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Abstract Chronic idiopathic neutropenia (CIN) is a bone marrow (BM) disorder characterized by
presence of activated T-lymphocytes in peripheral blood (PB) and BM. We investigated the
pattern of T-cell responses in CIN by analyzing the T-cell receptor β-chain variable (Vβ) gene
repertoire. Compared to controls, CIN patients displayed different patterns of Vβ gene usage in
PB CD3+, CD4+ and CD8+ cells. The frequency of Vβ skewing and the number of expanded Vβ
families per subject were higher in patients compared to controls in all cell subpopulations.

Skewing was more profound within the CD8+ cells. The number of Vβ expansions per patient was
higher in BM compared to PB. The majority of patients displayed a skewed oligoclonal/
monoclonal pattern within the PB and/or BM CD8+ cells and a polyclonal profile within the CD4+

cells. We concluded that aberrant T-cell expansions are invariably detected in CIN patients and
may have a role in the disease pathogenesis.
© 2010 Elsevier Inc. All rights reserved.
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1. Introduction

Chronic idiopathic neutropenia (CIN) is an acquired disorder
of granulopoiesis characterized by prolonged, unexplained
reduction in the number of circulating neutrophils below the
ed.

β r
mun
lower limit of the normal distribution [1,2]. The disease
affects mainly middle-age females of the HLA-DRB1*1302
type and displays generally a benign and uncomplicated
course [3,4]. The underlying etiology remains obscure and,
thereby, CIN remains an “orphan” disease entity. There is
accumulating evidence however suggesting that neutropenia
in CIN is mainly due to defective neutrophil production in the
bone marrow (BM) primarily due to increased, Fas-mediated,
apoptosis of BM granulocytic progenitor cells [5]. An
inflammatory BM microenvironment consisting of pro-apo-
ptotic mediators and inhibitory cytokines such as tumor
necrosis factor-α, interferon-γ, Fas-ligand and transforming
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growth factor-β1, seems to have a critical role in CIN by
inducing and sustaining the apoptotic process [5,6].

The identification of activated T-lymphocytes in peri-
pheral blood (PB) and BM of CIN patients which suppress the
clonogenic potential of autologous or healthy donor derived
CD34+ cells in co-culture experiments, has supported further
the option that the immune system has a pivotal role in the
pathogenesis of the disease [7]. Based on these experimen-
tal data we have suggested that CIN might be classified in
the spectrum of immune-mediated BM failure syndromes
which include aplastic anemia, paroxysmal nocturnal hemo-
globinuria (PNH) and myelodysplastic syndromes (MDS) [8,9].
The inciting event(s), however, that trigger the immune
system in CIN remains unknown. It is also unclear whether
the T-lymphocyte expansions in CIN are polyclonal and
therefore non-specific or, instead, monoclonal or oligoclonal
thereby suggestive of an antigen-driven immune response.

The pattern of T-cell responses can be characterized ex
vivo by gauging the T-cell receptor (TCR) β-chain variable
(Vβ) gene repertoire using flow cytometry and/or molecular
analysis of the TCR complementarity determining region 3
(CDR3) known to be responsible for antigen recognition and
TCR specificity [10–12]. This region is unique for each TCR
and displays a high degree of diversity not only as a result of
the random association of the TCR coding variable (V),
diversity (D) and junctional (J) genes but also due to random
insertion and deletion of nucleotides [13]. Collectively, the
molecular measurement of the TCR Vβ CDR3 length spectrum
(spectratyping) in association with the quantitative deter-
mination of the frequency (proportion) of individual Vβ
families allows to objectively determine the poly-, oligo- or
monoclonal pattern of responses in a given T-cell pool [12].
Interestingly, over-expanded Vβ families (Vβ skewing) and
predominant CDR3 size distributions (CDR3 skewing) sugges-
tive of oligo- or monoclonal T-cell expansions have been
demonstrated in patients with the aforementioned BM
failure syndromes [14–20].

In the present study we probe the pattern of T-cell
responses in a large cohort of patients with CIN by
determining the TCR Vβ gene repertoire in PB and BM T-
lymphocyte subsets using flow cytometric analysis and
molecular spectratyping. Identification of monoclonal or
oligoclonal T-cell populations could provide evidence for an
underlying antigenic stimulus possibly associated with the
pathophysiology of the disease and thereby, might contribute
to the elucidation of the pathogenesis of CIN and facilitate
the treatment of severe cases.
2. Material and methods

2.1. Patients and controls

We studied 85 adults with CIN, 14 males and 71 females aged
21–84 years (median age 55 years), satisfying the previously
defined diagnostic criteria for the disease [5,21]. In
particular, the patients had neutrophil countsb1800×106/L
(mean 1359±298×106/L, range 400–1700×106/L) for a
period of 25–208 months (median duration 58 months), had
no clinical, serological or ultrasonic evidence of any
underlying disease known to be associated with neutropenia,
no history of exposure to irradiation, use of chemical
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compounds or intake of drugs to which neutropenia might
be ascribed, normal BM karyotype and negative serum
leucoagglutination and immunofluorescence tests for anti-
neutrophil antibodies. Cyclic and familial neutropenias were
excluded by performing serial neutrophil enumerations in
patients and their family members. Detailed patient
characteristics are presented in the Supplemental Table 1.
As controls, we studied 40 hematologically healthy subjects,
age-matched (21–84 years, median 55.5 years) and sex-
matched (7 males and 33 females) with the patients. None
of the patients or controls had ongoing infections at the time
of the study or infections during the last 3 months. The study
has been approved by the Ethics Committee of the University
Hospital of Heraklion and informed consent according to the
Helsinki Protocol was obtained from all subjects studied.
2.2. PB and BM samples

