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CD8" T cells play a critical role in the immune response to viral pathogens. Persistent human cytomegalovirus
(HCMV) infection results in a strong increase in the number of virus-specific, quiescent effector-type CD8*
T cells with constitutive cytolytic activity, but the molecular pathways involved in the induction and mainte-
nance of these cells are unknown. We show here that HCMYV infection induced acute and lasting changes in
the transcriptomes of virus-reactive T cells collected from HCMV-seropositive patients at distinct stages of
infection. Enhanced cell cycle and metabolic activity was restricted to the acute phase of the response, but at
all stages, HCMV-specific CD8" T cells expressed the Thl-associated transcription factors T-bet (TBX21) and
eomesodermin (EOMES), in parallel with continuous expression of IFNG mRNA and IFN-y-regulated genes.
The cytolytic proteins granzyme B and perforin as well as the fractalkine-binding chemokine receptor CX3CR1
were found in virus-reactive cells throughout the response. During HCMYV latency, virus-specific CD8* T cells
lacked the typical features of exhausted cells found in other chronic infections. Persistent effector cell traits
together with the permanent changes in chemokine receptor usage of virus-specific, nonexhausted, long-lived

CD8" T cells may be crucial to maintain lifelong protection from HCMV reactivation.

Introduction

Depending on the clearance or persistence of a virus, virus-spe-
cific CD8* T cells may have diverse fates after a primary immune
response. In the case of cleared viruses, a stable fraction of memory
cells remains after the initial effector T cell response. Upon reexpo-
sure to the same pathogen, these lymphocytes rapidly expand and
acquire effector functions, providing protective immunity to the
host (1). Memory cells persist in the absence of antigen through
the actions of IL-7 and IL-15 (2), 2 members of the common vy (cy)
chain cytokine family. Effector and memory cells can derive from
a single naive precursor (3), but the way in which these differenti-
ated cells develop is still unknown. Although some studies suggest
that memory cells derive from the original virus-specific effector
T cell pool (4), others have recently suggested that segregation may
already occur early in the response based on asymmetrical cell divi-
sion between effector and memory cells (5).

Some persisting pathogens, such as particular strains of lympho-
cytic choriomeningitis virus (LCMV), induce an initial response
that is highly similar to cleared viruses. However, cells that remain
after the initial expansion appear to be addicted to antigen, since
they are not maintained in antigen-naive mice (6). Moreover, these
CD8* T cells seem exhausted, as they are characteristically nonre-
sponsive to cognate antigen stimulation. Importantly, blocking
the function of inhibitory receptors such as programmed death 1
(PD1I) and lymphocyte-activation gene 3 (LAG3) (7, 8) may relieve
the nonresponsiveness of these T cells in vivo, demonstrating that
exhaustion is not a fixed state, but rather is dynamically regulated
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by environmental cues. An exceptional type of response is induced
by persistent murine CMV (MCMYV), which induces a very robust
T cell response that is maintained throughout life. As opposed to
chronic LCMV-specific CD8* T cells, MCMV-reactive cells obtained
during latent infection are not functionally impaired, but rather
highly active effector-type cells (9). Moreover, they lack the charac-
teristic exhausted cell surface phenotype and can be typified by low
levels of CD27 and CD28 and high expression of the NK cell-inhib-
itory killer cell lectin-like receptors KLRCI (also known as NKG2A)
and KLRGI (9, 10). The diversity in the phenotype and function
of virus-specific CD8* T cells suggests that variations in (chronic)
peptide presentation, together with the induction of specific cel-
lular factors induced by infection with a specific virus (including
costimulatory pathways), leads to a diverse spectrum of outcomes.

Dynamic changes induced by viruses in the CD8" T cell compart-
ment of healthy humans are more difficult to study because the
exact time point of the primary infection is usually unknown. A
limited number of observations during acute HIV, EBV, and human
CMV (HCMV) infection revealed that, analogous to experimental
infections in mice, the first phase of the response is characterized
by robust expansion of virus-specific effector cells expressing acti-
vation markers (11-14). HCMYV has infected the majority of the
global population. In immunocompetent people, primary infec-
tion often remains unnoticed, but latent HCMV infection has been
associated with vascular pathology and premature immunosenes-
cence (15). These conditions seem to be related to the strong and
chronic antiviral response rather than to direct cytopathic effects of
the virus (15). We have previously documented virus-specific CD8*
T cell responses in HCMV-negative transplant recipients experi-
encing primary HCMYV infection after receiving a HCMV-positive
kidney (16-18). By meticulously monitoring the viral load by PCR,
we could detect the precise onset of infection. Early HCMV-spe-
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cific cells are strongly activated and cycling cells, as reflected by the
expression of CD38, HLA-DR, and Ki-67. They express granzyme B
(encoded by GZMB) and perforin and display peptide-specific
cytotoxicity in vitro. In the months following the primary response,
the majority of the HCMV-specific cells become resting cytolytic
T cells that convert from a CD8*CD45R0*CD28*/-CD27*CD127" to
a CD8'CD45R0-CD28-CD27-CD127- phenotype, which is proto-
typic for HCMV-specific T cells in healthy individuals (11, 19).

Recent studies in healthy people vaccinated with either live yel-
low fever or smallpox revealed that primary CD8* T cell respons-
es were largely similar to the HCMV response in the transplant
recipients, yet these cells underwent a memory differentiation
program, characterized, for example, by loss of GZMB but gain of
CD127 expression, reminiscent of murine memory cells (20). Thus,
although similar during the primary response, human CD8" T cell
differentiation pathways may also be highly divergent between
T cells specific for either cleared or chronic viruses. Individual per-
sistent viruses tend to elicit particular developmental programs
(11). Specifically, whereas most CD8" T cells reactive toward latent
EBV epitopes resemble memory-type cells, lytic epitopes may drive
CD8" T cells toward a more differentiated phenotype, charac-
terized by the lowering of CD28 expression (21). Interestingly,
HCMV-specific cells have functional properties of acute effector
cells, except for their quiescent state (11, 19). In concordance with
the observations in mice, HCMV-specific CD8* T cell responses
are among the strongest immune responses that can be measured
in humans (22), and the size of the virus-reactive pool markedly
increases with age (23). The molecular pathways involved in the
activation, differentiation, and maintenance of HCMV-specific
CD8* T cells are currently unknown. We therefore performed a
comprehensive longitudinal molecular analysis of HCMV-specific
CD8* T cell populations from patients after primary HCMYV infec-
tion. Starting with transcriptome analysis, differential regulation
of selected molecules was confirmed at the protein level on CD8*
T cells specific for distinct CMV epitopes. Our data showed that
differentiation into the prototypical HCMV-specific CD8" T cell
phenotype is a dynamic process involving both acute and chronic
changes in gene expression patterns. Importantly, the key func-
tional features and migratory properties of HCMV-specific CD8"
T cells were already installed during primary activation and stably
persisted throughout the latency stage.

