UNIVERSITYOF
BIRMINGHAM

iversit}/]ofBirmin am
esearch at Birmingham

Tonsillar homing of Epstein-Barr virus - specific

CD8+ T cells and the virus-host balance

Hislop, Andrew; Kuo, Michael; Drake-Lee, Adrian; Akbar, AN; Bergler, W; Hammerschmitt, N;
Khan, Naeem; Palendira, Umai; Leese, Alison; Timms, JM; Bell, Andrew; Buckley,
Christopher; Rickinson, Alan

DOI:
10.1172/3ClI24810

License:
None: All rights reserved

Document Version
Publisher's PDF, also known as Version of record

Citation for published version (Harvard):

Hislop, A, Kuo, M, Drake-Lee, A, Akbar, AN, Bergler, W, Hammerschmitt, N, Khan, N, Palendira, U, Leese, A,
Timms, JM, Bell, A, Buckley, C & Rickinson, A 2005, 'Tonsillar homing of Epstein-Barr virus - specific CD8+ T
cells and the virus-host balance', Journal of Clinical Investigation, vol. 115, no. 9, pp. 2546-2555.
https://doi.org/10.1172/3C124810

Link to publication on Research at Birmingham portal

Publisher Rights Statement:
Published as detailed above

Checked October 2015

General rights

Unless a licence is specified above, all rights (including copyright and moral rights) in this document are retained by the authors and/or the
copyright holders. The express permission of the copyright holder must be obtained for any use of this material other than for purposes
permitted by law.

*Users may freely distribute the URL that is used to identify this publication.

*Users may download and/or print one copy of the publication from the University of Birmingham research portal for the purpose of private
study or non-commercial research.

*User may use extracts from the document in line with the concept of ‘fair dealing’ under the Copyright, Designs and Patents Act 1988 (?)
*Users may not further distribute the material nor use it for the purposes of commercial gain.

Where a licence is displayed above, please note the terms and conditions of the licence govern your use of this document.

When citing, please reference the published version.

Take down policy
While the University of Birmingham exercises care and attention in making items available there are rare occasions when an item has been
uploaded in error or has been deemed to be commercially or otherwise sensitive.

If you believe that this is the case for this document, please contact UBIRA@lists.bham.ac.uk providing details and we will remove access to
the work immediately and investigate.

Download date: 28. Apr. 2024


https://doi.org/10.1172/JCI24810
https://doi.org/10.1172/JCI24810
https://birmingham.elsevierpure.com/en/publications/598fdab3-5637-45e7-8d14-29c94406842c

Research article

Tonsillar homing of Epstein-Barr
virus—specific CD8* T cells and the
virus-host balance

Andrew D. Hislop,’ Michael Kuo,? Adrian B. Drake-Lee,2 Arne N. Akbar,2 Wolfgang Bergler,4
Nicolas Hammerschmitt,* Naeem Khan,! Umaimainthan Palendira,! Alison M. Leese,!
Judith M. Timms,? Andrew |. Bell,’ Christopher D. Buckley,!' and Alan B. Rickinson'

TInstitute for Cancer Studies and Medical Research Council Centre for Immune Regulation, University of Birmingham, Birmingham,
United Kingdom. 2Birmingham Children’s Hospital, Birmingham, United Kingdom. 3Department of Immunology and Molecular Pathology,
Windeyer Institute for Medical Sciences, Royal Free and University College Medical School, London, United Kingdom.
4Department of Oto-Rhino-Laryngology, Head and Neck Surgery, University Hospital Mannheim, Mannheim, Germany.

Patients with infectious mononucleosis (IM) undergoing primary EBV infection show large expansions of
EBV-specific CD8* T cells in the blood. While latent infection of the B cell pool is quickly controlled, virus
shedding from lytically infected cells in the oropharynx remains high for several months. We therefore studied
how responses localize to the tonsil, a major target site for EBV, during primary infection and persistence. In
acute IM, EBV-specific effectors were poorly represented among CD8" T cells in tonsil compared with blood,
coincident with absence of the CCR7 lymphoid homing marker on these highly activated cells. In patients who
had recently recovered from IM, latent epitope reactivities were quicker than lytic reactivities both to acquire
CCR?7 and to accumulate in the tonsil, with some of these cells now expressing the CD103 integrin, which
mediates retention at mucosal sites. By contrast, in long-term virus carriers in whom both lytic and latent
infections had been controlled, there was 2- to 5-fold enrichment of lytic epitope reactivities and 10- to 20-fold
enrichment of latent epitope reactivities in tonsil compared with blood; up to 20% of tonsillar CD8* T cells
were EBV specific, and many now expressed CD103. We suggest that efficient control of EBV infection requires
appropriate CD8* T cell homing to oropharyngeal sites.

Introduction

EBV, a y1-herpesvirus widespread in the human population, is the
causative agent of infectious mononucleosis (IM), a self-limiting
lymphoproliferative disease, and is etiologically linked to a number
of lymphoid and epithelial malignancies (reviewed in ref. 1). Pri-
mary infection occurs by the oral route and, at least as witnessed
in IM patients, is characterized by extensive replication of the virus
in permissive cells, probably mucosal epithelial cells closely associ-
ated with pharyngeal lymphoid tissues (2); this leads to the release
of high titers of infectious virus into the throat. At the same time,
the virus initiates latent growth-transforming infections within
the B cell pool, best visualized in tonsils from IM patients, where
immunohistochemical staining has revealed large numbers of latent
antigen-positive B lymphoblasts in extrafollicular areas of the tis-
sue (3, 4). This virus-driven expansion generalizes the infection and
establishes a lifelong reservoir of latently infected memory B cells
that preferentially populate the mucosal lymphoid tissues of the
Waldeyer ring (5, 6). The majority of these infected cells have by then
returned to the resting state and have downregulated expression of
most if not all EBV latent cycle proteins. However their occasional
reactivation into the productive (lytic) cycle is thought to reseed foci
of virus replication at oropharyngeal mucosal sites, which explains

Nonstandard abbreviations used: CLA, cutaneous lymphocyte-associated antigen;
EBNA, EBV nuclear antigen; ELISpot, enzyme-linked immunospot; IM, infectious
mononucleosis; SFC, spot-forming cell.
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why many asymptomatic virus carriers continue to shed low levels
of infectious virus detectable in throat washings; furthermore, virus
produced at these sites is thought also to initiate new growth-trans-
forming infections in locally infiltrating B cells (7).

