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Abstract
Objective—Analysis of the αβ T cell receptor (TCR) repertoire in patients with myelodysplastic
syndrome (MDS) using the technique of TCR β chain spectratyping has provided valuable insight
into the pathophysiology of cytopenias in a subset of patients with this heterogeneous disorder. TCR
β chain spectratypes are complex datasets, however, and statistical tools for their comprehensive
analysis are limited. The objective of the present work was to develop a method to enable quantitative
evaluation and global comparison of spectratype data from different individuals, and to study the
prevalence of TCR β repertoire abnormalities in MDS patients

Patients and Methods—We developed a robust statistical method based on k-means clustering
analysis, and applied this method to analysis of the αβ TCR repertoires in 50 MDS patients and 23
age-matched healthy controls.

Results—Cluster analysis identified a subset of 11 MDS patients with profoundly abnormal αβ
TCR repertoires. This group of patients was characterized by advanced disease by IPSS and WHO
criteria, increased expression of the WT1 oncogene, increased bone marrow myeloblast count, and
older age.

Conclusions—We have developed a robust analytic algorithm that enables the comparison of
αβ TCR repertoires between individuals and have shown that abnormal αβ TCR repertoire is a feature
of a subset of patients with advanced MDS.
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Introduction
Patients with myelodysplastic syndrome (MDS) have ineffective hematopoiesis, peripheral
blood cytopenias, and are at increased risk of developing acute myeloid leukemia (AML). The
pathophysiology of MDS is heterogeneous, and it is clear that MDS comprises several different
conditions, rather than a single disease. A subset of MDS patients responds to
immunosuppressive therapy with cyclosporine [1,2] or antithymocyte globulin (ATG) [3–
10], either singly or in combination with other drugs [11], and compelling in vitro evidence
suggests that autologous T lymphocytes contribute to suppression of hematopoiesis in these
patients [4,12–15]. Serial analysis of the αβ TCR repertoire in a subset of patients that
responded to immunessupression, using the technique of TCR β chain “spectratyping”, has
identified prominent spectratype “peaks” corresponding to populations of T cells with identical
complementarity-determining region 3 (CDR3) lengths and TCR β chain variable (TRBV) gene
utilization, which regressed or disappeared in parallel with the clinical response to
immunosuppression [4,6,15–17]. Sequencing of the CDR3 region in the cells comprising the
peaks demonstrated that they were often clonal or oligoclonal [6,17], and flow cytometric
analysis showed that these cells were primarily CD8+, rather than CD4+, cells, which appeared
to have undergone selective proliferative expansion [15,18–21].

Although the regression of clonally expanded T cells in some MDS patients who respond to
immunosuppression is consistent with a T cell-mediated autoimmune etiology, the full
biological and clinical significance of such clonally expanded cells remains far from clear. A
recent study observed clonally expanded T cells in 50% of MDS patients – a significantly larger
fraction than would be expected to respond to immunosuppression – and did not identify any
association between the presence of such cells and clinical features previously found to be
predictive of a response to immunosuppression, such as IPSS score, bone marrow cellularity,
and karyotype [20]. Perhaps more important, however, is the fact that clonally expanded T
cells are commonly observed in healthy adults, particularly in individuals over the age of 65
years [22–25]. Thus, clonally expanded T cells per se do not identify a group of MDS patients
with either a unique pathogenesis or a high likelihood of response to a specific treatment.

We hypothesized that comprehensive analysis of the αβ TCR repertoire in MDS patients might
provide more useful insights into the heterogeneous pathophysiology of MDS than has to date
been provided by analyses focused solely or primarily on the identification and characterization
of expanded clonal populations in TCR β chain spectratypes. Comprehensive analysis of TCR
diversity, however, has been limited by the complexity of spectratype data and by the lack of
adequate statistical tools suitable for global comparisons between one spectratype and another.
We therefore sought to develop a robust and objective statistical framework based on k-means
clustering for the analysis of spectratype data that would enable both the comparison between
individuals of CDR3 length distributions in specific Vβ families as well as of entire
spectratypes, and applied this method to the analysis of the αβ TCR repertoires in 50 patients
with MDS and 23 age-matched healthy controls.

