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SUMMARY

There is a bidirectional transplacental cell trafficking between mother and fetus
during pregnancy in placental mammals. The presence and persistence of fetal
cells in maternal tissues are known as fetal microchimerism (FMc). FMc has high
multilineage potential with a great ability to differentiate and functionally inte-
grate into maternal tissue. FMc has been found in various maternal tissues in an-
imal models and humans. Its permanence in the maternal body up to decades af-
ter delivery suggests it might play an essential role in maternal pathophysiology.
Studying the presence, localization, and characteristics of FMc inmaternal tissues
is key to understanding its impact on the woman’s body. Here we comprehen-
sively review the existence of FMc in different species and organs and tissues,
aiming to better characterize their possible role in human health and disease.
We also highlight several methodological considerations that would optimize
the detection, quantification, and functional determination of FMc.

INTRODUCTION

Feto-maternal microchimerism

During pregnancy, there is a physiological exchange between the mother and her fetus through the

placenta (Boddy et al., 2015; Pellicer Martı́nez and Bonilla Musoles, 2007;Lo et al., 2000). This transplacental

traffic can be unidirectional or bidirectional. The unidirectional transfer involves nutrients, water, electro-

lytes, oxygen, hormones, and immunoglobulins in the mother-fetus direction and carbon dioxide and

catabolism products in the fetus-mother direction (Pellicer Martı́nez and Bonilla Musoles, 2007; Lo et al.,

2000; Chan et al., 2012). Bidirectional traffic consists of maternal-fetal exchanges of cells and genetic ma-

terial such as DNA (Chan et al., 2012; Kolialexi et al., 2004; Lissauer et al., 2009; Lo et al., 1997,2000). This

transplacental maternal-fetal cell transfer (MFCT), which has only been identified in uterine mammals

(Boddy et al., 2015; Lo et al., 2000), is asymmetric, with a higher fetal cell trafficking to the maternal

body (Lo et al., 2000) (Figure 1).

Microchimerism is defined as a small population of cells that originate from another individual and are

therefore genetically distinct from the host individual’s cells (Müller et al., 2015). During pregnancy, there

are two types of feto-maternal microchimerisms: fetal microchimerism (FMc) and maternal microchimerism

(MMc). FMc is defined as the presence and persistence of fetal cells in maternal tissues, while MMc is

defined as the presence and maintenance of maternal cells in fetal tissues (Bloch et al., 2013; Gadi et al.,

2008; Gammill and Harrington, 2017;Shree et al., 2019) (Figure 2). FMc has been the subject of study since

the early 1900s. In 1893, Schmorl first identified fetal cells in the lungs of women with eclampsia. Later, dur-

ing the 60s and 70s, other studies pointed to fetal hematopoietic cells (monocytes, Natural Killer cells, T or

B lymphocytes) in healthy and sick women (Klintschar et al., 2006). In 1981, Liegeois et al. located fetal cells

in murine maternal tissues, prompting research on FMc (Liégeois et al., 1981).

This review focuses on FMc and trafficking of fetal cells to the maternal body and analyzes its potential role

in maternal physiology (Lo et al., 2000).
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An evolutionary perspective of FMc

Evolutionarily, FMc has been argued to be associated with cooperation and conflict of interest between

males and females and between mother and her fetus (Apari and Rózsa 2009; Boddy et al., 2015; Boyon

et al., 2011; Dawe et al., 2007; Haig 2014). On the one hand, some studies suggest that the transfer of fetal

cells carries conflicting interests between males and females, providing them an adaptive and selective
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Figure 1. Maternal-fetal cell transfer between mother and fetus in placental mammals

Fetal cells (pink circles) traffic into and set up in the maternal organism (FMc). Maternal cells (purple circles) also traffic into

and remain in the fetal body (MMc).
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advantage (Apari and Rózsa 2009; Boyon et al.,2011). On the other hand, other investigations suggest that

feto-maternal exchange leads to cooperation between mother and fetus (Boddy et al., 2015; Dawe et al.,

2007; Haig 2014). The FMc could guarantee fetal survival and improve maternal health, thus increasing the

fitness of both (Dawe et al., 2007). However, other studies suggest that fetal cells entail a conflict of interest

between both since these cells could modify postnatal maternal physiology, inducing changes in lactation,

thermoregulation, maternal affection, and neural plasticity, increasing only fetal fitness (Boddy et al., 2015;

