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ABSTRACT: Organelles  function  as  the  primary  units  of
cellular  activity  and  also  play  a  crucial  role  in  intercellular
communication.  In  recent  years,  there has been a notable
increase  in  the  level  of  interest  among  researchers  in  the
field of  organelle transfer and exchange. A mounting body
of  evidence  suggests  that  a  variety  of
organelles—including,  but  not  limited  to,  mitochondria,
chloroplasts  and  lysosomes—can  be  transferred  between
cells  via  multiple  mechanisms,  thereby  impacting  cellular
destiny.  It  is  evident  that  the  absence  of  a  consolidated
logical framework is due to the heterogeneity of the disease
models  and  perspectives  that  underpin  the  extant
discoveries.  Consequently,  there  is  an  absence  of  a
unifying logical  framework  that  can summarize  the mechanisms of  intracellular  and extracellular  environment  remodeling
before  and  after  multi-organelle  transfer  for  targeted  investigation  and  clinical  application.  This  review  systematically
examines extant research on intercellular organelle transfer, encompassing transferable organelle types, triggering factors,
effects  on  donor/recipient  cells,  and  mechanistic  analyses/intervention  strategies  from  physiological  and  pathological
perspectives.  The  objective  of  this  review  is  to  gain  a  more  profound  comprehension  of  the  mechanisms  that  regulate
fundamental  life  processes  by  meticulously  analyzing  the  transfer  processes  of  diverse  organelles.  In  this  review,  we
discuss  the  critical  challenges  in  organelle  transfer  research  and  emphasize  its  significance  for  innovative  therapeutic
strategies and the elucidation of universal biological mechanisms.
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 1    Introduction
In  the  realm  of  research  concerning  the  origins  of  cellular  life,  a
multitude  of  hypotheses  have  been  advanced  in  an  attempt  to
elucidate  the  genesis  of  eukaryotic  cells.  The  mainstream
transitional  model  combines  symbiotic  origin  theory  with

gradualism [1−3]. Despite significant differences between these two
academic  theories,  both  agree  that  organelles  originated  when
prokaryotic  cells  entered  another  cell  during  symbiosis  and
gradually  differentiated  into  functional  microstructures  [4].  It  is
therefore  comprehensible  that  a  fundamental  principle  underlying
cellular evolution from Last Universal Common Ancestor (LUCA)
to  eukaryotic  multicellular  organisms  is  the  utilisation  of  cargo
transfer for the purpose of rectifying deficiencies and ensuring self-
protection [5, 6]. In a multitude of extant multicellular organisms, it
is  evident  that  following  extended  symbiotic  relationships,
intracellular  algae  metamorphose  into  energy-generating  entities
that  bear  a  resemblance  to  chloroplasts  [7].  It  has  been
demonstrated  that  certain  species  of  slug,  for  example,  have  been
observed to incorporate chloroplasts from plant cells into their own,
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thereby achieving photosynthetic autotrophy [8−10]. It is therefore
not  difficult  to  understand  that  organelle  transfer  between  cells
represents  a  form  of  simple  "appropriation".  Cells  transfer  and
acquire  organelles  as  "asset-light",  ultimately  achieving  their
predetermined goals. In recent years, the field of research has seen a
surge  of  interest  in  the  phenomenon  of  organelle  transfer  within
animal  bodies,  and  the  potential  ramifications  this  transfer  may
have on animal cells [11, 12].

Since  the  advent  of  organelle  transfer  research,  a  plethora  of
structural units and potentially transferable organelles have been the
subjects  of  study  and  deconstruction  [13−15].  Researchers  have
discovered that organelle transfer between cells resembles a unique
communication  strategy,  whereby  cells  transport  organelles  as
cargo,  physiological  structures,  and  initiation  components.
Consequently, intercellular organelle transfer frequently utilizes the
same  types  of  transport  structures  and  tools  employed  for  signal
transfer.  In  a  manner  analogous  to  secreted  proteins,  cells  possess
the  capacity  to  employ  secretory  vesicles  to  facilitate  the  long-
distance  transfer  or  targeted  delivery  of  organelles,  such  as
mitochondria,  to  the  extracellular  environment  [16−19].  In  a
manner  analogous  to  tunneling  for  fundamental  material  transfer
between  cells,  cells  have  been  observed  to  form  tunneling
nanotubes  (TNTs)  to  deliver  organelles  such  as  mitochondria
[20−22].  In  a  similar  manner,  plasmodesmata  facilitate  signal
communication  in  plant  cells,  and  these  cells  create  complex
protein  pores  through  cell  wall  openings  to  exchange  chloroplasts
[23, 24].  Following  the  classification  and  investigation  of  the
fundamental structures implicated in organelle transfer, researchers
conducted extensive studies on the categories of organelles capable
of migration [25]. The extant literature suggests that, in addition to
the  prevalent  phenomenon  of  mitochondrial  transfer  [26−29],
organelles such as chloroplasts [24, 30, 31],  lysosomes [15, 32−36],
endoplasmic reticulum [37, 38], and lipid droplets [39, 40] have also
been  observed  to  undergo  transfer  and  exchange.  These  organelle
transfers occur during both normal tissue life processes and in the
context of disease or cellular damage. These biological activities are
influenced  by  functional  changes  resulting  from  intracellular
organelle  transfers,  altering  the  internal  stable  environment  and
ultimately acting as a double-edged sword.

In this review, we methodically categorize the roles played during
organelle transfer and exchange into three distinct domains: effects
on  the  donor  cell's  internal  environment,  effects  on  the  recipient
cell's  internal  environment,  and  effects  on  the  extracellular
environment within multicellular spaces. This classification strategy
facilitates  the delineation of  research areas in organelle  transfer.  In
the context of malignant diseases, for instance, inhibitory effects can
be achieved by impeding the acquisition of exogenous organelles by
tumor cells or necrotic cells. In the context of autoimmune systems
or  existing  necrotic  regions,  exogenous  organelle  delivery  can  be
achieved  by  introducing  pluripotent  stem  cells  or  direct  artificial
transplantation to facilitate tissue repair and regeneration. However,
challenges  such  as  cross-staining  and  false  positives  in  visualizing
organelle  transfer  and  exchange  may  lead  to  misinterpretation  of
biological pathways considered in articles or studies. These research
obstacles urgently require the development of novel high-precision
visualization  techniques  to  facilitate  imaging  and  analysis.
Concurrently,  this  paper  proposes  the  development  of  activator
drugs that promote organelle transfer to address the low probability
of  organelle  transfer in  vitro cultures.  In  this  study,  we  provide  a
comprehensive  overview  of  the  structural  underpinnings  that

govern  organelle  transfer,  the  various  categories  of  transferable
organelles,  and  the  specific  organelle  groups  that  are  capable  of
transfer.  A  subsequent  discussion  will  address  the  series  of  effects
on donor and recipient cells before and after organelle transfer. The
integration of existing applications is a key aspect of this work, as it
provides novel  perspectives for the development of  future targeted
therapies.

 2    Triggers and mechanisms of organelle transfer
During the evolution of organisms from unicellular to multicellular
states,  the  establishment  of  intercellular  interactions  and  material
transport  led  to  the  formation  of  intricate  networks  that
interconnected  cells  of  similar  or  distinct  types  [41, 42].  In  this
process,  functional  differences  arising  from  cellular  differentiation
or disease led to significant alterations in the internal substances or
organelles of cells. A substantial body of research has demonstrated
that  in  organelles  containing  deoxyribonucleic  acid  (DNA),
including mitochondria and chloroplasts, gene expression is closely
associated with cellular function [43, 44].  Consequently,  organelles
of  the  same  type  within  different  cells  may  exhibit  substantial
functional  variations  [45].  In  such  conditions,  cells — as
fundamental  units  of  life  capable  of  independently  completing  life
processes and regulating themselves — have the capacity to acquire
or  appropriate  organelles  with  functions  they  originally  lacked
through  multiple  mechanisms  [46].  The  advent  of  sophisticated
imaging  techniques  and  labeling  methodologies  has  engendered  a
paradigm shift in the precision with which trajectory tracing can be
achieved. In recent years,  there has been an extensive examination
of  the  mechanisms  and  triggers  that  regulate  organelle  transfer
[47−50].  This chapter will  introduce the fundamental  mechanisms
and  structural  bases  of  organelle  transfer  by  analyzing  existing
literature.

