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and bone marrow during disease progression and relapse
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ABSTRACT

In follicular lymphoma, somatic hypermutation of the immunoglobulin heavy chain genes facilitates the identifi-
cation of different [ymphoma cell clones, and the construction of genealogical trees. To investigate the dissemina-
tion of lymphoma cells, and the role of bone marrow in disease progression, we simultaneously analyzed the
somatic hypermutation patterns of lymph node and bone marrow specimens taken from three patients at onset
and relapse of their disease. Immunoglobulin heavy chain genes were amplified by polymerase chain reaction,
cloned and sequenced. Mutational pedigrees were constructed in a hierarchical order. When direct transition of
one mutation pattern into that of a successor clones was not feasible, hypothetical predecessor clones were creat-
ed, and a probability measurement calculation was introduced. Eighty-five sequenced clones were generated. The
average mutation rates were 13.45% for the lymph node specimens, and 9.78% for the bone marrow ones. Forty-
two hypothetical predecessor clones were introduced into inter-compartment pedigrees. The genealogical trees
showecf) that early lymphoma clones with a low mutational load quickly migrate from lymph nodes into the bone
marrow. Bi-directional lymphoma cell migration was detectable between the two compartments. In one case of
follicular [ymphoma, a clone identical to the initial lymph node clone was detected 2 years later in the bone mar-
row. The newly introduced algorithm allows the evaluation of both time and direction of follicular lymphoma cell
migration. We found evidence that follicular lymphoma originates in the lymph node, and infiltrates the bone mar-
row early in the course of the disease. Moreover, inter-compartment migration between lymph nodes and bone
marrow occurs in both directions.

Introduction rations leading to a fully malignant phenotype and progres-
sion of FL.**
The germinal center B-cell origin of FL is supported by

ongoing somatic hypermutation of immunoglobulin heavy

Follicular lymphoma (FL) accounts for 25%-40% of all B-
cell non-Hodgkin’s lymphomas in Europe and the United

States." Although often initially responsive to chemotherapy
or radiotherapy, FL is characterized by relapses and progres-
sion to treatment-resistant disease or transformation to high-
grade lymphoma.’ Almost all cases of FL harbor the
t(14;18)(q32;q21) chromosomal translocation, resulting in
overexpression of the oncogene BCL2. The frequent occur-
rence of the t(14;18)(q32;q21) translocation in B cells in the
peripheral blood of healthy individuals® as well as the occur-
rence of “FL in situ” with a low risk of progression demon-
strate that the translocation alone is insufficient for a malig-
nant phenotype.** Specific attention has been focused on the
microenvironment, especially of germinal centers of Iymph
nodes (LN).*® As the putative malignant counterpart of germi-
nal center B cells, the (pre)-malignant FL cells are believed to
overcome selective control mechanisms of the germinal cen-
ter microenvironment by constitutive expression of the anti-
apoptotic protein Bcl-2, allowing for secondary genetic aber-

chain variable region (IgVy)-genes of t(14;18)-positive FL
cells.”® The mutation patterns in the IgV}, genes of FL have
been found to be very similar to those in normal antigen-
selected B cells."” The active hypermutation machinery of FL
cells results in an intraclonal sequence heterogeneity of neo-
plastic clones.” During the course of the disease, the tumor
cells disseminate to lymphatic organs, including the bone
marrow (BM)."* It is now accepted, that somatic hypermu-
tation of the original neoplastic clones is retained during the
expansion and dissemination to adjacent germinal centers and
distant LN.”* However, the molecular details of tumor cell
dissemination into the BM are largely unknown.*"”

We conducted a simultaneous mutational analysis of the
IgV, genes of LN and corresponding BM specimens from
three patients with FL, to delineate the migration of FL cells
between these two compartments on the basis of reconstruct-
ed temporal sequences of FL cell clones. We used a newly

©2013 Ferrata Storti Foundation. This is an open-access paper. doi:10.3324/haematol.2012.074252

The online version of this article has a Supplementary Appendix.

Manuscript received on August 19, 2012. Manuscript accepted on April 11, 2013.