Haig 2014; Barba-Müller et al., 2019).
DETECTION AND CHARACTERIZATION OF FMC IN ANIMAL AND HUMAN MATERNAL

TISSUES

FMc has been mainly studied in humans, rodents, and rhesus monkeys (Jimenez and Tarantal 2003a,2003b;

Jimenez et al., 2005; Khosrotehrani et al., 2005). Feto-maternal cell trafficking has been described to start

between the fourth and sixth week of gestation in humans (Ariga et al., 2001), the 11th day in rodents (Yu-

taka et al.,2009) and the fourth week in rhesus monkeys and increases exponentially throughout the gesta-

tional period, reaching its maximum level in the days before childbirth (Jimenez and Tarantal 2003a,2003b;

Jimenez et al., 2005; Kara et al., 2012; Klonisch and Drouin 2009; Vernochet et al., 2007). Most fetal cells

gradually disappear from the blood circulation during the first weeks post-gestation (Kolialexi et al.,

2004; Jimenez and Tarantal 2003a,2003b; Jimenez et al., 2005; Ariga et al., 2001; Lambert and Nelson,

2003; Nelson, 2002a, 2002b), being eliminated by the maternal immune system (Kolialexi et al., 2004; Ariga

et al., 2001; Srivatsa et al., 2001). But a small proportion of fetal cells have been found integrated into

maternal tissues up to three decades after delivery in humans (Chan and Nelson 2013) and up to 8 months

in rodents (Dawe et al., 2007) (Figure 3).
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Figure 2. Schematic of human placenta

View from tissues to cells.

(A) Representation of the fetus with umbilical cord and components.

(B) Detail of chorionic villi where the maternal blood vessels are invaded by trophoblasts, causing an immune response of

macrophages, dendritic cells, and T lymphocytes. In the chorionic villus, there is an exchange of fetal cells, maternal cells,

and DNA free cell.

(C) Detail of the cross-sectional anatomy of the chorionic villi and different cells layers and components. These structures

allow the transfer of nutrients, gases, and waste substances between mother and fetus through the umbilical cord.
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Fetal cells cross the placental barrier and enter the maternal circulation, where they can survive, migrate,

and integrate into different maternal tissues (Zeng et al., 2010). In animal models, FMc has been detected in

various organs such as the bone marrow (Fujiki et al., 2008,2009; Khosrotehrani et al., 2008; Pritchard et al.,

2012), pituitary gland (Jimenez et al., 2005), skin (Jimenez et al., 2005; Aractingi et al., 2002), appendix (San-

tos et al., 2008), liver (Beksac et al., 2020; Fujiki et al., 2008,2009; Jimenez et al., 2005; Khosrotehrani et al.,

2008; Wang et al., 2004), brain (Dawe et al., 2007; Zeng et al., 2010; Tan et al., 2005), lung (Fujiki et al.,

2008,2009; Pritchard et al., 2012), heart (Fujiki et al., 2008,2009; Jimenez et al., 2005; Kara et al., 2012), spinal

cord (Zhang et al., 2014), suprarenal gland (Jimenez et al., 2005), kidney (Fujiki et al., 2008, 2009;Wang et al.,

2004), spleen (Fujiki et al., 2008, 2009; Jimenez et al., 2005; Khosrotehrani et al., 2008), thyroid (Imaizumi

et al., 2002; Jimenez et al., 2005), lymph nodes (Jimenez et al., 2005; Nguyen Huu et al., 2006), thymus (Fujiki

et al., 2008, 2009; Khosrotehrani et al., 2008) and pancreas (Vojdani et al., 2018) (Figure 4).

In humans, FMc has been found in various organs such as skin (Huerta Sil and Medrano Ramı́rez, 2006),

spleen (Koopmans et al., 2005), liver (Koopmans et al., 2005; Khosrotehrani et al., 2004; Stevens et al.,

2004), brain (Broestl et al., 2018; Chan and Nelson 2013; Chan et al., 2012), lung (Fugazzola et al., 2011; Bus-

tos et al., 2007; Koopmans et al., 2008), heart (Bayes-Genis et al., 2005; Fett 2011), kidney (Kremer Hovinga

et al., 2006; Koopmans et al., 2008), breast (Dubernard et al., 2008; Broestl et al., 2018; Fugazzola et al.,