These events appear to be controlled in part by immune T cell sur-
veillance. Thus, primary infection as seen in IM patients is associat-
ed with a large expansion of CD8" T cell numbers in the blood, and
recent work has shown that many of these activated CD8" T cells
are EBV specific. The most abundant responses have been mapped
by HLA class I tetramer staining to particular viral epitope peptides
derived from proteins of the EBV lytic cycle, with smaller responses
directed against latent protein epitopes (8, 9). As the infection sub-
sides, these epitope-specific CD8" T cell populations in the blood
fall to lower numbers and switch from the original phenotype of
activated effector cells (expressing the activation marker CD38 and
lacking central memory markers such as CCR7) to a resting CD38-
negative phenotype. We and others (9-12) have found thatlytic and
latent epitope responses not only show different kinetics of expan-
sion and contraction over the course of primary infection but also,
with resolution of symptoms, rapidly acquire somewhat different
memory cell phenotypes. These differences are also apparent in
memory populations in the blood of long-term virus carriers. Thus,
the lytic epitope-specific population tends to retain more cells in
the CCR7-effector memory compartment (with some of these cells
switching from CD45RO to CD45RA expression) and have fewer
cells entering the CD45RO*CCR7* central memory pool.

Correlating these detailed parameters of the immunological
response with coincident virological events is difficult because,
as in most studies of virus infection in humans, all available
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CD8" T cell subset expressing the
cutaneous lymphocyte-associat-
ed antigen (CLA) and selectively
homing to the skin (13, 14).
The issue of T cell homing is
particularly germane to EBV
infection, wherein virus repli-
cation and also latent infection
preferentially involve cells in the
Waldeyer ring. Little is known
about immune controls at this
location. However, we suspected
that such controls may be sub-
optimal in acute IM because IM
patients have large numbers of
lytic epitope-specific CD8" T
cells in the blood, yet viral shed-
ding in the throat reportedly
remains high for several months,
long after the resolution of dis-
ease symptoms (15). Here we
compare CD8" T cell responses
to EBV in the blood with those
seen at 1 of the major oropha-
ryngeal sites of infection, the
tonsil, in paired samples from 3
different types of donor: acute
IM patients, recently recovered
post-IM patients, and long-
term carriers. In all 3 cases, the
situation in tonsil is different
from that in the blood, and in
each case, the tonsillar picture
provides a much more informed
view of the virus-host balance.
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Figure 2

Frequency of EBV-specific CD8* T cells in PBMCs and matched tonsil preparations from IM, post-IM,
and long-term carrier tonsillectomy patients. (A) PBMCs (left panels) and tonsillar cells (right panels) from
acute IM patient IM-5 were stained with either HLA-B*0801 tetramers containing the lytic cycle epitope
RAK or latent cycle epitope QAK peptides or the HLA-A*0201 tetramer containing the lytic cycle epitope
YVL peptide and subsequently stained with anti-CD8 mAbs. Values shown refer to the percentage of
CD8+ T cells that stained with the tetramer. (B) PBMCs and tonsillar cells from post-IM-1 were stained as
described above with HLA-A*0201 tetramers containing either the lytic cycle epitope YVL or GLC or the
latent cycle epitope CLG peptides. (C) PBMCs and tonsillar cells from carrier-32 were stained as described
above with the HLA-B*0801 tetramers containing the lytic cycle epitope RAK or latent cycle epitope FLR
peptides or the HLA-A*0201 tetramer containing the lytic cycle epitope GLC peptide.
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convalescence and at intervals over a further 4-6 months. Figure 1A
illustrates the data from a representative patient, IM-171;
EBV DNA loads were determined by quantitative PCR assay in
a standard volume (1 ml) of the throat washing sample and in a
standard number (10°) of PBMCs. The high viral loads detected
in PBMCs during acute disease fell substantially during the next
2 weeks to a value that lay toward the top end of the normal range
shown by healthy virus carriers and were subsequently maintained
at this level. By contrast, the high viral loads present in throat
washings during acute disease showed no significant reduction
over the entire course of study, always remaining well above the
normal range of virus shedding shown by healthy carriers. These
results are in accord with a recent detailed study showing that high
oropharyngeal levels of virus shedding are maintained for many
months following IM, long after resolution of symptoms and the
concomitant fall in latently infected B cell load in the blood (15).
The main body of experiments in the present work analyzed
matching tonsil and blood mononuclear cell samples from 6
patients tonsillectomized during acute IM, 2 patients tonsillec-
tomized at approximately 3 months after IM, and 11 tonsillec-
tomy patients who had no history of EBV-related disease but were
long-term virus carriers. Figure 1B shows the EBV DNA loads in
10¢ tonsillar lymphocytes (upper panels) and 10° PBMCs (lower
panels) from the 3 groups of patients. The acute IM patients
showed very high EBV loads at both sites, as expected. The post-
IM patients showed tonsillar EBV loads around 5-fold lower
than the acute IM values but still 100-fold higher than long-term
carrier values, while PBMC EBV loads in post-IM patients were
around 20-fold lower than the acute IM values, at the very top
of the normal range. By comparison, the long-term virus carriers
2548
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Figure 3

Summary of the frequency of EBV-specific responses in the PBMCs
and tonsils of 6 IM, 2 post-IM, and 11 long-term carrier tonsillectomy
patients; symbols connected by a line refer to a particular epitope-spe-
cific response in an individual donor. (A) Percentage of CD8* T cells
staining with EBV lytic epitope—specific tetramers in IM (left panel) and
post-IM (middle panel) patients and long-term carriers (right panel). (B)
Percentage of CD8* T cells staining with EBV latent epitope—specific
tetramers in IM (left panel) and post-IM (middle panel) patients and
long-term carriers (right panel). P values shown were obtained using
linear mixed model analysis as described in Methods. Significant differ-
ences are indicated by an asterisk. In addition, in acute IM, the reduc-
tion in epitope-specific T cell representation in tonsil relative to blood
was significantly greater for lytic than for latent reactivities (P = 0.004);
also, in carriers, the increase in epitope-specific T cell representation
in tonsil relative to blood was significantly greater for latent than for lytic
epitopes (P = 0.003).

all had low loads both in tonsillar lymphocytes and in PBMCs,
their mean values being, respectively, about 500-fold and 200-fold
lower than the mean values in acute IM patients. These virologi-
cal assays confirm that the cell preparations collected for immu-
nological analysis showed levels of EBV infection consistent with
those expected for the 3 different patient groups.

EBV-specific CD8" T cell numbers in blood and tonsil with evolution
of the infection. We next monitored the EBV-specific CD8" T cell
numbers in the same blood and tonsillar preparations by stain-
ing with HLA class I tetrameric complexes specific for EBV lytic
or latent epitopes; this was followed by anti-CD8 mAb staining
and flow cytometric analysis.

