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The mechanisms that lead to reticulin fibrosis of bone marrow (BM) in hairy cell leukemia (HCL) are not fully understood.
We therefore investigated the involvement of TGF-β1, a potent fibrogenic cytokine, in this process. Immunoassays
revealed that TGF-β1 is present at higher concentrations in BM, serum, and plasma of HCL patients in comparison with
healthy donors (P < 0.001). RT-PCR and immunofluorescence studies showed that TGF-β1 is overexpressed at the
mRNA and protein levels in peripheral blood, spleen, and BM mononuclear cells and that hairy cells (HCs) are the main
source of TGF-β1. Active TGF-β1 correlated significantly with grades of BM fibrosis, infiltration with HCs, and serum
procollagen type III aminoterminal propeptide (PIIINP). Ex vivo studies demonstrated that TGF-β1 significantly enhances
the production and deposition of reticulin and collagen fibers by BM fibroblasts. In addition, BM plasma of HCL patients
increased the synthesis of type I and type III procollagens, the main components of reticulin fibers, at the mRNA and
protein levels. This fibrogenic activity of BM plasma was abolished by neutralizing anti–TGF-β1 antibodies. These results
show, for the first time to our knowledge, that TGF-β1 is highly expressed in HCs and is directly involved in the
pathogenesis of BM reticulin fibrosis in HCL.
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Introduction
Hairy cell leukemia (HCL) is a chronic lymphoproliferative disorder
characterized by the presence of hairy cells (HCs) in peripheral blood,
bone marrow (BM), and spleen and is invariably associated with a
unique type of BM fibrosis (1–3). Although a rare disease (2% of adult
leukemia), HCL represents an excellent model for cancer biotherapy
(4) and for understanding the deregulation of cytokines and growth
factors in human neoplasia (5–7). The fibrotic process and the asso-
ciated structural abnormality in BM of HCL patients are mainly due
to accumulation of fine argyrophilic reticulin fibers, although colla-
gen fibers can be observed in the advanced stages of the disease
(8–11). The composition of reticulin fibers in HCL is not well defined.
In normal and fibrotic BM, the distribution of reticulin fibers is iden-
tical to that of type III collagen and its precursor, type III procollagen
(12, 13). Electron microscopic studies of human tissues revealed that
reticulin fibers are individual collagen fibrils or small bundles of these
fibrils embedded in the interfibrillar matrix of proteoglycans (14–16)
and that they are composed mainly of type III collagen surrounding
a core of type I collagen fibrils (17, 18). In addition to reticulin fibro-
sis, it has been recently demonstrated that the glycoprotein
fibronectin, which is produced and assembled by HCs, contributes to
the fibrotic process in BM of HCL patients (19). This process was also
found to be particularly enhanced by bFGF, which is endogenously
produced by the HCs (20). Since reticulin and fibronectin fibers were
found to represent different structures in myelofibrotic BM (21), it
appears that BM fibrosis in HCL is a complex process that involves
accumulation and assembly of collagenous ECM components (retic-
ulin) (22) and noncollagenous ECM components (fibronectin).

In BM, HCs are found in association with randomly dispersed
fibroblastoid cells and are surrounded by reticulin fibers (9, 10, 23,
24). These fibroblastoid cells, which have been found in close asso-
ciation with collagen fibers, are the matrix-producing cells and are
responsible for the synthesis of reticulin and collagen (9, 25–28).
Other studies confirmed the increase in the collagen fibrils in the
intercellular space around the HCs but did not find evidence that
HCs give rise to these fibrils (10). These studies also showed that
HCs are not argyrophilic (29), suggesting that they may not be the
direct source of reticulin fibers. Since no massive increase in fibrob-
last numbers is observed in the BM of HCL patients (10), the
increased production of reticulin and ECM proteins might be due
to an accelerated differentiation of fibroblasts into matrix-produc-
ing cells rather than to an increased proliferation. This suggests that
the fibroblastoid cells in HCL are exposed to mediators in the BM
microenvironment, which mainly induce their differentiation and
maturation without enhancing their proliferation. A possible can-
didate for such mediators is TGF-β, which is known as a potent
fibrogenic cytokine (30) and exerts variable effects on fibroblasts in
terms of proliferation and ECM synthesis (31). At low concentra-
tions, TGF-β stimulates fibroblast proliferation, while at high con-
centrations it induces differentiation and collagen synthesis with-
out increasing fibroblast numbers (32, 33). The fibrogenic property
of TGF-β results not only from its induction of excessive produc-
tion of ECM proteins but also from its inhibition of the synthesis
of ECM-degrading enzymes (34, 35). In mammals, TGF-β is present
in three isoforms, TGF-β1, -β2, and -β3 (36), and TGF-β1 is the
most involved in fibrosis (30).

With regard to BM fibrosis, TGF-β has been implicated in the
pathogenesis of idiopathic myelofibrosis and other myeloprolifer-
ative disorders (13, 37–39). In these diseases, megakaryocytes and
monocytes have been recognized as sources of the fibrogenic
cytokines (13, 37, 38). This situation may not be applicable to HCL,
which is usually associated with monocytopenia and depletion of
megakaryocytes (2, 40). Therefore, other cells such as the HCs might
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be the source of fibrogenic mediators. This suggestion would be in
accordance with our previous observation that HCs produce high
amounts of bFGF (5) and is underlined by the deregulated produc-
tion of hematopoietic growth factors (6) and IFN-α (7) in HCL.

Therefore, we investigated the pattern of TGF-β1 expression in
peripheral blood and BM of patients with HCL. We then studied the
effect of TGF-β1 on deposition of reticulin and collagen fibers in
vitro and its critical role in induction of BM reticulin fibrosis in HCL.