2011; Gadi et al., 2008; Nemescu et al., 2016), suprarenal glands (Johnson et al., 2001), thyroid (Ando

et al., 2002; Cirello et al., 2008; Fugazzola et al., 2011; Khosrotehrani et al., 2004; Klintschar et al., 2006;

Koopmans et al., 2008; Pritchard et al., 2012), lymph nodes (Khosrotehrani et al., 2004; Koopmans et al.,

2008), salivary glands (Aractingi et al., 2002; Carlucci et al., 2003; Endo et al., 2002; Evans et al., 1999; Kuroki

et al., 2002), uterus (Bhat et al., 2019), gallbladder (Khosrotehrani and Bianchi 2005) and intestine (Khosro-

tehrani and Bianchi 2005) (Figure 5).
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Figure 3. Graph of maternal-fetal cell transfer and presence during pregnancy

(A–C)During pregnancy, fetal cell trafficking to the mother starts at 10–12 days gestation in rodents, at 4 weeks in Rhesus

monkey and at 4–6 weeks in humans. As the pregnancy advances there is a significant increase, reaching its maximum

value at delivery at 21 days gestation in rodents (A), at 24 weeks in Rhesus monkey (B), and 36 weeks in humans (C). The

chimeric cells remain up to 42 days in the maternal body in rodents, not known in Rhesus monkey and up to 27 years in

humans. The types of cells being transferred from fetus to mother are stem cells and differentiated cells. The degree of

cell differentiation could determine its function, being stem cells responsible for tissue repair and regeneration, and

differentiated cells triggering maternal and fetal immune responses (Fujiki et al., 2008).
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Once FMc has been established in the maternal organs, they differentiate into cell lines thanks to their high

multiline capacity and phenotypic plasticity (Mahmood and O’Donoghue 2014). Cardiomyocytes (Bayes-

Genis et al., 2005; Fett 2011; Kara et al., 2012), endothelial cells (Bianchi et al., 1996; Fujiki et al.,

2009,2008; Jimenez et al., 2005; Kara et al., 2012; Koopmans et al., 2005; Kremer Hovinga et al., 2006; Price

et al., 1991), neurons (Bianchi 2000; Zhang et al., 2014), glial cells (Tan et al., 2005), epithelial cells (Cha et al.,

2003; Dubernard et al., 2008; Khosrotehrani et al., 2004; Renné et al., 2004), dendritic cells (Lambert et al.,

2001), hepatocytes (Khosrotehrani et al., 2004) macrophages and lymphocytes (Artlett et al., 2002; Cha

et al., 2003; Evans et al., 1999; Khosrotehrani et al., 2004,2008; Koopmans et al., 2005; Kremer Hovinga

et al., 2006; Koopmans et al., 2008; Lambert et al., 2001; Renné et al., 2004; Santos et al., 2008) of fetal origin

have been identified in humans and animal models.

FMC FUNCTION

It has also been described a high proportion of FMc in maternal and placental pathologies (Lambert 2007),

gestational complications such as fetal aneuploidies (Down syndrome), pre-eclampsia, premature births, or

miscarriages (Boddy et al., 2015) and placental anomalies (Khosrotehrani and Bianchi 2005). FMc is also

present in cancers such as colorectal cancer (Kamper-Jørgensen et al., 2012), breast cancer (Dubernard

et al., 2008; Fugazzola et al., 2011; Ye et al., 2010), thyroid cancer (Ye et al., 2010; Dubernard et al., 2008;

Fugazzola et al., 2011), melanoma (Fugazzola et al., 2011; Hui and Bianchi 2017), cervix cancer (Cha

et al., 2003), lung cancer (O’Donoghue et al., 2008; Fugazzola et al., 2011), bladder cancer (Korkmaz

et al., 2015), pancreatic cancer (Vojdani et al., 2018) or lymphoma (Klonisch and Drouin 2009) being located

mainly in the maternal tumor region. FMc may have conflicting roles, not mutually exclusive. These func-

tions could be beneficial, harmful, or neutral for maternal pathophysiology (O’Donoghue et al., 2008).

On the one hand, FMc may have a beneficial (protective and regenerative) role in maternal health, partici-

pating in tissue repair and regeneration, cell replacement, and maternal homeostatic maintenance (Boddy

et al., 2015). For instance, FMc has been found in inflamedmaternal tissues, suggesting they are involved in

angiogenic and healing processes (Nguyen Huu et al., 2009). In lung cancer, primiparous and multiparous

women have a better prognosis than nulliparous women and men, suggesting that FMc could suppress

maternal tumor development (Fugazzola et al., 2011; Hallum et al., 2020). FMc presence is also related

to a lower risk of breast cancer (Broestl et al., 2018; Fugazzola et al., 2011; Ye et al., 2010) and bladder cancer

(Nguyen Huu et al., 2009).