Correspondence: kremer@Irz.tum.de

‘ haematologica | 2013; 98(9) -



- M. Wartenberg et al.

- haematologica | 2013; 98(9)

developed algorithm to describe clonal hierarchy and
migration patterns more thoroughly.

Methods

Patients, histology, and immunohistochemistry

This study comprised three patients with synchronous LN and
BM infiltration by FL at presentation. Biopsies were performed
during the diagnostic and staging procedures. The selection criteria
were the diagnosis of FL according to the fourth edition of the
WHO Classification of Tumours of Haematopoietic and
Lymphoid Tissues." Clinical information was obtained from the
patients' medical records. Material was collected from patients
after their informed consent in accordance with the Declaration of
Helsinki. The study was approved by the responsible institutional
ethic boards. Further details are provided in the Omnline
Supplementary Methods.

Sequence analysis of IgV, genes and definition
of mutational patterns

DNA from the IgV}; gene segments was extracted and amplified
as described elsewhere.”** Cloning, sequencing, and the mutation-
al analysis of the obtained segments are described in detail in the
Online Supplementary Methods.

Delineation of tumor cell evolution by construction
of pedigrees

For each patient and each compartment (LN and BM separate-
ly), the mutational patterns of gV}, gene segments were arranged
in an ascending order of mutations to illustrate the mutational
hierarchy of intraclonal sequence heterogeneity. Consequently,
mutational patterns of early clones with few mutations had to be
included in successor clones. When direct transition of one muta-
tion pattern into that of successor clones with higher mutation
loads was not observable, hypothetical predecessor clones (HPC)
were introduced to retrace the evolution of sequenced clones back
to the determined initial V,DJ, gene rearrangement (wild-type
sequence). Accordingly, compartment-specific pedigrees were
constructed. Thereafter, a third “summary-pedigree” comprising
all sequenced clones was constructed, to evaluate the possibility of
inter-compartmental exchange between LN and BM.

Generation of hypothetical predecessor clones
and delineation of migration probability

For each sequenced FL population (i.e. LN, BM, and LN and BM
together) the pool of possible HPC was derived from mutations
shared by at least two sequenced clones. To select the most appro-
priate predecessor clones from the abundance of generated HPC,
the probability measurement was introduced (Figure 1). Only HPC
with the highest probability measurement values were introduced
until the evolution of sequenced clones could be retraced to the
“wild-type sequence”. Already established clone groups could not
be disrupted by HPC with lower probability measurement values.
These calculations resulted in a LN, a BM and an inter-compart-
ment pedigree. If HPC of the inter-compartment pedigree dis-
played a higher probability measurement value than the corre-
sponding LN or BM counterparts, inter-compartment migration
was considered. The LN or BM allocation of these inter-compart-
ment HPC was directed by the LN or BM affiliation of the major-
ity of evolving clones (see Online Supplementary Methods).

Analysis of somatic hypermutation patterns

To evaluate the expression of functional B-cell receptors (BCR),
sequences were evaluated for in-frame stop codons. Because pre-

served expression of complete BCR is considered mandatory for
the survival of B cells, no further analysis was applied if an in-
frame stop codon was detected.” In cases without in-frame stop
codons, the multinominally modified Chang and Casali formula
for assessment of ongoing mutations was applied, using the www.-
stat.stanford.edu/immunoglobin database/ software.*”

Results

Clinical data

The first patient, a 35-year-old female, showed FL
involvement of LN and BM. A regimen of conventional
chemotherapy with rituximab was applied leading to clin-
ical remission.

The second patient was a 44-year-old female with
simultaneous FL involvement of LN and BM. Biopsies of
each compartment were obtained in 2002 before therapy.
The initial BM specimen from 2002 was not available,
because of loss of material by sectioning. The patient
received combined radio-chemotherapy and reached clin-
ical remission. In 2005 another BM biopsy was taken for
re-staging and showed infiltration by FL.