Materials and methods
Human subjects and sample acquisition

From March 2006 to November 2007, peripheral blood and bone marrow samples from 50
patients with MDS, aged 18 to 81 years, and peripheral blood samples from 23 healthy donors,
aged 50 to 81 years, were obtained with written informed consent using forms approved by the
Institutional Review Board of the Fred Hutchinson Cancer Research Center (FHCRC). MDS
stage was categorized according to the World Health Organization (WHO) classification [26]
and prognostic stratification was assigned based on the categories of the International
Prognostic Scoring System (IPSS) [27] at the time of sample acquisition. Patients with chronic
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myelomonocytic leukemia (CMML) were stratified according to the MD Anderson CMML
scoring system into low, intermediate-1, intermediate-2, and high risk, as it has been shown to
be more appropriate than the IPSS in this group of patients [28]. Early stage disease and
advanced stage disease refer to WHO-defined categories with less than 5% and more than 5%
bone marrow myeloblasts, respectively, and low risk disease and high risk disease refer to IPSS
low / intermediate-1 and IPSS intermediate-2 / high, respectively.

Sample processing, RNA extraction, and cDNA synthesis
Peripheral blood mononuclear cells (PBMC) and bone marrow mononuclear cells (BMMC)
were isolated by Ficoll-Hypaque® density gradient separation. Total RNA was extracted from
5 × 107 PBMC or BMMC using Trizol (Invitrogen), and first-strand cDNA was synthesized
using oligo (dT) and SuperScript II reverse transcriptase (Invitrogen).

Analysis of WT1 expression
Quantitative WT1 RT-PCR was performed on triplicate samples using the SYBR Green/ROX
PCR Master Mix (SuperArray Bioscience) and run on an ABI7900HT (Applied Biosystems)
real-time PCR machine, with β-actin used as the reference gene. The primer sequences used
were: WT1-F: 5’ AGCTGTCGGTGGCCAAGTTGTC 3’, and WT1-R: 5’
TGCCTGGGACACTGAACGGTC 3’, as previously described [29]. β-Actin was amplified
with ACTB RT2 PCR primer set (SuperArray Bioscience). If the cycle threshold (CT)
difference between the triplicates was larger than one cycle, the experiment was repeated. The
calculated relative gene expression level was equal to 2−ddCT, where ddCT is the Δ Δ CT, as
previously described [30]. The expression of WT1 in each sample was expressed relative to
the stable level observed in the leukemic cell line HL-60, which was arbitrarily defined as 1.

T cell receptor β chain spectratyping
TCR β chain spectratyping was performed as previously described [31], with minor
modifications. Complementary DNA was synthesized from RNA extracted from
unfractionated PBMC and used as template for multiplex PCR amplification of the rearranged
TCR β chain CDR3 region. Each multiplex reaction contained a 6-FAM-labeled antisense
primer specific for the TCR β chain constant region and two to five TCR β chain variable
(TRBV) gene-specific sense primers. All 23 functional Vβ families were studied. PCR
reactions were carried out on a Hybaid PCR Express thermal cycler (Hybaid, Ashford, UK)
under the following cycling conditions: 1 cycle at 95°C for 6 minutes, 40 cycles at 94°C for
30 seconds, 58°C for 30 seconds, and 72°C for 40 seconds, followed by 1 cycle at 72°C for 10
minutes. Each reaction contained cDNA template, 500 µM dNTPs, 2mM MgCl2 and 1 unit of
AmpliTaq Gold DNA polymerase (Perkin Elmer) in AmpliTaq Gold buffer, in a final volume
of 20 µl. After completion, an aliquot of the PCR product was diluted 1:50 and analyzed via
capillary electrophoresis using a 3730×1 DNA Analyzer (Applied Biosystems). The output of
the DNA Analyzer is a distribution of fluorescence intensity vs. time, which was converted to
a distribution of fluorescence intensity vs. length by comparison with the fluorescence intensity
trace of a reference sample containing known size standards.

Statistical analysis and clustering of TCR β chain spectratypes
During the process of antigen-driven T cell responses, the normal Gaussian profile of the CDR3
length distribution found in antigen-naive Vβ families [32] is disrupted, as a consequence of
clonal T cell expansions [33]. In order to capture the variations in the CDR3 length distribution
of any given Vβ family, we chose to analyze four features that capture the most significant
changes in any given distribution, as previously described [32]: (1) the number of distinct
peaks, or CDR3 lengths, in the distribution, (2) the ratio of the amplitude of the highest peak
in the distribution to the sum of the amplitudes of all peaks in the distribution (termed the
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“maximum relative height”), (3) the skewness (a measure that reflects the symmetry of a
distribution above and below the mean), and (4) the kurtosis (a measure that reflects the amount
of data in the tails as opposed to the central part of the distribution). Thus, the skewness captures
the extent to which a CDR3 length distribution is biased toward lengths shorter or longer than
the mean, whereas the kurtosis provides information about CDR3 sequences that are either
very short or very long.

