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Abstract

T cell large granular lymphocyte leukemia (T-LGL) is a chronic clonal lymphoproliferation of CTL.
In many ways, T-LGL clones resemble terminal effector CTL, including down-modulation of CD28
and overexpression of perforin, granzymes, and CD57. We studied the transcriptome of T-LGL
clones and compared it with healthy CD8+CD57+ effector cells as well as CD8+CD57— populations.
T-LGL clones were sorted based on their TCR variable B-chain restriction, and controls were obtained
by pooling cell populations from 14 donors. Here, we focus our analysis on immunological networks,
as immune mechanisms play a prominent role in the etiology of bone marrow failure in T-LGL.
Informative genes identified by expression arrays were studied further in an independent cohort of
patients using Tagman PCR, ELISA assays, and FACS analysis. Despite a strikingly similar gene
expression profile between T-LGL clones and their healthy counterparts, important phenotypic
differences were identified, including up-modulation of TNFRS9, myeloid cell leukemia sequence
1, IFN-y, and IFN-y-related genes, and several integrins/adhesion molecules. In addition, T-LGL
clones were characterized by an overexpression of chemokines and chemokine receptors that are
typically associated with viral infections (CXCL2, Hepatitis A virus cellular receptor 1, IL-18,
CCR?2). Our studies suggest that immunodominant LGL clones, although phenotypically similar to
effector CTL, show significantly altered expression of a number of genes, including those associated
with an ongoing viral infection or chronic, antigen-driven immune response.
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INTRODUCTION

Immunodominant expansion of CTL with effector phenotype is a common pathologic feature
of various conditions, including autoimmune diseases [1-4], viral infections [5-7], or solid
and hematologic malignancies [8-13]. The transition from naive to antigen-primed effector
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CTL phenotype is characterized by loss of CD27 and CD28 markers, down-regulation of
homing receptors CCR7 and CD62 ligand, and up-regulation of effector proteins such as
perforin, granzymes, and NKG2D receptor [14-18]. In addition, terminally differentiated,
antigen-specific CTL are characterized by expression of CD57 (HNK1 antigen), an adhesion
molecule specific for terminally differentiated effector CTL [19,20]. Under physiologic
conditions, after antigen encounter, CTL clonally expand, and when the pathogen is cleared,
the effector population down-regulates bcl-2 and initiates apoptosis [21]. It has been
hypothesized that disruption of this homeostatic mechanism may result in persistence of clonal
expansion and give rise to malignant or autoimmune T cell proliferation. Clonal CTL expansion
in T cell large granular lymphocyte leukemia (T-LGL) represents a pathologic counterpart of
the expanded CTL effectors [22]; the pathologic CTL population typically expresses CD3,
CD8, and CD57 antigens and is TCR variable B-chain (VB)-restricted [23-28]. In T-LGL, one
or two CTL clones with a unique, productively rearranged TCR expand and persist in the clonal
state.

Clinically, T-LGL is indolent and in most cases, does not behave as a true leukemia, but rather
reflects an autoimmune, semiautonomous process [23-25,29,30]. Frequent association with
several autoimmune diseases further supports this notion. Patients present with various degrees
of isolated or combined cytopenias, and neutropenia occurs most frequently. In vitro
experiments have indicated that bone marrow cytotoxicity in LGL is mediated in two ways:
The LGL clone recognizes hematopoietic progenitors and directly inhibits hematopoiesis, or
it exerts suppressive effects via secretion of inhibitory cytokines/chemokines [9,24,31-33]. In
analogy to the features of the expanded pathologic CTLs in T-LGL, CD8+CD57+ cells from
healthy, elderly adults exhibit inhibitory activity on hematopoiesis [34]. Recent findings
suggest that although T-LGL clones evolve in a nonrandom manner, they show dysregulation
of signaling pathways similar to virally transformed T cells [35,36]. Despite expressing high
levels of Fas T-LGL clones are resistant to Fas-dependent apoptosis, which may explain
persistent clonal expansion; such resistance can be overcome by in vitro activation, suggesting
disruption of Fas signaling in T-LGL clones [37-41]. Previous investigations aimed at the
characterization of surface phenotype, signal transduction, or gene expression in T-LGL used
various techniques, including RNA microarrays performed on total PBMC [31-33,39,42,43].

In this study, we chose to investigate the expression profile of monoclonal LGL populations
purified based on their VB restriction; we compared them to their physiologic counterparts:
terminally differentiated effector CTL from healthy control subjects. For this purpose, we
applied Affymetrix U133 Plus 2.0 whole genome arrays covering over 47,000 transcripts. The
goal of this investigation was to identify a unique genetic profile specific for LGL clones that
might have resulted from, e.g., virus-induced transformation or an exuberant, unopposed
antigenic drive. For that purpose, we focused our investigations on gene networks functionally
involved with inflammatory response (particularly viral infection), such as, e.g., adhesion
markers and soluble factors.