 2.1    The structural basis of organelle transfer
The  simplification  of  intracellular  compartments  enabled  cells  to
form  localized  functional  units,  which  ultimately  evolved  into
membrane-bound or membrane-less organelles [51, 52]. A plethora
of  research  has  indicated  that  cells  underwent  a  minimum of  two
symbiotic  or  mutualistic  events  related  to  prokaryotic  cells  during
the  course  of  evolution.  These  events  were  categorized  as
independent  events  which  were  responsible  for  the  emergence  of
primary  and  complex  organelles.  In  high  concentrations  of
reducing gases,  early life evolved a metabolic pathway that utilized
light  energy.  These  bacteria  were  found  to  eventually  release
substantial amounts of oxygen and synthesize organic compounds.
The  increase  in  oxygen  concentration  resulted  in  accelerated
growth among archaeal bacterial groups that utilized oxygen for the
consumption  of  organic  matter.  This  metabolic  trait  underwent
horizontal transfer and refinement, forming a precursor resembling
cellular  aerobic  respiration.  In  conclusion,  the  production  and
demand  for  oxygen  within  specific  bacterial  symbiosis  led  to  the
formation  of  localized  endosymbiotic  structures.  It  has  been
observed  that  some  archaea  have  invaginated  their  inner
membranes to enclose genetic material, forming nuclei, and created
numerous  internal  cavities  within  their  cells.  These  spaces  were
subsequently  colonized  by  oxygen-producing  and  oxygen-
consuming  bacteria,  which  underwent  a  process  of  evolution,
ultimately  resulting  in  the  formation  of  organelles  such  as
chloroplasts  and  mitochondria.  This  symbiotic  mutualism
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underwent a transformation into a state of dependency, ultimately
resulting  in  its  indispensability  [53].  This  evolutionary  mechanism
provides  a  theoretical  framework for  understanding the  utilization
of  organelles  within  cells.  Cells  are  in  a  constant  state  of  renewal,
transfer,  and  release  of  organelles  in  order  to  maintain  internal
homeostasis.  Horizontal organelle transfer provides information to
enhance  cellular  functions.  More  crucially,  given  that  the
internalization of bacteria and the formation of organelle precursors
transpired  during  a  period  of  frequent  gene  transfer  between
bacteria,  the  genes  and structures  of  organelles  across  cells  remain
strikingly  similar.  It  has  been  demonstrated  that  these  organelles
retain significant bacterial  signaling structures,  thereby providing a
substantial  structural  foundation  and  universal  biological
mechanism  for  organelles  to  function  as  signaling  molecules  [54].
This foundation enables researchers to study organelles as localized
functional  units  [55, 56].  Conversely,  researchers  have  thoroughly
elucidated  multiple  critical  forms  of  transport  and  transfer  when
discussing  material  transfer  and  intercellular  communication
(Fig.  1).  These  transport  mechanisms  depend  on  intracellular  ion
levels,  redox  states,  cytoskeletal  localization,  and  other  factors
[57−59].  Building  upon  this  foundation,  cells  gradually  formed
structures  by  arranging  and  combining  these  units.  Examples
include  exosome  or  vesicle  structures,  which  are  constructed  via
membrane  fusion,  and  filamentous  structures  on  the  membrane

surface, which are formed through the coupling of membranes with
the cytoskeleton [60−63]. Transport mechanisms such as proximity-
mediated  fusion  and  the  assembly  of  small  molecule  monomers
after  transfer  were  also  established  using  ion  channels  or
transmembrane proteins [64].

Similar  to  intercellular  material  transfer,  organelles  rely  on pore
structures  formed  between  adjacent  cells  for  transport.  Based  on
this theory, TNTs have been reported to exist between heterologous
or homologous cells [65]. These spontaneously formed, membrane-
bound  tubular  protrusions  originate  from  the  plasma  membrane
and  function  by  forming  internal  cytoskeletal  networks  that
ultimately  achieve  intercellular  fine  structures  ranging  from  20  to
2000  nm [14, 61, 66].  The  stable  tubular  architecture  within  these
structures  enables  the  transport  of  macromolecules  and  even  fully
formed  organelles  [65, 66].  Since  their  discovery,  it  has  been
demonstrated that mitochondrial membrane vesicles, dysfunctional
mitochondria,  and  even  entire  mitochondria  traverse  these
channels  for  intercellular  transfer  (Fig.  2)  [67−72].  Furthermore,
due to the expandability of the tubular network, cells can exchange
secondary  organelle  structures,  transporting  them  from  donor  to
recipient  cells.  Once  initiated,  the  transport  process  enables  rapid
intercellular  organelle  transfer  between  donor  and  recipient  cells,
ultimately  facilitating  parallel  genomic  exchange  [24, 73].
Concurrently,  the  formation  of  intercellular  canal  networks

 

Figure 1    Pathways for mitochondrial transfer from donor to recipient cells. (a) TNTs, the most prevalent intercellular transfer pathway, are membrane-bound tubular
tunnels  extending  from  the  plasma  membrane.  (b)  Extracellular  vesicles  (EVs)  formed  from  the  cell  membrane  represent  another  pathway  for  organelle  transfer.  (c)
Certain  organelles,  such  as  mitochondria,  can  be  secreted  into  the  extracellular  environment  and  internalized  by  neighboring  cells.  (d)  Numerous  gap  junctions  exist
between cells, particularly in plants, where some protein complexes can facilitate organelle transfer by forming assemblies.
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represents  a  conserved  transport  mechanism  across  diverse
multicellular  organisms [61, 74].  Recent  studies  indicate  that  plant
cells  can  transfer  chloroplasts  through  intercellular  conduits  or
plasmodesmata-like  structures,  facilitating  genomic  dissemination

[24]. Researchers have observed significant horizontal gene transfer
phenomena  within  certain  grafted  or  symbiotic  plants.  These
processes allow different cell types to select suitable phenotypes and
respond to external environmental stimuli.

 

Figure 2    TNTs  serve  as  the  primary  bridge  for  intercellular  organelle  transfer.  (a)  Researchers  discovered  that  mitochondria  can  be  transferred  between  cells  via
tunneling nanotubes to rescue apoptotic PC12 cells. Using fluorescence labeling of mitochondria, microtubulin, and cytoplasm, time-lapse confocal microscopy imaging
confirmed  that  mitochondria  colocalize  with  microtubules  within  TNTs  and  are  transported  along  TNTs  from  healthy  cells  to  stressed  cells  [69].  Reproduced  with
permission from Ref. [69], © Wang, X. et al. 2015. (b) Researchers discovered that the virus induces TNT formation in multiple cell types, including placental trophoblasts.
By fluorescently labeling cell nuclei, mitochondria, actin, and viral particles, confocal microscopy captured the generation of intercellular TNTs and mitochondrial transfer.
They observed that TNT-mediated mitochondrial transfer serves both as a bridge for infecting neighboring cells and as an energy boost for infected cells [70]. Reproduced
with permission from Ref. [70], © Michita, R. T. et al. 2025.
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Mounting  evidence  indicates  that  cells  can  internalize
extracellular  debris  and  minute  cellular  structures  through
endocytosis  (Fig.  3)  [75−77].  Researchers  discovered that  sea  slugs
can  perform  photosynthesis  by  isolating  chloroplasts  from  algae
and  completing  their  internalization  [30, 31].  Furthermore,  in
various  cell  types,  it  has  been  observed  that  cells  can  process  and
ingest  internalized  dysfunctional  or  intact  organelles  through
vesicles  or  exosome  structures  formed  by  endocytosis  and
exocytosis  [78−85].  These  experiments  confirm  that  this
extracellular  environment-dependent  uptake  mechanism  enables
organelles  to  migrate  long  distances  within  multicellular
organisms [82, 86].

Another  method of  intercellular  organelle  transfer  relies  on gap
junctions, which are formed by transmembrane proteins that create
pores in the cell  membrane (Fig.  4) [23, 87, 88].  When donor and
recipient  cells  dock,  these  channels  polymerize  to  create  openings

between  cells,  facilitating  the  transfer  of  substances  and  organelles
[89, 90].  Due  to  the  distinct  nature  of  this  coupling  mechanism,
different  studies  have  employed  vastly  divergent  terminology  to
describe  it.  This  paper  adopts  the  simplest  designation,  gap
junctions (GJs), to ensure this gap junction protein-based pathway
can be applied across cells and species. Recent studies indicate that
cells can exchange information directly through gap junctions when
participating  in  the  transfer  of  mitochondria  and  chloroplasts
[24, 91, 92].  This  article  demonstrates  that  organelles  can undergo
connection,  internalization,  and  release  processes  via  the  Cx43
protein  between  human  mesenchymal  stem  cells  and  certain  cells
[92−94].  In  plants,  openings  in  cell  walls  and  membranes  enable
intercellular  tissue  fusion,  forming  a  cytoplasmic  connection  that
spans  the  cell  wall  [24].  This  connection  increases  the  likelihood
that  plastids  will  move  from  one  cell  to  another  through  these
pores.

 

Figure 3    Extracellular organelles in free or exosomal forms serve as intercellular signaling molecules. (a) Through cryo-transmission electron microscopy of cell sections
stained with actin, research has found that intact mitochondria are released from dead cells and serve as danger signals between cells.  Simultaneously,  primary human
macrophages and dendritic cells phagocytose mitochondria derived from dead cells, regulating cytokine secretion by macrophages and inducing dendritic cell maturation
[75]. Reproduced with permission from Ref. [75], © Maeda, A. et al. 2014. (b) When stimulated, cells release vesicles containing organelles. For example, researchers have
discovered that cells release mitochondrial apoptosomes, discharging them outside the cell via "vesicular protrusions" using fluorescence staining and cryo-transmission
electron microscopy [77]. Reproduced with permission from Ref. [77], © Elsevier B.V. All rights reserved 2008.
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Overall,  existing  research  has  elucidated  multiple  pathways  and
structural foundations for intercellular organelle transfer [86]. These
include TNTs [95, 96],  EVs [26, 97−101],  endocytosis [24, 91, 92],
as  well  as  gap  junction  intercellular  communication  (GJIC)
structures  [23, 87, 88].  These  pathways  help  researchers  better
decipher  cellular  life  activities  and  deepen  their  understanding  of
intercellular  interactions  and  communication  within  multicellular
organisms.

 2.2    Factors inducing organelle transfer
In  recent  years,  significant  attention  has  been  given  to  the

spontaneous secretion and transfer of organelles within cells, as well
as  their  horizontal  transport  [20].  Analysis  of  the  underlying
mechanisms has revealed that cells can respond to diverse external
signals,  recognize ionic conditions within their microenvironment,
comprehend their own cellular requirements, and ultimately initiate
intracellular  transport  processes  [15, 38, 102, 103].  As  pathways
involving  extracellular  vesicles,  nanotubes,  and  gap  junction
intercellular  communication  structures  have  been  elucidated,
mounting  evidence  suggests  that  this  localized  or  long-distance
organelle  transfer  is  a  spontaneous,  self-protective,  or  defensive
process for cells (Fig. 5, Table 1).

