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Abstract: Despite numerous circumstantial evidences, the pathogenic role of TGF-β in primary myelofibrosis (PMF), 
the most severe of the Philadelphia-negative myeloproliferative neoplasms, is still unclear because of the modest 
(2-fold) increases in its plasma levels observed in PMF patients and in the Gata1low mouse model. Whether my-
elofibrosis is associated with increased bioavailability of TGF-β bound to fibrotic fibres is unknown. Transmission 
electron-microscopy (TEM) observations identified that spleen from PMF patients and Gata1low mice contained 
megakaryocytes with abnormally high levels of TGF-β and collagen fibres embedded in their cytoplasm. Additional 
immuno-TEM observations of spleen from Gata1low mice revealed the presence of numerous activated fibrocytes 
establishing with their protrusions a novel cellular interaction, defined as peripolesis, with megakaryocytes. These 
protrusions infiltrated the megakaryocyte cytoplasm releasing collagen that was eventually detected in its mature 
polymerized form. Megakaryocytes, engulfed with mature collagen fibres, acquired the morphology of para-apop-
totic cells and, in the most advanced cases, were recognized as polylobated heterochromatic nuclei surrounded by 
collagen fibres strictly associated with TGF-β. These areas contained concentrations of TGF-β-gold particles ~1000-
fold greater than normal and numerous myofibroblasts, an indication that TGF-β was bioactive. Loss-of-function 
studies indicated that peripolesis between megakaryocytes and fibrocytes required both TGF-β, possibly for inducing 
fibrocyte activation, and P-selectin, possibly for mediating interaction between the two cell types. Loss-of-function 
of TGF-β and P-selectin also prevented fibrosis. These observations identify that myelofibrosis is associated with 
pathological increases of TGF-β bioavailability and suggest a novel megakaryocyte-mediated mechanism that may 
increase TGF-β bioavailability in chronic inflammation. 
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Introduction

Patients with primary myelofibrosis (PMF), the 
most severe of the Philadelphia-negative my- 
eloproliferative neoplasms, experience pro-
gressive fibrosis eventually leading to hemato-
poietic failure in the bone marrow and develop 
extramedullary hematopoiesis in the spleen [1, 
2]. Although the disease is associated with 
multiple primary lesions (65% with JAK2V617F 
mutation, 20% with CALR mutations and 15% 
with mutations in genes still to be identified) [3, 
4], it is characterized by unique ultrastructural 

abnormalities in megakaryocyte development 
discovered for the first time in 1975 by Dr. 
Zucker-Franckin [5]. These ultrastructural ab- 
normalities, which are suggestive of delayed 
maturation, were further characterized by other 
groups showing increased content of TGF-β in 
the cytoplasm [6] and P-selectin on the de- 
marcation membrane system (DMS) [7] and 
reduced post-translation expression of GATA1, 
the transcription factor that control megakaryo-
cytic maturation in the nucleus [8]. In addition, 
likely through increased P-selectin expression 
[9, 10], myelofibrotic megakaryocytes engage 
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in pathological emperipolesis with neutrophils 
leading to their death by an immuno-mediated 
process defined para-apoptosis [11, 12]. It has 
been suggested that pathological emperipole-
sis is directly responsible for fibrosis by favoring 
release of TGF-β activated by neutrophil pro-
teases from the megakaryocyte cytoplasm into 
the extracellular space [13]. Circumstantial evi-
dence that this interaction is responsible for 
triggering fibrosis is provided by the fact that, in 
addition to PMF patients, it is observed also in 
animal models, such as thrombopoietin high 
(TPOhigh) [7] and Gata1low [13] mice but is barely 
detectable when these animal models are 
treated by loss-of-function of TGF-β [14, 15]. 
Neutrophil emperipolesis with megakaryocytes 
has also been observed in other inflammatory 
pathologies (i.e. recovery after sub-lethal irra-
diation [16], aging [17] and altered megakaryo-
cyte maturation induced by the gunmetal muta-
tion [18]) associated with fibrosis. In spite of 
this overwhelming evidence, the observation 
that the levels of bioactive TGF-β in the plasma 
and marrow/spleen washes from PMF patients 
are only modestly greater (by 2-fold) than nor-
mal [15, 19] suggested that additional inflam-
matory cytokines may play a role more promi-
nent than TGF-β in inducing fibrosis [20, 21].

TGF-β is a member of a large family of growth 
factors involved in tissue development and 
repair as well as in cancer progression [22, 23, 
24]. TGF-β activity is mainly regulated at the 
protein level: it is released as a latent complex 
which is activated by proteolytic cleavage of the 
inhibitory domain of the protein [22] and stored 
in the microenvironment cross-linked to the 
extracellular matrix [25]. This storage, also 
known as bioavailability, plays an important 
role in the control of morphogenesis [25, 26]. 
Cross-linking of TGF-β to the extracellular 
matrix is an active process catalyzed by the 
latent TGF-β binding protein (LTBP) [27]. The 
best characterized of the LTBP substrates is 
fibrillin-1, a protein defective in the congenic 
bone growth retardations observed in Marfan 
Syndrome. Cross-linking of TGF-β to fibrillin-1 
assures that the microenvironmental bio-avail-
ability of this growth factor reaches the levels 
necessary to activate the osteogenic potential 
of mesenchymal stem cells and to sustain bone 
formation [28]. Whether TGF-β may be also 
cross-linked to additional components of the 
extracellular matrix is unknown.

Our laboratory has characterized the ultrastruc-
tural abnormalities of megakaryocyte develop-
ment occurring in the Gata1low model of the dis-
ease for many years. The hypomorphic Gata1low 
mutation deletes the first 5’ enhancer of the 
gene, the hypersensitive site 1, that controls its 
expression in megakaryocytes [29]. In the 
C57BL6 background the mutation is embryoni-
cally lethal due to severe thrombocytopenia 
and anemia [30]. By contrast, in the CD1 back-
ground, Gata1low mice are not anemic and have 
a normal life-span because they are capable  
to activate extramedullary hematopoiesis in 
spleen [31]. The mice, however, remain throm-
bocytopenic with megakaryocytes expressing 
reduced levels of Gata1 mRNA. These reduc-
tions are comparable to those observed in 
megakaryocytes from PMF patients. Gata1low 
megakaryocytes express the same maturation 
abnormalities, including retarded maturation, 
high levels of TGF-β and P-selectin expression 
and increased emperipolesis with neutrophils, 
than those expressed by megakaryocytes from 
PMF patients [13, 15]. It is not surprising then 
that with age, CD1 Gata1low mice develop all the 
traits associated with PMF [32]. By contrast 
with other animal models that develop myelofi-
brosis secondary to other myeloproliferative 
neoplasms [33, 34], Gata1low mice develop a 
phenotype resembling primary myelofibrosis as 
an orderly sequence of events which allow 
deconstruction of the complex traits of the dis-
ease [32]. Gata1low mice remain fibrosis-free up 
to 5-6-months, became fibrotic by 6-10-months 
and develop all the disease markers, including 
extramedullary hematopoiesis in liver, by 17- 
months [32]. The pathogenetic role of TGF-β in 
this animal model is supported by the observa-
tions that Gata1low mice are cured by treatment 
with the TGF-β receptor 1 kinase (ALK5) inhibi-
tor SB431542 [15] and that their bone marrow 
and spleen express distinctive abnormalities of 
TGF-β signaling profiling similar to those char-
acterizing these organs in PMF patients [15, 
35]. However, as in the case of PMF patients, 
the levels of TGF-β in plasma and organ washes 
of these mice are only modestly greater (by 
2-fold) than normal [15]. Whether, in these 
mice, and possibly in PMF patients, fibrosis 
may provide a substrate that increases TGF-β 
bioavailability in the microenvironment is un 
known. 
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The aim of this study was to assess the bioa-
vailability of TGF-β in the spleen from Gata1low 
mice during disease progression and to identify 
possible pathological cell interactions of the 
megakaryocytes, in addition to the emperipole-
sis with neutrophils already described, that 
may alter TGF-β bioavailability in myelofibrosis. 
To address this aim, we performed extensive 
immune-histological and immune-transmission 
electron microscopy (TEM) observations of 
spleens from Gata1low mice at 3-, 6-10- and 
17-months of age. Mechanistic insights in sup-
port of these snap-shot observations were 
obtained by performing similar studies on 
Gata1low mice lacking TGF-β or P-selectin fun- 
ctions.

Materials and methods

Human subjects

Spleen samples from 6 patients with PMF were 
kindly provided by Dr. Gianni Barosi (Policlinico 
San Matteo, Pavia, Italy). Diagnoses were 
established according to WHO criteria [36]. 
Specimens were collected according to guide-
lines established by the local ethical commit-
tees for human subject studies and after writ-
ten informed consent had been obtained in 
accordance with the 1975 Helsinki Declaration 
revised in 2000. 