Results

Overall changes in gene expression patterns. To measure changes in
gene expression patterns in virus-specific CD8* T cells in humans,
HMCV-reactive cells were isolated at distinct stages of infection.
Because of the inability to obtain large volumes of blood during
the acute stage, activated effector cells from peripheral blood of
kidney transplant recipients with primary HCMYV infection were
obtained by FACS sorting on CD8"HLA-DR'CD38" T cells. Cells
were sorted when the frequency of the antigen-specific CD8*
T cells reached its highest level (referred to herein as peak, n = 3; for
sort windows, see Supplemental Figure 1A; supplemental material
available online with this article; doi:10.1172/JCI42758DS1). From
the same patients, HCMV-specific cells were isolated between 40
and 60 weeks after the primary response (referred to herein as
1 year; for sort windows, see Supplemental Figure 1B) using CMV-
specific pp65 tetramers. At these later stages, virus had become
undetectable by PCR. HCMV-specific cells were also obtained from
healthy CMV carriers via tetramer isolation (referred to herein as
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latency, n = 3). To relate the observed profiles in HCMV-specific cells
to those of differentiated antigen-experienced CD8" T cell subsets,
CD45RA-CD27" (memory-type) and CD45RA'CD27- (effector-
type) CD8" T cells from 6 healthy individuals were used (Supple-
mental Figure 1C). Gene expression profiles from all populations
were compared with those of a pool of naive (CD4SRA*CD27bright)
CD8* T cells on Agilent 44K arrays.

Initial analysis after Benjamini-Hochberg correction for multiple
testing (corrected P < 0.05) revealed that the expression of 8,542
genes was altered more than 2-fold at the peak of the anti-HCMV
response. Unsupervised agglomerative 2D cluster analysis revealed
that transcriptomes of CD8" T cells obtained at peak and 1 year
were more similar than those of CD8" T cells from healthy individ-
uals carrying latent HCMV (Figure 1, A and B). The latter clustered
closely with total CD8*CD45RA*CD27- T cells, the prototypical
phenotype of HCMV-specific cells (11, 24). Consensus clustering
(25, 26) showed that clustering stability was high (Supplemental
Figure 2). It seems remarkable that the 1 year sample did not cluster
more closely to the latency sample, since at this point, the kidney
transplant recipients do not have signs of active HCMYV replication.
Still, as we previously noted, HCMV-induced CD8" T cell differen-
tiation in transplant recipients appears to be a slow process that is
possibly influenced by the immunosuppressive medication (16).

To obtain a manageable dataset, a cutoff was set at 10-fold change
with corrected P < 1 x 10-10. Averaging over all the probes mapped
to the same gene revealed a dataset of 416 unique genes for us to
further analyze. We clustered the expression patterns of these genes
using the CLICK algorithm from the software package Expander
5.0 (27). Clustering detected 4 major trends describing the kinetics
of the genes during HCMYV infection. It appeared that the major-
ity of changes (Figure 1C) occurred quickly and were maintained
for different periods in the antigen-specific cells, whereas few genes
were specifically regulated either in the long term (i.e., 1 year) or in
latent HCMV-specific CD8" T cells. The 4 clusters were analyzed
for overrepresentation of Gene Ontology (GO) categories using
the TANGO algorithm in Expander. Most changes were detected
in GO categories related to immune response (profiles I and IV),
cell cycle (profile II), or metabolism (profile III; Figure 1C and Sup-
plemental Table 1). Genes that showed the most significant altera-
tions in expression are discussed herein, categorized on the basis
of their presumed role in cellular function. Additionally, we sum-
marize expression characteristics of genes that, based on current
knowledge, are important for CD8" T cell function. The complete
microarray dataset is available from the Gene Expression Omnibus
(GEO; accession nos. GSE12589 and GSE24151).

Cell division and metabolism. Viral infection induces naive antigen-
specific CD8* T cells to undergo vigorous proliferation (28). In line
with this, concomitant with the emergence of the first tetramer” cells,
strong changes were observed in the expression of genes involved
in cell cycle regulation (Figure 2A and Supplemental Table 2).
The most pronounced changes in these genes were found at the
peak of the response corresponding to profile II (Figure 1C).

Changes in thymidylate synthase (TYMS), an enzyme that main-
tains the thymidine monophosphate pool critical for DNA repli-
cation and repair, were most profound. The expression and activ-
ity of TYMS is related to the cell doubling time: the faster the cell
proliferation, the greater the expression and activity of TYMS (29).
Furthermore, we confirmed transient upregulation of the cell cycle
protein Ki67 (encoded by MKI67), which we previously documented
by intracellular FACS analysis (17). Moreover, BIRCS, which
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Figure 1
HCMV induces major changes
in gene expression after prim-
ing of naive CD8* T cells that are
largely maintained during latency.
(A) Graphical representation of
hierarchical clustering by Rosetta
Resolver. Shown are mean chang-
atency  esin transcript levels of CMV-spe-
112 cific CD8* cells induced at the peak
61 and 1 year after primary infection
as well as in latency, compared
with naive samples. The gene set
included all genes that were sig-
nificant after the Benjamini-Hoch-
berg correction for multiple testing
(P < 0.05) and were more than
2-fold up- or downregulated com-
pared with RNA of naive CD8* cells
at 1 of the 4 time points. Samples
were clustered together with mean
expression value for total effector
(CD8+*CD45RA+CD27-) cells of
HCMV+ healthy donors. (B) Bio-
Venn (82) diagram showing the
distribution between peak, 1 year
(transplant recipient), and latency
stage of infection (healthy donor)
of all 1,613 genes that were signifi-
cantly altered (2-fold change and
corrected P < 1 x 10719). The rela-
tive size of the circle represents
the size of the respective group.
(C) Average gene expression pat-
terns (+ 1 SD) of the 4 clusters
found using the CLICK algorithm.
The gene set included all genes
greater than 10-fold up- or down-
regulated compared with RNA of

1-year
190

naive CD8* T cells at 1 of the 4 time
points with corrected P < 1 x 10-1°.
n for each cluster is shown.
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encodes survivin, was highly expressed at the peak of the response,
consistent with survivin’s essential role in mitosis (30).

Other cell cycle genes that were highly regulated at the peak of the
response were cell division cycle (CDC) genes CDC2, CDC6, CDC7,
CDC8,and CDCS50B as well as CDC-associated genes, notably CDCAS
and CDCA?. Proteins that work in concert with CDC genes to ini-
tiate eukaryotic genome replication, such as MCM4 and MCM10,
were also elevated initially and declined thereafter (Supplemental
Table 2). Histone deacetylation contributes to cell cycle regulation,
and expression of UHRFI and SAP30, 2 molecules involved in this
process, was upregulation at the peak of the effector cell expansion.
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Latency

Apart from SAP30 and Go-G; switch gene 2 (G0S2, which encodes
a mitochondrial protein), other cell cycle-related genes were barely
enhanced after the primary response in CMV-specific and total
effector-type T cells (Supplemental Table 2), which indicates that
extensive cycling occurs only at the peak of the response.

In parallel with the cell cycle regulators, major changes in genes
involved in metabolism were only found during the early phases
of the response (Supplemental Table 3). Based on the expression
data, it appears that the HCMV-specific effectors cells do not per-
manently change their metabolic pathways and that they revert to
a situation reminiscent of that for naive cells.
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Alterations in gene expression of CD8* T cells during primary HCMV infection. Shown are kinetics of RNA transcripts in naive CD8* T cells, HCMV-
specific cells from a transplant recipient at peak of and 1 year after infection as well as HCMV-specific cells from healthy donors. The genes are
subdivided into the following categories: (A) cell cycle; (B) transcription factors; (C) migration and adhesion markers; (D) exhaustion markers; (E)
chemokines; and (F) CTL effector molecules. Expression is measured as fold change compared with a pool of naive CD8* T cells.

Apoptosis. Apoptosis is essential for cellular homeostasis and
removal of effector cells during the termination of an immune
response. The balance between pro- and antiapoptotic genes of
the Bcl-2 family is considered to be important to set the level of
cell death sensitivity via the intrinsic pathway of apoptosis and to
regulate the size of the antigen-specific T cell pool after the prima-
ry response (31). However, only the Bcl-2 members BAK and BIM
showed relatively small, although significant, increases in mRNA
levels compared with naive CD8" T cells (3.1- and 2.7-fold, respec-
tively). Other genes of this family, such as BCLXL, BAX, BAD, BIK,
and BOK, did not show induction above the threshold of 2-fold
(Supplemental Table 4).