MATERIALS AND METHODS

Patients and controls

Informed consent for the sample collection was signed by the individuals in accordance with
protocols approved by the Institutional Review Board of the Cleveland Clinic Foundation
(Cleveland, OH, USA). Peripheral blood specimens were obtained from a total of 48 patients
with LGL and 14 healthy controls (Table 1). The diagnosis of LGL leukemia was based on
clinical and laboratory parameters as described previously [44].
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VB cytometry (VB skewing)

VB flow cytometry analysis was performed on fresh peripheral blood according to the
manufacturer’s instructions (IOTest Beta Mark kit, Beckman Coulter, Fullerton, CA, USA)
with the following modifications: phycoerythrin-cyanine 5 (PC5)-conjugated CD4 (5 pl), 5
ul phycoerythrin-Texas red (ECD) CD8 mAb, and 20 pl anti-VB mAb (VB1-5, VB7-9, VB11-
14, VB16-18, VB20-23) were added. An additional anti-VB6.7 mAb (not included in the kit)
was used. A four-color protocol was applied, and the lymphocyte gate was set according to the
size and forward-scatter properties. The individual contribution of each of the 19 VB
subfamilies detectable by specific mAb was determined as described previously, and results
were expressed in percent of o/ CD4+ or CD8+ cells [45,46]. VB over-representation was
established when contribution of a particular VB family was greater than the mean + 2 SD of
values found in healthy volunteers. Immunodominant clonotypes were characterized by
sequencing of a number of bacterial colonies harboring subcloned TCR amplification products
as described previously [35,47].

Sample preparation for microarray hybridization

Mononuclear cells were separated from peripheral blood by density gradient sedimentation
(Mediatech, Herndon, VA, USA). LGL cells were separated by flow cytometric sorting using
anti-VB and CD8 mAD as described previously [46]. Healthy, donor-derived CD8+CD57+
cells were isolated by flow cytometric sorting using CD3, CD8, and CD57 mAb. As a result
of the relatively low size of the CD57+ population in healthy individuals, sorted CD8+CD57
+ CTL were pooled from 14 healthy donors (pool was composed of equal amounts of cells
from each individual). Total RNA was extracted from cells using Trizol (Invitrogen, Carlsbad,
CA, USA) and Phase-Lock gel tubes (Eppendorf, Hamburg, Germany), cleaned up using
RNAeasy columns (Qiagen, Valencia CA, USA), and dissolved in diethylpyrocarbonate water.
The purity of RNA was confirmed with spectrophotometry. Total cRNA was prepared using
the in vitro-transcribed protocol (Affymetrix, Santa Clara, CA, USA) and hybridized to U133
Plus 2.0 arrays, according to the manufacturer’s instructions (Affymetrix). All of the
microarrays were examined for surface defects, grid placement, background intensity,
housekeeping gene expression, and a 3":5' ratio of probe sets from genes of varying length
(signal 3":5' ratio<3).

Data analysis and reduction

Expression analysis was conducted using standard Affymetrix analysis software algorithms
(Microarray Suite 5.0). Comparative analysis between expression profiles of CD8+CD57-,
CD8+CD57+ cells from controls and LGL clones was carried out on GeneSpring™ software,
Version 7.1 (Agilent, Santa Clara, CA, USA). Scanned images of Affymetrix chips were
converted to spreadsheet numbers using Affymetrix proprietary GeneChip Operating software
(GCOS). Signal log ratios were converted to fold changes in MS Excel. Spreadsheet data were
imported into the MS Access database manager. Data were mined for credible changes. Fold
changes of absolute value >2 were considered (e.g., alteration between CD8+CD57+ and CD8
+CD57-, more than twofold; P < 0.02). Gene expression data were normalized in two ways:
“per-gene normalization” and “per-sample normalization”. This approach has been previously
described in detail [48,49]. In the per-sample normalization, specific samples were normalized
to one another: Each measurement for each gene in those specific samples was divided by the
mean of that gene’s measurements in the corresponding control samples. Gene expression in
LGL patients was normalized to the expression values obtained from the CD8+CD57+
population and graphically represented in a hierarchical clustering. (Fig. 1C, 11.). Analogous
GeneSpring clustering analysis was performed on healthy effector versus noneffector cell
populations (Fig. 1B). In the per-gene normalization, imported data were normalized to the
median value of the six combined Affymetrix probe sets representing CD8 antigen and then
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normalized to the median value per gene across the sample set by dividing by the 50.0th
percentile of all measurements in that sample (Fig. 1C, I.). The NETAFFX gene ontology
mining tool was used to study alterations in gene expression with regard to their significance
in biological processes, molecular function, and cellular component [50].

Tagman PCR

To decrease the risk of nonspecific DNA amplification, total RNA was treated with
TurboDNase (Ambion, Austin, TX, USA) and inactivation mix was added to remove the
enzyme. cDNA was generated from 5 pl total DNase-treated RNA by first-strand cDNA
synthesis using the SuperScript 111 RT kit (Invitrogen). Gene sequences derived from the
University of California, San Francisco (San Francisco, CA, USA) genome browser were used
to design a Tagman assay using the gene-specific Tagman probe and a combination of forward
and reverse primers (Table 2). Products of 150 bp or less were amplified as follows: 15 ul of
Tagman Universal Master Mix (2x, Applied Biosystems, Foster City, CA, USA) was used with
0.6 ul (50 pM) forward and reverse primers, 0.66 pl (10 uM) Tagman probe, 6 ul cDNA (1:3
dilution with water), and 1 pl water. Samples were run on a 7500 real-time PCR system
(Applied Biosystems) at 95°C for 10 min followed by 55 cycles of 15 s at 95°C and 60 s at
60°C. All reactions were performed in duplicates (endogenous control GAPDH was measured
in triplicates) in the Model 7500 Tagman thermocycler (PE Applied Biosystems). The values
obtained for the target gene expression were normalized to GAPDH and quantified relative to
the expression in control samples. For the calculation of relative quantification, the 2-AACT
formula was used, where —AACT = (Cr target—CT,cAPDH) €Xperimental sample —

(CT,target_CT,GAPDH) control sample.