Mice

Male wild-type and Gata1low mice were gener-
ated in the animal facility of Istituto Superiore 
di Sanità as described [31, 32]. The mutant 
mice were divided into three age groups that 
correspond to specific stages of disease pro-
gression: disease-free (3-months old), early-
myelofibrotic (6-10 months), when presence of 
the disease is detectable only in bone marrow, 
and myelofibrotic (>15-months), when the com-
plete clinical picture of the human disease is 
manifested [32]. Double Gata1low pSelnull/null 
males were generated according standard 
genetic protocols started by crossing Gata1low/

low females with p-Selnull/null males provided by 
Dr. Frenette (Albert Einstein University, New 
York, NY) [37]. Control experiments were per-
formed on age matched littermates, as indicat-
ed. All the experiments were performed accord-
ing to protocols approved by the institutional 
animal care committee according to the Eu- 
ropean Directive 86/609/EEC. 

Pharmacological inhibition of TGF-β treatment

SB431542 (cat no S4317-5GM, ID50 for AKL5 = 
94 nM, Sigma-Aldrich, St Louis, MO, USA) was 
dissolved in dimethyl sulphoxide (10 mg/mL, 
Sigma) and diluted to a concentration of 60 
mg/mL with phosphate buffer saline. 12- 
months old Gata1low mice were divided into 2 
groups which were injected intraperitoneally 
with either SB431542 (60 µg/day) or vehicle 
for 2 cycles of 5 consecutive days two days 
apart, left untreated for 1 month and then 
treated for 2 additional cycles as described 
[15]. Mice were sacrificed three days after the 
last day of treatment.

Histology

Spleens were fixed in 10% (v/v) phosphate-
buffered formalin according to standard proce-
dures. Once fixed, tissues were paraffin embed-
ded and cut into consecutive 2.5-3 µm sections 
that were then stained either with Gomori-silver 
(MicroStain MicroKit, Bologna, Italy), Mallory 
Trichromic and Wiegert Van Gieson (both from 
Bio-Optica, Milan, Italy) staining [38-40]. Mic- 
roscopic evaluations were performed with a 
DM RB microscope (Leica LTD, Heidelberg, 
Germany) set in a trans-illumination mode and 
images acquired with the IM 50 system (Leica). 
The frequency of megakaryocytes, neutrophils 
and fibrocytes was determined in randomly 
chosen multiple sections to cover a total area 
of 33.5 mm2. 

Immuno-histochemistry

Consecutive sections of 4-6 µm were cut from 
paraffin embedded spleen samples and incu-
bated either with anti-TGF-β (sc-146, Santa 
Cruz Biotechnology, Santa Cruz, CA), anti-colla-
gen type I (AB765P) or anti-fibronectin (F7387) 
monoclonal antibodies (both from Sigma, 
Milan, Italy). Staining was revealed by an avidin-
biotin immuno-peroxidase system (Vectastain 
Elite ABC Kit; Vector laboratories, Burlingame, 
CA, USA), as described by the manufacturers. 
Samples not incubated with the primary anti-
body or incubated with a non-immune IgG 
served as negative controls. Samples were 
counterstained with Hematoxylin-eosin and 
analyzed with a light microscope (Leica) eq- 
uipped with a Coolsnap videocamera for com-
puterized images (RS Photometrics, Tucson, 
AZ, USA).
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Transmission electron microscopy (TEM)

Spleens were fixed in 2.5% glutaraldehyde in 
0.1 M cacodylate buffer, pH 7.6, for 2 hours at 
4°C and post-fixed in osmium tetroxide for 60 
min at 4°C (all from Sigma) according to stan-

dard procedures [13, 15]. The samples were 
then dehydrated in alcohol at progressively 
higher concentrations and embedded in Spurr 
resin (Poliscience, Warrington, PA). Consecutive 
thin and ultrathin sections were cut using a 
Reichert ultramicrotome (Depew, NY, USA). 

Figure 1. Progressive accumulation of fibronectin, collagen and TGF-β in the spleen from Gata1low mice with disease 
progression. Immuno-histochemistry for fibronectin (A), collagen (B) and TGF-β (C) of consecutive spleen sections 
from progressively older Gata1low mice, as indicated. Representative sections from the spleen of a 17-months old 
wild-type animal were processed in parallel, for comparison. Aging is associated with progressive increases in immu-
no-staining for fibronectin, collagen and TGF-β. As shown in the inserts, fibronectin and collagen staining is localized 
in areas surrounding megakaryocytes. TGF-β staining is localized both in megakaryocytes and in extracellular areas. 
To be noted the strong staining of the megakaryocyte from 17-months wild-type littermates. The spleen of these ani-
mals, however, contained few megakaryocytes. Legend: Fb = fibrocyte; MK = megakaryocytes. Magnifications 40x 
in panels (A, B) and 100x in panel (C) and in the inserts in (A, B). Scale bars indicate 20 mm in panels (A, B) and 10 
mm in their inserts and 10 mm in panel (C). 
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Semithin section were stained with Methylen-
blue, for morphological analysis, while ultra- 
thin sections were collected on 200 mesh cop-
per grids, counterstained with uranyl acetate 
and lead citrate and observed with an EM  
109 Zeiss (Oberkochen, Germany). Images 
acquired with the AXIOSKOPE microscope 
(ZEISS, Jena, Germany) equipped with a Coo- 
lsnap Videocamera were quantified with the 
MetaMorph 6.1 Software (Universal Imaging 
Corp, Downingtown, PA, USA). Quantitative de- 
terminations were performed on a minimum of 
50 cells per experimental point and each exper-
iment was repeated on spleens obtained from 
at least 3 separate mice per experimental 
group. 

Immuno-TEM 

Spleens were fixed for 3 hours at 4°C in a mix-
ture of 2% paraformaldehyde and 0.1% glutar-
aldehyde in 0.1 M cacodylate buffer, pH 7.6, 
dehydrated in alcohol at progressively higher 
concentrations and embedded in Bioacryl resin 
(British Biocell, Cardiff, United Kingdom), fol-
lowed by UV polymerization, according to stan-
dard procedures (13). Ultrathin sections were 
cut and mounted on 300 mesh nickel grids. To 
block non-specific binding sites, these grids 
were treated with a blocking buffer made of 
phosphate buffer saline supplemented with 
0.1% Tween-20, 0.1% bovine serum albumin 
and 4% normal rabbit serum, and incubated 
overnight in the presence of anti-TGF-β, anti-

Figure 2. Numerous megakaryocytes from the spleen of both PMF patients and Gata1low mice present collagen fi-
bres embedded in their cytoplasm. Megakaryocyte maturation is similarly impaired in PMF patients (top panels) and 
Gata1low mice (bottom panels). In fact, TEM observations confirmed that both PMF and Gata1low platelets are larger 
than normal (megathrombocytes, average diameter = 3.5 mm vs 1.9 mm expected for normal platelets) and con-
tain excessive endoplasmic reticulum and reduced numbers of a-granules, which remain light electron-dense, and 
other organelles (A-D) [5, 13]. Megakaryocytes are mostly immature, as indicated by their smaller size and poorly 
developed DMS and platelet territories (E-H) [5, 13]. Surprisingly, we identified that many megakaryocytes present 
in the spleen of PMF patients and Gata1low mice contained fibres with the distinctive TEM appearance of mature 
collagen polymers in their cytoplasm (E-H). The arrows in (E, G and F, H) indicate examples of longitudinal and cross 
sections of collagen fibres within the megakaryocyte cytoplasm. Results are representative of observations made 
on spleens from six PMF patients and three Gata1low mice, respectively. Legend: Ptl = platelets, RC = red cell, MK 
= megakaryocyte, arrow = collagen fibres. Magnifications 4,400x in (A, C and E, G); 7,000x in (H); 12,000x in (F); 
and 30,000x in (B, D), respectively. Scale bars indicate either 2 mm (A, C, E, G, H) or 0.5 mm (F) or 0.2 mm (B, D). 
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Figure 3. Increased frequency of activated fibrocytes in spleen sections from Gata1low mice during disease progres-
sion. A. Methylene Blue staining of semithin sections from the spleen of representative Gata1low mice of increasing 
age, as indicated. 17-months old wild-type littermates were analyzed as controls. Individual fibrocyte-like cells are 
already detectable in the spleen from young (3-months) Gata1low mice (arrows) and are localized close to mega-
karyocytes. With disease progression (10- and 17-months), fibrocyte-like cells increase in frequency forming clusters 
surrounding individual megakaryocytes (arrowheads). Both megakaryocytes and fibrocyte-like cells are rare in the 
spleen of 17-months old wild-type littermates. Legend: MK = megakaryocyte; arrow and arrowhead = individual and 
clusters of fibrocyte-like cells, respectively. Magnifications 20x. Scale bars indicate 50 mm. B. Frequency of neu-
trophils, megakaryocytes and fibrocytes in spleen sections from Gata1low mice during disease progression. Values 
obtained with 17-months old animals wild-type at the Gata1low locus are reported for comparison. Megakaryocytes 
were divided into viable and para-apoptotic according to the appearance of their nuclei (nuclei with both euchromat-
ic and heterocromatic regions or with heavily heterochromatic regions only). Results are presented as Mean (±SD) of 
observations performed with at least three mice per experimental group. * and § indicate values statistically signifi-
cant (p<0.05 by Anova) with respect to those observed in wild-type and 3-months old Gata1low mice. C. Immuno-TEM 
for fibronectin (top panels) and collagen (bottom panels) of representative fibrocytes from 3, 10 and 17-months old 
Gata1low mice, as indicated. Representative cells from a 17-months old wild-type mouse are presented as con-
trol. Rectangles indicate areas of the fibrocyte protrusions (indicated by arrows) shown at greater magnification 
in the inserts. In 17-months old Gata1low mice, fibrocyte protrusions were no longer positive for collagen. Legend: 
Fb = fibrocyte, yellow arrows = fibrocyte protusion, yellow and red arrowheads = fibronectin- and collagen-related 
immuno-gold particles, respectively. The results are representative of those obtained with at least three mice per 
experimental group. Magnifications 4,400x in the panels and 30,000x in the inserts. Scale bars indicate 2 mm in 
the panels and 0.2 mm in the inserts. D. Quantification of immuno-gold staining for fibronectin (top panels) and col-
lagen (bottom panels) of neutrophils (Neu), fibrocytes (Fb), fibrocyte protusions (Fbp) and megakaryocytes (MK) from 
the spleen of Gata1low mice during disease progression. Values observed with 17-months old wild-type mice are re-
ported for comparison. In the case of neutrophils and activated fibrocytes, results are expressed as numbers of gold 
particles per cell. In the case of fibrocyte protrusions and megakaryocytes, results are expressed as numbers of gold 
particle per area of observation (14 µm2). Results are presented as Mean (±SD) determinations of at least 5 cells 
per mouse with three mice per experimental group. * and § indicate values statistically significant (p<0.05 by Anova) 
with respect to those observed in wild-type and 3-months old Gata1low mice, respectively. bd = below detection.
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fibronectin, anti-collagen type I and anti-myelo-
peroxidase (sc-16128, Santa Cruz) antibodies. 
The grids were then incubated for 1 hour with 
rabbit anti-goat IgG conjugated with 15 nm col-
laidal-gold particles (British Biocell, Cardiff, 
United Kingdom), counterstained in uranyl ace-
tate to evidentiate the cell morphology, and 
observed with EM 109 Zeiss. In co-localization 
experiments, secondary antibodies were cou-
pled with either 10 or 20 nm gold particles 
(always from British Biocell). Negative controls 
were represented by cells treated as above,  
but not exposed to the primary antibody. 