Concerning extrinsic pathways of apoptosis, FAS (also known
as CDYS), Fas ligand (FASLG, also known as CD9SL or TNFSF6),
and TNFSFI10 (also known as TRAIL) were all markedly increased
at the peak of the primary response (Supplemental Table 5). These
membrane molecules remained highly upregulated in the virus-
specific CD8" T cells, as well as in the cells obtained during viral
latency. This could imply that the extrinsic pathways contribute to
pool size regulation. Comparable but low expression of molecules
involved in the extrinsic apoptosis pathways was found in total
memory- and effector-type cells.
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We found that the proapoptotic gene death-inducing protein
(DIP) and caspase 1 were strongly induced early in the response
(Supplemental Table 5). Another gene sharply upregulated in the
acute effector cells was the proapoptotic protein BIRC4BP (also
known as XAFI), which, by direct binding, negatively regulates
the antiapoptotic activity of XIAP (32). Recent findings by Wang
etal. showed that, by interaction with cell cycle kinases CHK1 and
CDC25C, XAFI induces G,/M arrest (33). Thus, at the peak of the
antiviral response, XAF1 may possibly exert its function by control-
ling the size of the expanded effector pool, both through direct
apoptosis and by modulating cell division.

Members of the annexin family of calcium-dependent phospho-
lipid-binding proteins were regulated in HCMV-specific cells. At
the peak of the response, ANXA2, ANXA4, and ANXAS were mark-
edly upregulated and remained elevated (except for ANXA4, which
declined in latency). In effector LCMV-specific CD8* T cells in
mice, Wherry et al. observed a similar increase in Anxal and Anxa2
(34), which suggests these genes exert a conserved function in sig-
nal transduction in virus-primed CD8" T cells.

Although a number of changes were observed in the mRNA lev-
els of genes linked to apoptosis, no sharp picture of the pool size
regulation of the CMV-specific CD8" T cell populations at differ-
Number 11
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ent stages of infection could be drawn from the dataset. This may
be attributable, at least in part, to the fact that apoptosis is an
intricately regulated process which makes it difficult to predict
how changes in the expression of individual genes will specifi-
cally modify the sensitivity of cells to death-inducing signals. This
complexity is enhanced by the observation that for some apopto-
sis modifiers, such as MCLI, regulation at the protein level rather
than the mRNA level is crucial (35, 36). Moreover, as cells with a
proapoptotic profile are likely to die and are rapidly removed from
the T cell pool, they will not contribute in a representative way to
microarray analysis performed at the population level.

Transcription factors. By binding to promoter sites in the genome,
transcription factors transform resting naive T cells that solely
undergo homeostatic proliferation into cells that rapidly prolifer-
ate, exhibit cytolytic activity and cytokine secretion, and alter their
migratory behavior. The transcription factor profile will determine
the phenotype and function of CD8* T cells that remain after the
primary response as either memory, exhausted, or effector cells.
Indeed, recent studies have indicated that expression of Blimp-1
(encoded by PRDM]1) is instrumental in establishing a number of
key features of the exhausted phenotype of chronic LCMV-specific
cells (37-39). More than 40 transcription factors showed a greater
than 10-fold change in expression when antigen-specific T cells
arose after HCMV infection (P < 1 x 10-19). As shown in Figure 2B
and Supplemental Table 6, the most prominent changes took place
at the peak of the immune response. However, many alterations in
the expression of transcription factors installed during the initial
priming of the cells were maintained into latency, which suggests
that HCMV infection initiates stable, long-lasting changes in the
virus-specific CD8* T cell population (Figure 1C, profile I).

A selection of the proteins regarded as key regulators of T cell
differentiation is depicted in Figure 2B and Figure 3. Lineage-
determining transcription factors such as RORC (which encodes
RORyt), FOXP3, and GATA3, which guide developing cells toward
CD4" Th17, Treg, or Th2 phenotypes, respectively, were not
induced in CD8" T cells. Interestingly, genes essential for murine
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Figure 3

HCMV infection induces strong changes in transcription factor expres-
sion levels. Shades of red and green represent up- and downregu-
lation of genes, respectively, in naive cells compared with HCMV-
specific CD8* T cells at peak and 1 year of infection. Tetramer+ cells
showed a similar profile at the 1-year time point in patient samples
and in latency in a healthy control. Total effector and memory cells in
latency showed the same trend.

CD8" T cell differentiation — TBX21 (which encodes T-bet), EOMES
(which encodes eomesodermin), and PRDM1I (40-43) — were sig-
nificantly induced in HCMV-specific human CD8* T cells and
remained elevated during latency.

TBX21 and EOMES are transcription factors of the T-box family
and involved in the regulation of IFN-y, granzyme B, and perforin
production by CD8" T cells (42, 44). Mice harboring deletions for
both Eomes and Tbx21 have a near-complete absence of protective
CD8* T cell responses (45). The availability of specific mADb (46)
opened the possibility to analyze T-bet protein expression on a
broader range of virus-specific cells. Analysis of HCMV-specific
cells by tetramers directed against 2 different epitopes detected
T-bet in most HCMV pp65- and immediate early-reactive (IE-reac-
tive) T cells, regardless of whether they were retrieved early in the
response or during latency (Figure 4A).

Additionally, EBV- and influenza-specific T cells were analyzed
to measure T-bet expression in CD8" T cells specific for a different
latent and a cleared virus, respectively. EBV BMLF1 epitope-spe-
cific T cells also expressed discernible amounts of T-bet protein,
although levels appeared somewhat lower than in CMV-reactive
cells. In agreement with previous observations on EBV-specific
T cells (11), the BMLF1-reactive cells analyzed here were memory-
type cells (Supplemental Figure 3 and data not shown), which
suggests that separate stages of human T cell differentiation are
associated with distinct T-bet levels. Indeed, T-bet expression in
influenza-specific CD8" T cells, which have an early memory-type
differentiation status (47), was also low. Finally, when T-bet levels
of total memory-type and effector-type cells were compared, the
latter cells had significantly higher expression at both the mRNA
and the protein level (Figure 4, B and C). This differential expres-
sion of T-bet in human subsets accords well with recent observa-
tions in mice showing relatively high expression of T-bet in short-
lived effector cells (SLECs), in contrast to lower levels in memory
precursor effector cells (MPECs) (48).

There was less distinction between memory-type and effector-
type cells in Eomes expression (Figure 4B). Eomes and T-bet play
similar and partially overlapping functions, yet respond differently
to environmental cues. For example, the inflammatory cytokine
IL-12 induces T-bet but represses Eomes (45, 49). Whereas T-bet
expression leads to elevated SLEC formation, it has been suggested
that Eomes participates by directing the differentiation of activat-
ed CD8" T cells more toward the memory phenotype (50). Detailed
protein expression analysis needs to be done to determine whether
Eomes protein is differentially expressed between functionally dis-
tinct subsets of human CD8* T cells.