 

Figure 4    Intercellular  organelle  transfer  occurs  through the formation of  gap junctions.  (a)  Existing research has  revealed that  the  gap junctions  protein connexin 43
(Cx43) is essential for mitochondrial transfer. Transmission electron microscopy (TEM) revealed that intercellular junctions or ring-shaped gap junctions form, ultimately
integrating the entire organelle into a double-membrane vesicle to achieve organelle transfer [23]. Reproduced with permission from Ref. [23], © John Wiley & Sons A/S.
Published by John Wiley & Sons Ltd.  2021. (b) Using TEM for  3D layer-by-layer  scanning,  it  was  discovered that  protein polymer channels  spanning cell  walls  form
between plant cells  (such as within callus complexes formed after grafting),  mediating intercellular chloroplast transfer and ultimately enabling gene-level  transfer [24].
Reproduced with permission from Ref. [24], © Hertle, A. P. et al. some rights reserved; exclusive licensee American Association for the Advancement of Science 2021.
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Cells possess multiple rapid and efficient regulatory mechanisms
to  assist  in  fulfilling  their  predetermined  life  processes  [97, 104,
105].  Once  a  cell  detects  deficiencies  or  surpluses  of  functional
components,  it  initiates  organelle  transfer  processes  [97, 101].  For
example, when a cell identifies insufficient foundational proteins in
its  internal  energy  supply  or  drug  resistance  mechanisms,
it  releases  microtubule  structures  into  the  surrounding
environment  and  forms  connections  with  donor  cells  [106−108].
High-energy-consuming  tumor  cells  within  a  cellular  population
have  been  considered,  as  their  internal  energy  supply  is  often
insufficient  to  sustain  their  relentless  migration  and  proliferation
[109, 110].  Consequently,  tumor  cells  establish  organelle  transfer
networks  with  immune  cells  [110],  neurons  [27],  epithelial  cells
[111], and others [109, 112, 113]. Through this process, tumor cells
absorb  appropriate  mitochondria  from  neighboring  cells,  thereby
aiding their own migration, infiltration, and metastasis. Conversely,
when  a  cell  detects  dysfunction  in  its  organelles,  it  expels  the
impaired  organelles  into  the  extracellular  environment  through
exocytosis  or  the  formation  of  exosomes.  Studies  have  also
shown  that  cells  eliminate  impaired  mitochondria  through
mitocytosis when they undergo stress or experience mitochondrial
mutations  or  damage  due  to  high-intensity  energy  metabolism.
Mitocytosis  is  a  process  mediated  by  exocytosis,  exosomes,  and
migrasomes.  This  self-regulatory  function,  in  which  cells
autonomously  remove  dysfunctional  components  to  maintain
organelle  quality  control  and  renewal,  contributes  to  an  extended
cellular lifespan [26, 114, 115].

In  addition  to  initiating  pathways  for  spontaneous  organelle
migration  within  cells  in  response  to  sudden  environmental
changes  or  stress,  cells  form  communication  structures  with
neighboring cells to seek external assistance and collectively defend

against  environmental  threats  [116−118].  In  the  field  of  tissue
repair,  stem  cells  can  rapidly  prepare  for  differentiation  by
transferring organelles to cells with specific differentiation pathways
[86, 119, 120].  Furthermore,  cell  types  susceptible  to  external
stimuli, such as epithelial and muscle cells, often form long-lasting,
stable organelle transfer networks [121−124]. These networks allow
damaged  cells  to  repair  themselves  before  necrosis  occurs,  thus
minimizing  the  impact  on  surrounding  cells.  However,  this
organelle transfer in response to external threats is equally prevalent
in infections [125, 126] and tumor microenvironments  [127, 128],
which exacerbates the development of drug resistance. Nevertheless,
this  process  is  not  insurmountable;  immune  cells  in  multicellular
organisms also use intercellular organelle  transfer to enhance their
functions [129, 130]. Research shows that immune cells can restore
or enhance their immune activation and phagocytic capabilities by
acquiring  exogenous  or  free  organelles,  such  as  mitochondria  or
lysosomes  [127, 131, 132].  This  allows  for  the  rapid  infiltration  of
affected areas and the successful completion of immune functions.

In  general,  intercellular  organelle  migration  depends  on  a  cell's
signaling  responses.  It  is  initiated  by  internal  physiological
regulation  and  survival  needs,  as  well  as  by  responding  to
extracellular  environmental  stresses  and  adapting  to  external
conditions  [26, 29, 37, 101, 114, 127, 133].  This  process  not  only
helps  cells  perform  their  functions  efficiently,  supports  internal
quality control,  and extends cell  lifespan, but also plays a dual role
in  disease  progression,  drug  resistance  development,  and  immune
failure.

 2.3    Research on types of intercellular organelle transfer
As  early  as  the  beginning  of  the  21st century,  American
Physiological  Society  collaborative  research  had  estimated  and

 

Figure 5    Intrinsic  and  extrinsic  factors  regulating  organelle  transfer  and  exchange.  During  life  processes,  cells  respond  to  intrinsic  and  extrinsic  stimuli  to  complete
organelle transfer. When energy is depleted or urgent functions arise, cells actively form nanotubes to replenish mitochondria. During rapid migration or high-power cell
proliferation,  mitochondrial  structures  may  become  damaged,  prompting  cells  to  spontaneously  expel  organelles  for  processing  and  clearance  by  other  cells.  During
endotoxin stress, cells utilize lysosomes to encapsulate waste and actively deliver it to immune cells for immune responses. Under external stress, organelle transfer often
occurs  passively—for  instance,  heavy  metal  stress  triggers  nanotube  formation  and  prepares  for  organelle  transfer.  Stronger  external  stimuli  like  hyperimmunity
simultaneously affect multiple cells, forming cellular networks that enable organelle sharing and assist immune functions. Within the tumor microenvironment, immune
cells and neural cells can be hijacked by cancer cells, with organelles being appropriated by the tumor.
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categorized  the  potential  types  of  organelles  that  could  be
transferred  [25].  Building  on  nearly  two  decades  of  advances  in
organelle  transfers,  like  migration,  uptake,  and  secretion,  this
subsection  aims  to  provide  a  comprehensive  classification  of
organelles  capable  of  intercellular  transfer.  Of  the  various  models
and  variants  of  intercellular  organelle  transfer  that  have  been
described,  researchers  have  determined that  organelles  that  supply
energy  (e.g.,  mitochondria  and  chloroplasts)  [28−31],
endomembrane organelles (e.g., the endoplasmic reticulum and the
Golgi apparatus) [37, 38, 134], and organelles that degrade or digest
(e.g.,  lysosomes and melanosomes) [34, 35] can all  undergo cross-
cell transfer (Table 2).

 2.3.1    Energy-supplying organelles

Mitochondria  are  the  most  thoroughly  characterized  organelles  in
terms  of  mechanism  elucidation,  application,  and  medical
translation  because  they  are  a  hotspot  in  intercellular  organelle
transfer  research  [21, 86, 127, 135, 136].  In  living  organisms,  they
perform  several  functions,  including  supplying  energy  and
regulating  intracellular  redox  processes  [86, 137−139].

Consequently,  this  highly  metabolic  organelle  is  particularly
susceptible  to  damage.  Research  indicates  that  significant
mitochondrial  transfer  occurs  between  co-incubated  cells  when
cells experience mitochondrial dysfunction [29]. This migration has
been  widely  observed  in  stem  cells,  cardiovascular  cells,  and
neurons  [27, 29, 137].  Previous  studies  have  demonstrated
unidirectional mitochondrial  transfer between cardiomyocytes and
adipose-derived  pluripotent  stem  cells  [124, 138, 140, 141].
Conversely, mitochondrial transfer between renal tubular cells and
mesenchymal  stem  cells  is  bidirectional  [142, 143].  Through  co-
culture  experiments  with  various  cell  types,  researchers  have
observed  that,  under  physiological  conditions,  mitochondrial
transfer  helps  maintain  tissue  stability  while  promoting
development  and  repair  [86].  Meanwhile,  mitochondrial  transfer
can  also  serve  as  an  indicator  of  disease  progression  or  diagnosis.
Within  the  nervous  system,  fluctuating  levels  of  mitochondrial
transfer  may  contribute  to  the  development  of  Alzheimer's  and
Parkinson's  diseases  [144−146].  In  cardiovascular  and
cerebrovascular  contexts,  the  presence  of  mitochondrial  transfer
can  serve  as  an  indicator  of  myocardial  injury,  myocardial

 

Table 1    Intrinsic and extrinsic factors regulating organelle transfer and exchangea

Classification
of transfer

causes

Transfer of
causation

Types of
organelles Biological mechanism Ref.

Internal
factors Insufficient energy

supply Mitochondria
Donor mitochondrial transfer provides a potential mechanism for exogenous replacement of
dysfunctional mitochondria in stressed recipient osteoblasts, thereby rescuing the recipient
osteoblasts.

[133]

Endotoxin injury Mitochondria When mitochondria are damaged by endotoxin, mesenchymal stem cells injected into the
trachea successfully transfer mitochondria to pulmonary alveolar epithelial cells in the lungs. [101]

Mitochondrial
dysfunction Mitochondria Acquiring functional mitochondria increases mitochondrial mass and enhances metabolic

health in T cells. [127]

Organelle quality
control Mitochondria Neurons can release damaged mitochondria and transfer them to astrocytes for processing and

recycling. [26]

Organelle quality
control Mitochondria The crucial role of intercellular mitochondrial transfer in mitochondrial quality control [115]

Organelle quality
control Mitochondria Mitochondrial quality control processes mediated by migrans [114]

Removal of
intracellular debris

Lysosomes/
endosomes

Nanoplastics (NPs) are internalized by granulocytes in green mussels (Perna viridis), transferred
to new blood cells (primarily granulocytes) via lysosomes and endosomes, respectively,
subsequently enhancing phagocytic activity and promoting immune responses.