Feature extraction—Each TCR β chain spectratype comprises 23 individual CDR3 length
distributions, one for each of the 23 Vβ families. From each digitized CDR3 length distribution
all four features were extracted: A peak finding algorithm was implemented which first
performed triangular smoothing of the raw data in each CDR3 length distribution, then located
and measured the amplitude of the peaks in the distribution by searching for downward zero
crossings in the smoothed first derivative and determining the position, height, and approximate
width of each peak. Peaks whose amplitudes were less than 1.5 percent of the maximum peak
amplitude were rejected as noise. In addition, if the length difference between two apparent
peaks was less than three nucleotides, the two peaks were considered a single peak. Missing
Vβ families were replaced by the average of the donor and patient data from the same Vβ
family.

Cluster analysis—Unsupervised k-means clustering was performed on the set of four
features – number of peaks, maximum relative height, skewness and kurtosis – extracted from
all of the CDR3 length distributions within each Vβ family (73 distributions for each Vβ family,
with one from each of the 50 MDS patients and the 23 age-matched control subjects), using
the square Euclidean distance between variables as the similarity measure [34]. Optimal
partitioning of the CDR3 length distributions within each Vβ family was achieved by
identifying the number of clusters, k, which maximized the mean silhouette value. Partitioning
the 73 CDR3 length distributions in each of the Vβ families into two variably-sized clusters
maximized the silhouette value for all but three families (Vβ 1, 5, and 13), in each of which
the mean silhouette values for k = 3 were marginally higher than those for k = 2. Because the
difference between the mean silhouette values for k = 2 and k = 3 in these three Vβ families
was small, it was elected to use k = 2 for the cluster analysis in all 23 families.

K-means clustering was also performed on the level of entire spectratypes, using composite
datasets comprising the four features extracted from the CDR3 length distributions for each of
the 23 Vβ families. Once again, partitioning the 73 spectratypes into two clusters maximized
the mean silhouette value and therefore optimized the clustering process. To determine whether
the results of the k-means cluster analysis were robust, unsupervised hierarchical clustering of
the 73 spectratypes was also performed. For hierarchical clustering, the relative entropy
distance Ds (f, g) between the two variables f (x) and g(x), defined as:

was used to calculate the pair-wise distance matrix D between the data. Agglomerative
hierarchical clustering was applied to the spectratyping data using the pair-wise dissimilarity
matrix D with the average linkage decision rule to merge two clusters.

Permutation testing—To assess the probability of all of the 23 age-matched controls being
assigned to a single cluster by chance given the pair-wise distance matrixD, permutation testing

was performed using the test statistic , where the indicator vector,IT = (I1,…,I73) is
composed of 23 ones for the age-matched controls and 50 zeros for MDS patients. There are
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 possible ways the 23 age-matched controls can be arranged, and each such arrangement
has equal probability. In each of 107 permutations, healthy donors were randomly assigned to
the indicator vector I and the test statistic s was calculated on the permuted sample. Given the
observed value of statistic s̃ (all normal donors are assigned to the same group) the permutation
result was considered significant if the p-value Pr(s ≤ s̃ ) calculated from random samples of
a large number of permutations was less than 0.05. The simulations were done on Matlab.

Statistical analysis of clinical variables
We prospectively decided to apply statistical analysis to a limited number of clinical and
laboratory features, in order to avoid multiple comparisons. Fisher’s exact test was used for
the analysis of categorical variables, such as IPSS scoring, WHO classification, bone marrow
cellularity, and transfusion history. The Wilcoxon rank sum test was used for the analysis of
continuous variables such as age, WT1 expression, blast count, lymphocyte count, and
spectratype features. A p value less than 0.05 was considered statistically significant.