The third patient was a 61-year-old female with simul-
taneous FL involvement of the LN and BM. Pre-treatment
biopsies of both tissues were taken in 2004.
Chemotherapy was administered leading to a clinical
remission. A BM specimen obtained in 2006 showed infil-
tration by FL. In 2007, a relapse prompted another pair of
LN and BM biopsies showing infiltration of both compart-
ments by FL. The patient received several regimens of
chemotherapy with and without rituximab, and autolo-
gous stem cell transplantation in 2006 (Table 1).

Histological analyses

The LN and BM tissues of the three patients showed FL
involvement. All specimens from the three patients
showed the typical immunophenotype of FL, with expres-
sion of CD20, CD10, Bcl6 and Bcl2 in LN and BM.
Fluorescence in situ hybridization analysis revealed a break
at the BCL2 locus at chromosome 18q21 in all three
patients.

_(r—r+l)*i*</ !
pm = I Ik:I P,

Figure 1. Formula for calculating the probability measure (pm). The
pm-formula poses the pivotal part of hypothetical predecessor clone
(HPC) stratification in the non-multiple sequence alignment-based
algorithm “mutation evolution estimator” / “follicular ymphoma evo-
lution reconstructor” created for this study to retrace follicular lym-
phoma evolution/dissemination: pm: probability measure of the con-
sidered HPC; t: total number of sequenced clones contained in the
considered population [i.e. lymph node (LN)-, bone marrow (BM)- or
LN+BM(inter-tissue)-population]; r: group strength; number of
sequenced clones contained in the HPC-defining group of sequenced
clones; i: number of mutations of the considered HPC; z: number of
repeats of a HPC-sequence among the considered population (i.e.
LN-, BM- or inter-tissue-population); I: number of nucleotide residues
of the considered sequence; k: counter; starting at the first locus,
being consecutively heightened by 1 and ending at the last locus of
the considered sequence; P: relative frequency of a mutation at
residue k among the considered population; nucleotide residues
without mutations were given the value “1“.




Analysis of IgV,-gene segments

Corresponding to the NCBI IgBLAST germline configu-
ration with the most homologous sequence, one unmutat-
ed wild-type V.DJ,-gene rearrangement could be deter-
mined for the sequenced clones of each patient. All
sequences shared a variable number of single nucleotide
mutations. No deletions, duplications or inversions were
found. Nucleotide insertions were detected at the VH-D
and the D-J junctions.

Delineation of follicular lymphoma cell dissemination
by pedigrees

A synopsis of the generation of FL pedigrees of LN and
BM involvement is described for each patient, whereas a
detailed description of the process is given in the Online
Supplementary Results.

Patient 1

The IgV}, germline gene with the highest homology was
IGHV3-30%04. The VD], gene amplicons contained 349
basepairs (bp) in FR1 and 244 bp in FR2. The average
mutation rate of the V,DJ, gene sequences of the ten LN
clones was 22.2% in FR1 and 23.1% in FR2, while that for
the eight BM sequences was 15.6% (Table 2).

Synopsis of the clonal evolution of the follicular
lymphoma (Figure 2)

The reader is encouraged to consult the figures while
reading the descriptions of the pedigrees. One LN
sequence (clone b4) was identical to the unmutated wild-
type/germline sequence. Two LN sequences (clones a7
and b1) shared identical mutation patterns. Among the LN
population, no direct transitions of one mutation pattern

into another were observed. Consequently, nine HPC
were introduced to reconstitute the most likely tumor cell
evolution, according to the “probability measurement”-
guided hierarchy. Since clone b4 represented the wild-type
one, all other LN sequences and HPC were considered to
be derived from clone b4. For the eight obtained BM
sequences, no direct transitions of one sequence into
another were observed. Subsequently, nine HPC were
introduced to reconstitute the most likely tumor cell evo-
lution in the BM.

For sequenced clones b6, a8, k4, and k5, a synthesis of
the compartment-specific and the inter-compartment evo-
lution served as the basis for deciding whether compart-
ment-resident evolution or evolution by inter-compart-
ment migration was more likely. Comparing the probabil-
ity measurement values of the relevant immediate com-
partment-specific HPC with the corresponding inter-com-
partment HPC, BM-resident evolution was more likely for
clone k4, whereas inter-compartment migration was obvi-
ous for LN-clones b6 and a8 and BM-clone k5.