[132]

Genome-level
transmission Chloroplasts Plant genomes undergo horizontal transfer via intercellular transfer through chloroplasts. [24]

Exogenous
stimulus

Synergistic
completion of
angiogenesis

Mitochondria Under cellular stress, MSCs transfer mitochondria to ECs via tunnel nanotubes, and blocking
this transfer impairs EC implantation. [29]

Toxin stress or
heavy metal
stimulation

Mitochondria When cells are under stress, TNTs serve as critical structures for transferring cellular contents or
energy from damaged cells to others. [37]

Acute injury Mitochondria BMSCs prevent ALI by restoring alveolar bioenergetics through Cx43-dependent alveolar
adhesion and mitochondrial transfer. [101]

Inflammatory
cascade stress Mitochondria

Mesenchymal stem cells support macrophage immune homeostasis via mitochondrial transfer,
restoring male fertility and testosterone production in an ischemic-reperfusion injury mouse
model.

[230]

Stem cell responsive
differentiation Mitochondria Macrophages promote MSC osteogenic differentiation by transferring mitochondria to MSCs. [231]

Tissue injury/tissue
regeneration
requirements

Mitochondria Intercellular mitochondrial transfer as a means of tissue revitalization [86]

Tumor cell
hijacking Mitochondria Cancer cells receiving mitochondria from primary tumor neurons exhibit enhanced metastatic

capacity; the nervous system supports cancer metabolism and metastatic dissemination. [27]

aBMSCs: bone marrow-derived mesenchymal stem cells; ALI: acute lung injury.
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infarction,  hypertension,  and  hypoxia-induced  damage  [93,
147−151]. In respiratory infections, skeletal muscle conditions such
as chondrodystrophy and rheumatoid arthritis, and atypical disease
models  like  myoclonic  epilepsy  and  respiratory  alkalosis,
mitochondrial vitality indicators and transfer probabilities are being
extensively explored as potential therapeutic strategies [86, 152, 153].

Another  type  of  intracellular  energy  organelle  that  is  unique  to
plants is the chloroplast and its derived vesicles. Research indicates

that  grafting  and  symbiotic  relationships  in  plants  can  facilitate
interspecific  transfer  at  the  proteome,  RNome,  and  DNA  levels
[24, 154].  By  investigating  DNA  transfer  pathways,  researchers
discovered that distinct filamentous structures form between cells of
different plant species during callus tissue formation. After labeling
chloroplasts  from  two  plant  species,  researchers  observed  that
heterologous  chloroplasts  are  transferred  to  neighboring  cells  via
plasmodesmata,  a  mode  of  transport  facilitated  by  cell  wall  pores.

 

Table 2    Published reports of intercellular organelle transfera

Classification of
organelles Organelle cargo From (donor cell type) To (recipient cell type) Biological mechanisms Ref.

Energy-
supplying
organelles

Chloroplasts

Halimeda borneensis Plakobranchus ocellatus Chloroplast acquisition without the gene transfer in
kleptoplastic sea slugs, Plakobranchus ocellatus [31]

Food algae Sacoglossan sea slugs

Sacoglossan sea slugs puncture the cell wall of food algae to
suck out the protoplasm. The chloroplasts in the
protoplasm are transported to the sea slug’s intestinal tract,
and the sequestered chloroplasts (kleptoplasts) maintain
the photosynthetic activity in the cell for days to months.

[30]

dsRed-Sterile tobacco YFP-Sterile tobacco
Chloroplasts achieve intercellular transfer of entire
organelles and genomic-level transfer through intercellular
connections between plant cells.

[115]

Mitochondria

MSCs ECs

During cell transplantation, perivascular MSCs transiently
transferred mitochondria to neighbouring ECs through
TNTs, enhancing their bioenergetics and overall fitness,
and particularly their engraftment ability.

[29]

MC-
38/B16F10/MCF7/MDA-

MB-231/Jurkat

Tumor-infiltrating
lymphocytes (TIL)

Mitochondria with mitochondrial DNA mutations
transferred from cancer cells to T cells in the tumor
microenvironment (TME) cause T cell dysfunction.

[28]

Neural stem cells (NSC) Mouse mammary
carcinoma cells (4T1)

Cancer-associated neurons enhance cancer metabolic
plasticity by transferring mitochondria to cancer cells. [27]

Rat/mouse astrocytes Rat/Mouse primary
neurons

Astrocytes in mice can also release functional mitochondria
into neurons, contributing to endogenous neuroprotection
and neuroregeneration mechanisms after stroke.

[27]

Adipocytes Macrophages
Adipocytes transfer mitochondria to macrophages in white
and brown adipose tissue to maintain metabolic
homeostasis.

[177]

Adipocytes Macrophages
Intercellular mitochondrial transfer to macrophages
regulates white adipose tissue homeostasis and is impaired
in obesity.

[138]

Astrocytes Glioblastoma cells

GAP43-mediated transfer of functional mitochondria from
astrocytes to glioblastoma cells induces tumor-growth-
promoting metabolic, signaling, and epigenetic
reprogramming.

[178]

Bone marrow stromal cells Leukemia blast cells
Autotrophy recovery decreased extracellular lactate
production, increased ATP, mitochondrial membrane
potential, and O2 consumption.

[232]

In vivo TME Melanoma and mammary
carcinoma cells Autotrophic recovery [97]

BM or LT or BAU-MSCs Bronchial epithelial cells Restoration of respiratory capacity and tumorigenic
potential [233]

Osteoblast dendritic
networks Primary mouse bone cells N.D. [133]

MSCs Mitochondrial DNA
mutation GM10742 cells

ER-mediated intercellular mitochondrial transfer within
osteoblast dendritic networks influences the balance
between bone resorption and formation through
communication with osteoblasts and osteoclasts.

[234]

Stromal lineage cells (SLCs) Macrophages

EV-Mito released by mesenchymal stem cells (MSCs)
creates super-donors by enhancing mitochondrial transfer.
Super-EV-Mito rescues mitochondrial DNA defects in
LHON male mice and alleviates LHON-related symptoms.
SLC rapidly senses injury signals and establishes
connections with resident macrophages via nanotubes,
transferring mitochondria from SLC to neighboring
activated macrophages through nanotubes.

[230]
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This  interplant  organelle  transfer  ensures  not  only  the  resistance
developed  within  the  callus  population,  but  also  plant  hormone
synthesis  within  the  callus  region,  ultimately  enabling  wound
healing.

In  summary,  the  section  presents  research  findings
demonstrating  that  the  unidirectional  or  bidirectional  transfer  of
energy-supplying  organelles  between  animals  and  plants  has
become  a  crucial  link  in  intercellular  signaling  and  material
exchange (Fig. 6) [21, 24, 127]. This transfer process bridges donor
and  recipient  cells,  ultimately  enabling  energy  mutualism,  gene-
level transfer, and even self-regulation of the life cycle. This process
may serve as the primary mechanism for interspecies transmission
of  non-nuclear  DNA  in  these  two  multicellular  organisms.
Analyzing the intercellular transfer of energy-related organelles can

provide  potential  targets  and regulatory  strategies  for  studying  the
control  of  intercellular  energy  transfer,  including  energy
complementation and enhanced energy predation.

 2.3.2    Endomembrane organelles

Endosomes  are  the  primary  group  of  single-membrane  organelles
within cells. They play crucial roles in protein synthesis, processing,
material transport, and spatial localization [155−157]. To secrete or
transfer  proteins  from  the  cell  interior  to  the  plasma  membrane,
endosomal  organelles  generate  a  series  of  membrane-bound
organelles with dynamic membranes. These membrane vesicles, the
endoplasmic  reticulum,  and  the  Golgi  apparatus  consistently
function  as  core  components  that  regulate  intracellular  protein

(Continued)
 

Classification of
organelles Organelle cargo From (donor cell type) To (recipient cell type) Biological mechanisms Ref.

Endomembrane
organelles

Endosomes

Rat pheochromocytoma cell Rat pheochromocytoma
cell

The concept of tunnel nanotubes is proposed for the first
time, and it is discovered that tunnel nanotubes facilitate
the transfer of membrane vesicles and organelles.

[15]

Rat kidney cell Rat kidney cell
It was discovered that intercellular endocytic organelles
exchange frequently and continuously through tunneling
nanotubes via a myosin-dependent mechanism.

[103]

Human macrophage Human macrophage
HIV-1 hijacks macrophage endocytosis and cytoskeletal
mechanisms to achieve high-speed intercellular endosomal
transport.

[134]

Rat hippocampal astrocyte Rat hippocampal astrocyte It can mediate diverse organelle transfers in rat
hippocampal astrocytes and neurons. [37]

Golgi/ER
Human macrophage Human macrophage Viruses hijack the endoplasmic reticulum and Golgi

apparatus within cells to accomplish intercellular delivery. [38]

Rat hippocampal astrocyte Rat hippocampal astrocyte Multiple organelle transfers mediated in rat hippocampal
astrocytes and neurons. [37]

Degradation-
associated
organelles

Lysosomes

Rat pheochromocytoma cell Rat pheochromocytoma
cell

Transfer of lysosomes as cargo through intercellular
nanotubes [15]

Mouse neuronal CAD cell Mouse neuronal CAD cell
Prion hijacking and TNT-mediated intercellular transfer
enables retrograde transport of prions into the central
nervous system.

[36]

Rat ventricular
cardiomyocyte Rat fibroblast

Long-distance intercellular connections between
cardiomyocytes and cardiac fibroblasts mediated by
membrane nanotubes

[35]
Rat ventricular
cardiomyocyte

Rat ventricular
cardiomyocyte

Rat fibroblast Rat ventricular
cardiomyocyte

Rat fibroblast Rat fibroblast

Melanosome

Chicken embryo skin
melanocyte Keratinocytes

GFP-melanocytes release membrane vesicles, each
containing a single (not multiple) melanosome, which are
ultimately incorporated into keratinocytes.

