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A b s t r a c t

We studied the distribution of lymphoid cells in the
bone marrow of 10 follicular lymphoma (FL) cases in
complete response after immunochemotherapy but with
nodular lymphoid infiltrates mimicking persistent
lymphoma nodules. Immunohistochemical analysis
showed that most of these cells displayed a T-cell
phenotype with important proportions of regulatory T
cells (CD3+/CD4+/FOXP3+) and mast cells. These
populations were also present before treatment.
Whereas no CD20+ cells were observed, immature B
cells (CD79a+/terminal deoxynucleotidyl
transferase+/CD20–) were detected. These cells were
scarce before immunochemotherapy, suggesting that
immunochemotherapy enabled their expansion.
Fluorescence in situ hybridization and quantitative
polymerase chain reaction failed to detect residual
lymphoma cells in 5 cases with the t(14;18)
translocation. Our study describes 2 important features
in bone marrow in FL following immunochemotherapy.
It is probable that the accumulation of regulatory T
cells has some role in the control of FL. The expansion
of nonmalignant B cells reflects the regeneration of B-
cell lineage following immunochemotherapy.

Follicular lymphoma (FL) is the second most common type
of B-cell non-Hodgkin lymphoma and includes 35% to 40% of
all lymphomas in adults. FL is derived from germinal center fol-
licle lymphoid cells as attested by the CD20+/CD10+/CD5–
phenotype.1 In the vast majority of cases, FL cells display high
expression of bcl-2 as a consequence of the t(14;18)(q21;q32)
translocation.1-3 FL is characterized by an indolent initial course,
a favorable response to first-line therapy, and recurrence fol-
lowed by a refractory phase eventually complicated by histolog-
ic transformation. Patients with FL have recently greatly bene-
fited from immunochemotherapy consisting of the combination
of rituximab with chemotherapy.4 Indeed, R-CHOP (rituximab,
cyclophosphamide, doxorubicin, vincristine, and prednisone)
and R-CVP (rituximab, cyclophosphamide, vincristine, and
prednisone) regimens result in response rates significantly high-
er than those for CHOP or CVP alone in front-line therapy and
in relapse.5-7

One of the particular features of FL is the frequent bone
marrow infiltration. In most cases, an exclusively paratrabecular
pattern or a mixed paratrabecular and random focal pattern is
seen.8 The marrow in FL also contains scarce normal B and T
cells, as well as follicular dendritic cells. Immunochemotherapy
eliminates not only FL cells, but also normal mature B cells in
humans8-10 and in animal models.11 In a previous study, it was
shown that treatment with rituximab used as a single agent
resulted in the constitution or persistence of lymphoid infil-
trates, which mimicked residual lymphoma.10 These infil-
trates were devoid of CD20+ mature B cells and considered
as normal mature residual T cells as analyzed by immunohis-
tochemical studies and/or flow cytometry.10 The nature and
the presumed function of these residual lymphoid cells have
not been further documented.
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Based on recent studies that emphasize the role of T-cell
functional subsets in FL, such as CD4+/FOXP3+ T regulato-
ry cells (Tregs), we hypothesized that these infiltrates could be
related to Treg accumulation.12-14 This hypothesis was sup-
ported by a recent study that showed that, at least in autoim-
mune diseases, rituximab-induced B-cell depletion accompa-
nied Treg accumulation as evidenced by increased expression
of FOXP3.15 Moreover, because rituximab selectively
depletes the mature CD20+ B cells and the CD20+ compart-
ment of B cell precursors, we also assume that these infiltrates
could derive from the least mature lymphoid B cells.
Therefore, in the present study, we investigated the percentage
of CD4+/FOXP3+ cells in these infiltrates and the representa-
tion of immature B or T cells.

Materials and Methods

Patient Database

We reviewed the database of 10 patients with FL treated
by front-line therapy with R-CHOP (n = 8) or R-CVP (n = 2)
between January 2000 and March 2006. All patients had bone
marrow infiltration and a complete response after 6 to 8 cycles
of immunochemotherapy, according to the criteria of the
International Working Group.16 Patients were selected
because of the persistence of lymphoid infiltrates in posttreat-
ment bone marrow biopsy specimens. In France, there is no
need for institutional review board approval in studies using
tissue material that has been used for diagnostic purposes.

