
Italian Journal of Anatomy and Embryology 130(1): 63-68, 2026

Firenze University Press 
www.fupress.com/ijae

ITALIAN JOURNAL OF
ANATOMY AND EMBRYOLOGY

ISSN 1122-6714 (print) | ISSN 2038-5129 (online) | DOI: 10.36253/ijae-17559 

Citation: Pace, L. & Masciarelli, S. (2026). 
Dynamic tunnelling nanotube forma-
tion characterizes AML–Mesenchy-
mal Stromal cell crosstalk in the Bone 
Marrow Microenvironment. Italian 
Journal of Anatomy and Embryology 
130(1): 63-68. doi: 10.36253/ijae-17559 

© 2026 Author(s). This is an open 
access, peer-reviewed article pub-
lished by Firenze University Press 
(https://www.fupress.com) and distrib-
uted, except where otherwise noted, 
under the terms of the CC BY 4.0 
License for content and CC0 1.0 Uni-
versal for metadata.

Data Availability Statement: All rel-
evant data are within the paper and its 
Supporting Information files.

Competing Interests: The Author(s) 
declare(s) no conflict of interest.

Dynamic tunnelling nanotube formation 
characterizes AML–Mesenchymal 
Stromal cell crosstalk in the Bone Marrow 
Microenvironment

Lavinia Pace, Silvia Masciarelli*

Department of Anatomical, Histological, Forensic & Orthopaedic Sciences, Section of 
Histology and Medical Embryology, Sapienza University of Rome, Rome, Italy 
*Corresponding author. E-mail address: silvia.masciarelli@uniroma1.it

Abstract. Acute myeloid leukaemia (AML) is a rapidly progressing cancer that leads 
to the accumulation of immature blasts in the bone marrow (BM). The BM niche, in 
particular mesenchymal stromal cells (MSCs), supports and protects AML cells, lead-
ing to resistance to treatment and relapses. AML blasts actively interact with mesen-
chymal MSCs, reshaping the niche and engaging in direct cytoplasmic exchange 
through tunnelling nanotubes (TNTs). Using cocultures of MOLM‑13 AML cells and 
MS‑5 stromal cells labelled with distinct vital dyes, we observed the rapid formation 
of TNTs‑like protrusions within the first hours of contact. Phalloidin staining con-
firmed their continuous F‑actin structure, consistent with canonical TNT morphology. 
Notably, TNT frequency increased following treatment, indicating that therapeutic 
stress enhances AML–MSC crosstalk. These findings show that AML establishes fast, 
dynamic physical interactions with MSCs and that TNT formation is further stimulat-
ed by treatment, highlighting TNT‑mediated crosstalk as a potential target to weaken 
stromal protection and improve therapeutic response.
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INTRODUCTION

AML is a very aggressive and rapidly growing subtype of blood cancer. 
It is a genetically heterogeneous disease, in which haematopoietic stem cells 
undergo events of mutations, resulting in the deregulation of self-renewal, 
proliferation, and differentiation pathways. Such mutations occur in Hemat-
opoietic Stem Cells (HSCs) and cause the transformation in Leukemic Stem 
Cells (LSCs), which arrest differentiation and lead to the accumulation of 
immature myeloid blasts in the bone marrow, impeding the production of 
functional blood cells (Kayser et al., 2018). 

Research has demonstrated that the BM microenvironment plays a 
dual role, both protective and supportive, for AML cells, creating a special-
ized niche. The BM niche is characterized by complex populations of cells, 
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including various subpopulations of MSCs, stromal cells, 
endothelial cells (ECs) and osteolineage cells (OLCs). 
Moreover, new inferred osteolineage differentiation tra-
jectories, and distinctions among Lepr, Nestin, and 
NG2-expressing HSC niche populations are defined. A 
recent study used single-cell RNA sequencing to identify 
up to six major cell types with 17 distinct cell subsets 
including sinusoidal, arteriolar and arterial ECs, several 
fibroblast subtypes, pericytes, chondroblasts and OLCs. 
However, AML disrupts the stromal landscape to their 
favour, particularly by impairing mesenchymal and oste-
ogenic differentiation and reducing the expression of key 
hematopoietic regulatory factors. These changes create 
a less supportive microenvironment for normal haemat-
opoiesis, giving malignant cells a competitive advantage 
(Baccin et al., 2020; Baryawno et al., 2019). 