[34]

Human melanocyte Human keratinocyte Melanocyte-specific, lysosome-associated organelles
(melanosomes) transfer from melanocytes to keratinocytes
to protect skin from harmful ultraviolet radiation (UVR).

[33]
Human keratinocyte Human keratinocyte

Mouse melanocyte Mouse keratinocyte

Mammalian pigmentation is driven by the intercellular
transfer of pigment-containing melanosomes from the
apical dendrites of melanocytes to surrounding
keratinocytes.

[211]

Other types of
organelles Lipid droplets

AML12 cells AML12 cells
Cd promotes lipid droplet transfer between hepatocytes.
TNTs and molecular motors cooperate to achieve the
intercellular transfer of lipid droplets.

[40]

Human microvascular
endothelial cells

(HMEC-1)

Human microvascular
endothelial cells

(HMEC-1)

For the first time, it has been demonstrated that tunnel
nanotubes in endothelial cells contain not only lysosomes
and mitochondria, but also lipid droplets.

[39]

aYFP: yellow fluorescent protein; GAP43: growth-associated protein 43; N.D.: not detected; ER: endoplasmic reticulum; LHON: Leber hereditary optic
neuropathy; HIV-1: human immunodeficiency virus type 1; CAD cell: cis-acting anti-repression sequence deficient cell; GFP: green fluorescent protein.
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Figure 6    Energy-supplying organelles serve as a vital component in intercellular transfer. (a) As a hot topic in intercellular organelle transfer, researchers have discovered
through fluorescence co-localization techniques that  cells  transport  mitochondria through tunneling nanotubes to import  healthy mitochondria while  discarding those
blocked at  import  sites  [21].  Reproduced with permission from Ref.  [21],  © Needs,  H.  I.  et  al.  2024.  (b)  SEM and fluorescence visualization revealed that  intercellular
mitochondrial  transfer  mediated  by  nanotubes  enhances  T-cell  metabolic  adaptability  and  antitumor  efficacy  [127].  Reproduced  with  permission  from  Ref.  [127],  ©
Baldwin, J. G. et al. Published by Elsevier Inc 2024. (c) By TEM visualization, plant cells can form new intercellular connections—pores—through localized breakdown of
cell  walls,  enabling chloroplast  transfer  and gene-level  transfers  [24].  Reproduced with permission from Ref.  [24],  © Hertle,  A.  P.  et  al.  some rights  reserved;  exclusive
licensee American Association for the Advancement of Science 2021.
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pathways  [158].  Recent  research  on viral  transmission and disease
progression  has  revealed  that  certain  viruses  can  hijack  host  cell
organelles,  such  as  the  endoplasmic  reticulum  and  the  Golgi
apparatus, to execute infection strategies via intercellular nanotubes
[37, 38].  Furthermore,  endosomal  vesicles  contain  various  active
compounds,  including  proteins  and  enzymes.  Intercellular
organelle  transfer  delivers  these  vesicles  through  TNT  conduits  to
adjacent  cells,  inducing  or  activating  signaling  responses  in
neighboring  cells  and  achieving  paracrine  regulation.  Studies  have
demonstrated that labeling target fluorescent proteins in astrocytes
allows  one  to  quantify  the  transfer  rates  of  the  endoplasmic
reticulum, the  Golgi  apparatus,  and endosomes within TNT tubes
between glial cells [15, 37, 103, 134]. In glial cells and neurons, for
example, cytotoxic particles such as Aβ can hijack lipid membrane
vesicles  or  organelles  through  TNT  and  transfer  them  to  another
cell.  This  occurs  particularly  in  astrocytes  or  rat  neurons,  where
these  particles  accumulate  excessively  [37].  Overall,  cells  can
activate,  interpret,  and  enhance  their  resistance  to  signals  from
neighboring cells by transferring membrane-bound organelles, such
as  the  Golgi  apparatus  or  the  endoplasmic  reticulum  (Fig.  7)
[37, 72]. Following viral infection, these organelles can also serve as
camouflage  to  facilitate  cross-cell  infection.  Therefore,  elucidating
such organelle transfer mechanisms aids in the study of co-infection
drugs and the mechanisms underlying intercellular protein transfer.

 2.3.3    Degradation-associated organelles

Within cells, organelles such as lysosomes and their derivative units
use  pathways  like  ubiquitination  and  phosphatase  hydrolysis  to
break  down  proteins  inside  the  cell,  which  regulates  the  rate  of
enzymatic  reactions  [15, 35, 36].  Lysosomes  are  highly  dynamic
organelles  that  primarily  rely  on  diffusion  for  their  intracellular
movement.  However,  cell-to-cell  interactions  can  facilitate
lysosomal  transport  along  microfilaments  and  microtubules  via
adenosine triphosphate (ATP) and motor proteins such as dynein.
Research has revealed that,  within TNT networks formed between
endothelial progenitor cells, lysosomes can be found transferring to
stressed  human  umbilical  vein  endothelial  cells  (HUVECs)  [159].
This  process  relocates  activated  lysosomes  to  stressed  cells,
rebuilding  the  lysosomal  pool  within  them  and  enhancing
endothelial  cell  viability  [160].  Concurrently,  the  transfer  process
enables  the  recipient  cells  to  rapidly  clear  damaged  organelles  by
leveraging  the  lysosomal  contents,  kinases,  and  proteases  involved
in  the  transport.  Similar  organelle  transfer  mechanisms  are  also
observed in oligodendrocyte precursor cells (OPCs) in Alzheimer's
disease models [161].  In these models,  OPCs interact directly with
neuronal systems to regulate lysosomal exocytosis in neurons. This
process enhances the potential for neuronal repair and contributes
to the prevention of neural damage and pathological progression.

On  the  other  hand,  nanotubes  facilitate  the  transfer  of
melanosomes  when  cells  process  excess  intracellular  materials.
Research  indicates  that,  within  the  adhesion  space  between
melanocyte  dendrites  and  keratinocytes,  the  latter  phagocytose
extracellular  vesicles  formed  at  the  tips  of  the  former's  dendrites,
ultimately  completing  melanosome  transfer  [33].  Additionally,
synaptosomal  protein  aggregates  associated  with  lysosomes
undergo  unidirectional  transfer  from  neurons  to  microglia,
contributing  to  disease  onset.  External  stimuli  can  also  induce
lysosomal  translocation  within  cells.  Studies  show  that  H9c2
myoblasts  can  internalize  quantum  dot-labeled  exogenous
markers  into  lysosomes  and  secrete  them  extracellularly  and
simultaneously [162].

Overall,  lysosomes—as  the  primary  intracellular  organelles  for
hydrolysis and metabolism—facilitate enhanced resistance to injury
and  extended  lifespan  in  recipient  cells  through  intercellular
transfer  (Fig.  8)  [32, 36, 160].  They  perform  crucial  repair  and
protective  functions  in  hematopoietic  stem  cells,  neural  cells,  and
epithelial  cells.  Research  on  intercellular  degradation-associated
organelles  directly  impacts  cellular  protein  homeostasis  and
functional  expression,  providing  regulatory  targets  for  intercellular
protein  differential  analysis,  drug  resistance  in  diseases,  and
signaling factor transmission.

 2.3.4    Other types of organelles

Another  type  of  organelle  associated  with  intracellular  material
storage  is  the  lipid  storage  compartment,  or  lipid  droplet.  These
droplets  serve  as  cellular  lipid  reservoirs  and  centers  for  lipid
synthesis and protein storage. The number and persistence of lipid
droplets  are  closely  linked  to  pathological  conditions  such  as
inflammation and hypoxia. In endothelial cells, the number of lipid
droplets  increases  during  hypoxia,  ultimately  triggering
angiogenesis  [163, 164].  Consequently,  researchers  aim  to
investigate lipid droplets as reservoirs for signaling lipids and their
transport  functions.  Recent  studies  reveal  that  lipid  droplets  can
undergo rapid transfer via cell-to-cell  TNT (Fig.  9) [39, 40].  These
studies  show  that  lipid  droplets  act  as  an  emerging  cargo  within
endothelial  cells,  mediating  diverse  forms  of  endothelial  cell
adhesion  and  angiogenesis.  Researchers  characterized  the  transfer
of  lipid  droplets  as  bidirectional  movement  along  TNT,  a
mechanism  that  facilitates  intercellular  cytoplasmic  streaming.
Understanding this intercellular transport of lipid droplets provides
new  targets  for  studying  lipid  signaling  and  angiogenesis.  The
transfer of more types of organelles continues to be explored, and as
functional  factories  within  cells,  organelle  transfer  still  holds
immense research potential and value.

 3    Organelle  transfer  influences  the
"socialization" networks of organisms
Intercellular  organelle  transfer  affects  donor  cells,  recipient  cells,
and the multicellular microenvironment simultaneously. Therefore,
it  is  helpful  to  distinguish  and  classify  the  effects  of  organelle
transfer  based  on  the  affected  entities  [25].  Since  existing  research
on  organelle  transfer  primarily  focuses  on  mitochondria,  this
section will categorize recent studies in this field separately (Fig. 10).