Results
Cluster analysis of CDR3 length distributions in MDS patients and age-matched controls
reveals two dominant clusters in each Vβ family

TCR β chain spectratyping was performed in 50 patients with MDS and 23 age-matched healthy
individuals (controls). Classification of the 50 MDS patients by WHO stage and IPSS score
revealed comparable numbers of patients with early stage and advanced disease (Table 1). The
number of peaks, maximum relative height, skewness, and kurtosis were extracted from the
23 CDR3 length distributions comprising each TCR β chain spectratype (Figure 1). K-means
clustering was applied at the Vβ family level to the extracted feature data from the CDR3 length
distributions across the 73 subjects. This analysis reproducibly identified two distinct clusters
within each Vβ family: a “normal” cluster characterized by a higher number of peaks, lower
maximum relative height, lower skewness, and lower kurtosis, and a second “abnormal” cluster
with the opposite characteristics (Figure 2A). Thus, each CDR3 length distribution was
classified as normal or abnormal according to its assignment to one of these two clusters.
Abnormal CDR3 length distributions were observed more commonly in the spectratypes from
MDS patients than in those from the age-matched control subjects, with a mean number of
abnormal CDR3 length distributions per individual of 1.6 (range, 0 to 5) for the age-matched
controls and 3.7 (range, 1 to 18) (p=0.03) for the MDS patients. In both control subjects and
MDS patients, the abnormal CDR3 length distributions were non-uniformly distributed across
the 23 Vβ families (Figure 2B).

Cluster analysis at the spectratype level identifies a subset of MDS patients with profoundly
abnormal repertoires

K-means clustering was also applied at the spectratype level to composite datasets consisting
of the four features extracted from each of the 23 CDR3 length distributions in each individual’s
spectratype. This higher-level clustering again generated 2 clusters (Figure 3). One cluster
contained all of the age-matched control subjects as well as 39 MDS patients, while the other
cluster contained the remaining 11 MDS patients, all of whom had profoundly abnormal TCR
Vβ spectratypes (representative spectratypes from MDS patients assigned to the two clusters
in Figure 4). The MDS patients assigned to the smaller, abnormal cluster were, in general, older
than those assigned to the larger cluster (median age in the two clusters, 67 vs. 61 years,
respectively; p=0.03).

To assess the power of cluster analysis at the spectratype level to identify two groups with
significantly different αβ TCR repertoires, we compared the distributions in the two groups of
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the four features on which the clustering was based (number of peaks, maximum relative height,
skewness, and kurtosis) as well as the average number of abnormal CDR3 length distributions
(Table 2). All four of the features extracted from each CDR3 length distribution were
significantly differently distributed between the two groups. Moreover, the average number of
abnormal CDR3 length distributions was 2.1 for MDS patients who were assigned to the larger
cluster containing all of the control subjects, and 9.4 for the 11 MDS patients assigned to the
smaller cluster, confirming that the k-means clustering technique is an effective tool for the
identification of patients with an abnormal αβ TCR repertoire.

Abnormal TCR repertoire is not attributable to lymphopenia, red cell transfusion, or
infections

The two groups of MDS patients defined by cluster assignment were evaluated for potential
differences in three variables that could potentially confound the analysis of TCR β chain
spectratyping: peripheral blood lymphopenia [35], active infection, and a history of transfusion
(Table 3). The median peripheral blood lymphocyte count (1310 / µl versus 1410 / µl, p=0.37),
the incidence of MDS-related infection, as defined by a viral, fungal or bacterial infection
identified after the diagnosis of MDS but before sample acquisition (27% versus 21%, p=0.69),
and a history of transfusion (70% versus 70%; Table 3), did not differ significantly between
the MDS patients in the abnormal and normal clusters, respectively.

Abnormal TCR αβ repertoire correlates with features of advanced MDS
The MDS patients assigned to the two clusters were compared to determine if an abnormal
αβ TCR repertoire correlated with disease characteristics or stage (Table 3). By IPSS criteria,
82% of the patients in the abnormal cluster had high-risk disease (IPSS intermediate-2 and
high), compared to only 45% of the MDS patients in the other cluster (p=0.03), and 73% of
patients in the abnormal cluster had advanced disease according to WHO criteria (>5% marrow
blasts) as opposed to 41% of those in the other cluster (p=0.027). The 11 MDS patients in the
abnormal cluster also had a higher median expression level of the Wilms’ tumor-1 (WT1) gene,
as determined by quantitative RT-PCR in peripheral blood (0.034 versus 0.0062, p=0.047),
and a higher median bone marrow myeloblast count (10% versus 2%, p=0.056) (Table 3).
There were no differences in bone marrow cellularity between the groups. Multivariate analysis
was not performed because IPSS score, WHO disease stage, and bone marrow myeloblast
count are not, by definition, independent variables. Although patients in the abnormal cluster
were characterized by high risk disease, the prevalence of patients with MDS-AML was not
different between the 2 clusters (27% in the abnormal and 8.3% in the normal cluster, p = 0.11).
The distribution of CMML patients was also similar in both clusters (13% and 18%,
respectively).

