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Abstract
Objective—T-cell-mediated autoimmunity may be involved in some cases of idiopathic
neutropenia. We hypothesized that a precise T-cell receptor repertoire analysis may uncover
cytotoxic T-cell (CTL) expansions that are less pronounced than those seen in T large granular
lymphocyte leukemia (T-LGL), but are pathophysiologically analogous and thus can serve as markers
of a T-cell-mediated process.

Materials and Methods—Using rational algorithms for T-cell receptor analysis and in vivo
tracking of CTL responses previously established in our laboratory, we studied patients with
unexplained chronic neutropenia (n = 20), T-LGL (n = 15), and healthy controls (n = 12). We further
investigated the involvement of soluble inhibitory factors by coculture assays. To determine the level
of immune activation, we studied interferon-g expression in CD8+cells using Taqman polymerase
chain reaction.

Results—Fifteen expanded (immunodominant) CTL clones were detected in 12 of 20 patients. In
comparison to LGL leukemia, these clones were less immunodominant, but clearly discernible from
subclinical lymphoproliferations in controls. As a surrogate of cytotoxic activity, we found markedly
increased production of interferon-γ in most of the neutropenia patients, irrespective of the presence
of immunodominant CTL clones.

Conclusions—These results suggest that, while immunodominant CTL clones are detectable in a
proportion of patients only, CTL-mediated pathophysiology may be a general mechanism operating
in idiopathic neutropenia. Oligogoclonal CTL expansions in chronic neutropenia may indicate an
ongoing autoimmune process, while highly polarized monoclonalities in a subset of neutropenic LGL
patients may represent the “extreme” end of the clonal continuum.

Drugs, hereditary factors, infections, and intrinsic bone marrow diseases explain the etiology
of most neutropenias. The inability to detect an immune-mediated process or other obvious
cause often leads to diagnosis of chronic idiopathic neutropenia (CIN) [1-6]. Similarly,
secondary autoimmune neutropenia (AIN), usually associated with collagen vascular diseases,
lymphoproliferative disorders and viruses, is typically diagnosed by exclusion and thus relies
on the quality of clinical and laboratory workups [6-9]. Lineage-restricted cytopenias,
including neutropenia, have been associated with T-cell large granular lymphocyte leukemia

Offprint requests to: Jaroslaw P. Maciejewski, M.D., Ph.D., Taussig Cancer Center/R40, 9500 Euclid Avenue, Cleveland OH 44195; E-
mail: maciejj@ccf.org.

NIH Public Access
Author Manuscript
Exp Hematol. Author manuscript; available in PMC 2009 March 1.

Published in final edited form as:
Exp Hematol. 2008 March ; 36(3): 293–300. doi:10.1016/j.exphem.2007.11.011.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



(T-LGL) [10], which is diagnosed based on detection of expanded VB+CD3+CD8+CD57+/-

and positive T-cell receptor (TCR) rearrangement [11-13].

It is likely that patients with AIN/CIN may belong to a heterogeneous group of diseases
combining various autoimmune etiologies. Appearance of the bone marrow may reveal some
clues as to the cellular targets of the autoimmune process; left shift could indicate that more
mature cells are targets, while pure white cell aplasia suggests that very early myeloid
precursors are affected. The similar target spectrum in AIN/CIN and T-LGL suggests that
cytotoxic T-cell (CTL)-mediated autoimmunity can also operate in AIN/CIN. Consequently,
detection of highly polarized CTL expansions in some cases of neutropenia patients may be
consistent with cytotoxicity directed against myeloid precursors. Based on results of previous
studies showing that patients with clonal expansions in aplastic anemia or LGL benefit from
selective T-cell targeted immunosuppressive therapies, similar treatment might be considered
in neutropenia patients who show evidence for LGL-like T-cell expansion.

