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Introduction

Summary

T cells simultaneously producing multiple cytokines and possessing cyto-
toxic capacity termed polyfunctional cells (PFCs) are increasingly recog-
nized as the immune correlate of protection against pathogenic viruses. We
investigated co-expression of four cytokines (interferon-y, macrophage
inflammatory protein 1-a, tumour necrosis factor-o and interleukin-2) and
degranulation capacity (CD107a surface expression) of Epstein—Barr virus
(EBV) -specific CD4" and CD8" T cells upon stimulation by overlapping
peptides of EBV lytic (BZLF1) and latent (EBNA1, EBNA3 and LMP2) pro-
teins, in 20 healthy Chinese long-term carriers. Two patients with post-
transplant lymphoproliferative disorder (PTLD), who had impaired T-cell
immunity, were studied for comparison. Both EBV-specific CD4" and
CD8" PFCs were readily generated in long-term carriers and showed
immunodominance hierarchies of latent proteins (EBNA1 > EBNA3/LMP2
and EBNA3 > LMP2 > EBNALI for CD4" and CD8" T cells, respectively),
as evidenced by a higher proportion of PFCs generated by immunodomi-
nant EBV proteins than by subdominant viral proteins. In contrast, the
proportion of EBV-specific PFCs was markedly decreased in patients with
PTLD. The EBV-specific PFCs produced more cytokine per cell than single-
functional T cells and comprised different subsets. Five-functional CD4"
and CD8" T cells were detected and four-functional CD4" T cells were
mainly CD107a negative and expressed all four cytokines whereas four-
functional CD8" T cells were mainly CD107a positive and expressed three
of the four cytokines (interleukin-2-negative). We conclude that EBV-spe-
cific PFCs are generated in much higher proportions in the long-term carri-
ers than in the patients with PTLD and maintain the immunodominant
characteristics of the virus.

Keywords: Epstein—Barr virus; immunodominance hierarchies; lytic and
latent proteins; polyfunctional T cells

mission of EBV is primarily through saliva contact." After
oral transmission, the virus replicates in the oropharyn-

Epstein—Barr Virus (EBV), a ubiquitous human y-herpes-
virus, is capable of establishing persistent infection in the
majority of world populations.! Primary EBV infection
usually occurs in an asymptomatic manner, but some
individuals may present with a self-limiting lymphoprolif-
condition, namely infectious mononucleosis,
which is clinically characterized by fever, lymphadenopa-
thy, tonsillopharyngitis and hepatosplenomegaly.> Trans-

erative

geal epithelial cells before infecting naive B cells and
subsequently entering the long-lived memory B-cell pool
where it establishes lifelong latency expressing very few or
no latent proteins.’ Persistent EBV infection is closely
associated with a number of malignancies such as
Burkitt’s lymphoma, Hodgkin’s lymphoma, nasopharyn-
geal carcinoma and gastric carcinoma.” Recent studies
suggested that EBV might also contribute to certain
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autoimmune diseases including multiple sclerosis,
systemic lupus erythematosus, rheumatoid arthritis and
primary Sjogren syndrome.””’

The immune responses to EBV encompass both innate
and adaptive immunity. The innate immunity mainly
consists of production of interferons (IFNs) by the
phagocytes and natural killer cells to reduce immediate
B-cell infection and virus replication.® The adaptive
immunity (particularly T cells) is crucial to control EBV-
infected B-cell proliferation, especially during the
persistent infection stage.! A remarkable expansion of
EBV-specific CD8" T cells producing IFN-y and exerting
cytotoxic effects was observed in acute EBV infection.’
The CD4" T cells, despite having a weaker response, are
also activated by EBV to produce functional cytokines
and to recognize EBV-transformed lymphoblastoid cell
lines and inhibit EBV-induced B-cell transformation.'*"?
Therefore, immunodeficient individuals such as HIV-
infected patients or patients with post-transplant lympho-
proliferative disorder (PTLD) could develop uncontrolled
EBV infections.'”'* PTLD is predominantly an EBV-dri-
ven lymphoproliferative disorder occurring in solid organ
and stem cell transplant recipients and arising from sup-
pression of T-cell immunity by immunosuppressive drugs
in the post-transplant period.'

Previously, most of the research on virus-specific T
cells either solely examined single cytokine production
(e.g. IFN-y secretion by ELISPOT) or cytotoxicity, which
might underestimate the total virus-specific immune
responses and ignore some important functions of the
responsive T cells."*™® Although majority of T cells react
to antigens with only one function, studies showed that T
cells with multiple functions, namely polyfunctional T
cells (PFCs), might exert more effective control of human
viral infection.'”'® Betts et al.'® showed that HIV non-
progressors maintained more highly polyfunctional HIV-
specific CD8" T cells than HIV progressors who failed to
control HIV and that CD8" PFCs could be used to evalu-
ate HIV vaccine efficacy.

