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The aim of this study was to evaluate the usefulness of quantitative real-time PCR (RQ-PCR) for
the monitoring of molecular remission in follicular lymphoma (FL) patients during long-term fol-
low-up. RQ-PCR by the use of TagMan® detection system is a sensitive tool to monitor minimal
residual disease (MRD) in FL through amplification of the t(14;18) fusion gene during and post-
therapy. In most cases the breakpoint region occurs within the major breakpoint region (MBR).
Among 75 patients diagnosed with FL, cells harboring the fusion gene BCL2/JH were found in
peripheral blood of 31 patients (41%). We further monitored 30 of these patients in a period var-
ying from 6 months to 5 years by RQ-PCR. In our study the level indicating the possibility of
the presence of MRD was established at more than five t(14;18)-positive cells in the background
of 83000 normal cells. The results of this work also confirmed that the presence of MRD detected
by RQ-PCR is an indication for careful observation of patients because of a higher risk of dis-
ease recurrence.
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INTRODUCTION

Follicular lymphoma (FL) is the most common
type of indolent lymphoma and accounts for about
30% of newly diagnosed non-Hodgkin’s lympho-
mas (NHLs) (Federico et al., 2000). The course of the
disease is characterized by clinical remissions after
initial treatment but almost all patients will finally
relapse (Peterson, 1999). These relapses are caused
by residual lymphoma cells which persist despite a
complete clinical remission and are detectable only
by very sensitive methods. PCR is a method which
allows identification of a few tumor cells in 10*-10°

normal cells (Horsman et al.,, 1995). Therefore PCR
may be used to monitor the disease progress and
minimal residual disease (MRD) in FL patients
(Gribben et al., 1994; Drexler et al., 1995; Rambaldi
et al., 2002).

In FL the neoplastic clone is characterized by
the chromosomal translocation t(14;18)(q32;q21) in
about 85% of cases. This translocation is the result of
juxtaposition of the BCL2 oncogene located on chro-
mosome 18 to the immunoglobulin heavy chain (IgH)
locus on chromosome 14q32. This leads to a consti-
tutive expression of the BCL2 gene and overproduc-
tion of the apoptotic BCL2 protein (Yunis et al., 1982;
Tsujimoto et al., 1984; 1985). Since the breakpoints
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on chromosome 14 are mainly located 5 of the J,
genes and 70% of the BCL2 breakpoints on chromo-
some 18 cluster within the major breakpoint region
(MBR), the t(14;18) translocation is a good marker
for PCR monitoring of MRD. According to numer-
ous data, the incidence of BCL2 translocation varies
between North America, Western Europe and Asia
(Aster & Longtine, 2002; Biagi & Seymour, 2002). It
is detected the most frequently in the United States
(almost 90% of FL cases) and very rarely in Japan
— below 50%. European studies also show a lower
frequency of BCL2 rearrangements compared with
American studies (Biagi & Seymour, 2002). Previ-
ous studies have shown that detection of t(14;18) in
post-autologous bone marrow (BM) transplantation
patient samples is correlated with relapse (Zwicky et
al., 1996). Patients with PCR-negative BM had a sig-
nificantly better progression-free survival than those
positive by PCR. Studies by McLaughlin and cow-
orkers (1998) showed that patients initially t(14;18)-
PCR-positive in peripheral blood (PB) responded to
rituximab better than PCR-negative patients. Recent
studies have demonstrated that quantitative PCR of
bone marrow BCL2/IgH-positive cells at diagnosis
predicts treatment response and long-term outcome
in FL (Rambaldi et al., 2006).

Nested PCR, used commonly for the detec-
tion of the t(14;18) translocation, determines only
the presence of tumor cells in the sample. Rapid
and easy assessment of the number of t(14;18) cells
in the BM or PB is possible by quantitative real-time
PCR (RQ-PCR) (Dolken et al., 1998). It allows better
molecular monitoring of MRD after various thera-
peutic protocols. Studies by Summers et al. (2002)
suggested that RQ-PCR may be used for monitoring
the molecular evidence of disease in PB and BM of
FL patients. However, the copy number detected in
BM generally was higher than in PB. In this work
we present results of monitoring of MRD in patients
with FL by RQ-PCR during long-term follow-up (up
to 5 years). We tried to ascertain whether quantita-
tive PCR analysis provides useful data for the man-
agement of FL patients.

