stimulated with

PHA during the 10-day period). After an incubation at

37° in a humidified 5% CO2 atmosphere for 24 hr, plates

were washed five times with PBS supplemented with

0�05% Tween-20 (PBST; Sigma-Aldrich). Biotinylated

detection antibody for IFN-c was added and incubated

overnight at 4°. After five washes with PBST, strepatavi-

din–alkaline phosphatase conjugate was added and plates

were incubated at 37° in 5% CO2 atmosphere for 1 hr.

Plates were then washed, 5-bromo-4-chloro-3-indolyl

phosphate/nitro blue tetrazolium was added and incu-

bated at room temperature for 20 min. Wells were then

washed several times under running water and air-dried.

Spots were counted using an automated ELISPOT reader

system (A-EL-Vis, Hannover, Germany).

Depletion of CD8+ or CD4+ cells from PBMC

Before starting the 10-day culture period, assays were also

performed after depleting CD8+ or CD4+ cells from

PBMC by using CD8 MicroBeads or CD4 MicroBeads

(Miltenyi Biotec, Bergisch Gladbach, Germany) specific

for human cells following the manufacturer’s instructions.

Magnetic separations were performed using MS columns

(Miltenyi Biotec). The depleted fractions contained < 5%

of target cells, as determined by flow cytometry.

Data analysis

The mean number of spots from duplicate wells was

adjusted to 1 9 106 PBMC. Results are presented as net

spots per million PBMC calculated as follows: mean

number of spots per million PBMC in wells from each

EBV peptide pool minus the mean number of spots per

million PBMC in wells with culture medium only. Results

from the cultured ELISPOT were adjusted per prolifera-

tion index (number of antigen-stimulated cells after

10 days of culture divided by the number of medium-

stimulated cells after 10 days of culture). For analysis of

intra-assay cultured ELISPOT variability, the mean and

SD were calculated for each individual set of duplicate

wells and each coefficient of variation (%CV) was deter-

mined (SD divided by the mean and converted to a per-

centage). The inter-assay cultured ELISPOT variability

was calculated as the %CV of the mean from duplicate

wells from each assay performed on different days. Statis-

tical analyses were performed using GRAPHPAD PRISM

(version 5; GraphPad Software Inc., La Jolla, CA). The

Wilcoxon signed rank test was used to compare medians

and the Spearman’s test was used for correlation analysis.

All tests were two-tailed. A P-value < 0�05 was considered

statistically significant.
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Results

EBV-specific T-cell responses in healthy subjects as
measured by standard ELISPOT

The 23 healthy subjects evaluated in the study had a

mean CD4 T-cell count of 984�7 (SD 357) cells/µl and a

mean CD8 T-cell count of 557�3 (SD 232�3) cells/µl. We

evaluated, by standard ELISPOT assay, antigen-specific

IFN-c production in PBMC from the 23 healthy subjects

in response to overlapping peptide pools spanning full-

length EBV lytic BZLF1 and BMRF1 proteins as well as

full-length EBV latent EBNA1, EBNA3a, EBNA3b,

EBNA3c, LMP1 and LMP2 proteins. EBV-specific T-cell

responses are presented in Fig. 1(a). In EBV-seropositive

subjects (n = 20), the median number of net spots/

million PBMC in response to lytic BZLF1 and BMRF1

proteins was 107�5 [interquartile range (IQR) 43�8–210]
and 3�5 (IQR 0–43�8), respectively, whereas in response

to latent EBNA1, EBNA3a, EBNA3b, EBNA3c, LMP1 and

LMP2 proteins it was 137�5 (IQR 45�5–428�8), 60 (IQR

16�3–210�5), 40 (IQR 2�5–133�8), 55 (IQR 35–92�5), 7�5
(IQR 0–40) and 27�5 (IQR 10–96�3), respectively. In three

EBV-seronegative healthy subjects, the overall median

EBV-specific T-cell response detected by standard ELI-

SPOT was 1 (IQR 0–10) net spots/million PBMC, consis-

tent with non-existent EBV immunity and demonstrating

assay specificity. For all 23 subjects, incubation of PBMC

with culture medium only resulted in a mean number of

spots per well of 3�4 (SD 2�2), whereas the mean number

of spots per well in response to PHA was 695�3 (SD

158�6) (not shown).