To investigate whether virus-specific PFCs are impor-
tant in the control of EBV infection, we set out to study
EBV-specific PFCs in healthy long-term carriers who have
established long-term control of EBV and to compare
them with those in patients with PTLD who have defec-
tive anti-EBV immunity. We also study the characteristics
of PFCs in response to both lytic and latent EBV pep-
tides. A nine-colour flow cytometric assay was used to
simultaneously analyse five functions of CD4" and CD8*
T cells: production of IFN-y, macrophage inflammatory
protein 1-o0 (MIP1-u), tumour necrosis factor-a (TNF-o)
and interleukin-2 (IL-2), and surface mobilization of
CD107a (degranulation marker indicating cytotoxic
potential), upon stimulation by overlapping peptides of
EBV lytic (BZLF1) and latent (EBNA1, EBNA3A-C and
LMP2) proteins.

Materials and methods

Donors

The study protocol was approved by the Institutional
Review Board of The University of Hong Kong. Informed
consent was obtained from each participant before entry
into the study. Venous blood samples of 20 healthy Hong
Kong Chinese (12 men and eight women aged 22-50 years)
were collected in the Department of Paediatrics and Ado-
lescent Medicine, the University of Hong Kong and the
Hong Kong Red Cross. All participants were confirmed
serologically to have persistent EBV infection (VCAIg-
G" EBNA™). The plasma virus loads of each volunteer, as
measured by quantitative PCR, were negligible. Venous
blood samples from two children (girls aged 3-25 years and
14 months, respectively) who underwent orthotopic liver
transplantation for congenital biliary atresia and were diag-
nosed with PTLD at 22 and 7 months after the date of
transplantation, respectively, were obtained. Both patients
had serological confirmation of EBV infection and had
high viral loads in plasma (3-53 x 10° copies/ml and
4-57 x 10* copies/ml, respectively) and in peripheral blood
mononuclear cells (2-59 x 10° copies/million PBMCs and
3-49 x 10* copies/million PBMCs, respectively) at the time
of diagnosis of PTLD.

Synthetic EBV peptides

Fifteen-mer peptides overlapped by 11 amino acids span-
ning each of the EBV latent proteins EBNAI, EBNA3A,
EBNA3B, EBNA3C and LMP2 and EBV lytic protein
BZLF1 were purchased from JPT Peptide Technologies,
Berlin, Germany. Totals of 158, 234, 279, 265, 122 and
59 peptides spanning the entire EBNAI, EBNA3A,
EBNA3B and EBNA3C, LMP2 and BZLF1 proteins,
respectively, were used in the experiments. The peptide
pools of each EBV protein were prepared according to
the manufacturer’s instructions. Briefly, lyophilized pep-
tides (25 pg/vial) were reconstituted in 40 pl pure DMSO
and diluted with 1210 pl PBS. Final concentration of
overlapping peptides was 2 pg/ml per million cells in all
experiments. Final concentration of DMSO was approxi-
mately 0-3% which did not have detectable toxicity to
the cells.

Preparation of PBMCs

Peripheral blood was collected in a falcon tube containing
sodium heparin (15 U/ml) followed by centrifugation at
805 g for 10 min. The plasma was collected and the
remaining blood was diluted 1 : 1 in Hanks’ buffered salt
solution (Invitrogen, Carlsbad, CA). The PBMCs were
isolated by the standard density centrifugation through
the Ficoll-Paque Plus (Amersham Bioscience, Uppsala,
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Sweden) gradient and washed twice in Hanks’ buffered
salt solution. Cells were resuspended in 10% DMSO in
100% fetal bovine serum (FBS) (Invitrogen) for storage
in liquid nitrogen until use.

Overlapping peptide stimulation

Cryopreserved PBMCs were thawed with 10% FBS/RPMI
(Invitrogen) and rested overnight in six-well plates at a
concentration of 2 x 10°/ml of 10% FBS/RPMI at 37° in
5% CO,. The PBMCs were washed once the next day
with 10% FBS/RPMI and concentrated to 1 million cells
per 100 pl 10% FBS/RPMI before the experiment. Then,
100 pl PBMC suspension was transferred to 5-ml polyeth-
ylene tube and phycoerythrin (PE)-Cy5-conjugated
monoclonal antibody (mAb) to CD107a (BD Pharmin-
gen, Heidelberg, Germany), co-stimulatory reagents con-
taining anti-CD28 mAb (1 pg/ml; BD Pharmingen), anti-
CD49d mAb (1 pg/ml; BD Pharmingen) and brefeldin A
(10 pg/ml; BD Pharmingen) were added to each tube.
The final volume was made up to 200 pl. Overlapping
peptide pools of BZLF1, EBNA1l, EBNA3A, EBNA3B,
EBNA3C and LMP2 were added respectively to the tubes
at a final concentration of 2 pg/ml. The PBMCs stimu-
lated with 1 pg/ml staphylococcal enterotoxin B were
used as a positive control and unstimulated PBMCs with
culture medium only were a negative control. The tubes
were incubated for 6 hr at 37°, 5% CO.,.