Hence, all sequenced and hypothetical BM-clones
evolved from LN-clones that migrated to the BM. Nodal
clones b6 and a8 evolved from BM-derived clones that had
previously evolved from the LN population. This repre-
sented multidirectional migration in the FL population of
patient 1 emanating from the LN (see also Ounline
Supplementary Results).

Patient 2

The common IgV); germline gene was [GHV3-2301.
The VD], gene amplicons contained 362 bp in FR1 and
244 bp in FR2. The average mutation rate of V,DJ, gene
sequences of the six LN clones (a2, a2, a3, a4, a5, a6) was

Table 1. Histological grade and clinical course/stage of follicular ymphoma specimens analyzed.

Patient Initial biopsy Histological  Ann Arhor First relapse Second relapse
(age, years) (site) grade stage (site) (site)
(sex) (year) (year) (year)
1 LN BM FL grade 2 v -
(35) (inguinal) (pelvic bone)
(female) (2006) (2006)
2 IN FL grade 1 \% BM
49 (inguinal) (pelvic bone)
(female) (2002) (2005)
3 LN BM FL grade 1 I\% BM LN BM
(61) (axillary) (pelvic bone) (pelvic bone) (inguinal) (pelvic bone)
(female) (2004) (2004) (2006) (2007) (2007)
FL: follicular lymphoma; LN: lymph node; BM: bone marrow; —: no specimen available.
Table 2. Average mutation rates and mutation rate ranges of sequenced clones.
Patient year Average mutation rate (%) Range of mutation rate (%)
LN (FRI / FRII) BM LN (FRI / FRII) BM
1 2006 22.2/23.1 15.6 0-33.8/0-34.0 5.6-27.0
2 2002 10.5/12.4 n.a. 10.2-11.0/12.0~132 n.a.
2000 - Be 8.3-15.3
3 2004 5.8 79 22-13 6.5-10.3
2000 0 - 5, 2.2-8.2
2007 6.7 6.3 6.5-6.9 5.2-6.9

Sequences of patient 3 and all BM sequences comprised framework II (FRII) sections of immunoglobulin heavy chain variable region (1gV,)-genes only. n.a.: specimen was not
available for analysis; —: no specimen available. FRI: framework I section of the 1gV,-gene. LN: lymph node; BM: bone marrow.

Bidirectional cell migration in FL -
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10.5% in FR1, 12.4% in FR2 and 13.6% for BM-derived
clones (Table 2).

No LN or BM sequence was identical to the unmutated
wild-type germline sequence. Within the 14 sequenced
BM clones, the mutation pattern of clone k2 could be
directly transferred into clone k6. Within the LN popula-
tion, the HPC with the highest probability measurement
value (HPC-LN1) included all following clones. The muta-
tions of al and a6 were included in all successor clones.
The HPC (HPC-LN8) was the predecessor of clones a3 and
a5. Clone a2 evolved independently of HPC-LN3. A set of
18 BM-HPC was calculated. Five BM-HPC (HPC-BM1 —
HPC-BMS5) were introduced to reconstruct the probability
measurement-guided clonal evolution of the BM. All BM
clones shared 22 common mutations illustrated by HPC-
BM1 (see also Online Supplementary Results).

Synopsis of the clonal evolution of the follicular
lymphoma (Figure 3)

For the final pedigree, four HPC indicate two migration
events between the LN and BM. Considering the synchro-
nous involvement of LN and BM tissue at diagnosis, and
the temporal discrepancy between the studied LN and BM

specimens, the common HPC of all clones (HPC-
LN+BM1) could not be allocated to a specific compart-
ment. Whether an initial migration event was directed
from the LN to the BM or in the opposite direction could
not be determined. The hypothetical clones (LN+BM2),
and (LN+BM3) were allocated to the BM compartment
and proposed as clones that would have already existed in
the BM at diagnosis in 2002, since all the sequenced BM
clones could be derived from these two HPC.