PATIENTS, MATERIALS AND METHODS

The study was undertaken on a group of 75
patients with recognized FL who had been under
observation or medical treatment in the Depart-
ment of Lymphoproliferative Diseases of the Cancer
Center and Institute of Oncology in Warsaw since
1999. The median age of patients was 53, male/fe-
male ratio: 30/45. Sixty-five (87%) patients during
the observation (median time 3 years, 0.5 to 5) re-
quired beginning of treatment. All individuals had
FL recognized by histopathological examination. The

first sample of each patient was collected during the
diagnosis of the disease. Next samples were taken at
different time points after MRD had been detected
by nested PCR targeting the major breakpoint region
(MBR). Clinical recognition may be classified into
three categories: complete remission (CR) defined as
the complete disappearance of all clinically detect-
able disease and/or lowering of the size of all lymph
nodes visible on a computed tomography (CT) scan
to less than 1x1 cm; partial remission (PR) defined
as a higher than 50% reduction in two sequential
measurements for all measurable lesions; progres-
sive disease (PD) is considered to be a grow in size
of more than 25% than previously documented dur-
ing disease, or the appearance of the disease at any
point.

Nine patients are under clinical observation
because of the absence of clinical symptoms (watch
and wait strategy). In the first line treatment 24 pa-
tients received COP or CHOP-like chemotherapy
combined with rituximab (Mabthera®; F. Hoffmann-
La Roche Ltd., Switzerland), a chimeric anti-CD20
monoclonal antibody with a high therapeutic effi-
cacy against B-cells lymphomas. Seven patients un-
derwent bone marrow transplantation. All patients
gave written consent for this study.

DNA extraction. DNA was isolated from
fresh peripheral blood (PB) or bone marrow (BM)
by standard phenol/chloroform extraction or by
NucleoSpin Blood L (Macherey-Nagel, Diiren, Ger-
many) isolation kit. The concentration of DNA was
measured spectrophotometrically. Purity of DNA
was checked by control PCR with glyceraldehyde-
3-phosphate dehydrogenase (GAPDH) primers (Fa-
bisiewicz et al., 2004).

Real-time PCR. To estimate the number of
cells harboring the t(14;18) translocation a real-
time PCR was used. PCR conditions were accord-
ing to a protocol supplied with the quantification
kit — RoboGene MBR fusion transcript Quantifica-
tion Module (Roboscreen, Leipzig, Germany). The
MBR primers and probes were part of the kit and
their sequences are not available. The reaction was
optimized for the Abi Prism 7000 Sequence Detec-
tion System (Applied Biosystems, Foster City, CA,
USA). The main advantage of this kit is eight points
standard curve ready to use. The range of the stand-
ard points varies from 5 copies (detection limit) to
100 000 copies of the MBR target. The final volume
of the reaction mix was 25 pl with 500 ng of DNA.
PCR condition: 45 cycles with the following steps:
95°C for 30 s and 59°C for 2 min without 9600 emu-
lation. All unknown samples were amplified in trip-
licate. Results were taken into consideration only if
all three samples had a similar amplification, i.e. the
differences between samples C, were <1. A reference
albumin gene was amplified in duplicate for each
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patient sample to monitor the quality of DNA and
exclude the presence of PCR inhibitors. DNA isolat-
ed from DOHH-2 cell line (Deutsche Sammlung fiir
Microorganizmen und Zellkulturen (DSMZ), Braun-
schweig, Germany) was used as a positive control.
The MCEF-7 breast cancer cell line (American Type
Culture Collection, Rockville, MD, USA) and DNA
isolated from healthy individuals served as negative
controls.

The sensitivity of the assay was tested by
analyzing serial dilutions of DNA derived from the
DOHH-2 cell line. Our assay can detect 5 lymphoma
cells in a background of 83000 normal cells (each
sample contains 500 ng target DNA, 1 cell = 6 pg
DNA (Rambaldi ef al., 2005, Dessars et al., 2006) so
500 ng DNA was obtained from 83 000 cells).