Methods
Patients. Thirteen patients with HCL (ten male and three female), ten
healthy donors (HDs), and five patients with B cell chronic lym-
phocytic leukemia (B-CLL) were investigated after informed consent
was obtained. The ratio of male to female patients in our study, 4–5
to 1, closely matches the known predominance of the disease in men
(2). Diagnosis of HCL was based on clinical presentation, the pres-
ence of HCs with typical morphology in the peripheral blood and
BM, double immunofluorescence staining, and flow cytometric
analysis using mAb’s against CD19 and CD11c and TRAP staining.
Ten of the HCL patients were further analyzed for the relation
between the degree of BM fibrosis and the concentrations of 
TGF-β1. BM reticulin fibrosis was evaluated using Gomori’s silver
impregnation technique and the grading system proposed by Thiele
et al. (41): 0, no increase in thickness and number of reticulin fibers;
1, borderline to minimal increase; 2, moderate increase; and 3, con-
spicuous increase. The degree of BM fibrosis was assessed by an
investigator who was blinded to the results of TGF-β assays. The
clinical and hematological data are shown in Table 1.

Serum and plasma collection. Sera were prepared from nonhep-
arinized peripheral blood by centrifugation. Peripheral blood and
BM plasma (BMP) were separated from heparinized samples. To
minimize platelet degradation and release of TGF-β from platelets,
samples were kept on ice, centrifugation was performed at 4°C, and
only the upper two-thirds of plasma was collected to avoid contam-

ination with the platelets from the interface. All aliquots were imme-
diately stored at –80°C until the time of the assays.

Cell isolation. PBMCs and BM mononuclear cells (BMMCs) were iso-
lated from heparinized blood samples and BM aspirates using Ficoll-
Hypaque (Pharmacia Biotech AB, Uppsala, Sweden). HCs and nor-
mal B cells were purified from peripheral blood of four HCL patients
and from four HDs by a magnetic cell-sorting technique (MACS; Mil-
tenyi Biotec GmbH, Bergisch Gladbach, Germany) with negative
selection using a B cell isolation kit. Non-B cells (i.e., T cells, NK cells,
monocytes, granulocytes, and erythroid cells) were magnetically
labeled using a cocktail of biotin-conjugated antibodies against CD2,
CD14, CD16, CD36, CD43, and CD235 and Anti-Biotin MicroBeads
(Miltenyi Biotec GmbH). Depletion of magnetically labeled cells
allowed the isolation of highly purified B cells. The purity of B cells
and HCs was evaluated by FACS analysis using anti-CD19 and anti-
CD11c antibodies. For isolation of BM fibroblasts (BMFs), BMMCs
were suspended in α-MEM containing 20% FCS, and incubated in 25-
cm2 tissue-culture flasks (Falcon; BD Biosciences Discovery Labware,
Lincoln Park, New Jersey, USA) at 37°C in 5% CO2 in humidified air.
After overnight incubation, nonadherent cells were removed and cul-
tures were continued for 3–4 weeks with a weekly change of medium.
At confluence, cells were trypsinized and subcultured in α-MEM
(10% FCS). Cells from the third to fifth passages were used in the
study. At these stages, cells were almost pure fibroblasts, as confirmed
by morphology and staining with monoclonal mouse anti–human
fibroblast antibodies (5B5; DAKO Diagnostics AG, Vienna, Austria).
For isolation of BM stromal cells (BMSCs), BMMCs were incubated
in α-MEM supplemented with 12% FCS, 12% horse serum, and
hydrocortisone (10–6 M). Nonadherent cells were removed after 7
days of incubation, and adherent cells were fed weekly by replacement
of the medium. After 4–6 weeks, adherent stromal cells reached con-
fluence and consisted of fibroblasts, macrophages, and adipocytes as
determined by their morphology and positive staining for 5B5,
CD14, and oil red O, respectively.

Cell cultures and TGF-β1 immunoassays. To measure the amounts of
TGF-β1 produced by PBMCs and BMMCs, these cells were cultured
at a density of 2 × 106 cells/ml in RPMI 1640 medium supplement-
ed with 2% FCS. BMFs and BMSCs were cultured in α-MEM (2%
FCS) (all reagents were GIBCO; Invitrogen Corp., Paisley, United
Kingdom). The low concentration of FCS was used to maintain high
cell viability and to prevent detachment of the fibroblasts and stro-
mal cells throughout the incubation (1–3 days). After incubation,
culture supernatants were collected and stored frozen at –80°C.
TGF-β1 assays were carried out using the quantitative sandwich
enzyme immunoassay (Quantikine; R&D Systems Inc., Minneapo-
lis, Minnesota, USA), which detects the active form of TGF-β1. To
detect the total amounts (active and latent forms) of TGF-β1, tran-
sient acidification was performed according to the manufacturer’s
instructions. Since culture medium supplemented with 2% FCS con-
tains detectable concentrations of TGF-β1, we measured the con-
centrations of TGF-β1 in cell-free cultures. The experiments were
performed using the same batch of FCS that contained 12.2 ng/ml
of TGF-β1, which was detectable only after activation procedures
(i.e., medium supplemented with 2% FCS contained 0.24 ng/ml of
TGF-β1). These concentrations were subtracted to calculate the
quantity of TGF-β1 produced by the cells in cultures.

