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Human cytomegalovirus (hCMV) infection is characterized by a vast expansion of resting
effector-type virus-specific T cells in the circulation. In mice, interleukin-7 receptor a (IL-
7Ra)-expressing cells contain the precursors for long-lived antigen-experienced CD8+ T
cells, but it is unclear if similar mechanisms operate to maintain these pools in humans.
Here, we studied whether IL-7Ra-expressing cells obtained from peripheral blood (PB) or
lymph nodes (LNs) sustain the circulating effector-type hCMV-specific pool. Using flow
cytometry and functional assays, we found that the IL-7Ra* hCMV-specific T cell population
comprises cells that have a memory phenotype and lack effector features. We used next-
generation sequencing of the T cell receptor to compare the clonal repertoires of IL-
7Rat and IL-7Ra- subsets. We observed limited overlap of clones between these subsets
during acute infection and after 1 year. When we compared the hCMV-specific repertoire
between PB and paired LNs, we found many identical clones but also clones that were
exclusively found in either compartment. New clones that were found in PB during antigenic
recall were only rarely identical to the unique LN clones. Thus, although PB IL-7Ra-
expressing and LN hCMV-specific CD8* T cells show typical traits of memory-type cells, these
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populations do not seem to contain the precursors for the novel hCMV-specific CD8* T cell
pool during latency or upon antigen recall. IL-7Ra* PB and LN hCMV-specific memory cells
form separate virus-specific compartments, and precursors for these novel PB hCMV-
specific CD8+ effector-type T cells are possibly located in other secondary lymphoid tissues
or are being recruited from the naive CD8+* T cell pool.

IMPORTANCE Insight into the self-renewal properties of long-lived memory CD8*T cells and
their location is crucial for the development of both passive and active vaccination
strategies. Human CMV infection is characterized by a vast expansion of resting effector-
type cells. Itis, however, not known how this population is maintained. We here investigated
two possible compartments for effector-type cell precursors: circulating acute-phase IL-
7Ra-expressing hCMV-specific CD8* T cells and lymph node (LN)-residing hCMV-specific
(central) memory cells. We show that new clones that appear after primary hCMV infection
or during hCMV reactivation seldom originate from either compartment. Thus, although
identical clones may be maintained by either memory population, the precursors of the
novel clones are probably located in other (secondary) lymphoid tissues or are recruited
from the naive CD8+ T cell pool.

INTRODUCTION

Adaptive immune responses against transient viral infections typically consist of three phases.
First, viral antigens are recognized by naive CD8* T cells in lymph nodes (LNs), where activated T
cells expand vigorously to form effector clones that eliminate virus-infected cells. Second, after
clearance of the virus, the majority of the activated CD8+ T cells undergo apoptosis. Third, a
proportion of virus-specific T cells survive to provide long-lasting immunological memory (1-3).
Although this response is well established for cleared infections, responses against persistent
viruses are more complex. The immune surveillance required to control these infections triggers
regular activation of virus-specific CD8+* T cells. Persistent infections can therefore challenge the
immune system for decades and may be associated with lymphoproliferative disorders and
opportunistic infections in immunocompromised patients. Understanding how viral latency is
maintained is important in designing strategies that may prevent complications from these
infections. Human cytomegalovirus (hCMV) is an attractive virus for the study of persistent
infections in humans as the primary infection can be studied longitudinally in recipients of solid
organ transplants, such as kidneys. Here, we used this approach to study the clonal and phenotypic
relations between peripheral blood (PB) and LN memory- and PB effector-type subsets in primary
and latent phases of hCMV infection.

The majority of the latent-phase circulating hCMV-specific CD8*T cells s
CD28-CD27- CD45RA* granzyme B-positive (granzyme B+) perforin-positive (perforin+) quiescent
effector-type cells. These CD8+* T cell populations consist of large clonal expansions that are
maintained for many years (4). As such, these cells were thought to be long-lived (5). Recent
findings in a murine CMV (mCMV) model, on the other hand, showed that an mCMV-specific
effector CD8* T cell pool was maintained by constant recruitment of CD27-expressing memory T
cells and, to a limited extent, naive T cells (6, 7). A “buffered memory” concept was suggested (6),
proposing that a memory-like T cell pool, shielded from high antigenic loads by
compartmentalization, would be supplementing the effector-type pool at times of rechallenge.
Such a concept has not been investigated in hCMV. It has been shown that, besides the prevalent
resting effector-type cells, at least two hCMV-specific CD8* T cell pools with memory-like features
can be distinguished. In PB, interleukin-7 receptor o (IL-7Ra) (CD127), a marker that distinguishes
memory precursor cells during transient viral infections, is expressed on a minority of the PB
hCMV-specific CD8* T cells (8). Further in LNs, the chemokine receptor CCR7, which can be used to
identify central memory T cells, is found on a substantial percentage of the hCMV-specific CD8+ T
cells (9). We hypothesized that either one or both of these hCMV-specific CD8* T cell memory pools
might fuel the PB effector-type pool. To address this issue, we combined flow cytometry with next-
generation sequencing to investigate phenotype and longitudinal clonal relationships between PB-
and LN-derived subsets of hCMV-specific CD8* T cells.