Additionally, we investigated 44 individuals
who were negative for MBR but they were known
to have follicular lymphoma, for mcr (minor cluster
region) and icr (intermediate cluster region) rear-
rangement. PCR conditions for mcr detection were
previously described by Gribben et al. (1991) and for
icr by Batstone and Goodlad (2005). A mcr-positive
standard was made by Invivoscribe (Carlsbad, CA,
USA), unfortunately no icr-positive standard was
available.

RESULTS

From 75 patients diagnosed with FL, cells har-
boring t(14;18) were found by nested PCR in the PB
of 31 patients (41%). In the negative control group
(n = 20) we did not find any BCL2 rearrangement.
Clinical and pathological features were recorded for
each patient as shown in Table 1. The median time
of observation was 3.0 years (0.5 to 5.0) with 10
deaths (13%) in 9 cases connected with progression
of lymphoma. There was no difference in the me-
dian time of observation in patients with the pres-
ence or absence of t(14;18). Samples from 30 patients
were further analyzed by RQ-PCR.

Estimation of t(14;18) positive cells in PB

We monitored 30 patients for a period vary-
ing from 6 months to 5 years. The most remarkable
examples of clinical and molecular clearance of neo-
plastic clones for representative patients are shown
in Fig. 1. These are detailed data for 10 patients.
The results obtained for the rest of the monitored
patients (20 persons) were classified as very simi-
lar, therefore are not described in details. Figure 1
shows the molecular follow-up based on the evalua-
tion of t(14;18) cells in PB.

DNA analysis of patients no. 1, 2, 5, 8 and 9
(Fig. 1) and thirteen other patients (data not includ-

ed) showed the presence of t(14;18)-positive cells
correlating with the clinical diagnosis in each moni-
tored sample. The observed clinical CR was sup-
ported by the lack of t(14;18) cells or their number
below the detection limit. In the case of patient no.
3 CR was in concordance with a lack of t(14;18) cells
except for one sample when the number of positive
cells was 56. However, the next sample taken from
this patient again showed that molecular observa-
tion is in agreement with patient’s clinical condition
(no t(14;18)-positive cells).

All monitored patients treated with chemo-
therapy and rituximab showed that this therapy
consequently leads to a decrease and further eradi-
cation of t(14;18)-positive cells from the PB and BM
(Fig. 1, patients no. 1, 2, 4, 8, 9 and six other patients
(not shown)).

Patients no. 6, 7 (Fig. 1) and other four (not
shown) represent cases when no lymphoma cells
were detected in PB by RQ-PCR despite a clinically
detectable disease and medical treatment. Patient no.
6 was diagnosed in 1986. Up to 2001 she was treated
with many courses of chemotherapy and achieved
only clinical PR, which does not correlate properly
with molecular remission established by RQ-PCR.

Table 1. Patients’ characteristics

n=75
Age
Range (y) 25-82
Median (y) 53
Sex
Female 45 (60%)
Male 30 (40%)
Architecture
Entirely follicular 47 (67%)
Partly diffuse 22 (31%)
Diffuse 1 (1%)
Unclassified 5
Histological subtype
Gl 39 (55%)
G2 16 (23%)
G3 16 (23%)
Unclassified 4
Site of diagnosis
Lymph nodes 62 (83%)
Extranodal involvement 13 (17%)
Systemic symptoms 9 (12%)
Ann Arbor stage
I 8 (11%)
il 17 (23%)
I 21 (28%)
v 29 (39%)
FLIPI
1 33 (44%)
2 27 (36%)
3 15 (20%)

Abbreviations: FLIPI, Follicular Lymphoma International Prognos-
tic Index; IPI, International Prognostic Index.
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Figure 1. Clinical and molecular analyses of patients with t(14;18)-positive follicular lymphoma.

Point 0 on X axis is the time of first blood sample estimation by RQ-PCR. Numbers above solid symbols represent the
number of t(14;18) cells detected in the sample, i.e. in the background of 83000 cells. PR, partial remission; CR, complete
remission; PD, progressive disease; Rel., relapse; T, death; Tx, transplantation; *, chemotherapy; R, rituximab; Rth, radio-

therapy.