Clonotypic TCR diagnostics is based on the unique structure of the TCR consisting of variable
α- and β-chains, and resulting from complex rearrangement steps. Rearranged T cells express
only a single type of variable β-(VB) chain and, therefore, its CDR3 region, that most directly
engages the peptide presented within human leukocyte antigen-groove, can serve as a marker
of clonal expansion (clonotype) [14,15]. Clonal CTL expansion results in the
overrepresentation of the respective TCR VB chain and the molecular analysis of the TCR
repertoire can reveal the clonotypic structure of expanded T cell. Previously, based on the study
of TCR repertoire in bone marrow failure syndromes, we introduced an efficient approach to
detect immunodominant CTL; this methodology can be easily adapted to study CTL clonalities
in other diseases [16-18]. The goal of our work was to identify disease-associated CTL clones
and characterize cytotoxic responses in patients with unexplained neutropenia as compared to
healthy and hematologic controls. This is the first study so far to identify CTL
immunodominance and characterize the clonotypic repertoire in patients with unexplained
neutropenia.

Materials and methods
Patients and controls

Patients (n = 20) were characterized by a prolonged reduction in absolute neutrophil count
below 1500 per mm3 measured on multiple occasions (more than three times) during a period
of 3 months (Table 1). Unexplained neutropenia was defined per exclusion of drug effects,
hematologic diseases and reactive systemic conditions using routine laboratory tests. A cohort
of 12 healthy individuals were studied as normal controls and a previously reported cohort of
15 neutropenic patients associated with T-LGL served as hematologic control [18]. Diagnosis
of T-LGL was established by modified clinical and laboratory parameters as suggested by
Semenzato et al. [19]. Informed consent for sample collection was given by the individuals
according to protocols approved by the Institutional Review Board of the Cleveland Clinic
Foundation (Cleveland, OH, USA).

VB flow cytometry
Fresh peripheral blood was stained for VB flow cytometry analysis according to manufacturer’s
instructions (Beckman-Coulter, Fullerton, CA, USA) and analyzed as described previously
[18,20]. Initially, 12 normal samples were characterized to define the average size and standard
deviations for the VB repertoire as detected by the antibodies. A significant expansion was
defined as one that was greater than mean + 2 × standard deviation (SD) of the average VB
family size obtained in controls.
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Antineutrophil antibody testing
Circulating antibodies in patients’ plasma were measured using a standard clinical test
performed by ARUP laboratories (http://www.aruplab.com/guides/ug/tests/0055506.jsp)

Plasma colony inhibition assay
Peripheral blood plasma from patients and healthy controls was tested for inhibition of the
proliferation of healthy bone marrow (BM) precursor cells. For that purpose, 100 uL of plasma
were incubated in duplicates with 100 Tsd. healthy donor BM mononuclear cells in Iscove’s
medium containing 15% fetal calf serum for 2 hours. Following this, cultures were plated in
0.8% methylcellulose agar supplemented with a cytokine cocktail containing 10 ng/mL
thrombopoietin, 1 U/mL erythropoietin, 10 ng/mL interleukin-3, and 25 ng/mL stem cell factor.
After 14 days in a humidified incubator (37°C, 5% CO2 in air), primitive erythroid progenitor
bursts and colonies derived from granulocytic/macrophage progenitors were scored using an
inverted microscope. Inhibition was expressed as the percent of colony formation by healthy
BM incubated with plasma from patients relative to healthy donors. Colony formation lower
than mean of 10 controls -1 SD was defined as pathologic.

CD8+ separation, RNA extraction and RT
CD8+ T cells were isolated from Ficoll peripheral blood mononuclear cells by flow cytometric
sorting (Epics Altra; Beckman Coulter, Miami, FL, USA) or by magnetic bead separation
(Miltenyi, Bergisch Gladbach, Germany). Total RNA was extracted from CD8+ T cells with
TRIZOL reagent (Invitrogen, Carlsbad, CA, USA) using phase lock gel tubes (Eppendorf,
Germany) and cDNA was reverse transcribed from 6 to 8 μL RNA by first strand cDNA
synthesis using SuperScript III RT Kit (Invitrogen).