Cell surface and intracellular cytokine staining and
nine-colour flow cytometric assay

After incubation for 6 hr, the cells were washed once in
PBS according to the manufacturer’s instruction and
stained with Aqua Blue Dye (Dead cell exclusion; Invitro-
gen Molecular Probes, Eugene, OR) for 20 min. The cells
were washed once in PBS and stained for 20 min with all-
ophycocyanin-Cy7-conjugated anti-CD3 (BD Pharmin-
gen), PE-Texas Red-conjugated anti-CD4 (Invitrogen)
and Pacific Blue-conjugated anti-CD8 (BD Pharmingen).
The cells were washed, fixed and permeabilized using a
BD FACS fixation/permeabilization kit (BD Bioscience).
The cells were washed followed by staining with FITC-
conjugated anti-IFN-y, PE-conjugated anti-MIP1-o, PE-
Cy7-conjugated anti-TNF-o and allophycocyanin-conju-
gated anti-IL-2 (BD Pharmingen). After 30 min of
intracellular staining, the cells were washed with PBS and
resuspended in 1% paraformaldehyde before the flow
cytometric analysis. Approximately 300 000 cells were
acquired on the FACS LSR-II flow cytometer (BD
Bioscience, San Jose, CA). The FACS data were analysed
using rFLowjo software (Tree Star, San Carlos, CA) and the
distribution of polyfunctional T cells was analysed using
sPICE 5 (Mario Roederer, ImmunoTechnology Section,
Vaccine Research Center, NIAID, NIH, Bethesda, MD)."

Statistical analysis

The cell frequencies were compared between CD4" and
CD8" T cells responding to the same overlapping peptide
pools and between T cells stimulated by two different
peptide pools. The cytokine production measured by
median fluorescent intensity (MFI) was also compared
between single-functional and polyfunctional T cells.
Comparisons were performed using two-tailed Wilcoxon’s
signed rank test, one-way analysis of variance test, and
Student’s t-test. A P-value < 0-05 was regarded as statisti-
cally significant. Prism 5 (Graphpad Software, La Jolla,
CA) was used for calculations and illustrations.

Results

Overlapping peptide pools of EBV lytic and latent
proteins activated EBV-specific CD4" and CD8*
T cells that possessed multiple functions

The PBMCs were stimulated by overlapping peptide pools
for 6 hr and subjected to the nine-colour flow cytometric
assay, as described in the Materials and methods section.
The negative population in the biological control
(unstimulated PBMCs incubated with appropriate con-
centrations of DMSO and co-stimulatory reagent, and
stained with the whole panel of mAbs) was used to deter-
mine the location of positive gates. Low backgrounds
(< 0-05%) were achieved in every staining and were sub-
tracted from positive results in each individual sample.
Staphylococcus enterotoxin B stimulation served as the
positive control. The gating scheme and T-cell responses
to the overlapping peptide pool of EBNA3B in a repre-
sentative healthy long-term carrier (Fig. la) and in a
patient with PTLD (Fig. 1b) are illustrated in Fig. 1. For
long-term carriers, EBNA3B could induce CD4" and
CD8" T-cell responses characterized by any of the five
functions (production of cytokines or surface mobiliza-
tion of CD107a). The functional hierarchy of CD4" T
cells consisted of expression of IFN-y and IL-2 followed
by TNF-a, with minor expression of MIP1-a and CD107a
whereas that of CD8" T cells consisted of production of
IFN-y, CD107a, MIP1-0, TNF-o0 and IL-2 in descending
order. The proportion of IFN-y-producing CD8" T cells
was higher than that of CD4" T cells whereas the reverse
was observed for IL-2 production. Similar patterns were
observed among other overlapping peptide pools. Surface
expression of CD107a was detectable in some CD4" T
cells, indicating that a subset of EBV-specific CD4" T cells
could rapidly degranulate upon stimulation and might
exert direct cytotoxic function. For patients with PTLD,
both CD4" and CD8" T-cell responses showed distinct
patterns of cytokine and CD107a expression compared
with those in healthy long-term carriers, as demonstrated
by the high expression of CD107a and TNF-a and the
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markedly suppressed production of IFN-y, and to a lesser
extent, IL-2. This functional profile was evident in both
CD4" and CD8" T cells but was accentuated in the CD8*