Semiquantitative observations were obtained 
on 20-50 individual cells. Twenty-fifty cells we- 
re visually analyzed for each experimental po- 
int and the number of immuno-gold particles 
counted by eye at 30,000 x magnification in 5 
randomly selected cells. 

Statistical analysis

Results are presented as the mean (±SD) of 
three separate experiments and statistical 
analysis was performed by analysis of varian- 
ce (Anova test) using Origin 3.5 software for 

Figure 4. Peripolesis of an activated fibrocyte around a megakaryocyte, a novel cell interaction observed in the 
spleen of Gata1low mice. A. Representative short-range peripolesis. An activated fibrocyte (Fb) surroundings with its 
protrusions (positively identified by the collagen staining presented in the insert) a megakaryocyte (recognized by 
the presence of platelet territories in its cytoplasm) and intruding at least three of its protrusions in the megakaryo-
cyte cytoplasm. Of note, the collagen-specific gold particles are localized not only in the protrusions but also in the 
cytoplasm of the megakaryocyte. In this particular case a red cell and a blast-like cell were also embedded in the 
megakaryocyte cytoplasm. These events were however extremely rare. Three TEM photographs were assembled 
together to cover portions of the megakaryocyte cytoplasm sufficiently vast to let appreciate the relative size of the 
cells and the length of the fibrocyte protrusions. A computer generated image is presented to help with the identifi-
cation of the different structures. B. Representative long-range peripolesis. The fibrocyte has developed more than 
one protrusion, indicated by arrows in the first panel on the top. One of these expanded over several photographic 
areas infiltrating itself through other cells, until reached a megakaryocyte. It surrounded the megakaryocyte and 
infiltrated its cytoplasm. A computer generated reconstruction is included for convenience. Legend: Fb = fibrocyte, 
MK = megakaryocyte, Nu = nucleus, RC = red cell, Bl = blast. Protrusions are indicated by yellow arrows, immuno-
gold particles for collagen by red arrowheads. Ultrastructural details of the fibrocyte protrusions are presented in 
the inserts. C. Progressive changes in the immuno-TEM appearance of megakaryocytes and protrusions of activated 
fibrocytes associated in peripolesis. The top and bottom panels present representative immuno-TEM images of 
megakaryocytes at four stages of fibrocyte peripolesis and of the protrusions embedded in their cytoplasm. The 
megakaryocytes were immuno-stained with antibodies for fibronectin, collagen and TGF-β, as indicated. To be noted 
the para-apoptotic features of the nuclei of megakaryocytes at stage III and IV of peripolesis and the great TGF-β 
content of those at stage IV. Further morphological details are described in the text. Legend: Nu = nucleus; arrows = 
fibrocyte protrusion; red arrowheads = leaks in the membrane of the fibrocyte protusion. Magnifications 4,400x and 
30,000x in the panels and inserts, respectively. Scale bars indicate 2 mm in the panels and 0.2 mm in the inserts.

Figure 5. Details of a short-range peripolesis between an activated fibrocyte and a megakaryocyte showing that the 
two cells remain separated by an extracellular space filled with structured electron-dense material. The rectangle 
on the left panel indicates the area of shown at greater magnification on the right. Legend: Bl = blasts; Cyt = cyto-
plasm; Fb = fibrocyte; MK = megakaryocyte; Nu = nucleus. Magnifications 4,400x and 30,000x in the left and right 
panel, respectively. Scale bars indicate 2 µm in the left panel and 1 µm in the right panel.
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Figure 6. Para-apoptosis with electron-dense cytoplasm is a novel process of cell death occurring in megakaryo-
cytes from the spleen of Gata1low mice. (A-D) Representative TEM images of a viable megakaryocyte (A) and of 
two megakaryocytes the nuclei of which present the tightly condensed chromatin features characteristic of para-
apoptotic cells (B, C). In (B), the cytoplasm of the para-apoptotic megakaryocyte has a vacuolated structure (elec-
tron-hollow) and is emperipolesed by a neutrophil. In (C), the cytoplasm of the para-apoptotic megakaryocyte has 
a disorganised electron dense appearance (electron-dense) that does not allow recognition of any of its structures 
(endoplasmic reticulum, DMS or platelet territories). (D) Representative TEM of an activated fibrocyte establishing 
peripolesis with a megakaryocyte and undergoing electron-hollow para-apoptosis (see the characteristic electron-
light vesicles in its cytoplasm and the electron-density of its nucleus, shown at greater magnification in the insert). 
Legend: Cyt = cytoplasm, Nu = nuclei, Neu = neutrophil; Fb = activated fibrocytes; Fbp = fibrocyte protusions; MK 
= megakaryocyte; arrowheads = collagen fibres; blue arrow = electron-light vesicles. Magnifications correspond to 
4,400x in the panels and 30,000 in the inserts. Scale bars indicate 2 mm length in the panels and 0.2 mm length 
in the inserts. (E) Quantification of the frequency of emperipolesis between megakaryocytes and neutrophils (left 
panel), of peripolesis between megakaryocytes and activated fibrocytes (middle panel), and of para-apoptotic mega-
karyocytes (with electron-dense or electron-hollow cytoplasm) (right panel) occurring in the spleen of Gata1low mice 
with disease progression. Values observed with 17-months old wild-type mice are reported for comparison. Results 
are presented as Mean (±SD) determinations of at least three mice per experimental group. * and § indicate values 
statistically significant (p<0.05 by Anova) with respect to those observed in wild-type and 3-months old Gata1low 
mice, respectively. bd = below detection.
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Windows (Microcal Software Inc., Northampton, 
MA).

Results

Numerous megakaryocytes from the spleen of 
PMF patients and Gata1low mice contain colla-
gen fibres embedded in their cytoplasm

During disease progression, fibrosis is observed 
not only in the marrow but also in the spleen  
of Gata1low mice, as well as in that from PMF 
patients [15]. Fibronectin and collagen immu-
no-staining of consecutive spleen sections 
from Gata1low mice (Figure 1A and 1B) and PMF 
patients (data not shown) indicated that fi- 
brosis is localized in areas surrounding and 
including megakaryocyte clusters, confirming 
that these cells participate in the development 
of fibrosis. Megakaryocytes are thought to play 
a passive role in this process by releasing in the 
microenvironment TGF-β [13], the growth factor 
which activates fibrocytes to produce collagen 
[24], and lysyl oxidase 2 (LOX2), the enzyme 
that catalyse the polymerization reaction nec-
essary to form mature collagen fibres [41] 
which is expressed at abnormally high levels  
in Gata1low megakaryocytes [42]. By contrast 
with this hypothesis, immuno-TEM observa-
tions revealed that the cytoplasm of numerous 
megakaryocytes from the spleen of PMF pa- 
tients and Gata1low mice presents, in addition 
to the ultra-structural abnormalities associated 
with retarded maturation which are the hall-
mark of the disease [5, 7, 13], fibres with ultra-

structural features characteristic of mature col-
lagen polymers (Figure 2). Mature collagen 
fibres have a distinctive TEM morphology char-
acterized by a sequence of dark and light elec-
tron density bands with a periodicity of 64 nm 
[43]. Each string is formed by three inter-twist-
ed polymers and light and dark bands corre-
spond to entangled and emptied regions of the 
polymer braid, respectively. These ultrastruc-
tural features were observed in megakaryo-
cytes from the spleen of PMF patients and 
Gata1low mice (Figure 2) but not in those from 
non-diseased individuals or wild-type mice (not 
shown). The frequent presence of mature col-
lagen fibres within the megakaryocyte cyto-
plasm suggested to us that these cells may 
exert an active role in the development of fibro-
sis. This hypothesis was tested by perform- 
ing immune-histochemistry and immuno-TEM  
studies of the spleen during disease progres-
sion of Gata1low mice. 