MATERIALS AND METHODS

Version: Postprint (identical content as published paper) This is a self-archived document from i3S - Instituto de
Investigagdo e Inovagdo em Satde in the University of Porto Open Repository For Open Access to more of our
publications, please visit http://repositorio-aberto.up.pt/

INSTITUTO "
DE INVESTIGACAO
E INOVACAO

EM SAUDE
UNIVERSIDADE
DO PORTO

Rua Alfredo Allen, 208

4200-135 Porto

Portugal

+351 220 408 800

info@i3s.up.pt

www.i3s.up.pt


http://jvi.asm.org/content/89/1/568.long#ref-1
http://jvi.asm.org/content/89/1/568.long#ref-1
http://jvi.asm.org/content/89/1/568.long#ref-3
http://jvi.asm.org/content/89/1/568.long#ref-4
http://jvi.asm.org/content/89/1/568.long#ref-5
http://jvi.asm.org/content/89/1/568.long#ref-6
http://jvi.asm.org/content/89/1/568.long#ref-7
http://jvi.asm.org/content/89/1/568.long#ref-6
http://jvi.asm.org/content/89/1/568.long#ref-8
http://jvi.asm.org/content/89/1/568.long#ref-9

00/T0V

Subjects.The phenotype and cytokine-producing capacities of IL-7Ra- and IL-7Ra+ hCMV-specific
CD8+T cells in latency were studied in healthy individuals (n =7). In order to study the
contribution of acute-phase IL-7Ra-expressing hCMV-specific CD8* T cells to those present during
the latency phase, hCMV-specific CD8+ T cells from two hCMV-seronegative recipients of an hCMV-
seropositive kidney transplant were analyzed longitudinally (Table 1, patients [Pt] 1 and 2). The
relationship between paired PB- and LN-derived virus-specific CD8+ T cells was studied in seven
hCMV-seropositive renal transplant recipients prior to transplantation (Pt 3 to 9). The
contribution of LN-derived hCMV-specific CD8* T cells upon hCMV reactivation was longitudinally
analyzed in four of these hCMV-seropositive renal transplant recipients (Pt 3 to 6); three received
an hCMV-seropositive kidney, and one received an hCMV-seronegative kidney.
Immunosuppressive drug treatment of these patients is summarized in Table 1. Previously, we
did not find an important effect of induction treatment with CD25 monoclonal antibody (MAb) on
the immune response against hCMV. These patients were transplanted in the time period from
2000 to 2004, during which no antiviral prophylaxis was administered. Because of clinical
symptoms, patients 2 and 4 were treated with valganciclovir until the hCMV PCR was negative at
two subsequent time points. None of the patients experienced an acute rejection episode. The
study was performed according to the Declaration of Helsinki and approved by the local medical
ethics committee. All patients gave written informed consent.

Isolation of mononuclear cells from PB and LN.Heparinized PB samples were obtained from
healthy individuals and from patients before transplantation (pre-TX) and at regular intervals
thereafter up to 1 year after transplantation. Peripheral blood mononuclear cells (PBMCs) were
isolated using standard density gradient centrifugation. Para-iliac LNs were collected from
recipients during living-donor kidney transplantation as described before (9). Directly after
extirpation, the gathered LNs were chopped into small pieces. A cell suspension was obtained by
grinding the material through a flowthrough chamber. PBMCs and LN mononuclear cells (LNMCs)
were subsequently cryopreserved until further analysis.

Virological analysis.Quantitative PCR for hCMV and Epstein-Barr virus (EBV) was performed in
EDTA-treated whole-blood samples, as described previously (10). To determine hCMV serostatus,
anti-hCMV IgG was measured in the serum using an AxSYM microparticle enzyme immunoassay
(Abbott Laboratories). Measurements were calibrated relative to a standard serum. EBV
serostatus was determined by qualitative measurement of specific IgG against the viral capsid
antigen (Ag) and against the EBV nuclear Ag (EBNA) using, respectively, an anti-EBV viral capsid
Ag IgG enzyme-linked immunosorbent assay (ELISA) and an anti-EBV nuclear Ag IgG ELISA
(Biotest). All tests were performed according to the instructions of the manufacturers.
Immunofluorescence staining and flow cytometry.PBMCs were washed in phosphate-buffered
saline containing 0.01% (wt/vol) NaNsand 0.5% (wt/vol) bovine serum albumin. Two million
PBMCs were incubated with allophycocyanin (APC)-labeled tetrameric complexes for hCMV pp65,
hCMV IE-1, EBV BZLF-1, EBV BMLF-1, EBV EBNA-1, EBV EBNA-3a, and influenza A virus matrix
protein 1 (Table 2), followed by incubation with a combination of the following antibodies: IL-7Ra
conjugated with phycoerythrin (PE)-Cy7, IL-7Ra APC-eFluor 780, CD27 APC-eFluor 780, and
CX3CR1 PE (eBioscience Inc.,, San Diego, CA, USA); CXCR3 PE (Caltag, Buckingham, United
Kingdom); CCR5-PE and CD45RA Brilliant Violet 650 (BioLegend, San Diego, CA, USA); CD8
Brilliant Violet 421, CD3 V500, and CXCR3 Alexa Fluor 488 (BD Pharmingen, San Diego, CA, USA);
CD28 PE, CD45RA PE-Cy7,and CCR7 PE-Cy7 (BD Biosciences, San Jose, CA, USA); and KLRG1 (killer
cell lectin-like receptor G1) Alexa Fluor 488 (11). A Foxp3 staining kit (eBioscience) was used for
intracellular staining with the following antibodies: granzyme B Alexa Fluor 700 and granzyme A
PE (BD Pharmingen); perforin conjugated with peridinin chlorophyll protein (PerCP)-eFluor 710
and eomesodermin PerCP-eFluor 710 (eBioscience); granzyme K PE (Immunotools, Friesoythe,
Germany); and T-bet Brilliant Violet 421 (Biolegend). Measurements were done on an LSR
Fortessa flow cytometer (BD), and analysis was performed with Flow]o software (Flow]o, Ashland,
OR, USA). The gating strategy as well as a representative example of the immunofluorescence
staining can be found in Fig. S1 in the supplemental material.