CDR3 region cloning and sequencing
Quantitative analysis of the clonotypic frequencies was performed as described by us
previously [18,21]. Briefly, single VB families were amplified from CD8+cDNA using a
combination of a VB family-specific sense primer and a CB antisense primer. Alternatively,
multiplex polymerase chain reaction (PCR) was applied to amplify the entire VB TCR
repertoire as described previously [22] with the following modifications: only VB and JB
primers were used to amplify rearranged VB TCR chains from cDNA instead of genomic DNA.
PCR products were gel-purified, cloned into a TA-vector, transformed into Escherichia coli.
To avoid unanticipated bacterial cell division, posttransformation phenotypic expression time
(37°C, 225 rpm) was reduced from 60 to 40 minutes before plating onto Agar plates. Multiple
overnight colonies were subjected to PCR and sequencing. CDR3 sequences were analyzed
and translated into amino acids using the online ImMunoGeneTics TCR alignment tool [23].
Pathologic expansion of a VB family or the clonotypic VB CDR3 repertoire was defined in
earlier studies [18,24].

Clonotypic Taqman PCR
Clonotype-specific quantitative assay was designed to employ a patient-derived clonotypic
sense primer, a JB family specific probe and a CB antisense primer. Based on the sequence of
immunodominant CDR3 regions, clonotypic primers were designed to span the terminal VB
chain and the entire NDN region, incorporating some bases of the JB chain (for primers and
probes see Table 2). This would enhance primer fidelity and reduce the amplification of highly
similar clonotypes carrying identical JB chain yet dissimilar variable JB amino acids. FAM-
labeled probes specific to all human JB chains were designed with MGB-quencher (Applied
Biosystems [ABI], Foster City, CA, USA) or Blackhole quencher 1 (BHQ-1, Eurogentec, San
Diego, CA, USA) and CB reverse primer was designed to amplify both human CB families.
PCR-mix included 15 μL 2× Taqman universal Mastermix (ABI) with 0.6 μL (50 μM) of each
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sense clonotypic and antisense CB primers, 0.66 μL (10 μM) JB Taqman probe, 6 μL cDNA
(1:3 dilution with water) and 1.34 μL water in a total volume of 25 μL. All samples were run
in duplicates after initial 10 minutes at 95°C at 45 cycles of 15 seconds at 95°C and 60 seconds
at 60°C.

Interferon-γ-specific Taqman real-time PCR
Taqman assay spanning the exon-exon junction of the interferon (IFN)-γgene was designed
based on the genomic sequence (Table 2). The amplification mix included 15 μL 2× Taqman
Universal Mastermix (ABI) 3.5 μL (5 μM) forward and reverse primers, 1.4 μL (5 μM) BHQ-1
probe, 5 μL CD8+cDNA (1:3 dilution) and 1.6 μL water. Samples were run in duplicates on a
7500 real-time PCR system (ABI) at 95°C/10 minutes followed by 50 × 95°C/15 seconds and
60°C/60 seconds. IFN-γ expression was normalized to glyceraldehyde phosphate
dehydrogenase expression and calculated relative to normalized expression in CD8+ control
samples (n = 10).

Results
Identification of cryptic CTL expansions

We postulated that some cases of otherwise unexplained neutropenia can be mediated by a
cytotoxic process, similar to that operating in T-LGL. We studied a cohort of patients with
various degrees of neutropenia that was unexplained based on clinical grounds and standard
laboratory testing (Table 1). The absolute neutrophil count (ANC) was 0.88 ± 0.52 k/uL (some
patients were receiving myeloid growth factors at the time of sampling). Significant inhibition
of myeloid colony formation was observed in 2 of 17 patients tested, while antineutrophil
antibodies were detected in 8 of 16 patients (Table 1).

Clonal CTL expansions were detected using a diagnostic algorithm shown in Figure 1: Initially
VB family expansions were detected in 3 patients, while subsequent TCR single colony
sequencing identified immunodominant clonotypes (identical clones occurring repetitively) in
two patients. In the remaining cases, the entire TCR VB repertoire was sequenced (generally
≥15 per VB family or 40 per entire VB repertoire). If redundant clonotypes were encountered,
clonotypic repertoire within respective VB was sequenced and allowed for the identification
of clonotype expansions in 10 additional patients. Despite overall CTL polyclonality, 15
immunodominant clonotypes were found in a total of 12 patients (Table 1; Fig. 1).