Matching PBMCs and tonsil preparations from 6 acute IM
patients were studied. In each case, as already described in an ear-
lier work (9), HLA class I tetramer staining of the PBMCs showed
high levels of EBV-specific T cells in this compartment. Howev-
er, these cells were always represented to a much lesser extent in
tonsillar CD8" populations. Results for 1 representative patient,
IM-S (positive for HLA-B*0801 and HLA-A*0201) are shown
in Figure 2A. In the blood, responses to the immunodominant
HLA-B*0801-restricted RAK and HLA-A*0201-restricted YVL
lytic cycle epitopes constituted, respectively, 46.71% and 3.29%
of the CD8" T cells in PBMCs, with cells specific for the HLA-
B*0801-restricted latent cycle QAK epitope constituting 2.16% of
the CD8" population. When tonsillar cells from the same patient
were analyzed in parallel, responses to all 3 epitopes were signifi-
cantly lower than those in blood (Figure 24, right column). Thus,
RAK and YVL responses in the CD8" T cell pool were reduced 3- to
4-fold to 13.13% and 1.09%, respectively, while the latent epitope
response was reduced less markedly, to 1.6%. The relative paucity
of EBV-specific cells in the tonsil compared with blood of IM-5
was also apparent when the cells were tested in overnight enzyme-
linked immunospot (ELISpot) assays of epitope peptide-induced
IFN-y release and results expressed as number of IFN-y spot-form-
ing cells (SFCs) per 105 CD8* T cells (Supplemental Table 1; sup-
plemental material available online with this article; doi:10.1172/
JCI24810DS1). Note that this functional assay is useful for com-
paring relative numbers of responsive cells in the 2 populations,
but in each case likely underestimates the true frequency of such
cells because activated primary effectors are highly prone to apop-
tosis in vitro. Tetramer analysis of samples from an additional 5
acute IM patients confirmed low levels of lytic and latent epitope
responses in tonsil compared with blood (see Figure 3).
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We next examined EBV-specific responses in 2 patients who
underwent tonsillectomy 3 months following IM. They showed
a consistent pattern of results, which was distinct from that seen
in patients with acute disease. Data from 1 of these patients, the
HLA-A*0201-positive individual post-IM-1 are shown in Figure
2B. In this case, PBMCs and tonsillar preparations were stained
using the HLA-A*0201 tetramers refolded with the YVL and GLC
lytic epitope peptides and with the CLG latent epitope peptide.
In the blood, the lytic epitope-specific T cells constituted 2.03%
and 1.75% of the CD8 population, respectively; such values are
typical of those of an earlier study in which the blood of HLA-
A*0201-positive patients was analyzed in the months following
IM (9). Once again, as in acute IM, representation of these same
responses in tonsillar CD8" T cells was reduced, in this case by
4- to 7-fold. In contrast, the response to the latent CLG epitope,
usually regarded as a subdominant response on the basis of its
frequency in PBMCs, was detected at a typically low level (0.13%)
among CD8" T cells in the blood but was enriched approximately
4-fold in the tonsil. These different patterns were also apparent
when post-IM PBMC and tonsillar preparations were screened in
IFN-y ELISpot assays for functional responses to epitope peptide
stimulation. Representative results from post-IM-1 are shown in
Supplemental Table 1. The response to the YVL lytic epitope was
represented at a low level in tonsil compared with blood, where-
as responses both to CLG and to a stronger latent epitope for
which tetramers were not available, the HLA-B*4402-restricted
EEN epitope from the EBV nuclear antigen 3C (EBNA3C), were
clearly amplified in the tonsil.

These findings showed that EBV-specific T cells were differen-
tially distributed between blood and tonsil and implied that their
relative distribution between these 2 sites may change over time.
To further explore this idea, we next examined blood and tonsil
samples from 11 long-term EBV carriers in whom both lytic and
latent infections had been brought under control. In these donors,
levels of EBV epitope-specific T cells in the blood were typical of
those seen in earlier studies of healthy carriers (9, 16). However,
all such reactivities were found to be significantly enriched in the
matching tonsil specimens. Figure 2C shows FACS plots of a rep-
resentative HLA-A*0201, B*0801-positive donor, carrier-32. Tet-
ramer staining identified 1.67% and 0.11% of CD8* T cells in the
blood as specific for the HLA-B*0801/RAK and HLA-A*0201/GLC
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lytic epitopes, respectively, and 0.24% as specific for the latent cycle
HLA-B*0801/FLR epitope. In the tonsil, these percentages were
increased dramatically, by 5-fold for the 2 lytic cycle epitopes and
by 11-fold for the latent cycle epitope. Collectively, therefore, these
3 responses accounted for almost 12% of tonsillar CD8" cells in this
long-term carrier. Again, we were able to confirm the enrichment
of EBV-specific T cells in tonsillar tissue using the ELISpot assay
of IFN-y release as a functional readout. Representative results
from the HLA-A*0201-positive carrier-25 and the HLA-B*0801-
positive carrier-27 are shown in Supplemental Table 1. Carrier-25
responses to the lytic YVL and latent CLG epitopes were enriched
in tonsillar CD8 populations by 6-fold and more than 40-fold,
respectively; carrier-27 responses to the lytic RAK and latent FLR
epitopes were enriched by 11-fold and 28-fold, respectively.

The results of tetramer staining analysis from all 3 donor groups
are summarized in Figure 3. These reflect the cumulative data for
responses to 5 lytic epitopes (Figure 3A) and 5 latent epitopes
(Figure 3B), in each case restricted through 1 of 3 different HLA
class I alleles. Each donor group showed its own specific pattern of
results. In results consistent with and extending those of a previ-
ous study (17), acute IM patients showed very strong representa-
tion of lytic and to a lesser extent latent epitope responses in the
blood, while these responses were decreased in the tonsil by 3- to
4-fold for the lytic reactivities and to a lesser extent for the latent
reactivities. The post-IM patients showed lower levels of EBV
lytic reactivities in the blood, but, again, all 6 responses analyzed
were reduced by 3- to 8-fold in the tonsil; yet in the same post-
IM patients, the 2 latent epitope-specific responses we were able
to study both showed enrichment in tonsillar CD8 populations.
In the long-term carrier group, the situation was different again.
Here both sets of responses were enriched in tonsil compared with
blood, by a factor of 2- to 4-fold for lytic epitope reactivities and
10- to 20-fold for latent reactivities.

Comparison of EBV-specific and CMV-specific CD8* T cell distributions.
We reasoned that the accumulation of EBV-specific CD8" T cells in
the tonsils of long-term carriers might reflect a trend common to all
responses induced by persistent viruses. To check this, we studied
particular donors who were persistently infected with both EBV and
with CMV, a 3-herpesvirus that is carried as a more generalized infec-
tion of myeloid and other cell types. Figure 4 shows the results from
1 such dually infected donor, the HLA-A*0101, B¥0801-positive
Volume 115 2549
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carrier-26. Memory T cell responses to the HLA-B*0801-restricted
EBV lytic (RAK) and latent (FLR) epitopes were enriched in ton-
sil compared with blood by factors of 3- and 10-fold, respectively.
Indeed, a second HLA-B*0801 latent epitope (QAK) was likewise
amplified almost 10-fold in tonsil (data not shown), such that col-
lectively these 3 reactivities accounted for 20% of all CD8* T cells
in the tonsil. The contrast between this and the distribution of the
CMV-specific CD8* T cells was marked. Tetramer staining showed
that memory CD8" T cells specific for 2 HLA-A*0101-restricted
CMV epitopes, the pp50-derived VTE and pp65-derived YSE, were
well represented among CD8* T cells in the blood, but were 3- to
10-fold less frequent among tonsillar CD8* T cells.