Comparison between k-means clustering and hierarchical clustering
To assess whether the partitioning of the TCR β chain spectratypes from the 50 MDS patients
and 23 age-matched controls by k-means clustering was robust, the 73 spectratypes were
clustered using a different algorithm and a different distance measure. Unsupervised
hierarchical clustering using relative entropy as the measure of dissimilarity reproduced all of
the essential features of k-means clustering (Figure 5). The 23 age-matched controls clustered
closely with 27 of the MDS patients, all of whom had been assigned to the normal cluster
defined by k-means analysis. Permutation testing demonstrated that the assignment of all 23
age-matched controls to the same cluster was highly significant (p<1×10−6). Three additional
clusters consisting solely of 12, 3, and 8 MDS patients, respectively, were also identified, which
included all of the 11 MDS patients assigned to the abnormal cluster defined by k-means
analysis (Figure 5). In particular, 8 of these patients comprised the most distantly related cluster
(red branch in dendrogram of Figure 5).
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Stability of TCR β spectratype over time and during therapy
Comparison of the treatment history of the subsets of MDS patients with normal and abnormal
spectratyping revealed that prior treatment with azacitidine was significantly more prevalent
in the group with abnormal spectratyping (Table 3). To address a possible causal relationship
between treatment with azacitidine and abnormalities in the TCRβ spectratype, we analyzed
serial bone marrow mononuclear cells samples (BMMC), before and after treatment with
azacitidine and etanercept, in 4 MDS patients, as it has been shown that in MDS patients, the
analysis of BMMC is more sensitive for detection of abnormal Vβ families than PBMC [20].
All four patients had abnormal TCRβ spectratypes before treatment. In all cases, the
spectratypes remained stably abnormal over months of observation, during which time two
patients achieved partial and two patients achieved complete remission of their disease (Figure
6, and data not shown).

Discussion
The technique of TCR β spectratyping has been used by numerous groups to study the αβ TCR
repertoire in patients with various bone marrow failure syndromes, including MDS [4–6,15,
16,19,36]. The interpretation of spectratyping studies in MDS patients has been complicated
by the significant heterogeneity of pathogenesis, prognosis, and treatment response in this
disease, as well as by the heterogeneity in the statistical methods used for the analysis of
spectratype data in different studies. Spectratype data are complex, and the development of
comprehensive analytic methods for global comparison of spectratypes from MDS patients
and healthy subjects has proved very challenging [37]. In the present study we developed a
robust statistical approach to the analysis and comparison of spectratype data from multiple
individuals that is based on the extraction of four quantitative features from each of the 23
CDR3 length distributions that comprise each spectratype, followed by k-means clustering of
the extracted feature data. Application of this method to the analysis of spectratypes from 50
MDS patients and 23 age-matched controls assigned all age-matched controls, along with a
large majority of the MDS patients to a single cluster. However, the cluster analysis also
identified a subset of MDS patients with advanced disease and highly abnormal αβ TCR
repertoires. Identification of this distinct subset of patients by cluster analysis was robust, as
it was reproduced using an entirely different clustering algorithm and similarity metric.

The results of the current study show that the spectrum of abnormalities in the αβ TCR
repertoire in patients with MDS has likely been underestimated. Several previous studies have
focused on the identification of expanded populations of clonal or oligoclonal T cells [4,6,
15,16,19,20,36]. Similar expanded T cell populations have also been commonly observed in
healthy adults, particularly those in their seventh decade of life and beyond [22–25], in whom
the incidence of MDS is the highest [38,39]. Our results confirm that abnormal CDR3 length
distributions characterized by a small number of dominant peaks are observed in the
spectratypes of most healthy elderly adults and MDS patients. The most abnormal αβ TCR
repertoires, however, are observed in a minority of patients identified by cluster analysis, most
of whom had advanced disease. The spectratypes of these patients were characterized by a
large number of abnormal CDR3 length distributions with a small number of peaks and high
maximum relative height, skewness, and kurtosis, which collectively indicate that these
repertoires have severely decreased αβ TCR diversity when compared with healthy elderly
adults and the majority of MDS patients.