Two models for the involvement of the BM niche in 
AML development have been suggested. One model sug-
gests that leukemic cells can remodel the BM niche to 
their advantage, creating a microenvironment that pro-
motes AML progression. The other suggests that genetic 
alterations within the BM niche cells themselves initiate 
and contribute to the development of myeloid malignan-
cies. Both models are supported by evidence of complex 
crosstalk pathways and self-reinforcing feedback loops 
(Schepers et al., 2015).

Indeed, such protective role of the BM niche 
towards AML cells has been strongly demonstrated. Par-
ticularly mesenchymal stem cells activate several path-
ways through direct contact or soluble factors which 
lead to the protection of AML cells from treatment. The 
BM niche is a key driver of cell adhesion‑mediated drug 
resistance. In this process, leukemic cells exploit physical 
interactions with components of the BM microenviron-
ment, including MSCs, ECs, and osteolineage cells, to 
evade apoptosis and withstand chemotherapy. Through 
adhesion molecules on their surface, leukemic cells acti-
vate signalling pathways that promote the establishment 
of a protective, pro‑leukemic niche. At the same time, 
soluble mediators such as cytokines and chemokines, 
most notably CXCL12, further contribute to therapy 
resistance by reinforcing survival and resistance (Allert 
et al., 2024) (Fig. 1). 

Among the different genetic alterations found in 
AML, mutations in the FMS-like tyrosine kinase 3 
(FLT3) are the most common and with worse prognosis. 
Such mutations can occur as internal tandem duplica-
tion (FLT3-ITD) in the juxtamembrane domain or as a 
point mutation in the tyrosine kinase domain (FTL3-
TKD), causing constitutive activation of the receptor 
and its downstream signalling pathways. Notably, FLT3-
ITD+ AML cells undergo intrinsic endoplasmic reticu-

lum (ER) stress due to the accumulation of FLT3-ITD 
misfolded protein in the ER (Takahashi S., 2020). 

A recent study demonstrated how Retinoic acid 
and proteotoxic stress induce AML cell death overcom-
ing stromal cell protection. Indeed, the combination of 
Retinoic Acid (R), Bortezomib (B) and Arsenic Triox-
ide (A) resulted strongly cytotoxic on FLT3-ITD+ AML 
cell lines and primary blasts isolated from patients due 
to ER homeostasis imbalance and generation of oxida-
tive stress. However, as mentioned, the BM niche exerts 
a protective mechanism against treatment in vivo, ren-
dering AML cells completely resistant to the RBA com-
bination. For this reason, it was exploited a coculture 
system using a FLT3-ITD+ AML cell line (MOLM-13) 
and a murine stromal cell line (MS-5) to reproduce a 
more relatable BM microenvironment. As expected, 
MS-5 protected AML cells from the RBA combina-
tion. To overcome the protective mechanism, high dos-
es of ascorbic acid (ASC) were added as an adjuvant 

Figure 1. Schematic representation of the bone marrow niche and 
its progressive transformation from a healthy bone marrow niche 
into a malignant niche in acute myeloid leukaemia (AML). On the 
left, healthy hematopoietic stem cells (HSCs) reside in a normal 
microenvironment maintained by bone marrow mesenchymal stem 
cells (MSCs). On the right, leukemic stem cells (LSCs) remodel the 
stromal compartment, generating an AML-supportive niche char-
acterized by altered MSC function that promotes leukemic survival 
and clonal expansion. LSCs–MSCs communication occurs through 
direct cell–cell interactions and soluble factors like cytokines and 
chemokines, altogether activating pro-leukemic signalling path-
ways. The gradient at the bottom depicts the increasing levels of 
inflammation and reactive oxygen species (ROS) that accompany 
niche malignant transformation, contributing to metabolic rewir-
ing, stress adaptation, and AML progression. Figure created with 
BioRender.com.

http://BioRender.com
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to induce even more oxidative stress. The RBA + ASC 
resulted efficient in eliminating AML cells in vitro and 
in vivo (Liccardo et al., 2023).

Such evidence highlights the complex and necessary 
crosstalk between AML cells and MSCs, reinforcing the 
need to comprehend the molecular basis and interac-
tions of the communications, rendering inevitable the 
study of AML as a complex and dynamic system involv-
ing more than one cell type. As previously discussed, 
there are many different strategies and pathways that 
MSCs activate to protect and support AML cells par-
ticularly during treatment. One of these is by enhancing 
antioxidant defences. 