ELISA assays

Blood plasma was obtained by centrifugation at 1800 rpm for 10 min, and 50 — 200 ul was
used in ELISA tests for IFN-y, IL-18 [IFN-y-inducing factor (IGIF), IL-18, BD Biosciences,
San Jose, CA, USA], IL-8 (CXCLS8), IFN-y-inducible, 10 kD protein (IP10; Raybiotech,
Norcross, GA, USA), and MCP-1/CCL2 (BD Biosciences). In each assay, plasma samples and
freshly solubilized standards were run in duplicates, according to the manufacturer’s
instructions. Absorbance was measured at 450 nm with wavelength correction (OD readings
at 570 nm were subtracted from readings at 450 nm).

Flow cytometry for surface and intracellular marker expression

Immunophenotyping was performed on the whole blood by indirect immunofluorescence with
a panel of mADb including anti-CD57, anti-CD3, anti-CD8, anti-CD31, anti-CD40 (Beckman
Coulter), and anti-CD38 and anti-CD86 (PharMingen, San Diego, CA, USA), according to the
manufacturer’s instructions. Following 20 min incubation in the dark, erythrocytes were lysed
and fixed, and samples were washed twice with FACS buffer (PBS supplemented with 1%
FCS and NaN3). Multiparametric four-color flow cytometry was performed using a Coulter
Epics XL-MCL sequence flow cytometer (Beckman Coulter). At least 20,000 events were
acquired for each sample; events were analyzed using the EXPO32 Advanced Digital
Compensation software (Beckman Coulter). Lymphocytes were initially gated by forward/
side-scatter; secondary gates were set on a basis of staining with isotypic control mAb, and
further analysis included additional gates set on CD3+ and CD8+ cells.

Intracellular staining for IFN-y was performed using the Cytofix/Cytoperm Plus (containing
GolgiStop) intracellular staining kit (PharMingen). Briefly, PBMC were isolated by a standard
procedure using Ficoll density gradient centrifugation (density, 1.077 g/ml). After isolation,
PBMC were resuspended in RPMI 1640 containing 10% FBS, 1% glutamine, and 1%
penicillin/streptomycin at a concentration of 1 x 106 cells/ml and cultured overnight at 37°C
and 5% CO». On the next day, cells remained unstimulated (control) or were stimulated with
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PMA (20 ng/ml) and ionomycin (1.4 uM) for 5 h at 37°C and 5% CO,. To promote the
accumulation of de novo-synthesized cytokines in the Golgi apparatus, monensin was added
according to the manufacturer’s instruction. Following stimulation, cells were washed with
FACS buffer, and surface staining was performed with 5 ul each anti-CD3, anti-CD8, and anti-
CD4 mAD (all Beckman Coulter). Following two washing steps, cells were permeabilized by
means of a saponin-based method (PharMingen). Finally, cells were incubated with 10 ul anti-
IFN-y (Beckman Coulter) at 4°C in the dark for 30 min. Intracellular IFN-y production was
determined within the CD3+ gate on CD8+ and CD4+ cells using a Coulter Epics XL MCL
flow cytometer (Beckman Coulter). Threshold for cytokine positivity was set using irrelevant
isotypic control mAb. Results for cytokine production were expressed as a percentage of the
respective subpopulation.

General approach for gene expression analysis in LGL leukemia using high-density
expression microarrays

For our analysis, we have selected a cohort of patients with a typical T-LGL leukemia (Table
1). Whole genome expression microarray was performed on Patients #2, #22, and #26
(microarray cohort), and the remaining patients (validation cohort) were analyzed to selected
results obtained from the expression array (Table 1 and Fig. 1). To determine gene expression
pattern specific to T-LGL cells, LGL cells were sorted according to the clonal expression of
pathognomonic VB chain. As expected, sorted clonal cells showed a high expression of the
CD57 marker. As controls, we have used flow-sorted CD8+CD57+ CTL effector cells derived
from healthy controls. This effector population represents the physiologic counterpart of clonal
CTL derived from T-LGL. To obtain a sufficient amount of control RNA and abolish the noise
of individual measurements, RNA extracted from sorted cells of 14 healthy donors was pooled

(Fig. 1).