 3.1    Effects on donor cells
Research on organelle transfer depends on donor cells, from which
the organelles originate. In co-culture environments, these cells can
donate  internal  organelles,  such  as  mitochondria.  For  example,
when  mesenchymal  stem  cells  (MSCs)  are  co-cultured  with  A549
cells and one cell type develops mitochondrial dysfunction, the co-
cultured  MSCs  or  fibroblasts  can  donate  their  internal
mitochondria  to  restore  aerobic  respiration  [165, 166].  This
significantly increases ATP levels and other indicators in the A549
cells. Meanwhile, the donor cells, whether MSCs or fibroblasts, can
maintain  their  own  viability  while  supplying  organelles  [27, 28].
Most reports indicate that mitochondrial transfer via TNT does not
significantly impair the intracellular environment of the donor cells
[37, 124, 167, 168].  However,  donor  cells  still  exhibit  varying
degrees  of  suppression  in  respiratory  and  metabolic  capacity  as
exporters [124, 169, 170]. In disease models, such as tumor models,
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tumor  cells  hijack  mitochondria  from  nearby  immune  cells.  This
renders the donor immune cells [167, 171], such as effector T cells
[172, 173],  immunologically  inactive  [60, 113].  This  process
transforms  the  T  cells  into  immunodeficient  cells  without  killing
them  immediately  [174].  Similarly,  in  infection  models  such  as
rhabdovirus-infected cells, the virus hijacks the host cell and begins
transferring organelles that carry viral genes and proteins. However,
this  process  avoids  rapidly  killing  the  donor  cell  [38].  Instead,  it

maintains  the  cell  at  a  low  metabolic  state,  turning  it  into  a
persistent transmission node.

Generally,  donor  cells  that  donate  organelles  do  not  experience
short-term  impacts  on  their  physiological  activities  [37, 124,
167−170].  However,  in  the  long term,  transferring their  organelles
places  donor  cells  in  a  state  of  energy  deficiency  or  hijacking
[124, 175, 176].  According  to  existing  research,  the  effects  of
organelle donation and unidirectional organelle transfer originating

 

Figure 7    Endomembrane organelles serve as a component of intercellular transport. (a) Researchers discovered through fluorescent labeling that between hippocampal
astrocytes and neurons containing H2O2, TNTs transfer endoplasmic reticulum, mitochondria, golgi apparatus, and endosomes. This intercellular communication serves
as  a  mechanism  for  cells  to  respond  to  harmful  signals  and  transfer  cellular  material  or  energy  to  another  cell  [37].  Reproduced  with  permission  from  Ref.  [37],
© Macmillan Publishers Limited 2010. (b) Researchers have utilized fluorescent labeling of the cytoskeleton and various organelles, supplemented by focused ion beam-
scanning electron microscope (FIB-SEM)-SEM and higher magnification 3D visualization, to discover interplasmic tunnel nanotubes (IP-TNTs) for the first  time, and
demonstrated that cytoplasmic components such as vesicles, endoplasmic reticulum, and mitochondria are transportable components via IP-TNTs [72]. Reproduced with
permission from Ref. [72], © Alarcon-Martinez, L. et al. under exclusive licence to Springer Nature Limited 2020.
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from the donor cell itself exert profound impacts on cellular redox
and metabolism [27, 28, 177, 178].

 3.2    Effects on receptor cells
Beneficiary  cells  typically  assume  the  role  of  being  assisted  or
rescued.  Researchers  have  discovered  that  organelle  transfer  not
only  triggers  reprogramming  of  the  recipient  cells  [26, 79, 80, 83,
97, 177, 179−182].  This  is  because  the  recipient  cells  clear  these
externally sourced organelles after they fulfill their functional roles.
Upon receiving organelles, recipient cells enhance ATP production,
reduce  lactate  output,  and  improve  adaptability  to  the  external
environment  [183].  This  alleviates  cellular  sensitivity.  The  impact
on the intracellular environment extends beyond organelle function
post-transfer  and triggers  programs that  clear  and repair  damaged

units within the recipient cells [175, 184]. Research indicates that, in
bone  tissue,  osteocytes  perforate  their  internal  mitochondria  into
doughnut-shaped  structures  and  transport  them  as  cargo  to
adjacent  damaged areas  [184].  Upon receiving  these  dysfunctional
mitochondrial bodies or fragments, the recipient osteocytes activate
mitochondrial autophagy. On the one hand, it eliminates damaged
mitochondria  within  the  cell  [185−188].  On  the  other  hand,  it
generates  new,  fully  functional  endogenous  mitochondria,
ultimately  restoring  vital  cellular  activities  [184].  However,
transferring  organelles  is  not  entirely  non-cytotoxic  to  recipient
cells. Due to clearance mechanisms within recipient cells, excessive
concentrations  of  transferred  organelles  can  directly  and
significantly  damage  them  [186, 189, 190].  Thus,  mitochondrial
transfer — and indeed,  the  transfer  of  various  organelles — has  a

 

Figure 8    Degradation-associated  organelles  regulate  cellular  activities  through  intercellular  crosstalk  that  demonstrated  by  fluorescence  co-localization.  (a)  TNTs,  the
most  prevalent  intercellular  transfer  pathway,  are  membrane-bound  tubular  tunnels  extending  from  the  plasma  membrane  [36].  Reproduced  with  permission  from
Ref. [36], © Springer Nature Limited 2009. (b) EVs formed from the cell membrane represent another pathway for organelle transfer [160]. Reproduced with permission
from  Ref.  [160],  ©  Asian  Surgical  Association  and  Taiwan  Society  of  Coloproctology.  Publishing  services  by  Elsevier  B.Vé  2025.  (c)  Certain  organelles,  such  as
mitochondria,  can be secreted into the extracellular  environment and internalized by neighboring cells  [32].  Reproduced with permission from Ref.  [32],  © American
Chemical Society 2025.
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Figure 9    Lipid droplets as novel mediators of organelle transfer between cells. (a) Researchers have demonstrated for the first time that lipid droplets serve as cargo for
TNT, thereby revealing a novel mechanism for intercellular communication [39]. Reproduced with permission from Ref. [39], © Astanina, K. et al. 2015. (b) Researchers
have demonstrated for the first time that migrating lipid droplets can act as signaling molecules to trigger an inflammatory storm effect, promoting lipid accumulation in
surrounding  cells  [40].  Reproduced  with  permission  from  Ref.  [40],  ©  Elsevier  B.V.  All  rights  reserved  2023.  The  experiments  described  in  the  above  article  were
conducted using fluorescence-labeled organelles and the cytoskeleton.
 

Figure 10    Multilevel profound effects induced by organelle transfer. During transfer, organelles act as signals that influence the homeostasis of donor cells, recipient cells,
and  the  cellular  microenvironment.  When  cells  donate  or  supply  organelles,  donor  cells  maintain  homeostasis  or  monitor  organelle  quality  through  short-term,
spontaneous  organelle  transfer.  However,  prolonged  organelle  supply  ultimately  leads  to  phenotypic  changes  or  even  cell  death.  Once  released  into  the  extracellular
environment, these free or vesicle-borne organelles function as signaling molecules for long-distance transmission. They assist cell colonization, enhance angiogenesis, and
even protect  cells  by metabolizing reactive  oxygen species  (ROS) via  residual  enzymes within the microenvironment.  Receptor  cells,  typically  beneficiaries  of  organelle
transfer, rapidly activate functions upon organelle acquisition to perform cleanup and repair tasks. Simultaneously, the infusion of heterologous organelles may disrupt
cellular homeostasis and inhibit normal physiological functions.
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dual  effect  on the recipient  cell  environment.  For  example,  during
lysosomal  transfer,  recipient  cells  that  receive  excessive  lysosomes
may  develop  cystinosis  due  to  high  concentrations  of  cystine
crystals  within  the  lysosomes,  which  can  ultimately  lead  to  cell
death.

In  summary,  these  observations  suggest  that  organelle  transfer
between cells influences the internal environment of recipient cells.
Unless  the  transfer  involves  toxic  particles  or  disguised  organelles
hijacked  by  viral  infections,  recipient  cells  activate  their  self-
protective  mechanisms  in  response.  This  ultimately  facilitates
recovery  and  enables  cells  to  withstand  external  stressors  and
stimuli.

 3.3    Effects  on  the  extracellular  environment  of
multicellular groups
Unlike in  vitro,  cells  within  living  organisms  do  not  exist  in  a  2D
culture  space.  Rather,  they  survive  and  function  within  the
microspaces  formed by  cell-to-cell  connections  [76].  Furthermore,
due to the non-totipotent nature of  differentiated cells,  cellular  life
activities are contingent on interactions among multiple cells. It can
be posited that all the tissues in a multicellular animal body exist in
a "socialization" form, utilizing biomolecules such as cytokines and
signaling molecules to communicate with each other. This signaling
exchange  is  contingent  upon  the  cell's  active  uptake  capacity  for
substances  in  the  extracellular  space  and  its  ability  to  process
extracellular materials. Upon acquiring information, the cell further
processes  it  and  transmits  it  to  neighboring  cells,  ultimately
achieving localized responses.  In  multicellular  organisms,  a  variety
of  processes,  including  cell-to-cell  communication,  migration,  and
long-distance  signaling,  are  contingent  upon  the  liquid  space
surrounding cells [177]. At the microscopic level, this space is filled
with mucoproteins or extracellular vesicles.  Research indicates that
these  vesicles  may  contain  organelles  released  via  exocytosis  that
can be taken up by distant  or  freely  moving cells  within the space
[191−193]. Studies suggest that free mitochondria or mitochondria-
derived  vesicles  frequently  exist  in  the  extracellular  space,  which
may  be  linked  to  mitochondrial  quality  control,  cellular  self-
protection,  and  immune  signaling  [194].  Researchers  discovered
that migration bodies,  which contain numerous mitochondria,  are
abundant in the trails left by highly migratory cells [114, 117]. This
process  of  clearing  and  renewing  active  intracellular  organelles
ensures  that  highly  invasive  cells  maintain  high-intensity
mitochondrial  metabolism  throughout  their  movement.
Conversely,  under  conditions  of  ischemia-reperfusion  or  severe
hypoxia, mesenchymal stem cells expel active mitochondria into the
extracellular  matrix  via  exocytosis  [195].  These  free-floating
mitochondria  promote  angiogenesis,  restore  redox  balance  in
oxygenated  environments,  and  scavenge  reactive  oxygen  species
and  other  oxidative  components  [194].  Thus,  organelle  transfer
often  uses  the  extracellular  matrix  as  a  transport  pathway  or
delivery  space.  Organelle  transfer  also  modifies  the  extracellular
environment  within  multicellular  clusters,  thereby  providing
protection to the organism [114, 117].