In contrast, FMc may have a detrimental role in maternal health. FMc was found in many post-pregnant

women with autoimmune diseases (Lambert et al., 2001; Nelson, 2002a, 2002b). They were considered al-

loimmune diseases since the embryo is a semi-allogenic organism capable of being rejected by the
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Figure 4. Fetal microchimerism (FMc) presence in rodent organs and associated diseases

Representation of the different rodent organs where FMc have been identified and the associated diseases where FMc

have been localized.
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maternal immune system (Bianchi 2000,2004). Subsequently, other studies have reported a higher propor-

tion of fetal cells in women with cancer (specifically colon cancer) (Kamper-Jørgensen et al., 2012), women

with autoimmune diseases such as systemic sclerosis (Artlett et al., 1998,2002; Burastero et al., 2003; Evans

et al., 1999; Fugazzola et al., 2011; Gannagé et al., 2002; Johnson et al., 2001; Lambert et al., 2001; Nelson

1996,1999; Scaletti et al., 2002; Ye et al., 2010) rheumatoid arthritis (Adams et al., 2007; Yan et al., 2006; Fu-

gazzola et al., 2011) or Sjögren syndrome (Fugazzola et al., 2011; Giacomelli et al., 2002; Miyashita et al.,

2000) and with non-autoimmune pathologies such as hepatitis C (Boddy et al., 2015; Fugazzola et al.,

2011; Johnson et al., 2002; Stelzer et al., 2015).

Other studies, however, suggest that FMc may have a possible neutral function (Boddy et al., 2015) and

would be a by-product or remnant of pregnancy lacking biological value (Boddy et al., 2015; Lambert

and Nelson 2003; Nelson, 2002a, 2002b).

FMC PRESENCE IN DIFFERENT TISSUES

FMc in the cardiovascular system

In rodents, fetal cells enter the maternal circulation between 10 and 12 days of gestation and remain until

42 days postpartum (PPD) (Vernochet et al., 2007). In mice (Mus musculus) in which myocardial infarction

(MI) was induced during pregnancy (on the 11th day of gestation), there was a higher percentage of fetal

cells in the maternal blood and the maternal heart after MI (Post-MI) than before MI (Pre-MI) analyzed by

FACS, qPCR, and IHC for the eGFP transgene detection. 50% of eGFP+ cells (1.5% of 3% of eGFP+ cells)

expressed the cardiac marker a-actinin in infarcted hearts analyzed by IHC (Kara et al., 2012).

FMc cells persisted 1 and 2 weeks after MI and were preferentially located in the infarcted region, suggest-

ing their participation in maternal tissue repair. One week after inducing MI, FMc began to differentiate

toward cardiac lineages, expressing markers of immature cardiomyocytes (Nkx2.5, 80% of eGFP+cells),

endothelial cells (CD31, 46% of eGFP+cells), and different stem and progenitor cell markers, including

Sca-1 (21% of eGFP+cells), CDX2 (38% of eGFP+cells), c-kit (25% of eGFP+cells), CD34 (15% of

eGFP+cells), Sox2 (24% of eGFP+cells), Islet1 (3% of eGFP+cells), Pou5f1 (2% of eGFP+cells) and Nanog

(3% of eGFP+cells).

Three weeks after inducingMI, the fetal cells differentiated into cardiac cells, expressing markers of mature

cardiomyocytes, smooth muscle cells, and endothelial cells. 50% of these cells expressed a-actinin sug-

gesting that FMc differentiates into cardiomyocytes in the injured heart. These data suggested the FMC

contribution to maternal angiogenesis, repair, and tissue regeneration (Ye et al., 2010). Previously, fetal

cells were found in vascular tissues and expressed cell adhesion and migration markers such as ITGAM,

ITGB1, and glycoprotein CD44. Fetal cells were identified in cardiac tissues and expressed the endothelial

marker CD105 or ENG (Fujiki et al., 2008, 2009). Christner et al. also found FMc in blood in control mice and

a dermal fibrosis model induced by intraperitoneal injection of vinyl chloride, increasing the FMc number

almost 50-fold (Christner et al., 2000). These authors performed the PCR to amplify the H-2Kb gene.
iScience 25, 103664, January 21, 2022 5



Figure 5. Fetal microchimerism (FMc) presence in human organs and associated diseases

Representation of the different organs where FMc have been localized in humans and the diseases associated.
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In rhesus monkeys (Macaca mulatta), FMc was detected in pregnant females’ blood using RT-PCR assay for

SRY and TSPY detection (Jimenez and Tarantal 2003a,2003b;Jimenez et al., 2005).