Microarray fidelity and differential gene expression of healthy CD8+CD57+ and CD8+CD57-

cells

The fidelity of the microarray platform was tested using two approaches. First, we selected a
set of genes that is known to be characteristically up-/down-regulated in clonal LGL CTL.
After sorting for CD8 and CD57 antigens, RNA extraction, and array analysis, results from a
comparison between LGL clones and controls were compared with findings reported in
literature (Table 3). Second, we compared the differences of healthy effector CTL versus
noneffector populations: Several genes that were described previously to be up-regulated in
healthy effector cells were also overexpressed in our healthy, pooled CD8+CD57+ population.
These examples include B-1,3-glucuronyltransferase 1 (glucuronosyltransferase P/CD57
transferase), granzyme B, CD38, HLA-DQ, HLA-DR, and serine protease 23. Similarly, genes
known to be down-regulated in CD8+ lymphocytes undergoing transition to an effector CTL,
were also underexpressed in the CD8+CD57+ control population: CD27, CD28, IL-7R, BCL2,
and CCR7 (Table 4).

Next, we studied the expression of 10 indicator genes by Tagman PCR in two of the three LGL
patients originally analyzed by microarrays and compared the results for concordance (Fig. 2).
For most genes, Tagman PCR experiments verified respective microarray results, and in
general, a high concordance between the two methods was observed. Relative expression of
CD36 in Patient #22 was, using Tagman PCR, in contrast to microarray analysis, not notably
elevated [1.07-fold (log 10 0.03) increase], and other patients showed a great heterogeneity
with regard to this marker (Fig. 3). Analysis by quantitative PCR confirmed overexpression
of most genes in the extended cohort of patients.

J Leukoc Biol. Author manuscript; available in PMC 2009 March 1.
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Comparison of terminally differentiated healthy effector cells and clonal LGL CTL

Initially, we compared mature effector cells derived from controls with their less-differentiated
counterparts characterized by lack of CD57 expression. Based on our microarray analysis,
healthy effector CD8+CD57+ and CD8+CD57— cell populations discordantly expressed 1821
genes: 528 up- and 1293 down-regulated (change greater than twofold; P < 0.02; multiplicate
probes for a single gene and noninformative probes were excluded from this calculation; Fig.
1, B and D). Various genes that were described previously in literature to be expressed
specifically in antigen-experienced effector cells were concordantly up- or down-regulated in
our CD8+CD57+ pool (Table 4). Subsequently, we compared expression patterns of purified
LGL clones with healthy CD8+CD57+ and CD8+CD57— lymphocytes (Fig. 1D, Table 5, and
Supplementary data).

Distinct phenotype of LGL clones as compared with their healthy counterparts

The finding that clonal LGL cells are phenotypically more homologous to normal terminal
effector cells than to healthy, less-differentiated CTL (lacking CD57 expression) was expected
and not surprising. For that reason, we assumed that the comparison focusing on differences
between LGL clones and their normal counterparts derived from healthy individuals would be
most insightful. One could expect a great deal of similarity between these cells, but discrete
differences may be indicative of mechanisms governing clonal transformation or clinical
features. Second, these changes could explain LGL-specific effector pathways leading to
common sequelae of T-LGL. To narrow the search for candidate genes specifically associated
with LGL clones, we analyzed genes concordantly altered across all LGL patients studied by
microarray as compared with the healthy effector population. LGL clones differed from a
healthy CD8+CD57+ population in the expression of 529 coding genes (including genes coding
for hypothetical proteins; multiplicates and noninformative probes were omitted; for complete
list of probes, see Supplementary data), with 192 up- and 337 down-regulated (Fig. 1, C and
D). By comparison, this difference in expression pattern was relatively modest as compared
with the drastically altered expression between the LGL population and healthy CD8+CD57—
lymphocyte fraction (959 genes: 280 up- and 679 down-regulated).

Clonal CTL show marked similarity to normal T cell populations but also distinct differences
reminiscent of changes observed in responses to viral pathogens

To identify the “signature” expression pattern that distinguishes LGL clones from all healthy
populations, we then selected sets of up- and down-regulated genes in LGL as compared with
healthy CD8+CD57+ or CD8+CD57— populations (Table 5). Examples of differentially
expressed genes that are altered in a similar direction when LGL clones are compared with
control effector (CD57+) or noneffector (CD57-) cell populations include: PLSCR1, ATF3,
HAVCR2, CD2, CXCR3, TNFRSF9, CD38, JUN, and PTEN. Conversely, several genes are
much more discordantly expressed when LGL patients’ profiles are juxtaposed with one of the
two control populations; FOXP1, HDGFRP3, ARRB1, PRSS23, ITGAX, and NUAK1 (Table
5).

Expression of selected genes in the validation cohort

Gene expression patterns measured in a few individual patients allow for selection of genes,
which can be separately studied in a larger cohort of patients. Of particular interest to us were
genes involved in immune/inflammatory response during acute or chronic viral infections, for
example, adhesion molecules and cyto/chemokines. We selected a number of genes that were
differentially expressed in the microarray cohort and determined their expression in a larger
cohort of patients (validation cohort) using various methods. Using Tagman PCR, we studied
the expression of 10 various genes in 16 LGL patients versus nine flow-sorted, healthy CD8
+CD57+ clones (Fig. 3). Expression values obtained from control CD57+ duplicate samples
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were averaged and used as a calibrator to determine relative gene expression. In concordance
with the array results, a significant increase in the expression of CD31/PECAM1, MCL1,
CD137/TNFRS9, and CXCL2/GRO-b was observed in almost all LGL. Moreover, in many
LGL patients, elevated expression of CCR2, CD40, CD86, CD302, and HAVCR2 was
detected.