She was then treated with chemotherapy and au-
totransplantation, achieved clinical CR and stable
molecular remission. Patient no. 7 received chemo-
therapy and rituximab after 22 months of observa-
tion which caused complete molecular remission but
clinically only PR. Unfortunately, progression begun
4 months later (no detection in RQ-PCR), therefore
he underwent two courses of chemotherapy. After
short recovery, relapse of the disease occurred with
a spinal cord infiltration. Radiotherapy and chemo-
therapy were applied with short clinical PR followed
by progression of FL and complete molecular remis-
sion.

Patients no. 8 and 10 (Fig. 1) display perma-
nent, at low level but detectable, presence of t(14;18)
cells in PB. From the medical point of view this
explains the reason of relapse in case no. 8 after
50 months of observation. Also in case no. 10 the
small number of lymphoma cells found in PB cor-
related with the clinical status, except the last meas-
urement.

Patient no. 9 (Fig. 1) and four other (not
shown) belong to a group diagnosed for a short pe-
riod of time and will be further investigated.

Patient no. 5 (Fig. 1) after treatment with
chemotherapy, rituximab and autotransplantation

achieved complete clinical and molecular remis-
sion. However, the relapse was fast and severe and
despite further treatment the patient died. The last
sample showed 80 positive cells.

Search for mcr and icr rearrangements

In the case of patients with recognized FL but
lacking t(14;18)-positive cells in PCR for MBR, we
investigated whether another rearrangement was
present. Therefore we examined 44 patients for the
mcr and icr rearrangements. None of the examined
patients showed the presence of either of these rear-
rangements.

Comparison of the detection of t(14;18) positive
cells in PB and BM

The lack of positive cells correlated with
clinical CR for most of the patients with the excep-
tion of patients no. 6, 7 and 10 (Fig. 1). The ques-
tion arose whether the number of t(14;18)-positive
cells present in BM correlates with the clinical con-
dition of the patient better than the number present
in PB. BM is a reservoir of neoplastic clones which
are less accessible to immune-mediated or comple-
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Figure 2. Molecular detection of t(14;18)-positive cells in PB and BM of FL patients.
Numbers above and below solid symbols represent the number of t(14;18) cells detected by RQ-PCR in BM and PB, re-

spectively. (-), not determined.

ment lysis than the clones present in PB. As sam-
pling of BM is more invasive than PB sampling, it
was performed only when required for other clini-
cal diagnosis.

We were able to obtain BM of 5 out of 10 pa-
tients described above (no. 2, 4, 8, 9 and 10). The results
are shown in Fig. 2. The numbers above and below the
solid symbols represent the numbers of t(14;18)-posi-
tive cells detected in BM and PB, respectively.

In most cases the number of positive cells
detected in BM was higher than in PB. The lack of
positive cells in BM always correlated with clini-
cal CR, except for patient no. 4. This patient, with
a very high level of t(14;18)-positive cells in PB and
BM, achieved clinical CR but showed a detectable
number of t(14;18)-positive cells in BM (172 cells af-
ter 8 months of observation). The situation was re-
peated in the last sample taken, when there were no
positive cells in PB but still 92 cells in BM. The pres-
ence of positive cells in BM indicates that despite
the observed clinical remission this patient is in risk
of recurrence.

For patient no. 2 the observed number of
t(14;18)-positive cells in BM was lower than in PB.
Seventy-one cells present in PB after 55 months in-
dicated the presence of MRD which was consistent
with the observed clinical relapse of this patient.

A BM sample from patient no. 7 was not
available. We were not able to estimate the number
of t(14;18)-positive cells in BM, which would be
helpful in explaining the observed situation of a lack
of positive cells in PB but the presence of MRD and
spinal cord infiltration.

In the case of patients no. 8 and 10 the high
number of positive cells in BM correlated with the
observed relapse.

Patient no. 9 had only two samples taken.
The first, at the beginning of observation with a high
amount of t(14;18)-positive cells in PB and BM, and
the second, when he achieved clinical CR. At that mo-
ment no positive cells were present in PB and BM.