LSCs retain several properties of normal hemat-
opoietic stem cells, yet their metabolism is profoundly 
reprogrammed to sustain the elevated energetic and 
biosynthetic demands of AML cells and notably, chem-
oresistant populations depend on mitochondrial oxi-
dative phosphorylation (OxPhos) to meet their meta-
bolic needs.  Recent studies have shown that MSCs can 
transfer mitochondria to AML cells in vitro, supplying 
them with additional bioenergetic capacity. This trans-
fer is further amplified following chemotherapy and 
is thought to promote resistance by preventing mito-
chondrial depolarization. Although AML cells already 
display elevated reactive oxygen species (ROS), leuke-
mic stem cells maintain high yet non‑toxic ROS levels 
through upregulated antioxidant pathways. In parallel, 
BMSC‑driven increases in OXPHOS, TCA cycle activi-
ty, and glutathione (GSH)‑mediated antioxidant defens-
es enable AML cells to meet their metabolic demands 
and withstand chemotherapy‑induced stress. Together, 
these findings suggest that mitochondrial acquisi-
tion from the microenvironment is a key component 
of AML metabolic adaptation and therapy resistance 

(Forte et al., 2020).
In support of this, mitochondrial transfer has been 

experimentally demonstrated between the murine stro-
mal cell line MS‑5 and multiple AML cell lines. This 
process was quantified by f low cytometry, in which 
MS‑5 cells were pre‑labelled with MitoTracker and the 
subsequent uptake of MitoTracker‑positive mitochondria 
by AML cells was measured. The phenomenon was inde-
pendently validated by qPCR detection of mouse‑derived 
mtDNA within human AML cells, providing molecular 
evidence of cross‑species mitochondrial acquisition and 
reinforcing the functional relevance of stromal‑to‑leuke-
mia mitochondrial transfer (Moschoi et al., 2016).

In fact, mitochondrial transfer has emerged as a rel-
evant phenomenon within the tumour microenviron-
ment, occurring not only among tumour cells but also 
between tumour cells and cells from the microenviron-

ment including stromal cells, immune cells, endothelial 
cells, platelets, and even homologous cells. In most con-
texts, cancer cells acquire mitochondria from surround-
ing cells to enhance invasion, metastasis, chemotherapy 
resistance, and immune evasion (Brestoff, J. R. 2025).

Among the various mechanisms described, TNTs 
represent a common mechanism for intercellular mito-
chondrial transfer. TNTs are thin (50–1500 nm in 
diameter and 5–200 μm in length, with some reach-
ing 700 nm thickness), F‑actin–based membrane tubes 
that physically connect the plasma membranes of two 
cells, creating a direct bridge between the cells allow-
ing exchange of cytoplasmic material including mito-
chondria. Two major models of TNT formation have 
been proposed. In the actin‑driven mechanism, a cell 
extends an actin‑rich protrusion that fuses with a neigh-
bouring cell, enabling TNT formation independently of 
cell motility. In contrast, the cell‑displacement mecha-
nism occurs when two adjacent cells migrate in opposite 
directions, stretching membrane connections into TNTs; 
this process is highly dependent on cell movement 
(Guan et al., 2024). 

Within the AML bone marrow niche, stromal–leu-
kemic cell interactions create a supportive environment 
that promotes leukemic cell survival. AML blasts rely 
heavily on OxPhos and continuously adapt to fluctua-
tions in nutrient and oxygen availability within the BM 
niche. Recent studies have shown that reactive oxygen 
species (ROS) stimulate MSCs to transfer mitochondria 
to leukaemia cells via TNTs, particularly under stress or 
chemotherapy. The acquisition of functional mitochon-
dria increases mitochondrial respiration and ATP pro-
duction in recipient AML cells, thus enhancing overall 
functional activity (Saito et al., 2021).

Taken together, these findings highlight the strong 
dependence of AML cells on MSCs, particularly under 
therapeutic stress. In this study we show that such cross-
talk is rapid and dynamic, occurring in the first hours of 
direct contact and increases upon therapeutic stress. 