Next, to validate our findings in vivo, we measured the levels of selected cytokines in plasma
of LGL patients and compared them with healthy controls (Fig. 4). Expression values greater
than 2 SD from the mean levels of cytokine expression in controls were defined as pathologic.
Although increased production of IFN-y by LGL cells (>2 SD) resulted in elevated plasma
levels of this cytokine, only in three of 25 patients, overexpression of IL-18, MCP-1, and IL-8
resulted in increased plasma levels in 14 of 25, six of 29, and 21 of 29 patients, respectively;
IP10 plasma levels were elevated (>2 SD; after exclusion of outliers, >5000 pg/ml) in 13 of
28 patients.

Finally, for additional confirmation of the microarray results, we analyzed surface expression
of selected markers in patients (n=5) and healthy controls (n=6; Fig. 5). Average surface
expression in patients versus controls was for CD31, 32.38 + 20.76% versus 8.92 + 6.71%; for
CD38, 14.02 £+ 12.35% versus 0.82 + 0.49%; and for CD40, 0.98 + 0.90% versus 0.28 + 0.38%.
There was no increase in CD86 expression in patients versus controls (0.54+0.76% vs. 0.83
+1.69%).

DISCUSSION

Analysis of global gene expression patterns using high-density microarrays is a hypothesis-
forming tool. Genes described previously in association with T-LGL suggest that immune
processes may be involved in the pathogenesis of this disease. This study was designed to
elucidate mechanisms that are triggered during the transition process from the reactive
lymphoproliferations to the extreme monoclonal process that resembles true malignancy and
second, to identify uniquely expressed genes that distinguish T-LGL clones from their healthy
counterparts. We attempted to overcome some of the inherent limitations of microarray
expression studies, and therefore, we used highly purified, flow-sorted cell populations in our
experiments. Although comparisons with various control populations such as total PBMC or
normal CD8+ lymphocytes are of promising potential, we chose to base our data on evaluation
of selected LGL clones in relation to the phenotypically equivalent, antigen-primed and
terminally differentiated effector CTL from healthy controls. This CD8+CD57+ lymphocyte
population is difficult to obtain as a result of its low frequency in the healthy population.
Previously, expression analysis was limited to the comparison between nonpurified PBMC of
patients and controls, run on cDNA/oligonucleotide microarrays [33]. Our results extend the
finding of these initial studies.

Historically, one weakness of microarray analysis was poor reproducibility. To overcome this
limitation, we have used a large cohort of controls that was pooled for the microarray
experiment to decrease noise. In addition, we introduced various levels of validation in the
original microarray/analyzed patients as well as in an independent cohort of patients and
controls. Nevertheless, clinical heterogeneity may result in partially discordant results. In this
respect, microarray analysis performed on a limited number of patients provides firm clues to
be studied further in a targeted manner in an independent cohort of patients. Clearly, a weak
point of our study is the low number of patients analyzed using microarrays, which
inadvertently, could result in a high rate of false-positive results. Therefore, we carefully
scrutinized our microarray data before performing validation.
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In the current study, differences in gene expression between T-LGL and healthy effector CTL
provide insights into the mechanisms of clonal expansion underlying the development of LGL
leukemia. We intentionally focused on genes involved in the immune response, and we noted
astriking pattern of dysregulation of genes associated with the CTL response to viral pathogens
and generalized immune overactivation. For rational analysis and for verification of the
microarray data, we selected a number of genes that are known to be linked to viral infections
of tissues or to CTL themselves. For example, various cytokines that were significantly altered
in expression in LGL patients versus healthy controls are produced typically by CD8+ cells
during viral infections, and some of them are almost invariably associated with viral processes.
Examples of such cytokines include IFN-y and chemokines CXCL10 (1P10) and CXCL8 (IL-8)
[51-55]. Interestingly, up-regulation of phosphorylated AKT and ERK, previously found in
LGL [36,56], can be caused by various chemokines such as CXCLS8 (IL-8), which may prevent
homeostatic apoptosis. Furthermore, it is known that viruses can modulate the PI-3K-Akt
signaling pathway during acute and chronic, persistent viral infections as well as during viral
transformation, leading to inhibition of apoptosis [57].