DISCUSSION

Studies have been undertaken for many years
to estimate the usefulness of quantitative measure-
ment of tumor burden in MRD. However, only lim-
ited data are available and the usefulness of RQ-
PCR in managing FL patients has not been clearly
supported or refuted. We have shown in this study
that quantitative evaluation of the t(14;18) transloca-
tion during long-term treatment of FL patients may
be helpful for clinician in monitoring the MRD.
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The use of nested PCR leads only to detec-
tion of the presence of t(14;18)-positive cells in the
sample. Quantitative real-time PCR allows estima-
tion of the number of cells in PB or BM and, more
significantly, assessment of how the pool of neo-
plastic clones changes during the patient’s treat-
ment or follow-up. This method is therefore opti-
mal for the assessment of MRD in complete clinical
remission.

In our study we detected t(14;18) in 31 cas-
es (41%). It is known that the incidence of BCL2
translocation varies between North America, West-
ern Europe and Asia. It is detected the most fre-
quently in the United States (up to 90% of cases)
and very rarely in Japan — below 50% (Aster &
Longtine, 2002; Biagi & Seymour, 2002). The reason
for that phenomenon is uncertain, but it can be as-
sociated with alternative etiology mechanisms in
follicular lymphomas in Asian countries or with
different techniques used for t(14;18) detection.
European studies also show a lower frequency of
BCL2 rearrangements than that in American popu-
lation. (Biagi & Seymour, 2002).

The main goal of this work was to monitor
the MRD during treatment and/or long-term follow-
up. We have followed a group of 30 patients. The
data obtained for 10 representative patients from
this group are presented here in details.

In the case of 18 patients the presence of
t(14;18)-positive cells correlated with the clinical di-
agnosis and outcome during the consecutive sam-
pling (follow-up). Quantitative analysis showed that
treatment with a combination of chemotherapy and
rituximab consequently leads to a decrease and fur-
ther eradication of t(14;18) positive cells from the
patient’s PB and BM. In our studies it was observed
for all monitored patients except patient no. 10. Sim-
ilar results were achieved by Mandigers ef al. (1999),
Rambaldi et al. (2005), Hirt ef al. (2003), and Galim-
berti et al. (2003).

The data presented for patient no. 10 show
that results obtained from BM are more reliable than
those obtained from PB. Our results confirm the re-
sults of several investigators. Mandigers and cowork-
ers (2001), who determined molecular response rates
in PB before and after conventional chemotherapy,
found that a decrease of circulating t(14;18) cells af-
ter chemotherapy does not correlate with the clinical
response. Other studies showed that RQ-PCR evalu-
ation in BM before and after autologous transplanta-
tion might predict the clinical course of FL patients
(Hirt et al., 2003; Ladetto et al., 2001; Galimberti et
al., 2003). Rambaldi and coworkers (2005) provided
evidence that low level of BCL2/IgH" cells in BM at
diagnosis was the best predictor for the achievement
of a complete clinical and molecular response. Thus,
those studies provide evidence that the results ob-

tained from PB only may be inaccurate. A partial ex-
planation why BM sampling has a better predictive
value than PB sampling is the higher BM infiltration
by lymphoma cells. Therefore, clearance of BCL2/
IgH" cells from PB seems to be much easier and
faster than from BM or lymph nodes. Taking those
circumstances into account it may be concluded that
for MRD assessments longer follow-up with serial
determinations of t(14;18)-positive cells in PB is rec-
ommended. Such a procedure would provide a more
precise information and better correlation with the
clinical response than single assessment before and
after treatment. It should be stressed that determina-
tion of t(14;18)-positive cells in BM is less accessible
than in PB because the method of BM sampling is
more invasive for the patient.

The presence of MRD is clearly shown on the
example of patient no. 4. Despite the high number
of lymphoma cells, the patient’s condition was com-
parable to that of patients with a lower number of
t(14;18) cells. This example shows that the stage of
the disease is not reflected by the molecular assess-
ment. A similar observation was made by Hosler et
al. (1999).

An example of a high correlation between the
clinical status and molecular monitoring is the case
of patient no. 6. Complete remission observed clini-
cally throughout a period of 4.5 years was confirmed
by the lack of lymphoma cells in the PCR assay of
every sample.

