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Summary

Maternal-fetal microchimerism is a fascinating phenomenon in
which maternal cells migrate to the tissues of the offspring
during both pregnancy and breastfeeding. These cells primarily
consist of leukocytes and stem cells. Remarkably, these maternal
cells possess functional potential in the offspring and play
a significant role in shaping their immune system development.
T lymphocytes, a cell population mainly found in various tissues
of the offspring, have been identified as the major cell type
derived from maternal microchimerism. These T lymphocytes not
only exert effector functions but also influence the development
of the offspring's T lymphocytes in the thymus and the
maturation of B lymphocytes in the lymph nodes. Furthermore,
the migration of maternal leukocytes also facilitates the transfer
of immune memory across generations. Maternal microchimerism
has also been observed to address immunodeficiencies in the
offspring. This review article focuses on investigating the impact
of maternal cells transported within maternal microchimerism on
the immune system development of the offspring, as well as
elucidating the effector functions of maternal cells that migrate
through the placenta and breast milk to reach the offspring.
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Introduction

Microchimerism is a phenomenon characterized
by the presence of a small population of cells with different
genetic information within an individual. It is
a physiological phenomenon that occurs typically in
humans [1,2] and also in biomedical models such as mice
[3,4] and rats [5] and is highly likely to occur in placental
mammals in general. During pregnancy, there is a transfer
of fetal cells into the mother's tissues (feto-maternal
microchimerism), maternal cells into the fetal tissues
(materno-fetal microchimerism), and even older siblings or
other embryos present in the uterus into the fetal tissues
(feto-fetal microchimerism) (Fig. 1) [6]. Microchimerism
can also occur through medical procedures such as blood
Although

proven

transfusion or organ transplantation [7].

microchimerism is now established as a
phenomenon by solid experimental evidence, its functional
effects have not been thoroughly explored in detail.
Materno-fetal microchimerism (MFMc), refers
to the presence of cells carrying the mother's genetic
information in the offspring's body acquired during
prenatal development (in utero). Materno-newborn
microchimerism (MNMc) reflects the acquisition of the
mother’s cells by the offspring after birth through
breastfeeding. On one hand, maternal microchimerism
(MMc, abbreviation used when MFMc and MNMc are
taken together) is associated with benefits such as the
contribution to the development of the offspring's
immune system, compensation for genetic disorders, and
representation of the function of the developing adaptive

immune system in early life [8]. However, a higher
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Fig. 1. Scheme of cell migrations in between the generations.
During pregnancy, maternal cells migrate to the offspring's
tissues and vice versa. These cells can persist in the individual for
several decades. This leads to the migration of not only the
mother's cells but also the grandmother's cells to the offspring in
subsequent generations. Cell migration also occurs from older
siblings to younger ones through the mother, who acquired these
cells from previous pregnancies. Adapted from [6]. Created with
BioRender.com.

frequency of MMc has also been linked to certain
autoimmune diseases such as type 1 diabetes, myositis,
neonatal lupus, systemic scleroderma, and biliary atresia
[1]. The contribution of MMc to these benefits or
disadvantages remains unclear.

Under physiological conditions, maternal cells
can be found in various offspring tissues, both lymphatic
and non-lymphatic. Typical organs of occurrence include
the thymus, spleen, bone marrow, liver [4], heart, lungs,
lymph nodes [9], and intestines (mainly in the intestinal
mucosa and Peyer’s patches) [10]. In some individuals,
maternal cells have been detected also in the kidneys,
pancreas, urinary bladder, skin [11], stomach [12], and
even the brain [9].

The majority of microchimeric cells originate
from the hematopoietic stem cell lineage, although cases of
maternal mesenchymal stem cells in the offspring's tissues
have also been detected [13]. In the fetal tissues,
NK cells,
macrophages [2], and maternal granulocytes (neutrophils,

T lymphocytes, B lymphocytes, monocytes/
eosinophils, and basophils) [14] have been identified. As
granulocytes are typically short-lived cells (4-9 h) [15] and
are rapidly cleared from circulation, their presence in the
blood of young women suggests the possible presence of
active hematopoietic stem and progenitor cells in the
organism [14], indicating chimeric hematopoiesis. These
maternal hematopoietic stem cells have been found in the
offspring's tissues, specifically the c-kit" lineage of maternal
stem cells in the bone marrow of most studied adult mice.
Only 50 % of these mice contained MMc also in the
peripheral blood leukocyte populations which differentiated
from maternal stem cells in the bone marrow. Maternal
leukocytes were not found in any individual that did not
in the bone marrow

contain maternal stem cells

simultaneously,  suggesting  that  these  maternal
hematopoietic stem cells may be essential for preserving
MMc in effector leukocytes into adulthood [13].

As was previously mentioned, most maternal cells
identified in the offspring's body are immune -cells,
suggesting that MMc may primarily be associated with the
establishment of the immune system (and overall immune
defence) in the offspring. It is believed that maternal cells
not only initiate the development of the immune system
in utero but also compensate for immune deficiencies in
newborns, where the adaptive immune system is still
developing [8]. Additionally, there is evidence that
maternal cells can balance the immune deficiencies of the
offspring into adulthood. For example, in mice deficient in
interleukin 2 (IL-2), maternal cells producing IL-2 were
found [16]. In mice deficient in B lymphocytes, maternal
plasma cells secreting immunoglobulin G (IgG) were
detected [17]. Quantification of MMc for

immunologically relevant cell populations indicates that

specific

maternal cells are present in quantities that can have real
impacts on immune effects [2].

The number of maternal microchimeric cells
varies in individuals based on various factors, including
significant differences among different tissues. For
example, the numbers of maternal cells detected by flow
cytometry ranged from 0 to 50 cells per 10° total fetal
cells in the thymus, spleen, and liver of embryos. In the
bone marrow, this number was even higher, reaching
nearly 150 maternal cells per 10° fetal cells. There is also
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considerable variability within individuals. In adults,
MMc is usually detected in lower numbers than in fetal
tissues [4]. In another study of MFMc the number of
maternal cells was lower, averaging 3.7 maternal cells per
107 embryonic cells [18]. The variability of MMc is
significant and depends also on the detection methods
used. However, we can generally say that the number of
microchimeric cells is very small, ranging from none to
thousands of maternal cells per 107 fetal/offspring cells,
depending on the particular organ. Nevertheless, even in
such small quantities, microchimeric cells have
observable effects, including on the individual's immune
system. It could also enable the intergenerational transfer
of the immunological memory.