Detection of TGF-β1 and procollagens by immunofluorescence. Indirect
immunofluorescence was performed using mouse anti–human
TGF-β1 antibodies, clone TB21, which react with active and latent
TGF-β1 (BioSource International Inc., Camarillo, California, USA),

Table 1
Clinical data of patients with HCL at the time of investigation

Patient Age/Sex WBCs % HCs % HCs BM fibrosis
(×× 109/l) in PB in BM

1 57/M 6,050 14 90 3
2 73/M 2,039 1 90 3
3 60/M 2,260 2 90 3
4 52/M 700 2 85 2
5 84/F 28,460 90 70 2
6 67/M 4,570 4 80 2
7 48/M 2,810 1 35 1
8 48/M 3,970 4 35 1
9 37/M 3,020 7 5 1
10 55/F 324 4 40 0
11 53/M 10,400 42 NA NA
12 57/F 7,210 26 10 1
13 67/M 10,940 12 10 0

Thirteen patients with HCL were enrolled in the study, three female (F)
and ten male (M); their ages ranged from 37 to 84 years. BM fibrosis was
estimated in biopsies of BM stained with Gomori silver impregnation stain,
using the semiquantitative grading system proposed by Thiele et al. (41):
0, no increase in thickness and number of reticulin fibers; 1, borderline to
minimal increase; 2, moderate increase; and 3, conspicuous increase.
NA, not available; WBCs, white blood cell counts.
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and using mouse anti–human type I procollagen and rabbit anti–
human type III procollagen mAb’s (Chemicon International Inc.,
Temecula, California, USA). Cytospin preparations of freshly isolated
cells or fibroblasts cultured in tissue-culture chamber slides (Lab-Tek,
Nunc Inc., Naperville, Illinois, USA) were fixed in cold methanol for
10 minutes and permeabilized with 0.05% NP40 in PBS for 10 min-
utes. Nonspecific binding was suppressed by incubation with 10%
human AB serum (PAA Laboratories Gmbh, Linz, Austria) for 20 min-
utes. After washing with PBS, cells were incubated with the first anti-
bodies overnight at 4°C and washed three times with PBS. Cells were
then incubated with cyanine dye Cy3– or FITC-conjugated second
antibodies for 45–60 minutes and washed extensively in PBS.

For localization of TGF-β1 in BM, double-immunofluorescence
studies were performed on BM sections using anti–TGF-β1 anti-
bodies (BioSource International Inc.) and anti-CD22 antibodies,
clone SJ.10.1H11 (Immunotech-Coulter, Marseille, France), a mark-
er for HCs (1, 2). Formalin-fixed and paraffin-embedded BM sec-
tions were deparaffinized and rehydrated through graded alcohol,
and staining procedures were continued as above.

The specificity of the staining in all experiments was confirmed by
negative controls, omitting the first antibodies from the staining
process and using species- and isotype-matched unrelated antibod-
ies (nonimmune mouse or rabbit IgG; BioSource International Inc.).

Detection of mature collagen and reticulin fibers in vitro. BMFs were cul-
tured in chamber slides in α-MEM supplemented with 10% FCS and
allowed to reach confluence. Medium was changed and further sup-
plemented with 10 µg/ml freshly prepared ascorbic acid (Sigma-
Aldrich, St. Louis, Missouri, USA) to enhance collagen synthesis (42).
Stationary cultures were continued for 4–6 weeks, and medium was
changed weekly. Masson’s trichrome staining and Gomori’s silver
impregnation staining were performed to detect collagen and retic-
ulin fibers, respectively.

RIAs for serum procollagen. Serum samples from ten HCL patients,
with known degrees of BM fibrosis, and ten HDs were processed to
measure the concentrations of procollagen type III aminoterminal
propeptide (PIIINP), a noninvasive marker for ongoing BM fibroge-
nesis (43, 44). Specific PIIINP RIA kits (Orion Diagnostica, Espoo,
Finland) were used according to the manufacturer’s instructions.
The measurements were run in duplicate. Counting was performed
using a gamma counter, and the final concentrations of PIIINP were
determined by interpolation from the standard curve.

RT-PCR. Total RNA was isolated by acid guanidinium thiocyanate-
phenol-chloroform extraction techniques using RNAzol B (Tel-Test
Inc., Friendswood, Texas, USA). cDNAs were synthesized from 1 µg
of RNA. The synthesis efficiency in all samples was verified by 30
cycles of PCR reaction using β-actin–specific primers as previously
described (7). For detection of TGF-β1 mRNA, the following primers
were used for 35 cycles: upstream, 5′-CGGGCAGAGCTGCGTCT-
GCTGAGG-3′; downstream, 5′-GAGCTGAAGCAATAGTTGGT-
GTC-3′. For measurements of procollagen mRNA, two sets of spe-
cific primers were used for 35 cycles (45). The primers for type III
(α1) procollagen were: upstream, 5′-GGTGAACGTGGCAGTCC-3′;
downstream, 5′-GTTTCCATCTCTTCCAGGTT-3′ (fragment size
465 bp). The primers for type I (α1) procollagen were: upstream, 5′-
TAAAGGGTCACCGTGGCTTC-3′; downstream, 5′-CGAACCA-
CATTGGCATCATC-3′ (fragment size 355 bp). Primer pairs were
driven from different exons to span introns so that the genomic
DNA could be readily distinguished from cDNA based on size. The
number of cycles was adjusted to the linear portion of the PCR
amplification curve in preliminary experiments for detection of 

β-actin, TGF-β1, and procollagen mRNA expression. Amplified
DNA was electrophoresed, stained with ethidium bromide, and pho-
tographed. The expression of the respective mRNA was corrected to
β-actin mRNA in each sample.

Statistical analysis. Grouped data are expressed as mean ± SEM. The
results were compared for statistical significance using ANOVA, and
P < 0.05 was considered statistically significant. Correlation between
different parameters was calculated according to Pearson, using
SPSS 10.0 software (SPSS Inc., Chicago, Illinois, USA).