Intracellular cytokine staining.Cytokine release after cognate peptide or phorbol 12-myristate
13-acetate (PMA)-ionomycin stimulation was performed as described by Lamoreaux et al. (12).
Freshly isolated PBMCs from hCMV-seropositive healthy individuals were stained with anti-CD3
PE-Cy7 and anti-IL-7Ra APC-Alexa Fluor 750 and sorted into CD3-, IL-7Ra* CD3*, and IL-
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7Ra- CD3+ populations on a FACSAria instrument. Purity of the obtained sorted cells was checked
by flow cytometry and had to be at least 90%. Sorted IL-7Ra* CD3* and IL-7Ra- CD3+*cells were
rested overnight in suspension flasks (Greiner) in RPMI medium supplemented with 10% fetal calf
serum (FCS), penicillin, and streptomycin. Next, IL-7Ra* CD3+ cells and IL-7Ra- CD3* cells were
supplemented with the CD3-sorted cells which were used as antigen-presenting cells (APCs) (1
CD3- cell to 2.5 IL-7Ra* CD3+ or IL-7Ra- CD3+ cells). Subsequently, the cells were stimulated with
PMA-ionomycin or with the viral peptides in culture medium supplemented with anti-CD28 (15E8;
2 pg/ml), anti-CD29 (TS 2/16; 1 pg/ml), brefeldin A (Invitrogen; 10 pg/ml), and GolgiStop (BD
Biosciences) in a final volume of 200 pl for 4 h (PMA at 10 ng/ml; ionomycin at 1 pg/ml) or 6 h (1
ug of peptide) in untreated, round-bottom, 96-well plates (Corning). Thereafter, cells were
incubated with the appropriate tetramers, followed by incubation with CD8 PE-Alexa Fluor 610
(Invitrogen). The cells were then washed, fixed, and permeabilized (Cytofix/Cytoperm reagent; BD
Biosciences) and subsequently incubated with the following intracellular MAbs: tumor necrosis
factor alpha (TNF-a) conjugated with fluorescein isothiocyanate (FITC), IL-2 PE, and gamma
interferon (IFN-y) PerCP-Cy5.5 (BD Biosciences). Acquisition was done on a FACSCanto flow
cytometer (BD), and analysis was done with FlowJo software. A representative example of a
sorting and of the immunofluorescence staining after stimulation can be found in Fig. S2 in the
supplemental material.

Isolation of IL-7Ra* and IL-7Ra- hCMV-specific CD8+* T cells.For isolation of IL-7Ra* and IL-
7Ra- hCMV-specific CD8* T cells, at least 1 x 107 PBMCs were first stained with the appropriate
tetramer, followed by anti-CD8 PerCP-Cy5.5 and anti-IL-7Ra PE (Beckman Coulter, Indianapolis,
USA). PBMCs were then first sorted into hCMV-specific CD8+* T cells on a FACSAria instrument (BD)
and subsequently subjected to a second sorting to obtain high-purity IL-7Ra- and IL-7Ra* hCMV-
specific CD8+ T cells. For isolation of hCMV-specific CD8+ T cells from LNs, paired PB samples, and
subsequent longitudinal PB samples, atleast 1 x 107 PBMCs were first stained with the appropriate
tetramer, followed by incubation with anti-CD3 V500 and anti-CD8 Brilliant Violet 421.
CD3+ CD8+ tetramer-positive cells were subsequently sorted, followed by a second sorting if the
purity did not exceed 95% after the first sorting (see Fig. S3 in the supplemental material for an
example of sorting). The numbers of sorted cells are given in Table 3. Purity of the obtained sorted
hCMV-specific cells was checked by flow cytometry and was at least 95%.

RNA isolation and cDNA synthesis.RNA was isolated from PB IL-7Ra- and IL-7Ra* cells and from
total LN and PB hCMV-specific sorted cells by a NucleoSpin RNA XS kit (Macherey-Nagel, Diiren,
Germany) and subsequently subjected to template switch-anchored reverse transcription-PCR
(RT-PCR) by using a SMARTer Pico cDNA PCR synthesis kit and an Advantage 2 PCR kit (both from
Clontech, Mountain View, CA, USA) according to the manufacturer's instructions.

Linear amplification, next-generation sequencing, and bioinformatics.Ten microliters of
SMARTer Pico-treated DNA was amplified using a primer set to cover all functional T cell receptor
(TCR) VB gene segments (13). Here, all VB gene segments are denoted according to the HUGO
nomenclature (14). The linear amplification, next-generation sequencing protocol (4, 15), and the
bioinformatics pipeline (16) have been described previously. Clones were identified by their
unique TCR Vf sequence. The degree of expansion of each clone was expressed as a percentage of
all obtained TCR sequences in a sample. To exclude clonal signal from sorting impurities, only
clones that exceeded 1% of total were included. Clones that represented less than 1% were
included only when the same clone exceeded 1% in the other subsets analyzed.