T cells.
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Figure 1. Nine-colour flow cytometry for evaluation of Epstein—Barr virus (EBV)-specific T-cell responses. (a) Analysis of five functions of CD4"
and CD8" T cells reactive to overlapping peptide pool of EBNA3B in a representative healthy long-term carrier. Gating scheme used to identify
EBV-specific T cells was shown. Doublets were excluded from the single cells based on the Forward Scatter-Area (FSC-A) versus Forward Scatter-
Height (FSC-H) profile. Live CD3-positive cells were selected by gating the CD3-positive and Aqua Blue-negative population. As CD3" popula-
tion form a ‘tail’ into the Aqua Blue channel, a back-gating procedure was performed, confirming that these cells were living CD4" or CD8" T
cells. Lymphocytes were gated based on the FSC versus Side Scatter (SSC) profile. CD4" and CD8" T cells were analysed separately. (b) Analysis
of five functions of EBNA3B-specific CD4" and CD8" T in a patient with post-transplant lymphoproliferative disorder (PTLD). The same gating
strategies as those of long-term carriers were applied. The numbers in the flow diagrams represent the frequencies of cytokine-producing or
degranulating T cells. IFN-y, interferon-y; MIP1-o, macrophage inflammatory protein 1-o; TNF-o, tumour necrosis factor-o; IL-2, interleukin-2.

IL-2 and CD107a, and categorized the responsive T cells responses (2% of total CD8" T cells), and all six peptide
into 31 different subsets constituting quintuple, quadru- pools elicited approximately 1% of total CD4" T cells.

ple, triple, double and single functional cells. Both EBV-
specific CD4" and CD8" T cells could have more than
one function in response to EBV proteins. In all cases, the
magnitude of total responses was measured by the propor-
tion of T cells possessing at least one function. For healthy

T cells responsive to immunodominant EBV proteins
had higher proportions of PFCs than those responsive
to subdominant proteins

long-term carriers, CD4" T cells showed relatively stronger Different peptide pools had distinct abilities to induce
responses to EBNA1 than other proteins, whereas CD8" T PFCs for both CD4" and CD8" T cells. Long-term carri-
cells showed relatively weaker responses to EBNAI but ers generated substantially higher proportion of PFCs
stronger responses to EBNA3 family proteins (Fig. 2), but than patients with PTLD (Fig. 3). In long-term carriers, a
these differences were not statistically significant (one-way relatively higher proportion of CD4" PFCs was elicited by
ANOVA test, P-value > 0-05). For each individual, CD4" EBNA1 and BZLFI than EBNA3A-C and LMP2, although
and CD8" T-cell response magnitudes to six overlapping the differences among the EBV proteins were not as
peptide pools were investigated respectively (data not prominent as those in CD8" T «cells. BZLF1 and
shown). There was a clear trend that for most individuals EBNA3A-C activated larger proportions of CD8" PFCs
EBNAI protein induced relatively stronger CD4" T-cell than did EBNAI and LMP2 (Fig. 3a). When stimulated
responses, whereas three EBNA3 proteins activated more by the same peptide pool, the proportion of CD8" T cells
CD8" T cells. The proportion of CD4" and CD8" T-cell with two or more functions (PFCs) was higher than that
responses to the same overlapping peptide pools, on the of CD4" T cells. EBNA3A-C could activate CD8" PFCs
other hand, differed significantly (Wilcoxon signed-rank contributing up to approximately half of the total respon-
test, P < 0-05). The magnitude of CD8" T-cell responses sive CD8" T cells whereas CD4* PECs accounted for 25—
was approximately threefold that of CD4" T cells in terms 30% of the total responsive CD4" T cells. These results
of proportion of responsive cells. EBNA3A-C activated, on suggested that immunodominant EBV proteins could
average, 3-4% of total CD8" T cells in 20 individuals stimulate higher proportions of PFCs in both CD4" and

whereas EBNA1, LMP2 and BZLFl induced weaker CD8" T-cell responses, and the PFCs were quantitatively
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Figure 2. Comparison of response magnitudes of CD4" and CD8" T cells to Epstein-Barr virus (EBV) proteins. Responses to EBV lytic (BZLF1)
and latent (EBNAI1, EBNA3A-C, LMP2) overlapping peptide pools were analysed for both CD4" and CD8" T cells, respectively. Each dot repre-
sents the percentages of responsive CD4" or CD8" T cells for an individual. The median percentages of responsive T cells in 20 long-term carriers
for each peptide pool were shown as a horizontal line. There was no significant difference among the response magnitudes towards six EBV over-
lapping peptide pools for either CD4" or CD8" T cells (one-way aNova test, P-value > 0.05). There was significant difference between CD4" and
CD8" T-cell response magnitudes towards the same overlapping peptide pools (two-sided Wilcoxon’s signed-rank test, P-value < 0.05).

© 2011 The Authors. Immunology © 2011 Blackwell Publishing Ltd, Immunology, 134, 161-171 165



R. J. Ning et al.

(a) BZLF1 EBNA1 EBNA3A

10%

Xy

1% 10%

|
o @4
e%r, 6%
CD8 5
e

9%

6%

2% 3%

o

(b) BZLF1 EBNA1 EBNA3A
2%, 1%, fS% 2%\r 6%
CD4
94%
1%«\',4%
CD8

2% 2% 79

"r"}:‘; 5%

m.