The effect of MFMc depends on various factors,
including the origin and type of microchimeric cells, the
time elapsed since the establishment of microchimerism,
and the individual's age. Materno-fetal histocompatibility,
specifically polymorphisms of genes encoding major
histocompatibility complexes (MHC I and MHC 1I), has
the greatest influence on the impact of MMc in the host's
body [1]. When maternal and fetal HLA-DQBI and
HLA-DRBI1 are compatible from the fetus’s perspective,
especially when the maternal HLA-DBQ1*0301 allele is
present, a higher frequency and representation of maternal
cells in the offspring's tissues are detected. However, this
type of tissue compatibility is not necessary for the
occurrence of MMc. Generally, the absence of recognition
of maternal MHC II HLA (human leukocyte antigen)
alloantigen favors a higher incidence of maternal
microchimerism in the individual [19]. The knowledge that
we have about the establishment of MMc in outbred
individuals is based on the studies of microchimerism in
humans where only the presence, frequency, and
phenotype of cells can be investigated. Studies concerning
microchimerism in mice and other biomedical models are
usually done in inbred individuals which can alter the
results through higher probability, frequency, and longer
preservation of microchimerism in individuals.

As mentioned before, the quantity of maternal
cells in the offspring's tissues appears to be influenced
primarily by maternal-fetal histocompatibility [20] and
the suppressive response to Non-Inherited Maternal
Antigens (NIMA) through regulatory T lymphocytes [9].
Exposure of the fetus to maternal cells during pregnancy
leads to the development and accumulation of NIMA-
specific regulatory T lymphocytes, inducing immuno-
logical tolerance to NIMA [21]. Additionally, it has been
found that to maintain maternal microchimerism into

adulthood, subsequent oral exposure to NIMA through
breastfeeding by a NIMA-positive mother is necessary.
This oral exposure plays a role in maintaining a greater
quantity of NIMA-specific regulatory T lymphocytes
compared to NIMA-specific effector T lymphocytes [9].
Maternal alloantigens cause the proliferation of
regulatory T lymphocytes in fetal lymph nodes through
a mechanism dependent on transforming growth factor
(TGF-B) [22]. The immediate postnatal period appears
critical for establishing an optimal quantity of regulatory
T lymphocytes relative to effector T lymphocytes. If
a newborn mouse is nursed by a surrogate mother and is
not exposed to NIMA antigens during breastfeeding,
tolerance to cells expressing NIMA is lost, potentially
leading to a complete microchimeric loss. Oral exposure
to maternal MHC antigens in maternal milk can induce
the generation of additional NIMA-specific regulatory
T lymphocytes, which may be important for suppressing
the proliferation of NIMA-specific effector T lympho-
cytes and preserving the microchimeric status. There is
MMc and NIMA-specific

regulatory T lymphocytes, which are

a correlation  between
capable of
suppressing  delayed-type  hypersensitivity —immune
reactions and lymphoproliferative responses of effector
NIMA-specific T lymphocytes in adult mice [9]. Some
regulatory T lymphocytes may differentiate into long-
lived memory T lymphocytes, allowing long-term
suppression of the response to NIMA antigens [22].

In this review article, we focused on materno-
fetal/newborn microchimerism in relation to the
offspring's immune system only. More emphasis is placed
on the postnatal phase, particularly the influence of breast
milk on the establishment and modulation of the
offspring's immune system, since breastfeeding reduces
the risk of gastrointestinal and respiratory infections and
overall neonatal mortality, highlighting its significance
[23]. Additionally, breastfeeding appears to be an
important aspect in maintaining tolerance to maternal
antigens and preserving maternal microchimerism into
adulthood [9]. Another objective of this review article is
to systematically characterize the populations of maternal
cells transferred to the offspring during pregnancy and
breastfeeding and assess their impact on the development

of the offspring's immune system.

Current methods and approaches to detect
microchimerism
Methods  for

investigating  maternal-fetal
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microchimerism naturally vary depending on the studied
organism, with clear distinctions, particularly in the case
of humans. Essentially, similar methodologies are
employed for examining other types of microchimerism.

In humans, ethical constraints limit the study of
microchimerism primarily to studies on blood, where the
frequency of maternal microchimerism can be easily
determined. To a lesser extent, microchimerism can also
be examined from biopsy material. Research typically
utilizes knowledge of HLA haplotypes [24] (determined
serologically or through sequencing) for unequivocal
identification of maternal microchimerism. Maternal cells
can then be identified using polymerase chain reaction
(PCR) [24,25] or fluorescent methods [16,25]. One such
method is fluorescence in-situ hybridization (FISH),
which can be employed to detect, for example, sex
chromosomes, assuming the detection of maternal cells
with XX sex chromosomes in the blood of a male
offspring with XY sex chromosomes [26].

While the detection of microchimerism 1is
considerably limited in humans, animal models,
particularly mice, offer more possibilities. Moreover, due
to the absence of restrictions on tissue size, it is possible
to detect much smaller quantities of maternal cells within
a larger population of offspring cells [8]. Detection can
be based on differences in H-2 genes, including
MHC class I glycoproteins. Alternatively, transgenic
mouse models suitable for detecting even minor
representations of microchimeric cell populations can be
utilized. Embryos at the blastocyst stage can be
transferred to surrogate mothers whose cells express
a different H-2 haplotype [25] or a transgene, such as
LacZ [27], luciferase (Luc) [28], or a variant of green
fluorescent protein (GFP) [18]. Another
involves mating mice differing in H-2 genes, the common
leukocyte marker CD45 (CD45.1 and CD45.2) [4], or
Thyl antigen (Thyl.1 and Thyl.2) [25,29], or in the
This
distinguishing between maternal and offspring cells

approach

expression of a transgenic marker. allows
without disrupting the physiological course of pregnancy.
A similar approach can be used to determine maternal
cells transferred during breastfeeding when newborn pups
can be exchanged between mothers differing in such
markers [10,29]. For detecting maternal cells, PCR can be
employed, enabling the detection of maternal cells in
entire individual organs in mice. Fluorescence
microscopic methods and immunohistochemistry are also
used for detection, providing information not only on the