Statistical analysis.A two-tailed paired ¢ test was used for analysis of differences between groups.
A Pvalue of <0.05 was considered statistically significant.

RESULTS

Circulating IL-7Ra* hCMV-specific CD8* T cells in healthy individuals have phenotypical
traits of memory cells.Murine IL-7Ra* virus-specific CD8+ T cells have been shown to be antigen-
independent, long-lived memory cells (17). We wanted to test whether PB hCMV-specific IL-
7Ra* CD8* T cells had a true memory phenotype by first measuring their surface expression of
several differentiation-associated molecules (Fig. 1A). We found a substantially higher percentage
of cells expressing the costimulatory receptors CD27 and CD28 in the IL-7Ra* hCMV-specific
CD8* T cells. PD1 expression was not different between the IL-7Ra* and IL-7Ra- subsets (data not
shown). Furthermore, neither population appeared to be activated since the expression of HLA-
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DR, CD38, and Ki-67 was uniformly low (data not shown). We also tested Kkiller cell lectin-like
receptor G1 (KLRG1) expression as the lack of this receptor has been shown to be another feature
of memory precursor cells generated during lymphocytic choriomeningitis virus (LCMV) infection
in mice (18, 19). Both IL-7Ra- and IL-7Ra* subsets expressed KLRG1, and although in some
individuals the percentages were equal, slightly lower percentages of KLRG1-expressing cells were
found in the majority of the IL-7Ra* hCMV-specific CD8* T cell populations.

As memory fate and cytotoxic functions have been shown to be linked to the transcription factors
eomesodermin and T-bet (18, 20, 21), we analyzed the subsets for expression of these proteins
(Fig. 1B). Both transcription factors were expressed on the majority of cells within both subsets,
and no significant differences were found.

Finally, we evaluated the expression of homing receptors CCR7 (homing to LN), CCR5, CXCR3
(homing to a wide array of infected tissues) (22-28), and CX3CR1 (homing to stressed
endothelium) (22, 29-31). CCR7 was not expressed on either population of PB hCMV-specific
CD8* T cells (Fig. 1C). CCR5 and CXCR3 were found on the majority of cells in both subsets, but the
IL-7Ra* subset contained slightly more CXCR3-expressing cells. Although the differences between
the hCMV-specific IL-7Ra subsets varied considerably, in general more CX3CR1-expressing cells
were found in the IL-7Ra- subset.

In summary, the PB IL-7Ra* hCMV-specific CD8+ T cells contained substantially more cells that
expressed the costimulatory molecules CD27 and CD28, a typical feature of “classical” memory
cells.

Many circulating IL-7Ra+ hCMV-specific CD8* T cells lack typical effector-type properties.A
feature of hCMV-specific T cells is the abundant expression of components of the cytolytic granule
exocytosis machinery (32, 33). We found that within the PB hCMV-specific CD8* T cell population,
the vast majority of the IL-7Ra- cells contained both granzyme B and perforin (Fig. 1D), whereas
only half of the IL-7Ra+ hCMV-specific CD8* T cells contained these proteins. The latter subset,
however, did harbor significantly more granzyme K-containing cells. Granzyme A was equally
present in both subsets.

We have previously shown that IL-7Ra-expressing hCMV-specific CD8+ T cells have superior
proliferation capacities (8). We next wanted to evaluate the ability of both the IL-7Ra* and IL-
7Ra- subsets to produce cytokines after in vitrorestimulation by either PMA-ionomycin or their
cognate peptide (Fig. 1E). No difference was detected in IFN-y and TNF-a synthesis, and although
no difference in the production of IL-2 could be detected after PMA-ionomycin stimulation, a
significantly higher number of IL-7Ra* hCMV-specific CD8+ T cells were able to produce IL-2 after
stimulation with cognate peptide. Consequently, more polyfunctional hCMV-specific CD8* T cells
(producing IFN-y, TNF-a, and IL-2 simultaneously) were found in the IL-7Ra* pool than in the IL-
7Ra- pool (Fig. 1E).

In conclusion, with respect to both phenotypic and functional attributes, circulating hCMV-specific
CD8+ T cells that express IL-7Ra were found to contain cells with classical memory traits.

Novel latent IL-7Ra- effector-type hCMV-specific CD8+* T cell clones seem not to be derived
from the circulating acute-phase IL-7Ra* hCMV-specific CD8* T cell pool.Since the above
analyses showed that the IL-7Ra* hCMV-specific CD8*T cell subset contained cells with all typical
properties of memory cells, we set out to analyze if they contribute to the establishment and/or
maintenance of the IL-7Ra- hCMV-specific effector-type pool. To this end, we studied two patients
who were hCMV seronegative prior to kidney transplantation. Each of them received a kidney from
an hCMV-seropositive donor, resulting in a primary hCMV infection (Fig. 2 and Table 1). From
peripheral blood, IL-7Ra* and IL-7Ra- subsets of hCMV pp65 tetramer-binding CD8+ T cells were
sorted to high purity, and their clonal compositions were determined by next-generation
sequencing. Clones were identified by their unique TCR sequences.