Further studies will be required to determine the etiology and define the clinical significance
of such profoundly abnormal αβ TCR repertoires. The 11 MDS patients with the most abnormal
αβ TCR repertoires were slightly older, as a group, than the rest of the cohort. Diversity of the
αβ TCR repertoire declines precipitously during the seventh and eighth decades of life [24],
and it is thus conceivable that age may, at least in part, account for the more pronounced
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abnormalities observed in the smaller cluster. Although previous studies have demonstrated
that the neoplastic clone does not contribute significantly to the T cell compartment in MDS
patients [40], factors produced by the neoplastic cells could potentially disrupt normal
lymphoid homeostasis and thereby impair maintenance of a diverse αβ T cell repertoire. The
neoplastic clone could also shape the T cell repertoire through expression of antigens that
trigger autologous T cell responses. For example, the MDS patients in the abnormal cluster
expressed significantly higher levels of WT1, the Wilms’ tumor oncogene, which has been
shown to be correlated with disease progression in MDS [41,42]. The protein product of
WT1 is a frequent auto-antigen in MDS patients that elicits both autologous humoral [43–45]
and cellular [46] immune responses. Although WT1-specific immune responses were not
examined in our cohort, our data suggest that future studies should address whether such
responses are found more frequently in the subset of patients with the most abnormal TCR
repertoires.

Serial TCR β spectratyping of bone marrow mononuclear cells from four MDS patients treated
with azacitidine and etanercept showed that the spectratypes remained stably abnormal over
intervals ranging from 6 to 18 months, during which time two of the patients achieved complete
and two achieved partial remissions of their disease. The cellular and molecular mechanisms
underlying responses to azacitidine and etanercept are unknown [47]. Limited data from
patients treated with decitabine suggest that the efficacy of demethylating agents in MDS and
CMML may in part be attributable to immunologic mechanisms [48,49]. If so, our data suggest
that these immunologic mechanisms are not reflected by significant changes in the bone
marrow TCR β spectratype.

Our studies demonstrate the value of TCR β spectratyping as a relatively simple tool for analysis
of αβ TCR repertoire in diseases such as MDS, but also highlight some of its limitations.
Although spectratyping provides useful information on the magnitude of TCR diversity in
populations of αβ T cells, this information is more qualitative than quantitative. Thus,
spectratyping cannot provide precise estimates of the relative frequency of each unique T cell
receptor β chain in a population of T cells. The advent of high throughput, massively parallel,
single molecule DNA sequencing [50] now offers the prospect of determining all of the
uniquely rearranged TCR β chain CDR3 sequences, and the relative frequency of each CDR3
sequence, in any defined sample of αβ T lymphocytes. The application of these new sequencing
technologies to comprehensive definition of the αβ TCR repertoire is the focus of current
research in our laboratory.
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Figure 1. Extraction of features from a TCR β spectratype
(A) The 23 constituent CDR3 length distributions comprising the TCR β spectratype of a
healthy 81-year-old control subject. (B) Extraction of features from two (Vβ3 and Vβ9) of the
CDR3 length distributions in (A). (C) Three-dimensional graphic representation of three of the
four features – number of peaks, maximum relative height, and skewness - extracted from the
two CDR3 length distributions in (B).
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Figure 2. K-means clustering of CDR3 length distributions within Vβ families
(A) The CDR3 length distributions for Vβ1 from 50 MDS patients and 23 age-matched controls
are plotted according to their number of peaks, maximum relative height, and skewness. Two
clusters – one characterized by high number of peaks, low maximum relative height, and low
skewness (normal), and another with the opposite characteristics (abnormal) – are indicated
by the green dots and the red squares, respectively. The open square and the open circle identify
the centroids of the two clusters. (B) The percentage of CDR3 length distributions in the
spectratypes of the age-matched controls and MDS patients that were assigned to the
“abnormal” cluster, by Vβ family.
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Figure 3. K-means clustering of TCR β spectratypes
The spectratypes from 50 MDS patients and 23 age-matched controls were clustered on the
basis of their number of peaks, maximum relative height, skewness, and kurtosis. Two clusters
are evident – one (red squares) characterized by high number of peaks, low maximum relative
height, low skewness, and low kurtosis (kurtosis is not plotted in this three-dimensional
representation), and another cluster with the opposite characteristics (blue stars). The brown
and green squares identify the centroids of the normal and abnormal clusters, respectively. The
“normal” cluster contains the spectratypes of all the age-matched controls and 39 MDS patients,
while the abnormal cluster contains the spectratypes of 11 MDS patients.
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Figure 4. Representative TCR β spectratypes from the normal and abnormal clusters
TCR β spectratypes from two representative MDS patients, one belonging to the normal cluster
(A) and another belonging to the abnormal cluster (B).
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Figure 5. Hierarchical clustering of TCR β spectratypes
Dendrogram depicting the results of hierarchical clustering of TCR β spectratypes from the 50
MDS patients and 23 age-matched controls. Each branch in the lowest level of the dendrogram
represents the spectratype of a single patient (P) or control (C).
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Figure 6. Serial TCR β spectratype analysis of bone marrow mononuclear cells from MDS patients
undergoing treatment with azacitidine and etanercept
(A) CDR3 length distributions from all 23 Vβ families from one patient achieving complete
remission after treatment with azacitidine and etanercept, measured before (PRE), three months
(POST I), and six months (POST II) after treatment. (B) Correlation plots comparing each
feature (number of peaks, maximum relative height, skewness and kurtosis) by Vβ family
before and after (POST II) treatment with azacitidine and etanercept in four MDS patients, two
of whom achieved complete remission and two, partial remission. Pre-treatment data are
plotted on the x-axis and post-treatment data on the y-axis. Different colors are used to
distinguish the data from the four patients.
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Table 1