Blimp-1 was originally discovered as a regulator of terminal
B cell differentiation, but its major influence on CD8" T cell devel-
opment is now well established (reviewed in ref. 51). As Blimp-1-
deficient CD8" T cells are not able to maintain effector cell capaci-
ties, but acquire a memory cell phenotype, Blimp-1 seems to repress
Volume 120 4081
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Transcription factors involved in effector molecule production are highly upregulated in HCMV-specific cells. (A) HCMV-specific cells during a
primary response were stained by tetramers for 2 epitopes of HCMV, IE and pp65, and EBV BMLF1 as a control. In latency, an influenza (FLU)
tetramer and the pp65 tetramer, respectively, were used to visualize memory cells that remain after the infection is cleared. EBV-specific cells
were stained by the BMLF1 tetramer. Numbers depict the percentage of CD8* cells or tetramer* cells within the CD8* population. Histograms
visualize T-bet measured in the tetramert samples and (C) in total effector-type (CD8+*CD45RA*CD27-) and memory-type (CD8+*CD45RA-CD27+)
cells in latency. Shown is 1 representative patient of 3 and 1 representative healthy donor of 4 analyzed. (B) During latency, total effector and
memory cells were sorted, and quantitative PCR was performed to measure transcription factors T-bet, Eomes, and Blimp-1. Graphs represent
mean and SD of 3 donors analyzed. Filled gray histograms denote staining of naive CD8* T cells.

genes thatlead to the formation of memory cells (37-39). As men-
tioned earlier, Blimp-1 may be involved in the establishment of
the exhausted phenotype of virus-specific T cells in chronic LCMV
infection (34). In HCMV-specific T cells, expression of Blimp-1 was
found at the peak of the antiviral response and remained elevated
after 1 year and in latency. Since no strong differences in expres-
sion were found between effector-type and memory-type cells, our
data provided no clues as to the specific role of PRDMI in human
CD8* T cell differentiation in latent virus infection. Interestingly,
however, ZNF683 did show specific expression in latent HCMV-
specific T cells and in total effector type cells (Figure 3A and Sup-
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plemental Table 6). Since ZNF683 is a close homolog of PRDM1I
(with proteins 78.1% identical and 91.4% similar in the zinc finger
region; K.M.L. Hertoghs, unpublished observations), we suggest
that ZNF683 performs at least part of the functions of PRDM1I in
long-lived human effector-type T cells. Finally, PRDM1 is thought
to repress other transcriptional regulators, such as BACH2. Repres-
sion of BACH?Z is necessary for generation of plasma cells during
of B cell differentiation (52). Interestingly, BACH2 levels were
downregulated in primed cells (Supplemental Table 6); thus, an
inverse correlation also exists in human T cells between BACH2
and PRDM1 expression.
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Figure 5

Differential expression of CX3CR1, GZMB, and GZMK in virus-specific cells. (A) Flow cytometric analysis of tetramers against HCMV epitope
pp65 and EBV epitopes EBNA and BZLF1 during a primary response for both HCMV and EBV in the same donor and in a healthy donor dur-
ing viral latency. Numbers depict the percentage of CD8* or tetramer+ cells within the CD8* population. Longitudinal stainings are shown for
1 representative patient of 2 and for 1 representative healthy virus carrier of 4 analyzed. (B and C) Kinetics of (B) CX3CR1 expression and (C)
GZMK and GZMB expression on virus-specific T cells during primary HCMV and EBYV infection and in latency. Total effector and memory cells
in latency are shown at right. Filled gray histograms denote staining of naive CD8* T cells.

A number of transcription factors showed strong downregu-
lation in primed CD8" T cells (Figure 1C, profile III). Examples
of these were the nuclear hormone receptor NR3C2, SCMLI, and
ZNF395 (also known as papillomavirus-binding factor; PBF).
Although the functions of these genes in the immune system are
currently unknown, the extensive decrease in their expression at
the peak of the response suggests that their gene products have
a function in naive cells that is incompatible with the functional
changes that take place in antigen-stimulated CD8" T cells. For
example, SCMLI, a gene that showed a greater than 100-fold
reduction (Supplemental Table 6), is a member of the SCM group
required to maintain the transcriptionally repressive state of
homeotic genes by blocking chromatin (53). ZNF395 is a nuclear-
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cytoplasmic shuttling factor that has the ability to inhibit cell
growth, and its expression must therefore be restricted to ensure
the generation of proper cell numbers. One way to achieve this is
by alleviating ZNF395-mediated repression of SAP30, a component
of the mSIN3A-HDACI deacetylation complex. Indeed, we found
vast upregulation of SAP30 (Supplemental Table 2), which could
ensure cell cycle progression (54, 55).

The lymphoid enhancer factor 1 (LEFI, also known as TCF?)
belongs to the LEF/TCF transcription factors that mediate canon-
ical Wnt signaling (56). LEF1 can function as a transcriptional
activator or repressor in cooperation with f-catenin, dependent
on the context. Naive CD8" T cells highly expressed LEFI mRNA,
and transcription was suppressed in antigen-primed cells. This
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Figure 6

HCMV-specific cells show extensive differentiation, but do not become exhausted. CD8+ T cells from a patient experiencing primary HCMV
response and from a healthy latent virus carrier were stained with tetramers specific for HCMV and EBV epitopes. Shown is 1 representative
patient of 3 and 1 representative healthy virus carrier of 4 analyzed. (A) CD27. (B) CD28. (C) TIM3. (D) PD1. (E) Expression on total memory
and effector CD8+ T cells. Filled gray histograms denote staining of naive CD8* T cells.

was confirmed at the protein level by Western blot (Figure 3 and
Supplemental Figure 4). LEF1 suppression was somewhat allevi-
ated in memory cells (Supplemental Table 6), in agreement with
Rutishauser and colleagues’ observed increase in LefI expression at
150 days after LCMYV infection in mice (38).

Migration and adbesion. After priming, effector CD8* T cells
migrate from the lymphoid compartment toward sites of inflam-
mation, where adherence to the endothelium is required for
extravasation into the inflamed tissue. A specific set of chemokine
receptors and cell adhesion molecules is induced to guide these
homing processes. Figure 2C shows the predominant changes in
chemokine receptor expression. As expected, expression of the
chemokine receptor for lymph node homing, CCR7, was strongly
downregulated and remained low on the HCMV-specific T cells. In
contrast, CCRI, CCRS, CXCR6, and CX3CRI transcripts were abun-
dantly present at the peak response, but only CX3CRI remained
detectable in the latency stage and was elevated in resting effec-
tor-type cells (Supplemental Table 7). The induction of CX3CR1
expression on HCMV-specific cells could be important, since this
receptor binds fractalkine, a cell-bound chemokine expressed by
stressed endothelial cells, one of the target cells for HCMV.

We monitored CX3CRI surface expression and observed that
HCMV-specific T cells for either pp65- or IE-derived peptide
expressed similar CX3CRI levels during all phases of the response
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(Figure 5, A and B, and data not shown). In contrast, longitudinal
analysis of a primary EBV infection revealed that CX3CRI was not
induced on EBV-specific CD8" T cells (Figure 5, A and B). Likewise,
influenza virus-reactive T cells obtained from a healthy donor also
lacked expression of this chemokine receptor. Thus, CX3CRI appears
to be a discriminative marker for HCMV-specific effector cells in
both acute and latent infection. This notion was corroborated by
the observation that total effector-type cells, in marked contrast to
memory-type cells, abundantly expressed CX3CRI (Figure SB).

Integrins are heterodimeric proteins made up of a and f§ sub-
units that together determine the structure and function of the
complex and their roles in cell adhesion. In the acute phase,
ITGAD (also known as CD11D) was extensively upregulated, but
expression returned to that of naive cells 1 year after infection.
At that time point, ITGBI, ITGB2, and ITGAL showed the stron-
gest increase compared with naive CD8* T cells. The latter 2 can
form the adhesion protein LFA-1, which plays a central role in
leukocyte adhesion and signaling through interactions with its
ligands, ICAM1-ICAM3. Of the integrins, ITGA6 (also known
as CD49F) was the only significantly downregulated gene, which
suggests that ITGAG exerts its main function in naive CD8* T cells
(Supplemental Table 7).