EBV-specific T-cell responses in healthy subjects as
measured by cultured ELISPOT

We simultaneously evaluated EBV-specific memory T-cell

responses in PBMC from the 23 healthy subjects by

cultured ELISPOT assay (Fig. 1b). In EBV-seropositive

healthy individuals, EBV-specific cultured T-cell responses

were significantly higher than T-cell responses quantified

by standard ELISPOT (P � 0�002, two-tailed Wilcoxon

signed rank test). The median numbers of net spots/

million PBMC obtained by cultured ELISPOT in response

to BZLF1 (1182, IQR 250�5–2331) and BMRF1 (1301,

IQR 582�3–3572) lytic proteins were 11-fold and 372-

fold higher than those detected by standard ELISPOT.

The median EBNA1-specific T-cell-cultured ELISPOT

response was the highest (3632, IQR 2409–6118 net

spots/million PBMC) and it was 26-fold higher than that

detected by the standard assay. The median cultured

ELISPOT responses (net spots/million PBMC) to EBNA3a

(2539, IQR 964–3555), EBNA3b (1654, IQR 617–2498),
EBNA3c (1928, IQR 999–3258), LMP1 (367, IQR 105�5–
1033) and LMP2 (1084, IQR 444–1989) were 42-fold,

41-fold, 36-fold, 49-fold and 39-fold higher than those

detected by standard ELISPOT. In three EBV-seronegative

healthy subjects, the overall median EBV-specific T-cell

response detected by cultured ELISPOT was 75 (IQR

0–422) net spots/million PBMC, which was 21-fold lower

than that detected in EBV-seropositive healthy individu-

als. For all 23 subjects, incubation of PBMC with culture

medium only resulted in a mean number of spots per

well of 8�5 (SD 16�4), whereas a mean number of 167�1
(SD 83�6) spots per well in response to SEB stimulation

was detected (not shown).

We further compared the antigen-specific T-cell

responses measured by standard and cultured ELISPOT

assays. No correlation was found between the two ELI-

SPOT assays in response to EBV antigens (P > 0�05,
Spearman’s test, not shown), supporting the concept that

different antigen-specific T-cell populations are being

measured.

Reproducibility of the cultured ELISPOT assay

Experiments were conducted to assess quantitative repro-

ducibility of the cultured ELISPOT in PBMC from three

EBV-seropositive healthy donors in response to EBV anti-

gens. Three aliquots of the same PBMC sample were

examined on three different days by a single operator. As

shown in Fig. 2(a), the mean intra-assay CV, describing

the variation among duplicate wells on the same plate

from the same sample for each stimulation condition,

ranged from 3�6% to 12�3%. The mean inter-assay CV,

describing the variation among three assays performed on

different days, ranged from 8�8% to 49�3% (Fig. 2b).

Magnitude and distribution of antigen-specific T-cell
responses in EBV-seropositive healthy subjects

Figure 3 separates standard and cultured EBV-specific

T-cell responses in the 20 EBV-seropositive healthy sub-

jects and shows that responses are different not only in

magnitude but also in distribution. Taking into account

the cumulative magnitude of the EBV-specific response

for each individual, the median EBV-specific standard

ELISPOT response was 732�5 (IQR 318�8–1425) net

spots/million PBMC (Fig. 3a), whereas the median cul-

tured ELISPOT response was 17 290 (IQR 11 561–
26 103) net spots/million PBMC (Fig. 3b). When analy-

sing the specific response to each antigen as a percentage

of the total EBV-specific response, we observed that the

distribution of antigen-specific T-cell responses to lytic

and latent EBV antigens detected by standard and

cultured ELISPOT assays was distinct (Fig. 3c,d). Anti-

gen-specific cultured ELISPOT responses were more con-

sistently detected compared with standard ELISPOT

responses. Most of the subjects (15/20, 75%) had a

detectable cultured ELISPOT response to all eight EBV
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proteins, whereas only 30% (6/20) had a detectable stan-

