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Abstract
The leukemia cells of unrelated patients with chronic lymphocytic leukemia (CLL) display a
restricted repertoire of immunoglobulin (Ig) gene rearrangements with preferential usage of certain
Ig gene segments. We developed a computational method to rigorously quantify biases in Ig sequence
similarity in large patient databases and to identify groups of patients with unusual levels of sequence
similarity. We applied our method to sequences from 1577 CLL patients through the CLL Research
Consortium (CRC), and identified 67 similarity groups into which roughly 20% of all patients could
be assigned. Immunoglobulin light chain class was highly correlated within all groups and light chain
gene usage was similar within sets. Surprisingly, over 40% of the identified groups were composed
of somatically mutated genes. This study significantly expands the evidence that antigen selection
shapes the Ig repertoire in CLL.

Introduction
Chronic lymphocytic leukemia (CLL) is characterized by the monoclonal expansion of
CD5+ B cells that expresses functional, rearranged immunoglobulin genes. The
immunoglobulin (Ig) heavy chain variable region (IGHV) genes of roughly half of all CLL
patients contain abundant somatic mutations, while the Ig used by leukemia cells of the other
half of patients have minimal or no somatic mutations1. The latter group of patients are more
likely to have CLL cells that express high levels of CD38 and the zeta-associated protein of
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70 kD (ZAP-70)2–4 and to have a more adverse clinical outcome. The underlying biology
explaining these differences is unclear, but the observation has provoked extensive efforts by
many groups to sequence the IGHV genes from many CLL patients. As these sequence
collections have grown, additional features of the IGHV repertoire in CLL have become
apparent. Significant gene use biases were confirmed5, and the spectrum of mutations has been
analyzed and found to be consistent with conventional somatic hypermutation6.

Recently, several groups have identified sets of CLL patients whose IGHV genes are
remarkably similar. This similarity is manifested in terms of V, D, and J gene usage, CDR3
amino acid composition, and light chain usage. Initial examples of this phenomenon included
sets of patients with: (i) the 51p1 allele of VH1-69 joined with D3-3 or D3-10, JH6 and distinct
long HCDR3 sequence 7; (ii) the VH3-21 gene and the Vlambda2-14 light chain and a distinct,
short HCDR3 sequence 8,9; and (iii) a set of patients expressing class switched VH4-39 with
D6-13, and JH5 and a defined HCDR3 motif coupled with VκO12/2 light chain10. These
observations were followed by several larger studies that identified additional sets of patients
11–14. The patients that have IGHV genes belong to the sets utilizing VH1-69 and its alleles
or the VH3-21 gene have been found to have relatively more adverse clinical outcomes, which,
in the case of VH3-21, might be independent of whether or not there are IGHV somatic
mutations. More recently, a set of patients with CLL cells that use the VH3-72 gene with a
distinct HCDR3 motif has been identified that apparently have a relatively good clinical
prognosis15.

Collectively, the studies described above have advanced the hypothesis that particular antigen
receptors play a significant role in the progress towards neoplasia16. The remarkable similarity
of HCDR3 regions within these sets of patients strongly supports the view that particular
antigen reactivity is the selective force. Such a hypothesis places antigen stimulation as a key
event in the development or perpetuation of the leukemic cells. However, to date, these antigens
have not been identified.

The sets of patients discovered thus far have not been identified through rigorous statistical
approaches. Since the process of heavy chain V-D-J recombination allows for roughly seven
thousand unique combinations, observing the same usage of V, D, and J genes is expected to
be rare. However, both normal and leukemic B cells can have non-random use of certain V,
D, and J genes. In addition, junctional processes during VDJ recombination diversify the
sequences where the genes are joined. Thus, it is not clear what collection of sequences would
give an appropriate null model for testing the hypothesis that the Ig repertoire in CLL is distinct
because of selection by antigen(s) that contributes to leukemogenesis. The problem is
compounded by the fact that Ig sequence collections from normal B cells are limited and it is
not clear which type or class of B cell would be the proper “normal” equivalent. As such, it
has been difficult to conclude much about the number of sets that may exist among the CLL
population or the extent to which these may represent a distinct biological phenomenon.