EBNA3B EBNA3C LMP2
1%] 7%5% 2% 4%5% 1%T 7%40/
e
8% 105 6% o 3%_’[3%
" " o &12%
v 4¢
12% 12%
EBNA3B EBNA3C LMP2
1% 2%po, 1%,|’12%2% 1% 19,

90%

Y?J%

89%

2% 5% 1%, 4%

L
4

I
M1+ W2+ 13+ W4+ W5+

f

Figure 3. Proportions of polyfunctional CD4* and CD8" T cells to Epstein-Barr virus (EBV) proteins. Proportions of T cells with single, double,
triple, quadruple and quintuple functions in response to EBV lytic (BZLF1) and latent (EBNAI, EBNA3A, 3B, 3C, LMP2) overlapping peptide
pools were shown for 20 healthy long-term carriers (a) and for two patients with post-transplant lymphoproliferative disorder (PTLD) (b). The

numbers in the pie charts represent the mean percentages (rounded up to integer) of T-cell subpopulations with respect to total responding

CD4" or CD8" T cells. 5+ denotes T cells that have five functions; 4+ denotes T cells that have four functions and so on. In long-term carriers,

EBNA3 proteins clearly stimulated larger proportions of polyfunctional CD8" T cells among total responsive CD8" T cells than other latent EBV
proteins. BZLF1 protein stimulated similar proportions of polyfunctional CD8" T cells to EBNA3 proteins. EBNA1 protein appeared to stimulate
a higher proportion of polyfunctional CD4" T cells among all the latent EBV proteins. In patients with PTLD, most T cells possessed only one

function with none exhibiting five functions and rare cells showing three and four functions. No immunodominance hierarchies of EBV proteins

were observed.

different between CD4" and CD8" T cells with respect to
the same overlapping peptide pool. In patients with
PTLD, however, over 90% of peptide-responsive CD4"
and CD8" T cells possessed only one function. Whereas
long-term carriers could generate substantial proportions
of PFCs with three, four and five functions, patients with
PTLD had greatly impaired ability to generate EBV-spe-
cific PECs in response to the EBV peptides with no five-
functional PFCs, markedly diminished three-functional
and four-functional PFCs and small proportion of two-
functional PFCs (Fig. 3b). In addition, no immunodomi-
nance hierarchies were observed in the T-cell responses of
patients with PTLD.

EBV-specific PFCs produced more cytokines per cell

We calculated the MFI for each of the five functional
parameters for quintuple, quadruple, triple, double and
single functional T-cell populations stimulated by each
overlapping peptide pool in every subject. As a result of
the great variation of MFI among individuals, data were
logarithmically transformed before comparison. In long-

term carriers, EBV-specific CD4" and CD8" PFCs (two or
more functions) could produce larger amounts of IFN-y
(Fig. 4a) as well as MIP1-a, TNF-a and IL-2 (data
not shown) than the corresponding single functional T
cells (paired Student’s t-test, P-value < 0-05). However,
CD107a expression level did not differ significantly
between PFCs and single functional T cells. We also com-
pared the MFI of cytokines for all functional permutations,
i.e. two functional, three functional, four functional and
five functional CD4" and CD8" T cells (data not shown).
T cells with more functions generally produced larger
amounts of cytokines than the T cells with fewer functions.

The MFI reflects the amount of cytokine produced per
cell and so assesses the quality of the individual cellular
response. To more comprehensively compare the func-
tional difference between single functional T cells and
PFCs, we incorporated both magnitude and quality of
T-cell responses by introducing a new parameter termed
the integrated MFI (iMFI) defined as the product of MFI
of cytokines and corresponding cell frequencies.”’ We
compared the iMFI between single functional and poly-
functional T cells for each peptide pool (Fig. 4b). Because
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Figure 4. Comparison of cytokine production by single and polyfunctional T cells (PFCs). (a) Median fluorescent intensity (MFI) of interferon-y
(IFN-y) of virus-specific CD4" and CD8" T cells of each long-term carrier for each peptide pool was calculated. The log,y MFI of IFN-y of T
cells with single function (denoted as S) and with two or more functions (denoted as P) were compared. Each dot represents one subject. For all
peptide pools, PFCs consistently produced more IFN-y per cell than the single functional T cells (paired Student’s t-test, *P < 0.05). (b) Inte-
grated MFI (iMFI) of IFN-y of virus-specific CD4* and CD8" T cells of each long-term carrier for each peptide pool was obtained. The log,o
iMFI of IFN-y of T cells with single function (denoted as S) and with two or more functions (denoted as P) were compared. Each dot repre-
sented one subject. For all peptide pools, PFCs consistently had a larger value of iMFI of IFN-y than that of single functional T cells (paired Stu-

dent’s t-test, *P < 0.05).

of the great variation among individuals, we applied loga-
rithmic transformation to iMFI before comparison. The
PFCs had significantly higher values of iMFI of IFN-y
than the single functional T cells (paired Student’s ¢t test,
P < 0-05). These findings applied to both CD4" and
CD8" T cells.