On  the  whole,  organelle  transfer  significantly  alters  the
extracellular  environment,  affecting  it  in  ways  that  differ  from  its
impact  on  the  intracellular  environments  of  donor  and  recipient
cells.  Once  in  the  extracellular  space,  these  free-floating  organelles
function  as  messengers,  triggering  distant  cells  to  perform specific
physiological  functions.  This  process  ultimately  facilitates  recovery
and  provides  supportive  effects  for  the  donor  cells  and
microenvironment.

 4    Inspiration  and  application  prospects  of
organelle transfer
During  the  evolutionary  process  of  living  organisms,  eukaryotic
cells initiated a type of appropriation-based symbiotic relationship,
such as "endosymbiosis" [11, 12]. Through this "asset-light transfer",
including intracellular synthesis or ability workshop appropriation,
more  complex  and  powerful  abilities  are  combined  differently
among  individuals,  enabling  cells  to  better  adapt  to  their  living
environment.  The  result  is  that  cells  and  multicellular  organisms
were able to borrow, exploit,  or absorb other organisms at various
levels,  and species  can  become more  diverse  than when they  exist
independently.  Examples  in  animals  include  fly  venom  in  golden
poison frogs [196], chloroplasts of green algae in sea slugs [30, 31],
and the carbon-nitrogen symbiosis between shallow-sea corals and
zooxanthellae  [197].  These  endosymbiotic  conditions  transcend
contractual  boundaries,  fusing into a  unified whole  and ultimately
initiating  the  process  of  organelle  transfer  between  existing  cells.
Just  as  cells  utilize  "integrated  modules"  instead  of  "autonomous
production",  research  on  intercellular  organelles  has  targeted
manipulable  and  applicable  biomedical  value  and  the  potential  to
study organismal evolution.

 4.1    Exploring  more  diverse  mechanisms  of  organelle
transfer
The inter-organelle transport processes currently being analyzed in
depth  are  confined  to  mitochondria.  This  is  due  to  the  unique
structure  of  mitochondria  and  their  DNA,  which  makes  them
easier  to  track  among  various  organelles  [198].  At  the  same  time,
mitochondria  serve  as  central  nodes  that  regulate  numerous
biological processes in cells. Consequently, mitochondrial transport
plays  a  crucial  role  in  cellular  metabolism,  redox  reactions,  signal
transduction,  and  the  clearance  and  renewal  of  intracellular
substances [199−205]. However, functional hubs within cells extend
beyond  mitochondria.  Examples  include  lysosomes,  which  are
centers  for  degradation  and  enzyme  regulation  [206];  the
endoplasmic  reticulum and  the  golgi  apparatus,  which  are  centers
for protein synthesis and ion storage [207, 208]; and lipid droplets,
which  are  centers  for  lipid  metabolism  and  storage  [209, 210].
These organelles and subcellular structures are significant in terms
of their size, function, and practical value. In recent years, research
on  organelle  transfer  between  cells  has  expanded  to  include  a
broader  range  of  organelles  and  transport  mechanisms.  Scientists
have identified the endoplasmic reticulum and the golgi  apparatus
as  targets  for  viral  hijacking,  while  lysosomes and their  subcellular
derivatives serve as vehicles for transporting pigments and enzymes
between  cells  [33, 34, 37, 38, 134, 211].  These  studies  open  new
avenues  for  investigating  diverse  organelle  transfer  pathways  and
provide  valuable  research  frameworks.  The  future  promises  the
revelation  of  more  intricate  organelle  transfer  mechanisms,  the
deconstruction  of  fundamental  organelle  transfer  structures,  and
the  discovery  of  additional  intracellular  signaling  pathways
mediated  by  post-transfer  organelles.  Multifaceted  analyses  of
organelles  during  intercellular  transport  will  significantly  advance
fields such as cell biology and basic medical research.

 4.2    Blocking  or  transplanting  organelles  with  practical
value
Based  on  the  previous  in-depth  study  of  the  effects  of  organelle
transfer  on  donor  and  recipient  cells  and  the  extracellular
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environment, we examined the biological mechanisms at playing in
various physiological and biochemical settings and disease models.
Here,  we  explore  and  categorize  the  implications  of  this  double-
edged  sword  in  practical  applications  (Fig.  11).  Researchers  have
discovered that  damaged cells  in tumors and neurological  diseases
steal  organelles  from  normal  cells,  even  immune  cells,  to  restore
their function [27, 212, 213]. This undermines the organism's ability
to  combat  disease.  Thus,  externally  regulating  and  blocking
organelle  transfer  could  enable  clinical  applications  in  diseases
characterized  by  high  metabolic  activity,  intense  intercellular
signaling,  and  substantial  material  transfer.  Studies  indicate  that
reducing fibroblast growth factor 13 (FGF13) protein expression in
neurons  improves  mitochondrial  release  from  dopaminergic
neurons  and modulates  mitochondrial-induced glial  inflammation
[214].  Conversely,  cancer  cells  rely  extensively  on  mitochondrial
transfer.  Research  demonstrates  that  significantly  suppressing
mitochondrial  transfer  by  reducing  mitochondrial  Rho  GTPase  2
(MIRO2) protein expression ultimately mitigates the migratory and
invasive  properties  of  tumor  margin  cells,  such  as  those  in
squamous cell carcinoma of the skin [109]. Researchers can also use
cell  membrane  protein-engineered  liposomes  to  block  the
intercellular transfer of melanosomes [32]. This approach improves
pigmentary  disorder  occurrence  and  offers  a  non-pharmaceutical
therapeutic  strategy  for  melanoma.  In  summary,  blocking
intercellular  organelle  transfer  can  mitigate  diseases  caused  by
abnormalities  in  recipient  cells  by  improving  the  impact  of  the
transfer process on the recipient cell's internal environment.

When  it  comes  to  transplanting  immune  cells,  stem  cells,  and

organs/tissues,  the  intercellular  transfer  of  organelles  significantly
supports the recipient cell's internal environment. Another research
direction  involves  actively  promoting  or  artificially  transplanting
organelles to enhance recipient cells' metabolic activity and achieve
artificial  regulation  of  cellular  function  [215−221].  Research  has
shown  that  delivering  mitochondria  to  immune  cells  via  TNT
significantly enhances and restores mitochondrial  immune activity
in tumor killing. Transferring healthy, intact mitochondria into cells
promotes  the  infiltration  of  CD8+ T  cells  and  chimeric  antigen
receptor  T-cells  (CAR  T)  into  lymphoid  tissues,  thereby  boosting
their  killing  capacity  across  multiple  cancer  models  [127].  In
addition to these methods of organelle delivery aided by stem cells,
researchers  have  explored  targeted  transplantation of  organelles  to
specific  cells  by  encapsulating  them  in  extracellular  vesicles  or
loading  them  onto  polymers  and  capsules  [222].  Studies  indicate
that  transplanting  mitochondria  into  atherosclerotic  regions
enhances reparative macrophages' role in vascular regeneration and
increases  endothelial  and  smooth  muscle  cell  proliferation
[215, 223].  Furthermore,  transplanting  non-functional
mitochondria  into  target  cells  can  increase  mitochondrial
autophagy in stromal cells and enhance the renewal of endogenous
mitochondria in endothelial cells, ultimately aiding in the repair of
endothelial  tissue  [29, 224].  These  transplantation  strategies
demonstrate  significant  application  value  in  fields  such  as
cardiomyopathy, vascular disease, and immunology [222, 225−228].
By leveraging nanodelivery  systems,  mitochondrial  transplantation
can be extended to oral administration via capsules or nanomotors
[219].  Dual  protection  from  polymer  membranes  and  capsules

 

Figure 11    Application  of  organelle  transfer  regulation  as  an  emerging  therapeutic  approach.  Regulation  of  organelle  transfer  primarily  involves  blocking  the  transfer
process  and  employing  exogenous  transplantation  strategies.  As  a  key  hallmark  of  malignant  diseases,  organelle  transfer  is  accompanied  by  organelle  plundering  and
exacerbated  inflammation.  Existing  research  addresses  neurological  disorder  alleviation,  tumor  transplantation,  and  pigment  deposition  mitigation.  Concurrently,
organelle transplantation enhances existing therapeutic approaches—such as boosting immune cell  capabilities to improve immune infiltration, facilitating tissue repair
through mitochondrial transplantation, and slowing disease progression in myocardial dysfunction disorders via exogenous supplementation.
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safeguards  the  mitochondria  during  delivery  to  the  gut.  This
enables  their  subsequent  targeted  release  into  the  bloodstream,
where  they  can  restore  ischemic  heart  disease  (IHD)  by  targeting
cardiomyocytes. In summary, organelle transplantation and transfer
in biological applications can facilitate engineered interventions for
various  diseases  via  artificial  forward  blocking,  reverse  inhibition,
and deliberate input (Fig. 12) [32, 215, 219, 229].