PB samples were drawn from all subjects in ethylenediami-
netetraacetic acid (EDTA)-containing tubes. BM aspirates
from posterior iliac crest were obtained at the same time
with PB samples from 21 CIN patients with comparable
characteristics, regarding the age and sex distribution and
duration and severity of neutropenia, to the patients in the
total group. The BM samples were immediately diluted 1:1
in Iscove's Modified Dulbecco's Medium (IMDM; Gibco
Invitrogen Corporation, Paisley,UK) supplemented with
100 IU/ml penicillin–streptomycin (PS; Gibco) and 10 IU/
ml preservative-free heparin (Sigma, St Louis, MO, USA).
2.3. Flow cytometric TCR Vβ repertoire studies and
analysis of lymphocytes subsets

Three-color flow cytometry was used for the quantitative
analysis of the TCR Vβ repertoire in the CD3+, CD4+, CD8+ PB
and BM cell subpopulations of the patients by means of the
IOTest Beta Mark Kit (Beckman-Coulter, Marseille, France).
The kit contains mixtures of phycoerythrin (PE)-, fluorescein
isothiocyanate (FITC)- and PE/FITC-conjugated mouse anti-
human Vβmonoclonal antibodies (mAbs) corresponding to 24
different specificities (Vβ 1–5, 7–9, 11–14, 16–18, 20–23)
which cover the 70% of normal human TCR Vβ repertoire.
According to the manufacturer protocol, aliquots of PB or BM
samples were stained with a combination of phycoerythrin-
cyanin 5.1 (PC5)-conjugated anti-CD3 (UCHT1) or anti-CD4
(13B8.2) or anti-CD8 (B9.11) mAbs (all from Beckman-
Coulter) and the appropriate anti-Vβ mAbs or with the
conjugated isotypic negative controls. The lymphocyte gate
was set according to the low forward and side scatter
properties and the proportion of cells expressing an
individual Vβ family was determined in the gate of CD3+,
CD4+ and CD8+ PB and BM cells (Fig. 1). Analysis was
performed using a Coulter MXL model flow cytometer
(Coulter, Miami, FL, USA). The same procedure was
performed in PB samples from the age- and sex-matched
healthy controls (n=40), to define the average size and
standard deviation (SD) for each Vβ family. As significant Vβ
family expansions were defined—those that were higher than
the mean plus 2SD of the average Vβ family size of the
healthy controls [14,16,18].
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Three-color flow cytometry was also used for the
quantification of PB and BM lymphocyte subsets. Specifically,
aliquots of samples were stained according to a standard
protocol7 with the combinations of CD3(UCHT1)/CD8(B9.11)/
CD4(13B8.2), CD3(UCHT1)/CD8(B9.11)/CD57(NC1) mAbs or
the isotypic negative controls (all from Beckman-Coulter)
and analyzed in the gate of lymphocytes for the evaluation of
the proportion of CD3+, CD3+/CD4+, CD3+/CD8+ and CD3+/
CD8+/CD57+ cells. Traditionally, this latter immunopheno-
Please cite this article as: M. Spanoudakis, et al., T-cell receptor Vβ r
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type characterizes T-cell large granular lymphocytes (T-LGL)
and expansions thereof (both reactive and neoplastic, i.e. T-
LGL leukemia) [22,23].

2.4. Purification of CD4+ and CD8+

lymphocyte subsets

Diluted PB and BM samples were centrifuged on Histopaque-
1077 (Sigma) at 400 g for 30 min at room temperature to
obtain the mononuclear cells. The CD4+ and CD8+ lymphocyte
subpopulations were isolated from the PB and BM mononu-
clear cell fraction by sequential magnetic-activated cell
sorting (MACS) (Mitenyi Biotec GmbH, Bergisch Gladbach,
Germany) according to the manufacturer's protocol. In all
experiments, the purity of each subpopulation was N96%, as
estimated by flow cytometry.

2.5. RNA isolation and cDNA preparation

Total RNA was extracted from immunomagnetically sorted
CD4+ and CD8+ PB and BM cell subpopulations using the
RNeasy mini kit (Qiagen GmbH, Hilden, Germany) according
to the manufacturer's instructions. Contaminating DNA was
removed by digestion with RNAse-free DNAse. The SUPER-
SCRIPT Preamplification System (Gibco) was used for first-
strand cDNA synthesis starting from 0.5 μg total RNA.

2.6. TCR Vβ CDR3 size distribution analysis

TCRβ V–D–J gene rearrangements were amplified by
multiplex polymerase chain reaction (PCR) using the TCRB
Gene Clonality Assay (InVivoScribe Techologies, San Diego,
CA) which follows the protocol developed by the BIOMED-2
Concerted Action Group [13]. According to the manufacturer,
this two-tube multiplex PCR enables the detection of
virtually all clonal T-cell populations by employing 23 Vβ
and 13 Jβ fluorescent primers theoretically covering all
functional Vβ and Jβ genes, starting from 2 μl of cDNA. In
brief, 1 μl of the amplification product was added in 10 μl of
Hi-Di formamide containing ROX size standards in separate
tubes. Reaction products were heated to 95 °C for 2 min and
then snap chilled on ice for 5 min. The composition of Vβ-
Figure 1 Three-color flow cytometric analysis of Vβ family
usage. The dot plot diagrams depict the quantitative analysis of
the TCR Vβ repertoire of peripheral blood CD8+ cells in a
representative CIN patient. The cells have been stained with a
mixture of phycoerythrin (PE)-, fluorescein isothiocyanate
(FITC)- and PE/FITC-conjugated Vβ monoclonal antibodies,
corresponding to 24 different specificities, and phycoerythrin-
cyanin 5.1 (PC5)-conjugated anti-CD8 monoclonal antibody. The
upper left diagram shows the lymphocyte gate (R1) according to
the forward scatter (FSC) and side scatter properties (SSC) and
the upper right diagram depicts the CD8+ cells (R2) in the gate of
R1. The quadrants in the dot plots indicate the proportion of
cells expressing the indicated Vβ families, in the gate of CD8+