occurrence of maternal cells in offspring tissues but also

on their morphology and localization [8]. However, these
methods do not provide entirely quantitative information
on the number of maternal cells in a given tissue,
especially when based on sectional preparations typically
sampling only a small part of the tissue. An optimal
methodological combination could involve the presence
of a fluorescent transgenic protein (e.g., GFP) in
a heterozygous arrangement in the mother and crossing
with a wild-type father, where half of the offspring will
be wild-type. Subsequently, whole tissue clearing and
analysis of GFP" microchimeric cells using light sheet
fluorescence microscopy can be performed. Another
method used for detecting microchimeric cells is flow
cytometry [4,18], which, in combination with relevant
antibody mixes, can additionally provide information on
the phenotypic characteristics of maternal cells. Variants
of single-cell OMICS analysis can also be used to
examine, for example, the transcriptome or epigenetics of
microchimeric cells [30]. For the proper phenotypization
of the microchimeric cell populations, single-cell
transcriptomics is a cutting-edge technology. It could be
applied on the sorted cell populations (e.g. positive for
fluorescent protein expression or relevant variant of the
surface marker molecule) and in an unbiased manner
provide ultimate information about the nature of the
their
status

microchimeric cells including tissue origin,

differentiation and activation or population

heterogeneity. Recently study using single-cell
RNA sequencing to study maternal microchimerism in
more detail was conducted [31] indicating the potential of

these new technologies for research in this field.

Impact of maternal-fetal microchimerism on
offspring’s immune system development

The concept of microchimerism provides
an intriguing possibility for the mother to assist in the
development of the still-immature immune system of the
cells. The
development of an individual's immune system occurs
throughout their life. Similar to other bodily structures, the
ontogenesis of the immune system follows an abbreviated

offspring through maternally derived

phylogenesis. Initially, the innate (evolutionarily older)
part of the immune system develops, primarily involved in
the initial response to foreign molecules. Over time, the
adaptive part of the immune system also evolves, requiring
interaction with foreign antigens and a complex process of
“educating” lymphocytes through central and peripheral
tolerance mechanisms. This ensures that their responses are
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directed mainly against foreign antigens, generally
maintaining tolerance to self-antigens.

Due to the need for prolonged interaction with the
surrounding environment for optimal immune system
development, an individual in early life requires specific
protection. Given the close interactions between the
offspring and the maternal organism, both prenatally in
utero and postnatally through lactation, it is conceivable
that the maternal organism may contribute to the
offspring's protection. But could the intimate interaction
between the offspring and the mother also influence the
development of the offspring's immune system?

The answer to this question lies in a range of
data

molecules, immune complexes, antibodies, and cytokines

experimental indicating that various bioactive
are transferred from the mother to the offspring both in
utero and during lactation. These substances not only help
protect the offspring from infections but also aid in
establishing the proper direction of immune system
development and the establishment of physiological gut
microbiota [32]. Could the mother contribute in ways other

than the intergenerational transfer of molecules?

Maternal-fetal microchimerism causes alteration of
immunophenotypes

In the early 1990s, a mouse knock-out model for
IL-2 (IL-2 KO) was developed. IL-2 is a crucial growth
and differentiation factor not only for T lymphocytes but
also for thymocyte differentiation and the maintenance of
normal thymus function [16]. IL-2 plays a role in the
development of regulatory T lymphocytes in the thymus,
their
peripheral tissues. It also affects effector T lymphocytes,

proliferation, regulation and maintenance in
their differentiation and fate decision. IL-2 can promote
Th1 or Th2 response in activated CD4" T lymphocytes and
suppress Th17 and Tfh responses. Finally, IL-2 is also
important for the effector function of CD8" T lymphocytes

A WT GFP*"
L2
(324 bp)
ACTIN
(240 bp)
THYMUS

as it can influence those effector activities by inducing the
expression of some proinflammatory cytokines (like
interferon y (IFN-y) and tumor necrosis factor a (TNFa)).
Because of such a complex role in the control of both the
differentiation and homeostasis of T lymphocytes [33], it
was expected that IL-2 KO mice would exhibit a dramatic
immunological phenotype [16]. However, it was surprising
to find that IL-2 KO mice
immunologically normal, with normal representation of

were  essentially
cell populations in the thymus and peripheral T cell subset
composition [34]. Re-evaluation of this model by
Wrenshall et al. revealed the presence of maternal cells
producing IL-2 in the thymus, spleen, and lymph nodes of
IL-2 KO mice. These cells were transferred during
through  the

heterozygous for IL-2 and were able to influence the

pregnancy placenta from mothers
expected phenotypic expression of IL-2 KO mice. The
maternal origin of these cells was confirmed by an
experiment in which the mother mouse had an IL-2
promoter fused with GFP, and these GFP" cells were
subsequently detected in the thymus and spleen of the
offspring (Fig. 2). This finding led to the hypothesis that
the transport of cytokines, growth factors, and cytokine-
producing cells during pregnancy, and potentially during
lactation, can modify the phenotype of mouse models and
complicate the interpretation of acquired data [16]. For
transforming growth factor B1 (TGF-B1) is
transported from heterozygous mothers to TGF-Bl1-

example,

deficient mice during pregnancy and lactation, allowing
lethal
cardiovascular abnormalities [35]. During pregnancy, there

normal  embryonic  development  without

is also migration of maternal B cell lineage cells into the

offspring  deficient in B lymphocytes. = Maternal
IgG-secreting cells were found in the spleen and bone
marrow of 3 out of 11 offspring deficient in
B lymphocytes. Those IgG-secreting cells persisted in the

offspring until the 24™ week after birth [17].

GFP* BALB/c

Fig. 2. Detection of maternal IL-2-expressing cells in IL-2 KO mice. (A) Using PCR, the IL-2 gene DNA was detected in the thymus of
wild-type (WT) mice and IL-2 KO mice. (B) GFP* cells producing IL-2 were detected in thymus tissue sections from a GFP*~ mother
(left), GFP7" offspring born to a GFP*- mother (middle), and a BALB/c individual used as a negative control (right). Adapted from [16].
Created with BioRender.com.
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Prenatal period — pregnancy

Although the transfer of maternal cells to the
fetus during pregnancy is widely accepted, most studies
on materno-fetal microchimerism (MMc) focus on infants
or adults, where maternal cells contribute to MMc
development also through breastfeeding and therefore
MFMc and MNMc cannot be distinguished.

Maternal immune cell migration to the fetus
occurs through transendothelial migration via the
placenta [3] or directly through umbilical cord blood into
the fetal bloodstream. Berry ef al. identified these cells in
16 out of 30 human fetuses during the second and third
trimesters [19]. Umbilical cord blood is used for
hematopoietic stem cell transplantation, and studies have
examined the presence of maternal cells that could
potentially cause graft-versus-host disease (GVHD) or
(GVL) [26,36,37].