Histopathologic and Immunohistochemical Studies

Bone marrow samples were fixed in 10% buffered forma-
lin or in Duboscq-Brazil (alcohol-based Bouin), embedded in
paraffin, and processed for routine histopathologic examina-
tion. We stained 3-µm-thick sections with H&E. For immuno-
histochemical examination, 3-µm-thick sections were tested

using a Ventana Benchmark XT immunostainer (Ventana,
Tucson, AZ). The panel included antibodies directed against
CD20 (clone L26, dilution 1:50; DAKO, Glostrup, Denmark),
CD3 (A452 Poly, dilution 1:25; DAKO), CD4 (clone 1F6,
dilution 1:25; Novocastra, Newcastle upon Tyne, England),
CD8 (clone C8/144b, dilution 1:10; DAKO), bcl-2 (clone 124,
DAKO), terminal deoxynucleotidyl transferase (TdT) (clone
SEN28, dilution 1:50; Novocastra), CD117 (A4502 Poly,
dilution 1:100; DAKO), FOXP3 (clone 236A/E7, mouse
monoclonal antibody, Abcam, Cambridge, MA), and CD79a
(clone JCB117, a generous gift from D.Y. Mason, MD,
Oxford, England). To characterize FOXP3+ cells, double
staining procedures were performed with anti-FOXP3 and
anti-CD79a or anti-CD3. In addition, to compare the amount
of Treg and mast cells, double staining was performed with
anti-FOXP3 and anti-c-Kit antibodies.

Fluorescence In Situ Hybridization and Polymerase
Chain Reaction

For detection of t(14;18)(q32;q21) by fluorescence in situ
hybridization (FISH) performed on paraffin sections, we used
a BCL2/IGH dual-color, dual-fusion DNA probe (LSI IgH
Spectrum Green/LSI BCL2 Spectrum Orange, Vysis,
Downers Grove, IL) as previously described.17 Quantitative
polymerase chain reaction (Q-PCR) amplification of the
major breakpoint region/JH joining fragment was performed in
5 cases at diagnosis and after treatment as previously
described.18 Nonneoplastic regenerative bone marrow sam-
ples (n = 3) were used as control samples.

Results

Patient Characteristics

The characteristics of the 10 patients with FL are listed in
❚Table 1❚. Patients were treated for intermediate- or high-risk FL
with R-CHOP (n = 8) or R-CVP (n = 2). Duration of treatment

❚Table 1❚
Patient Characteristics in 10 Cases of Follicular Lymphoma

Therapy Completion–Biopsy
Case No./Sex/Age (y) FLIPI Treatment Posttreatment Status Interval (mo)

1/F/64 2 R-CHOP CR 1
2/F/48 2 R-CHOP CR 1
3/M/65 4 R-CHOP CR 1
4/F/49 2 R-CVP CR 1
5/M/49 2 R-CHOP CR 1
6/M/51 2 R-CVP CR 1
7/F/39 3 R-CHOP CR 1
8/F/55 2 R-CHOP CR 1
9/F/42 2 R-CHOP CR 1
10/M/44 3 R-CHOP CR 8

CR, complete response; FLIPI, follicular lymphoma international prognostic index; R-CHOP, rituximab, cyclophosphamide, doxorubicin, vincristine, and prednisone; R-CVP,
rituximab, cyclophosphamide, vincristine, and prednisone.
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was 6 to 8 months. Each patient had bone marrow involve-
ment before treatment but had a complete response after
immunochemotherapy. The interval between completion of
therapy and biopsy was less than 1 month for 9 of 10 patients.
In only 1 case, the evaluation was carried out about 8 months
after immunochemotherapy because the patient had cardiac
failure, which delayed posttherapy evaluation.

Histologic Characteristics

All cases were grade 1 FL according to the World Health
Organization classification. Before treatment, bone marrow
infiltration displayed a mixed paratrabecular and interstitial
nodular pattern. In all cases, immunohistochemical analysis
showed a typical phenotypic profile of FL cells with coexpres-
sion of CD20, CD10, and bcl-2. The percentage of FL infiltrates

ranged between 20% and 70% with a median around 41%
(data not shown). After treatment, in all cases, bone marrow
histologic examination revealed interstitial and paratrabecular
lymphoid nodules in a mixture of small lymphocytes. The
number of nodules was much lower than lymphoma nodules
but still important, varying from 2 to 6 per section ❚Table 2❚.
These infiltrates were surrounded by a well-defined border
margin, thus mimicking persistent lymphoma nodules
because of abundance, architecture, and paratrabecular loca-
tion ❚Image 1❚.