In agreement with our earlier observations (8), the frequencies of IL-7Ra* were very low at the
early time point, but just after the peak of viral replication enough cells could be isolated to reliably
compare the clonal compositions of the IL-7Ra*and IL-7Ra- hCMV-specific cell subsets (Fig.
2A and C). In both patients multiple hCMV pp65-specific clones were identified that carried
diverse V3 and ]f3 genes (see Tables S1 and S2 in the supplemental material). In patient 1, the IL-
7Rasubset at the peak of the primary infection consisted of a single clone that had a frequency of
only 6.2% in the IL-7Ra* population (Fig. 2B), whereas the majority of the clones in the IL-
7Ra* subset were unique. In patient 2 (Fig. 2D) there were three clones that were identical
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between the IL-7Ra*and IL-7Ra- hCMV-specific CD8+T cells; however, both subsets also
contained many nonoverlapping clones. These results showed that during the acute phase, IL-7Ra
expression characterized overlapping but not identical hCMV-specific CD8+ T cell pools.

We reasoned that if, after the primary effector phase, the IL-7Ra* clones did indeed feed the latent-
phase hCMV-specific CD8* T cell population, then the IL-7Ra* and IL-7Ra- hCMV-specific CD8+ T
cell pools at latency would be enriched for clones found in the acute-phase IL-7Ra-expressing
CD8+ T cells. We therefore studied the IL-7Ra* and IL-7Ra- pools 1 year after primary infection
(Fig. 2B and D). In patient 1, only 53% and 26% of the sequences of the IL-7Ra*and IL-
7Ra-subsets, respectively, at the 1-year time point were attributable to clones found in the IL-
7Ra* subset at the acute phase. In patient 2, these values were 7% and 73%, respectively; however,
the 73% overlap in the IL-7Ra* subset was caused by three clones that were also found in the IL-
7Ra- subset from the acute phase. Therefore, it could not be established whether these clones were
derived from the circulating IL-7Ra- or the IL-7Ra* acute-phase hCMV-specific CD8* T cell pool.
We cannot exclude the possibility that latent IL-7Ra- hCMV-specific CD8+* T cell clones that are
identical in both the acute-phase IL-7Ra* and IL-7Ra- pools are maintained from either acute-
phase pool. However, the other clones found in the latent IL-7Ra- hCMV-specific CD8* T cell pool
do not seem to be derived from the acute-phase IL-7Ra* pool.

Lymph nodes contain unique virus-specific CD8* T cell clones.LN hCMV-specific CD8* T cells
have a (central) memory phenotype (9). As we could not detect the precursor pool of effector-type
hCMV-specific CD8* T cells in PB, we next investigated the possibility that those precursors reside
in the lymphoid compartment (34). To this end, we sorted and analyzed total hCMV IE-1- and
hCMV pp65-specific CD8* T cells obtained from paired LNs and PB from seven hCMV-seropositive
renal transplant recipients before transplantation (Table 3).

A large variance in the clonal breadth of both LN and PB hCMV-specific CD8+ T cells was observed,
and both mono- and oligoclonal responses were found within one individual (Pt 5, for the peptides
whose first three residues, as listed in Table 2, are YSE and QIK) or against one epitope (Pt 3, YSE;
Pt 5, YSE) (Fig. 3A and B).

When the relationship between the hCMV-specific CD8+ T cell clones of the paired samples was
analyzed, again a large variability was observed. In some cases a monoclonal response was found
that was identical in both compartments (Pt 6, QIK; Pt 7, VLE), while in other cases highly expanded
and unique clones were found in the PB (Pt 3, YSE; Pt 5, QIK) and surprisingly also in the LNs (Pt
3, YSE; Pt 4, NLV; Pt 5, QIK).

These patterns were not unique for hCMV-specific responses as the same variation in breadth and
overlap was found for EBV- and influenza virus-specific CD8* T cells (Fig. 3C to E).

Thus, long after primary infection, LNs often contained unique virus-specific clones.

Upon viral reactivation, the majority of the unique LN hCMV-specific CD8* T cell clones are
not recruited to the circulating pool.We next studied the clonal relationships between hCMV-
specific CD8* T cells from pretransplantation LN samples and those from PB samples taken at the
moment of viral replication in four hCMV-seropositive patients who experienced a reactivation (or
superinfection) after kidney transplantation (patients 3 to 6) (Fig. 4 and 5 and Table 1). In these
patients, five hCMV epitope-specific CD8* T cell pools could be studied longitudinally. Although the
pretransplant overlapping clones (in orange in Fig. 5) most likely have a common ancestor, the
fact that they are identical does not allow for the analysis of recruitment of LN clones toward the
PB upon viral reactivation. Therefore, we focused on the discrepant clones between LNs and PB as
well as any new clone detected during or after reactivation. In only one of five hCMV-specific
CD8* T cell pools studied, two of the four unique clones detected in the LN compartment before
transplantation were found at the time of viral replication (Fig. 5E, blue YSE clones of Pt 3).
Interestingly, we observed a dichotomy between the responses: if the initial h(CMV-specific CD8+ T
cell pool was monoclonal, it largely remained so during the antigenic rechallenge (Pt 4, NLV; Pt 6,
QIK; Pt 5, YSE) (Fig. 5), while responses that were initially broad led to even broader responses
during reactivation, accompanied by the appearance of many new clones (Pt 5, QIK; Pt 3, YSE) (Fig.
5, red clones). Both types of responses can occur within one patient (Pt 5, YSE and QIK), and they
also do not seem to depend on the epitope analyzed (Pt 3, YSE; Pt 5, YSE).