Maternal cells could be for example detected in umbilical

graft-versus-leukemia reactions
cord blood in 7 out of 49 samples using FISH. Some of
these cells are CDS' cytotoxic T lymphocytes, and
asmall percentage of maternal CD34" hematopoietic
stem cells was also present [26]. Another study identified
various types of maternal immune cells in 27 out of
51 samples of human umbilical cord blood, with memory
T lymphocytes being the most abundant. The functional
potential of these leukocytes transferred from mother to
offspring implies their impact on the child's immune
system. The varying proportions of different cell types
raise the question of whether this is a passive transport of
cells from the mother's blood to the umbilical cord blood
or an active migration of preferred functional cell types
[36]. Subsequent studies confirmed the presence of
maternal naive T lymphocytes, B lymphocytes, NK cells,
myeloid cell populations, and hematopoietic stem cells in
umbilical cord blood samples [37]. Maternal cells from
the grandmother of the child were also found in umbilical
cord blood, although their occurrence was three times
lower than that of maternal cells [24].

In mice, the first maternal cells cross the
placenta on the 7™ gestational day. These maternal cells
are macrophages which settle in the mesodermal layer
after gastrulation. These maternal macrophages display
a matured phenotype and they could possibly participate in
the “cleaning” of the embryo from pre-teratogenic cells,
apoptotic bodies, and other cellular and tissue debris when
the embryo does not yet have its own phagocytic cells.
Maternal macrophages are replaced by embryonic
macrophage precursors on the 9" gestational day [38,39].
Maternal cells have also been detected in mouse embryos

from the 12" to the 19™ gestational day [18].

Immune cells cross the placenta into the lymph
nodes of human fetuses, where they induce the
development of regulatory T lymphocytes and suppress
the immune reaction against maternal antigens. In
addition to suppressing the reaction against non-inherited
maternal antigens, this process may establish tolerance
towards other foreign and self-antigens present during
development in utero and influence the development of
the offspring's immune system [22]. The spleen is another
organ where maternal cells settle during pregnancy.
However, maternal cells were not detected in the thymus
or liver of newborn mice, suggesting that these cells
might be predominantly mature lymphocytes [25].

Using a method based on quantitative PCR for
detecting the luciferase (Luc) transgene, maternal cells
were detected in the newborn heart, lungs, kidneys, liver,
small intestine, spleen, and brain [28]. Among the cell
types identified in the bone marrow of a 19-day-old
fetus T lymphocytes, myeloid cells,
B lymphocytes, cells. The

distribution of these cell types in the fetus differs from

mouse Wwere

and dendritic relative
their distribution in the mother's peripheral blood,

suggesting selective migration of maternal cells,
particularly in the case of T lymphocytes. Maternal cells
were found to contribute to the differentiation of fetal
hematopoietic stem cells in vitro, with a preference for
differentiation into leukocytes, specifically monocytes [4].

Piotrowski and Croy focused on detecting
MFMc in immunodeficient embryos carried by surrogate
immunocompetent mothers. Maternal cells were
identified in all cases of these embryos, with 86 % found
in the thymus, 63 % in the liver, and 49 % in the spleen.
Additionally, maternal cells were detected in the bone
marrow, lungs, and heart using immunohistochemistry
[27].

immunodeficient individuals had a slightly higher level

Compared to immunocompetent individuals,
of MFMc, suggesting a higher likelihood of maternal cell
presence. In immunocompetent mice immediately after
birth, maternal cells were detected in 63 % of cases in the
lungs and heart, 56 % in the kidneys, 44 % in the liver,
38 % in the small intestine, and 19 % in the spleen and
brain, but only in 85 % of examined pups [28]. However,
these values are not directly comparable due to the
different sensitivity of the detection methods used: flow
cytometry for immunodeficient individuals and
quantitative PCR to detect cells with the Luc transgene

for immunocompetent individuals.
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Postnatal period — breastfeeding

Breastfeeding has a positive impact on
individual health and reduces neonatal mortality. Breast
milk provides newborns with not only nutrients but also
various immune components, including cytokines,
antibodies, and immune cells [40]. Initially, it was
believed that the presence of a large quantity of maternal
antibodies in milk was the main cause of its positive

effect on strengthening the newborn's immune system.
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However, it appears that immune cells migrating from the
mother's tissues through milk to the offspring's tissues
also play a significant role in the development of the
immune system, and their effects may persist into
adulthood [41]. The abundance of these cells in the
newborn tissues is

extremely low and is highly

challenging to identify them, especially using microscopy
(Fig. 3).

Fig. 3. Detection of maternal cells in the offspring’s Peyer’s patches using confocal microscopy. (A) Pups were exchanged between
MHC II-EGFP knock-in mouse [42] (used to precisely identify newborn Peyer’s patches due to strong EGFP signal of the resident APCs)
[43] and ROSAMT/mMG mouse [44] mothers. The presence of tdTomato™ maternal cells were examined in the MHC II-EGFP knock-in
mice offsprings. (B) tdTomato* maternal cell detected in Peyer’s patch of 5-day-old MHC II-EGFP knock-in mouse offspring (confocal

microscope ZEISS LSM880, 25x objective, scale bar: 20 pm).

The composition of breast milk varies among
species, individuals, and throughout lactation [45]. The
mother's diet [46], the health of both the mother and the
child [47], and the changing needs of the child during
development also influence milk composition [48]. The
mother's nutritional diet directly affects the development
of the offspring's immune system, and an imbalanced diet
can increase the risk of neonatal infections [49]. These
significant variations in composition complicate the
detailed characterization of cellular populations in milk.

The number of cells in human milk ranges from
thousands to millions per milliliter. Higher cell counts in
colostrum compared to mature milk can be attributed to
the dilution of cells in the larger volume of mature milk
[50]. It can be stated with certainty that the offspring
receives millions of cells daily through milk, which can
potentially influence its development and protection
against infections.

Milk contains cells in different stages of
differentiation, ranging from stem cells with pluripotent

potential to fully differentiated cells. The largest cellular
population, accounting for up to 98 % of non-immune
milk cells, consists of epithelial cells [40]. These cells
could enter milk through their release from the mammary
gland epithelium during breastfeeding, because of stress
response associated with milk synthesis and secretion or
pressure generated during suckling [50]. Other cell
populations include stem cells and immune cells, and
their
individuals and throughout lactation, but in most cases, it

relative representation varies greatly among
ranges from 0% to 2% in mature milk of healthy
individuals [47,51].