cells (R1 plus R2). This patient displays increased proportion of
Vβ22+ cells. Similar analysis was performed in the gate of CD3+

and CD4+ cells of appropriately stained cells.
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CDR3 pools was resolved as peaks of fluorescence intensity
corresponding to particular CDR3 lengths on a fluorescence-
based ABI3100 DNA sequencer (Applied Biosystems Inc, Foster
City, CA). The results were analyzed using the Peak Scanner
Softwere v1.0 (Applied Biosystems). Spectra lacking the
Gaussian-like peak distribution with the predominance of
one, two or three peaks were classed as abnormal (skewed)
and suspicious for oligoclonality/monoclonality [22,23].

2.7. Statistical analysis

Data were analyzed in the GraphPAd Prism statistical PC
program (GraphPad Software, San Diego, CA). The Mann–
Whitney U test was used to define differences in the absolute
number and proportion of lymphocytes between patients and
controls as well as in the usage of individual Vβ families
between patients and controls and between PB and BM
patient samples. Chi-square test was used to determine
differences in the age and sex distribution between different
groups, in the frequency of Vβ skewing between patients and
controls and in the frequency of CDR3 spectratype patterns
between patients and controls and between CD4+ and CD8+

cell subsets. The Spearman correlation test was used to
define the relationship between the degree of Vβ skewing
and the severity of neutropenia.

3. Results

3.1. PB and BM lymphocyte subsets

The absolute number of PB lymphocytes was significantly
decreased in CIN patients (1705±694×106/L) compared to
controls (2432±651×106/L; Pb0.0001). No statistically signifi-
cant difference was identified between patients and controls
in the proportion of PB CD3+ (74.43%±7.99% and 75.35%±
5.93%, respectively), CD4+ (46.49%±8.28% and 45.39%±6.11%,
respectively), CD8+ (26.66%±7.52% and 27.73%±5.45%, re-
spectively) and CD3+/CD8+/CD57+ (4.54%±2.79% and 4.43%±
2.90%, respectively) cells. However, in accordance with our
previously reported data [7], the proportion of BM CD3+ cells
was significantly increased in CIN patients (68.99%±7.73%)
compared to controls (63.28%±7.13%; P=0.026). Neverthe-
less, no statistically significant difference was identified
between patients and controls in the proportion of BM CD4+

(38.76%±8.87% and 36.19%±5.92%, respectively) or CD8+

(29.61%±7.92% and 26.93%±6.635%, respectively) cells, sug-
gesting a parallel increase in these subpopulations in CIN
patients. Similarly, no statistical significant difference was
found between patients and controls in the proportion of BM
CD3+/CD8+/CD57+ (4.04%±1.99% and 3.65%±1.84%, respec-
tively) cells. These data suggest that patients with CIN display
an accumulation of CD3+ cells in the BM, which however, do
not express the T-LGL phenotype.

3.2. Flow cytometric analysis of Vβ family usage in
PB lymphocyte subsets

To investigate the hypothesis that CIN patients may display
antigen-driven T-cell responses, we initially analyzed the
pattern of Vβ family usage in PB CD3+ cells using flow
Please cite this article as: M. Spanoudakis, et al., T-cell receptor Vβ r
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cytometry. We postulated that antigen-driven expansions
could result in overrepresentation and underrepresentation
of certain Vβ families (Vβ skewing) in patient CD3+ cells
compared to normal subjects. The normal Vβ representation
spectrum for CD3+ cells, obtained from average of the 40
healthy control values, and the rank according to the
contribution of each family to the TCR repertoire, is
presented in the supplemental Figure 1A. Compared to the
normal distribution, CIN patients (n=85) displayed a differ-
ent pattern of Vβ usage with a statistically significant
increased expression of 2 families (Vβ13.2 and Vβ16;
P=0.015 and P=0.0014, respectively) and decreased expres-
sion of 10 Vβ families (Vβ5.1, Vβ7.1, Vβ8. Vβ9, Vβ13.1,
Vβ13.6, Vβ17, Vβ18, Vβ22, Vβ23; P=0.0002, Pb0.0001,
P=0.0264, P=0.0003, P=0.0002, P=0.0058, P=0.0002,
Pb0.0001, P=0.0022, P=0.0037, respectively) among the
24 Vβ families studied. The Vβ family distribution in the CD4+

and CD8+ cell subpopulations of healthy subjects, averaged
and ordered as above described, are also shown in the
supplemental Figures 1B and C, respectively. CIN patients
(n=29; aged- and sex-matched with the healthy controls)
displayed a different pattern of Vβ usage in both CD4+ and
CD8+ cell subpopulation compared to normal subjects.
Specifically, within the CD4+ cells we observed statistically
significant increased expression of the Vβ7.2, Vβ13.2 and
Vβ21.3 (P=0.0139, P=0.0139 and P=0.0061, respectively)
and lower expression of the Vβ7.1, Vβ13.1 and Vβ18
(P=0.0002, P=0.0014 and P=0.0001, respectively) families
(Supplemental Fig. 1B). In the CD8+ cells we observed
statistically significant increased expression of the Vβ5.2
(P=0.0249) and lower expression of the Vβ5.1, Vβ5.3,
Vβ7.1, Vβ22 and Vβ23 (P=0.031, P=0.0098, Pb0.0001,
P=0.0234, and P=0.0117, respectively) families (Supple-
mental Fig. 1C).