In the synopsis of the compartment-specific and the
inter-compartment pedigrees, LN clones al, a6 and a4
evolved from precursor HPC-LN+BM1, whereas a2, a3
and a5 represented successor clones of BM-allocated HPC-
LN+BM3, indicating a migration event from the BM to the
LN. Whether BM clones of 2002 originated from LN-resi-
dent clones that had been infiltrating the BM prior to ther-
apy could not be proven.

Patient 3

The common IgV,; germline gene of the sequences of
patient 3 was [GHV3-15%02. The average mutation rates
for LN clones ranged from 2.2 to 7.3% and for BM
sequences from 2.2 to 10.3% (Table 2).

b4
+BM1 @
k9
k4
b7 b6
b3
LN1
© a8
Tt k5
a2
b2 LN 2006 BM 2006
a6
ar b1l

Figure 2. Pedigree of the final FL cell evolution of patient 1 - synopsis of compartment-specific and inter-compartment pedigrees. The imme-
diate hypothetical predecessor clones (HPC) of each sequenced clone (i.e. the compartment-specific HPC and the inter-compartment HPC)
were compared to each other. Some shared an identical sequence, both in the compartment-specific and the inter-compartment pedigree (for
example LN7 and LN+BM12 for a2, a7 and b1), some were different [for example LN9 (LN-specific pedigree) and LN+BM10 (inter-tissue pedi-
gree) for clone b6]. In case of two different HPC, the respective probability measures (pm) were compared to decide whether evolution accord-
ing to the compartment-specific or the inter-compartment FL pedigree was more likely. Consequently, sequenced BM clone k4 was allocated
to compartment-specific evolution from the HPC BM7 with a higher pm value and this was, therefore, considered more likely than evolution
from the inter-compartment HPC (LN+BM14). For sequenced clones b6, a8 and k5, inter-compartment evolution was considered more likely
than compartment-specific evolution, according to pm-stratification. Blue lines represent putative clonal migratory events from the LN to the
BM compartment, red lines represent migration in the opposite direction (i.e. putative clonal migratory events from the BM to the LN com-

partment).

—
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Synopsis of the clonal evolution of the follicular
lymphoma (Figure 4)

For the entire evolution of the FL clones of patient 3, an
inter-compartment population was created for sequenced
LN and BM clones of 2004, which was then complement-
ed by clones of the BM population of 2006. Subsequently,
the inter-compartment population of sequenced LN and
BM populations of 2007 were added. To assess the possi-
bility of nodal persistence during disease progression from
2004 to 2007, both LN populations were analyzed as a
separate inter-compartment collective.

The complete FL population of patient 3 was represent-
ed by 11 LN sequences from the year 2004, eight LN
sequences from 2007, nine sequences for the BM compart-
ment from the years 2004 and 2006, and ten sequences for
the BM compartment from 2007. Two identical sequences
were found in the LN population of 2004 (clones m1 and
m4) and two lots of two identical sequences were found
in the BM population of 2007 (clones s1 and s5; clones s3
and s7). Specifically, the LN clone m2 from year 2004 and
the BM clone x3 from year 2006 also had similar clones,
showing identical mutation patterns among the sequences
analyzed.

Bidirectional cell migration in FL e

Since these mutations were detectable in all other
sequenced clones, they were assumed to represent the
“founder clones” of the FL of patient 3, and moreover indi-
cated that the FL originated out of the LN sampled in 2004
(clone m2).

Consequently, by probability measurement-guided
chronological analysis of the inter-compartment evolution
of the five compartments, early migration of LN clone m?2
into the BM and its persistence there was postulated for
2004, 2006 and 2007. This interpretation was supported
by detecting clones with the identical mutation pattern
among the first BM relapse population of 2006 (x3), in the
LN tissue of 2004, and the BM and LN tissue of 2007 (HPC
LN1 04). Hence, the clone survived the repeated therapy in
the BM, giving rise to the second relapse in the BM.