In some cases no detection of lymphoma cells
does not mean that those cells are absent in PB. The
false negative results might be a consequence of
clonal relatedness. This is caused by molecular crea-
tion of a translocation which may vary from patient
to patient. The breakpoints may appear in different
regions of chromosome 18 and 14, which results in
products of sizes which may vary by hundreds of
base pairs (Hosler et al., 1999; Albinger-Hegyi et al.,
2002; Dolken et al., 2002; Sanchez-Vega et al., 2002).
Additionally, the junction point contains the N-re-
gion where small insertions are observed (Cleary &
Sklar, 1985; Albinger-Hegyi et al., 2002). Moreover,
in rare cases the 5 region of the BCL2 gene may be
involved in the t(14;18) translocation (Tsujimoto et
al., 1986; Albinger-Hegyi et al., 2002). In such cases,
the commonly used primers and probes may be un-
specific. This is probably the situation observed for
patient no. 10. Therefore, the most effective way is
to sequence the fusion breakpoint individually in
each case and than set specific primers and probes.
Such an approach is time-consuming and expensive.
This was also underlined by Donovan et al. (2000)
and Sanchez-Vega et al. (2002). Additionally, we can
not exclude that the t(14;18) junction changes during
clinical treatments as a consequence of chemo- and
radiotherapy.
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In this study we also investigated 20 healthy
individuals for the t(14;18) translocation. None of
them were positive but there are some reports
in the literature that claim about the presence of
lymphoma cells in patients without follicular lym-
phoma (Summers et al., 2001; Tsimberidou et al,
2002; Schuler et al., 2003).

In conclusion, our studies show that quan-
titative real-time PCR allows determination of
changes in the population of lymphoma cells dur-
ing treatment and follow up of FL patients. The
level indicating the possibility of the presence of
MRD was established at more than five t(14;18)-
positive cells in the background of 83 000 normal
cells. This number is lower than assessed by oth-
er groups (Mandigers et al., 2001; Summers et al.,
2001). However, a lack of t(14;18)-positive cells in
peripheral blood does not mean that the patient
is in complete clinical remission. As mentioned
above, those cells may still be present in bone
marrow, lymph nodes or cerebrospinal fluid.

In this work we showed a direct association
between an increase of the number of lymphoma
cells and clinically observed disease recurrence. Our
results also confirm that monitoring of MRD by RQ-
PCR allows identification of patients who should be
under careful observation because of a higher risk of
disease recurrence.

REFERENCES

Albinger-Hegyi A, Hochreutener B, Abdou MT, Hegyi I,
Dours-Zimmermann MT, Kurrer MO, Heitz PU, Zim-
mermann DR (2002) High frequency of t(14;18)-translo-
cation breakpoints outside of major breakpoint and mi-
nor cluster regions in follicular lymphomas: improved
polymerase chain reaction protocols for their detection.
Am | Pathol 160: 823-832.

Aster J, Longtine J (2002) Detection of Bcl2 rearrangements
in follicular lymphoma. Am ] Pathol 160: 759-763.

Batstone PJ, Goodlad JR (2005) Efficacy of screening the in-
termediate cluster region of the bcl2 gene in follicular
lymphomas by PCR. ] Clin Pathol 58: 81-82.

Biagi JJ, Seymour JF (2002) Insights into the molecular
pathogenesis of follicular lymphoma arising from anal-
ysis from geographic variation. Blood 99: 4265-4275.

Cleary ML, Sklar F (1985) Nucleotide sequence of a t(14;18)
chromosomal breakpoint in follicular lymphoma and
demonstration of a breakpoint-cluster region near a
transcriptionally active locus on chromosomal 18. Proc
Natl Acad Sci USA 82: 7439-7443.

Dessars B, Heimann P, Swillens S, El Housni H (2006) Lim-
itations and practical procedure in Bclll-Ig heavy chain
gene rearrangement real-time quantitative polymerase
chain reaction. | Mol Diagn 8: 133-136.

Dolken L, Schuler F, Dolken G (1998) Quantitative detec-
tion of t(14;18)-positive cells by real-time quantitative
PCR using fluorogenic probes. Biotechniques 6: 1058
1064.

Dolken L, Schuler F, Dolken G (2002) Frequency of BCL-
2/J(H) translocation in healthy males exposed to low-

level radiation in comparison to age-matched health
controls. Blood 100: 1513-1514.