The role of causative viral culprits in T-LGL has been postulated and studied intensively.
Although to date, no particular virus has been singled out, human T lymphotropic virus type
1 (HTLV-1) or a related lymphotropic retrovirus and the y-herpesvirus family [especially
human herpesvirus 8 (HHV-8)] are interesting candidates [58—62]. These viruses are clinically
associated with hematologic malignancies, show lymphotropic activity, and most importantly,
modulate a number of genes that were differentially expressed in our cohort of LGL patients
[52,53,57,63]. For example, HHV-8 up-regulates CXCLS8 (IL-8), and this chemokine was also
elevated in LGL clones, a finding clearly distinct from normal CD57+ CTL effector cells.
Similarly, overactivated CD8+ T cells overexpress CCR2 (e.g., as a response to a virus), which
during antiviral response, facilitates T cell migration to sites of infection [64]. CCR2 was
strongly overexpressed in most LGL clones. Interestingly, Patient #26 showed an exception
to this pattern: Unlike most of the other LGL cases associated with neutropenia, this patient
presented with reticulocytopenic anemia. In the extended cohort of patients tested specifically
for CCR2, 11 out of 16 patients showed up-regulation of this receptor. It is important to point
out that patients with no CCR2 overexpression may belong to a subgroup combining other
etiologies than viral. In such cases, it is possible that the initial step involving antigen-driven
expansion is followed by a crucial “second hit” affecting genes that regulate homeostatic
apoptosis.

LGL patients studied by microarray showed a considerable increase (average, 4.75-fold
increase) of CD38 transcript when compared with the healthy effector CTL population; an
even higher discordance in the expression of this gene was found between LGL patients and
healthy noneffector cells (average, 7.06-fold increase). These microarray results were
confirmed in an additional flow cytometry experiment (Fig. 5). In a recent report, persistent
parvovirus B19 infection was associated with a CTL response characterized by overexpression
of CD38, perforin, and CD57+ and in analogy to typical LGL, down-regulation of CD28 and
CD27 markers [6]. These virus-infected cells retained strong effector function and intact
proliferative capacity over a prolonged period of time. As CD38 up-regulation on CTL appears
to be a general mechanism also present in other viral infections [65,66], it has been proposed
as a marker of viral replication in acute or untreated chronic infection [67]. Another surface
protein overexpressed in LGL patients was CD32a (also known as FcyRII). High levels of
activating CD32a were consistently found in LGL patients. Ligation of this receptor results in
T cell stimulation and enhanced cytokine secretion [68,69].

IFN and IFN-stimulated genes (ISG), including IFN-y, IFN-induced protein with
tetratricopeptide repeats 2 (IFIT2), IFIT3, IFN regulatory factor 4, IFN-inducible 27 (IF127),
IF130, CXCL10 (small inducible cytokine B/IP10), and CXCL9 (monokine induced by IFN-
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v), were generally up-modulated in LGL clones when compared with healthy effector CD57+
cells (Supplementary data). Although high expression of ISG is characteristic of antigen-
induced T cell activation, in LGL clones, this feature appears to be much more pronounced.
This finding signifies that the LGL clone is phenotypically related to healthy effector CTL but
shows an even higher degree of cytotoxic activation, presumably as a result of persistent
antigenic drive enhanced by an intrinsic dysregulation of homeostasis.

CD137 and CD31 are examples of genes that point toward exaggerated activation of memory
cells, resulting in clonal expansion. CD137 (TNFRS9, 4-1BB) was originally isolated from a
library constructed from activated HTLV-1-transformed lymphocytes; it was reported that this
molecule contributes to clonal expansion and development of the Tc1 phenotype after antigen
encounter in an inflammatory environment [70,71]. In addition, its role as a main player in the
etiology of autoimmune disease has been discussed [70-73]. Although antigen-specific
effector cells transiently up-regulate CD137, its constitutive over-expression is mainly limited
to clonally transformed cells. CD31, also known as PECAM, is the ligand for CD38 and
stimulates integrin-dependent adhesion and transmigration of leukocytes through vascular
cells. Its expression is generally elevated in TCR-stimulated lymphocytes [74-77]. Elevated
levels of CD137 and CD31 in clonal CTL of LGL patients as compared with their healthy
counterpart further support the notion that LGL cells are clonally transformed autoimmune
CTL that are antigen-primed and pushed toward terminal differentiation.

In addition to genes associated with antiviral effector function, we found altered expression of
various proteins involved in signal transduction pathways that could potentially explain clonal
expansion/transformation and persistence of immunodominance in T-LGL. For example,
decreased expression of PTEN in LGL clones is consistent with resistance to apoptosis. PTEN,
an inhibitor of P1-3K, counterbalances activation via the AKT pathway, previously shown to
be up-modulated in LGL [36]. The PI-3K-AKT pathway, if overactivated, antagonizes the
ability of Fas to initiate apoptosis. Interestingly, this mechanism of apoptotic inhibition plays
an important role in viral oncogenesis [57]. In a previous report elucidating the mechanism of
apoptotic resistance in LGL leukemia, elevated levels of STAT3 were found, and activated
STAT3was shown to bind to the MCL-1 promoter, and MCL-1 is an antiapoptotic Bcl-2 family
protein that promotes lymphomagenesis in human and murine B cell lymphoma and is required
for the survival of clonal B and T cells [78,79]. In our study, we found an increase of MCL-1
expression in LGL patients when compared with healthy effector cells (average fold change,
6.86 by array and 10.88 by Tagman). Further studies are required to clarify the prosurvival
function of MCL-1 in clonally expanded LGL cells.

The relatively low detection rate of IFN-y and IL-18 in plasma of LGL patients can be explained
in different ways. For example, in many settings, assays that use antibodies for detection of
proteins such as ELISA may have lower sensitivity than mRNA-based assays, including
Tagman RT-PCR or expression array. Additionally, in our study, we have tested plasma derived
from nonstimulated peripheral blood samples, and in previous reports, which focused on
cytokine detection in LGL, supernatants from stimulated cell cultures were used.