The spleen from Gata1low mice contains in-
creased numbers of neutrophils, megakaryo-
cytes and activated fibrocytes

The spleen is the main hematopoietic site of 
Gata1low mice [44]. It is therefore not surprising 
that semithin sections of spleen from these 
animals contained increased numbers of he- 
matopoietic precursors of all types includ- 
ing neutrophils (2-fold) and megakaryocytes 
(4-fold) (Figure 3A, 3B and data not shown). In 
addition, these observations revealed the pres-
ence of numerous cells with the morphology of 
activated fibrocytes localized in clusters in 
proximity of megakaryocytes, the frequency of 
which increased by 2-3-fold during disease pro-
gression (from 165±26/mm2 at 3-months to 
312±60 at 17-months) (Figure 3A, 3B). Im- 
muno-TEM investigations identified that these 
cells were indeed activated fibrocytes contain-
ing 2-4 protrusions each, with an average 
length of 1,145 ± 832 nm. In one case in which 
we were able to follow the same protrusion in 
multiple fields, we determined that its total 
length reached 2,500 nm (data not shown). 
These cells expressed high levels of fibronectin 
and collagen (Figure 3C, 3D). By contrast, fibro-
cyte-like cells were barely detectable in semith-
in-sections of spleen from young wild-type mice 
and were present with a frequency of 80±20/
mm2 on spleen sections from 17-months old 
wild-type mice (Figure 3A, 3B and results not 

Figure 7. Representative megakaryocyte engaged 
both in emperipolesis with a neutrophil and in perip-
olesis with an activated fibrocyte. Legend: Fb = fibro-
cyte; MK = megakaryocyte; Neu = Neutrophil. Magni-
fication 4,400x. Scale bar indicates 2 µm.
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shown). These cells contained only 1-2 short 
protrusions (average length 2.32 nm) and 
expressed barely detectable levels of fibronec-
tin and collagen (Figure 3C, 3D). These obser-
vations suggest that the few fibrocytes dete- 
cted in spleen from wild-type mice are not 
activated. 

Quantitative determinations of the frequency of 
fibronectin and collagen-gold particles present 
in the various cell types from the spleen during 
disease progression of Gata1low mice were per-
formed (Figure 3D). At 3-months of age, fi- 
bronectin-gold particles were detected in the 
cytoplasm (67±47 gold particles/cell) rather 
than in the protrusions (9±3 gold particles/14 
µm) of a minority (~30%) of activated fibrocytes. 
With disease progression, fibronectin-gold par-
ticles were detected in 100% of activated fibro-
cytes and their numbers remained constant  
in the cytoplasm (~40-70 particles/cells) and 
increased up to 61±36 gold particles/14 µm2 in 
the protrusions. The pattern of collagen immu-
no-gold staining was partially different from 
that of fibronectin. At 3-10-months of age, high 
numbers of collagen-gold particles (45±14 gold 
particles/14 µm2) were detected in the pro- 
trusions of all activated fibrocytes analyzed  
but were barely detectable in their cytoplasm 
(Figure 3D and results not shown). At 17- 
months, collagen-gold particles became unde-
tectable also in the protrusions. Of note, only 
30% of the fibrocytes from the spleen of 
17-months old wild-type mice contained few 
fibronectin (11±1/cell)- and collagen (13±2/
cell)-gold particles. 

Activated fibrocytes were not the only cells in 
the spleen of Gata1low mice that reacted with 
the fibronectin and collagen antibodies. While 
gold particles were never detected in red cells 
(data not shown), they were detectable in neu-
trophils (12-19 fibronectin-gold particles/cells 
and 11-15 collagen-gold particles/cells) and in 
megakaryocytes (Figure 3D). In megakaryo-
cytes, the fibronectin-gold particles modestly 
increased with age (6 vs 17 fibronectin-gold 
particle/14 µm2) while those for collagen 
increased from 37-40/14 µm2 gold particles at 
3-10-months to too many to be counted at 
17-months (Figure 3D). 

In conclusion, the spleen of Gata1low mice con-
tains numerous activated fibrocytes which 
express high levels of collagen and therefore 
are probably responsible for the fibrosis ob- 
served in this organ as disease progresses. 
The presence of fibronectin and collagen in the 
cytoplasm of other resident cell populations 
suggests the existence of a positive mecha-
nism leading to transfer of extracellular materi-
al (mostly collagen) from the protrusions of acti-
vated fibrocytes to the cytoplasm of other cells 
(mostly megakaryocytes).

Peripolesis of activated fibrocytes with mega-
karyocytes, a novel cell interaction observed 
in spleen from Gata1low mice during disease 
progression

Immuno-TEM observations of spleen from 
10-16-months Gata1low mice revealed a previ-
ously non described cellular interaction be- 

Figure 8. Immno-TEM for TGF-β of a representative neutrophil from the spleen of a 10-month old Gata1low mouse. 
The rectangle on the left panel indicates the area of shown at greater magnification on the right. Legend: Cyt = 
cytoplasm; Neu = neutrophil; Nu = nucleus, arrowheads = TGF-β-gold particles. Magnifications 4,400x and 30,000x 
in the left and right panel. Scale bars indicate 2 mm and 0.2 mm in the left panel and right panel. 
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Figure 9. Increased TGF-β content in megakaryocytes and fibrocytes in the spleen from Gata1low mice during dis-
ease progression. (A, B) Immuno-TEM for TGF-β of representative fibrocytes (A) and megakaryocytes (B) from Ga-
ta1low mice of increasing age, as indicated. The rectangles indicate the areas of the megakaryocyte cytoplasm and 
of the fibrocyte protrusions (indicated by arrows) shown at greater magnification in the inserts. Representative cells 
from a 17-months old wild-type mouse are presented as control. The results are representative of those obtained 
with at least three mice per experimental group. Megakaryocytes and activated fibrocytes were recognized on the 
basis of their distinctive morphology. Legend: Fb = fibrocyte; MK = megakaryocyte; Cyt = cytoplasm; Nu = nucleus; 
arrows = fibrocyte protrusion; arrowheads = TGF-β-gold particles. Magnifications 4,400x in the panels and 30,000x 
in the inserts. Scale bars indicate 2 mm in the panels and 0.2 μm in the inserts. (C) Quantification of immuno-gold 
staining for TGF-β in neutrophils (Neu), protusions of activated fibrocytes (Fbp) and viable (vMK) or para-apoptot-
ic (pMK) megakaryoctes from spleen sections of Gata1low mice with disease progression. Values observed with 
17-months old wild-type mice are reported for comparison. The number of TGF-β-gold particles in red cells was 
below detection. Results are presented as Mean (±SD) determinations of at least 5 cells per mouse with three mice 
per experimental group with the exception of the dots which presents the values obtained with the only 2 fibrocytes 
and 2 para-apoptotic megakaryocytes identified in spleens from three wild-type mice (three separate sections per 
mouse). * and § indicate values statistically significant (p<0.05 by Anova) with respect to those observed in wild-type 
and 3-months old Gata1low mice, respectively. bd = below detection.
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tween activated fibrocytes and megakaryo-
cytes (Figure 4). Activated fibrocytes localized 
in the immediate proximity of the megakaryo-
cyte were observed to embrace these cells with 
their protrusions (Figure 4A). The main body of 
the two cell types remained separate by an 
intercellular space containing electron-dense 
material (Figure 5) while the fibrocyte protru-
sions established contacts so tight with the 
megakaryocyte that the two membranes app- 
eared as a thickening of each other (Figure 4A). 
The protrusions appeared infiltrating the me- 
gakaryocyte cytoplasm through the DMS and, 
once in the cytoplasm, their presence was 
traceable by the presence of fibronectin and 
collagen-gold particles within the megakaryo-
cyte cytoplasm (Figure 4B and data not shown). 
Fibronectin-positive protrusions were observed 
also within megakaryocytes apparently not sur-

rounded by fibrocytes (Figure 4A). In one case 
we were able to trace one of these protrusions 
over multiple fields identifying that it originated 
from a fibrocyte located as far as 1,000 nm 
apart from the megakaryocytes (Figure 4B). 