Most studies focus on the occurrence of immune
cells in milk due to their potential impact on the
offspring's health. Most of these studies have been
thanks to its

accessibility in large quantities. Another reason is its

conducted using human milk, easy
direct relevance to the research of human infections, such
as breastfeeding by HIV-1 positive mothers [52,53].
However, milk components can also be obtained from
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mouse models, either directly from the mammary gland
of mouse mothers [54,55] or from the stomach of mouse
pups [10], albeit in much smaller quantities. This offers
the advantage of possible experimental arrangements,
such as monitoring the transfer of cells from milk to the
tissues of the offspring by allowing wild type (WT) pups
to be breastfed by transgenic mouse mothers, followed by
the detection of transgenic cells in the offspring's organs.
The largest representation of leukocytes in milk
consists of neutrophils (40-60 %) and macrophages
(30-47 %), followed by lymphocytes (5-9 %) [45].
Among lymphocytes, the highest proportion in milk
is of CD3" T lymphocytes (83+11%), followed by
CD19" B lymphocytes (6+4 %). A small population of
CD16" NK cells has also been identified in human breast
milk [56].
maternal cell populations differs in the offspring, with

However, the relative representation of

T lymphocytes accounting for 80 %, of which 75 % are
CDS8" T lymphocytes [10]. This difference may be due to
the lifespan of these cells. While T lymphocytes are
relatively long-lived cells and may contribute to the
offspring's long-term immunity in various tissues,
granulocytes are short-lived cells and are more likely to
participate in the immune response directly in the
intestinal mucosa.

In the following paragraphs, individual cell types

will be described in detail in the context of MNMc.

Neutrophils

Neutrophils are the most abundant cell
population in milk [45], but there is a lack of direct
studies focusing on the effect of maternal neutrophils in
offspring. This may be due to their short lifespan, making
it challenging to study their potential functions in the
tissues of the offspring. However, current views on the
duration of neutrophil effector activity in tissues are
changing, with studies suggesting their survival for up to
a week [57]. Understanding the behavior of the neutrophil
population in newborns can help comprehend the
potential function of maternal neutrophils in offspring.
Newborns generally have a lower number of
neutrophils, which express fewer adhesion molecules [58]
and  exhibit

chemotactic agents [59]. They also have lower expression

limited targeted migration towards
levels of certain Toll-like receptors (TLRs) involved in
recognizing pathogen-associated molecular
(PAMPs).

limited functionality, including impaired phagocytosis,

patterns

Consequently, newborn neutrophils have

degranulation, and oxidative burst [58]. They are also

unable to perform neutrophil extracellular traps (NETs),
which hampers their ability to kill bacteria [60].

The limited functions of neutrophils in newborns
can negatively affect the offspring's defence against
pathogens. Since many pathogens reside on mucosal
surfaces, including the gastrointestinal tract, maternal
neutrophils received through milk could act as the first
line of defence against pathogen entry into the offspring's
tissues,

thereby compensating for the inadequate

neutrophil functions in newborns through breastfeeding.

Monocytes and macrophages

Macrophages constitute the second largest
population of cells in milk [45]. These cells survive in the
offspring's digestive tract for a limited time and can
subsequently internalize into the intestinal mucosa or
participate in immunological functions. Hughes et al.
detected labelled macrophages in a mucosal tissue of
duodenum and a single macrophage in the spleen of
a mouse pup [61], but due to the detection of a single cell,
interpreting this observation conclusively is challenging.
Also this experiment is non-physiological as the neonatal
mice were fed by a high amount of labelled macrophages
administered from the peritoneal cavity of mice [61]. As
only a few macrophages were identified in this setup, it is
controversial if this could also happen in physiological
breastfeeding. Moreover, considering the relatively short
“life span” of monocyte derived macrophages, it is
unlikely that they would travel from the offspring's
digestive tract and rather contribute to the local immune
response in the intestinal mucosa.

Monocytes travel from peripheral blood to
they

macrophages. They may play a role not only in innate

tissues, where can differentiate into tissue
immunity but also in inducing antigen-specific T cell
responses by functioning as antigen-presenting cells.
Milk macrophages likely also develop from monocytes,
which differentiate into macrophages in the mammary
gland and then travel to milk through the epithelium [62].
Therefore, they could have similar functions to tissue
macrophages.

Monocytes can generally be divided into two
subsets: pro-inflammatory short-lived CD16~ CD14"
monocytes with low expression of CX3CR1 which
migrate from blood to inflamed tissues and anti-
inflammatory CD16"~ monocytes with longer life and high
expression of CX3CR1 which migrate to non-inflamed
tissues depending on the chemokine CX3CL1 [63]. While

in the peripheral blood there is a higher representation of
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pro-inflammatory than anti-inflammatory monocytes, the
opposite is true for macrophages profiles in maternal
milk. Additionally, the total number of macrophages in
breast milk was higher if the infant had an acute
respiratory infection than if the infant was healthy.
However the  frequency of  pro-inflammatory
CD16" macrophages was lower in maternal milk from
mothers who had breastfed infected children [64]. The
prevalence of anti-inflammatory macrophage profiles in
milk is likely part of their homeostatic tolerogenic role,
preventing the development of immunopathological
conditions [65]. In milk, a population of macrophages
expressing HLA-DR can be found [66], which can serve
as antigen-presenting cells and contribute to initiating
an adaptive immune response to present antigens, thereby
participating in the local immune response in the
intestinal mucosa and providing basic defence against
invading pathogens. Thanks to the ability of antigen
presentation, maternal macrophages could also play a role
in the development of offspring’s immune system [61]. In
addition to the classical monocyte/macrophage lineage
markers like CD14 and CDI11b, milk macrophages
express molecules involved in T lymphocyte stimulation,
such as CD40 and CD86 and some may also express the
glycoprotein CDS83. All these molecules are normally
expressed by antigen-presenting cells. Subpopulations of
milk macrophages are capable of expressing DC-SIGN
[62], a C-type lectin specific to dendritic cells, which,
among other functions, mediates interaction with the HIV
virus [67]. Thus, macrophages could increase the risk of
HIV transmission from mother to child [62].

exhibit high
phagocytic activity and engulf certain milk components

Milk macrophages generally
[62], which can lead to their accumulation inside cells
associated with the formation of lipid inclusion bodies.
This results in changes in macrophage morphology, with
the presence of numerous vacuoles causing a distorted
shape [45]. A unique ability of milk macrophages is the

spontaneous production of granulocyte-macrophage
colony-stimulating  factor (GM-CSF) [62]. Since
GM-CSF and IL-4 are required for monocyte/

macrophage differentiation into dendritic cells [68], milk
macrophages stimulated only by IL-4 differentiate into
dendritic cells capable of stimulating T lymphocytes and
thereby regulating the T cell immune response. This
ability to produce GM-CSF seems to be acquired through
the phagocytosis of milk components (or possibly some
yet undescribed

local factor), as monocytes from

peripheral blood stimulated by milk have secondarily

acquired the ability to produce GM-CSF [62].