According to chronological analysis of the different pop-
ulations, it was most likely that the LN 2007 clone was a re-
infiltration from the BM 2007 one, although theoretically
re-infiltration by the clones (x3) from BM 2006 or LN1 04
from the BM 2004 cannot be entirely excluded (Figure 4).

Younger clones with a high mutational load were more
susceptible to chemotherapy than older clones with only
few mutations. (see also Online Supplementary Results)

postulated BM,
year 2002
PR
(LN+BM1)
IN+BM2 /J\
{LN+BM3) \fl"l/
TP, BM3
LN1 BM4
al ab ad
a2 LN3 k3 k4 k1 k8 ke
a5
a3 K10
K5
k14 K9
k12
ki1 K7 w3
LN 2002 BM 2005

Figure 3. Pedigree of the final FL cell evolution of patient 2 - synopsis of compartment-specific and inter-compartment pedigrees. Comparing
the probability measure (pm) of the compartment-specific HPC to the inter-compartment HPC, a common HPC for all sequenced clones was
determined (LN + BM1). Due to the time order of the obtained LN and BM specimens, this HPC was allocated to the LN compartment. By intro-
duction of HPC LN + BM2 and LN + BM3, which constituted the following HPC among the clonal hierarchy of inter-comparment HPC, bidirec-
tional clonal migration became evident. Thus, the LN population of year 2002 was composed of sequenced clones (al, a6 and a4) that puta-
tively had originally been derived from LN predecessors, and sequenced clones (a2, a5 and a3) that had putatively derived from BM resident
HPC (see Online Supplementary Data). Thus contrary to MSA-based algorithms, the non-MSA-based algorithm “mutation evolution estimator”

(MEE) / “follicular lymphoma evolution reconstructor” (FLER) renders a

means of hypothetical backdating of clonal relations on the basis of

mutational pattern-derived HPC creation (signified by the annotation "postulated LN, year 2002"). Blue lines represents putative clonal migra-
tory events from the LN to the BM compartment, red lines represent migration in the opposite direction (i.e. putative clonal migratory events

from the BM to the LN compartment).
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Discussion ments. Based on our results, we conclude that FL origi-
nates in the LN and not in the BM, since the FL clone with
the least mutated IgV/, gene was found in the LN. We also
found hints of early migration of LN clones with few IgV/,

gene mutations into the BM compartment. These early

In this study, we analyzed the mutation patterns of the
IgV,, genes in LN and corresponding BM specimens from
three patients with synchronous FL in both compart-

LN, m2 /(1o BM,
year 2004 e/ year 2004
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!
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| | | s4 s8
od ol ob o10

Figure 4. Pedigree of the final FL cell evolution of patient 3 - synopsis of compartment-specific and inter-compartment pedigrees. Among the
entire clonal population of patient 3 the least mutated sequenced clones were clone m2 of the initial lymph node (LN) population of 2004
and clone x3 of the first relapse population of the bone marrow (BM) of year 2006. Interestingly both clones shared an identical mutation pat-
tern suggesting a migratory link between the LN and the BM compartments. Considering the generated HPC, and the probability measure
(pm)-values obtained for the compartment-specific and the inter-compartment populations, an initial inter-compartment migration in 2004
was a plausible option for clonal evolution, since the initial migration was directed from the LN to the BM where a HPC (BM1-04) included the
mutation pattern of clone m2, which thus constituted the most likely “founder clone” of the clonal BM population. By detection of clone x3
among the BM clones of the first relapse in 2006 showing identical mutations with the inital nodal clone m2, and the inclusion of this very
mutation pattern in the HPC “founder clone” of the BM-population of 2004 (BM1 04) and the most likely HPC “founder clone” of the second
BM relapse population of 2007 (BM1 07), BM persistence during therapy was evident. Chronological analysis of the different populations (not
shown in detail), showed that the LN was reinfiltrated from the BM. Reinfiltration of the LN compartment of 2007 from the BM was more likely
than nodal persistence during the interval from the 2004 to 2007 (Online Supplementary Tables S4F-H). However, whether reinfiltration took
place in 2004, 2006 or 2007 could not be determined. Blue lines represent putative clonal migratory events from the LN to the BM compart-
ment, red lines represent migration in the opposite direction (i.e. putative clonal migratory events from the BM to the LN compartment).
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clones might represent “founder clones” of relapsed FL,
possibly originating from the BM. This observation sup-
ports the theory of a BM niche for FL cells during the
course of the disease and its treatment.”®” We also showed
that inter-compartment migration between LN and BM
exists in both directions during disease.