This novel cell-cell interaction was defined 
peripolesis for the greek “polesis” = center and 
peri = around and may also be mediated by 
P-selectin since this adhesion receptor has 
been demonstrated to mediate interaction 
between megakaryocytes and fibrocytes-like 
cells in human bone marrow [45]. We defined 
interactions occurring between fibrocytes and 
megakaryocytes in close contact with each 
other as short-range and that occurring 
between cells further apart as long-range. Most 
of the additional observations described below 
were performed on cells engaged in short-
range peripolesis. 

Figure 10. Increased molecular complexity of fibrosis in spleen from Gata1low mice during disease progression. (A) 
Gomory-Silver, (B) Mallory Trichromic and (C) Weigert Van Geison staining of spleen sections from representative 
Gata1low mice of increasing age, as indicated. 17-months old wild-type littermates were analyzed as controls. As 
reported [32], the extent of fibrosis increases in spleen from mutant mice with age. Gomori staining reveals the 
presence of reticulinic fibres in Gata1low spleen already at 3-month. Mallory Trichromic (blue strings) and Weigert 
Van Geison (purple strings) staining indicate that complex collagen fibres (arrows) are detectable at 10 months and 
their frequency greatly increases at 17-months and are localized in areas surrounding megakaryocytes. The Weigert 
Van Geison staining of the spleen from 17-months old wild-type littermates reveals the presence in the extracellular 
area of fibres colored in yellow, an indication that they are not formed by collagen. Legend: MK = megakaryocyte; 
arrows = complex collagen fibres. Magnifications 40x. Scale bars indicate 20 µm.
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On the basis of the percentage of commission 
between fibrocyte protrusions and megakaryo-
cyte cytoplasm we distinguished 4 stages of 
peripolesis (Figure 4C and results not shown): 
Stage I, in which the membranes of the protru-
sion and those of the megakaryocyte DMS 
were still distinguishable and the presence of 
fibronectin (and collagen, not shown)-gold parti-
cles was detected only within the protrusion; 
Stage II, in which the membrane of the protru-
sion was leaked and collagen (and fibronectin-, 
not shown)-gold particles were observed both 
within the protrusion and in the nearby mega-
karyocyte cytoplasm; Stage III, in which the 
membrane of the protrusion was no longer rec-
ognized and high levels of collagen- (and 
fibronectin, not shown)-gold particles were 
detected in the megakaryocyte cytoplasm. At 
this stage, TEM ultrastructures specific for the 
polymerized form of collagen started to be 
identified in the cytoplasm of the megakaryo-
cyte; and Stage IV, in which the cytoplasm of 
the megakaryocyte was infiltrated with large 

no longer recognizable and the cytoplasm 
acquired high electron-dense features sugges-
tive of protein degeneration (Stage III). By Stage 
IV, the extracellular membrane of the megakar-
yocytes was no longer recognizable and the 
condensed nucleus appeared surrounded by 
an electron-dense cytoplasmic “ghost” infiltrat-
ed by mature collagen polymers (Figure 4C). 
These electron-dense cytoplasmic features are 
strikingly different from the electron-hollow 
appearance of the cytoplasm from cells in- 
duced into para-apoptosis by neutrophils [7, 
13]. This difference suggests that electron-
dense cytoplasm para-apoptosis may repre-
sent a novel form of immune-mediated cell 
death.

The frequency of megakaryocytes undergoing 
para-apoptosis in the spleen from Gata1low 
mice increases with disease progression

Para-apoptosis with hollow cytoplasm of me- 
gakaryocytes from Gata1low mice and PMF 

areas of mature collagen poly-
mers which also contained 
numerous TGF-β-gold parti-
cles (Figure 4C). 

The four stages of peripolesis 
were associated with progres-
sive condensation of the meg-
akaryocyte nuclei. In fact, 
starting from Stage II, the 
nuclei of the megakaryocytes 
became progressively more 
electron-dense acquiring a 
fully condensed morphology 
by Stage IV. The presence of 
nuclei with a uniformly elec-
tron-dense morphology sug-
gests that Stage III and Stage 
IV megakaryocytes were dying 
by para-apoptosis, an immu-
no-mediated Tunel-negative 
form of cell death during 
which chromatin does not 
undergo degradation but is 
instead tightly condensed 
[12]. Further evidence that 
peripolesis with activated fi- 
brocytes leads to megakar- 
yocyte death is provided by 
the progressively disorgan-
ized morphology of their cyto-
plasms. The organelles (Stage 
I) and the DMS (Stage II) were 

Figure 11. The number of collagen-gold particles in the extracellular areas 
of the spleen from Gata1low mice increases with disease progression. Quan-
tification of collagen- and TGF-β-gold particles in the extracellular space of 
spleen from Gata1low mice during disease progression. Values observed with 
17-months old wild-type mice are reported for comparison. In 17-months old 
Gata1low mice, results are presented as mean of those observed in fibre-
free and fibre-containing areas. On average, areas with mature collagen 
contained 2-times more TGF-β-gold paricles that those without (99.7±11.4 
vs 44.3±2.9, p<0.01 by Anova). Results are expressed as number of gold 
particles per 14 µm2 and are presented as Mean (±SD) determinations of 
at least 5 areas per mouse with three mice per experimental group. * and 
§ indicate values statistically significant (p<0.05 by Anova) with respect to 
those observed in wild-type and 3-months old Gata1low mice, respectively. bd 
= below detection.
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patients has been already described [11, 13]. 
In fact, these cells, embed in their cytoplasm 
one-two neutrophil(s) through a process of 
pathological emperipolesis during which neu-
trophils release their proteases in the mega-
karyocyte cytoplasm. These proteases progres-
sively degrade the protein content of the mega-
karyocyte cytoplasm until it is completely dis-
solved and the cell may be traced as a naked 
condense multi-lobular nucleus [11]. The dis-
tinctive cytoplasmic features of megakaryo-
cytes undergoing papa-apoptosis following 
interaction with neutrophils or activated fibro-
cytes allowed us to assess the relative frequen-
cy of the two interactions as wells as of the inci-
dence of their effects during disease progres-
sion (Figure 6A-E).

Megakaryocytes engaged in neutrophil em- 
peripolesis (Figure 6B) were detected as early 
as at 3-months (approximately ~100 megakary-
ocytes/mm2, i.e. 25% of the ~400 megakaryo-
cytes detected per mm2) and their frequency 
increased by 2-fold (~200-300 megakaryo-
cytes/mm2) reaching ~80% of the total number 
of megakaryocytes (~180 alive and ~160 para-
apoptotic/mm2) detected in the spleen by 
6-17-months (Figure 6E). By contrast, the num-
ber of megakaryocytes engaged in peripolesis 
with activated fibrocytes (Figure 6C) was barely 
detectable in the spleen of Gata1low mice at 
3-months (~24 megakaryocytes/mm2, < 5% of 
the total) and their frequency increased to ~80 
megakaryocytes/mm2 (30% of the total) at 
6-10-months and ~190 megakaryocytes/mm2 
(50% of the total) at 17-months (Figure 6E). Of 
note, in the spleen from 17-months wild-type  
littermates, interactions between megakaryo-
cytes and neutrophils or activated fibrocytes 
were barely detectable (Figure 6E).

With disease progression, the frequencies of 
megakaryocyte interactions with neutrophils 
and activated fibrocytes were mirrored by those 
of para-apoptotic megakaryocytes with elec-
tron-hollow or electron-dense cytoplasm. Para-
apoptotic megakaryocytes with hollow cyto-
plasm were detected in great numbers (approx-
imately 48 cells/mm2) already at 3-months and 
their number increased up to 120 cells/mm2 
(50% of the cells) by 17-months (Figure 6E). By 
contrast, para-apoptotic megakaryocytes with 
dense cytoplasm were barely detectable at 
3-months but by 6-17-months months reached 

a frequency of 40-60 megakaryocytes/mm2 
(~25% of total) (Figure 6E).

The fact that at 17-months, 80% of megakaryo-
cytes were engaged in neutrophil emperipole-
sis suggests that with disease progression the 
same megakaryocyte may engage both in neu-
trophil-emperipolesis and fibrocyte-peripolesis. 
Indeed, ~30% of megakaryocytes engaged wi- 
th activated fibrocytes presented neutrophils 
embedded in their cytoplasm (Figures 6D and 
7). When this occurred, fibrocytes acquired a 
morphological features characterized by elec-
tron-dense nuclei and electron-hollow cyto-
plasm suggestive of death by para-apoptosis 
(Figure 6D). 

In conclusion, in the spleen of Gata1low mice 
significant levels of megakaryocytes emperi- 
polesis with neutrophils (and electron-hollow 
para-apoptosis) are observed before significant 
numbers of activated fibrocytes and peripole-
sis of these cells with megakaryocytes (and 
electron-dense para-apoptosis) are detectable, 
suggesting that the first interaction may be 
responsible for inducing the second one. 

Megakaryocytes represent the spleen cell pop-
ulation expressing the greatest levels of TGF-β

Although TGF-β is produced by almost all cell 
types [22], immuno-histochemistry studies de- 
termined megakaryocytes as the only cells of 
the spleen from Gata1low mice and PMF patients 
expressing abnormally high levels of TGF-β 
(Figure 1C and [15]). To confirm this observa-
tion, immuno-TEM studies with TGF-β antibod-
ies, a technology that allows a better apprecia-
tion of the cellular distribution of a protein, 
were performed (Figures 8 and 9).