Patient characteristics

Patients, N 50

Median age, y (range) 64 (18–81)

Gender 13 F / 37 M

WHO classification

Refractory anemia 7

Refractory anemia with ringed sideroblasts 4

Refractory cytopenia with multilineage dysplasia 6

Refractory cytopenia with multilineage dysplasia and ringed
sideroblasts 2

Refractory anemia with excess blasts 1 6

Refractory anemia with excess blasts 2 12

MDS-AML 6

Chronic myelomonocytic leukemia 7

IPSS score

Low 6

Intermediate-1 17

Intermediate-2 13

High 13

Not available 1

Previous Treatment

Growth Factor 23

Azacitidine 10
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Anthi-thymocyte globulin 3

Thalidomide / lenalidomide 8

Cytotoxic Chemotherapy 6
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Table 2

Comparison of spectratype features between normal and abnormal clusters

Normal
cluster

Abnormal
cluster

p
value

Number of peaks 6.81 5.61 1×10−4

Maximum height 0.33 0.47 8×10−7

Skewness 2.39 3.41 7×10−7

Kurtosis 9.55 18.42 9×10−7

Median number of abnormal Vβ families 2 9 0.02

Exp Hematol. Author manuscript; available in PMC 2011 March 1.



N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

Campregher et al. Page 21

Table 3

Comparison of clinical and laboratorial data between the normal and abnormal clusters

Normal
cluster

Abnormal
cluster

p
value

Number of patients 39 11

IPSS score

Low / Intermediate-1 21 (55%) 2 (18%)

Intermediate-2 / High / MDS-AML 17 (45%) 9 (82%) 0.031

NA 1

WHO classification

<5% bone marrow blasts 18 (46%) 1 (9%)

>5% bone marrow blasts 16 (41%) 8 (73%) 0.027

Chronic myelomonocytic leukemia 5 (13%) 2 (18%)

Infection 8 (21%) 3 (27%) 0.69

History of transfusion

Yes 24 (70%) 7 (70%) 0.67

No 10 (30%) 3 (30%)

NA 5 1

Peripheral blood lymphocyte count (median) 1410 1310 0.37

WT1 expression (median) 0.0062 0.034 0.047

Bone marrow blasts at sample (median) 2 10 0.056

Peripheral blood lymphocyte count (median) 1410 1310 0.37

Bone marrow cellularity

Hypocellular 6 (15%) 3 (27%) 0.4

Normocellular / Hypercellular 28 (71%) 7 (63%)

NA 5 1

Previous Treatment

Growth Factor 20 3 0.189
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Normal
cluster

Abnormal
cluster

p
value

5’ Azacytidine 4 6 0.004

Anthi-thymocyte globulin 3 0 0.4

Thalidomide / lenalidomide 7 1 0.66

Cytotoxic Chemotherapy 4 2 0.6
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