Characterization of T Cells in Bone Marrow After
Immunochemotherapy

Lymphoid nodules were entirely composed of T cells
(CD2+/CD3+) with a slight predominance of CD4+ over
CD8+ cells (CD4+/CD8+ ratio, 1.5) ❚Image 2❚. Except in 1
case in which the bone marrow biopsy was performed 8
months after the end of treatment (case 10), no CD20+ mature
B cells were detected ❚Image 3❚. Immunostaining with the
anti-FOXP3 antibody revealed that about 20% to 33% of
CD3+ T cells were CD4+/FOXP3+, considered Tregs ❚Image

4❚. Double staining with anti-CD4 and anti-FOXP3 antibodies
confirmed that a significant proportion of these cells coex-
pressed CD4 and FOXP3 ❚Image 5❚. As a comparison, we found
that reactive hyperplastic bone marrow contained much lower
amounts of FOXP3+ cells (0.5%-1% of the CD3+ T cells; data
not shown). The detection of FOXP3+ cells in lymphoid nod-
ules prompted us to investigate whether these cells were also
present in the bone marrow in FL before treatment. A signifi-
cant number of FOXP3+ cells were detected in pretreatment
bone marrow biopsy specimens, representing about 20% to

❚Table 2❚
Bone Marrow Histologic Characteristics in 10 Cases of
Follicular Lymphoma*

No. of Paratrabecular and Interstitial Nodular 
Lymphoid Infiltrates in Posttreatment Bone 

Case No. Marrow (per Bone Marrow Section)

1 2 (with 1 paratrabecular)
2 2 (with 1 paratrabecular)
3 4 (with 2 paratrabecular)
4 3 (with 1 paratrabecular)
5 6 (with 4 paratrabecular)
6 6 (with 3 paratrabecular)
7 5 (with 3 paratrabecular)
8 2 (with 1 paratrabecular)
9 2 (with 1 paratrabecular)
10 1 (paratrabecular)

* The bone marrow biopsy specimen surface was around 0.25-0.30 cm2.

❚❚Image 1❚❚ Histologic features of bone marrow after treatment
with rituximab, cyclophosphamide, doxorubicin, vincristine, and
prednisone (R-CHOP). Nodular lymphoid infiltrates (H&E, ×200).

❚❚Image 2❚❚ Immunophenotype of lymphoid infiltrates. Nodular
infiltrates are constituted predominantly of CD4+ T cells (anti-
CD4, ×400).
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33% of interstitial T cells. These cells were located at the
periphery of the FL nodules as described in lymph nodes.12,15

Quantification of Mast Cells With Regard to Treg
Infiltration

These experiments were performed in only 5 cases
because the biopsy specimens were exhausted by several steps
of immunostaining and DNA extraction. However, we
observed that the amounts of mast cells were increased in
bone marrow biopsy specimens before and after treatment and

paralleled the increase of Tregs. Mast cells and Tregs colocal-
ized at the periphery of lymphoma or lymphoid nodules
❚Image 6❚.

Immunocharacterization of Immature Cells in Bone
Marrow After Immunochemotherapy

Based on profound depletion of mature B cells, as evi-
denced by the lack of CD20+ elements (cells except in case
10), we also investigated whether immunochemotherapy
could have resulted in a selection of immature B cells.

❚❚Image 3❚❚ Absence of CD20+ mature B-cell population (anti-
CD20, peroxidase, ×200; staining controlled twice).

❚❚Image 5❚❚T cells display a T-regulatory phenotype with CD4
and FOXP3 coexpression (double staining with anti-FOXP3,
alkaline phosphatase–fast blue; anti-CD4, peroxidase-
diaminobenzidine, ×1,000).

❚❚Image 6❚❚ Accumulation of c-Kit+ mast cells in lymphoid
infiltrates (anti-CD117/Kit, peroxidase, ×400).