dard ELISPOT response to the eight EBV antigens. Differ-

ences in T-cell response to lytic antigens were clearly

evident, the median percentages of standard ELISPOT

responses to BZLF1 and BMRF1 lytic proteins were 14�6
(IQR 7�7–31�9) and 0�3 (IQR 0–8�3), respectively, whereas
the median percentages of cultured ELISPOT responses

were 6�8 (IQR 1�6–13�5) and 8�4 (IQR 3�8–22�7), respec-
tively. The analysis considering the proportion of T-cell

responses to latent antigens further showed that cultured

ELISPOT responses were less variable than standard ELI-

SPOT responses. While the median percentages of stan-

dard ELISPOT responses to EBNA1, EBNA3a, EBNA3b,

EBNA3c, LMP1 and LMP2 were 26�3 (IQR 7�4–34�6), 9�1
(IQR 3�9–17�1), 3�8 (IQR 0�2–16�4), 9�1 (IQR 5�2–15�7),
1�6 (IQR 0–5�5) and 5�4 (IQR 1–9�8), respectively, the

median percentages of cultured ELISPOT responses were

25 (IQR 12�7–43�7), 15�2 (IQR 6�7–19�1), 8�6 (IQR 5�3–
15�7), 11�6 (IQR 5�3–20�5), 2�6 (IQR 0�7–7) and 5�3 (IQR

3�7–9�8), respectively.

EBV-specific T-cell responses in a subsequent PBMC
sample

To determine whether the magnitude and distribution of

EBV-specific T-cell responses detected by standard and

cultured ELISPOT assays were stable over time, PBMC

from three EBV-seropositive healthy subjects were subse-

quently analysed 4–5 months apart. A wide divergence in

the cumulative magnitude of the EBV-specific standard

ELISPOT response between subjects was observed and it

also displayed a certain degree of variability within the

1600

1400

1200

1000

800

600

400

200

0

N
et

 s
po

ts
/m

ill
lio

n 
P

B
M

C

+ + + + + + + +– – – – – – – –EBV serology:

BZLF1 BMRF1 EBNA1 EBNA3a EBNA3b EBNA3c LMP1 LMP2

Standard ELISPOT

+ + + + + + + +– – – – – – – –EBV serology:

BZLF1 BMRF1 EBNA1 EBNA3a EBNA3b EBNA3c LMP1 LMP2

14 000

12 000

10 000

8000

6000

4000

2000

0

N
et

 s
po

ts
/m

ill
io

n 
P

B
M

C

Cultured ELISPOT

(a)

(b)

Figure 1. Epstein–Barr virus (EBV)-specific

T-cell responses determined by standard and

cultured ELISPOT assays in healthy subjects.

Peripheral blood mononuclear cells (PBMC)

from EBV-seropositive (n = 20) and EBV-

seronegative (n = 3) healthy subjects were

evaluated in response to peptide pools (15

amino acids in length with an 11-amino-acid

overlap) representing the full-length lytic

(BZLF1 and BMRF1) and latent (EBNA1,

EBNA3a, EBNA3b, EBNA3c, LMP1 and LMP2)

EBV proteins. Results are shown as net spots/

million PBMC for standard (a) and cultured

(b) ELISPOT responses. EBV-specific T-cell

responses determined by the cultured ELISPOT

assay are significantly higher than those

detected by the standard ELISPOT assay

(P � 0�002, two-tailed Wilcoxon signed rank

test). Box and whisker plots (Tukey) indicate

median (middle line in the box) EBV-specific

T-cell responses detected in EBV-seropositive

individuals. Data from each EBV-seronegative

subject were plotted individually and the hori-

zontal line marks the respective median

number.
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same individual (Fig. 4a); however, the cumulative

magnitude of the EBV-specific cultured ELISPOT response

was quite comparable between subjects and remained rela-

tively stable in the same individual within this period of

time (Fig. 4b). A distinct distribution of antigen-specific

T-cell responses to lytic and latent EBV antigens detected

by standard (Fig. 4c) and cultured ELISPOT (Fig. 4d)

assays was also observed, with the cultured ELISPOT

responses being more stable over time.