Results
High levels of circulating TGF-β1 in HCL patients. Immunoassays revealed
that active and latent forms of TGF-β1 are significantly increased in
BMP, serum, and peripheral blood plasma (PBP) of HCL patients as
compared with HDs and patients with B-CLL (Figure 1, A and B). The
mean concentration of active TGF-β1 (± SEM) was 10.2 ± 2.41 ng/ml
in HCL patients but only 0.6 ± 0.23 ng/ml in HDs, a 17-fold differ-
ence (P < 0.001). Total TGF-β1 in BMP of HCL patients amounted to
24.5 ± 4.30 ng/ml, fivefold higher than in HDs (4.9 ± 0.95 ng/ml; 

Figure 1
Levels of TGF-β1 in BMP, serum, and PBP. TGF-β1 was measured by
immunoassays before and after acidification to detect active (A) and total
(B) TGF-β1.The levels of active and total TGF-β1 were significantly high-
er in HCL patients (n = 13) than in HDs (n = 10) and B-CLL patients 
(n = 5). *P < 0.01; **P < 0.001. (C) High expression of TGF-β1 mRNA in
PBMCs of HCL patients (lanes 7–12) in comparison with HDs (lanes 1–6).
(D) Overexpression of TGF-β1 mRNA in BMMCs of three HCL patients
and spleen (spl.) cells of two HCL patients compared with BMMCs of
three HDs and PBMCs (lanes 9 and 10) and BMMCs (lanes 11 and 12) of
B-CLL patients.
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P < 0.001). Mean concentrations of TGF-β1 were also higher in PBP
and serum of HCL patients as compared with HDs. In plasma, the
mean level of active TGF-β1 was 62-fold higher in HCL patients than
in HDs (4.6 ± 1.05 vs. 0.07 ± 0.02 ng/ml; P < 0.001), while total 
TGF-β1 was fourfold higher in HCL patients (17.2 ± 1.79 vs. 
4.4 ± 1.01 ng/ml; P < 0.001). In serum, active TGF-β1 was 55-fold
higher in HCL patients than in HDs (7.2 ± 1.54 vs. 0.13 ± 0.04 ng/ml;
P < 0.001), while total TGF-β1 was threefold higher in HCL patients
(27 ± 1.63 vs. 9.7 ± 2.76 ng/ml; P < 0.005). The amount of TGF-β1
was also measured in samples of five patients with B-CLL. The mean
concentrations of active TGF-β1 in BMP, serum, and PBP of B-CLL
patients were 0.59 ± 0.37, 0.11 ± 0.07, and 0.16 ± 0.8 ng/ml, respec-
tively. These values were comparable to those for TGF-β1 in samples
of HDs but significantly lower than in HCL patients. Total TGF-β1
in BMP, serum, and PBP was 7.05 ± 1.05, 12.32 ± 2.78, and 
8.08 ± 2.12 ng/ml, respectively. These concentrations were higher
than in HDs but significantly lower than in HCL patients. Since
TGF-β might be released from the platelets during sample prepara-

tion, we studied the relation between TGF-β1 serum concentration
and the number of platelets. No correlation between the two param-
eters was found, which suggests that the amounts of TGF-β1 detect-
ed in the samples reflect the concentrations of circulating TGF-β1
rather than the amount released from platelets.

Overexpression of TGF-β1 mRNA in HCL. To study the transcrip-
tional regulation of TGF-β1 in HCL patients, PBMCs (from six HCL
patients, six HDs, and two B-CLL patients), BMMCs (from three
HCL patients, three HDs, and two B-CLL patients), and spleen cells
obtained from postsplenectomy material (from two HCL patients)
were isolated and immediately processed for RT-PCR analysis. As
demonstrated in Figure 1, C and D, PBMCs from HCL patients
expressed high levels of TGF-β1 mRNA as compared with HDs and
B-CLL patients. The intensity of TGF-β1 mRNA signals was quan-
titated by scanning densitometry and corrected to β-actin mRNA
signals. Comparison between TGF-β1 mRNA signals confirmed that
TGF-β1 mRNA expression in HCL patients was significantly high-
er than in HDs and B-CLL patients (P < 0.001). TGF-β1 mRNA
expression was also higher in BMMCs of HCL patients (>90% HCs)
than in those of HDs and B-CLL patients (Figure 1D; P < 0.01). The
expression of TGF-β1 mRNA in spleen cells of HCL patients (>95%
HCs) was comparable to its levels in BM cells.

TGF-β1 production by PBMCs and HCs. The overexpression of 
TGF-β1 at the transcriptional level in hematopoietic cells of HCL
patients suggested that these cells may also produce high amounts
of this cytokine and are the source of the circulating TGF-β1. To ver-
ify this suggestion, PBMCs of six HCL patients, six HDs, and five 
B-CLL patients were cultured for 48 hours, and the concentrations
of TGF-β1 protein in supernatants was measured by ELISA. As illus-
trated in Figure 2A, PBMCs of HCL patients produced significant-
ly higher amounts of TGF-β1 proteins (active and total) as com-
pared with those of HDs (n = 6) (P < 0.01). While total TGF-β1
produced by PBMCs of HCL patients was fourfold higher, active
TGF-β1 in HCL patients was 42-fold higher than in HDs (P < 0.001).
Similarly, the amounts of TGF-β1 (active and total) produced by
HCL cells were significantly higher than those produced by B-CLL
cells. It is important to note that the amount of active TGF-β1 pro-
duced by B-CLL cells was similar to that produced by PBMCs of nor-
mal persons. To investigate the contribution of HCs to the produc-
tion of TGF-β1, immunofluorescence staining for intracellular
TGF-β1 was performed in purified HCs (>95% CD11c/CD19–posi-
tive cells) from peripheral blood of four HCL patients and compared
with normal B cells (>95% CD19-positive cells) obtained from four
HDs and PBMCs of four patients with B-CLL (<85% leukemic cells).
A representative experiment is shown in Figure 2, where HCs (Fig-
ure 2B) show very intense cytoplasmic staining for TGF-β1 as com-
pared with normal B cells (Figure 2C) and B-CLL cells (Figure 2D).
Furthermore, the purified HCs and B cells were cultured for 48
hours, and TGF-β1 concentrations in culture supernatants were
measured by ELISA. Significantly higher amounts of active and total
TGF-β1 were produced by HCs in comparison with normal B cells
(3.6 ± 0.7 vs. 0.06 ± 0.01 ng/ml and 16.1 ± 0.8 vs. 2.0 ± 0.1 ng/ml,
respectively; P < 0.001). These data indicate that the HCs are more
efficient in producing TGF-β1, particularly in its active form, than
are normal B cells and B-CLL cells and that they represent a major
source for TGF-β1 in HCL patients. We therefore focused our inves-
tigations on cells from HCL patients and HDs.