Phenotype of EBV-specific CD8* T cells in blood and tonsil with evolution
of the infection. Having mapped the distribution of EBV-specific T
cells between blood and tonsil in individuals at 3 different stages
of EBV infection, we now sought to determine the phenotype of
these T cells in terms of markers of effector function, differentia-
tion, and migratory capacity. These included CD38, a marker of
activated effector cells (8); CD45RO, a CD45 isoform expressed
by both activated cells and antigen-experienced memory cells
(18); and CD45RA, an isoform historically associated with naive
T cells but now also shown to be reexpressed on some antigen-
2550
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Figure 5

Analysis of EBV-specific CD8* T cells from an acute IM patient for
CD38, CD45R0O, CCR7, and CD1083 status. PBMCs (left panels) or
tonsillar cells (right panels) from IM-5 were stained with the HLA-
B*0801 tetramer containing the lytic epitope RAK peptide, followed
by mAbs specific for CD8 and the relevant marker. Flow cytometric
analysis was performed after gating on CD8* cells, and profiles show
tetramer staining versus the third marker (CD38, CD45R0O, CCR7, and
CD103). Values shown refer to the percentage of tetramer-positive
cells that express the relevant marker.

experienced cells (19). Expression of the 2 isoforms was inversely
related throughout, so data are only shown for CD45RO. We also
stained for the costimulatory molecules CD27 and CD28 (20, 21),
whose downregulation is thought to be associated with terminal
differentiation (22), and for a range of migratory markers. These
included CCR7 and CD62-1, whose expression identifies central
memory cells with the ability to migrate to lymphoid tissues (23);
CCRY9 and 04f7, both characteristic of cells migrating to gut-
associated lymphoid tissue (24, 25); CCR4 and CLA, which are
characteristic of cells migrating to the skin (26, 27); CCR10, a che-
mokine receptor whose ligands are expressed by a diverse range of
epithelial cells (28, 29); and CD103, an integrin characteristic of
cells retained at mucosal epithelial sites (30).

Preparations from PBMCs and tonsil were stained with EBV-
specific tetramers, followed by mAbs specific for CD8 and the
relevant surface marker. Figure 5 illustrates typical phenotype
data obtained from acute IM patients, in this case from the HLA-
B*0801-positive patient IM-5. Whether in blood or tonsil, cells
specific for the immunodominant RAK lytic epitope showed a
highly activated phenotype, expressing CD38 and CD45RO in
the absence of CD45RA. As previously described (17), CD27 and
CD28 were downregulated in a significant fraction of these EBV-
specific cells in the blood, although such downregulation was
less apparent in the tonsil (data not shown). These activated cells
were largely devoid of homing markers, in particular the lym-
phoid homing markers CCR7 and CD62-1, and also lacked the
CD103 marker of epithelial retention. These findings were typi-
cal not only of the large lytic epitope-specific populations but
also of the generally smaller populations of latent epitope-spe-
cific cells seen in IM (data not shown).

A different picture was observed when we studied EBV-specific
reactivities in the blood and tonsil of 2 post-IM patients, both
3 months after disease resolution. Figure 6 shows representa-
tive data from 1 of these patients, the HLA-A*0201-positive
post-IM-1. By this time, most lytic (YVL; Figure 6A) and latent
(CLG; Figure 6B) epitope-specific cells in the blood had lost CD38
expression, but interestingly, in the tonsil, 45-50% of these same
epitope-specific populations remained CD38 positive, which sug-
gests their continued antigen-driven activation. In terms of CD45
isoform status, EBV lytic epitope-specific cells in the blood were
heterogeneous for expression of these isoforms, with more than
half now losing CD45RO and gaining CD45RA, whereas all latent
epitope-specific cells remained CD45RO positive; these differ-
ences are in accord with our earlier findings on blood samples
from post-IM patients (9). In the tonsil, however, we found that
both lytic and latent reactivities remained CD45RO positive. Dif-
ferences were also observed in the lymphoid migration markers
on lytic versus latent epitope reactivities in post-IM blood; CCR7
(and CD62-]; data not shown) were essentially absent from the
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Figure 6

Analysis of EBV-specific CD8* T cells from a patient recently recovered from acute IM for CD38,
CD45RO0, CCR7, and CD103 status. PBMCs (left panels) or tonsillar cells (right panels) from post-
IM-1 were stained with HLA-A*0201 tetramers containing either the lytic cycle epitope YVL peptide
(A) or the latent cycle epitope CLG peptide (B), as well as with antibodies specific for CD38,
CD45RO0, CCR7, and CD1083. Flow cytometric analysis was performed after gating on CD8* cells,

and profiles are presented as in Figure 5.

lytic epitope population, whereas more than 50% of latent epit-
ope-specific cells had reacquired both markers by this time. These
differences were coincident with the increased representation of
latent but not lytic epitope responses in the tonsil. Most impor-
tant were the findings from CD103 staining. While very few if any
EBV-specific T cells in the blood expressed this marker, in the ton-
sil, around 28% of the lytic epitope population and 57% of latent
epitope population were clearly CD103 positive, which implied
active retention of these populations at this site.

Analysis of paired samples from long-term virus carriers also
gave a consistent pattern of results, here illustrated with respect
to lytic (RAK; Figure 7A) and latent (FLR; Figure 7B) epitope
responses in the HLA-B*0801-positive carrier-32. At this stage
of infection, few lytic or latent epitope-specific cells express
the CD38 activation marker, whether in the blood or the tonsil.
This is consistent with the very low viral loads present at both
of these sites (see Figure 1B). Differences in CD45 isoform sta-
tus between lytic and latent epitope-specific populations in the
blood were now less marked than those in post-IM patients,
with both specificities expressing predominantly CD45RO,
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CLG (latent) ———>
response, with lytic epitopes indicated

by filled and latent epitopes by open
symbols. The CD38 activation mark-
er was highly expressed on all cells in
acute IM, whether in blood or tonsil.
Within 3 months after IM, CD38 had
been lost from most EBV-specific
cells in the blood but was retained on
about 50% of such cells in the tonsil.
By contrast, in long-term carriers, most cells at both sites no
longer expressed this activation marker. The CD45RO isoform
was highly expressed on acute IM cells in both compartments
but, immediately after IM, many lytic epitope specificities in the
blood had reverted to a CD45RA*CD45RO- phenotype, whereas
in the tonsil, they remained CD45RO* throughout. Figure 8
illustrates important differences in the CCR7 status of lytic ver-
sus latent specificities in the blood; a second lymphoid homing
marker, CD62-1, showed a very similar pattern (data not shown).
While the activated cells in acute IM were all CCR7 negative,
the subsequent acquisition of lymphoid homing potential was
more marked among latent than among lytic reactivities, both
in post-IM patients and in long-term carriers. These trends were
generally not as apparent in the tonsil, where, following entry,
the CCR7 and CD62-1 markers appear to have been downreg-
ulated in most cells. Finally, as expected, the CD103 marker
of retention at mucosal sites was absent from the blood at all
time points; in the tonsil however, while acute IM effectors lack
CD103, the marker was progressively acquired as these cells
accumulated at the site of infection.
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Figure 7

Analysis of EBV-specific CD8+* T cells from a long-term carrier for CD38, CD45R0O, CCR7, and
CD103 status. PBMCs (left panels) or tonsillar cells (right panels) from carrier-32 were stained
with HLA-B*0801 tetramers containing either the lytic cycle epitope RAK peptide (A) or the
latent cycle epitope FLR (B) as well as with antibodies specific for CD38, CD45R0O, CCR7,
and CD1083. Flow cytometric analysis was performed after gating on CD8+* cells, and profiles

are presented as in Figure 5.