Similarly, in humans, fetal cells cross the placental barrier and enter into the maternal circulation between

the fourth and sixth week of gestation, increasing significantly during pregnancy (n = 72) at 30 days and

50 days of gestation with an increase of fetal DNA, reaching up to 2.7% of the total DNA in the third period

of gestation (Jimenez and Tarantal 2003b). FMc expressing CD34 was also found in skin, thyroid, liver, pi-

tuitary, adrenal glands, spleen, and lymph nodes of all females with male offspring up to 3 years post-

partum. In the heart, more than 50% of FMc analyzed expressed CD34, suggesting its pluripotential capa-

bility (Jimenez et al., 2005).

In humans (Homo sapiens), Bianchi et al. detected fetal cells in maternal blood up to 27 years postpartum

by Y chromosome PCR amplification and FACS analysis. These expressed CD34 marker and the hemato-

poietic marker CD38 (Bianchi et al., 1996), confirming the multilineage capacity of these cells. Later, Artlett

et al. found a higher frequency of FMc in the blood of women with systemic sclerosis (82.9% of cases)

compared to controls (63.6% of cases) by MACS and qPCR analysis of Y chromosome sequences. These

cells expressed the lymphocyte markers CD4 and CD8, which could indicate that they were T lymphocytes,

contributing to the pathogenesis of the disease (Artlett et al., 2002). Shree et al. also detected fetal cells in

this tissue and identified a higher proportion of FMc in the blood of women who had delivered by cesarean

section compared to those whose delivery had been vaginal (Shree et al., 2019), which could postulate the

hypothesis about its beneficial role in maternal health. These authors performed PCR analysis targeting

fetus-specific polymorphism. Also, Bayes-Genis et al. identified fetal cells in the explanted heart of two

women with heart disease by FISH and RT-PCR analysis for SRY detection and IHC for alpha-actinin detec-

tion. These cells represented only 0.25% and expressed a-actinin (Bayes-Genis et al., 2005; Fett 2011). The

presence of FMc in maternal blood is lower than expected, detecting a minimal number of fetal cells

ranging from 0.08% (Tan et al., 2005) (46) to 0.00006% (Fujiki et al., 2008, 2009).

FMc in the nervous system

FMc has also been found in the human brain (Chan et al., 2012) and murine spinal cord (Zhang et al., 2014).

In murine models, Tan et al. analyzed by qPCR, FISH for the Y chromosome detection and IHC for

eGFP+cells, the presence of FMc up to 62 PPD in females’ brains with an injury induced by intraventricular

injection of NMDA during gestation. A higher proportion of FMc was found in brains at 31 PPD. Cells differ-

entiated into neurons, oligodendrocytes, astrocytes, and perivascular macrophages, integrating function-

ally intomaternal neural circuits (Tan et al., 2005). Brains of femalemice with Parkinson’s disease induced by

intraventricular injection of 6-OHDA showed a higher proportion of fetal cells at 7 PPD in olfactory bulbs,

cerebral cortex, striatum, hippocampus, midbrain, cerebellum and mainly in the hippocampus (62.5% of

cases) (Figure 6). These cells, concentrated in the CA1 region, both 7 and 60 PPD (Zeng et al., 2010) and

differentiated into neurons and glial cells. In Parkinson’s disease mouse model, 60 and 100% of cells
6 iScience 25, 103664, January 21, 2022



Figure 6. Brain areas with fetal microchimerism (FMc) in a Parkinson’sdisease murine model

FMc has been found in the olfactory bulb, cortex, striatum, hippocampus, midbrain and cerebellum of mice brains with

Parkinson’s disease. The most significant number of eGFP + fetal cells were detected in the hippocampus.
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were eGFP + fetal cells at 7 and 60 PPD. In women with Alzheimer’s disease, 29% of cells were FMc, while in

brain tumors, the percentages were 48% (meningioma) and 78% (glioblastoma) (Chan et al., 2012).