EBV-specific CD4" and CD8" PFCs have distinct
functional subsets

The complexity of measuring five functional parameters
simultaneously was challenging, and the results must be
interpreted with caution because of the limited number
of events. In long-term carriers, we analysed 31 (2°-1)
unique subsets for both CD4" and CD8" T cells, accord-
ing to every combination of the five functional para-
meters (IFN-y, MIP1-o, TNF-a, IL-2 and CDI107a),
by using the software spice 5 (Mario Roederer)." Each
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T-cell subset was illustrated in terms of frequency £ SEM
(Fig. 5).

It was clear that most of the responding CD4" or
CD8" T cells present only one of the tested functions but
cells with more than one function were also pronounced.
A small proportion of CD4" T cells possessed five func-
tions upon stimulation by lytic-cycle and latent-cycle
overlapping peptide pools. Most of the four-functional
CD4" T cells secreted IFN-y, MIP1-o, TNF-o and IL-2
without CD107a surface mobilization. Four-functional
CD4" T cells without IL-2 production were also detected.
The frequencies of other combinations of four functions
appeared minor. Three-functional and two-functional
EBV-specific CD4" T-cell responses were heterogeneous
without a specific pattern. Among the single functional T
cells, IFN-y-secreting and IL-2-secreting CD4" T cells
were the most dominant subsets, but a substantial pro-
portion of CD4" T cells expressed CD107a.
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Figure 5. Subset analysis of Epstein—Barr virus (EBV)
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graph displayed the mean frequencies + SEM of different T-cell subsets with respect to total responsive T cells in all 20 long-term carriers. Com-

parison of frequencies between responsive CD4" and CD8" T cells was performed by Wilcoxon’s signed-rank test at a significant level of 0.05.

Asterisk indicates statistically significant difference between frequencies of responsive CD4" and CD8" T cells.

Likewise, five-functional CD8" T cells were readily
detected. For four-functional subsets, unlike CD4" T cells,
CD8" T cells produced IFN-y, MIPI-a, TNF-o and
expressed CD107a at the cell surface without production
of IL-2. Similarly, three-functional and two-functional
EBV-specific CD8" T-cell responses were heterogeneous
without a specific pattern. Strikingly, a subset of three-
functional CD8" T cells expressing triple IFN-y, MIP1-a
and IL-2 with neither TNF-a nor CD107a was observed
but the frequency of this population varied substan-
tially among the 20 long-term carriers. As for the single
functional subsets, IFN-y-secreting, TNF-a-secreting and
CD107a-expressing CD8" T cells were the dominant sin-
gle functional populations.

Comparing the characteristics of CD4" and CD8"
PFCs, we observed a higher proportion of five-functional
CD8" T cells than CD4" T cells and most four-functional
CD8" PFCs were CD107a" IL2™ in contrast to CD4" T
cells being CD107a” IL2". However, these observations
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should not be over-interpreted because the variation
among the 20 long-term carriers was substantial. Among
the latent peptide pools, we also examined the T-cell
responses towards EBNA1, EBNA3 family and LMP2 pro-
teins separately (data not shown). Although the distribu-
tion of functional T-cell subsets appeared similar, EBNA3
proteins appeared to induce higher proportion of CD4"
and CD8" PFCs than did LMP2 and EBNAI, which was
consistent with the notion that higher proportions of
PFCs can be stimulated by immunodominant EBV pro-
teins.

Discussion

The EBV-specific T-cell responses had been mainly mea-
sured by IFN-y production using ELISPOT or tetramer
staining assays.ZI‘22 However, measurement of T-cell
responses by IFN-y secretion alone might correlate poorly
with immune protection. In a study of HIV vaccine-
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induced responses, the frequency of T cells producing
IFN-y was strikingly low and a substantial proportion of
the HIV-specific T-cell responses would have been missed
by measuring IFN-y alone.” In long-term EBV carriers,
we found that IFN-y producing EBV-specific T cells
accounted for only about 40% and 50% of the total
responsive CD4" and CD8" T cells, respectively, indicat-
ing that more than half of the EBV-specific T cells were
actually IFN-y negative. We believed that PFCs play an
active role in long-term effective immunity against EBV.
We simultaneously measured different aspects of T-cell
functions including degranulation (surface mobilization
of CD107a) and production of three cytokines (IFN-y,
TNF-o and IL-2) and one chemokine (MIP1-«). Indeed,
the simultaneous measurement of these five functions had
been employed to evaluate T-cell responses in other
studies.'®***> Betts et al.'® pointed out that although
the frequency of HIV-specific CD8" T-cell responses in
HIV-infected non-progressors was not dramatically
different from that in progressor subjects, functional
profiling of HIV-specific CD8" T-cell responses demon-
strated that non-progressors had more PFCs that exhib-
ited higher degrees of functionality (possessing four or
five functions) than progressors. These studies sup-
ported the notion that anti-microbial T-cell responses
should be assessed both quantitatively (frequency of
responding T cells) and qualitatively (number of func-
tions of T cells).