On an individual basis, significant Vβ family expansions
(defined as above the mean+2 SD of the 40 healthy controls)
within the CD3+ cells were identified in 68 of the 85 CIN
patients (i.e. 80%) and in 12 of the 40 controls (i.e. 30%)
(Pb0.0001). The mean number of expanded Vβ families per
subject was 1.55±1.26 (median 1, range 0–5) in the group of
patients and 0.40±0.49 (median 0, range 0–1) in the group of
controls (pb0.0001). The frequency of skewing of individual
Vβ families in CIN patients and healthy controls is presented
in Figure 2. The Vβ2, Vβ12, Vβ16 and Vβ21.3 were the most
frequently over-expanded families in the group of patients
(9.41%, 16.47%, 21.18%, and 10.59%, respectively versus 0%,
0%, 5% and 0%, respectively, in the controls; P=0.0449,
P=0.0065, P=0.0214, P=0.0327, respectively). Notably, the
frequency of Vβ expansions per patient was not correlated
with the individual neutrophil numbers and therefore with
the severity of neutropenia.

A separate analysis was performed in the CD4+ and CD8+

subpopulations of 29 CIN patients and all 40 healthy
controls (Fig. 2). Significant Vβ expansions within the
CD4+ cells, were identified in 20 patients and 11 healthy
controls (i.e. a proportion of 68.97% and 27.5%, respec-
tively; P=0.0006) with a mean number of Vβ expansions
per subject 1.14±1.06 (median 1, range 0–4) in the group
of patients and 0.32±0.57 (median 0, range 0–2) in the
group of controls (P=0.0008). The Vβ5.1, Vβ7.2 and Vβ14
were the most frequently skewed families in the group of
patients, identified in 10.34%, 13.79% and 13.79% of cases
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versus 0% in the controls (P=0.0375, P=0.0155 and
P=0.0155, respectively). Skewing was more profound
within the CD8+ cells. Specifically, significant Vβ overrep-
resentation was identified in 26 CIN patients and 12 healthy
controls (i.e. a proportion 89.65% and 30%, respectively)
(Pb0.0001) with a mean number of Vβ expansions per
subject 1.72±1.19 (median 2, range 0–6) in the group of
patients and 0.45±0.75 (median 0, range 0–2) in the group
of controls (Pb0.0001). The Vβ2, Vβ3, Vβ4, Vβ7.2, Vβ9
and Vβ13.1 were the most frequently over-expanded
families, identified in 17.24%, 17.24%, 10.34%, 13.79%,
10.34%, and 10.34% of cases versus 0% in the controls
(P=0.0064, P=0.0064, P=0.0375, P=0.0155, P=0.0375,
and P=0.0375, respectively). The expanded Vβ families
per patient within the CD3+, CD4+ and CD8+ cells are shown
in Table 1. Interestingly, the same pattern of expression
was identified in the TCR Vβ repertoire analysis of PB CD3+,
CD4+ and CD8+ cells of 8 patients studied more than once in
different time points during their disease course, several
months or years after the initial diagnosis.
Figure 2 Frequency of skewing of individual Vβ families in PB lymp
the percentage of patients (dark bars) and controls (open bards) over
defined—those that were higher than the mean+2SD of the healthy co
cells. Comparison between patients (n=85 for CD3+ cells, n=29 for
skewing of individual Vβ families, has been performed by means of th
indicated by the asterisk. The pie diagrams depict the proportion of p
CD3+, CD4+ and CD8+ cell subpopulations.
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3.3. Pattern of Vβ family usage in BM lymphocyte
subsets of CIN patients

Flow cytometric analysis of Vβ usage by BM CD3+ cells was
performed in 21 CIN patients As shown in Table 1, the
frequency of patients displaying at least one Vβ family
overrepresentation was similarly high in both BM (20/21
patients) and PB (19/21 patients) samples (P=0.5491).
Interestingly, the mean number of Vβ expansions per patient
was significantly higher in the BM (2.43±1.50; median 2,
range 0–6) compared to PB (1.48±0.87; median 1, range 0–
3) CD3+ cells of the same patients (P=0.0394) (Supplemental
Fig. 2A). The Vβ20 was the only family that was found to be
differentially expressed in BM (overexpansion in 7/21
patients, i.e. 33.3%) compared to PB (overexpansion in 0/
21 patients) (P=0.0038).

We also analyzed the preferential Vβ usage by BM CD4+

and CD8+ cells in 13 CIN patients. In accordance with the data
obtained from the CD3+ cells, the mean number of Vβ
expansions per patient was significantly higher in both BM
hocytes of CIN patients and healthy controls. The bars represent
-expressing a particular Vβ family. As expanded Vβ families were
ntrols. Analysis has been performed within the CD3+, CD4+, CD8+

CD4+ and CD8+ cells) and controls (n=40) in the frequency of
e chi-square test and the statistically significant differences are
atients and controls with significant Vβ family expansions in the
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Table 1 Vβ family expansions detected by flow cytometry in PB and BM CD3+, CD4+ and CD8+ cells of CIN patients a.