During infection in a breastfeeding infant,
changes in milk composition have been observed [47]. If
the child suffers from a respiratory disease, the total
number of leukocytes, including macrophages, and the
frequency of anti-inflammatory macrophages increase in
milk. Additionally, during infection, levels of cytokines
such as IL-6 and IL-8 also increase in milk [64]. During
breastfeeding, microorganisms present in the saliva of
infected children return back to the milk gland with
a small amount of milk which causes local inflammation
in the mother’s milk gland [47]. Higher concentration of
IL-8 in milk may induce adhesion and diapedesis of
maternal leukocytes into gut-associated lymphoid tissue
of the offspring [64] so higher numbers of maternal
leukocytes can be transferred to offspring during their
infection.

T lymphocytes

Both major types of T lymphocytes, CD4  and
CDS8", are present in breast milk. However, their ratio in
milk differs from that in peripheral blood, with a higher
representation of CD8" T lymphocytes. Additionally,
vd T lymphocytes [56], as well as mucosal-associated
invariant T cells (MAIT) and innate lymphoid cells
(ILC), which are functional and phenotypic counterparts
of T lymphocytes, are also found in small numbers in
milk [69]. The presence of these cell types in milk may
be associated with their abundance in the intestinal
immune system, suggesting their migration from the gut
to mammary glands through the gut-mammary gland axis
[52]. Another subset of T lymphocytes present in milk are
CDI127 CD25" Foxp3" regulatory T cells [70].

The majority of T lymphocytes identified in
breast milk are activated (CD45RO" HLA-DR")
[52,56,70], while naive T lymphocytes (CD45RA™) are
less prevalent. The overall percentage of T lymphocytes
in milk is higher than in adult peripheral blood but does
not significantly differ from the representation in
maternal peripheral blood shortly after delivery. Maternal
memory T lymphocytes have the capacity to compensate
for the lack of newborn's activated T lymphocytes until
the complete development of the infant's adaptive
immune system [56]. CD8" T lymphocytes of the infant
lack the ability to produce cytotoxic and inflammatory
mediators, and maternal cells may compensate for this
functional immaturity, protecting the newborn from
infections until the maturation of their own adaptive
immune system [10].
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The reason for the high representation of
memory T lymphocytes in milk remains unclear. One
possible explanation is that T lymphocyte activation
occurs in the mammary gland due to the presence of
cytokines such as tumor necrosis factor o (TNF-a) [71]
and interleukin 18 (IL-1PB) [72] in milk, which stimulate
T lymphocyte mitotic activity and activation [73]. On the
other hand, activated T lymphocytes and other immune
cells present in milk themselves could express these
cytokines, suggesting that their high concentration in
milk may be a result of the expression of these
stimulatory molecules by T lymphocytes and other cells
in maternal milk [56]. Furthermore, the higher presence
CD8"
compared to peripheral blood cannot be explained solely

of antigen-specific T lymphocytes in  milk
by the higher abundance of their target structures, such as
virus-infected cells presenting viral peptides in the
context of MHC class I. In HIV-positive patients,
a greater proportion of antigen-specific T cells is present
in milk despite a higher level of target cells for CD8"
cytotoxicity in blood [52,74]. Another possibility is the
regulated migration of specific cell types from the mother
to milk, aiming to establish immunologically functional
MNDMec in the offspring's tissues. Through milk, the infant
could acquire leukocytes specific to

[29],

intergenerational transfer of immune memory with

pathogens
encountered by the mother leading to the
significant benefits for the child. The expression profile
of T lymphocytes in milk corresponds to the molecules
expressed by effector memory T lymphocytes. The
majority of CD8" T lymphocytes in milk express “gut-
homing receptors” CD103 [52] and a4fB; [10], as well as
the “mucosal homing receptor” CCR9 [10,52]. In the
early days after birth, the infant's stomach has a higher
pH, allowing cells from milk to survive and reach the
digestive tract, interact with mucosal epithelia, settle
there, and potentially penetrate further into the body [56].
The stomach also has a lower amount of digestive
enzymes, such as pepsinogen produced by chief cells,
which mature two to three weeks after birth in rats [75].
Another survival mechanism for cells passing through the
digestive tract is the interaction between milk
components and the newborn's saliva, leading to the
production of biochemical metabolites that may protect
maternal leukocytes from the hostile environment of the
digestive tract [41].

In the early stages of the offspring's life,
maternal cells can undergo transepithelial migration
[76,77] due to loosening of tight junctions in the

Vol. 73
intestinal epithelium, reaching tissues beyond the
gastrointestinal tract. The intestinal epithelium of

a newborn is underdeveloped and undergoes maturation
during the early phase of life. The maturation of the
newborn's intestinal epithelium, including the impact of
various macromolecules and the microbiota from milk
intake, is discussed in a review article by Rose ef al. This
process involves the interaction of specific microbiota
and prebiotics with Toll-like receptors (TLRs), leading to
the rearrangement and strengthening of tight junctions in
the intestinal epithelium [78]. The permeability of the
with  milk
especially during the first seven days of human neonatal

intestinal epithelium decreases intake,
life [79]. Furthermore, the expression of “gut-homing
receptors” by cells in milk suggests that these cells may
originate from the mother's digestive tract [52]. Migration
of IgA-secreting plasma cells and T lymphocytes from
the gut-associated lymphoid tissue (GALT) and blood to
the mammary gland has been observed during the late
stages of pregnancy and lactation [80-82].