Detection of immunodominant clonotypes
When compared to healthy controls, expansion of CTL clones was significantly higher in the
patient group 45.2% ± 24.7% (Fig. 2B). As expected, CTL expansions in typical T-LGL
patients (n = 15) comprised 96% of a given VB family. Conversely, in healthy controls the
average rate of identical sequences corresponding to “expanded” clones can account for up to
10.3% of a VB family and is encountered at a similar rate among individual VB populations.
Interestingly, one patient initially diagnosed with CIN showed an expanded clone and in the
subsequent course developed features consistent with T-LGL leukemia, including positive
TCR-γ rearrangement by PCR; this patient was excluded from the analysis in our study.

Tracking of patient-specific clonotypes
In order to confirm the clonotypic size and characterize behavior of immunodominant
clonotypes, we applied Taqman PCR cross-sectionally to five patients, five healthy controls,
and five T-LGL patients (Fig. 2A). Clonotypic primers were derived from patients’ expanded
clonotypes; therefore, the initial sample (used for TCR sequencing) served as calibrator for
relative quantification of samples derived from other patients and controls. The individual
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clonotype was detected by PCR in each respective neutropenia patient. In addition, patient-
specific primers also amplified a product in some patients and healthy controls, however,
always at greatly lower magnitudes. For one clonotypic assay (patient no. 5), the amplification
was limited to the corresponding patient only.

Intraclonotypic diversity in patients with CIN
To gain insight into the intraclonotypic diversity, TCR repertoires were analyzed within
individual patients (Table 3). While several clonotypes showed considerable similarity within
private repertoires, we could not reproduce this finding in TCR repertoires of healthy controls.
For example, a high degree of similarity of major or minor clonotypes in patient nos. 3 and 6
within four VB families (VB3, VB4, VB6, VB13) was encountered, and the majority of
sequenced VB3 clonotypes in patient no. 3 show JB2.7-restriction.

Expression of IFN-γ in CD8+ lymphocytes of CIN patients
IFN-γ production is a tightly regulated marker of cytotoxic activity and was previously reported
to be overexpressed in T-LGL and neutropenia [25,26]. We initially hypothesized that
spontaneous IFN-γ overexpression would be found in patients with highly immunodominant
CTL, indicative of strong cytotoxic activity. However, we detected markedly increased IFN-
γ production in most of the patients (16 of 20, Fig. 2C) suggesting that CTL activation may be
present in patients with both highly skewed and polyclonal TCR repertoires.

Discussion
Some cases of chronic neutropenia appear idiopathic despite intense clinical testing. Isolated
neutropenia of various degrees often accompanies T-LGL and it is possible that
semiautonomous CTL clones characteristic of this disease are intrinsically responsible for
neutropenia via TCR-directed killing of myeloid precursors and mature neutrophils.

In the current study, we postulated that certain cases of otherwise unexplained neutropenia are
mediated by a cytotoxic process, but unlike in T-LGL, these CTL responses are less polarized
and unlike in a typical LGL, significant expansion of CD8+CD57+TCRab+ cells cannot be
detected and more sensitive methods for identification of clonal CTLs need to be employed.

Despite overall CTL polyclonality, immunodominance was detected in a significant proportion
of patients, suggesting a continuum from highly skewed CTL expansions in T-LGL to entirely
polyclonal responses. The detection of increased IFN-γ expression in most of the patients with
or without CTL expansions may imply that CTL-mediated pathophysiology is operative in
most of the studied patients and perhaps constitutes a better marker of T-cell-mediated
inhibition of hematopoiesis. In general, our results are in agreement with previous reports
dealing with increased Fas-L and IFN-γ production in both CIN and LGL patients [26-28].