UPN Peripheral blood Bone marrow

CD3+ cells CD4+ cells CD8+ cells CD3+ cells CD4+ cells CD8+ cells

1 – N.D. N.D. – N.D. N.D.
2 Vβ4 N.D. N.D. N.D. N.D. N.D.
3 Vβ16 – Vβ16 Vβ5.2/Vβ12/

Vβ20/Vβ21.3
N.D. N.D.

4 b Vβ12 – Vβ22 N.D. N.D. N.D.
5 Vβ8/Vβ16/Vβ21.3 N.D. N.D. N.D. N.D. N.D.
6 Vβ12/Vβ14/Vβ16 Vβ1/Vβ22 – N.D. N.D. N.D.
7 Vβ13.1/Vβ13.2 N.D. N.D. N.D. N.D. N.D.
8 – N.D. N.D. N.D. N.D. N.D.
9 – Vβ7.2/Vβ13.2 Vβ9/Vβ21.3 Vβ9 Vβ5.3/Vβ7.2/Vβ23 Vβ9/Vβ21.3
10 – N.D. N.D. N.D. N.D. N.D.
11 Vβ14/Vβ17 Vβ7.2/Vβ13.6/

Vβ16/Vβ20
Vβ2/Vβ16/Vβ17 Vβ14/Vβ16/

Vβ17/Vβ20
Vβ7.2/Vβ16/
Vβ20

Vβ2/Vβ16/
Vβ17

12 Vβ12/Vβ16 Vβ2/Vβ16 – N.D. N.D. N.D.
13 Vβ3/Vβ12/Vβ23 – Vβ23 N.D. N.D. N.D.
14 Vβ13.2 Vβ7.2/Vβ13.2/

Vβ14
Vβ4/Vβ8 N.D. N.D. N.D.

15 – N.D. N.D. N.D. N.D. N.D.
16 Vβ4 Vβ8 Vβ4/Vβ7.2 Vβ3/Vβ7.2/

Vβ21.3
Vβ7.2/Vβ16 Vβ3/Vβ4/Vβ7.2/

Vβ16/Vβ17
17 b Vβ13.1 – Vβ13.1/Vβ21.3 Vβ13.1/Vβ16/

Vβ21.3
Vβ16 Vβ13.1/Vβ21.3

18 b Vβ12 Vβ12 Vβ12 N.D. Vβ12/Vβ23 Vβ1/Vβ5.3/
Vβ12/Vβ16/Vβ20

19 Vβ21.3 N.D. N.D. N.D. N.D. N.D.
20 Vβ2/Vβ4/Vβ17 N.D. N.D. N.D. N.D. N.D.
21 – N.D. N.D. N.D. N.D. N.D.
22 – N.D. N.D. N.D. N.D. N.D.
23 Vβ17 N.D. N.D. N.D. N.D. N.D.
24 Vβ13.2 N.D. N.D. N.D. N.D. N.D.
25 Vβ2/Vβ7.2/

Vβ16/Vβ21.3
Vβ2/Vβ4 Vβ3/Vβ4/Vβ7.2 N.D. N.D. N.D.

26 b Vβ3/Vβ8 Vβ8 Vβ3 Vβ3 Vβ7.2/Vβ8/Vβ16 Vβ3/Vβ5.3/Vβ16
27 b Vβ12/Vβ16/

Vβ21.3
N.D. N.D. N.D. N.D. N.D.

28 Vβ7.2 Vβ21.3 Vβ7.2 N.D. N.D. N.D.
29 – N.D. N.D. N.D. N.D. N.D.
30 – N.D. N.D. N.D. N.D. N.D.
31 Vβ9 N.D. N.D. N.D. N.D. N.D.
32 Vβ9 N.D. N.D. N.D. N.D. N.D.
33 Vβ4 N.D. N.D. N.D. N.D. N.D.
34 Vβ12/Vβ16/

Vβ13.2
– Vβ16/Vβ13.2 N.D. N.D. N.D.

35 Vβ1/Vβ5.2/
Vβ20/Vβ22

N.D. N.D. N.D. N.D. N.D.

36 Vβ13.6/Vβ20/
Vβ21.3

N.D. N.D. N.D. N.D. N.D.

37 Vβ8/Vβ16 Vβ8 Vβ2 N.D. N.D. N.D.
38 Vβ12 N.D. N.D. N.D. N.D. N.D.
39 Vβ3/Vβ7.2/

Vβ13.2/Vβ21.3
N.D. N.D. Vβ13.2/Vβ16 N.D. N.D.

40 – N.D. N.D. N.D. N.D. N.D.
41 Vβ5.2 N.D. N.D. N.D. N.D. N.D.
42 – N.D. N.D. N.D. N.D. N.D.
43 – Vβ14/Vβ17 Vβ2/Vβ13.1 N.D. N.D. N.D.
44 Vβ11/Vβ13.2/

Vβ22
N.D. N.D. N.D. N.D. N.D.
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Table 1 (continued)

UPN Peripheral blood Bone marrow

CD3+ cells CD4+ cells CD8+ cells CD3+ cells CD4+ cells CD8+ cells

45 Vβ15.2 N.D. N.D. N.D. N.D. N.D.
46 Vβ12/Vβ16/

Vβ20/Vβ21.3
N.D. N.D. N.D. N.D. N.D.