In the present study, we address these issues by introducing a computational approach that
includes a rigorous definition of sequence similarity in the HCDR3 and allows us to screen
large datasets for patients whose IGHV sequences are sufficiently similar that they can be
considered to be archetypes. Our approach relies on the creation of random datasets of IGHV
sequences that preserve certain sequence biases present in CLL patients and allow us to define
a level of similarity that is surprising. We applied our method to analyze the largest available
collection of IGHV CLL sequences: 1577 evaluated by the CRC17. Our method identified the
previously reported sets as well as many new sets with the CRC collection. Furthermore,
combining our robust definition of clusters with estimation techniques borrowed from ecology
allows us to predict the fraction of patients that belong to a set for both the mutated and
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unmutated classes. These calculations indicate that set membership at the sequence level is a
phenomenon restricted to ~28% of unmutated cases and ~12% of mutated cases.

Additionally, we examined the sequences of the Ig light chains in a subset of the patients in
our identified sets, and found that members of sets have highly correlated lambda and kappa
chain usage. However, we did not find strong correlations between set membership and several
critical clinical parameters.

Materials and Methods
Patient samples and VH sequencing

Blood was collected from consenting patients who satisfied diagnostic criteria for CLL and
who presented for evaluation at the referral centers of the CLL Research Consortium (CRC).
The samples were prepared and the IGHV sequences were determined as previously described
11.

Immunoglobulin sequence annotation
1577 IGHV sequences from CLL patients were obtained from the CRC collection. A set of
Perl scripts were written to perform batch queries of IMGT/VQUEST 18. The alignments
returned by IMGT were used to determine the CDR3 region and the percent mutation of the
V region. Additional annotations included identification of the origin of each nucleotide: V,
D, J or “junctional” from IMGT/JunctionAnalysis. Subsequently, each amino acid was
assigned an origin according to table translating the various codon triplets into symbols. The
percent mutation from germline sequence for the V gene was calculated and included in the
annotations for each sequence for use in creating mutated and unmutated datasets.

Sequence alignments and clustering
We extracted the CDR3 region from each sequence from the IMGT/JunctionAnalysis reports
along with the annotations of the source of the encoding nucleotides (V, D, J or junctional
process). We performed an all versus all pairwise alignment of the CDR3 sequences using the
allversusall program from the EMBOSS 3.0.0 package19 with the BLOSUM62 scoring matrix.
The pairwise alignment score S(i, j) between sequences i and j was converted into a distance
d(i, j) using the transformation d(i, j) = S(i, i)+S(j, j)−2S(i, j). We set d(i, j) equal to infinity if
sequences i and j contained different V genes. This criterion enforced the requirement that
CDR3 sequences were deemed similar only if they originate from the same V genes. We
performed average linkage hierarchical clustering on the distance matrix d(i, j) using the
software of Hoon and colleagues20 to identify clusters of sequences.

The creation of sets of similar patients requires the definition of a similarity or distance
threshold. Namely, how close must sequences be to be considered part of the same set? We
answered this question using a permutation test. In this test, we compare the clusters we obtain
in the CLL sequences to clusters we obtain in a synthetic dataset created by shuffling the
components of each CLL sequence. The goal was to determine thresholds that would be
unlikely to recover clusters by random chance. To create a synthetic dataset, we first annotated
each CLL sequence according to the VH gene used, and the CDR3 residues were split into five
segments: (i) encoded by the V gene exclusively; (ii) arising from a V-D junctional event; (iii)
encoded by the D gene exclusively; (iv) arising from a the D-J junctional event, or (v) encoded
by the J gene. A permuted sequence dataset was generated by randomly shuffling these five
segments from all CLL sequences. These permuted datasets preserved IGHV gene usage and
sequence biases present in the CLL IGHV sequence collection. We created 100 random datasets
by permuting the CLL sequences to determine a threshold for the average distance permitted
between sequences in a one given cluster.
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Using the random datasets, we estimated the false discovery rate (FDR) for a distance threshold
as the ratio of the fraction of random sequences in clusters (any sequence that is contained in
a cluster of size 2 or more) divided by the fraction of CRC sequences in clusters. This
computation was repeated to find distance thresholds for 1%, 5%, 10%, 15%, 20%, 25% and
30% FDR separately for all CRC sequences. A 5% FDR was obtained for a distance threshold
of 58.