Nominal expansions of immunodominant clones were compared to those occasionally
encountered in healthy controls. Previously, we studied a large number of clonotypes of several
VB families in healthy controls of various ages and we defined clonotypic frequency of greater
than, 12.5% (mean + 2 × SD) as pathologic [17,18]. While studying TCR repertoire in CIN
patients, the size of clones encountered was significantly higher than that seen in controls. We
concluded that immunodominant CTL clones encountered in CIN are clearly distinctive from
the previously postulated monoclonal clonopathy of unclear significance and from clonal
polarity seen in the elderly [29,30]. Previously, CIN has been associated with humoral
antineutrophilic responses. Antineutrophil-antibodies have unclear clinical significance and
the routinely available tests identify a relatively low proportion of cases attributable to these
antibodies [31,32]. Nevertheless, antineutrophilic humoral responses were present in some our
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patients, however, in general, they did not correlate with the presence of immunodominant
CTL clones. Similarly, antineutrophil-antibodies did not cause significant inhibition of
myeloid colony formation questioning the role of soluble inhibitors as the sole factor in the
pathogenesis of defective neutrophil production. In this respect, the increased IFN-γ production
in CIN may not translate into the “inhibitory humoral activity” as the protein serum
concentration of this cytokine is low and most of the effects are exerted locally. Both humoral
and cellular responses may also be concurrently present in CIN/AIN, analogous to immune
reactions that occur in autoimmune or infectious setting.

If immunodominant CTL clones are specific for the pathophysiologic process, corresponding
clonotypes can be utilized as surrogate markers for the inciting antigens and also for
characterization of disease activity or response to therapy [18,33]. When we analyzed the amino
acid sequence of neutropenia-associated clonotypes, several of the identified clonotypes
showed considerable similarity. It is possible that the homology results from the presence of
common antigens recognized by these expanded clones. Structural analysis of T-LGL-specific
clonotypes delivered similar results [18]. In contrast, comparable degree of homology was not
found between the clonotypes of healthy TCR VB repertoires.

The knowledge of clonotypic sequences can be exploited for the design of quantitative
clonotypic assays. We were able to precisely quantify the levels of immunodominant
clonotypes in patients using Taqman-PCR. Some of the patient-specific clonotypic tests were
also positive in several other patients and controls. However, as expected, the clonotypic
expression was at all times several magnitudes lower in other subjects tested than in patients
from whom the clonotypes were derived. The amplification of these clonotypes in control
subjects is not surprising, but rather anticipated, considering the vast diversity of human TCR
CDR3 repertoire, which may harbor highly homologous TCRs, often differing only in one
nucleotide. The amplification of these TCR sequences suggests that highly homologous or
identical, yet not pathologically expanded clonotypes may be present in repertoires of other
patients and controls. Their presence in controls may be consistent with the fact that the antigen
recognized is an autoantigen rather than foreign antigen/neoantigen.

The spectrum of antigens implicated in antibody responses in autoimmune neutropenia include
NA1, NA2, CD11a and CD11b, CD16, thyrotropin receptor-like molecules and membrane
actin-like molecules [31,34-39]. Due to the nature of serological assays, the specificity of the
autoantibodies can be more or less precisely established. However, determination of antigenic
specificity is difficult to discern for TCR and their specificity can be inferred indirectly by
analyzing the clinical context. In this regard, single-lineage cytopenias may be a result of
cytotoxicity directed toward differentiated progenitors.

In our study, we did not address functional properties of the expanded CTL clones; however,
this question was previously investigated: T-cell-mediated inhibition of progenitor growth was
demonstrated in coculture experiments in patients with pure red cell aplasia, Felty’s syndrome,
and aplastic anemia [40-43]. While direct cell-mediated toxicity of CTL in AIN was recently
disputed, it does not rule out the theory of antigen-specific CTL-mediated pathogenic response
in neutropenia. Presence of autoantibodies does not exclude T-cell-mediated cytotoxic
mechanisms. For example, in autoimmune hepatitis, despite occurrence of autoantibodies, liver
necrosis is thought to be caused by T cells [44]. The role of direct T-cell-mediated cytotoxicity
has also been established in autoantibody-mediated diseases, such as idiopathic
thrombocytopenic purpura [45].

Strict lineage-specific inhibition of myelopoiesis in CIN/AIN is difficult to explain only with
effects of cytokines such as IFN-γ and Fas-L, which would be expected to have a broader range
of suppression affecting more than one cell lineage. In our study, we used IFN-γ expression,
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which under normal circumstances is a very tightly regulated process, as a surrogate marker
of CTL activation. The finding that in some patients the CTL process may remain polyclonal
despite increased IFN-γ expression may be explained in different ways. Firstly, common
epitope spread occurring in the process of an antigen-driven immune reaction may result in a
diversification of the autoreactive TCR repertoire. Secondly, clonal CTL may simply remain
undetected, perhaps due to their small size or the inability to detect them systemically.