47 – N.D. N.D. N.D. N.D. N.D.
48 Vβ2/Vβ5.2/

Vβ13.2/Vβ16/
Vβ22

N.D. N.D. N.D. N.D. N.D.

49 Vβ9 N.D. N.D. N.D. N.D. N.D.
50 Vβ2 – Vβ2/Vβ9 Vβ2 – Vβ2/Vβ9
51 Vβ5.1/Vβ7.2 Vβ5.1/Vβ17 Vβ7.2 Vβ5.1 Vβ5.1 –
52 Vβ2/Vβ7.1 N.D. N.D. Vβ2/Vβ3/

Vβ13.2/Vβ20
N.D. N.D.

53 Vβ20 N.D. N.D. N.D. N.D. N.D.
54 b Vβ3 – Vβ3 Vβ3 N.D. N.D.
55 Vβ13.2 N.D. N.D. N.D. N.D. N.D.
56 Vβ12/Vβ16 N.D. N.D. N.D. N.D. N.D.
57 Vβ13.2 N.D. N.D. Vβ13.2 N.D. N.D.
58 Vβ7.1/Vβ9 Vβ5.1 Vβ7.1/Vβ9 Vβ7.1/Vβ9/

Vβ13.2
Vβ5.1/Vβ7.2/
Vβ16/Vβ21.3/
Vβ23

Vβ7.1/Vβ13.2/
Vβ20

59 – N.D. N.D. N.D. N.D. N.D.
60 Vβ8/Vβ12/Vβ16 Vβ13.2 Vβ8 N.D. N.D. N.D.
61 Vβ13.2/Vβ13.6 N.D. N.D. N.D. N.D. N.D.
62 Vβ12 N.D. N.D. N.D. N.D. N.D.
63 Vβ13.2 N.D. N.D. N.D. N.D. N.D.
64 Vβ21.3 N.D. N.D. N.D. N.D. N.D.
65 b Vβ3/Vβ12/

Vβ14/Vβ16
– Vβ3/Vβ16/Vβ22/ N.D. N.D. N.D.

66 N.D. N.D. N.D. Vβ5.3/Vβ7.2 N.D. N.D.
67 Vβ22 Vβ5.3/Vβ14/

Vβ20
Vβ9/Vβ18 Vβ5.2/Vβ12/

Vβ14/Vβ20
Vβ7.2/Vβ18/
Vβ20

Vβ12/Vβ14/
Vβ16/Vβ18

68 Vβ12 N.D. N.D. N.D. N.D. N.D.
69 Vβ4/Vβ13.2 N.D. N.D. N.D. N.D. N.D.
70 – N.D. N.D. N.D. N.D. N.D.
71 Vβ2/Vβ3/Vβ22 N.D. N.D. Vβ3/Vβ12/

Vβ20/Vβ22
N.D. N.D.

72 Vβ13.2 N.D. N.D. N.D. N.D. N.D.
73 Vβ5.2/Vβ11/Vβ16 N.D. N.D. N.D. N.D. N.D.
74 Vβ7.2/Vβ13.6/

Vβ20
N.D. N.D. N.D. N.D. N.D.

75 Vβ16 N.D. N.D. N.D. N.D. N.D.
76 Vβ1/Vβ13.1 Vβ5.1 Vβ1/Vβ3/

Vβ13.1/Vβ20/
Vβ21.3/Vβ23

N.D. N.D. N.D.

77 Vβ5.3/Vβ14/
Vβ16/Vβ20

N.D. N.D. N.D. N.D. N.D.

78 b Vβ17 – Vβ2/Vβ17 Vβ17/Vβ21.3 N.D. N.D.
79 Vβ16 N.D. N.D. Vβ16 N.D. N.D.
80 – N.D. N.D. N.D. N.D. N.D.
81 Vβ2/Vβ5.2/

Vβ14
N.D. N.D. Vβ5.2/Vβ2 N.D. N.D.

82 Vβ12 Vβ5.3/Vβ7.2 – Vβ12/Vβ20 Vβ7.2/Vβ14/
Vβ20

–

83 Vβ2/Vβ16 Vβ14 Vβ9/Vβ16 N.D. Vβ5.2/Vβ23 Vβ16/Vβ18/
Vβ20

84 Vβ5.2/Vβ18/ Vβ23 Vβ5.2/Vβ11/ Vβ3/Vβ5.2/ Vβ3/Vβ5.3/ Vβ3/Vβ5.2/Vβ11/

(continued on next page)
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Table 1 (continued)

UPN Peripheral blood Bone marrow

CD3+ cells CD4+ cells CD8+ cells CD3+ cells CD4+ cells CD8+ cells

Vβ21.3 Vβ21.3 Vβ11/Vβ16/
Vβ20/Vβ21.3

Vβ11/Vβ16/
Vβ20/Vβ21.3

Vβ16/Vβ21.3

85 Vβ7.2 N.D. N.D. N.D. N.D. N.D.

Abbreviations: UPN, Unique patient number; N.D., not done.
a Significant Vβ family expansions were defined—those that were higher than the mean+2SD of the average Vβ family size of the healthy

controls.
b Peripheral blood samples from these patients were analyzed in various time points during the course of the disease and the type of Vβ

family expansions were always the same.
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CD4+ (2.61±1.61; median 3, range 0–6) and CD8+ (2.85±
1.68; median 3, range 0–5) cells compared to the respective
PB CD4+ (1.31±0.85; median 1, range 0–3) and CD8+ (1.61±
0.87; median 2, range 0–3) cells (P=0.022 and P=0.0327,
respectively) (Supplemental Figs. 2B and C). As shown in
Table 1, the frequency of skewing was similar between PB
and BM in both cell subpopulations. All the above data
suggest an accumulation of T-lymphocytes with a skewing
pattern in the BM of CIN patients.