Although the substantial overlap of clones between the pretransplantation PB and LNs might allow
the conclusion that these clones during hCMV reactivation are recruited from LNs, we cannot
exclude the possibility that they are maintained by proliferation of the PB effector pool or even
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may be supplemented from a different lymphoid tissue. We can conclude, however, that novel
clones that appear in the PB upon hCMV reactivation are seldom derived from the LNs.

Thus, PB IL-7Ra-expressing hCMV-specific CD8+* T cells contain cells with classical memory-like
features. Identical clones between PB IL-7Ra-expressing and IL-7Ra- hCMV-specific CD8* T cells
prevent us from drawing definite conclusions on the maintenance of these clones. However, the
presence of unique clones in the acute-phase IL-7Ra- and IL-7Ra+* hCMV-specific CD8+ T cells and
the appearance of new clones found in the latent-phase IL-7Ra- hCMV-specific CD8* T cells suggest
that these clones are not derived from the acute-phase IL-7Ra* hCMV-specific pool. In a similar
fashion, identical clones found between PB- and LN-derived hCMV-specific clones before
transplantation can be substantial, and this finding prevents us from drawing a conclusion on the
maintenance of these clones in PB during reactivation. However, the presence of new PB clones
during reactivation suggests that these clones are only rarely recruited from the LNs.

DISCUSSION

Although IL-7Ra* hCMV-specific CD8* T cells display several typical memory cell features, we did
not find strong evidence that there is recruitment from the acute-phase IL-7Ra* to the latency
phase IL-7Ra- hCMV-specific CD8+* T cell pool. There are several putative explanations for the
difference between our findings on the human virus-specific T cell pools and data obtained in mice.
First, the initial experiments in mice were performed during and following acute viral infections
(e.g, LCMV) and not during persistent infection, such as with hCMV. Second, the IL-7Ra* cells
during and after acute viral infection in mice bear some features that hCMV-specific CD8* memory
T cells do not have. For example, it has been suggested that only IL-7Ra* cells lacking KLRG1
expression are proper memory precursor cells (18, 19, 35). Although we showed that the IL-
7Ra* subset contained cells lacking KLRG1 expression, the percentage of KLRG1-negative IL-
7Ra+ hCMV-specific CD8+* T cells was too low to obtain the required amount of cells to perform
TCRf repertoire analysis. Third, the IL-7Ra* populations that were used for the murine studies
(17) were isolated from the spleen and could thus be quite different from the circulating IL-
7Ra cells that we analyzed. Indeed, several studies, including those from our own group, have
shown that phenotype and function of (virus-specific) CD8* T cells can differ greatly depending on
the tissue studied (9, 28, 36-39).

It should be noted that the diversity of the total hCMV-specific CD8* T cell pool remained
comparable to that found during the acute response but that both the composition and hierarchy
of the clones in the IL-7Ra- pools had changed. The latter observation appears to be in contrast
with our earlier findings that showed stable clonal composition from the acute response until 5
years of follow-up. First, for this study we used different patients, and we already noted a large
variability in immune responses between individuals (4). Second, the largest fluctuation in clones
over time in the earlier study was seen in the hCMV pp65-specific CD8* T cell pool. And perhaps
more importantly, in the current study we used samples that were fairly close to the peak of viral
replication, which could have resulted in monitoring of immune repertoires in an early stage of
clonal competition.

We also found that hCMV-specific CD8* T cell clones that emerged in PB at the time of reactivation
and could not be detected in the PB prior to reactivation were seldom recruited from the LN hCMV-
specific CD8+ T cell pool.

This analysis, however, has a number of potential caveats. First, based on the fact that hCMV is a
systemic infection, we assume that by sampling a number of para-iliac LNs we sample the full LN
compartment in terms of clonal representation. Indeed, at least part of these cells expresses CCR7
(9), and they therefore have the capacity to circulate from LN to LN in search of their cognate
antigen. Further, in the context of secondary lymphoid organs, it is worthwhile to analyze if spleen
and bone marrow hCMV-specific CD8+ T cells may serve as sources of circulating effector-type cells
(28, 36, 40).

Second, three out of four patients received a graft from an hCMV-seropositive donor, making it
impossible to conclude whether the T cell response was triggered by superinfection or by
reactivation of the endogenous virus. Although the epitopes studied are immunodominant and
have not yet been reported to vary between different strains of hCMV, it is feasible that the route
of reactivation versus superinfection by the transplanted kidney plays a role, too. Reactivation of
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the latent endogenous virus occurred for certain in only one patient, and it is in this patient that
we detected unique LN clones in the PB upon reactivation.

Third, we cannot distinguish between LN-derived and PB-derived II-7Ra- and IL-7Ra* hCMV-
specific CD8* T cell clones where it concerns overlapping clones. Thus, we are unable to exclude
the possibility that overlapping clones are indeed maintained by recruitment from the LNs or from
the IL-7Ra-expressing hCMV-specific CD8* T cell pool. Furthermore, earlier studies have shown
that effector-type human CD8+ T cells are long lived (5), and it cannot be excluded that the effector-
type pool is, at least partially, maintained by homeostatic proliferation. In this respect, it is of
interest that Tesselaar et al. have shown that, different from mice, for the maintenance of the
human naive pool, homeostatic proliferation is far more important than influx of new cells from
the thymus (41). Moreover, not all clones will respond equally when exposed to their cognate
peptides. It is very possible that unique virus-specific CD8* T cell clones that were found in LNs
are clones responding relatively poorly to hCMV reactivation and are just out-competed by the
most fit cells. It might be these cells that, because of a lack of strong stimulation, actually resemble
memory phenotype cells. It is therefore plausible that unique LN hCMV-specific clones are unique
because they do not get involved.