Species Estimator Statistics
To estimate the number of unseen patient clusters, we applied our clustering procedure to
random subsets of the CLL sequences. We computed a species accumulation curve for the
CRC dataset by re-sampling from the CRC sequences. For a fixed subset size K, we extract
100 samples of size K from the CRC sequences. We clustered each of these 100 samples
separately and computed the average over the 100 samples of the fraction of sequences
contained in clusters. We fit a two-phase exponential association equation Y(x) = Ymax1 (1 −
Exp[−k1 x]) + Ymax2 (1 − Exp[−k2 x]) to the species accumulation curve using nonlinear
regression. Under the assumptions: (i) only a fraction of patients are contained in clusters; and
(ii) the patients that are not members of clusters in the current dataset are not members of IGHV
clusters, we estimated the number of unseen clusters by applying statistical methods commonly
used to estimate the number of unseen species in an ecological survey 21,22

Results
Ig heavy chain variable regions were sequenced from the CLL cells of 1577 patients, evaluated
by members of CLL Research Consortium. The sequences were analyzed for V, D, and J gene
use and percent mutation in the VH sequence using IMGT/JunctionAnalysis18. The
distribution of IGHV genes appearing in the patient collection was similar to other reported
collections, with VH3 family genes the most common6 (Figure 1A). The most common IGHV
genes were 1–69, 4–34, 3–30, 3–23, and 3–7. The distribution of mutational frequencies was
also similar to previously described CLL sequence collection, with 49% of the sequences
having more than 2% mutation (Figure 1B). The distributions of mutation among sequences
using particular IGHV genes were highly skewed. 1–69 and 4–39 utilizing sequences were
almost all unmutated, whereas 4–34 and 3–07 utilizing sequences were predominantly mutated.
Figure 1C plots the percent mutation as a function of IGHV sequenced used for the 15 most
frequently observed IGHV genes. A bimodal distribution centered on the 2% threshold is
clearly evident for some IGHV genes, such as 3–7, 1–2, 1–3, and 4–4, whereas others are more
continuous (e.g. 3–23).

Supplemental Table I summarizes the significant associations found between IGHV, IGD, and
IGHJ gene use. The frequency of IGHV/IGD, IGHV/IGHJ, and IGD/IGHJ associations are
graphically depicted in Supplemental Figure 1. Many of the statistically significant correlations
correspond to previously identified groups of similar sequences, such as the association of
IGHV1-69 with IGD 2-2, 3-3, and 3-16, but broadly biased associations were not observed.
Therefore, a strategy to identify clusters of patients with similar IGHV gene sequences was
employed.

A major concern in clustering IGHV gene sequences is distinguishing true clustering from
coincidental similarities that would be found in a random dataset of the same size. In order to
identify groups of similar patients it a rigorous manner, it was necessary to identify a threshold
of similarity between IGHV sequences that is surprising compared to what would be expected
by chance. Ideally, one might define the similarity threshold through examination of normal
(non-CLL) sequences, but the normal cell counterpart of CLL is not known. Thus, we decided
not to infer CDR3 sequence characteristics or IGHV gene frequency from the publicly available
normal B cell derived sequence collections. Instead we employed a permutation approach to
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determine the background frequency of similar sets while avoiding a need for assumptions
about the cellular origin of CLL or the mechanistic biases of VDJ recombination. This approach
shuffled the constituent subparts of the IGHV sequences: namely the V, D, and J genes and
the junctional residues. This shuffled procedure produced “random” sequences that preserve
the VH bias and bias in junctional residues inherent in the CLL sequences but removes any
correlations between the subparts. These random sequences allow us to determine a similarity
threshold that reveals the biologically meaningful combinations of V, D, and J present in the
CLL sequences apart from biases in their constituent parts (Fig. 2).