3.4. TCR Vβ CDR3 spectratyping
To determine the poly-, oligo- or monoclonal pattern of BM
and PB CD4+ and CD8+ T-cell subpopulations of the patients,
we performed CDR3 size distribution analysis using (multi-
plex) PCR. Results from 3 representative patients are shown
in Figure 3. We found that almost all CIN patients studied (27/
28 patients, i.e. 96.43%) showed a Gaussian-like CDR3 size
distribution in their PB CD4+ cells suggesting a polyclonal
pattern of expansion with the exception of one patient
showing an oligoclonal pattern. In contrast, only 14.3% of CIN
patients (4/28 patients) showed a normal CDR3 spectratype
in PB CD8+ cells while the majority displayed a skewed profile
with oligoclonal (20/28 patients, i.e. 71.4%) or monoclonal
(4/28 patients, i.e. 14.3%) patterns. The difference in the
degree of skewing between the PB CD4+ and CD8+ cells was
highly significant (Pb0.0001). Analysis of TCR Vβ CDR3 size
distribution in PB T-lymphocyte subsets was also performed in
18 healthy controls. We found a normal polyclonal pattern in
CD4+ cells (100% of cases) and occasionally an oligoclonal (but
not monoclonal) pattern in CD8+ cells (3/18 subjects, i.e.
16.67%) with no statistically significant difference in the
degree of skewing between the CD4+ and CD8+ cells
(p=0.0704). Compared to the controls, CIN patients displayed
statistically significant higher frequency of oligoclonal/
Figure 3 TCR Vβ CDR3 size distribution analysis of BM and PB CD
represent the normal distribution (mean+2SD) of the TCR Vβ repert
subpopulations. The dark bars correspond to the percentage of lymph
patients. The spectrograms show the CDR3 size distribution analysis
two-tube multiplex PCR with a combination of Vβ and Jβ fluorescent p
Gaussian-like peak distribution suggesting a polyclonal pattern of expa
like peak distribution with the predominance of one or two peaks su
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monoclonal expansions within the CD8+ (Pb0.0001) but not
the CD4+ (P=0.4163) cells.

Purified BM CD4+ and CD8+ cell populations were also
studied in 17 patients CIN patients. In accordance with the PB
data, 16/17 patients (94%) showed a polyclonal pattern of
CDR3 spectratyping within the CD4+ cells, whereas a single
patient showed an oligoclonal pattern. The majority of
patients (11/17 patients, 64.7%) showed an oligoclonal
pattern within the CD8+ cells while 2 patients (11.8%)
showed a monoclonal pattern. The degree of skewing was
significantly higher in the BM CD8+ compared to the CD4+

cells (Pb0.0001). Overall, based on the combined PB and BM
TCRβ CDR3 size distribution data, we conclude that 87.5% of
CIN patients display a skewing oligoclonal/monoclonal
pattern within the CD8+ PB and/or BM cells.
4. Discussion

A T-cell mediated immune process has been postulated for
the pathogenesis of CIN on the basis of data showing
presence of T-lymphocytes with activated phenotype in
patients' PB and BM, suppression of normal granulocytic
progenitor cells by patient T-lymphocytes in vitro and
increased expression of intracellular interferon-γ by patient
T-cells [7]. In the current study we have systematically
analyzed the TCR Vβ gene repertoire in a large cohort of CIN
patients seeking especially for immunodominant expansions
that might imply antigen-driven T-cell responses with
possible pathogenetic/pathophysiologic significance.

We initially quantified the contribution of individual Vβ
families to the PBT-cell pool of CINpatients.We foundmarked
differences in the pattern of Vβ usage between patients and
controls with statistically significant overrepresentation and
underrepresentation of certain families in the patients.
Significant differences were identified in both T-cell
4+ and CD8+ lymphocyte subsets of CIN patients. The open bars
oire assessed by flow cytometry in the depicted BM and PB cell
ocytes belonging to a particular Vβ family in 3 representative CIN
in the respective purified cell populations as determined using a
rimers theoretically covering all functional Vβ and Jβ genes. The
nsion is depicted for the CD4+ cells. The absence of the Gaussian-
ggesting mono- or oligoclonality is depicted for the CD8+ cells.
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subpopulations, namely the CD4+ and CD8+ cells. When we
looked at the frequency of expansions of specific Vβ families,
we could not find any consistent pattern. Accordingly, this
different utilization of individual Vβ families might imply
either preferential molecular rearrangement of particular
variable genes in CIN patients or, more likely, selection for
functionality within the context of antigen-driven immune
responses by diverse antigenic elements. In favor of the latter
hypothesis was the finding that significant Vβ expansions in
theT-cell poolwere identified in 80%of thepatients compared
to 30% of the controls with more profound differences within
the CD8+ (89.65% versus 30%) rather than the CD4+ (68.97%
versus 27.5%) cells. Theaverage number of skewedVβ families
per subject was also significantly increased in CIN patients
compared to controls in all the above T-cell populationswith a
more prominent increase in the CD8+ cells. Such T-cell
expansions, detected by flow cytometry and confirmed by
CDR3 spectratyping, have been previously demonstrated in
the CD8+ cells of patients with aplastic anemia, PNH and MDS
and have been implicated in the disease pathogenesis and
process [16,18,24–27]. It has been postulated that the
expandedCD8+ cells in the above disease statesmay recognize
aberrantly expressed epitopes on hematopoietic progenitor
cells or simply cross react with them in the setting of
underlying (and still undefined) bacterial or viral infections.