ADAMS, a member of the a disintegrin and metalloprotease
domain (ADAM) family that is structurally related to snake venom
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disintegrins, remained elevated in all primed cells (Supplemental
Table 7). ADAM family members have been implicated in a variety
of biological processes, involving cell-cell and cell-matrix interac-
tions, and the high expression of ADAMS in effector-type cells may
be crucial for their movement in tissues.

Transcript levels of CD62L (also known as SELL) were not reduced
in the acute phase of the infection, although acutely activated
CD8" T cells have low CD62L surface expression (13). This may be
explained by the rapid cleavage of CD62L from the cell surface after
lymphocyte stimulation (57). In HCMV latency, a drop in CD62L
mRNA levels was observed, but there were no apparent differences
between resting effector- and memory-type cells (58).

Cytokine receptors. In order to respond to environmental stimuli,
naive cells that differentiate into effector cells altered the surface
expression of a number of cytokine receptors (Supplemental
Table 8). Transcript levels of IL-2 receptor o (IL2RA, also known
as CD25) were not significantly changed (data not shown), but
primed cells showed an upregulation of both the cy chain (IL2RG,
also known as CD132) and IL2RB (also known as CD122), which
would allow increased responsiveness to IL-2 and IL-15. Further-
more, the amount of ILI8RI and IL28RA transcripts increased
after activation, but no distinction between effector-type and
memory-type cells was found.

Cell surface expression of IL7RA (also known as CDI127) is
downregulated after activation of naive T cells (59, 60), which was
reflected by the massive drop of IL7RA message at the peak of the
response (Supplemental Table 8). Expression remained low when
the antiviral response progressed but, as also described at the pro-
tein level, memory-type cells expressed substantially more IL-7Ra
than did resting effector-type cells (60).

Differentiation and exbhaustion markers. Naive and memory CD8*
T cells express the costimulatory receptors CD27 and CD28, but
resting effector-type T cells typically lack surface expression of
these molecules. In the acute stage of infection, CD27 expression
was maintained on HCMV-specific CD8" T cells; over the course of
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IFN-y

months, it was lost from the cell membrane (ref. 61 and Figure 6A).
This change in phenotype does not occur during other persistent
infections, such as EBV and HIV (11). Interestingly, CD27 mRNA
levels changed only minimally in the course of HCMYV infection,
which suggests that CD27 surface expression is specifically regu-
lated in resting effector type cells at the (post)translational level
instead of the transcriptional level. The interaction between CD27
and its ligand, CD70, reduces cell surface CD27 expression presum-
ably by proteolytic cleavage (62). In line with this possible regu-
lation at the protein level, we found CD70 was strongly induced
during the primary response and remained elevated thereafter
(Supplemental Table 9). In contrast to CD27, CD28 showed gradual
loss of mRNA transcripts during HCMV infection that correlated
with protein expression (Figure 6B). In healthy donors, memory
and naive cells had comparable levels of CD28 mRNA, whereas
effector-type cells showed greater than 13-fold downmodulation
(Supplemental Table 9).

Recent studies in mice have defined a number of cell surface
molecules associated with the CD8" T cell exhaustion during per-
sistent virus infection (reviewed in ref. 8). As HCMYV also persists
throughout life, we specifically scrutinized the dataset for these
surface receptors (Supplemental Table 9). Kinetic analysis of the
expression of inhibitory receptors revealed that during the peak
of the antigen-dependent response against HCMV, the major-
ity of the messages of PDI, LAG3, CD160, CD244 (also known
as 2B4), TIM3, KLRG1, KLRC1, PTGER2, and CTLA4 (Figure 2D)
were strongly increased. The expression of these genes remained
elevated until 1 year after viral infection, and then declined during
latency. Although transcript levels of the majority of genes were
still slightly elevated above the level of naive CD8* T cells, no major
differences were found between resting effector-type and memory-
type cells (Supplemental Table 9).

These findings were confirmed at the protein level for 2 of
the molecules, PD1 and TIM3. TIM3 cell surface expression was
clearly demonstrable on HCMV-specific CD8" T cells during the
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primary response but declined thereafter (Figure 6C). Notably,
TIM3 expression on latent EBV-specific T cells exceeded that of
the HCMV-reactive ones (63). Moreover, although TIM3 expres-
sion was lowest on naive cells, no distinction was found between
resting effector-type and memory-type cells. Likewise, PD1 was
upregulated at the peak of the infection, but HCMV-reactive CD8*
T cells during latency had relatively low expression (Figure 6D).

Next, we compared our data on latent HCMV-specific CD8*
T cells with the microarray data on exhausted LCMV-reactive cells
obtained by Wherry et al. (34), available from the Gene Expression
Omnibus (GEO; see Methods). To work with a manageable datas-
et, we compared the genes that were upregulated 10-fold or greater
in the latent HCMV-specific CD8" T cells (corrected significance
P <1 x 10719 and that could be mapped to Affymetrix mouse
probesets (n = 73) with the exhausted LCMV-reactive cells. Of
these 73 genes, 52 (Supplemental Figure 5) did not show a marked
change (fold increase >2), and only KLRD1 was discordantly regu-
lated. Whereas 6 genes were downregulated in both HCMV- and
LCMV-specific cells, 14 genes were upregulated in both popula-
tions (Supplemental Table 12). With the exception of LAG3, none
of these genes has been implicated to our knowledge in the estab-
lishment of the exhausted phenotype.

In summary, neither the microarray data nor the FACS analyses
provided evidence that latent HCMV-reactive cells are exhausted.
This conclusion indeed fits well with previous studies showing
that HCMV-specific CD8" T cells can rapidly expand when stimu-
lated with cognate peptide and cy chain cytokines (64).

Chemokines and cytokines. The differentiation of lymphocytes as
well as their effect on other cells is orchestrated, at least in part,
by cytokines. Surprisingly, not many cytokines were significantly
upregulated in the CD8" T cells themselves (Supplemental Table
10). The most enhanced expression was that of IL32, a cytokine
originally described in activated NK cells. Its expression seemed
to correlate with the emergence of acute effector T cells. IL32 can
induce macrophages to produce TNF-a, MIP-2, and IL-8, which
suggests that the cytokine plays a role in inflammatory responses
to attract other leukocytes to the site of infection (65).

The chemokines CCL4 (also known as MIP1B) and CCLS (also
known as RANTES) were induced during the primary response and
remained elevated in primed cells (Figure 2E). No clear differences
between total memory- and effector-type cells were observed. The
microarray data are in agreement with observations showing that
virus-specific CD8" T cells directed toward different viruses have
the ability to secrete these chemokines (66).

Effector molecules. The hallmark that distinguishes effector CD8*
T cells from naive T cells is the production of cytotoxic and other
molecules that aid in killing of the target cells. Of the granzyme
family of proteases, S members were induced in response to CMV
infection (Figure 2F), albeit at different levels. Although both EBV-
and CMV-specific cells upregulated GZMB during the primary
response, during viral latency, its expression was specific for effec-
tor-type cells, as it was expressed in neither total memory-type cells
nor in influenza- or EBV-specific CD8* T cells (Figure 5C). This
expression contrasted with that of GZMA, which remained high
on primed CD8" T cells regardless of differentiation status (ref. 67
and data not shown).

Like GZMB, GZMK was induced in both EBV- and CMV-specific
CD8* T cells during the primary response. However, in latent virus
carriers, GZMK expression was only found in a subset of memory-
type cells and EBV-specific cells (Figure 5C), but hardly in HCMV-
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specific cells or total effector-type CD8* T cells. The absence of
GZMK expression in influenza-specific T cells (Figure 5C) infers
that its expression is limited to a very defined human CD8" T cell
differentiation stage. Thus, the regulation of GZMB and GZMK
showed opposite patterns after the primary response (Figure SC).