Source of TGF-β1 in BM. To identify the source of the increased
TGF-β1 proteins in BM of patients with HCL, a set of experiments
was performed using different cellular components of BM, including

Figure 2
TGF-β1 production by PBMCs and intracellular localization in normal B
cells and HCs. (A) Cells were cultured for 48 hours and secreted TGF-β1
(active and total) was measured by ELISA. Significantly higher concen-
trations of active and total TGF-β1 were detected in supernatants of
PBMCs of HCL patients as compared with HD and B-CLL cells. (B–E)
Immunofluorescence staining using anti–TGF-β1 (TB21) antibody was
performed on purified HCs, normal B cells, and B-CLL cells (>85%
leukemic cells). A strong staining for TGF-β1 was found in HCs (B) in
comparison with normal B cells (C) and B-CLL cells (D). (E) Nonimmune
mouse IgG1 antibody was used as a negative control. A representative
of four experiments is demonstrated. Original magnification, ×400.
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BMMCs, purified BMFs, and BMSCs. BM cells from four patients
with 50–90% HC infiltration and from four HDs were cultured for
24, 48, and 96 hours. Supernatants were collected and assayed for
TGF-β1 production. As shown in Figure 3A, at each time point,
BMMCs from HCL patients produced significantly higher amounts
of active and total TGF-β1 than BMMCs of HDs (P < 0.001). There
was also a continuous increase in the production of TGF-β1 through-
out the incubation, while BMMCs of HDs reached a maximum level
after 2 days with relative decrease thereafter. Since BMSCs and BMFs
can also produce TGF-β, these cells were isolated from four HCL
patients and four HDs and cultured for 48 hours, and supernatants
were assayed to measure the secreted TGF-β1. As shown in Figure 3B,
BMSCs and BMFs from HCL patients produced amounts of active
and total TGF-β that were comparable to those produced by HD cells.
In addition, the amounts of TGF-β1 produced by BMFs and BMSCs
were much lower than those produced by the BMMCs. These exper-
iments demonstrated that the elevated levels of TGF-β1 in the BM of
HCL patients could be due to an increased production by the
hematopoietic cells rather than by BMSCs or BMFs. To localize the

TGF-β1–producing cells in BM of HCL patients, BM sections and
aspirates were subjected to double immunofluorescence staining
using anti–TGF-β1 antibody in combination with anti-CD22, a
marker for HCs (1, 2). As demonstrated in Figure 3, C and D, a very
intense staining for TGF-β1 was found in the majority of HCs
(CD22-positive). TGF-β1 immunoreactivity was also observed in the
intercellular space. Furthermore, cytospin preparations of BMMCs
(>90% HCs) were double-stained with anti–TGF-β1 and with anti–B-
ly7 antibodies (Immunotech/Coulter), which recognize CD103, a
specific HC marker (1, 2). As illustrated in Figure 3, E and F, TGF-β1
was also found to be highly expressed specifically in the HCs (CD103-
positive). Collectively, these results confirm that the HCs represent a
major source for TGF-β1 within the hematopoietic cells and are thus
responsible for the elevated levels of TGF-β1 in BM and peripheral
blood of HCL patients.

Figure 3
Secreted and intracellular TGF-β1 in BM cells. (A) BMMCs of HCL
patients produced significantly higher amounts of TGF-β1 throughout the
incubation than BMMCs of HDs. (B) The amounts of TGF-β1 secreted by
BMSCs and BMFs of HCL patients were comparable to the amounts
secreted by HD cells. (C and D) Double immunofluorescence staining of
BM sections of an HCL patient (representative of four patients tested)
shows the colocalization of CD22 (an HC marker) (C) and TGF-β1 (D).
(E and F) Cytospin preparation of BMMCs (>90% HCs) double-stained
with antibody against CD103 (B-ly7, a specific HC marker) and against
TGF-β1 (E and F), confirming the presence of TGF-β1 in the HCs. Orig-
inal magnification, ×100 (C and D) and ×400 (E and F).

Figure 4
Correlation among TGF-β1 concentrations, grades of BM fibrosis, and
the percentage of HCs in the BM.The concentrations of active and latent
TGF-β1 in BMP of HCL patients (n = 10) correlate significantly with
grades of BM fibrosis (A and B) and with percentage of HCs in BM (C
and D). Serum levels of PIIINP significantly correlate with grades of BM
fibrosis (E) and with active TGF-β1 in BMP (F). The gray symbols repre-
sent the mean value of TGF-β1 in BM (A–D) and PIIINP in serum (E and
F) of ten HDs.
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Correlation among TGF-β1, BM fibrosis, and serum PIIINP. To study
the relation between TGF-β1 and the process of BM fibrosis, the
concentrations of this cytokine in BMP of ten HCL patients were
compared with the degree of BM fibrosis (41). A significant positive
correlation was found between the TGF-β1 levels (active and total)
in BMP and the degree of BM fibrosis (Figure 4, A and B). There was
also a significant correlation between the levels of active and total
TGF-β1 and the percentage of HCs in BM (Figure 4, C and D). Since
serum concentration of PIIINP is considered a noninvasive marker
for the ongoing accumulation of interstitial collagen in BM and cor-
relates with the degree of BM reticulin fibrosis (43, 44, 46), we stud-
ied the relation among serum PIIINP, the degree of BM fibrosis (41),
and TGF-β1 concentrations (active and total) in ten HCL patients
and ten HDs. Serum PIIINP was significantly higher in HCL patients
than in HDs (mean 6.22 ± 3.63 vs. 3 ± 0.8 µg/ml; P < 0.04). As illus-
trated in Figure 4E, there was a significant correlation between
serum PIIINP and the degree of BM fibrosis (r = 0.836). There was a
significant correlation between serum PIIINP and active TGF-β1 in
BMP (Figure 4F), serum and PBP (r = 0.755 and 0.674, respectively)
(not shown). In addition, serum PIIINP correlated significantly with
the percentage of HCs in the BM (r = 0.763; not shown). These
results clearly demonstrate the close relation among TGF-β1, extent
of BM fibrosis, and infiltration of the BM with leukemic cells. They
also suggest that the concentrations of circulating active TGF-β1
may reflect the degree of BM fibrosis and infiltration with the
leukemic cells as well as the ongoing processes of BM fibrogenesis.