Discussion
This study was prompted by the observation (Figure 1A and ref. 15)
that EBV replication in the oropharynx remains high for some
months following IM despite the large numbers of EBV lytic epi-
tope-specific CD8* T cells in the blood during the acute disease.
Accordingly, we found that these lytic epitope reactivities were
much lower (by a factor of 3- to 4-fold) in tonsillar CD8 popula-
tions than in blood. This lack of obvious recruitment of primary
effectors to the main sites of infection in oropharyngeal lymphoid
tissues may be a consequence of the cells’ altered homing phe-
notype. Thus, these activated CD38" cells have lost expression of
the CCR7 and CD62-1 markers that normally allow entry from
peripheral blood into lymphoid tissues through high endothelial
venules. Lymphocyte activation is known to be associated with
CCRY7 loss and the rapid shedding of CD62-1 from the cell sur-
face (23, 31). The fact that activated T cells have been observed
infiltrating many body tissues in IM patients (32) highlights the
nondirected nature of much of this highly expanded primary T
cell response. Since EBV replication and shedding into the oro-
2552
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of latent epitope-specific CD8" T cells
between the 2 sites. The contrast between
lytic and latent epitope responses became
clearer, however, when we looked at
samples from 2 patients who had tonsil-
lectomies in the immediate aftermath
of IM. Like the samples from patients
with acute disease, these showed under-
representation of lytic epitope responses
in tonsillar CD8 populations compared
with blood, whereas both tetramer analy-
sis and ELISpot assays showed that latent epitope responses had
begun to accumulate in the tonsil by this stage. Since tonsils lack
afferent lymphatics (35), this accumulation cannot be explained by
migration back from peripheral (extranodal) sites, but must have
resulted from active migration from the blood via high endothelial
venules. This accords with the fact that, following primary infec-
tion, latent epitope-specific memory cells acquire the CCR7 and
CD62-1 lymphoid homing markers more rapidly and in a greater
proportion of cells than do lIytic epitope-specific memory cells
(Figure 6 and ref. 9); latent epitope responses would therefore
be expected to have greater access to the tonsil. Among the cells
that do access this site, a significant fraction of the latent epitope
response in particular have now begun to express CD103, which
implies active retention in the tonsil, and many still expressed
CD38, which indicates ongoing antigen stimulation. The more
efficient homing of latent epitope responses to oropharyngeal
tissues could explain why latent infections of the B cell pool are
more rapidly controlled than are virus replicative lesions. In this
context, CD8 responses to latent cycle antigens focus heavily on
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the EBNA3A, -3B, -3C family of target antigens (36), proteins that
are only expressed in the context of growth-transforming B cell
infections (1). Such growth-transformed cells are thought to arise
from de novo infections initiated by viruses produced at sites of
virus replication in the mucosa (37). It is therefore to be expected
that appropriate targeting of such B cell infections would localize
near mucosal sites and acquire the retention markers induced by
that cytokine environment.

The corresponding analysis of EBV-specific memory popula-
tions in the blood and tonsils of long-term virus carriers revealed
a situation that was distinct from those seen in acute IM and in
post-IM patients, though one to which post-IM patients most
likely move over time. Now we found a marked accumulation of all
EBV specificities in the tonsillar CD8 populations, with percent-
age representation being increased compared with levels in blood
by a factor of 2- to 5-fold for lytic epitopes and 10- to 20-fold for
latent epitopes. Remarkably, according to tetramer staining, up
to 20% of all CD8" T cells in the tonsil of these long-term carriers
were directed against defined EBV epitope peptides. Functional
assays of peptide-induced IFN-y production gave the same pat-
tern of response distribution, though absolute numbers of SFCs
in ELISpot assays were always lower than the numbers of tetramer-
positive cells. In this context, we have shown that immediate IFN-y
production is restricted to a subset of cells in the CCR7-effector
memory population (10), and indeed, when the size of that sub-
set was calculated for representative responses from carrier-25
and carrier-27 (Supplemental Table 1), it ranged from 13% to 47%
of effector memory cells. Interestingly, however, within any one
epitope response, the effector memory populations in blood and
tonsil gave roughly similar values.
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Figure 8

Compilation of results of phenotypic analysis of EBV-specific CD8*
T cells in tonsil and PBMCs from acute IM, post-IM, and long-term
carrier tonsillectomy patients. (A) Percentage of tonsillar EBV-specific
CD8+ cells expressing the relevant marker. (B) Percentage of PBMC
EBV-specific CD8* cells expressing the relevant marker. Left panels
show results from acute IM patients; middle panels show results from
post-IM patients; and right panels show results from long-term carri-
ers. Filled symbols represent results from EBV lytic cycle epitopes,
while open symbols represent results from EBV latent cycle epitopes.
Statistical analysis of the data was carried out using a model simi-
lar to that described in the legend to Figure 3. CD38 expression was
significantly related to infection state both in tonsil (P = 0.0003) and
in blood (P < 0.0001); furthermore, CD38 was significantly higher in
tonsil than in blood of post-IM patients (P = 0.04). CD103 expression
was significantly related to infection state in tonsil only (P = 0.05) and
was elevated in tonsil compared with blood in both post-IM patients
and long-term carriers (P = 0.008). Significant differences in CCR7
expression were only seen in long-term carriers in whom CCR7 was
significantly higher on latent compared with lytic epitope—specific cells
in blood (P = 0.003).

We believe that the tonsillar accumulation of EBV-specific
responses seen in our long-term carriers is genuinely representa-
tive of tonsillar tissue in the asymptomatic carrier state and is not
an artifact of the recurrent tonsillitis that led to surgery. Thus, the
patients were clinically healthy, and their tonsils were not inflamed
at the time of removal. Furthermore, EBV loads in the carrier ton-
sils were uniformly very low, far below those seen in acute IM and
post-IM samples, and there was no evidence from CD38 staining
of substantial T cell activation. Arguably the presence of such large
numbers of these cells in oropharyngeal lymphoid tissues can pre-
vent the outgrowth of EBV-transformed foci and can also main-
tain tight control over chronic Iytic replication. The efficiency of
control over latent growth-transforming infection is reflected by
the fact that transformed cells are never detectable in the recircu-
lating B cell pool of immunocompetent virus carriers and indeed
are only seen in tonsillar preparations as short-lived transforma-
tion events occurring in B cells recently infected at sites of replica-
tion (7, 37-39). Virus replication is also well controlled, although
it is interesting that many healthy virus carriers continue to shed
very low levels of infectious virus into the throat, despite the pres-
ence of this local immune response. This implies that there may be
an immunologically privileged site in the oropharynx where low-
level replication can still occur. Alternatively, as seen with other
herpesviruses (40), complete elimination of replication may be
hampered by immune evasion proteins that recent results suggest
may be encoded by EBV lytic cycle genes (41, 42).