The CLL sequences and permuted sequences were aligned and clustered, and the fraction of
sequences that were assigned to a cluster consisting of two or more sequences (cluster fraction)
was calculated for both sets of sequences. The cluster fraction from the permuted dataset is
essentially an estimate of the false discovery rate (FDR), a measure of random chance of
obtaining clusters at a given threshold. We selected a similarity threshold at which the ratio of
the cluster fraction from the permuted dataset was 5% of the cluster fraction in the real data
(Figure 3), analogous to an FDR or p-value of 0.05. This threshold was used for the subsequent
analyses.

A total of sixty-seven clusters were identified using this procedure. The distribution of cluster
sizes is shown in Figure 4. There were several large clusters that consisted of sequences
containing previously identified CDR3 archetypes. Almost half of the clusters consisted of
pairs of similar sequences and there were 10 clusters with 3 members each. The light chain
isotypes had been previously determined for most of the cases studied here as part of the CLL
Research Consortium tissue bank program and are indicated in Table 1. Significantly, 30 out
of the 36 pairs were monotypic for light chain isotype (Figure 4). Eight out of the nine clusters
with three members for which data was available were monotypic as well, and the larger
clusters were all monotypic (Table 1).

We determined the Ig light chain sequences for the patients in 8 sets to test the assumption that
the restriction in use of light chain isotype by any one set reflected similarity in the primary
light chain sequences of the Ig within the set. All but one set were found to have Ig light chains
that were encoded by the same IGLV or IGKV gene, though the J segments were not always
the same (Sup Table II). This striking light chain restriction was not part of the cluster
determination method and is therefore an independent confirmation that the method for
selecting the clusters is identifying biologically relevant clusters and not mere fortuitous
similarities.

Most of the clusters contained either all unmutated (n=38) or all mutated (n=22) sequences,
where unmutated is defined as less than 2% mutation in the IGHV gene. The larger clusters
were mostly unmutated, but the distribution among the smaller clusters was more equal.
Member sequences of mutated clusters frequently contained common mutations throughout
the IGHV gene. Cluster 14, which contained 4 members using the 4–34 gene, is shown as an
example in Figure 5. Not only were there several common mutations, but these mutations were
also relatively rare among the other CLL sequences that used the 4–34 gene and contained
mutations.

It is apparent that as larger CLL sequence collections are analyzed, additional patient clusters
might be found. We used a re-sampling approach to estimate the number of unseen clusters.
In this approach, we performed clustering on random subsets of the CLL sequences of various
sizes and plotted the number of clusters and the fraction of sequences assignable to a cluster
(Figure 6). As expected, both of these quantities grow as more sequences are considered.
However, both quantities also appear to be approaching an asymptote. Using this plot, we can
estimate the number of clusters and in fraction of patients in clusters as the size of the sequence
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dataset grows. This problem is analogous to the problem of estimating the total number of
species in an ecosystem based on an ecological survey. A number of “species estimator”
equations21,22 have been developed for this purpose and we fit several of these formulas to
random subsets of the CLL sequences. The fitting parameters and results are summarized in
Table II. A two-phase exponential association equation fit the data extremely well and did not
show any significant deviation from the model as determined by a Runs test. The best fit
parameters of this equation indicated an asymptote at 0.192 with a 95% confidence interval
from 0.173 to 0.211. When the data were re-analyzed using less stringent clustering parameters,
the asymptote shifted upwards, but the curve fitting quality was similar (data not shown).

Assuming that not all patients can be assigned to one of the defined clusters and that the patients
who cannot be currently assigned are not members of unidentified IGHV clusters, we estimate
that there are 128 clusters with a 95% confidence interval of 93 to 210 clusters using species
estimator statistics 21,22.

Since it was apparent from the clusters identified that there were more clusters among the cases
with unmutated Ig genes, the re-sampling and curve fitting was performed independently on
cases that used unmutated or mutated Ig genes. The two-phase exponential association curve
achieved a good fit for the data from cases that used unmutated Ig genes, but did not provide
a confident estimate for the asymptote for the cases that used mutated Ig genes (data not shown).
However, the one phase exponential association equation fit the data from these latter cases
equally well with a small 95% confidence interval. These are shown in Figure 6. The curve
fittings predict a maximum fraction in clusters of 0.278 for the cases with unmutated Ig and
0.116 for the cases with mutated Ig.