TGF-β1 induces reticulin synthesis and deposition in vitro. To get a closer
insight into the role of BMFs and TGF-β1 in the induction of BM reti-
culin fibrosis in HCL, in vitro experiments were performed using
BMFs from HCL patients and HDs. Stationary fibroblast cultures

were established, and the production of collagens and reticulin was
evaluated by Masson’s trichome and Gomori’s silver impregnation
stainings under basal conditions and upon stimulation with TGF-β1.
As illustrated in Figure 5 (which shows a representative of five exper-
iments), early passages (the third through the fifth) of BMFs from
HDs (Figure 5, A and F) produced spontaneously lower amounts of
collagen and reticulin fibers than BMFs of HCL patients (Figure 5, B
and G). These fibers had smaller diameters and were running in par-
allel to the fibroblasts of HDs, while in HCL patients the fibers were
thicker and running in different directions. Addition of TGF-β1 (2.5–5
ng/ml) further enhanced the deposition of both collagen and reticulin
fibers (Figure 5, C and H). However, the effect of TGF-β1 on reticulin
was more dramatic and resulted in an obvious increase in the number
and thickness of these fibers and led to the formation of a tight net-
work of reticulin. Addition of neutralizing mouse anti–human TGF-
β1 mAb (TB21) significantly decreased the number and thickness of
collagen and reticulin fibers (Figure 5, D and I), while equivalent
amounts of isotype-matched control antibody (mouse IgG1) had no
effect (Figure 5, E and J). It is important to note that later passages of
BMFs of HCL patients and HDs (not shown) exhibited a similar pat-
tern of response to TGF-β1 and TGF-β1–neutralizing antibody in
terms of reticulin and collagen synthesis. This situation could be
explained by the normal, reactive and non-neoplastic nature of BMFs
in patients with myelofibrotic disorders (47–49). These results point
to an activated state of BMFs of HCL patients and show that TGF-β1
plays a substantial role in the synthesis and deposition of collagen and
reticulin fibers by these fibroblasts.

Biologically active TGF-β1 in BMP of HCL patients. To test whether
TGF-β1 in BM is present in a biologically active form that contributes
to the synthesis of collagen and reticulin fibers, three separate sets of

Figure 5
In vitro production of collagen and reticulin fibers by BMFs and the effect of TGF-β1. Confluent stationary fibroblast cultures (4–6 weeks) were performed,
mature collagen fibers were visualized by Masson’s trichrome staining (A–E), and reticulin fibers were stained by Gomori’s silver impregnation technique
(F–J). Under basal conditions, BMFs of HCL patients produced more collagen and reticulin fibers (B and G) than did fibroblasts of HDs (A and F).TGF-β1
(5 ng/ml) increased the number and thickness of collagen and reticulin fibers (C and H), while anti–TGF-β1 antibody significantly decreased fiber depo-
sition (D and I). Control antibody had no effect (E and J). Original magnification, ×600.
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effect on type I procollagen mRNA. The enhancing effect of BMP of
HCL patients was also abolished by anti–TGF-β1 antibody (lanes
7–9) but not by control antibody (lanes 10–12). There was also a rel-
ative decrease in the expression of type I and type III procollagens at
the mRNA and protein levels upon addition of anti–TGF-β1 anti-
body, but not upon addition of control antibody, to fibroblasts treat-
ed with BMP of HDs (not shown). These data demonstrate that the
fibrogenic activity in the BMP of HCL patients is due to the high con-
tent of biologically active TGF-β1. In addition, the enhancing effect
of BMP is more prominent on type III procollagen (the main com-
ponent of reticulin) at the mRNA and protein levels.

In vitro interaction between HCs and BMFs. Since HCs are found in
close association with fibroblastoid cells in the BM (9, 10, 23, 24), we

experiments on stationary BMF cultures were performed. BMFs of
three patients with HCL were cultured and supplemented with 10%
of BMP obtained from three HDs and three HCL patients. After 48
hours, immunofluorescence staining was performed using antibod-
ies against type I (α1) and type III (α1) procollagens, which are the
precursors of type I and type III collagens and are the major compo-
nents of reticulin fibers (12, 13, 17, 18). A representative experiment
is shown in Figure 6, A–H. BMP of HCL patients was more potent in
enhancing the synthesis of both types of procollagen (Figure 6, B and
F) as compared with BMP of HDs (Figure 6, A and E). This effect was
more prominent on type III procollagen, which was also induced to
form a dense extracellular network (Figure 6F). The enhancing effect
of BMP of HCL patients was abolished by anti–TGF-β1 mAb (Figure
6, C and G). An equal amount of control antibody had no effect (Fig-
ure 6, D and H). In another set of experiments, BMFs were cultured
and treated as above, and cells were processed for RT-PCR analysis.
As demonstrated in Figure 6I, BMP of HCL patients significantly
increased the expression of type I and type III procollagen mRNA
(lanes 4–6) as compared with BMP of HDs (lanes 1–3). The effect of
BMP on type III procollagen mRNA was more pronounced than the