In addition to megakaryocytes, TGF-β-gold par-
ticles were detected in the cytoplasm of neutro-
phils (Figure 8) and activated fibrocytes (Figure 
9). The numbers of TGF-β-gold particles detect-
ed in the cytoplasm of neutrophils increas- 
ed with age reaching a peak at 6-10-months 
(82±14 gold particles/cell). However, they 
remained similar to those observed in neutro-
phils from wild-type littermates (93±8 gold/
paticle/cell by 17-months) (Figure 9C and data 
not shown). At 3-months, few TGF-β-gold parti-
cles were detected in the protrusion of the only 
two activated fibrocytes recognized in spleen 
sections (one of which presented in Figure 9A). 
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Figure 12. The spleen from Gata1low mice contains “TGF-β-collagen hot spots”. A. Immuno-TEM for TGF-β of extra-
cellular areas of spleen sections from progressively older Gata1low mice. Mature collagen polymers are recognized 
for their distinctive sequence of light and heavy electron-dense bands, with a 64 nm periodicity. Both the frequency 
of TGF-β-gold particles and that of mature collagen fibres increases with disease progression (see also Figure 6). 
The spleen from old wild-type littermates contain rare collagen fibres (not shown) and few TGF-β-gold particles, an 
example of which is indicated by the arrowheads near a red cell (RC), presented as size reference. Magnifications 
correspond to 4,400x. Scale bars indicate 2 mm length. B, C. Cross- and longitudinal-sections of representative col-
lagen fibres from spleen of 17-months old Gata1low mouse immuno-stained for TGF-β. The cross-section shows the 
selective association of the TGF-β-gold particles, recognized by their shape and size, with the collagen fibres while 
the longitudinal-section shows that these particles are specifically associated with the heavy electron-dense band of 
the polymer repeats that corresponds to the non-overlapping region of the fibre twist. Magnifications 50,000x. Scale 
bars indicate 100 nm. D. Double immuno-gold staining identifying co-localization of TGF-β (yellow arrows), myelop-
eroxidase (red arrows) and collagen fibres (by morphology) within the cytoplasm of a para-apoptotic megakaryocyte 
localized in the proximity of a fibrocyte. The area in the rectangle is analyzed at higher magnification on the right to 
show the relative localization of TGF-β (10 nm, yellow arrowheads)- and myeloperoxidase (20 nm, red arrowheads)-
gold particles. Magnifications 4,400x and 30,000x in the panel on the left and in its detail on the right. Scale bars 
indicate 2 mm on the right and 0.2 mm on the left. Legend: Fb = activated fibrocytes; MK = megakaryocyte; red 
arrows = myeloperoxidase; yellow arrow = TGF-β.
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At 6-10-months the protrusions of activated 
fibrocytes contained numerous TGF-β-gold par-
ticles (61±14 gold particle/14 µm2) but these 
numbers decreased (36±9 gold particles/14 
µm2) by 17-months. It is impossible to compare 
the number of TGF-β-gold particles present in 
fibrocytes from Gata1low and wild-type mice due 
the limited numbers of cells (only 2) detected in 
spleen from wild-type mice.

Megakaryocytes were by far the cells that con-
tained the greatest numbers of TGF-β-gold par-
ticles (~68-178 gold particles/14 mm2 of cyto-
plasm) (Figure 9B and 9C). TGF-β-gold particles 
were detected both in viable and in para-apop-
totic megakaryocytes. By 3-months, the num-
ber of TGF-β-gold particles detected in viable 
megakaryocytes was similar to that present  
in megakaryocytes from 17-months old wild-
type littermates but increased by 3-fold at 
6-10-months to return to baseline levels at 
17-months. In para-apoptotic megakaryocytes, 
the number of TGF-β-gold particles increased 
by 3-fold at 6-10-months and remained high at 
17-months. The two para-apoptotic megakaryo-
cytes detected in the spleen of 17-months of 
wild-type mice expressed one 0 and the other 
one 117 TGF-β-gold particles/14 mm2.

These results indicate that in the spleen of 
Gata1low mice TGF-β is also expressed by neu-
trophils and activated fibrocytes but that the 
cells in which this growth factor is expressed at 
the greatest levels are the megakaryocytes 

and, by 17-months, megakaryocytes undergo-
ing para-apoptosis. 

Accumulation of TGF-β associated with colla-
gen fibres in the spleen of Gata1low mice with 
disease progression

Immuno-histochemistry of consecutive sec-
tions of the spleen from Gata1low mice reacted 
progressively more strongly with staining spe-
cific for reticulininc fibres (Gomory-Silver, Figure 
10A) and for those with complex tertiary struc-
tures (Mallory Trichromic, Figure 10B, and 
Weighert Van Gieson, Figure 10C), confirming 
that in myelofibrosis progressive accumulation 
of proteins of the extracellar matrix is associ-
ated with increased complexity of their tertiary 
structure. These results were confirmed by 
immuno-TEM observations with collagen-spe-
cific antibodies. 

By immuno-TEM, few collagen-gold particles 
(11±1/14 µm2) were detected in the extracel-
lular region of the spleen already at 3-months 
of age. Their frequencies increased by 20-fold 
at 10-17-months (~270-290 gold particles/14 
µm2) (Figure 11). In agreement with the immu-
no-histochemical observations, TEM structures 
corresponding to mature collagen polymers 
were not detectable in the extracellular region 
of spleen from 3-months old Gata1low mice 
(Figure 12A). These structures became detect-
able at 6-10-months and formed large areas of 
multi-stranded fibres, at times inter-crossing 
each other, at 17-months (Figure 12A). There-

Figure 13. Immuno-TEM for collagen of a representative activated fibrocytes from spleen the of a 10-month old 
Gata1low mouse. The rectangle on the left panel indicates the area of shown at greater magnification on the right. 
Legend: Bl = blasts; Fb = activated fibrocyte; Fbp = fibrocyte protusion; arrowheads = clusters of collagen-gold par-
ticles. Magnifications 4,400x and 30,000x in the left and right panel. Scale bars indicate 2 mm and 0.2 mm in the 
left panel and right panel.
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Figure 14. Increased numbers of myofibroblasts in the spleen of Gata1low mice with disease progression. A. Immuno-
TEM for α-smooth muscle actin and TGF-β of the spleen from a 17-months old Gata1low mouse showing representa-
tive myofibroblasts (Myo) recognized for their morphology and for their strong reactivity with the α-smooth muscle 
actin antibody of areas of their cytoplasm organized in fibril-like structures similar to those necessary to exert 
contracting activity [45]. Myofibroblasts are organized in clusters nested in extracellular areas containing collagen 
fibres and resembling the cytoplasmic ghosts of megakaryocytes that had died by electron-dense para-apoptosis. 
These cells also reacted strongly with the TGF-β-antibody. Legend: Myo = myofibroblasts. Magnifications 4,400x in 
the panels and 30,000x in the inserts. Scale bars indicate 2 mm in the panels and 0.2 mm in the inserts. B. Quanti-
fication of the frequency of myofibroblasts clusters from the spleen of Gata1low mice during disease progression (3-, 
6-10- and 17-months). Values observed with 17-months old wild-type mice are reported for comparison. Results are 
presented as Mean (±SD) of observations performed with at least three mice per experimental group. * indicates 
values statistically significant (p<0.05 by Anova) with respect to those observed in wild-type mice. 

fore, although collagen is detectable in the 
extracellular matrix of Gata1low spleen already 
at 3-months, it does not form mature complex-
es before 6-10-months. These mature collagen 
fibres were not detectable in the proximity of 
activated fibrocytes (Figures 3C, 3D and 13) 
but rather in areas surrounding megakaryo-
cytes (Figure 4C).

Increases in the complexity of the collagen 
structures occurring with disease progression 
were associated with accumulation of TGF-β-
gold particles in the extracellular areas. The 
extracellular space of the spleen from young 
Gata1low mice contained some (16±1/14 µm) 

TGF-β-related-gold particles which were not 
associated with structures recognizable as col-
lagen by TEM (Figures 12A and 11). During dis-
ease progression, the frequency of TGF-β-gold 
particles in these regions increased 2-3-fold 
(46±13/14 µm and 69±9/14 µm at 6-10- and 
17-months, respectively). In the spleen from 
17-months old animals, TGF-β-gold particles 
were only detected in regions of the extracellu-
lar matrix containing structures recognizable  
as mature collagen polymers (Figure 12A). 
Observations at greater magnifications of cross 
(Figure 12B) and longitudinal (Figure 12C) sec-
tions of collagen polymers indicated that TGF-
β-gold staining was specifically associated 
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Figure 15. Both treatment with the TGF-β receptor 1 kinase inhibitor SB431542 and genetic ablation of the P-se-
lectin gene rescued the myelofibrotic phenotype of spleen from Gata1low mice. (A) Immuno-TEM for TGF-β of spleens 
from representative Gata1low mice treated with vehicle (top panels) or with SB431542 showing that treatment with 
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within the dark electron-dense areas corre-
sponding to the non-overlapping areas of the 
collagen polymer twist, suggesting that TGF-β 
may have been cross-linked to a specific 
domain of the protein. By contrast, rare clus-
ters of 1-3 TGF-β-gold particles were detected 
in the intracellular space of the spleen from old 
wild-type animals (Figure 12B).