Because previous studies have shown an accumulation of
T-lymphocytes with an activated phenotype in CIN BM [7], we
have analyzed separately the TCR Vβ repertoire of BM T-cell
subsets. In accordance with previously reported data from
normal and disease states, we did not identify significant
differences between BM and PB T-cell populations in the
frequency of Vβ skewing, probably due to a degree of BM
contamination by PB [19]. However, the mean number of Vβ
expansions per patient was significantly increased in the BM
compared to PB in all T-cell populations studied, namely the
CD3+, CD4+ and CD8+ cells with a more profound Vβ skewing
within the latter cell subpopulation. Similar to the above
described mechanisms for other BM failure syndromes, our
data indicate an accumulation of T-lymphocytes with a
skewed profile in patients' BM that might putatively display a
pathogenetic role by targeting certain BM cell populations
such as the granulocytic progenitor and precursor cells.
Alternatively, the accumulation of these skewed T-cell
populations in patients' BM may simply reflect a preferential
homing process under the influence of unknown chemo-
attractant stimuli and a possible secondary, cytokine-
mediated effect, on patients' granulopoiesis.

Interestingly, the Vβ20 family was found to be over
expressed in BM (33.3%) compared to PB (0%) CD3+ cells. Due
to the structural constraints of the TCR interaction with its
nominal MHC/peptide ligand, the preferential usage of the
TCR Vβ20 family in the BM might imply the existence of T-
cell clones directed against a single or finite number of
antigens probably present at the site of pathology, namely
the BM. Recruitment of TCR Vβ20 positive cells at the site of
inflammation has been described in the liver of infants with
biliary atresia [28], in the kidneys of patients with lupus
nephritis [29], and the joints of patients with juvenile
rheumatoid arthritis or spondylarthropathy [30].

We also analyzed the distribution of TCR Vβ CDR3 lengths
in order to more precisely characterize the poly-, oligo- or
monoclonal pattern of Vβ skewing within the PB and BM CD4+
Please cite this article as: M. Spanoudakis, et al., T-cell receptor Vβ r
demonstrates the presence of aberrant T-cell expansions, Clin. Immun
and CD8+ cell populations of CIN patients. We found that Vβ
expansions within the PB or BM CD4+ cell populations were
polyclonal with the exception of one patient who showed an
oligoclonal pattern of expansion in both CD4+ populations. In
contrast, 87.5% of the patients showed an oligoclonal or even
monoclonal pattern of Vβ skewing within the PB and/or BM
CD8+ cells. Interestingly, although 4 patients (i.e. a
proportion of 12.5%) displayed a monoclonal pattern of
expansion in the PB and/or BM CD8+ cells, none of the
patients showed the typical T-LGL-related CD3+/CD8+/CD57+

phenotype, thus limiting the possibility of an underlying
subclinical T-LGL disorder that might be associated with the
neutropenia process. Such overlapping conditions have been
identified by flow cytometry and molecular assays in patients
with other BM failure syndromes [18,31–33], however they
do not seem to be the case in CIN. Nevertheless, the
markedly increased frequency of dominant oligoclonal/
monoclonal Vb expansions within the CD8+ cells in CIN
patients might be recognized as an additional pathophysio-
logic feature for this disease entity. A previous study has also
shown immunodominant cytotoxic T-cell expansions in a
cohort of 20 patients with unexplained neutropenia [34]. In
that report however, the study population was heteroge-
neous comprising 8 patients with positive antineutrophil
antibodies suggestive of autoimmune neutropenia and only
8 patients with CIN according to the stringent diagnostic
criteria. Of these latter patients, 4 showed polyclonal CD8+

cell expansions. The advantage of our study is the inclusion
of a large number of well characterized patients strictly
fulfilling the precise diagnostic criteria for CIN.

In conclusion, our study demonstrates that expanded T-
cell populations are invariably detected in patients with CIN
with a polyclonal pattern within the CD4+ and an oligoclonal/
monoclonal pattern within the CD8+ cells. We assume that
these cell expansions are probably related to the disease
pathogenesis rather than to underlying infectious processes
as they seem to remain longitudinally stable. In addition,
infectious complications are extremely rare in CIN and none
of the patients was clinically infected at the time of PB or BM
sampling. The identification of oligoclonal/monoclonal T-
cell expansions strongly suggests that antigen-driven im-
mune responses may be implicated in the pathogenesis of CIN
and substantiate our hypothesis that CIN could represent the
mild form of the spectrum of immune-mediated BM failure
syndromes. We are currently gauging the TCR-CDR3 molec-
ular fingerprinting of individual cell expansions which may
serve as a surrogate for the recognition of possible “private”
or “public” antigens that might trigger the immune
responses in these patients. The parallel HLA typing
assessment of these patients is also in progress. From the
clinical point of view, this novel perspective into the
pathogenesis of CIN might eventually lead to the introduc-
tion of T-cell immunosuppressive therapies for the severely
neutropenic patients who experience frequent infections.

Supplementary materials related to this article can be
found online at doi:10.1016/j.clim.2010.08.011.
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