Of all effector molecules listed in Supplemental Table 10, only
PROK2 (also known as BV8) was considerably increased as the
infection progressed into latency (Figure 1C, profile II). Elevated
PROK2 levels were only detectable in effector-type cells and not in
the memory-type CD8" T cells. PROK2 is a chemoattractant that
already at very low concentrations is able to direct macrophages
and monocytes to sites of inflammation, where it subsequently
drives them into a more differentiated phenotype (68, 69). The
addition of PROK2 to macrophages boosts the production of the
proinflammatory cytokines IL-1B and IL-12 induced by LPS (70).
The presence of very low levels of PROK2 RNA has been reported in
CD8" T cells (68). Our present data suggest that this may be due to
the expression of PROK2 by effector-type cells. Thus, the secretion
of this protein can be a tool for a subset of CD8" cells to alter the
(pro)inflammatory milieu.

Another gene with predominant expression in effector-type
cells is the highly conserved extracellular matrix protein SPON2
(also known as Mindin). As proposed for PROK2, SPON2 is also
involved in recruiting leukocytes like neutrophils and mac-
rophages to sites of inflammation (71). Excreted SPON2 can
bind to integrins on the cell surface of DCs. Real time imaging
has shown that SPON2-deficient DCs are unable to efficiently
engage with CD4* T cells, thereby impeding the priming of
T lymphocytes in vitro (72). SPON2 transcripts are elevated
directly at the peak of the response and almost certainly remain
elevated throughout life in vigilant effector cells. No SPON2
expression was found in the pool of memory cells in healthy indi-
viduals, which underscores the specificity of SPON2 production
in HCMV-specific CD8" T cells. Since more cell types can produce
SPON?2 (e.g., B cells, CD4* T cells; ref. 72), further investigation
will be needed to reveal the contribution of CD8* T cells during
the immune response and determine whether SPON2 expression
is found in other chronic or acute settings.

We found continuous expression of IFNG mRNA in HCMV-
specific CD8* T cells isolated during the different stages of the
response (Supplemental Table 11). This seems in line with the
observation that the Th1 prototypic transcription factor T-bet
was highly induced during the primary response and was main-
tained in these cells throughout the latency stage. The contin-
uous T-bet expression did not lead to the expression of IFN-y
protein in unstimulated cells (data not shown). To determine
whether high T-bet expression is associated with high inducible
IFN-y production, we performed term in vitro stimulations with
PMA and ionomycin. As expected (see Figure 4), effector-type
CD8* T cells were enriched in the T-betright fraction (Figure 7,
left column). Moreover, the T-bettrigh fraction indeed contained
more IFN-y-producing cells than did the T-betdi™ population,
both in the total CD8" population and, importantly, in the
memory- and effector-type fractions. The difference in TNF-a
production between T-betbright and T-betd™ cells was less pro-
nounced. Thus, the continuous presence of IFNG mRNA in
HCMV-specific and total effector-type cells may lead to rapid
IFN-y production in vivo. In support of this, HCMV-specific
T cells showed upregulation of a number of IFN-y-regulated
genes (Supplemental Table 11).
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The remarkable feature of human CMV infection is that it gener-
ates a vast population of virus-specific CD8* T cells with mainly
an effector phenotype that increases with age. Our data showed
that a number of key features of these cells, specifically cytolytic
potential, IFN-y production, and migratory potential, are already
installed during the primary response in this population, a process
likely governed by stable changes in transcription factor expres-
sion. From our findings, it was evident that these changes are
specific for HCMV-reactive cells, as CD8" T cells reactive toward
various epitopes of EBV and influenza were markedly different
with respect to function, chemokine receptor expression, and
transcription factor expression, most notably in regard to TBX21
and ZNF683. Although high TBX21 expression and the cytolytic
potential of HCMV-specific CD8" T cells are reminiscent of SLECs,
several important factors suggest that these cells display a unique
phenotype. Human effector-type cells showed long-term survival,
did not extensively divide, and had low metabolic activity (ref. 73
and the present study). Importantly, the expression of Blimp-1,
which has recently been shown to be important for the establish-
ment of an exhausted phenotype in mice (39), was not different
between memory-type and effector-type cells. Collectively, these
expression data agree with in vitro studies showing that HCMV-
specific effector-type cells expand strongly when a combination of
specific peptide and cy chain cytokines is provided (18).

As we isolated memory-type cells by sorting on CD45RA and
CD27, no distinction was made between central (i.e., CCR7*) and
effector/memory cells (CCR7-). Likely, comparison of these pop-
ulations will yield additional data on the functional diversity of
primed human CD8" T cells. An indication for this was obtained
in the present study by our finding that GZMK expression was
restricted to EBV-reactive T cells during latent infection. Since
these cells, in contrast to influenza-specific CD8* T cells, were
predominantly of the effector/memory type, GZMK expression
appears to be strongly linked to a discrete stage of T cell differen-
tiation. The high expression of GZMK in EBV-reactive T cells may
point to a specific role of this tryptase in maintaining EBV latency.
Other than GZMB, the tryptase-like granzymes are not believed
to be instrumental in inducing cell death in a physiological set-
ting (74). We found no evidence for a putative extracellular role
of GZMK, for example by modifying cell surface receptors directly
involved in transmission of EBV (e.g., CD21), but it has been sug-
gested that this class of proteases regulates immune reactions
through cytokine modifications (75).

Part of the microarray and protein analyses was performed using
virus-specific CD8* T cells obtained from kidney transplant recipi-
ents that were on standard immunosuppressive therapy, a combi-
nation of prednisolone and cyclosporin. Although these patients
developed protective anti-HCMYV responses, their immune reac-
tions may be different from those of immunocompetent individu-
als. Indeed, when comparing our kinetic data with rare observa-
tions that can be made in healthy individuals (76), the response in
the transplant recipient appeared to be somewhat slower. Still, as
changes taking place in key molecules are shared between the 1 year
time point of the patients and the latency phase of healthy CMV
carriers, the analysis of the first phase of this antiviral response
may provide a proper perspective on the alterations that take place
in immune CD8" T cells occurring early after infection.

Coevolution of the human immune system and immune-evasive
HCMV has led to the emergence of a prototypic HCMV-associ-
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ated CD8" T cell differentiation state, characterized not only by
typical phenotypic and functional traits, but also by specific altera-
tions of transcription factor expression. The changes take place at
the population level, and establishment of the effector-type dif-
ferentiation state that is characteristic for HCMV is found both
in pp6S- and in IE-specific T cells. Additionally, analysis of clonal
diversity in phenotypically homogeneous pp65-specific CD8*
T cells revealed that not only were these populations not monoclo-
nal but oligoclonal, but the relative presence of particular clones
changed over time (E.B.M. Remmerswaal, unpublished observa-
tions). These data indicate that regardless of (fine) specificity of
responsive T cells, HCMV has a dominant effect on the establish-
ment of the prototypic phenotype in the majority of independent
CD8" T cell clones.