EBV-specific cultured ELISPOT responses following
T-cell subset depletion

Studies have documented the predominance and immu-

nodominance of EBV-specific CD8+ T-cell responses

versus CD4+ T-cell responses in healthy virus carriers.3

Therefore, cultured ELISPOT assays were performed

using PBMC, CD8-depleted PBMC and CD4-depleted

PBMC from four healthy donors in response to overlap-

ping peptide pools (15 amino acids in length with an

11-amino-acid overlap) representing the full-length lytic

(BZLF1 and BMRF1) and latent (EBNA1, EBNA3a,

EBNA3b, EBNA3c, LMP1 and LMP2) EBV proteins. The

results presented in Fig. 5 consistently show that CD8+

T-cell depletion had no effect on the cultured ELISPOT

responses compared with results from PBMC. In contrast,

CD4+ T-cell depletion decreased, or completely reduced,

EBV-specific cultured ELISPOT responses, indicating that

CD4+ T cells are the source of these responses. To show

that the healthy EBV carriers had representative EBV-spe-

cific CD8+ T-cell responses, cultured ELISPOT assays

were also performed in response to an EBV peptide pool

(15 peptides, 8–10 amino acids in length) representing

defined EBV-derived HLA class I-restricted T-cell
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Figure 2. Reproducibility of the cultured ELI-

SPOT assay. Intra-assay (a) and inter-assay

(b) variations were evaluated in peripheral

blood mononuclear cells (PBMC) from three

Epstein–Barr virus (EBV)-seropositive healthy

donors to peptide pools (15 amino acids in

length with an 11-amino-acid overlap) repre-

senting the full-length lytic (BZLF1 and

BMRF1) and latent (EBNA1, EBNA3a,

EBNA3b, EBNA3c, LMP1 and LMP2) EBV

proteins as well as medium alone and staphy-

lococcal enterotoxin B (SEB). For the intra-

assay variability, each symbol represents the

coefficient of variation (expressed as a percent-

age, %CV) calculated from duplicate ELISPOT

wells of each sample to each stimulation condi-

tion and the horizontal line represents the

respective mean %CV. For the inter-assay vari-

ability, each symbol represents the %CV of the

mean from duplicate wells from each assay

performed in three different days and the hori-

zontal line represents the respective mean %

CV.
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epitopes. As also shown in Fig. 5, the median number of

net spots/million PBMC in response to EBV peptide pool

(class I) was 3938 (IQR 2941–5797) and was similar to

that obtained in CD4-depleted PBMC (median 3754, IQR

2325–4446, net spots/million PBMC), whereas CD8+

T-cell depletion almost completely abolished the cultured

ELISPOT response, indicating that CD8+ T cells are the

source of these responses.

EBV-specific T-cell responses in solid organ
transplant recipients

Epstein–Barr virus-specific T-cell responses were charac-

terized by standard and cultured ELISPOT assays in four

solid organ transplant recipients. Due to limited PBMC

availability from each patient, evaluation of T-cell

responses could not be assessed against all eight EBV

antigens evaluated in healthy subjects and for one patient

(P04) T-cell responses were only assessed by cultured

ELISPOT. Responses to non-specific stimulation (PHA or

SEB) in three of the four solid organ transplant recipients

(P01–P03) were comparable to those obtained in healthy

subjects (Fig. 6a–c), whereas the magnitude of response

to SEB was low in P04 (who had a low number of both

T-cell subsets) (Fig. 6d). EBV-specific standard and cul-

tured ELISPOT responses in three patients differed in

both magnitude and distribution. In general, the magni-

tude of EBV-specific T-cell responses detected by stan-

dard and cultured ELISPOT assays in three heart

transplant recipients without EBV-associated diseases

were comparable to the corresponding median response

in EBV-seropositive healthy subjects (Fig. 6a–c), only a

few EBV-specific immune responses were of a lower mag-

nitude compared with healthy carriers. In contrast, almost

no EBV-specific T-cell responses were detected in the

patient with EBV-associated diseases (P04) (Fig. 6d).