Figure 6
Induction of type I and type III procollagen synthesis by BMP of HCL
patients. (A–H) BMFs of three HCL patients were cultured and supple-
mented with 10% BMP of HDs or HCL patients alone or in the presence
of neutralizing anti–TGF-β1 antibodies. A representative of three exper-
iments is demonstrated. Type I and type III procollagen was detected
mainly intracellularly in the presence of HD BMP (A and E) and was sig-
nificantly increased in response to HCL BMP (B and F). HCL BMP dra-
matically increased extracellular deposition of type III procollagen. The
effect of BMP was abolished by anti–TGF-β1 antibody (C and G). Con-
trol antibody had no effect (D and H). Original magnification, ×400. (I) The
effect of BMP on mRNA expression of type 1 (α1) and type III (α1) pro-
collagen in BMFs of three patients with HCL was also investigated, and
a representative experiment is shown. BMP of HCL patients (n = 3) had
a stronger enhancing effect on the mRNA expression of both types of
procollagen (lanes 4–6) than BMP of three HDs (lanes 1–3). The effect
of HCL BMP was also abolished by anti–TGF-β1 antibody (lanes 7–9),
while the control antibody had no effect (lanes 10–12).

Figure 7
Interaction between HCs and BMFs in vitro. Purified HCs or B cells were
cultured on top of BMFs in the absence or presence of anti–TGF-β1 anti-
body.After 24 hours of incubation, immunofluorescence was performed,
and a representative of four experiments is demonstrated. (A) An intense
immunoreactivity for TGF-β1 (red fluorescence) was found intracellular-
ly in the HCs (large arrows) and on the matrix produced by the fibroblasts
(small arrows). Green fluorescence demonstrates intracellular type III
procollagen in the fibroblasts and its extracellular deposition. (B and C)
Anti–TGF-β1 antibody significantly inhibited the synthesis of type III pro-
collagen, formation of fibrillar matrix, and deposition of TGF-β1 on this
matrix (B), while control antibody had no effect (C). (D) Coculture of nor-
mal B cells and BMFs showed a weak TGF-β1 immunoreactivity in B
cells (arrow) and absence of extracellular deposition of TGF-β1 and fib-
rillar matrix. Original magnification, ×400.
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studied the interaction between the two cell types in vitro. To mimic
the in vivo situation, we performed autologous cocultures using puri-
fied HCs and BMFs and studied the expression of TGF-β1 and type
III procollagen (a major component of reticulin fiber and ECM of
BM). As demonstrated in Figure 7A, HCs were closely associated with
and adhered to BMFs. While HCs showed a very intense intracellular
staining for TGF-β1, the fibroblasts were strongly positive for intra-
cellular type III procollagen, which was also deposited extracellular-
ly, forming fibrillar structures. TGF-β1 was also found to be deposit-
ed in the extracellular space on the matrix produced by the
fibroblasts. Addition of neutralizing anti–TGF-β1 antibody signifi-
cantly decreased the intracellular contents of type III procollagen in
BMFs and inhibited the deposition of the fibrillar matrix (Figure 7B).
Consequently, minimal or no TGF-β1 was detected extracellularly.
Equivalent amounts of control antibody did not show this effect (Fig-
ure 7C). Cocultures were also performed using normal B cells and
BMFs. Results showed that expression of TGF-β1 was weak in nor-
mal B cells and that type III procollagen was present intracellularly
in the fibroblasts, and no deposition of TGF-β1 or fibrillar matrix
was observed extracellularly (Figure 7D). These experiments suggest
that HCs produce high amounts of TGF-β1, which activates the
fibroblasts in their proximity to produce type III procollagen and
other matrix proteins. They also illustrate that the secreted TGF-β1
can be stored in the extracellular space bound to the matrix proteins
produced by the fibroblasts.

Discussion
BM fibrosis in HCL is caused by the formation of a fine network of
reticulin fibers (2, 3, 8–10). The mechanisms and mediators respon-
sible for induction and progression of this unique type of fibrosis are
not completely defined. In this study we sought to identify the pat-
tern of TGF-β1 expression in HCL patients and to explore the
involvement of this cytokine in the pathogenesis of reticulin fibrosis
of the BM in HCL patients. The results reported here demonstrate
that BMP, serum, and PBP of HCL patients contain significantly high
amounts of active and latent TGF-β1. They also show that TGF-β1 is
highly expressed at the mRNA and protein levels in peripheral blood,
spleen, and BMMCs of HCL patients and that the HCs represent the
major source of TGF-β1. In addition, we were able to illustrate that
TGF-β1 is directly involved in enhancing the synthesis of reticulin
fibers by BMFs of HCL patients.

Detection of high levels of circulating TGF-β1 in HCL patients is
an important finding and is in agreement with the recent data of
Rameshwar et al., who demonstrated that systemic TGF-β1 is ele-
vated in patients with idiopathic and secondary myelofibrosis (50).
TGF-β is usually produced as a large latent complex, and the active
form has to be released to produce biological effects (51). The high
concentrations of circulating active and latent TGF-β1 and increased
production by HCs could be related to the malignant phenotype of
HCL, as has been reported for B-CLL (52, 53). They could be also
attributed to the activated state of the HCs (1), or to the perturbed
regulation of cytokine production in HCL, as we have previously
demonstrated (5–7). Although the molecular mechanisms leading
to activation of TGF-β1 in HCL are not completely understood, it is
possible that HCs produce proteases that activate latent TGF-β in a
manner similar to that of some neoplastic cells (54). In addition,
direct contact between HCs and BMSCs may also induce activation
of TGF-β1 through plasmin, as has been reported in cocultures of
endothelial cells, pericytes, and smooth muscle cells (55). Another
important factor that may contribute to the overproduction and

activation of TGF-β in the BM is bFGF, which is also present at high
concentrations in BM of HCL patients (5). bFGF was shown to
increase the release of TGF-β1 (56), to induce its activation (57), and
to enhance its fibrogenic activity (58). On the other hand, TGF-β1
induces bFGF mRNA expression (56) and release of matrix-bound
bFGF (59). It is therefore possible that mutual interaction between
both cytokines within the BM microenvironment of HCL patients
leads to the increased production and activation of TGF-β1 and also
enhances its fibrogenic activity, as has been suggested in other
myelofibrotic disorders (60, 61).