A higher frequency of FMc was detected in brains without injury than the injured ones at 60 ppd. Thus, FMc

might have a reparative action on the brain participating in angiogenesis and neurogenesis in mouse

models (Zeng et al., 2010).

FMCwas detected in themurine spinal cord by PCR and IHC for eGFP+cells and found a higher percentage

of chimeric cells in mice that were pregnant three times than in mice having gone through a single preg-

nancy (20% of cases, 1 of 5 females). These cells remained up to 3 weeks after delivery, but their frequency

was relatively low at 1–3 GFP+ cells per 40 sections, detecting 1 fetal cell per 105 maternal cells. They ex-

pressed the neural marker NeuN, demonstrating that they can migrate to the spinal cord and differentiate

into functional neurons.

Human brains with and without Alzheimer’s disease were analyzed, finding FMc in 35%of the analyzed

cases (64 of the 183 samples). There was a higher FMc proportion in healthy ones (46% of cases, 30 of

the 65 samples) than in brains with neurological disease (29% of cases, 34 of the 118 samples). These au-

thors performed qPCR for the DYS14 detection. FMc was mainly localized in the medulla (88% of cases,

7 of 8 samples), amygdala (50% of cases, 1 of 2 samples), spinal cord (50% of cases, 1 of 2 samples), tem-

poral lobe (46% of cases, 12 of 26 samples), cingulate gyrus (42% of cases, 11 of 26 samples), parietal lobe

(41% of cases, 7 of 17 samples) and the hippocampus (35% of cases, 7 of 20 samples). A lower FMc percent-

age was found in the frontal lobe (0% of cases, 0 of 3 samples), putamen (0% of cases, 0 of 4 samples),

caudate (11% of cases, 1 of 9 samples), cerebellum (13% of cases, 2 of 16 samples), occipital lobe (20%

of cases, 7 of 17 samples) or the pons (31% of cases, 11 of 35 samples) (Figure 6) (Chan et al., 2012;

Chan and Nelson 2013).

FMc was also in women’s brains with glioblastomas (78% of cases, 25 of 32 tumors analyzed) and meningi-

omas (48% of cases, 12 of 32 tumors analyzed) (Broestl et al., 2018).

FMc in the respiratory system

Fujiki et al. detected FMc in murine lungs by FACS and RT-PCR amplification for eGFP that expressed cell

adhesion and migration markers such as ITGAM, Integrin Beta1, CD44, CD34, CD105, ENG, PECA, PTPRC,

CXCR4 (Fujiki et al., 2008, 2009). Pritchard et al. analyzed the presence and survival of FMc after delivery and

3 months postpartum. These cells remained alive and divided after 17–18 days postnatal and persisted up

to 3 months postpartum, decreasing their number on the days after delivery (Pritchard et al., 2012).

In humans, FMc was initially identified in women with eclampsia (Bustos et al., 2007). Bustos et al. studied

the relationship between FMc and maternal hypersensitivity pneumonitis (HP) by PCR of TSPY gene. They

detected a high percentage of FMc in bronchoalveolar lavage fluid (64% of cases) and blood (33% of cases,
iScience 25, 103664, January 21, 2022 7
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34 of 103 women) of women with HP (20% of cases, 2 of 10 women). Women with idiopathic pulmonary

fibrosis (IPF) presented a lower percentage (10% of cases, 3 of 30 women) and controls shown 16% of cases,

7 of 43 women. FMc were present only in five lungs of women with HP; they localized in inflammatory re-

gions and expressed the macrophage marker CD14+ and T lymphocyte markers (CD8+ or CD3+, CD4+)

(Bustos et al., 2007). Fetal cells were also found by FISH for Y chromosome, in the alveolar septum of 10

out of 38 lungs analyzed (36% of cases) (Koopmans et al., 2008). Women lung tumors presented a higher

number of FMc (48.5 cells per tissue section) than healthy women (0 cells per tissue section) and were

concentrated in the tumoral region (Fugazzola et al., 2011; O’Donoghue et al., 2008).