Donovan JW, Ladetto M, Zou G, Neuberg D, Poor C, Bow-
ers D, Gribben JG (2000) Immunoglobulin heavy-chain
consensus probes for real-time PCR quantification of
residual disease in acute lymphoblastic leukemia. Blood
95: 2651-2658.

Drexler HG, Borkhardt A, Janssen JW (1995) Detection of
chromosomal translocations in leukemia-lymphoma
cells by polymerase chain reaction. Leuk Lymphoma 19:
359-380.

Fabisiewicz A, Kulik ], Kober P, Brewczynska E, Pi-
enkowski T, Siedlecki JA (2004) Detection of circulating
breast cancer cells in peripheral blood by a two-marker
reverse transcriptase-polymerase chain reaction assay.
Acta Biochim Polon 51: 747-755.

Federico M, Vitolo U, Zinzani PL, Chisesi T, Clo V, Bellesi
G, Magagnoli M, Liberati M, Boccomini C, Niscola P,
Pavone V, Cuneo A, Santini G, Brugiatelli M, Baldini
L, Rigacci L, Resegotti L (2000) Prognosis of follicular
lymphoma: a predictive model based on a retrospec-
tive analysis of 987 cases. Blood 95: 783-789.

Galimberti S, Guerrini F, Morabito F, Palumbo GA, Di Rai-
mondo F, Papineschi F, Caracciolo F, Fazzi R, Cervetti
G, Cuzzocrea A, Petrini M (2003) Quantitative molecu-
lar evaluation in autotransplant programs for follicular
lymphoma: efficacy of in vivo purging by Rituximab.
Bone Marrow Transplant 32: 57-63.

Gribben JG, Freedman A, Woo SD, Blake K, Shu RS, Free-
man G, Longtine JA, Pinkus GS, Nadler LM (1991)
All advanced stage non-Hodgkin’s lymphomas with
a polymerase chain reaction amplifiable breakpoint
of bcl-2 have residual cells containing the bcl-2 rear-
rangement at evaluation and after treatment. Blood 78:
3275-3280.

Gribben JG, Neuberg D, Barber M, Moore J, Pesek KW,
Freedman AS, Nadler LM (1994) Detection of residual
lymphoma cells by polymerase chain reaction in pe-
ripheral blood is significantly less predictive for relapse
than detection in bone marrow. Blood 83: 3800-3807.

Hirt C, Schuler F, Dolken G (2003) Minimal residual dis-
ease (MRD) in follicular lymphoma in the era of im-
munotherapy with rituximab. Semin Cancer Biol 13:
223-231.

Horsman DE, Gascoyne RD, Coupland RW, Coldman A],
Adomat SA (1995) Comparison of cytogenetic analysis,
southern analysis, and polymerase chain reaction for
the detection of t(14; 18) in follicular lymphoma. Am |
Clin Pathol 103: 472-478.

Hosler GA, Bash RO, Bai X, Jain V, Scheuermann RH (1999)
Development and validation of a quantitative polymer-
ase chain reaction assay to evaluate minimal residual
disease for T-cell acute lymphoblastic leukemia and
follicular lymphoma. Am | Pathol 154: 1023-1035.

Ladetto M, Sametti S, Donovan JW, Ferrero D, Astolfi M,
Mitterer M, Ricca I, Drandi D, Corradini P, Coser P,
Pileri A, Gribben JG, Tarella C (2001) A validated real-
time quantitative PCR approach shows a correlation
between tumor burden and successful ex vivo purg-
ing in follicular lymphoma patients. Exp Hematol 29:
183-193.

Mandigers CM, Meijerink JP, Raemaekers JM, Tonnissen
E, Mensink EJ, Noordanus Ch (1999) Molecular diag-
nostic monitoring of efficacy of intensive treatment for
lymphoma using a real-time quantitative assay. Lancet
353: 848.

Mandigers CM, Meijerink JP, Mensink EJ, Tonnissen EL,
Hebeda KM, Bogman M]J, Raemaekers JM (2001) Lack



142

A. Tysarowski and others

2007

of correlation between numbers of circulating t(14;18)-
positive cells and response to first-line treatment in fol-
licular lymphoma. Blood 98: 940-944.