Dissemination of FL clones among different lymph folli-
cles and LN has been documented.'****"** Studies showing
that FL cells colonize non-neoplastic germinal centers and
that non-neoplastic germinal centers can serve as a niche
for FL cells are further supported by the concept of “in situ”
FL, which represents infiltration of pre-existing non-neo-
plastic germinal centers by FL cells, rather than de novo for-
mation of malignant germinal centers.”*"** Our conclusion
that FL originates in the LN is consistent with the hypoth-
esis of a possible dormant FL tumor stem cell harboring an
unmutated, rearranged IgVy, gene as part of the
t(14;18)(q32;q21) translocation, which is possibly exposed
to the somatic hypermutation machinery by passing the
germinal centers of LN, acquiring additional point muta-
tions and progressing to clinically overt FL.***

In the FL population of the first patient, we detected a
putative naive LN clone with an unmutated IgV}, gene and
consequently identified it as the founder clone of this FL.
Unfortunately, no further naive founder clones were
found in this study, but clones with few mutations were
detectable in patients 2 and 3. These naive or less mutated
clones might have migrated relatively early into the BM,
where they persisted and presumably survived therapy.
This interpretation is supported by the findings in the
third patient, in whom FL clones with relatively high
mutation loads disappeared during chemotherapy, where-
as the clones with low mutation frequency reappeared in
the BM during the first relapse. Specifically, one clone
with the identical five mutations could be detected in the
pre-treatment LN compartment and in the first post-treat-
ment sample from the BM compartment. Interestingly,
these sequences were the least mutated of the entire FL
population and were detectable in all other clones. It is,
therefore, possible that these early FL “founder” clones
represent tumor stem cells, which survive in the BM niche
and perhaps initiate the FL relapse either in the LN or in
the BM. However, we cannot fully exclude that these
“founder” clones have their niche in other peripheral lym-
phoid tissues from where they disseminate to the BM, for
example, from in situ FL in other lymph nodes.

We further demonstrated that FL cells migrate between
the two compartments (LN and BM) in both directions
during FL evolution. Such mutual trafficking between dif-
ferent compartments and concomitant exposure to differ-
ent microenvironments might account for the observed
molecular heterogeneity.**

Bognar et al. indicated that the BM niche plays a decisive
role in FL, suggesting early infiltration events from the LN
compartment.” Applying the commonly used CLUSTAL-
embedded multiple sequence alignment (MSA) algorithm,
however, they were unable to delineate migration direc-
tions in relation to time.*¥ A basic feature of MSA algo-
rithms is to calculate the evolutionary distance of opera-
tional taxonomic units (OTU), for instance of the genetic
distance of nucleotide sequences, by a pairwise compari-
son of all units.*® Based on a received “guide tree”, the two
units with the smallest distance are iteratively comple-
mented by the remaining units, leading to a phylogenetic
tree of relative genetic distance. As the MSA-based meth-

ods create phylogenies/pedigrees directed by the minimal
genetic distances among sequences, they adhere to the
principle of maximum sequence homology, which is
appropriate for establishing relationships among potential
members of an alleged species or of a protein family. Such
methods do not, however, account directly for the muta-
tional load of a particular sequence, the homology of
mutation patterns of a collective of OTU, or for the fre-
quency of equally mutated nucleotide residues. Instead,
focus is put on the homology of unmutated sequence pairs
without rooting to an unmutated wild-type sequence. Our
goal was a more differentiated interpretation of ongoing
somatic hypermutation in FL. Thus, we devised an algo-
rithm that gives proper priority on homology of mutation
patterns and thus more closely mirrors mutational prox-
imity.