Discussion

In the present study, we simultaneously analysed

EBV-specific T-cell responses to sets of peptides that were

15 amino acids in length with 11-amino-acid overlap by

standard and cultured ELISPOT assays. In EBV-seroposi-

tive healthy subjects (i) EBV-specific cultured ELISPOT

responses were significantly greater than standard

ELISPOT responses; (ii) the distribution of antigen-spe-
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Figure 3. Magnitude and distribution of Epstein–Barr virus (EBV)-specific T-cell responses in healthy subjects. The magnitude of standard

(a) and cultured (b) ELISPOT responses in peripheral blood mononuclear cells (PBMC) from each EBV-seropositive healthy subject to peptide

pools (15 amino acids in length with an 11-amino-acid overlap) representing the full-length lytic (BZLF1 and BMRF1) and latent (EBNA1,

EBNA3a, EBNA3b, EBNA3c, LMP1 and LMP2) EBV proteins are shown. Results are shown as net spots/million PBMC. Error bars represent the

SD of the mean. The specific response to each EBV antigen as a percentage of the total summed EBV-specific standard (c) and cultured (d) ELI-

SPOT responses are shown.
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cific T-cell responses to lytic and latent EBV proteins

showed that antigen-specific cultured ELISPOT responses

were more consistently detectable compared with stan-

dard ELISPOT responses; (iii) T-cell responses to EBV

antigens detected by cultured ELISPOT were mainly

mediated by CD4+ T cells. Furthermore, in general, the

magnitude of EBV-specific T-cell responses detected by

standard and cultured ELISPOT assays in three heart

transplant recipients without EBV-associated diseases

were comparable to the corresponding median response

in healthy subjects. In contrast, EBV-specific cultured

ELISPOT responses were almost undetectable in a lung

transplant patient with PTLD.

Although EBV-specific CD8+ T-cell responses have

been studied in detail and their importance has been

clearly demonstrated,3 the corresponding EBV-specific

CD4+ T-cell response is still poorly defined, although

antigen-specific CD4+ T-cell help is necessary to generate

an effective memory CD8+ T-cell response17 and to main-

tain CD8+ T-cell function during chronic infection.18 In

this study, we used overlapping peptide pools represent-

ing both lytic and latent EBV cycle proteins for in vitro

stimulation of T lymphocytes, allowing the evaluation of

T-cell responses independent of the subject’s HLA and

EBV antigenic peptides. Peptides were 15 amino acids in

length with an 11-amino-acid overlap. Sets of such pep-

tides have been shown to represent a good compromise

for stimulating both CD8+ and CD4+ T-cell responses in

a number of applications.19,20 However, our data indicate

that the stimulation conditions used in our assay effi-

ciently expand CD4+ rather than CD8+ T-cell responses.

Additionally, peptides that are 8–10 amino acids in

length specifically stimulated EBV-specific CD8+ T-cell

responses. It is important to note that our study does not

argue against the predominance of EBV-specific CD8+

over CD4+ T-cell responses, nor does it make a compari-

son of EBV-specific CD4+ versus CD8+ T-cell responses.

Our experiments were aimed at determining the fre-

quency and distribution of EBV-specific T-cell responses

simultaneously analysed by standard and cultured

ELISPOT assays. Based on our findings, the cultured

ELISPOT presents important advantages because of the

Standard ELISPOT Cultured ELISPOT
3000

2500

2000

1500

1000

500

0
1st smp 2nd smp 1st smp 2nd smp 1st smp 2nd smp 1st smp 2nd smp 1st smp 2nd smp 1st smp 2nd smp