Discussion
This study found that the grouping of patients into clusters or sets based on IGHV similarity
is a phenomenon restricted to a subset of CLL patients. A similar result was reported by
Stamatopoulos et al 14, who also attempted clustering of IGHV sequences using different
criteria. However, those and earlier studies that report clustering of IGHV genes in CLL patient
relied on ad hoc criterion for defining these clusters. In this study we defined rigorous
computational approaches and we found that ~28% of unmutated CLL and ~12% of mutated
CLL IGHV sequences can be assigned to a cluster. Furthermore, our species estimator results
suggest that while many smaller clusters remain to be found, the current data implies that less
than a quarter of all CLL patients can be assigned to a cluster.

The limited light chain data presented here provides evidence that the clustering scheme has
identified clusters with biological relevance. The proportion of monotypic light chain clusters
far exceeded what would be predicted by chance, and almost all of the clusters (even the pairs)
for which light chain sequencing was performed displayed remarkable sequence restriction.
Furthermore, the presence of common mutations outside of the CDR3 region among some of
the mutated clusters is also highly suggestive of shared biological function.

There are two main caveats to this work. First, while our permutation approach attempts to
create a rigorous definition of a cluster that minimizes coincidental similarity, there remains a
choice of parameter values in the definition of a cluster. However, the essential result of an
asymptotic fraction of sequences in clusters was unaffected by the choice of clustering
threshold and the stringent criteria used in this study were selected to avoid accidental clusters.
Second, and more significant, is that the analysis done was based solely on IGHV sequences.
It is likely that highly similar sequences will share antigen reactivity and the presence of
common mutations throughout the IGHV gene in some of the mutated sets is even more
suggestive of shared antigen specificity within a cluster, but this is not a formal proof.
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Ultimately antigen specificity is determined by antibody structure, not sequence, and thus
dramatically different IGHV sequences may encode antibodies with identical antigen, or even
epitope, specificity 23. Thus the number of functional clusters might be quite different from
the number of sequence-defined clusters described here.

Furthermore, the extent to which the antibody response against a given antigen is stereotyped
across individuals is not clear. There have been limited studies in mice and humans, primarily
with hapten antigens, but there have not been large systematic studies of the antibody sequences
generated in many individuals to antigens of diverse type. In fact, the large datasets of IGHV
sequences from CLL patients, exceeding many thousands worldwide, represent a unique
collection of truly independent origin from many individuals, and may be useful for addressing
fundamental issues of the antibody repertoire once the etiology is more clearly established.

This study significantly expands the evidence that antigen selection shapes the repertoire of
CLL Ig. It is difficult to conceive an alternative explanation for the extensive presence of
sequence clusters among CLL patients. However, it remains unclear at which phase of
leukemogenesis antigen selection may play a role and whether ongoing antigen stimulation is
relevant at the time of clinical presentation. It is also unclear whether that antigen is necessarily
foreign, self, or a class of antigens recognized in a polyspecific manner. Sequence analysis
alone cannot shed light on these issue since inferring antibody specificity from primary
sequence is difficult and prone to mistake. While antibodies that have highly similar, if not
identical, heavy and light chain primary structures can be assumed to have shared specificities
for antigen, the converse is not the case. Antibodies with highly disparate primary structures
can be found to bind a common antigen 23. As such, it is possible that patients who cannot be
assigned to a cluster still could have leukemic cells that express Ig capable of binding a common
antigen(s). Recognition of this situation would require methods that can assess for similarities
in the tertiary structures of the Ig expressed in this disease24. Further refinement of our ability
to understand and analyze the B cell receptor in relation to B cell tumorigenesis is essential in
the ultimate dissection of the CLL disease process.