Beyond  the  two  aforementioned  therapeutic  applications
leveraging organelle transfer, additional approaches await discovery
and  exploration  by  researchers.  The  transfer  of  organelles,
predominantly  involving  the  endoplasmic  reticulum,  has  been
observed  to  frequently  accompany  the  propagation  of  viral
infections. In this process, viruses employ a strategy of camouflage
within  the  organelles,  thereby  evading  and  escaping  the  immune
cells tasked with their clearance [37, 38, 70]. Building on this, future
research  may  involve  a  comparison  of  organelles  in  virus-infected
cells  with  those  in  healthy  cells,  with  a  view  to  identifying
characteristic  sites  that  emerge  post-infection,  potentially  aiding  in
their  clearance.  Conversely,  this  organelle-based  camouflage
strategy has the potential to inform the development of preventative
measures  and  vaccines  for  viral  infections.  The  incorporation  of
inactive viruses within modified organelles has the potential to elicit
immune  responses  in  animal  models  without  triggering  severe
immune reactions. In summary, organelle transfer can be regarded
as an emerging biological mechanism with considerable application
potential.  These  approaches  hold  considerable  promise  as  novel
pathways  for  developing  detection,  prevention,  and  therapeutic
strategies.

 4.3    The  long-term  need  for  developing  and  researching
organelle transfer
Current  research  approaches  for  detecting  organelle  transfer  rely
heavily  on  imaging  equipment  and  fluorescent  labelling  dyes.
Advances  in  imaging  technology,  particularly  the  advent  of  high-
resolution  microscopy,  have  enabled  researchers  to  visualize
organelle  transfer  with  greater  precision.  This  enables  live
visualization without staining, which significantly accelerates studies
on  organelle  transfer  mediated  by  TNTs.  Current  research
primarily  relies  on  real-time  monitoring  via  high-resolution
microscopy  and  visualization  of  fluorescently  labelled  target
organelles  using  laser  confocal  microscopy.  Another  major
advancement in organelle transfer studies is advances in fluorescent
labelling dyes, with organelle dyes and fluorescent protein labelling
techniques  providing  high-resolution,  cost-effective  solutions  for
studying organelle movement.  Researchers can use flow cytometry
to  analyze  organelle-specific  proteins  labelled  with  fluorescent  or
isotopic markers to confirm the transfer process.

However,  these  methods  have  limitations.  In  experiments,  our
research team discovered that labeling dyes may undergo cross-cell
dye transfer.  When labeling organelles,  dye molecules  can become
free within donor cells. These substances can ultimately transfer to
recipient  cells  via  intercellular  channels  or  other  transport
mechanisms.  This  leads  to  the  labeling  of  recipient  organelles  by
these free organelle probes. In such cases, mislabeling and dye cross-
staining  can  lead  to  false  positives  during  visualization  and
misinterpretation. Similarly, labeling intracellular proteins can cause
internal  protein  transfer  to  be  mistaken  for  organelle  transfer.
Previous  literature  has  emphasized  the  urgent  need  for
technological  advancements  in  visualizing  organelle  transfer
processes.

Here, we advocate for the development of more precise organelle
labeling  and  visualization  techniques.  In  order  to  facilitate  the
visualization  of  organelle  transfer  processes,  it  is  proposed  that
existing  fluorescence  labelling  approaches  be  integrated  with
reporter  protein/gene  technologies,  thus  enabling  the  visualization
of  intercellular  organelle  transfer.  Alternatively,  the  utilization  of
divergent expression levels of protein molecules — or even nucleic
acid  sequences—that  vary  significantly  between  cell  types  has  the
potential  to  facilitate  differential  classification  through  omics
strategies.  For  instance,  mitochondria  exhibit  marked  mtDNA
differences  between  cell  types  and  possess  distinct  internal  RNA
compositions.  This  differentiation  enables  researchers  to  employ
more  precise  methods  to  obtain  evidence  of  organelle  transfer.  In
order to investigate the fate changes of organelles after cellular entry
and  the  impact  of  intercellular  organelle  transfer  on  cellular  life
activities,  analysis  of  purified  organelles  and  the  performance  of
single-cell  transplantation  can  more  accurately  reconstruct  the
effects  of  single  organelle  transfer  on  cells.  This  approach  has  the
dual  benefits  of  eliminating  interference  from  other  intercellular
molecules and enabling the development of standardized detection
protocols  for  quantifying  organelle  transfer  effects  through  the
determinism  of  single-cell  transplantation.  Recently,  the  organelle
transfer  visualization  tool  FluidFM  has  emerged,  utilizing  hollow
nanoscale probes to inject and transplant organelles into living cells.
This  approach  facilitates  improved  research  into  the  physiological
and biochemical functions of transplanted organelles in living cells.
Another  novel  research  strategy  involves  the  isotope  labeling  of
mitochondrial  substances,  followed by  purification  and reinjection
to  track  the  fate,  functional  expression,  and  spatial  localization  of
transferred organelles.

As  a  whole,  the  limited  availability  of  organelle  transfer  tracing
methods  hinders  research  into  organelle  transfer  mechanisms
within  cells  and  the  identification  of  new  transfer  pathways.  As
future  research  delves  deeper  into  organelles  and  explores
meaningful  organelle  transfer  as  a  clinical  tool,  novel  technologies
that  are  highly  precise  and  sensitive  will  be  required  to  capture
imaging,  recordings,  and  visualization  of  pathways  of  organelles
between  cells.  Furthermore,  it  is  difficult  to  achieve  universal  and
frequently occurring organelle transfer processes at scale in 2D or in
vitro 3D  cultures.  Therefore,  drugs  that  can  broadly  induce  or
initiate organelle transfer may be key to rapid growth in this field of
research.

 5    Conclusions
The  field  of  organelle  transport  within  cells  and  multicellular
organisms  is  growing  annually.  This  growth  is  revealing  an
emerging  landscape  of  studies  centered  on  mitochondrial  transfer
and  the  movement  of  various  metabolic  and  storage-related
organelles.  Advancements  in  cell  biology,  molecular  biology,  and
high-precision  instrumentation  have  driven  this  progress.  Using
these  tools,  researchers  have  uncovered  the  structural  basis  of
organelle  transfer  and  transport.  These  structures  are  similar  to
those  involved  in  intercellular  signaling  and  secretion,  such  as
vesicles,  tunnels,  and  membrane  perforations.  They  enable  the
transfer of intact organelles and their subcellular structures between
cells,  thereby  altering  neighboring  cells'  biological  functions.
Additionally,  a  growing  number  of  organelles  have  been  observed
to  undergo  spontaneous  or  forced  transfer  under  normal
physiological  conditions  and  abnormal  stress  states.  This
intercellular  organelle  transfer,  driven  by  vital  functions  or  self-
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Figure 12    Blocking  or  transplanting  organelles  with  practical  value.  (a)  Modulating  Miro2  suppresses  mitochondrial  infiltration  and  transport  in  shM2  cells  [229].
Reproduced with permission from Ref. [229], © Wang, F. et al. 2021. (b) By releasing nitric oxide, nanomotor-based systems construct nanomotor-driven mitochondrial
chemotaxis toward damaged cardiac tissue. These systems are absorbed and retained by damaged cardiomyocytes, thereby promoting transplanted mitochondria to fully
restore energy metabolism functions [215]. Reproduced with permission from Ref. [215], © Wu, Z. et al. under exclusive licence to Springer Nature Limited 2024. (c) The
construction  of  hydrogel-based  culture  microfluidic  platform  (HCMP)-coated  liposomes  can  interfere  with  melanin  granule  transfer  and  regulate  vital  functions  [32].
Reproduced  with  permission  from  Ref.  [32],  ©  American  Chemical  Society  2025.  (d)  Researchers  formed  the  PEP–TPP–mitochondria  complex  by  conjugating  the
peptide  (PEP).  This  enabled  efficient  endocytosis  of  transplanted  mitochondria  by  cardiomyocytes  or  their  transfer  to  cardiomyocytes  via  endothelial  cells,  thereby
alleviating myocardial ischemia-reperfusion injury [219]. Reproduced with permission from Ref. [219], © Wang, F. et al. 2021.
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protection,  provides  a  theoretical  foundation  for  signaling
pathways,  drug  targets,  and  cellular  structural  deconstruction.  As
our understanding of the transfer process deepens, we increasingly
recognize  the  pivotal  role  of  environmental  changes  before  and
after  transfer  in  altering  cellular  fate.  This  review  categorizes
environmental  changes  based  on  their  effects  on  the  intracellular
environments  of  donor  and recipient  cells,  the  extracellular  spaces
between  multicellular  organisms,  and  the  distant  extracellular
environment.  Based  on  tangible  outcomes  and  potential  disease
implications  arising  from  these  environmental  impacts,  the  paper
explores the double-edged sword effect of organelle transfer and its
potential  applications  in  medicine  and  other  fields.  By  integrating
existing research on blocking and facilitating organelle transfer, the
paper proposes application scenarios for the next phase of organelle
research,  including  exploring  the  use  of  diverse  migratory
organelles  in  transplantation  and  developing  targeted  drugs  based
on  current  findings.  Considering  the  current  limitations  and
bottlenecks  in  organelle  transfer  research,  we  propose  that  future
studies in this field rely heavily on higher-precision, more sensitive
visualization  tools  and  drugs  capable  of  inducing  widespread
organelle transfer under controlled conditions. As discussed in this
review,  organelle  transfer  between  cells  is  a  universal  biological
phenomenon  that  has  evolved  throughout  the  history  of  life  and
occurs  under  various  stress  conditions  as  well  as  spontaneously.
This paper delves into the structural basis of organelle transfer, the
types of transferable organelles, the effects of transfer on the cellular
environment, and potential applications. While significant obstacles
remain  in  organelle  transfer  research,  we  contend  that  a  deeper
understanding  of  organelle  delivery  pathways,  optimal  transfer
conditions, and the biological significance of post-transfer events is
fundamental  to  achieving  breakthroughs  in  clinical  organelle
transfer and transplantation.
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