It will be important to understand further the basis of this
marked tonsillar accumulation of EBV-reactive T cells. Clearly
it cannot be ascribed to some nonspecific inflammatory effect
generally attracting or retaining CD8" memory cells against a
range of persistent viruses. Such a nonspecific effect is seen in
inflamed rheumatoid synovium, for example, where there is an
accumulation of many irrelevant CD8 specificities, including
those against viruses such as EBV and CMV (43, 44). By contrast,
CMV-reactive cells are virtually excluded from tonsillar popula-
tions, even though they are usually more abundant in the blood
than the corresponding EBV specificities. We believe that one
factor favoring the access of EBV-specific cells to the tonsil, par-
ticularly EBV latent specificities, is the significant levels of CCR7
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and CD62-] expression displayed by these memory populations in
the blood; in contrast, circulating CMV-specific memory cells are
almost entirely devoid of these markers (45, 46). However, other
factors may be equally important in this context. For example,
recent work in mouse models indicates that T cells receive spe-
cific migratory instructions depending upon the location in
which the response is primed (47-49). Thus the fact that EBV is
an agent preferentially infecting the Waldeyer ring (6) may also
influence the long-term migration of EBV-specific memory. Most
important, local antigen stimulation could act both to expand
and then to retain EBV-specific reactivities within the tonsil once
the cells have trafficked to that site. Despite these influences over
the behavior of memory cells, the acute primary response to EBV
infection, at least as seen in IM patients, is not efficiently targeted
to the main site of virus replication, and this correlates with pro-
longed viral shedding into the oropharynx. By contrast, both lytic
and latent memory responses do accumulate in oropharyngeal
sites in long-term virus carriers, and this is associated with effi-
cient control over the resident infection. Monitoring CD8* T cell
responses at a relevant tissue site, rather than in blood, therefore
gives a much more informative view of the EBV-host balance.

Methods

Tonsillar and PBMC preparations. Tonsil specimens and matching heparin-
ized blood samples were obtained from (a) 6 patients who had undergone
tonsillectomy during acute IM to relieve airway obstruction due to tonsil-
lar inflammation; (b) 2 patients undergoing tonsillectomy 3 months after
IM; and (c) 11 patients with no history of EBV-related disease who had
undergone routine tonsillectomy to treat chronic tonsillitis. All patients
studied were adolescent or young adults and, with the exception of those of
the acute IM patients, the tonsils were not inflamed at the time of surgery.
The clinical diagnosis of acute IM was confirmed by heterophile antibody
positivity. Routine tonsillectomy patients were confirmed as long-term
EBV carriers showing IgG anti-virus capsid antibody titers in the normal
range. A standard serological assay for antiviral IgG antibody (CMVscan
kit; BD Biosciences) was used per the manufacturer’s instructions to iden-
tify donors who were also carriers of CMV infection. The experiments were
approved by the Ethics Committee of the Faculty of Clinical Medicine
Mannheim, Ruprecht-Karls University of Heidelberg, and the South Bir-
mingham Health Authority Local Research Ethics Committee. Tonsillec-
tomy specimens were disaggregated to single-cell suspensions by teasing
apart the tissue and fine mincing. Mononuclear cells were isolated by puri-
fication over a Lymphoprep gradient (Nycomed) per the manufacturer’s
instructions. PBMCs were isolated in a similar manner from peripheral
blood specimens taken at the time of tonsillectomy. In both cases, mono-
nuclear cells were aliquoted, cryopreserved, and stored in liquid nitrogen.
DNA was isolated from an aliquot of the tonsillar cells for HLA typing by
sequence-specific oligonucleotide PCR analysis.

Flow cytometric analysis of samples. The cryopreserved mononuclear cell prep-
arations were subjected to analysis using HLA class I tetramers, where the
relevant class I molecule was refolded with $2 microglobulin and the appro-
priate epitope peptide and complexed with streptavidin-phycoerythrin as
previously described (9). Viral epitopes are identified in the text by the first
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interindividual infection route of Epstein-Barr
virus. Blood. 85:744-750.

4. Niedobitek, G., et al. 1997. Epstein-Barr virus
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3 letters of the peptide sequence. The EBV epitopes studied were the HLA-
A*0201-restricted peptides YVLDHLIVV, GLCTLVAML, and TLDYKPLSV,
derived from the lytic antigens BRLF1, BMLF1, and BMRF1, respectively (9,
43,50, 51), and CLGGLLTMYV, derived from the latent membrane protein
LMP2 (52); the HLA-B*0801-restricted peptides RAKFKQLL, derived from
the lytic antigen BZLF1 (53), and FLRGRAYGL and QAKWRLQTL, both
derived from the latent cycle nuclear antigen EBNA3A (54, 55); and the
HLA-B*3501-restricted peptides EPLPQGQLTAY, derived from the lytic
antigen BZLF1 (50),and HPVGEADYFEY and YPLHEQHGM, derived from
the latent nuclear antigens EBNA1 and EBNA3A, respectively (55, 56). HLA
class I tetramers containing CMV epitope peptides were also constructed;
these included the HLA-A*0101-restricted peptides VTEHDTLLY, derived
from pp50 (57), and YSEHPTFTSQY, derived from pp65 (58). In all cases
the tetramer-stained cells were subsequently stained with Tricolor-labeled
anti-CD8 antibodies (CALTAG Laboratories).

Phenotypic analysis involved staining with the above reagents plus a third
marker. These included FITC-labeled antibodies specific to CD45RA (Beck-
man Coulter), CD45RO (DakoCytomation), CD27 (BD Biosciences), CD28
(BD Biosciences), CD38 (BD Biosciences), CD62-1 (CALTAG Laboratories),
and CD103 (BD Biosciences). Unconjugated antibodies specific to CCR4
(BD Biosciences), CCR7 (R&D Systems), CCR9 (R&D Systems), CCR10
(Abcam Ltd.), CLA (BD Biosciences), and a4f7 (a kind gift from E. Rainger,
University of Birmingham, Birmingham, United Kingdom) were also used,
and binding was revealed using FITC-labeled goat anti-mouse or FITC-
labeled goat anti-rat antibodies (SouthernBiotech). In all cases, cells were
stained with appropriate isotype control antibodies as negative controls.

ELISpot analysis of samples. ELISpot assays were carried out to determine
epitope peptide-induced IFN-y responses as described previously (10).
These assays included the HLA-B*4402-restricted peptide EENLLDFVRF,
derived from the latent cycle nuclear antigen EBNA3C (59).

Virus genome load analysis. Quantitative PCR analysis was performed to esti-
mate viral genome levels as described previously (60). DNA for genome quan-
titation was extracted from ultraconcentrated throat washings or 1 x 10°
mononuclear cells derived from single-cell preparations of either tonsil or
PBMCs using a DNeasy tissue kit (QIAGEN).