For example, CD8" T lymphocytes have been
found in the Peyer's patches of mouse pups, persisting
until weaning with peak detection between the 14™ and
18" day after birth (Fig. 4) [10]. Additionally, they are
present in extra lymphoid organs, where they can enhance
the local [52].
CD4" T lymphocytes are also able to migrate through the

immune  responses Maternal
intestinal epithelium into the offspring's tissues. They
[83],

mediastinal lymph nodes, and lungs [29]. Although the

have been detected in the thymus spleen,
number of maternal antigen-specific CD4" T lympho-
cytes in the thymus was very low, it was evidently
sufficient to strengthen the offspring's immunity. When
an unimmunized offspring was exposed to a specific
antigen, its immune response was quicker due to the
presence of antigen-specific CD8" T lymphocytes. Ghosh
et al. suggest that antigen-specific CD8" T lymphocytes
develop as a result of the presence of maternal antigen-
specific CD4" T lymphocytes in the offspring's thymus,
indicating that maternal cells from milk actively
participate in the development of the offspring's antigen-

specific T lymphocytes [83].

B lymphocytes

B lymphocytes are present in milk in very small
numbers [56], making their analysis challenging. Only
a small number of articles refer to their identification in
the offspring’s tissue, however, based on what we know
about the population of B lymphocytes in milk, we can
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Fig. 4. Detection of maternal cells in the intestinal mucosa and Peyer's patches in 18-day-old mouse pups. (A) Two groups of mice, one
GFP*/* and one GFP”", were tested for GFP expression in splenocytes using flow cytometry, confirming that 99 % of cells in GFP*/* mice
were GFP*, while GFP”" mice contained less than 1 % GFP* cells. After birth, GFP”" pups were nursed by a surrogate GFP*'* mother.
(B) Maternal GFP* CD45.2* leukocytes were detected in the intestinal mucosa and Peyer's patches of GFP7" pups using flow cytometry.

Adapted from [10]. Created with BioRender.com.

infer their possible functions in the offspring.

B lymphocytes in milk exhibit a specific
phenotype of class-switched memory B lymphocytes.
These are typically memory B lymphocytes, of which
more than 70 % have an IgD™ CD27" phenotype. They
express adhesion molecules such as CD44, integrins o437
and o4f;, which are also expressed by B lymphocytes in
the gut-associated lymphoid tissue (GALT), suggesting
that they may originate from the intestinal lymphatic
tissue and migrate to the mammary gland in the same
way as T lymphocytes [53,82].

Most B lymphocytes present in milk have
undergone terminal differentiation towards plasma cells
and are spontaneously activated. These cells mainly
secrete IgG [53], in contrast to mammary gland plasma
B cells that predominantly express IgA [84]. Cells
secreting IgG may enter milk more frequently than cells
secreting IgA due to weaker interactions of IgG plasma
CCL28.

B lymphocytes secreting antibodies against HIV antigens

cells with chemokine receptors such as
have been found in the milk of some HIV-1 positive

women, which potentially reduces the risk of
HIV transmission during breastfeeding. Other B lympho-
cytes present in milk may also contribute to preventing
the transmission of viral and bacterial infections from
[53].

class-switched memory B lymphocytes

mother to
Additionally,
could compensate for the low antigen-presenting capacity

offspring during breastfeeding

of macrophages in newborns and aid in the development
of their immune system through antigen presentation to
developing T cells [85].

Detecting B lymphocytes of maternal origin in
the offspring's tissues is challenging due to their low
numbers in milk and thus even lower in the offspring’s

tissues. One of the few studies addressing this topic
detected maternal immunoglobulin-secreting plasma cells
in mouse offspring. These cells were also detected in
B lymphocyte-deficient (u”") mice born to p” mothers
and subsequently nursed with milk from p”" mice, on the
50™ day after birth. IgG levels were detected in the serum
of 7 out of 10 p”~ mice, and IgG-secreting cells
originating from milk were identified in the spleen of 2 of
these mice. Maternal B lymphocytes expressing typical
B lymphocyte markers such as CD19 and B220 were not
directly detected in any of the mice, but this does not
exclude their presence due to the difficulty of detecting
small cell populations [17]. It is worth noting that an
alternative explanation for the presence of antibodies in
individuals incapable of their production due to genetic
modification (u”) is the differentiation of respective
B lymphocytes from maternal stem cells residing in the
bone marrow. In the study by Darby et al., they did not
directly attempt to detect B lymphocytes in the offspring's
tissues but focused on the transfer of immunity against
Nippostrongylus  brasiliensis (Nb) from mother to
offspring. Since protection against Nb is not dependent
on antibodies but directly on B lymphocytes, the presence
of immunity against Nb in naive offspring which was
breastfed by a mother exposed to Nb serves as indirect
evidence of the transfer of maternal B lymphocytes from
milk to the offspring's tissues [29].

Stem cells

Not surprising is the presence of stem and
progenitor cells in maternal milk, including pluripotent,
mesenchymal, neuroepithelial, and hematopoietic cell
lineages [86,87]. During the first week after birth, milk
serves as a reservoir for hematopoietic and non-
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hematopoietic stem cells. CD34" CD133" cells, which give
rise to myeloid progenitor cells as well as CD34" CD133"
cells, which give rise to B lymphocytes and erythroid
progenitors [88] were found in maternal milk [51]. These
stem cells could originate from the bone marrow and reach
the mammary gland through the bloodstream [51],
subsequently appearing in milk due to mechanical forces
during breastfeeding [89]. Hassiotou et al isolated
pluripotent stem cells from milk with the potential to
differentiate into all three embryonic lineages, including
epithelial, mesenchymal, and neural cells, under specific
conditions. The population of these stem cells in milk
expresses pluripotent genes associated with embryonic
stem cells [89], such as OCT4, SOX2, NANOG, and KLF4.
The expression of these genes was not identified in all
samples [86], indicating the presence of cells in different
stages of differentiation. Furthermore, it was tested
whether milk-derived stem cells can induce teratoma
formation in immunodeficient mice, but no tumors
developed in any of the 15 injected mice. The oncological
safety, combined with the relatively easy acquisition of
these cells and their broad differentiation potential, could
lead to the development of a therapeutic tool alternative to
embryonic stem cell therapies [89].

The physiological function of these milk-derived
stem cells in offspring remains a question. Similar to
leukocytes, these stem cells are likely to travel through the
intestinal epithelium of the offspring into the bloodstream
and organs, where they may contribute to tissue
homeostasis and potentially tissue regeneration [89]. The
migration of milk-derived stem cells (OCT4 or NANOG
positive) into the offspring was proven by the identification
of maternal stem cells in the stomach, thymus, and liver
three weeks after birth [12].