The predominant cytokine detected in HCMV-specific CD8*
T cells was IFN-y, and both early and late virus-specific cells showed
upregulation of a number of IFN-y-regulated genes. The consti-
tutive expression of IFN-y message, which resembles stable GZMB
expression in murine NK cells (77), may endow CD8" effector-type
T cells with a near-instantaneous capacity to secrete this cytokine
upon TCR ligation, a mechanism that may be crucial in rapidly
antagonizing virus replication upon reactivation of latent virus. On
the downside, the high expression of IFN-y may subtly increase the
overall proinflammatory status in HCMYV infection which may be
causally related to pathogenic effects of HCMV on the vasculature
(15). It is conceivable that the stable expression of IFN-y in HCMV-
reactive CD8" T cells is controlled by a combination of transcription
factors, such as T-bet, that are induced during the primary response
and maintained throughout the latent state. Identification of the
factors thatinduce the establishment of the robust cytotoxic, IFN-y-
secreting phenotype may be important for rational improvement of
therapeutic vaccines to persisting viruses and tumors.

In summary, the longitudinal analyses of HCMV-specific CD8*
T cells that develop in humans after primary infection depicts
a differentiation program that is distinct from those described
for cleared and persistent viruses in mice. Importantly, we sug-
gest that CD8* T cell differentiation may not be linear, but diver-
gent, depending on the evolutionary selected protective response
that is essential to cope with individual viruses. Some aspects
of this program may in fact be characteristic for humans, since
the human immune system must be able to provide protection
against HCMV that lasts for more than 7 decades, in the case of
childhood infection. The factors that initiate and maintain this
long-lasting, resting effector-type response are unknown, butitis
conceivable that in addition to viral peptides, other cues provided
either directly or indirectly by the virus to the immune system
operate to shape this response.

Methods

Subjects. Microarray analyses were performed using peripheral blood of 3
HLA-B7* HCMV-seronegative renal transplant recipients of CMV-seropos-
itive donor kidneys. For additional flow cytometry studies, 1 HLA-B35*
CMV- and EBV-seronegative renal transplant recipient of a CMV- and EBV-
seropositive kidney and 1 HLA-A2* CMV-seronegative renal transplant
recipient of a CMV-seropositive kidney were studied longitudinally. Blood
was also drawn from CMV- and EBV-seropositive HLA-A2*, HLA-B7*, and/
or HLA-B8* healthy volunteers. All renal transplant recipients were treated
with basic immunosuppressive therapy (cyclosporine A, prednisolone, and
mycophenolate mofetil), except for 1 of the patients in the array analysis,
who received CD25mADb induction therapy followed by a basic immuno-
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suppressive therapy of prednisolone A, mycophenolate mofetil, and tacro-
limus. All subjects gave written informed consent, and the medical ethics
committee of the Academic Medical Center approved the study.

Tetrameric complexes. The following allophycocyanin-conjugated tetra-
meric complexes were obtained from Sanquin: HLA-A0201 tetramer loaded
with the HCMV pp65-derived NLVPTMVATYV peptide (HCMV A2 pp65),
HLA-A0201 tetramer loaded with the influenza matrix protein-derived
GILGFVFTL peptide (FLU A2 MP), HLA-A0201 tetramer loaded with the
EBV BMLF1-derived GLCTLVAML peptide (EBV A2 BMLF1), HLA-B3501
tetramer loaded with the HCMV pp65-derived IPSINVHHY peptide (CMV
B35 pp65), HLA-B3501 tetramer loaded with the EBV BZLF1-derived
EPLPQGQLTAY peptide (EBV B35 BZLF1), HLA-B3501 tetramer loaded with
the EBV EBNA1-derived HPVGEADYFEY peptide (EBV B35 EBNA1), HLA-
B0801 tetramer loaded with the EBV BZLF1-derived RAKFKQLL peptide
(EBV B8 BZLF1), HLA-B0702 tetramer loaded with the HCMV pp65-derived
TPRVTGGGAM peptide (HCMV B7 pp65), and HLA-A0201 tetramer loaded
with the HCMV IE-derived VLEETSVML peptide (HCMV A2 IE).

Sorting. PBMCs were isolated from heparinized blood using standard
density gradient centrifugation and subsequently cryopreserved in lig-
uid nitrogen until the day of analysis. To isolate naive (CD8*CD45RAM
CD27"), effector-type (CD8"CD45RAMCD27'), and memory-type
(CD8'CD45RAPCD27*) cells from latently chronic-infected healthy
donors, cells were isolated from buffy coats by a 2-step procedure. After
Ficoll, CD8" T cells were isolated by CD8* microbeads (Miltenyi Biotec)
and then labeled with CD27-FITC (7C9) (78), CD45RA-RD1 (Beckman
Coulter), and CD8-allophycocyanin (BD Biosciences — Pharmingen)
and subsequently sorted using a FACS Aria (BD Biosciences). For RNA
isolation and microarray analysis, 3 independent donors and a pool of
3 additional healthy individuals were used.

To isolate HCMV-specific CD8" effector cells at the peak of the HCMV
response, PBMC were stained with HLA DR-FITC, CD38-PE (BD Biosci-
ences), and CD8-allophycocyanin (BD Biosciences — Pharmingen). HLA-
DRMCD38MCD8" T cells were sorted using a FACS Aria. To obtain HCMV-
specific CD8* T cells in the latency phase, PBMCs obtained 40-60 weeks
after transplantation (1 year after infection) were stained with allophyco-
cyanin-conjugated tetramers; subsequently, allophycocyanin microbeads
(Miltenyi Biotec) were used to isolate the cells. Upon reanalysis, the purified
populations contained between 95% and 97% tetramer-binding cells. Due to
the limited amount of blood that can be drawn from patients, virus-reactive
CD8" T cells from 3 patients with acute CMV infection were pooled before
RNA isolation (see below). For comparison, RNA from HCMV-reactive
CD8" T cells from 3 latent CMV carriers was prepared in a similar fashion.

RNA isolation, amplification, labeling, and hybridization. RNA was isolated
using the nucleospin RNA isolation kit (Machery-Nagel) according to the
manufacturer’s instructions. mRNA was amplified using the MessageAmp
1T Kit (Ambion). Labeling, hybridization, and data extraction were performed
at ServiceXS, as described previously (79). Hybridization was performed with
600 ng of each labeled target along with fragmentation and hybridization
buffer at 60°C for 17 hours on to Whole Human Genome (WHG) 44K Oligo
Microarrays (Agilent Technologies) following the manufacturer’s protocol.

Microarray imaging and data analysis. The microarray slides were washed
according to the manufacturer’s instructions and scanned using an Agilent
dual-laser DNA microarray scanner. Default settings of Agilent Feature
Extraction preprocessing protocols were used to obtain normalized expres-
sion values from the raw scans. Exact protocol and parameter settings are
described in the Agilent Feature Extraction Software User Manual (version
7.5). The default Agilent normalization procedure called Linear & Lowess
was applied. Resulting data were imported in Rosetta Resolver (Rosetta
Biosoftware), and replicates were combined using an error-weighted aver-
age. Hierarchical clustering of the resulting microarray data was performed
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using Pearson correlation as a distance measure and with complete linkage.
An error-weighted 1-way ANOVA with the Benjamini-Hochberg false-discov-
ery rate multiple testing correction was used to find differentially expressed
genes across the virus-specific CD8* T cell populations. Average expression
ratios and corresponding P values for differential expression detection were
exported from Rosetta Resolver. The resulting dataset presents the virus-
specific CD8" T cell subset’s mean fold change and P values for the combined
dye swap experiments from the pooled RNA; for the purified non-antigen-
specific subsets, the mean fold change and P values across the 4 microarrays
per condition (3 individuals and a pool of 3 subjects) are shown.

Consensus clustering (25, 26) was used to assess the stability of hierar-
chical clustering. Consensus clustering evaluates the robustness of a clus-
tering solution of the samples by repeatedly sampling with replacement
(ie., bootstrapping) from the probes and then reclustering the sampled
data. For each pair of samples in the original data, a consensus matrix
was used to keep track of the number of times they belonged to the same
cluster in a bootstrap sample. Samples that remain consistently clustered
together across different bootstrap samples have a high consensus and
thus are stable clusters. Parameter settings for consensus clustering were
as follows: 200 bootstrap samples, Pearson correlation distance for hierar-
chical clustering with complete linkage.