Statistical analysis. Statistical analysis was conducted using linear mixed
models to model log-transformed data using SAS/STAT software (version 8.2;
SAS Institute Inc.). In the mixed models, random donor effects were included
together with fixed effects for epitope, tissue compartment, and health state
where applicable. The P values were not adjusted for multiple testing.

Acknowledgments

We thank Chris McConkey for statistical analysis of the data pre-
sented in this paper. This work is supported by a program grant
from the Medical Research Council, United Kingdom.

Received for publication February 21, 2005, and accepted in revised
form June 7, 200S.

Address correspondence to: A.B. Rickinson, Cancer Research UK
Institute for Cancer Studies, University of Birmingham, Birming-
ham B15 2TT, United Kingdom. Phone: 44-121-414-4492; Fax:
44-121-414-4486; E-mail: A.B.Rickinson@bham.ac.uk.

(EBV) infection in infectious mononucleosis: virus
latency, replication and phenotype of EBV-infected
cells. J. Pathol. 182:151-159.

S.Hochberg, D., et al. 2004. Acute infection with
Epstein-Barr virus targets and overwhelms the
peripheral memory B-cell compartment with rest-
ing, latently infected cells. J. Virol. 78:5194-5204.

6. Laichalk, L.L., Hochberg, D., Babcock, G.J., Free-

Volume 115 Number9  September 2005



1

1

1

1

1

1

1

1

1

1

2

2

2

2

2

man, R.B., and Thorley-Lawson, D.A. 2002. The

dispersal of mucosal memory B cells: evidence from

persistent EBV infection. Immunity. 16:745-754.
7.Babcock, GJ., Decker, L.L., Volk, M., and Thorley-

Lawson, D.A. 1998. EBV persistence in memory B
cells in vivo. Immunity. 9:395-404.

Callan, M.F.C,, et al. 1998. Direct visualization of
antigen-specific CD8+ T cells during the primary
immune response to Epstein-Barr virus in vivo.

J. Exp. Med. 187:1395-1402.

.Hislop, A.D., Annels, N.E., Gudgeon, N.H., Leese,
A.M,, and Rickinson, A.B. 2002. Epitope-specific
evolution of human CD8+ T cell responses from
primary to persistent phases of Epstein-Barr virus
infection. J. Exp. Med. 195:893-905.

. Hislop, A.D,, et al. 2001. EBV-specific CD8+ T cell
memory: relationships between epitope specificity,
cell phenotype, and immediate effector function.
J. Immunol. 167:2019-2029.

1. Catalina, M.D., Sullivan, J.L., Bak, K.R., and Luzur-
iaga, K. 2001. Differential evolution and stability
of epitope-specific CD8+ T cell responses in EBV
infection. J. Immunol. 167:4450-4457.

2. Catalina, M.D., Sullivan, J.L., Brody, R.M., and
Luzuriaga, K. 2002. Phenotypic and functional het-
erogeneity of EBV epitope-specific CD8+ T cells.
J. Immunol. 168:4184-4191.

3.Koelle, D.M., et al. 2002. Expression of cutane-
ous lymphocyte-associated antigen by CD8+ T
cells specific for a skin-tropic virus. J. Clin. Invest.
110:537-548. d0i:10.1172/JCI1200215537.

4.Koelle, D.M., et al. 2003. Immunodominance
among herpes simplex virus-specific CD8 T cells
expressing a tissue-specific homing receptor. Proc.
Natl. Acad. Sci. U. S. A. 100:12899-12904.

S. Fafi-Kremer, S., et al. 2005. Long-term shedding
of infectious Epstein-Barr virus after infectious
mononucleosis. J. Infect. Dis. 191:985-989.

6.Tan, L.C., et al. 1999. A re-evaluation of the fre-
quency of CD8+ T cells specific for EBV in healthy
virus carriers. J. Immunol. 162:1827-1835.

7.Soares, M.V.D., et al. 2004. Integration of apoptosis
and telomere erosion in virus-specific CD8+ T cells
from blood and tonsils during primary infection.
Blood. 103:162-167.

8.Hermiston, M.L., Xu, Z., and Weiss, A. 2003.
CD45: a critical regulator of signaling thresholds
in immune cells [review]|. Annu. Rev. Immunol.
21:107-137.

9. Wills, M.R,, et al. 1999. Human virus-specific CD8+
CTL clones revert from CD4SROMigh to CD45RAbish
in vivo: CD45RAMEh CD8+ T cells comprise both
naive and memory cells. J. Immunol. 162:7080-7087.

0. Camerini, D., Walz, G., Loenen, W.A., Borst, J., and
Seed, B. 1991. The T cell activation antigen CD27
is a member of the nerve growth factor/tumor
necrosis factor receptor gene family. J. Immunol.
147:3165-3169.

1.Jenkins, M.K., Taylor, P.S., Norton, S.D., and
Urdahl, K.B. 1991. CD28 delivers a costimulatory
signal involved in antigen-specific IL-2 production
by human T cells. J. Immunol. 147:2461-2466.

2. Champagne, P., et al. 2001. Skewed maturation of
memory HIV-specific CD8 T lymphocytes. Nature.
410:106-111.

.Sallusto, F., Lenig, D., Forster, R., Lipp, M., and
Lanzavecchia, A. 1999. Two subsets of memory T
lymphocytes with distinct homing potentials and
effector functions. Nature. 401:708-712.

4. Kunkel, E.J., et al. 2000. Lymphocyte CC chemo-

kine receptor 9 and epithelial thymus-expressed
chemokine (TECK) expression distinguish the

i

el

(=1

[}

The Journal of Clinical Investigation

small intestinal immune compartment: epithe-

lial expression of tissue-specific chemokines as an

organizing principle in regional immunity. J. Exp.

Med. 192:761-768.

Hamann, A., Andrew, D.P., Jablonski-Westrich,

D., Holzmann, B., and Butcher, E.C. 1994. Role of

alpha 4-integrins in lymphocyte homing to muco-

sal tissues in vivo. J. Immunol. 152:3282-3293.

. Campbell, ] J.,, et al. 1999. The chemokine receptor

CCR4 in vascular recognition by cutaneous but not

intestinal memory T cells. Nature. 400:776-780.

Picker, LJ., Michie, S.A., Rott, L.S., and Butcher, E.C.

1990. A unique phenotype of skin-associated lym-

phocytes in humans. Preferential expression of the

HECA-452 epitope by benign and malignant T cells

at cutaneous sites. Am. J. Pathol. 136:1053-1068.

Homey, B., et al. 2000. Cutting edge: the orphan

chemokine receptor G protein-coupled receptor-2

(GPR-2, CCR10) binds the skin-associated che-

mokine CCL27 (CTACK/ALP/ILC). J. Immunol.

164:3465-3470.

.Kunkel, EJ,, et al. 2003. CCR10 expression is a
common feature of circulating and mucosal epi-
thelial tissue IgA Ab-secreting cells. J. Clin. Invest.
111:1001-1010. doi:10.1172/JCI200317244.