In summary, based on our findings we propose that a clonal continuum exists between
unexplained neutropenia and LGL leukemia. Furthermore, we believe that cases of seemingly
idiopathic neutropenia may in fact correspond to variants of LGL leukemia. Therefore, it is
likely that similar pathophysiologic processes operate in both disease entities and the antigens
that trigger clonal expansions may likely be shared. The question regarding antigenic
specificity of the expanded CTL clones is very interesting and requires additional
investigations.

Clinically, detection of increased IFN-γ production and immunodominant CTL clones in CIN/
AIN indicates that some of those patients could potentially benefit from T-cell-targeted
therapies. This intriguing conclusion should be tested in a clinical study of severely neutropenic
patients refractory to traditional therapy.
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Figure 1.
Experimental strategy for the detection and molecular characterization of clonal
immunodominant cytotoxic T-cell (CTL) populations. Organizational chart illustrates the
rational diagnostic approach for the detection of cryptic clonal CTL expansions in neutropenia
patients. For details see text.
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Figure 2.
Clonotypic analysis of patients with neutropenia. (A) Quantitative detection of disease-
associated immunodominant clonotypes. Clonotypic size was measured using Taqman
polymerase chain reaction (PCR) in five neutropenia patients, five large granular lymphocyte
leukemia (LGL) patients and five healthy controls. Each patient-specific clonotypic assay was
also performed on other patients and controls. For relative quantification the original patient
sample harboring the expanded clonotype as initially identified by sequencing was used as a
calibrator (*). Values are shown in log10 scale. ND = not detectable. (B) Clonotypic T-cell
receptor (TCR) CDR3 expansions in neutropenia, typical LGL leukemia and healthy controls.
Expansions of 15 disease-associated immunodominant clonotypes in neutropenia patients (n
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= 12) are shown in relation to the 15 highly expanded monoclonal clonotypes in typical LGL
leukemia (n = 15) and 25 redundant clonotypes in healthy controls (n = 12). (C) Levels of
interferon-γ (IFN-γ) expression in patients with neutropenia. Expression of IFN-γ in sorted
CD8+ cells of neutropenia patients and healthy controls was measured using Taqman PCR.
Mean expression values of sorted CD8+ cells from 10 healthy controls were used as a baseline
(calibrator). Gray bars represent patients without detectable immunodominant expansions
(log10-fold increase vs controls: 1.07 ± 0.69), black bars correspond to patients in whom
expanded clones were identified (log10 fold increase vs controls: 0.84 ± 1.42).
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Table 3
Examples of T-cell receptor repertoire restriction and selection of homologous clonotypes in individual patients

Patient no. VB CDR3 JB Exp (%)

C S V E G S G S Y -G Y T F JB1-2 53

C S V W G T G G L -Y E Q Y F JB2-7 30

6 VB4 C S V W T G G G -T E A F F JB1-1 6

C S V D H R A G -E Q Y F JB2-7 6

C A S S G T G G W -N E Q F JB2-1 50

C A S S L G G P F -Y E Q Y F JB2-7 15

6 VB6 C A S S L G G A V D -E Q Y F JB2-7 5

C A S S R Y R S -E A F F JB1-1 20

C A S S S R E E S S -Y E Q Y F JB2-7 10

3 VB13 C A S S Y L T D S D -T Q Y F JB2-3 30

C A S S L T L D S K A -Y E Q Y F 6.5

C A S S L T G L A -Y E Q Y F 13

C A S S L Y G Q S -Y E Q Y F 13

3 VB3 C A S S L L G G D L -Y E Q Y F JB2-7 13

C A S R M R G S S -Y E Q Y F 13

C A S N S G E -Y E Q Y F 6.5

C A S S S G P S P -Y E Q Y F 6.5

Clonotypes derived from T-cell receptor repertoire of VB4/VB6 in patient no. 6 and VB13/VB3 in patient no. 3 are shown. Immunodominant clonotypes
defined by major expansion are in italics; all other clonotypes were categorized as minor.
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