FMc in the excretory system

In animals, Wang et al. detected FMc by FACS and IHC for eGFP+ cells, in the tubular basement membrane

of kidneys in a model of nephropathy induced by gentamicin (Wang et al., 2004). Subsequently, Fujiki et al.

also identified FMc in this tissue by FACS and RT-PCR for eGFP, which expressed ITGB1 and PECAM (Fujiki

et al., 2008, 2009). Kajbafzadeh et al. also found these cells in injured kidneys by PCR and IHC of eGFP, at

3 months postpartum that localized in the renal blood vessels and the injured kidney area, which led them

to propose a role for FMc in maternal angiogenesis and kidney repair (Kajbafzadeh et al., 2018).

Koopmanset al. found fetal cells in the kidney from women with systemic lupus erythematosus (SLE, 26% of

cases, 13 out 51 samples) and controls (55% of cases. 27 out of 49 samples) by FISH and IHC for the Y chro-

mosome. These cells localized in the renal glomeruli and the renal tubules. They expressed the hematopoi-

etic precursor marker CD34 and the lymphocyte marker CD3, suggesting they could be potential functional

T lymphocytes (Kremer Hovinga et al., 2006).

FMc in the reproductive system

In human uterus, Cha et al. found fetal cells in tumors of women with cervical cancer (50% of cases, 4 of the 8

samples) with a frequency of 4.4 cells per million maternal cells, but not in controls (0% of cases, 0 of the 2

samples) by Y chromosome FISH. These cells expressed the epithelial marker cytokeratin (24% of chimeric

cells, 9 of 37 cells) or the lymphocyte marker CD45 (44% of chimeric cells, 8 of 18 cells) (Cha et al., 2003;

Fugazzola et al., 2011). Using FISH and PCR for the Y chromosome, Khosrotehrani et al. also identified fetal

cells in three women that expressed cytokeratin (between 20% and 56% of chimeric cells) or CD45 (between

30% and 55% of chimeric cells (Khosrotehrani et al., 2004). The authors suggested an FMc protective role in

maternal health (Cha et al., 2003; Fugazzola et al., 2011; Khosrotehrani et al., 2004; Khosrotehrani and Bian-

chi 2005).

In human breast tissue, Gadi et al. detected the presence of FMc in the blood of women with breast cancer

(14% of cases, 5 of the 35 samples) and in healthy women (43% of cases, 20 of the 47 samples) by qPCR for

DYS14, One year later, Gadi et al. also detected the presence of FMc in the blood of women with breast

cancer (26% of cases, 14 of the 54 samples) and in healthy women (56% of cases, 25 of the 45 samples)

by qPCR for the Y chromosome, establishing a possible association between the presence of fetal cells

and a lower probability of developing breast cancer (Gadi et al., 2008; Fugazzola et al., 2011). Dubernard

et al. also identified fetal cells in 9 out of the ten mammary carcinomas analyzed (90% of cases), detecting

36.5 fetal cells per million maternal cells) by Y chromosome FISH. These cells expressed cytokeratin marker

(22% of chimeric cells) or the mesenchymal marker vimentin (16% of chimeric cells) (Fugazzola et al., 2011;

Dubernard et al., 2008). Later, Kamper-Jørgensenet al. found FMc in the blood of healthy women (70% of

cases, 190 of the 272 healthy women analyzed) compared with the blood of women who developed breast

cancer (40% of cases, 36 of the 89 women studied). These authors performed the qPCR for sex determining

region Y chromosome (DYS14) to find these cells and they associated the presence of these cells with a 70%

reduction in the probability of developing breast cancer (Kamper-Jørgensen et al., 2012). Nemescu et al.

also detected fetal cells in mammary carcinomas. These cells were located up to 5.5 times more frequently

in the tumor region (100% of cases) than in healthy tissues (64% of cases) (Nemescu et al., 2016). These au-

thors amplified by qPCR analysis for the sex determining region Y chromosome (SRY) to find these cells.

Hallum et al. found a lower frequency of circulating FMC in women blood samples with ovarian cancer (46%

of cases, 40 women of 87) compared to controls (66% of cases, 333 of 505 women). These authors used PCR

analysis for detecting the Y chromosome to localize these cells and also detected a lower mean shrinkage

of chimeric cells from patients’ blood (2.84 cells per 106 maternal cells) as opposed to healthy women (3.23

cells per 106 maternal cells). In agreement with the results obtained in breast cancer, women with chimeric
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cells had a lower risk rate of ovarian cancer compared to womenwho not had these cells, which confirms the

hypothesis about the beneficial role of FMc in maternal health (Hallum et al., 2020).