To understand the relevance of circulating TGF-β1 to the fibro-
genic processes in BM, we studied the correlation between the
cytokine and the grade of reticulin fibrosis as well as the serum lev-
els of PIIINP, a noninvasive marker for the process of fibrogenesis
(21, 44, 46). The results demonstrated a significant correlation
between TGF-β1 concentrations, particularly its active form, in BM,
serum, and plasma, and the histological grade of BM reticulin fibro-
sis, as well as the serum levels of PIIINP. Moreover, the concentra-
tions of active TGF-β1 significantly correlated with the extent of BM
infiltration with the leukemic cells. These results point to a strong
link between active TGF-β1 concentrations, the ongoing processes
of BM fibrosis, and the extent of BM infiltration with HCs. There-
fore, the levels of circulating active TGF-β1 may have a significant
clinical relevance and represent a potential noninvasive marker for
BM fibrosis and infiltration with HCs. This suggestion however,
needs to be substantiated by studies on a larger number of patients.

To get insight into the role of TGF-β1 in the activation of BMFs
and induction of BM fibrosis in HCL, we isolated BMFs and assessed
their ability to synthesize collagen and reticulin fibers under basal
conditions and after TGF-β1 stimulation. Early passages of BMFs of
HCL patients were more efficient in producing collagen and reticulin
than were fibroblasts from HDs. Exposure of BMFs to TGF-β1 fur-
ther enhanced the synthesis and deposition of both collagen and reti-
culin fibers and led to the formation of a tight reticulin network. This
suggests that fibroblasts of HCL patients exhibit an activated phe-
notype due to exposure to fibrogenic activities in the BM, that this
phenotype is retained in vitro, and that TGF-β1 is a component of
this activity. In support of this suggestion is that exposure of BMFs
to BMP obtained from HCL also enhanced the mRNA expression
and protein synthesis of type I and type III procollagens (the main
components of reticulin fibers). This effect was completely abolished
by anti–TGF-β1 antibody. Therefore, these data confirm that TGF-β1
is present in BM of HCL patients in a biologically active form, which
contributes substantially to the activation of BMFs and induction 
of reticulin fibrosis.

The in vitro data presented in this work are closely related to the
situation in vivo in BM of HCL patients. Several studies have shown
a close association among HCs, the fibrous network, and fibroblas-
toid cells in the BM (9, 10, 23, 24), suggesting that HCs may induce
activation of the fibroblastoid cells to produce the fibrous network.
Here, we demonstrate, in coculture experiments, that HCs adhere to
and are in close association with BMFs and also contain high
amounts of TGF-β1. The cytokine was also found to be deposited on
the fibrillar matrix actively produced by the fibroblasts. This in vitro
observation appeared similar to the immunoreactivity of TGF-β1 in
BM sections of HCL patients, where TGF-β1 was detected in the HCs
and also in the extracellular space. It is also in agreement with the
reported distribution of TGF-β1 in BM of patients with hematolog-
ical malignancies and myelofibrosis (62). Therefore, it is conceivable
that HCs produce high amounts of TGF-β1 in BM, and that the
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TGF-β1 is stored near BMFs, activates them, and ultimately leads to
excessive deposition of ECM proteins and fibrosis.

Since no massive increase in fibroblast number is generally observed
in BM of HCL patients, it appears that the high activity of TGF-β1 in
the BM substantially enhances the fibrogenic properties of the fibrob-
lasts without increasing their proliferation rate. In support of this view
is that the concentrations of TGF-β1 detected in the BM in this study
are similar to those that inhibit proliferation but effectively enhance
ECM production by BMFs in vitro (32). Similarly, exposure of fibrob-
lasts to vitamin A and retinoic acid also leads to a decrease in growth
rate of the fibroblasts but enhances synthesis and accumulation of
collagen (63). In addition, it is known that the fibroblasts are more
efficient in the synthesis of ECM proteins during the stationary stage
of growth than during active proliferation (42, 64–66).

Although other cytokines, such as bFGF, PDGF, EGF, and calmod-
ulin are also involved in myelofibrosis through their mitogenic effect
on the fibroblasts (38, 60, 67), TGF-β seems to play an important
role in the pathogenesis of BM fibrosis in HCL particularly through
its enhancing effect on the synthesis and deposition of ECM pro-
teins (32, 34–36). Moreover, because of its inhibitory effect on the
mitogenic response of the fibroblasts (68), TGF-β1 may limit the
fibrotic process in HCL to the characteristic fine reticulin fibrosis
(mainly type III collagen) and slow down its progression into
advanced collagen fibrosis (mainly type I collagen), which is found
in other myelofibrotic disorders (12, 16, 69, 70). This notion is sub-
stantiated by our findings that TGF-β1 exhibited a stronger effect

on the synthesis and deposition of type III procollagen and reticulin
than on type I procollagen and mature collagen fibers.

In conclusion, the studies presented here shed light on the critical
role of TGF-β1 in the induction of reticulin fibrosis in HCL and as a
potential indicator for disease progression. Furthermore, they suggest
that targeting of TGF-β1 represents a possible therapeutic approach
to the prevention of BM fibrosis in HCL. These results will also raise
questions about the possible involvement of this cytokine, as a potent
inhibitor of hematopoiesis and an immunoregulatory agent (71), in
the pathogenesis of pancytopenia and recurrent infection in HCL (2).
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