In summary, leukemic LGL clones are more similar in their expression profile to healthy
effector CD57+ CTL than to noneffector CTL. However, when focused on immune networks,
significant dissimilarities exist between the phenotypes of LGL clones and healthy effector
lymphocytes. These differences suggest that various features of the LGL transcriptome show
a strong relationship with a CTL response, suggestive of the response to a chronic stimulus,
such as viral infection or persistent inflammatory state. We must, however, acknowledge that
viral infection may not be the sole cause of differential expression of some of the
aforementioned genes; LGL leukemia is a heterogeneous disease and can hypothetically
combine various etiologies. Our findings reveal important new aspects of the phenotype of
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expanded CTL clones and should provide an exploratory basis for a better understanding of
the CTL-mediated autoimmune processes.
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Fig. 1.

Detection of pathologically altered gene expression in LGL patients. (A) Rational experimental
approach for the analysis of differential gene expression in purified LGL clones and healthy
control effector cells. Initially, VB family expansions were identified by VB flow cytometry,
and monoclonal TCR CDR3 regions were confirmed by cloning and sequencing. Control CD8
+CD57+ cells and patients VB+ LGL clones and/or CD8+ cells were sorted using standard
flow cytometry. Purified LGL clones and control CD8+CD57+ populations were run on a
microarray, and the data were reduced and analyzed using GCOS/GeneChip DNA Analysis
software (GDAS), MS Access, Genespring, and Go Browser. Finally, experimental validation
was performed on the validation cohort consisting of additional LGL patients and healthy
controls. (B) Flow cytometric sorting and Genespring hierarchical clustering of the gene
expression profile of healthy effector cells expressing CD57+. Purity of cells was analyzed
after sorting. (C) The upper panel shows exemplary flow cytometric sorting based on the
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expression of a monoclonal VB chain and postsort purity analysis on one selected patient. The
lower panel illustrates Genespring analysis between LGL patients (pat) and controls (CTRL),
which was graphically represented in hierarchical clustering in two ways: (1.) Data were
normalized to the expression values of the control CD8+CD57+ population (per-sample
normalization); (11.) to the median value of the six combined probe sets for CD8 antigen (per-
gene normalization). (D) Differential expression of healthy effector CD8+CD57+ versus CD8
+CD57- and of purified VB clones versus healthy CD8+CD57+/CD8+CD57— is shown.
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Fig. 2.

Validation of microarray data. Relative expression of 10 representative genes was determined
in two patients (previously studied by microarray) using Tagman PCR. Mean difference of
comparative threshold (dCT; d of the threshold cycle) values of nine control CD8+CD57+
samples was used as a calibrator to calculate relative expression of LGL patients. GRO-b,
Growth-related oncogene-f; HAVCRL/TIM1, Hepatitis A virus cellular receptor 1/T cell Ig
and mucin domain-containing protein.
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Fig. 3.

Expression of genes in LGL patients as compared with sorted healthy control CD8+CD57+ by
Tagman PCR. Ten genes initially detected as concordantly overexpressed in three LGL patients
by microarray analysis were selected for further studies. Tagman PCR was performed on an
independent validation group of 16 LGL patients. Dots indicate expression of the respective
gene in patients in relation to the averaged CD8+CD57+ control population (dCt values of nine
controls were averaged and used as calibrator). NS, Not significant (P>0.05); *, P < 0.01; **,
P <0.001, by Student’s t-test.
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Fig. 4.

Quantitation of soluble factors in LGL and healthy controls by ELISA and FACS. (A and C-
F), Determination of expression levels of IFN-y, IL-18/IGIF, MCP1/CCL2, IL-8/CXCLS8, and
IP10/CXCL10 in plasma samples from 25 to 29 LGL patients and 11 healthy controls. The
mean absorbance was calculated for each set of duplicate standards, controls, and patient
samples. The concentration was calculated based on the values on the standard curve. Dashed
lines symbolize the average + 2 SD of values obtained from healthy controls and serve as a
threshold for defining pathologic expansions in LGL patients. For IP1L0/CXCL10, outliers
(>5000 pg/ml) were removed from analysis. NS, P >0.05. *, P <0.05; **, P <0.01, by Student’s
unpaired t-test. (B) Quantitation of intracellular IFN-y levels using FACS. Average values
obtained from 13 LGL (hatched bars) patients and six controls (shaded bars) are shown for
stimulated CD3+CD4+ and CD3+CD8+ populations as well as for nonstimulated CD3+CD8
+ cells serving as negative controls. Error bars represent SD; *, P <0.05, by Student’s unpaired
t-test.
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Fig. 5.