METHODS

Cell culture

The human AML cell line MOLM-13 was cultured 
in RPMI 1640 medium supplemented with 1% penicil-
lin/streptomycin and 7% FBS. The murine BMSC line 
MS-5 was cultured in MEMα with 1% penicillin/strepto-
mycin, 20% FBS and 100 μM β-mercaptoethanol. All the 
cultures were maintained at 37°C in a humified atmos-
phere containing 5% CO2.
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Co-Cultures

50,000 MS-5 cells per well in an Ibidi µ-Slide 8 Well 
high ibiTreat (cat# 80806, Ibidi, Gräfelfing, Munich, 
Germany). After 72 hours, when cells reached approxi-
mately 80% confluency, the medium was replaced with 
1 mL of RPMI 7% FBS 1%penstrep. The following day, 
MOLM13 cells were added at a concentration of 70,000 
cells/mL, followed by treatment with 5-azacitidine (A) 
100 nM and Venetoclax (V) 10 nM.

Live cell stain

MS5 cells were incubated with 1.67 µL of DiD in 500 
µL of MEM Alpha medium (without serum) for 20 min-
utes at 37 °C in an incubator. After incubation, cells were 
washed twice with MEM Alpha containing serum to 
inactivate the dye, then resuspended and plated at 50,000 
cells per well in an Ibidi µ-Slide 8 Well high ibiTreat (cat# 
80806, Ibidi, Gräfelfing, Munich, Germany).

After 24 hours, MOLM13 cells were stained with 
DiI (1 µL/mL) for 20 minutes at 37 °C in serum-free 
RPMI medium, followed by three washes in RPMI sup-
plemented with 7% FBS. The medium from the MSCs 
was then removed, and the DiI-labelled MOLM13 cells 
were added to the co-culture together with the respective 
treatments. After 6 hours, co-cultures (MOLM13-DiI / 
MS5-DiD) were analysed by confocal microscopy using 
a live-cell imaging chamber equipped with a heater 
and humidifier, maintaining stable conditions of 37 °C, 
5–7% CO₂, and high humidity to preserve cell viability 
and physiological behaviour during imaging. DiD and 
DiI dyes were purchased from Thermo-Fisher Scientific 
(Vybrant™ Multicolor Cell-Labeling Kit, Cat# V22889).

For phalloidin staining, after fixation in 4% PFA 
and permeabilization with 0.1% TX100, cells were incu-
bated with Rhodamine Phalloidin (R415, Thermo-Fisher 
Scientific) at a 1:50 dilution in 1% BSA-PBS for 30 min-
utes at room temperature. Nuclei were counterstained 
with DAPI (dilution 1:1000) for 8 minutes. Images were 
acquired and analysed by confocal microscopy by a 
Zeiss LSM 900 with Airyscan 2, equipped with ZEN 3.2 
Blue Edition software.

TNTs quantification

TNTs were quantified based on established morpho-
logical criteria. Structures were classified as TNTs when 
they appeared as thin protrusions, contained F‑actin as 
confirmed by phalloidin staining. For each biological 
replicate, 100 microscopic fields were analysed. Image 

evaluation was performed in a blinded manner to mini-
mize observer bias during TNT identification.

RESULTS

To highlight the interaction between AML cells and 
MSCs by TNTs, we differentially stained the murine 
stromal cell line MS‑5 with the vital dye DiD (red) in 
coculture with the human AML cell line MOLM‑13, 
stained with the vital dye DiI (yellow). Confocal micros-
copy revealed the presence of thin yellow nanotube‑like 
structures extending from AML cells toward MS‑5 cells, 
demonstrating direct crosstalk. These structures were 
detectable within the first hours of direct co‑culture 
(Fig. 2A–B), revealing the rapid and dynamic nature of 
AML–MSCs communication.

To confirm that the observed structures were con-
sistent with TNTs features, both MS‑5 and MOLM‑13 
cells were stained with rhodamine phalloidin to visual-
ize F‑actin. The connecting protrusion showed a contin-
uous actin structure, in line with the canonical descrip-
tion of TNTs (Fig. 2C). Finally, given the central role of 
the bone marrow niche in promoting AML survival and 
therapy resistance, we assessed whether treatment influ-
enced TNTs formation. Indeed, we observed an increase 
in TNTs frequency upon Azacytidine and Venetoclax 
(Aza-Ven) treatment, indicating that AML–MSCs com-
munication is further enhanced under therapeutic pres-
sure (Fig. 2D).