❚❚Image 4❚❚ Determination of T-cell subtype; presence of
FOXP3+ cells within lymphoid nodules (anti-FOXP3,
peroxidase, ×200).
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Compared with nonneoplastic bone marrow samples, we
observed an increased number of CD79a+ B cells in all bone
marrow biopsy samples from patients in complete remission.
CD79a+ cells were scarce in lymphoid nodules and predomi-
nantly distributed outside the nodules in interstitial areas
❚Image 7A❚. Some cells had a large, irregular nucleus and were
TdT+ ❚Image 7B❚. Double staining with anti-CD79a and anti-
TdT antibodies confirmed that one third or one half of these
cells were B blasts (TdT+/CD79a+/CD20–) ❚Image 7C❚. The
remaining B cells were TdT–/CD79a+/CD20–. Of note, we
failed to detect any CD3+/TdT+ double-positive cells (not
shown). It is worth mentioning that in 9 cases, the bone mar-
row biopsies were performed at the end of the treatment
(about 1 month). In case 10, evaluation was carried out about
8 months after immunochemotherapy because the patient had
cardiac failure, which delayed posttherapy evaluation. This
delay probably explains the reconstitution of a population of
mature CD20+ B cells, which represented around 1% of the
bone marrow cells.

t(14;18) in the Immature B-Cell Population

Owing to the presence of immature B cells, we won-
dered whether some of these cells could carry the t(14;18)
translocation present in the lymphoma cells. To address this
question, we first designed a FISH technique with a double
BCL2/JH probe. In the 3 cases tested in which FISH was
positive before treatment, we failed to detect any positive
residual cells after treatment. To further confirm the lack of
residual disease, the same samples were tested by Q-PCR
analysis, a technique considered more sensitive, even if it

does not allow identifying the source of positive cells.
Before treatment, all 3 cases were positive, whereas after
treatment, minimal residual disease was at an undetectable
level (10–4 by amplifying DNA dilutions), including case 10
in which CD20+ cells were detected. Altogether, these find-
ings suggest that treatment-selected B-cell precursors are not
derived from the malignant clone.

Discussion

Our study confirms that, in the context of patients with
FL with a complete response following immunochemothera-
py, bone marrow may contain dense lymphoid infiltrates mim-
icking lymphoma nodules, as previously described.10 This sit-
uation is relatively uncommon since the use of rituximab and,
in our experience, is observed in fewer than 5% of patients.
Without careful examination, including immunohistochemical
analysis, these histologic patterns may result in overestimation
of residual lymphoma infiltration.10

As described in the latter study,10 as well as in ours, these
lymphoid nodules were constituted of mature T cells.
However, we described herein, for the first time, that these T
cells contained a significant fraction of CD4+/FOXP3+ Tregs.
These unexpected results encouraged us to investigate
whether these cells could also accumulate in bone marrow
during the overt stage of the disease. We found that Tregs were
indeed present before treatment and that their percentage was
not significantly affected by treatment. The topology of Treg
infiltration in pretreatment bone marrow biopsy specimens

A B C

❚❚Image 7❚❚ A, Nonmalignant subpopulation composed of pre-B or immature B cells after treatment with rituximab,
cyclophosphamide, doxorubicin, vincristine, and prednisone (R-CHOP). Presence of CD79a+/CD20– B cells with anti-CD79a
(peroxidase ×400). B, Presence of terminal deoxynucleotidyl transferase (TdT)+ cells with anti-TdT (peroxidase, ×400). C,
Double staining with anti-CD79a alkaline phosphatase, fast blue, and anti-TdT peroxidase (diaminobenzidine, ×1,000).
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was similar to that described in FL lymph nodes,12 ie, with a
predominant perifollicular distribution.

The mechanism by which Tregs are recruited in FL bone
marrow is unclear. In a recent study, it was described that in
patients with lupus nephritis, rituximab treatment resulted in
increased transforming growth factor β concentration and Treg
accumulation, suggesting that, besides B-cell depletion, ritux-
imab could also influence T-cell subsets.15 However, the fact
that in FL Tregs are present to the same extent in pretreatment
and posttreatment bone marrow biopsy specimens suggests
that the treatment has no role in their accumulation. Another
explanation to consider is that Tregs are critical components of
the microenvironment of FL cells, besides other cellular sub-
sets such as macrophages and dendritic follicular cells. If this
is the case, the fact that Tregs persist for a long period after FL
cell elimination (minimum of 8 months in case 10 in which the
bone marrow biopsy was performed later) is intriguing.