Subject ID 1 Subject ID 2 Subject ID 6 Subject ID 1 Subject ID 2 Subject ID 6

1st smp 2nd smp 1st smp 2nd smp 1st smp 2nd smp

Subject ID 1 Subject ID 2 Subject ID 6

1st smp 2nd smp 1st smp 2nd smp 1st smp 2nd smp

Subject ID 1 Subject ID 2 Subject ID 6

100

90

80

70

60

50

40

30

20

10

0

%
 a

nt
ig

en
-s

pe
ci

fic
 r

es
po

ns
e

%
 a

nt
ig

en
-s

pe
ci

fic
 r

es
po

ns
e

N
et

 s
po

ts
/m

ill
lio

n 
P

B
M

C

N
et

 s
po

ts
/m

ill
lio

n 
P

B
M

C

BZLF1

EBNA1
EBNA3a
EBNA3b
EBNA3c
LMP1
LMP2

BMRF1

BZLF1

EBNA1

EBNA3a
EBNA3b
EBNA3c
LMP1
LMP2

BMRF1

BZLF1

EBNA1
EBNA3a
EBNA3b
EBNA3c
LMP1
LMP2

BMRF1

BZLF1

EBNA1
EBNA3a
EBNA3b

EBNA3c
LMP1
LMP2

BMRF1

100

90

80

70

60

50

40

30

20

10

0

20 000

18 000

16 000

14 000

12 000

10 000

8000

6000

4000

2000

0

(a) (b)

(c) (d)

Figure 4. Analysis of Epstein–Barr virus (EBV)-specific T-cell responses by ELISPOT assays in a subsequent peripheral blood mononuclear cell

(PBMC) sample. Standard (a) and cultured (b) ELISPOT responses to peptide pools (15 amino acids in length with an 11-amino-acid overlap)

representing the full-length lytic (BZLF1 and BMRF1) and latent (EBNA1, EBNA3a, EBNA3b, EBNA3c, LMP1 and LMP2) EBV proteins were

analysed in a subsequent PBMC sample (4–5 months apart) obtained from three EBV-seropositive healthy subjects. Results are shown as net

spots/million PBMC. Error bars represent the SD of the mean. The specific response to each EBV antigen as a percentage of the total summed

EBV-specific standard (c) and cultured (d) ELISPOT responses are shown. smp, sample.
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possibility of expanding EBV-specific CD4+ T-cell

responses as few studies have been able to detect EBV-

specific memory CD4+ T cells capable of both expansion

and IFN-c production upon antigenic challenge.21–23

Studies evaluating the relationship between memory

T-cell phenotype and the ability to secrete IFN-c in

response to short-term peptide stimulation, as measured

by intracellular cytokine staining, have shown that

this cytokine can be detected in CD45RO+ and

CD45RA+ CD8+ T-cell subsets24 as well as CD4+ T-cell

subsets25 and, when analysed for CCR7 expression, IFN-c
production was mainly detected in CCR7� cells rather

than CCR7+ cells, indicating that IFN-c is mainly pro-

duced by the effector memory (CD45RO+ CCR7�) rather
than central memory (CD45RO+ CCR7+) T-cell subset.13

However, recent studies indicate that depletion of CCR7+

or CD62L+ cells reduced CD4 and CD8 T-cell responses

detected by standard ELISPOT but the cultured ELISPOT

responses were reduced more dramatically, indicating the

predominant role of central memory T cells in the

cultured ELISPOT response and suggesting a role for this

T-cell subset in the standard ELISPOT response.15 More

recent studies further indicate that expandable antigen-

specific T cells, as measured by cultured ELISPOT,

predominantly display a central memory phenotype.26 In

the present study, the role of memory T-cell phenotypes

in the ELISPOT assays was not analysed. However, our

results suggest that the cultured ELISPOT not only

increases the frequency of the antigen-specific T-cell

responses but did not correlate with the standard

ELISPOT responses, indicating that different IFN-c
producing cell populations are being quantified.

Antigen-specific T-cell responses measured by cultured

cellular assays, but not by standard ELISPOT, have been

shown to correlate with slow disease progression in HIV-

1-infected individuals naive to antiretroviral therapy,14

protection against malaria,27 suppression of viral rebound

in chronic hepatitis B carriers,28 and a favourable out-

come in tuberculosis.29 Longitudinal studies are war-

ranted to evaluate whether EBV-specific memory T-cell

responses measured by the cultured ELISPOT assay could

represent a relevant approach in the clinical setting.