Particularly revealing were images obtained by 
double immune-TEM with TGF-β and myeloper-
oxidase antibodies of spleen sections from 
17-months old Gata1low mice such as those pre-
sented in Figure 12D. The cytoplasm of this 
electron-dense para-apoptotic megakaryocyte 
in peripolesis with an activated fibrocyte con-
tained numerous collagen fibres hosting both 
TGF-β- and myeloperoxidase-gold particles in 
close association. This image suggests that the 
megakaryocyte was also engaged in peripole-
sis with neutrophils that had released mye- 
loperoxidase in its cytoplasm (Figure 12D). In 
addition, the proximity (in some cases <10 nm) 
of TGF-β- and myeloperoxidase-gold particles 
suggests that the enzyme was sufficiently close 
to TGF-β to be able, by exerting its proteolytic 
functions, to activate its functions. 

These results indicate that polymerization of 
collagen into fibres in the spleen of Gata1low 
mice is a late event in disease progression and 
that these fibres may provide a scaffolding that 
increases the bioavailability of TGF-β in the 
microenvironment to levels ~1000-fold greater 
than normal.

TGF-β in association with collagen fibres is 
permissive for myelofibroblast differentiation

Studies in would healing and renal fibrosis indi-
cate that high levels of TGF-β induce the transi-

tion of various cell types to myelofibroblasts 
[46-49]. In agreement with this knowledge, 
immuno-TEM observations with antibodies spe-
cific for a-smooth muscle actin readily identi-
fied clusters of 2-5 myofibroblasts in the spleen 
of Gata1low mice (Figure 14). These cells react-
ed strongly with TGF-β antibodies and were 
nested in areas of the extracellular matrix wi- 
th features resembling cytoplasmic ghosts of 
electron-dense para-apoptotic megakaryocy- 
tes (compare the background of Figure 14 with 
that of the megakaryocytes in the last panels of 
Figure 4C and in Figure 12D). The frequency of 
these clusters significantly increased by 3-fold 
with disease progression (from ~5 to ~15/
mm2). Calculating that on average each cluster 
contained ~3 myofibroblasts, the spleen of  
a 17-months old Gata1low mice contains ~45 
myofibroblasts/mm2. By contrast, ~3 isolated 

myofibroblasts/mm2 were detected in spleen 
from 17-months old wild-type littermates. 

These results suggest that in spleen of Gata1low 
mice TGF-β bound to collagen fibres is permis-
sive for myofibroblast differentiation and there-
fore it is biologically active (i.e., TGF-β-loaded 
collagen fibres may represents “hot spots” for 
cell differentiation. 

Loss of either TGF-β or P-selectin function 
prevents the formation of TGF-β-collagen hot 
spots in the spleen of Gata1low mice

To confirm that TGF-β-collagen hot spots are 
responsible for fibrosis and that their formation 
is dependent both on TGF-β itself, which induce 
fibrocyte activation, and P-selectin, which medi-
ates the interaction of megakaryocyte with 
neutrophils and activated fibrocytes, loss-of-
function studies were performed. Loss-of-fun- 
ction TGF-β were induced by treatment with the 

the inhibitor reduced to barely detectable levels (indicated with as -) the numbers of megakaryocytes engaged in 
neutrophil emperipolesis (panels in the first vertical raw), fibrocyte activation (panels in the second vertical raw), 
engagement of megakaryocytes with fibroblast peripolesis (panels in the third vertical raw), presence of collagen 
fibres in extracelluar areas (panels in the fourth vertical raw) and of myofibroblasts (panels in the fifth vertical raw). 
These events were readily recognized in spleen from Gata1low littermates treated with vehicles (indicated as +). Rec-
tangles in the first and third horizontal raw indicate areas presented at greater magnification in panels in the second 
and fourth ones to show the TGF-β-gold particles. Results are representative of those obtained in three animals per 
experimental group. (B) Immuno-TEM for TGF-β of spleens from representative 17-months old Gata1low littermates 
carrying either the P-selectinnull (Pselnull) or P-selectin wild-type (Pselwt) gene. Similar results were observed with mice 
of 3- and 6-10-months of age. Results are presented in the same order and are similar to those presented in (A). In 
this case, they are representative of those observed with a total of 18 Gata1low mice (9 Pselnull and 9 Pselwt, three per 
each age group). The results are equivalent to those described in (A). Legend: Cyt = cytoplasm; Fb = fibrocyte; MK = 
megakaryocyte; Myo = myofibroblasts; Neu = neutrophil. Magnifications 4,400x and 30,000x in the top and bottom 
panels, respectively. Scale bars indicate 2 mm in the panels and 0.2 μm in the inserts.
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TGF-β receptor 1 kinase inhibitor SB431542 
while that of P-selectin were obtained by genet-
ic ablation. 

The effects of treatment with SB431542 on  
the cellular composition of the spleen from 
Gata1low mice are presented in Figure 15A. Age 
and sex matched littermates treated with vehi-
cle were analyzed as control. The spleen from 
SB431542-treated mice did not contain detect-
able numbers of megakaryocytes engaged in 
neutrophil emperipolesis or with nuclear fea-
tures of para-apoptotic cells. In addition, it did 
not contain fibrocytes in an active state or 
engaged in peripolesis with megakaryocytes. 
Furthermore, the extracellular space of the 
spleen did not contain collagen fibres or myofi-

broblasts. All these immuno-TEM features were 
instead detectable in spleens from vehicle-
treated mice at levels comparable to those 
observed in spleen from untreated littermates 
(compare the top panels of Figure 15A and 
those presented in Figures 3B, 3D, 8C, 11B 
and 12B). 

The effects of genetic ablation of P-selectin 
(Pselnull) are presented in Figure 15B. Also the 
spleen from Gata1low/Pselnull mice did not con-
tain megakaryocytes with para-apoptotic fea-
tures or undergoing neutrophil peripolesis. 
These sections contained few fibrocytes but 
the cells did not have an activated morphology 
and were not engaged in peripolesis with mega-
karyocytes. Both the megakaryocytes and the 

Figure 16. A model depicting the sequence of pathological interactions between megakaryocytes and immuno cells 
(neutrophils and activated fibrocytes) leading to fibrosis and myofibroblast differentiation revealed by snap-shot im-
muno-TEM observations of the spleen from Gata1low mice. Step 1: 3-months. P-selectin-dependent pathological em-
peripolesis with neutrophil induces megakaryocytes into electron-hollow para-apoptosis releasing soluble possibly 
activated TGF-β in the microenvironment ([13] and Figures 6B, 12A). Step 2-3: 6-10-months. Soluble TGF-β induce a 
resident cell population of the spleen into activated fibrocytes (Figure 3). Activated fibrocytes engage into a process 
of pathological peripolesis with megakaryocytes (Figures 4, 6). Also this process may be P-selectin-dependent. Step 
4: 6-10-months. Peripolesis with activated fibrocytes induces megakaryocytes into electron-dense para-apoptosis 
(Figures 4, 6) which results in the formation of “TGF-β-collagen hot spots” in which the bioavailability of the growth 
factor reaches levels ~1000-fold greater than normal (Figure 12). Step 5: 10-17-months. “TGF-β-collagen hot spots” 
are permissive for myofibroblast differentiation (Figure 14). Legend: Fb = fibrocytes; MK = megakaryocyte; Neu = 
neutrophil; Nu = nucleus.
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extracellular space in the spleen from double 
mutant mice contained levels of TGF-β-gold 
particles within normal ranges. Furthermore, 
neither collagen fibres nor myofibroblast clus-
ters were detected in these sections. All these 
structures were instead frequently detected in 
the spleen of Gata1low littermates wild-type at 
the P-selectin locus. 

Discussion

The great magnifications achievable by 
immune-TEM technology allowed determining 
that the bioavailability of TGF-β in the spleen of 
Gata1low mice reaches levels ~1,000-fold gre- 
ater than normal. These levels are achieved 
because TGF-β became physically associated, 
possibly by enzymatic cross-linking, with spe-
cific regions of the collagen fibres, the D bands, 
which also mediate binding of collagen to deco-
rin, a protein responsible for binding collagen to 
other elements of the extracellular matrix [43]. 
These results identify collagen as a novel ele-
ment of the extracellular matrix that, in addition 
to fibrillin-1 [27], may regulate bioavailability of 
TGF-β in the microenvironment. We suggest 
that the bioavailability of TGF-β regulated by 
collagen plays in chronic inflammation the 
same morphogenetic role played by fibrillin-1 in 
bone development [25].

Snap-shot immuno-TEM observations of the 
spleen from Gata1low mice during disease pro-
gression indicated that in myelofibrosis TGF-β 
bioavailability is increased by a complex mech-
anism involving pathological interactions be- 
tween multiple cell types (see Figure 16). Since 
in Gata1low mice the disease progresses in a 
timely fashion and hematopoiesis is limited to 
the spleen, a large soft organ amenable to 
extensive microscopic observations, it was po- 
ssible, by comparing snap-shots obtained at 
different ages, to identify the sequence of 
events that increased TGF-β bioavailability in 
this mouse model. 