Using our nine-colour flow cytometric assay, we dem-
onstrated that every long-term carrier could readily gener-
ate EBV-specific CD4" and CD8" PFCs with high degrees
of functionality (three to five functions). To further inves-
tigate whether the PFCs have a possible role in the con-
trol of EBV infection, we performed the same evaluation
on blood samples from two children who underwent liver
transplantation and subsequently developed EBV-driven
PTLD. These patients had impaired T-cell immunity
because of continual immunosuppressive drug therapy
such as prednisolone and tacrolimus. Notably, EBV-spe-
cific T cells of the patients with PTLD produced almost
no IFN-y and less IL-2 but retained the ability to degran-
ulate and produce TNF-o vigorously. There seemed to be
a shift of the functional profile from one that produced
anti-viral cytokines to one that was mainly pro-inflamma-
tory. In addition, the PFCs seen in PTLD had a markedly
reduced degree of functionality with predominantly sin-
gle-functional and a diminished proportion of two-func-
tional T cells and did not exhibit the immunodominant
characteristics of EBV peptides (Fig. 3). The T-cell
response data in patients with PTLD, who are seropositive
for EBV but do not control their EBV infection, sup-
ported that EBV-specific PFCs seen in long-term carriers
might indeed have a functional role in the control of EBV
infection. However, the distinct T-cell responses between
long-term carriers and patients with PTLD (elevated

CD107a and TNF-a expression in patients with PTLD)
might also be influenced by the duration of EBV infection
(chronic in long-term carriers versus sub-acute in patients
with PTLD) and age (patients with PTLD being younger).
Hence, further work in investigating the protective
immune function of EBV-specific PFCs is needed. Other
supporting evidence of robust immune protective role of
PFCs comes from Smith et al.’® who showed that galec-
tin-1, a known immunosuppressive molecule expressed
on Hodgkin lymphoma cells, could inhibit the prolifera-
tion and cytokine production of LMPI1-, LMP2- and
EBNA1-specific CD8" T-cell responses in healthy EBV
carriers. However, EBV-specific PFCs generated by EBV-
polyepitope stimulation could overcome the inhibitory
effects of galectin-1, implying that the PFCs might confer
stronger immune protection.

Epstein—Barr virus is a large DNA virus exhibiting dis-
tinct hierarchies of immunodominance among its lytic
and latent cycle proteins." CD4" T-cell responses were lar-
gely focused on epitopes derived from EBNAI followed
by EBNA2 and EBNA3C.'"*”*® The responses to
EBNA3A, EBNA3B, LMP2 and BZLF1 remained lower in
the immunodominance hierarchy." CD8" T-cell responses
were markedly focused on epitopes drawn from
EBNA3A-C proteins followed by BZLFI, LMP2 and
EBNA1 proteins, respectively."*® Using six overlapping
peptide pools of one lytic and five latent EBV proteins,
we investigated whether EBV-specific PFCs could retain
similar immunodominance patterns to those of EBV-spe-
cific T cells demonstrated in single cytokine (IFN-y) stud-
ies. In long-term carriers, immunodominance of EBNA3
proteins over other latent proteins in total responsive
CD8" T-cell responses was observed whereas the magni-
tude of EBNAI-, EBNA3- and LMP2-specific responses
among total CD4" T-cell responses appeared similar with
slight dominance of EBNAIl-specific responses (Fig. 2).
Interestingly, when we examined the relationship between
EBV-specific PFCs and immunodominance hierarchies
further, we found that viral proteins situated higher in
the immunodominance hierarchy could stimulate higher
proportions of responding PFCs in both CD4" and CD8"
T-cell responses (Fig. 3a). The difference in proportion of
PECs across the tested peptide pools was less pronounced
in CD4" than CD8" T cells, which corresponded to the
difference in immunodominance patterns of EBV-specific
CD4" and CD8" T cells.!

The EBV-specific PFCs produced more cytokine per
cell than the single functional T cells (Fig. 4). This char-
acteristic was true for IFN-y, MIP1-0, TNF-o and IL-2 in
both responding CD4" and CD8" T cells among all six
peptide pools. We also observed a trend of increased sur-
face CD107a mobilization in EBV-specific PFCs. Similarly,
the ability to produce more cytokines by CD4" and
CD8" PFCs was also observed in cytomegalovirus (CMV)
-specific, vaccinia virus-specific, HIV-2-specific, modified
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vaccinia virus Ankara (MVA)-nef-induced HIV-1 specific,
and Dbacillus Calmette-Guérin-specific T cells.”***?%!
Our results inferred that EBV-specific PFCs were func-
tionally superior to their single functional counterparts
because they have greater production of cytokines and
degranulation capacity. We also examined the iMFI of
cytokines, which is defined as the product of MFI and
corresponding cell frequency. The iMFI can be viewed as
a parameter that measures total functional responses. Our
results showed that in response to all peptide pools, PFCs
had a higher value of iMFI of cytokines than single func-
tional T cells, which was true for both CD4" and CD8" T
cells, suggesting that PFCs had a relatively stronger total
functional response. Nevertheless, more definitive proof
of the enhanced functional capability of virus-specific
PFCs would require enrichment of sufficient numbers of
CD4" and CD8" PFCs for direct testing in conventional
cytotoxic and cell proliferation assays.