We clustered the expression patterns of a selected set of genes using the
CLICK algorithm from the software package Expander 5.0 using Pearson
correlation as a distance measure (27). Log ratio data was imported in
Expander, and probes were annotated using the gene mapping for Agi-
lent WHG arrays available in Expander. Log ratios for probes that mapped
to the same gene were averaged. The CLICK algorithm was applied using
default settings. CLICK does not require the user to choose the number of
clusters a priori, but rather finds the optimal number of clusters by maxi-
mizing both the within-cluster homogeneity and the between-cluster sepa-
ration, using a graph-based statistical algorithm. Resulting clusters were
analyzed for enrichment of GO biological processes and molecular func-
tions using the TANGO algorithm in Expander, applied using the default
settings. Reported P values are the result of testing for the significance of
overlap between gene groups and GO categories using Fisher’s exact test
for independence. P values were corrected for multiple testing by sampling
for each cluster 1,000 random gene sets of the same size as the original
cluster and estimating the empirical P value distribution for the evaluated
GO categories. A GO category was considered significantly enriched in a
cluster if its corrected P value was 0.05 or less.

Cross-species analysis. For the comparison of our CMV-specific CD8" T cell
data with published microarray data from exhausted murine CD8* T cells,
we downloaded the normalized data from Wherry et al. (34) available at
GEO (http://www.ncbi.nlm.nih.gov/projects/geo/; accession no. GSE9650)
and selected all 15 Affymetrix U74A microarrays. All technical replicates
per condition (naive, effector, memory, and exhausted) were averaged (34).
Subsequently, we mapped the 41,058 Agilent WHG probes to the 12,488
Affymetrix MG-U74Av2 mouse probesets. First, we annotated probes on
the Agilent array with their Entrez Gene IDs using the annotation available
within Bioconductor (package hgug4112a.db, version 2.4.1). Next, we used
the human gene IDs to mine the NCBI HomoloGene database (build64)
and find orthologous gene IDs in the target species (Mus musculus). Finally,
we used the Affymetrix NetAffx annotation for the MG-U74Av2 arrays
to retrieve the corresponding (orthologous) probe sets. Thus, 13,082 of
the Agilent probes could be mapped to 1 or more of 10,383 Affymetrix
probesets. In case multiple mouse probesets were found for a given human
probe, we selected the probeset with the largest absolute fold change versus
naive for the condition of interest.

Immunofluorescent staining and flow cytometry. PBMCs were washed in PBS
containing 0.01% (w/v) NaN3 (Merck) and 0.5% (w/v) bovine serum albu-
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min (Roche). PBMCs (2 x 10°) were incubated with an appropriate con-
centration of tetrameric complexes in a small volume for 30 minutes at
4°C, protected from light. Fluorescence-labeled mAbs were then added and
incubated for 30 minutes at 4°C, protected from light, at concentrations
according to the manufacturer’s instructions. For intracellular stainings,
cells were fixed with 2% PFA (Merck) after tetramer and surface staining
and subsequently permeabilized with PBS containing 0.01% (w/v) NaN3,
0.5% (w/v) bovine serum albumin, 50 mM D-glucose (Merck), and 0.1% (w/v)
saponin (Sigma-Aldrich). The following mAbs were used for surface marker
expression analysis: TIM3 (R&D Systems); CD27 allophycocyanin-eFluor
780, PD1 PE, and CD27 PerCP-Cy5.5 (eBioscience Inc.); CX3CR1 PE (MBL
International); CD45RA FITC, CCR7 PE-Cy7, CD3 PE-Cy7, and CD45RA
PE-Cy7 (BD Biosciences); CD28 Alexa Fluor 700 (BioLegend); and CD8 PE-
Alexa Fluor 610 (Invitrogen). The following mAbs were used for intracellular
stainings: T-bet PerCP-CyS5.5 (eBioscience Inc.); GZMB PE (Sanquin); per-
forin FITC, TNF-a FITC, and IFN-y PE (BD Biosciences); Ki67 FITC (BD
Biosciences — Pharmingen); and GZMK FITC (Immunotools). Cells were
washed and measured on a FACsCalibur or a FACsCanto flow cytometer
(BD Biosciences) and analyzed with FlowJo software (FlowJo).

Intracellular cytokine staining. For cytokine production and simultaneous
T-bet staining, PBMCs were stimulated either with medium or with PMA
(1 ug/ml) and ionomycin (1 ng/ml) (both from Sigma-Aldrich). Brefeldin A
(Invitrogen) was added immediately, and the cultures were left to incubate
for 4 hours. All cultures were performed in RPMI 1640 with L-glutamine and
HEPES (Invitrogen) containing 10% heat-inactivated FCS (PAA), penicillin,
and streptomycin. After cessation of the incubation, cells were washed and
incubated with CD8 PE-Alexa Fluor 610 and CD3 PE-Cy7 followed by sub-
sequent fixation and intracellular staining as described above with IFN-y.

Quantitative PCR. Total RNA was isolated using the Invisorb RNA iso-
lation kit (Invitek). RNA was reverse transcribed with — and cDNA was
synthesized by means of — oligodeoxythymidine and Superscript II
RNase H-reverse transcriptase (Invitrogen). Amplification of specific
targets by quantitative RT-PCR was performed with Lightcycler Fast-
Start DNA Master SYBR Green I (Roche) using the following primers:
EOMES forward, 5'-ACTGGTTCCCACTGGATGAG-3'; EOMES reverse,
5'-CCACGCCATCCTCTGTAACT-3'; ZNF683 forward, S'-CATATGTG-
GCAAGAGCTTTGG-3'; ZNF683 reverse, 5'-AGAGCTTCACTCAACTT-
GCC-3'; LEF1 forward, 5'-AAGCAGAGTCCAAGGCAGAGAA-3'; LEF1
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reverse, S'-ACCTTGGCTCTCATCTCCTTCA-3'; PRDM1 forward, 5'-
CAACAACTTTGGCCTCTTCC-3"; PRDM1 reverse, 5'-GCATTCATGTG-
GCTTTTCTC-3"; TBX21 forward, 5'-GGGAAACTAAAGCTCACAAAC-3;
TBX21 reverse, 5'-CCCCAAGGAATTGACAGTTG-3'.

After a 10-minute denaturation step at 95°C, 40 PCR cycles of 15 sec-
onds at 94°C, 30 seconds at 60°C, 45 seconds at 72°C, and S seconds at
79°C were performed. For ZNF683, the melting temperature (second step)
required 30 seconds at 66°C. Data were analyzed using LightCycler Soft-
ware (version 3.5; Roche) and LinRegPCR (version 7.5; ref. 80). To confirm
the purity and specificity of the reaction, a melting curve analysis was per-
formed at the end of the PCR by slowly increasing (0.1°C/s) the temperature
of the reaction from 65 to 95°C. S18 was used as an internal reference.

Western blot analysis. Cell lysates for Western blotting were separated by
12% SDS-PAGE followed by Western blotting as described previously (81).
Blots were probed with monoclonal anti-LEF1 antiserum (Abcam).

Statistics. Genes differentially expressed between the different cell popula-
tions were determined using Rosetta Resolver, with a fold change cutoff of 1
of 4 parameters 210 and an error-weighted 1-way ANOVA with a P value cutoft
of <1 x 10-1% with the Benjamini-Hochberg false-discovery rate correction.
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