The exact role of Tregs in the microenvironment of FL
has not been elucidated. However, an increased mast cell pop-
ulation in Treg-rich lymphoid infiltrates suggests that Tregs
recruit and activate mast cells in situ. The question remains as
to whether this recruitment is to mediate regional immune tol-
erance19 or to promote the proinflammatory role of mast cells.
Recent studies demonstrating that high numbers of tumor-
infiltrating FOXP3+ Tregs are associated with improved over-
all survival in FL12-14 suggest that sustained Treg accumula-
tion reflects the persistence of potent immunoreactivity
against FL cells and subsequent subtle regulatory mechanisms
between effector T cells and Tregs.

In our study, we also describe for the first time that ritux-
imab-combination chemotherapy results not only in profound
and durable mature B-cell (CD20+) depletion but also in the
accumulation of immature B cells that display a
CD79a+/CD20–/TdT+ phenotype. Similar data were reported
after autologous or allogeneic bone marrow transplantation.20

However, in their study, Douglas et al10 failed to detect any
CD79a+ cells after immunochemotherapy (except in 1 patient
with CD20+ cells). This discrepancy is difficult to explain and
may be related to distinct technical conditions for immunohis-
tochemical analysis.

We observed that immature B cells were diffusely distrib-
uted in the marrow without particular accumulation in lym-
phoid nodules. It is noteworthy that the amount of these
immature cells was much lower in pretreatment biopsy speci-
mens and in nonneoplastic bone marrow samples, suggesting
a direct link between B-cell precursor selection and treatment-
induced mature B-cell depletion. An important question is to
consider whether these cells belong to the malignant clone.
Indeed, it is generally accepted that the t(14;18) translocation
occurs along the VDJ rearrangement in bone marrow B lym-
phoid precursors.2,3 However, by using FISH analysis and Q-
PCR techniques, we could not detect the bcl-2 rearrangement

(present in lymphoma cells before treatment), suggesting that
B-cell precursors expanded from normal B-cell lineage.

Besides the CD79a+/CD20–/TdT+, we also identified
another B-cell population, CD79a+/CD20–/TdT–. We have no
explanation for the status of the CD79a+/CD20–/TdT– B-cell
population. Besides authentic plasma cells, which are easily
recognizable and generally CD20–/CD79+/TdT–, there were
indeed authentic lymphocytes without plasma cell differentia-
tion. The lack of TdT expression implies that the cells could
be mature, which is difficult to reconcile with the lack of
CD20. We have strong molecular arguments that these cells
are not malignant. Therefore, 2 interpretations can be put for-
ward. First, these cells may belong to a particular subset of B
cells that have accomplished their immunoglobulin chain gene
rearrangements and do not yet express the CD20 molecule.21

A second, less plausible explanation is that rituximab has
masked the CD20 in vivo such that the reagent antibody is
unable to bind during the immunostaining procedure. In this
hypothesis, these B-cell subsets could simply correspond to
mature B cells. Further studies based on combined cell-sorting
and molecular techniques will probably address this question.
As expected, a similar mechanism of cell restoration was not
observed for T cells because by using double-staining tech-
niques, we were unable to detect any double-positive
CD3+/TdT+ T-cell precursors.

Finally, our study describes that, before treatment, FL
bone marrow infiltrates are enriched with a large fraction of
CD4+/FOXP3+ cells and mast cells suggesting that, as in
lymph nodes involved by FL, Tregs are important components
of the tumor microenvironment and that immunochemothera-
py spares these cell subsets. Moreover, posttreatment bone
marrow samples contain a nonmalignant subpopulation com-
posed of pre-B or immature B cells, which could reflect the
regeneration of the B-cell lineage following rituximab-medi-
ated B-cell depletion. From a practical point of view, it should
be stressed that the lack of careful immunophenotypic exami-
nation of these expanded lymphoid populations may result in
overestimation of malignant lymphoid infiltration.
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