DISCUSSION

AML is a heterogeneous and rapidly progressing 
blood cancer originating in the bone marrow. Many 
studies have shown that AML cells rely heavily on mes-
enchymal stromal cells for protection, metabolic sup-
port, and resistance to therapy. MSCs, endothelial cells, 
and osteolineage cells together create a pro-leukemic 
niche that impairs normal differentiation and favours 
leukemic expansion. Recent work has also highlighted 
how AML cells use tunnelling nanotubes and mito-
chondrial transfer to strengthen this interaction, espe-
cially under stress or chemotherapy. This makes the 
AML–MSCs relationship a key contributor to treatment 
resistance and an important target for new therapeutic 
strategies.

Our findings demonstrate that AML–MSCs com-
munication is an early, rapid, and highly dynamic pro-
cess, established within the first hours of direct contact 
and intensified under therapeutic pressure. By combin-
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Figure 2. A) Murine stromal cells (MS‑5), labelled 
in red with the lipophilic vital dye DiD, were 
cocultured with human AML cells (MOLM‑13), 
labelled in yellow with DiI. Cells were indepen-
dently labelled with lipophilic vital membrane dyes 
prior to coculture. Orange arrows indicate TNTs 
connecting AML cells with MS‑5 cells. Images 
were acquired by confocal microscopy after 2 
hours of coculture. B) Wide‑field image showing 
a DiI‑labelled MOLM‑13 cell extending a TNT 
towards a DiD‑labelled MS‑5 cell after 2 hours of 
coculture. C) MS‑5 and MOLM‑13 cells were fixed 
and stained with phalloidin to visualize F‑actin 
organization within TNTs and cell bodies. Nuclei 
were counterstained with Hoechst (blue). This 
staining confirms the actin composition of TNTs 
providing structural validation of the intercellular 
protrusions observed in A and B. D) Quantifica-
tion of TNTs formed between MOLM‑13 AML 
cells and MS‑5 stromal cells after treatment with 
Aza-Ven. (AV ). (Each dot represents a biological 
replicate from independent experiments, bar rep-
resents the mean ± S.E.M; n=3, Unpaired t-test 
*P= 0,0129).
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ing differential vital‑dye labelling with confocal imag-
ing, we show that AML blasts extend TNTs toward bone 
marrow stromal cells, forming thin, actin‑rich cytoplas-
mic bridges that enable direct intercellular exchange. 
Although phalloidin staining confirms the presence of 
F‑actin–containing protrusions, we acknowledge that 
TNTs identification is based primarily on morphological 
criteria. Nonetheless, the observed thin, actin‑rich struc-
tures connecting distant cells are fully consistent with 
the canonical description of tunnelling nanotubes.

Importantly, we observed that TNTs formation is 
not static, but rather dynamic and amplified in response 
to treatment, suggesting that therapeutic stress increases 
the physical and metabolic crosstalk between AML cells 
and MSCs. This aligns with emerging evidence that the 
bone marrow niche actively contributes to leukemic 
resistance by enhancing metabolic support, antioxidant 
defences, and mitochondrial transfer during therapy.

Together, these results reinforce the concept that 
AML progression and therapy resistance cannot be 
understood solely through leukaemia‑intrinsic mecha-
nisms. Instead, AML must be considered as a multicel-
lular system, in which stromal cells support and protect 
AML cells, enabling leukemic blasts to withstand cyto-
toxic stress. The rapid induction and treatment‑driven 
amplification of TNT‑mediated communication high-
lights TNTs as a functionally relevant component of 
AML–MSCs crosstalk and a potential therapeutic vul-
nerability. While we demonstrate that TNTs formation is 
rapidly induced and enhanced by treatment, future stud-
ies will be required to assess whether these protrusions 
support functional transfer of mitochondria or cytoplas-
mic material, thereby establishing a direct functional 
connection between TNTs formation and AML survival 
mechanisms within the stromal niche. 

Overall, this study underscores the need for thera-
peutic strategies to focus not only on leukemic cells 
alone but on the entire niche, limiting TNT‑mediated 
material exchange, and weakening the protective influ-
ence of the bone BM microenvironment. Targeting these 
microenvironment‑dependent survival pathways may 
enhance the efficacy of existing treatments and improve 
outcomes for AML patients.
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