Among the lytic proteins, BZLF1 (immediate early) and

BMRF1 (early) were chosen because they are reported to

be the most frequently recognized by CD8+ T cells in

healthy EBV carriers.3 We detected a modest BZLF1-spe-

cific standard ELISPOT T-cell response in all EBV-sero-

positive healthy subjects, whereas the response to BMRF1
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Figure 5. Epstein–Barr virus (EBV)-specific cultured ELISPOT responses following T-cell subset depletion. Peripheral blood mononuclear cells

(PBMC), CD8-depleted PBMC and CD4-depleted PBMC from four EBV-seropositive healthy subjects were evaluated by cultured ELISPOT in
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was low (if any). A recent study indicates that BZLF1 is

the most frequently recognized by CD4+ T cells from

healthy virus-immune donors compared with BMRF1, as

determined by standard IFN-c ELISPOT assay using 15-

mer peptides overlapping by 11 amino acids.30 In our

study, BZLF1- and BMRF1-specific cultured T-cell

responses were significantly higher than T-cell responses

detected by standard ELISPOT and CD4+ T cells mainly

mediated cultured ELISPOT responses to both lytic anti-

gens. Piriou et al.21 combined in vitro expanded (12 days)

specific T cells with flow cytometric analysis of intracellu-

lar IFN-c production and reported that the frequency of

BZLF1-specific CD4+ T-cell responses in healthy EBV

carriers was higher than that measured directly after

short-term stimulation (18 hr) with a BZLF1 peptide

pool (15-mers with 11-amino-acid overlap). Remarkably,

we found that nearly all EBV-seropositive healthy subjects

mounted a significant BMRF1-specific cultured ELISPOT

response. These observations, together with the results

presented here, indicate that T-cell responses to lytic EBV

antigens persist in healthy virus carriers and may have a

role in controlling viral reactivation in the carrier state.

Although no EBV-specific T-cell responses were detected

by standard ELISPOT in PBMC from EBV-seronegative

healthy subjects, consistent with non-existent EBV immu-

nity and confirming the assay specificity, a modest

response to EBNA3b and EBNA3c peptide pools was

detected after stimulation in vitro for 10 days. It is possible

that cross-reactivity to self or non-EBV antigens occurred.

In future studies, T-cell responses will be mapped using

EBV sub-pools and single peptides in an attempt to iden-

tify the trigger of this cross-reactivity. An alternative expla-

nation could be that our in vitro stimulation protocol has

led to in vitro priming of naive T cells. However, we con-

sider that it is unlikely to see significant de novo priming in

EBV naive healthy controls because the assay is of short

duration (10 days), with no addition of peptide antigens

other than the initial set-up, no addition of other exoge-

30 000

25 000

20 000

15 000

10 000

5000
1500

1000

500

0

45 000

40 000

35 000

30 000

25 000

20 000

15 000

10 000

5000

2000

1500

1000

500

0

BZLF1 BMRF1 EBNA1 EBNA3a EBNA3b EBNA3c LMP1 LMP2 PHA/SEB

BZLF1 BMRF1 EBNA1 EBNA3a EBNA3b EBNA3c LMP1 LMP2 PHA/SEB

N
et

 s
po

ts
/m

ill
lio

n 
P

B
M

C
N

et
 s

po
ts

/m
ill

lio
n 

P
B

M
C

Standard ELISPOT Cultured ELISPOT

Standard ELISPOT Cultured ELISPOT

ndndndnd

P01 (CD4: 266 cells/µl - CD8: 447 cells/µl)

P03 (CD4: 535 cells/µl - CD8: 619 cells/µl)

BZLF1 BMRF1 EBNA1 EBNA3a EBNA3b EBNA3c LMP1 LMP2 PHA/SEB

BZLF1 BMRF1 EBNA1 EBNA3a EBNA3b EBNA3c LMP1 LMP2 PHA/SEB

N
et

 s
po

ts
/m

ill
lio

n 
P

B
M

C
N

et
 s

po
ts

/m
ill

lio
n 

P
B

M
C

Standard ELISPOT Cultured ELISPOT

Cultured ELISPOT

20 000
18 000
16 000
14 000
12 000
10 000

8000
6000
4000
2000
800

600

400

200

0

1500

1000

500
100

80

60

40

20

0

nd nd nd

P02 (CD4: 398 cells/µl - CD8: 1166 cells/µl)

P04 (CD4: 15 cells/µl - CD8: 147 cells/µl)

(a) (b)

(c) (d)

Figure 6. Epstein–Barr virus (EBV)-specific T-cell responses determined by standard and cultured ELISPOT assays in solid organ transplant

recipients. Peripheral blood mononuclear cells (PBMC) from three heart transplant recipients (a–c) and a lung transplant recipient (d) were eval-
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nous cytokines apart from IL-2, and no enrichment of

dendritic cells, all of which are necessary for in vitro

primary responses.31

Antigen-specific memory T-cell responses to latent EBV

proteins, as measured by cultured ELISPOT, were signifi-

cantly higher than those detected by the standard assay.