McLaughlin P, Grillo-Lopez AJ, Link BK, Levy R, Czucz-
man MS, Williams ME, Heyman MR, Bence-Bruckler I,
White CA, Cabanillas F, Jain V, Ho AD, Lister J, Wey
K, Shen D, Dallaire BK (1998) Rituximab chimeric anti-
CD20 monoclonal antibody therapy for relapsed indo-
lent lymphoma: half of patients respond to a four-dose
treatment program. | Clin Oncol 16: 2825-2833.

Peterson BA (1999) Current treatment of follicular low-
grade lymphomas. Semin Oncol 26: 2-11.

Rambaldi A, Lazzari M, Manzoni C, Carlotti E, Arcaini L,
Baccarani M, Barbui T, Bernasconi C, Dastoli G, Fuga
G, Gamba E, Gargantini L, Gattei V, Lauria F, Lazza-
rino M, Mandelli F, Morra E, Pulsoni A, Ribersani M,
Rossi-Ferrini PL, Rupolo M, Tura S, Zagonel V, Zaja F,
Zinzani P, Reato G, Foa R (2002) Monitoring of mini-
mal residual disease after CHOP and rituximab in pre-
viously untreated patients with follicular lymphoma.
Blood 99: 856-862.

Rambaldi A, Carlotti E, Oldani E, Della Starza I, Baccarani
M, Cortelazzo S, Lauria F, Arcaini L, Morra E, Pulsoni
A, Rigacci L, Rupolo M, Zaja F, Zinzani PL, Barbui T,
Foa R (2005) Quantitative PCR of bone marrow BCL2/
IgH+ cells at diagnosis predicts treatment response and
long-term outcome in follicular non-Hodgkin lympho-
ma. Blood 105: 3428-3433.

Sanchez-Vega B, Vega F, Medeiros L], Lee MS, Luthra R
(2002) Quantification of bcl-2/JH fusion sequences and
a control gene by multiplex real-time PCR coupled
with automated amplicon sizing by capillary electro-
phoresis. | Mol Diagn 4: 223-229.

Schuler F, Hirt C, Dolken G (2003) Chromosomal translo-
cation t(14;18) in healthy individuals. Semin Cancer Biol
13: 203-209.

Summers KE, Goff LK, Wilson AG, Gupta RK, Lister TA,
Fitzgibbon J (2001) Frequency of the Bcl-2/IgH rear-
rangement in normal individuals: implications for the
monitoring of disease in patients with follicular lym-
phoma. | Clin Oncol 19: 420-424.

Summers KE, Davies AJ, Matthews J, Jenner M]J, Cornelius
V, Amess JA, Norton AJ, Rohatiner AZ, Fitzgibbon ],
Lister TA, Goff LK (2002) The relative role of periph-
eral blood and bone marrow for monitoring molecular
evidence of disease in follicular lymphoma by quanti-
tative real-time polymerase chain reaction. Br | Haema-
tol 118: 563-566.

Tsimberidou AM, Jiang Y, Ford RJ, Lichtiger B, Medei-
ros LJ, McLaughlin P, Cabanillas F, Sarris AH (2002)
Quantitative real-time polymerase chain reaction for
detection of circulating cells with t(14;18) in volunteer
blood donors and patients with follicular lymphoma.
Leuk Lymphoma 43: 1589-1598.

Tsujimoto Y, Finger LR, Yunis J, Nowell PC, Croce CM
(1984) Cloning of the chromosome breakpoint of neo-
plastic B cells with the t(14;18) chromosome transloca-
tion. Science 226: 1097-1099.

Tsujimoto Y, Cossman ], Jaffe E, Croce CM (1985) Involve-
ment of the bcl-2 gene in human follicular lymphoma.
Science 228: 1440-1443.

Yunis JJ, Oken MM, Kaplan ME, Ensrud KM, Howe RR,
Theologides A (1982) Distinctive chromosomal abnor-
malities in histologic subtypes of non-Hodgkin’s lym-
phoma. N Engl | Med 307: 1231-1236.

Zwicky CS, Maddocks AB, Andersen N, Gribben JG (1996)
Eradication of polymerase chain reaction detectable
immunoglobulin gene rearrangement in non-Hodg-
kin’s lymphoma is associated with decreased relapse
after autologous bone marrow transplantation. Blood
88: 3314-3322.