The clinical significance of these sets is unclear. No overall difference was found in time to
treatment for patients that belonged to a cluster as compared to those that did not (data not
shown). While there have been reports of particular sets having distinct clinical features, both
aggressive and stable 15,24, the small number of patients in most of the clusters we identified
precludes definitive conclusions. Indeed, large meta-studies from many centers and sites will
likely be necessary to achieve sufficient numbers to drawn statistically valid results.
Alternatively, if the antigens responsible for these archetypal sequence motifs are identified,
cluster membership based on antigen reactivity may ultimately be a better grouping criteria.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Distribution of IGHV genes and mutation frequencies within the dataset
A. The distribution of IGHV gene families among the data and the distribution of individual
genes for the VH1, 3, and 4 families are shown. The total number of cases depicted is indicated
in the center of each pie chart. B. Scatterplot of the % mutation for all cases analyzed. The
dashed line at 2% reflects the threshold for considering a case “mutated”. C. The % mutation
for cases using the 15 most frequent IGHV genes. The bars indicate the median value.
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Figure 2. CDR3 permutation scheme
Permuted datasets were created from the original CLL IGHV sequences in the manner of the
example shown. The original CDR3 amino acid sequences (A) were parsed into the sequences
derived from V, D, or J genes or junctional processes as annotated by IMGT/JunctionAnalysis
(B). Amino acids were categorized as junctional if any of the nucleotides encoding an amino
acid were attributable to a junctional event. These sequence elements and the assigned IGHV
genes were randomly scrambled (C) to create the final permuted datasets (D).
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Figure 3. Determination of clustering threshold
The CLL and permuted CDR3 datasets were clustered as described in Methods. The percentage
of sequences assigned to a cluster as a function of the distance cutoff used in the clustering
algorithm was determined for both datasets (black lines, right y axis). The fraction of sequences
in clusters among the permuted data divided by the fraction of sequences in clusters among
actual data is shown in gray along the left y axis. At a distance cutoff of 58 the fraction of
sequences in clusters among the permuted data was 5% of the value among the actual data.
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Figure 4. Cluster size and light chain isotype distribution
67 clusters were identified at the 5% FDR cutoff value. Flow cytometric data for light chain
expression was available for most of the cases. The vast majority of clusters were monotypic
for light chain expression, consisting of only kappa or lambda. Only five of the 36 clusters
composed of two sequences were of mixed light chain isotype.
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Figure 5. IGHV sequence alignment of cluster 14 reveals shared rare mutations
Cluster 14 was composed of four cases that all used mutated IGHV4-34 and IGHJ3 genes.
These are shown aligned with the germline genes with the CDR regions underlined. A (.)
indicates identity with the germline amino acid. Several shared mutations were evident. The
values indicated below are the frequency with which those amino acids were mutated in all
IGHV4-34 using CLL cases (n=100) and the value in parentheses is the frequency with which
the mutation resulted in the same amino acid as for this cluster. For example, mutation of the
serine in CDR2 was observed in 45.1% of IGHV4-34 CLL cases, but in only 5.9% was the
mutation replacement by isoleucine.
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Figure 6. Non-linear curve fitting of species estimator models indicates a limited fraction of CLL
cases are cluster members
The fraction of sequences in clusters was determined for random samples of various sizes
between the CLL and permuted data. The fraction of sequences assigned to a cluster grew as
the sample size grew, but appeared to be approaching an asymptote (A). One or two phase
exponential association equations were fit to the cluster fraction data for the entire CLL dataset
as well as the mutated and unmutated cases separately. The dashed lines indicate the projections
of those fit equations, indicating a clear predicted asymptote for all cases.
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Table II
Species estimator non-linear curve fitting parameters

name equation R2

Runs
test p
value Ymax (Ymax1, Ymax2)

Two phase
exponential
association

Y=Ymax1*(1−exp(−K1*X)) + Ymax2*(1−exp(−K2*X)) 0.9983 0.6359 0.192 (0.136, 0.056)

One phase
exponential
association

Y=Ymax*(1−exp(−K*X)) 0.9872 < 0.0001 0.168

Clench Y=a*x/(1+b*x) 0.9971 < 0.0001 0.214

linear dependence Y=(Top/K)*(1−exp(−K*X)) 0.9872 < 0.0001 0.168
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