Finally, one can never analyze all virus-specific CD8* T cell clones in a certain compartment due to
limitations in available materials and the techniques used. Although at least 1 x 107 mononuclear
cells were used for each analysis and although all clones, including those that comprised less than
1% of the total reads, were considered in the analysis of overlapping clones, it is possible that
extremely rare virus-specific clones were missed in the analysis.

Whether a cell will become a memory cell or an effector cell has been shown to depend on many
factors, including the amount of antigen, cytokine environment, costimulation, and TCR affinity
(2, 42-45). However, it has been shown that one clone can give rise to both acute-phase short-
lived effector cells and memory precursor cells (46) and that this balance is altered by the kind of
infection, route of infection, tissue-specific events, and other factors (46-48). Price et al. (44)
showed that during latency, EBV- and hCMV-specific CD8+* T cells with low-affinity TCRs have a
memory-type phenotype, whereas the high-affinity TCR-expressing cells have an effector-type
phenotype. However, Griffiths et al. recently reported that, especially in the elderly, the effector-
type cells actually have a lower affinity for the major histocompatibility complex (MHC)-peptide
complex (49). Our preliminary analyses yielded no apparent evidence for different affinities
between the total IL-7Ra* and IL-7Ra- hCMV-specific CD8* T cell pools since tetramer binding was
indistinguishable between both subsets (see Fig. S4 in the supplemental material). However, it
cannot formally be excluded that unique IL-7Rat*clones as well as unique LN clones indeed have
different affinities than unique IL-7Ra- PB clones.

Thus, we show that the circulating IL-7Ra* hCMV-specific CD8* T cell pool contains memory
phenotype cells that lack typical effector features. We cannot exclude the idea that clones that
overlap between compartments do harbor the precursors for the circulating effector-type hCMV-
specific CD8+* T cell pool. Still, novel PB hCMV-specific CD8+ T cell clones that appeared in PB after
primary infection or during reactivation seem to be only rarely recruited from either the LNs or
the IL-7Ra* hCMV-specific CD8* T cell pool. By characterizing the memory compartment, we aim
to provide further tools necessary for optimal vaccine development.
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TABLE 1 Patient characteristics

Donor hCMV Immunosuppressive
Patient no. Age (yr) HLA-I typing hCMYV infection type serostatus regimen”
1 23 AlA3 B7B35 Primary Positive CsA, P, MMF
2 18 AZA3 B7B58 Primary Positive CsA, P, MMF, CD25 MAb
3 58 AlA24 B35B44 Reactivation Negative CsA, P, MMF, CD25 MAb
4 65 A2A24 B44B39 Reactivation or superinfection Positive CsA, P, MMF, CD25 MAb
5 68 AlA24 B8B27 Reactivation or superinfection Positive CsA, P, MMF
[ 44 AlA2 B7B8 Reactivation or superinfection Positive CsA, P, MMF, CD25 MAb
7 41 AZA26 B35 CsA, P, MMF, CD25 MAb
8 49 A3A24 B7B35 CsA, P, MMF, CD25 MAb
9 45 AZA32 B27B35 CsA, P, MMF, CD25 MAb
“ CsA, cyclosporine; P, prednisolon; MMF, mycophenolate mofetil; CD25 MAb, basiliximab induction therapy.
TABLE 2 Tetrameric complexes used
Name HLA type Virus Protein Peptide
hCMV pp65-YSE HLA-A*0101 hCMV ppe> YSEHPTFTSQY
hCMV pp65-NLV HLA-A®0201 hCMV ppe6 NLVPMVATV
hCMV pp65-TPR HLA-B*0702 hCMV pp6> TPRVTGGGAM
hCMV [E-QIK HLA-B*0801 hCMV IE-1 QIKVREVEMV
hCMV IE-VLE HLA-A®0201 hCMV IE-1 VLEETSVML
EBV BZLF-EPL HLA-B*3501 EBV BZLF-1 EPLPQGQLTAY
EBV BMLF-GLC HLA-A*0201 EBV BMLE-1 GLCTLVAML
EBV EBNA-HPV HLA-B*3501 EBV EBNA-1 HPVGEADYFEY
EBV EBNA-RPP HLA-B*0702 EBV EBNA-3a RPPIFIRRL
FLU MP-GIL® HLA-A*0201 Influenza A virus Matrix protein 1 GILGFVFTL
® FLU, influenza A virus; MP, matrix protein.
TABLE 3 Materials and sorting scheme
No. of sorted cells
Patient no. Tetramer Sorting time point IL-7Ra IL-7Rae ™
1 hCMV pp65-TPR Just after peak viral replication 59,400 2,590
1 yr after transplantation 225,000 14,140
2 hCMV pp65-TPR Just after peak viral replication 6,000 770
1 yr after transplantation 11,100 3,400
PB LNs
3 hCMV pp65-YSE Pretransplantation 7,400 2,700
Peak CD8 expansion after reactivation 22,000
1 yr after transplantation 11,000
EBV BZLF-EPL Pretransplantation 9,600 7,500
4 hCMV pp65-NLV Pretransplantation 5,700 600
Peak CD8 expansion after reactivation 1 12,400
Peak CD8 expansion after reactivation 2 46,900
1 yr after transplantation 37,800
EBV BMLF-GLC Pretransplantation 2,350 550
FLU MP-GIL Pretransplantation 500 490
5 hCMV IE-QIK Pretransplantation 61,600 1,400
Peak CD8 expansion after reactivation 54,300
hCMV pp65-YSE Pretransplantation 14,600 500
Peak CD8 expansion after reactivation 86,700
6 hCMV IE-QIK Pretransplantation 20,500 530
Peak CD8 expansion after reactivation 10,600
1 yr after transplantation 27,300
7 hCMV IE-VLE Pretransplantation 7,500 2,150
8 EBV EBNA-RPP Pretransplantation 1,400 2,000
EBV EBNA-HPV Pretransplantation 1,600 1,600
9 FLU MP-GIL® Pretransplantation 1,800 470