Distribution of subsets of EBV-specific CD4" and
CD8" PFCs showed difference (Fig. 5). A relatively higher
proportion of five-functional CD8" T cells than of CD4"
T cells was observed. The majority of four-functional
CD8" T «cells were CDI107a* IL-2” whereas four-
functional CD4" T cells were CD107a” IL-2*. The
four-functional CD8" T-cell subset was also found in
HIV-2-infected patients and HIV-1-infected non-progres-
sors,'®** supporting the theory that this specific CD8"
PFC subset might confer protective immune function in
different viral infections. In contrast to the prevalence of
IL-2* CD4" PECs in long-term EBV carriers, CD4" T cells
responding to CMV pp65 were predominantly IL-2 nega-
tive,> indicating that distinct functional subsets of
virus-specific CD4" T cells might occur in different viral
infections. Interleukin-2 was produced in both CD4" and
CD8" EBV-specific PFCs (Fig. 5) and probably functioned
as an autocrine proliferative factor. It would be interest-
ing to incorporate a CFSE assay to test whether there is
enhanced proliferative capacity of EBV-specific PFCs.
Guerreiro et al.” tested for EBV-specific CD4" and CD8"
T-cell responses towards EBNA1 and BZLF1 proteins and
found a predominance of TNF-a" and IFN-y" TNF-o" T
cells, particularly after expansion and re-stimulation of
such reactive T cells. Analysis of our data showed that
TNF-o" IFN-y" CD4" T cells accounted for approxi-
mately 14-5% and 15-1% of the total reactive CD4" T
cells to BZLF1 and EBNAL proteins, respectively and
TNF-o." [FN-y" CD8" T cells accounted for approxi-
mately 10-7% and 11-9% of the total reactive CD8" T
cells to BZLF1 and EBNAI proteins, respectively (data
derived from Fig. 5). Further examination showed that
the majority of such TNF-a" IFN-y" T cells were indeed
five-functional and four-functional CD4" and CD8* T
cells (Fig. 5). We interpreted these data as indicating that
these highly functional T cells increased in proportion
and became more evident upon in vitro expansion by

recombinant IL-2 and re-stimulation with peptides as in
Guerreiro et al.’s study, supporting our observations that
highly functional EBV-specific T cells can be readily gen-
erated in long-term EBV carriers.

The EBV-specific CD4" T cells expressing surface
CD107a were consistently detected in long-term EBV car-
riers (refer to Figs 1 and 5), suggesting the presence of
potential cytotoxic function of CD4" T cells. CD107a
expression itself is not equivalent to cytotoxicity because
it is a marker for degranulation, although the ability to
degranulate provides an indication of cytotoxic potential.
In this study, we have not directly measured cytotoxicity
in terms of perforin production or cellular cytolytic assay.
Betts et al.’* had studied the relationship between degran-
ulation (CD107a expression) and cytotoxicity and found
that CMV-specific CD8" T cells could degranulate
(expressing CD107a) and mediate cytotoxic activity
simultaneously. In some other studies, CMV-specific
CD4" T cells with surface CD107a expression were shown
to have direct cytolytic activity against antigen-loaded
autologous B-lymphoblastoid cell lines and CD4" T-cell
clones to some EBNALI epitopes could recognize and kill
appropriately HLA-matched B-lymphoblastoid cell lines
and EBNAI-positive Burkitt’s lymphoma lines.>*>*° But
the importance of such a direct effector function of CD4"
T cells in vivo compared with that of CD8" cytotoxic T
cells still awaits clarification.! Taken together, it seemed
reasonable to use CD107a expression as a marker of
potential cytolytic function of virus-specific PFCs.

In conclusion, our experimental results revealed that
healthy long-term EBV carriers mounted significant poly-
functional T-cell responses to EBV lytic and latent cycle
proteins. Immunodominant EBV proteins induced greater
proportions of PFCs than subdominant ones. The EBV-
specific PFCs were functionally superior to single-
functional cells, as evidenced by enhanced production of
multiple cytokines and rapid degranulation. On the con-
trary, patients with PTLD, who have impaired T-cell
immunity, could only generate a low proportion of PFCs
with markedly reduced degrees of functionality compared
with that of long-term carriers. Evaluation of EBV-specific
PFCs can be extended to studies of T-cell immunity in
other EBV-associated diseases.
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