At 3-months, the spleen from Gata1low mice 
contained numerous electron-hollow para-apo-
ptotic magakaryoctes engaged in pathologi- 
cal emperipolesis with neutrophils. These cells 
contained great levels of TGF-β and were prob-
ably the source of TGF-β found in the extracel-
lular space at this age. 

At 6-10 months, the spleen from Gata1low mice 
contained many activated fibrocytes, a cell 

population that has been implicated in disease 
progression in animal models of fibrosis of kid-
ney [50], lung [51, 52] and heart [53] failure. 
The cell population which becomes activated 
fibrocytes in the spleen of Gata1low mice has 
not been positively identified as yet. In fact, the 
frequency of cells with the phenotype CD45neg/
PDGF-Rpos (activated fibrocyte of endothelial 
origin) or CD45pos/PDGF-Rpos/F4/80pos (activat-
ed fibrocytes of macrophagic origin) [47, 54] in 
these spleen is normal [55]. In addition, acti-
vated fibrocytes were never observed in prox-
imity of vessels (identified on the basis of 
CD31-gold staining, data not shown) suggest-
ing that they are unlikely to derive from peri-
cytes, a population responsible for fibrosis in 
obstructive kidney fibrosis [56-59]. The iden- 
tification of the cell population that undergoes 
mesenchymal transition in the spleen of 
Gata1low mice will be the subject of a separate 
study. 

Loss of TGF-β function by treatment with a 
TGF-β receptor 1 kinase inhibitor prevented 
induction of activated fibrocytes in the spleen 
of Gata1low mice, providing evidence that this 
growth factor is indeed responsible for the 
mesenchymal transition that had generated 
them. The observations that pathological em- 
peripolesis between megakaryocyte and neu-
trophils is detectable at high frequency by 
3-months, i.e. before significant numbers of 
activated fibrocytes were detected, and that 
TGF-β and activated fibrocytes were both unde-
tectable in the spleen of Gata1low mice lacking 
P-selectin, the receptor which mediates the 
interaction between megakaryocytes and neu-
trophils [10], indicates that electron-hollow 
megakaryocytes are probably the source of 
TGF-β that induced the formation of activated 
fibrocytes. 

With disease progression, great numbers of 
activated fibrocytes were observed engaged in 
a pathological interaction with megakaryocytes 
defined by us peripolesis. During this interac-
tion, the protrusions of the activated fibrocyte 
embraced the megakaryocyte infiltrating its 
cytoplasm. Based on snap-shot immune-TEM 
observations, we identify a series of megakary-
ocyte images that probably correspond to cells 
at progressive stages of peripolesis. The com-
parison of these images indicates that the 
interaction may involve progressive reductions 
in the numbers of collagen-gold particles in the 
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protrusions and parallel increases in those in 
the megakaryocyte cytoplasm. By extrapolating 
these static observations to a dynamic state, 
we propose that fibrocytes actively transfer col-
lagen, and possibly other material, to the mega-
karyocyte cytoplasm. Therefore peripolesis is 
not a form of phagocytosis but rather a novel 
cellular interaction involving active passage of 
material from one cell to another. Whether 
pathological peripolesis between activated fi- 
brocytes and megakaryocytes is restricted to 
myelofibrosis or occurs also in other patholo-
gies, including some forms of cancer, remains 
to be established. 

In spite of the great levels of collagen expressed 
by activated fibrocytes, the extracellular space 
in their immediate proximity contained few col-
lagen-gold particles and no collagen fibres. 
These observations indicated that it is unlikely 
that in myelofibrosis collagen fibres are polym-
erized by LOX2 released by megakaryocytes in 
the extracellular space. Instead, starting from 
6-10-months of age, collagen fibres were fre-
quently detected in close proximity or even 
within electron-dense para-apoptotic mega-
karyocytes. Snap-shot observations of mega-
karyocytes in various stages of interaction with 
activated fibrocytes indicated that in the early 
stages of the process their cytoplasm con-
tained only collagen-gold particles and that 
polymerized collagen appeared at later stages. 
Therefore, by contrast with current believe [41], 
in the spleen of Gata1low mice LOX2 may exert 
its catalytic function and catalyze collagen 
polymerization also inside the megakaryocyte 
cytoplasm. Ultrastructure features indicative 
for accumulation of collagen fibres inside the 
cytoplasm were detected at high frequency 
also in megakaryocytes from the spleen of PMF 
patients suggesting that a mechanism(s) simi-
lar to that outlined here for Gata1low mice is 
responsible for fibrosis in the patients as well. 
This consideration indicates that strategies to 
treat PMF with LOX2 inhibitors currently under 
consideration [60] should include methods to 
increase their intracellular delivery. 

At late stages of peripolesis, megakaryocytes 
acquired the morphology of para-apoptotic 
cells with electron-dense cytoplasm suggesting 
that their interaction with activated fibrocytes 
resulted to death. This form of para-apoptosis 
is novel and further studies are required to 
assess if activated fibrocytes induce para-

apoptosis only of megakaryocytes or may use a 
similar mechanism to induce death of other cell 
types. Electron-dense para-apoptosis lead to 
the formation of cytoplasmic ghosts filled with 
collagen fibres loaded with TGF-β and surround-
ing naked nuclei. Extensive TEM observations 
allowed assessing that these ghosts are the 
main source of fibrosis in the spleen of Gata1low 
mice. 

Circumstantial evidences that TGF-β bound to 
collagen fibres is biologically active were pro-
vided by double immuno-TEM observations 
which identified that TGF-β- and myeloperoxi-
dase-gold particles were closely associated on 
the collagen fibres and that these areas also 
contained myofibroblasts, a cell population 
which is specifically induced by high TGF-β con-
centrations. Therefore, by contrast with ob- 
structive [56] and diabetic interstitial [61] kid-
ney fibrosis, in Gata1low mice myofibroblast dif-
ferentiation is the consequence and not the 
cause of collagen deposition.

It is currently debated whether a “single” drug 
may be effective for treating fibrosis in fatal fail-
ure of different organs. Our results indicating 
that myelofibrosis is induced by mesenchymal 
transitions of a cell population different from 
that active in other organs suggest that this 
may not be the case. Further support for this 
hypothesis comes from the consideration that 
Gata1low mice were treated by an inhibitor tar-
geting the TGF-β receptor 1 kinase ALK5 ([55] 
and this manuscript) while animal models of 
kidney fibrosis were rescued by treatment with 
inhibitors of the TGF-β receptor 2 kinase ALK3 
[62]. In addition, both in models of cardiac 
fibrosis [53] and of chronic renal injury [63] 
endothelial cells to mesenchymal transition 
was inhibited by recombinant human BMP-7, a 
protein that inhibits the canonical SMAD-
dependent TGF-β signaling. By contrast, BMP-7 
is expressed at levels 10-fold greater than nor-
mal by marrow a spleen from both PMF patients 
[35] and Gata1low mice [15] that are character-
ized by abnormalities predictive of activation of 
non-canonical ERK/MAPK-dependent rather 
than canonical TGF-β signaling. We suggest 
that TGF-β receptor 1 kinase inhibitors target-
ing ALK5, such as galunisertib that target th- 
is enzyme with an ID50 2-fold higher than 
SB431542 (ID50 = 48 vs 94 nM) [64, 65], are 
best suited for treatment of PMF. 
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In conclusion, our snap-shot observations of 
the morphological changes occurring in spleen 
from Gata1low mice with disease progression 
suggest the following pathobiological pathway 
(Figure 16). In young mice, abnormal localiza-
tion of P-selectin on the DMS of Gata1low mega-
karyocytes induces pathological neutrophil 
emperipolesis that release the neutrophil pro-
teolytic enzymes into the megakaryocyte cyto-
plasm, inducing its para-apoptotic death and 
release soluble TGF-β, in the microenviron-
ment. Soluble TGF-β induces the transition of a 
resident cell population of the spleen, still to be 
identified, into activated fibrocytes. Through 
their long protrusions, activated fibrocytes 
engage into a peripolesis process with mega-
karyocytes releasing collagen in their cyto-
plasm. This interaction may also be P-selec- 
tin dependent. Once infiltrated by fibrocyte pro-
trusions, megakaryocytes became engulfed 
with collagen which is polymerized by the high 
levels of LOX2 present in these cells. During 
this polymerization process, an enzyme, either 
LTBP, decorin or a protein still to be identified, 
cross-links TGF-β, and possibly proteases re- 
leased by emperipolesized neutrophils, to col-
lagen. Collagen-embedded megakaryocyte die 
of electron-dense para-apoptosis releasing 
TGF-β-cross-linked to collagen fibres in the 
microenvironment and increasing its bioavail-
ability. These areas of TGF-β-collagen repre-
sent “hot spots” permissive for myofibroblast 
differentiation. Whether myofibroblasts play 
any role in the manifestation of myelofibrosis in 
Gata1low mice is unclear. 
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