“ FLU, influenza A virus; MP, matrix protein.
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Figure 1 - Flow cytometric analysis of total, IL-7Ra-expressing, and IL-7Ra- hCMV-specific CD8* T cells. (A to
D) Data represent the percentages of cells expressing the indicated molecules. (E) Percentage of cytokine-
producing hCMV-specific CD8* T cells after PMA-ionomycin stimulation for 4 h (left) or cognate peptide for 6
h (1 pg/ml) (right). Statistical analysis was performed with a paired Student ¢ test: *, P < 0.05; **, P < 0.01.
Eomes, eomesodermin.
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Figure 2 - Longitudinal analysis of IL-7Ra-expressing and IL-7Ra- hCMV-specific CD8+ T cells following
primary hCMV infection. (A and C) Absolute numbers of IL-7Ra-expressing and IL-7Ra- hCMV pp65-TPR-
specific CD8+ T cells in two patients (indicated as 1: TPR and 2:TPR) experiencing a primary hCMV infection
(arrows indicate time of TCRp repertoire analysis). (B and D) TCRf repertoire analysis of IL-7Ra-expressing
and IL-7Ra— hCMV pp65-TPR-specific CD8+ T cells just after the peak viral load and at 1 year after
transplantation of the same two patients. Clonal populations are differentiated by tonal group and color, as
indicated on the figure. Different colors within a tonal group represent different clones. Identical tones
within one patient represent identical clones. No overlapping clones between patients were found.
(Sequences can be found in Tables S1 and S2 in the supplemental material.)
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Figure 3 - TCRp repertoire analysis of paired PB and LN samples. Different colors within a tone represent
different clones. Identical tones within one epitope/patient represent identical clones. No overlapping clones
between different epitopes or patients were found. (A) Analysis of hCMV pp65-specific CD8* T cells. Patients
and epitopes are identified by abbreviations in the form 3:YSE, indicating patient 3 and a YSE-specific response.
(B) Analysis of hCMV IE-specific CD8* T cells. Patients and epitopes are identified as described for panel A. (C)
Analysis of lytic EBV-specific CD8* T cells: patient 3 BZLF-1-EPL-specific (3:EPL) and patient 4 BMLF-1-GLC-
specific (4:GLC). (D) Analysis of latent EBV-specific CD8* T cells: patient 3 EBNA-3a-EPL-specific (3:EPL) and
patient 8 EBNA-1-HPV-specific (8:HPV). (E) Analysis of influenza A virus-specific CD8* T cells: patient 9 GIL-
specific (9:GIL) and patient 4 GIL-specific (4:GIL). (Sequences can be found in Tables S3 to S14 in the

supplemental material.)
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Figure 4 - Flow cytometric longitudinal analysis of PB hCMV-specific CD8* T cells. Left panels show the absolute
number (Abs nr) of hCMV-specific CD8* T cells (left y axis) and hCMV load (right y axis). Right panels show
hCMV load (right y axis) and percentages of the indicated cell populations (left y axis) within the total h(CMV-
specific CD8* T cell population analyzed. The following T cell subsets were analyzed: CMV pp65-YSE-specific
CD8* T cells in patient 3 (A), hCMV-pp65-NLV-specific CD8* T cells in patient 4 (B), hCMV pp65-YSE-specific
CD8* T cells in patient 5 (C), hCMV-IE-QIK-specific CD8* T cells in patient 5(D), and hCMV-IE-QIK-specific CD8*

T cells in patient 6 (E).
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Figure 5 - Longitudinal TCRp repertoire analysis of five patients experiencing hCMV reactivation after
transplantation. Pretransplantation (pre-TX) clonal populations are differentiated by tonal group and color, as
indicated on the figure. New clones are those that could be detected only at the peak of CD8 expansion after
hCMV reactivation and 1 year after. Different colors within tones represent different clones. Identical tones
within one epitope/patient represent identical clones. No overlapping clones between different epitopes or
patients were found. The following T cell subsets were analyzed: hCMV pp65-NLV-specific CD8* T cells of
patient 4 (4:NLV) (A), hCMV IE-QIK-specific CD8* T cells of patient 6 (6:QIK) (B), hCMV pp65-YSE-specific CD8*
T cells of patient 5 (5:YSE) (C), hCMV IE-QIK-specific CD8* T cells of patient 5 (5:QIK) (D), and hCMV pp65-YSE-
specific CD8* T cells of patient 3 (3:YSE) (E). (Sequences can be found in Tables S3 to S7 in the supplemental

material.)
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