Surface expression of selected antigens in LGL patients and healthy controls. Hatched bars
illustrate average expression values of selected four surface markers (CD31, CD38, CD40, and
CD86) on the CD3+CD8+CD57+ cell population in five LGL patients, and shaded bars
represent the values obtained from six healthy controls. Error bars represent SD. NS, P > 0.05.
*, P <0.05, by Student’s unpaired t-test.
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Sequences of Primer and Probes used in Tagman PCR
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Gene

Forward primer

Reverse primer

Tagman probe

ccr2
cd302
cd31
cd36
cd40
cd86
cxcl2
havcr2
mcll
tnfrs9
gapdh
ifngamma

gagtaactgtgaaagcaccagtcaa
ttctgattctcgtttcaccacagt
catatgcagacctcagaatctacca
cactgcgacatgattaatggtaca
cccatcatcttcgggatect
gggccgeacaagttttgat
ccectggecactgaactg
ggtcatcaaaccagcaaggt
gaaatcgttgtctcgagtgatgat
tgttttcaggaccaggaagga
catccatgacaactttggtatcgt
tattcggtaactgacttgaatgtcc

gcagtgagtcatcccaagagtct
tccaactaccaaaacacagtcttca
cagttcgggcttggaaaatagt
tgcaatacctggcttttctcaac
ttggccacctttttgataaagac
geecttgtecttgatctgaaga
tggatgttcttgaggtgaattce
tggaaaggctgcagtgaagtc
cacaatcctgccccagttty
aaaccctggagtgcagtcaca
cagtcttctgggtggcagtga
aggcaggacaaccattactgg

tggaccaagccacgcaggtgac
ttcaaccgcaccccaatcace
tgaactggtcaccgtgacggcag
tgcagcctcatttccaccttt
tttgccatcctcttggtgcet
cggacagtggaccctgagacttc
ccagtgcttgcagaccctgea
acccctgeaccgacteggea
catgttttcagcgacggegt
tgttcctccaccagcaatgca
aggactcatgaccacagtc

agggaagcgaaaaaggagtcagatgetg

Primers and probes are shown in the 5’ to 3’ direction. All probes are 5'-6-carboxyfluorescein (FAM) and 3'-black hole quencher 1 (BHQ1)-labeled.
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Previous Reports of Genes/Proteins Differentially Expressed between LGL Patients and Healthy Controls Displayed
in Comparison with Data from Microarray Cohort

Method/ref. number

Differentially expressed genes in
previous reports

Differentially expressed genes in microarray cohort

Oligonucleotide/cDNA microarray [33]

RT-PCR [31]
ELISA/RNAse protection assay [32]

ELISA [42]

Western blot [39]

Up-regulated: serine proteinases
(granzymes A, B, H, and K),
proteinases (cathepsin C/W),
calpain subunit, caspase-8,
perforin, NKG2 gene family
(KLRC family)

Down-regulated: proteolytic
inhibitors (cystatin C, A, a-1
antitrypsin)

Constitutive expression of FasL
Constitutive expression of
proinflammatory cytokines
RANTES (CCL5), MIP-18
(CCL4), IL-18, IL-8, and IL-1RA

Increased cytokine expression in a
portion of LGL patients: sIL-2R,
TNF-a (TNFSF2), IL-6, IL-10,
IL-8

Constitutive expression of STAT3

Granzyme A/H:

Granzyme B:
Granzyme K:
Cathepsin A:
Cathepsin B:
Cathepsin D:
Cathepsin L:
Cathepsin K:
Cathepsin H:
Cathepsin S:
Calpain subunit:
Caspase 8:
Perforin:
KLRC4:
Cystatin A:

Cystatin C:

Serpin Al (antitrypsin):

FasL:
RANTES:

Mip-1B:
IL-18:
IL-8
IL-1RA:
IL-2R:

TNF-a:

IL-6ST (sign. transducer):

IL-10:
IL-8:
STAT3

n.c.

11173
1233
11173
112/3
11213
112/3
11173
11213
113/3
11173
113/3
n.c.

11173
1173

1173
112/3
11173
n.c.

n.c.
11173
11213
112/3
n.c.

n.c.

112/3
112/3
11213
113/3

n.c., No statistically significant change in expression values between patients and controls; 1, increase in expression; |, decrease in expression; 1/3, 2/3,
3/3, significant differential expression in one, two, and three out of three patients, respectively. FasL, Fas ligand; sIL-2R, soluble IL-2R; TNFSF2, TNF

superfamily 2.
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TABLE 4

Confirmation of Array Results Based on Expected Gene Expression in Effector CTL (CD8+CD57+)

Page 25

Gene symbol Gene name Function Fold change
CD57+
versus CD57
B3GAT1 B-1,3-Glucuronyltransferase (CD57 transferase) Cell adhesion 56
GZMB Granzyme B Proteolysis 4.6
CD38 CD38 antigen (p45) Cell death regulation 5
HLA-DQ MHC class Il Cell adhesion/antigen processing 35
HLA-DR MHC class I Cell adhesion/antigen processing 5.2
PRSS23 Serine protease 23 Effector cells, antiviral 8.4
TNFRS7 (CD27) TNFRSF Lymphocyte homeostasis -2.2
CD28 CD28 antigen (Tp44) Cell death regulation -11.3
IL7R(CD127) IL-7R Signal transduction -2.2
BCL2 B cell lymphoma 2 Cell death regulation -2.8
CCR7 Chemokine receptor 7 Homing marker -2.8
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