Interestingly, we found that median EBNA1-specific T-cell

responses detected by both standard and cultured ELI-

SPOT assays in EBV-seropositive healthy subjects were

the highest compared with the other latent EBV antigens

evaluated. EBNA1 is present in all three EBV latency pro-

grammes.32 The pattern of immunodominance, which was

more evident for T-cell responses detected by cultured ELI-

SPOT, can be summarized as EBNA1 > EBNA3 family anti-

gens > LMP2 > LMP1. Early studies indicate that EBNA1

evades T-cell recognition.33,34 However, other studies have

shown that EBNA1 is an important target for EBV-specific

T-cell responses. In healthy long-term carriers, CD4+ T

cells showed a stronger response to EBNA1 than other

EBV proteins.35,36 A more recent study demonstrated that

it is possible to expand EBNA1-specific T cells, indicating

that EBNA1-specific T cells might be included in adoptive

immunotherapy, for instance in PTLD.37 We demon-

strated that CD4+ T cells mainly mediated the EBV-spe-

cific cultured T-cell responses in healthy subjects. Studies

have shown that EBV-specific CD4+ T cells could control

proliferation and outgrowth of EBV-infected cells in vi-

tro.38,39 Put together, these results suggest an important

role of memory CD4+ T cells in EBV-specific immunity.

Epstein–Barr virus is associated with a wide range of

malignancies such as lymphomas, sarcomas and nasopha-

ryngeal and gastric carcinomas. It is assumed that

impairment of EBV-specific immunity due to immuno-

suppression may allow the outgrowth of EBV-trans-

formed B cells, giving rise to PTLD, a life-threatening

complication after solid organ40 or haematopoietic stem

cell transplantation.41 We demonstrated that EBV-specific

standard and cultured T-cell responses also differed in

solid organ transplant recipients, the magnitude of EBV-

specific T-cell responses detected by standard and cul-

tured ELISPOT assays in three heart transplant recipients

were generally comparable to the corresponding median

response in EBV-seropositive healthy individuals, whereas

no EBV-specific memory T-cell responses were detected

in a patient with PTLD. Macedo et al.,42 using standard

IFN-c ELISPOT and short HLA-A2-restricted EBV pep-

tides derived from BMLF1, LMP2 and EBNA3a, reported

that EBV-specific CD8+ T cells from solid organ trans-

plant recipients showed decreased IFN-c production when

compared with healthy donors. Further longitudinal stud-

ies in large patient cohorts are needed to correlate the

magnitude and distribution of EBV-specific standard and

cultured T-cell responses with the risk of developing

EBV-related malignancies in immunocompromised

patients, such as solid organ transplant recipients.

In summary, this study represents the first evaluation

of EBV-specific T-cell responses quantified simultaneously

by standard and cultured ELISPOT assays. Additionally,

our results indicate that the cultured ELISPOT assay is

reproducible; low variation across replicate wells was

found and the mean inter-assay CV was below 50%,

which is acceptable for a biological assay.43 Our study

demonstrated that both the magnitude and distribution

of memory T-cell responses, quantified by a cultured

ELISPOT assay, are relatively stable in healthy EBV carri-

ers, suggesting that the assay can be reliably used to

measure EBV-specific T-cell responses. Additionally, by

using the cultured ELISPOT it will not only be possible

to investigate EBV-specific CD4+ T-cell responses in

EBV-related disease but also it would be useful to differ-

entiate between T-cell responses to antigens expressed in

the different latency programmes associated with the

malignancy in question. Therefore, analysis of EBV-spe-

cific T-cell responses by ELISPOT assays might provide

new insights in the pathogenesis of EBV-associated dis-

eases and new tools in the monitoring of EBV infection

in immunocompromised patients.
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