The relation of OTU in our method is based on pedi-
grees of FL evolution independent of sequence alignments.
The pedigrees comprise stratified HPC and, as somatic
hypermutation is a progressive event in FL, they reflect the
temporal course of the disease. Due to the calculation of
HPC based on the relative frequency of mutations and
mutational patterns, migration and migration directions
can be evaluated when comparing different populations of
mutation patterns of sequenced IgV); genes. Thus, unlike
MSA-based models, this method allows evaluation of
both the time and direction of possible migratory inter-
change among different populations. However, more
recently developed next generation high throughput/deep
sequencing methods will probably overcome the necessity
of introducing HPC, since these techniques might allow
sequencing of all existing FL clones.

In the light of growing evidence of quiescent qualities of
the BM niche in several malignancies, we complemented
our migration analyses with the evaluation of potentially
functional BCR expression.”**" Functionally intact BCR
are thought to convey pro-survival and differentiation sig-
nals to B-lymphocytes, independently of antigen stimula-
tion.”* We, therefore, interpreted in-frame stop codons in
IgV,, genes as liberation from BCR restriction, and as a
marker for possible niche-induced quiescence. The pre-
treatment LN clones studied, especially from patients 1
and 2, showed expression of a putative functional BCR. In
contrast, associated BM clones were less dependent on
such BCR expression, since stop codons were detected
more often among their sequenced gV}, genes. By compar-
ing BCR conditions among pre-and post-treatment clone
populations of patient 3 (LN and BM together, respective-
ly), a more than 30% reduction of potentially functional
BCR expression was observed. This was also true for
patient 2. We interpret this putative loss of functional BCR
as an argument for post-treatment re-infiltration of the LN
from the BM.

Activation-induced cytidine deaminase (AID) was dis-
covered to be the B-cell specific factor for somatic hyper-
mutation and isotype switching.* It has been proposed
that there is a positive correlation between AID expres-
sion and the somatic hypermutation load in FL.* Somatic
hypermutation is physiologically triggered by interactions
between antigens presented on follicular dendritic cells
and the germinal center B cell.** Whether antigens play a
similar triggering role in the development of FL is not
clear.” Based on our findings and the outlined concept of
multi-step FL evolution, we think that pre-malignant

t(14;18)(q32;q21)-positive B cells are highly dependent on

Bidirectional cell migration in FL e

haematologica | 2013; 98(9) -



- M. Wartenberg et al.

* germinal center-resident environmental factors for fully peutic agents to cure FL. An explanation for why FL cells
malignant transformation. As in normal germinal center B would suddenly be capable of leaving the hematopoietic
cells, aberrant AID activity would drive mutagenesis par-  stem cell niche remains elusive, and needs further investi-
alleling normal B-cell differentiation programs in FL cells.  gation.”®”

Some minor mutated LN clones might alter their homing In summary, our results suggest that FL originates from
restriction as an early result of aberrant AID activity. Thus, the LN, and that early derivates of the nodal clones migrate
hijacking of the CXCL12-secreting BM niche would be an  relatively soon into the BM, where somatic hypermutation
early event during the evolution of FL. Accordingly, we is retained. These initial clones possibly represent “founder
found early BM infiltration during FL evolution by clones clones” of relapsed FL, possibly out of the BM. These
that could be traced back to the LN. Some FL cells in BM  observations support the theory of a BM niche for FL cells
biopsies have an aberrant phenotype with lack of expres-  during the progression, persistence and relapse of disease.
sion of both CD10 and BCL6, and have a deficiency of fol-  For the purposes of this study, we developed a new algo-
licular dendritic cell networks within the neoplastic infil-  rithm which allows a suitable analysis of tumor cell evolu-
trates.” Future research should analyze these cells to deter-  tion and cell migration in FL. Further studies are necessary
mine whether they represent such early clones. to investigate the potential role of the BM as a niche for

An additional result of our study was the demonstration  progression, persistence and relapse of FL.

of the capacity of BM-resident FL cells to migrate back to

the LN in a retrograde fashion, possibly inducing LN Authorship and Disclosures
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