Antigen-specific transfer of maternal immunity

Research on the impact of breastfeeding on
offspring's immune development following maternal
exposure to specific pathogens has gained significant
attention in recent years. One of the examples is the mouse
model of experimental infection with the helminth
Nippostrongylus brasiliensis (Nb). After one week of
infection, the female mice were treated and then mated
with non-immunized males two weeks later. The immune
response characteristics of the offspring were measured
(Fig. 5). Firstly, it was found that the number of activated
effector CD4 " T cells in the spleen of 14-day-old offspring
from immunized mothers was higher than that of offspring
from non-immunized mothers. However, when
differentiating the effects of pregnancy and breastfeeding,
it was determined that milk had an impact on offspring
immunity because offspring born to immunized mothers
but nursed by non-immunized wild type (WT) mothers did
not develop immunity against Nb. Maternal Th2-polarized
CD4" Tcells were found in secondary and peripheral
immune organs and were identified in the spleen, lungs
and mediastinal lymph nodes. These cells influenced
offspring protection at the systemic level and the
development of their immunity, leading, for example, to
B lymphocytes. The

establishment of MNMc thus led to the preservation of

the activation of effector
immune memory against Nb in offspring into adulthood,
confirming the hypothesis that the transport of maternal
lymphocytes to the offspring's body may provide long-
lasting selective immunity to infections experienced by the
mother [29]. The conclusions of this research support
previous hypotheses regarding the potential influence of
maternal CD4" T cells and maternal milk overall on the
development of the offspring's immune system [52,83].

— — — @A, AN
DAY 0 DAY 7 <\¢ “/7 DAY 46 DAY 98
INFECTION TREATMENT OF ¥ oy * BREASTFEEDING INFECTION
OF Thy1.1 MICE INFECTION o S OF Thyl2 PUPSBY  OF Thyl.2 MICE
WITH Nb o IMMUNIZED Thy1.1 WITH Nb

AND Thy1.2 MICE

MICE

Fig. 5. Experimental mouse model of antigen-specific immunity transfer. BALB/c Thyl.1 mice were infected with Nijppostrongylus
brasiliensis (Nb) and treated with anti-helminth drugs after 7 days. Two weeks after treatment (day 21), they were mated with naive
Thyl.1 males (simultaneously, a pair of Thyl.2 mice was mated for pups exchange). Three days after birth (day 46), the offsprings
were exchanged, and naive Thy1.2 pups were nursed by a surrogate immunized Thyl.1 mother. At the age of 8 weeks (day 98), these
pups were infected with Nb, and their immune response was examined. Adapted from [29]. Created with BioRender.com.
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Role of maternal regulatory cells in the MMc maintenance
As already mentioned, the retention of maternal
cells in the offspring's body depends on the development
of regulatory T lymphocytes specific to non-inherited
maternal antigens (NIMA) [9]. However, maternal milk
also contains a population of maternal regulatory
T lymphocytes that can independently influence the
offspring's immune system and promote tolerance
towards maternal cells and other antigens, such as the
emerging gut microbiota. Regulatory T lymphocytes in
milk, for instance, express a significant amount of
TGF-f [70] and contribute to inducing tolerance or
[90],

potentially suppressing immune responses against certain

anergy in developing T lymphocytes thereby
antigens. When regulatory T lymphocytes are directly
exposed to the corresponding antigen, they expand more
rapidly than CD8" T lymphocytes recognizing the same
antigen, thus suppressing their development at an early
stage [91]. Therefore, maternal regulatory T lymphocytes
specific to NIMA antigens contained in milk could
significantly impact the early phase of the offspring's
immune system development, controlling the expansion
of CD8" T lymphocytes specific to NIMA antigens and
enabling the preservation of maternal microchimerism
into adulthood.

Conclusions and Future Directions

Maternal-fetal ~ microchimerism  established
during pregnancy and lactation has a demonstrable
impact on the development of the offspring's immune
system and its protection against infections in the first
weeks to months of life as maternal cells primarily
consist of populations of leukocytes and stem cells with
functional potential in the offspring.

Maternal effector immune cells migrate to the
offspring, compensating for the “inadequate” function of
neonatal leukocytes and actively protecting the newborn
from pathogens. Maternal T lymphocytes appear to play
the most significant role in the development of the
offspring's immune system. They constitute the largest
population of maternal cells detected in various tissues of
the offspring and clearly influence its immune system. If
the mother encounters a specific pathogen before or
during pregnancy, her antigen-specific T lymphocytes
can subsequently migrate to the offspring's immune
organs, participating in the development of its immune
system at both central and peripheral levels. They
contribute to the of the

development offspring's

T lymphocytes in the thymus or activate effector
B lymphocytes in lymph nodes. In addition to direct
protection and immune system development, maternal
cells are capable of partially compensating for the
offspring's immunopathologies. In addition to leukocytes,
pluripotent stem cells with the differentiation potential
migrate to the offspring's tissues and give rise to
differentiated maternal cells with functional potential
throughout the individual's life.

Due to the low number of maternal cells settling
in the individual and the difficulty in detecting them, data
on specific cellular populations and their functions in the
offspring are still lacking. Future discoveries of
additional phenomena related to maternal microchi-
merism will not only be relevant to immunology but also
to other fields such as tissue regeneration, cancer biology,
various biological therapies, and organ transplantation.

To address the fundamental concern regarding
the potential physiological role of maternal-fetal
microchimerism, it is essential to employ a synergistic
approach involving state-of-the-art technologies. This
approach combines live cell in situ imaging of cells
originating from the maternal source in newborns, precise
characterization of phenotypes through methodologies
such as single-cell transcriptomics, and determination of
clonality utilizing techniques such as the confetti mouse
model or Next-Generation Sequencing (NGS) for

sequencing recombined genes, specifically T-cell
receptors (TCRs), and immunoglobulins. For potential
extrapolation to human physiology, modifications to the
mouse model are essential. This may involve introducing
genetic and microbiome variability to emulate natural
populations. Alternatively, a more suitable model may
need consideration, potentially surpassing the limitations
posed by the mouse model. Anticipated advancements in
comprehending  microchimerism-related  phenomena
could be facilitated by exploring the spiny mice model.
This model, with a placental structure akin to humans, an
extended gestation period, and a reproductive strategy
reflective of general K reproduction [92], holds promise

for providing breakthrough insights.
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