. Cepek, K., Parker, C., Madara, J., and Brenner, M.

25.

2

(=2}

27.

28.

2

Nel

3

(=1

1993. Integrin alpha E beta 7 mediates adhesion 49.

of T lymphocytes to epithelial cells. J. Immunol.
150:3459-3470.

.Galkina, E., et al. 2003. L-selectin shedding does

not regulate constitutive T cell trafficking but con-

trols the migration pathways of antigen-activated

T lymphocytes. J. Exp. Med. 198:1323-1335.

Chang, R.S. 1980. Infectious mononucleosis. G. K.

Hall Medical Publishers. Boston, Massachusetts,

USA. 196 pp.

.Cepek, K.L, et al. 1994. Adhesion between epi-
thelial cells and T lymphocytes mediated by E-
cadherin and the alpha E beta 7 integrin. Nature.
372:190-193.

.Kilshaw, P. 1999. Alpha E beta 7. Mol. Pathol.
52:203-207.

. Brandtzaeg, P. 2003. Immunology of tonsils and S

adenoids: everything the ENT surgeon needs to

know. Int. . Pediatr. Otorhinolaryngol. 67(Suppl. 1):

S69-S76.

Rickinson, A.B., and Moss, D.J. 1997. Human

cytotoxic T lymphocyte responses to Epstein-

Barr virus infection [review|. Annu. Rev. Immunol.

15:405-431.

37.Joseph, A.M., Babcock, G.J., and Thorley-Lawson,

D.A. 2000. Cells expressing the Epstein-Barr virus

growth program are present in and restricted to

the naive B-cell subset of healthy tonsils. J. Virol.

74:9964-9971.

Miyashita, EM., Yang, B., Babcock, GJ., and Thor-

ley-Lawson, D. 1997. Identification of the site of

Epstein-Barr virus persistence in vivo as a resting B

cell. J. Virol. 71:4882-4891.

Hochberg, D., et al. 2004. Demonstration of the

Burkitt’s lymphoma Epstein-Barr virus phenotype

in dividing latently infected memory cells in vivo.

Proc. Natl. Acad. Sci. U. S. A. 101:239-244.

Vossen, M.T., Westerhout, E.M., Soderberg-Nau-

cler, C., and Wiertz, E.J. 2002. Viral immune eva-

sion: a masterpiece of evolution. Immunaogenetics.

54:527-542.

.Keating, S., Prince, S., Jones, M., and Rowe, M.
2002. The lytic cycle of Epstein-Barr virus is asso-
ciated with decreased expression of cell surface
major histocompatibility complex class I and class
1I molecules. J. Virol. 76:8179-8188.

32.

3

&)

3

N

3

wn
[}

36.

38.

39.

40.

4

—_

htep://www.jci.org ~ Volume 115  Number 9

42.

43.

44,

45.

46.

47.

48.

50.

S1.

52.

54.

SS.

S6.

57.

S8.

59.

60.

research article

Pudney, V.A., Leese, A.M., Rickinson, A.B., and His-
lop, A.D. 2005. CD8+ immunodominance among
Epstein-Barr virus lytic cycle antigens directly
reflects the efficiency of antigen presentation in
lytically infected cells. J. Exp. Med. 201:349-360.
Scotet, E., et al. 1996. T cell response to Epstein-
Barr virus transactivators in chronic rheumatoid
arthritis. J. Exp. Med. 184:1791-1800.

Tan, L.C,, et al. 2000. Specificity of T cells in syno-
vial fluid: high frequencies of CD8+ T cells that
are specific for certain viral epitopes. Arthritis Res.
2:154-164.

Khan, N., Cobbold, M., Keenan, M., and Moss,
P.A.H. 2002. Comparative analysis of CD8+ T cell
responses against human cytomegalovirus proteins
pp65 and immediate early 1 shows similarities in
precursor frequency, oligoclonality, and pheno-
type. J. Infect. Dis. 185:1025-1034.

Appay, V., et al. 2002. Memory CD8+ T cells vary
in differentiation phenotype in different persistent
virus infections. Nat. Med. 8:379-38S5.

Mora, J.R,, et al. 2003. Selective imprinting of gut-
homing T cells by Peyer’s patch dendritic cells.
Nature. 424:88-93.

Iwata, M., et al. 2004. Retinoic acid imprints gut-
homing specificity on T cells. Immunity. 21:527-538.
Mora,].R., etal. 2005. Reciprocal and dynamic con-
trol of CD8 T cell homing by dendritic cells from
skin- and gut-associated lymphoid tissues. J. Exp.
Med. 201:303-316.

Saulquin, X., et al. 2000. A global appraisal of
immunodominant CD8 T cell responses to
Epstein-Barr virus and cytomegalovirus by bulk
screening. Eur. J. Immunol. 30:2531-2539.

Steven, N.M,, et al. 1997. Immediate early and
early lytic cycle proteins are frequent targets of
the Epstein-Barr virus-induced cytotoxic T cell
response. J. Exp. Med. 185:1605-1617.

Lee, S.P,, etal. 1993. HLA A2.1-restricted cytotoxic
T cells recognizing a range of Epstein-Barr virus
isolates through a defined epitope in latent mem-
brane protein LMP2. J. Virol. 67:7428-7435.

. Bogedain, C., Wolf, H., Modrow, S., Stuber, G., and

Jilg, W. 1995. Specific cytotoxic T-lymphocytes rec-
ognize the immediate-early transactivator ZTA of
Epstein-Barr virus. J. Virol. 69:4872-4879.
Burrows, S.R., Sculley, T.B., Misko, L.S., Schmidt,
C.,and Moss, DJ. 1990. An Epstein-Barr virus-spe-
cific cytotoxic T cell epitope in EBNA3. J. Exp. Med.
171:345-350.

Burrows, S.R., et al. 1994. Five new cytotoxic T-
cell epitopes identified within Epstein-Barr virus
nuclear antigen 3. J. Gen. Virol. 75:2489-2493.
Blake, N., et al. 1997. Human CD8+ T cell respons-
es to EBV EBNAL: HLA class I presentation of the
(Gly-Ala)-containing protein requires exogenous
processing. Immunity. 7:791-802.

Elkington, R., et al. 2003. Ex vivo profiling of
CD8+-T-cell responses to human cytomegalovi-
rus reveals broad and multispecific reactivities in
healthy virus carriers. J. Virol. 77:5226-5240.
Longmate, J., et al. 2001. Population coverage by
HLA class-I restricted cytotoxic T-lymphocyte epit-
opes. Immunaogenetics. 52:165-173.

Khanna, R, et al. 1991. Expression of Epstein-Barr
virus nuclear antigens in anti-IgM stimulated B
cells following recombinant vaccinia infection
and their recognition by human cytotoxic T cells.
Immunology. 74:504-510.

Junying, J., et al. 2003. Absence of Epstein-Barr
virus DNA in the tumor cells of European hepato-
cellular carcinoma. Virology. 306:236-243.

September 2005 2555