FMc in the digestive system

In murine models, Wang et al. detected fetal cells in livers injured by ethanol consumption; they used FACS

and IHC for the eGFP sequence to find these cells. These cells expressed albumin, suggesting that they

could be functional hepatocytes capable of contributing to liver regeneration (Wang et al., 2004). Khosro-

tehrani et al. analyzed the presence of FMc in this organ 4 and 8 weeks after inducing a lesion. They found a

higher proportion of fetal cells in livers at eight weeks (69% of cases) compared to 4 weeks (20% of cases)

after inducing chemical injury, compared with partial hepatectomy. Khosrotehrani et al. found that 4% of

FMc in the liver expressed the hepatic marker heppar-1 and could be functional hepatocytes (Khosroteh-

rani et al., 2004).

As in other organs, these cells expressed the cell adhesion and migration markers ITGAM, ITGB1, the

glycoproteins CD44 and CD34, the endothelial markers PECAM, ENG, and the lymphocyte marker PTPRC

(Fujiki et al., 2008, 2009); this was detected by eGFP FACS analysis and RT-PCR amplification FMc were

identified in controls and immunocompromised animals treated with cyclosporine. A higher proportion

of fetal cells were found using at four and especially at 12 months postpartum in both groups, with a slightly

higher percentage IHC for eGFP detection, in immunocompromised livers (Beksac et al., 2020). Women

with primary biliary cirrhosis and hepatitis C had FMc in the liver Koopmans et al. also identified FMc in

7 of the 64 livers analyzed in women with sons (21%), concluding that these cells could be functional hepa-

tocytes (Koopmans et al., 2005).

In the murine pancreas, Vojdani et al. identified 20% of FMc after inducing acute pancreatitis by caerulein

injection, using IHC and PCR for eGFP detection, located in the acini and around the blood vessels. Fe-

males with a history of pregnancy showed an improvement in the pathology, suggesting a beneficial

role of FMc in maternal pathophysiology (Vojdani et al., 2018).

In the liver of Rhesus monkey females, most FMc was found 3 years postpartum using RT-PCR analysis for

SRY detection and the specific protein Y genes (TSPY). As in other tissues, these cells expressed the pre-

cursor marker CD34, indicating that they might contribute to different lineages (Jimenez et al., 2005).

In the gallbladder and the intestine of two women, FMc was localized and expressed cytokeratin (20%–56%

of the FMc) or CD45 (30%–55% of the FMC) (Khosrotehrani and Bianchi 2005; Khosrotehrani et al., 2004).

Steve et al. also found fetal cells in the liver of women suffering from primary biliary cirrhosis and hepatitis C

by FISH and IHC for the male-chromosome-specific sequence. These cells expressed CAM-5.2 (149). In

addition, Johnson et al. detected FMc in the liver tissue of a woman with chronic hepatitis C by Y chromo-

some PCR and FISH (Johnson et al., 2002). Subsequently, Koopmans et al. also identified FMc in 7 of the 64

human livers analyzed in womenwith sons (21% of cases) by PCR and FISH for SRY and concluded that these

cells could be functional hepatocytes (Koopmans et al., 2005). This study also identified fetal cells in 90% of

the 67 women who developed colorectal cancer, linking the presence of these cells to a four times higher

chance of developing colon cancer (Koopmans et al., 2005; Kamper-Jørgensen et al., 2012).

FMc in the endocrine system

Pregnantmice immunized with Tg (46% of cases, 12 of the 26 samples) presented a higher frequency of FMc

in the thyroid compared to non-immunized ones (20% of cases, 2 of the 10 samples) by PCR and ELISA for

SRY and IHC for eGFP+cells. These cells expressed CD45, CD8, CD4, and CD11c cell markers, suggesting

they could be T lymphocytes or dendritic cells (Imaizumi et al., 2002).

In female Rhesus monkeys, more than 50% frequency of FMc was found in the thyroid, pituitary gland, and

suprarenal glands after 3 years postpartum by RT-PCR analysis of SRY and TSPY. These cells expressed

CD34 and could be a source of progenitor cells, supporting that FMc contributes to different lineages (Ji-

menez et al., 2005).

FM was detected in 12 thyroids of 20women with thyroiditis (63% of cases, 1–165 fetal cells for tissue sec-

tion), presented FMc were not present in healthy women (0% of cases, 0 of 8 samples) by FISH of Y
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chromosome (Srivatsa et al., 2001). Ando et al. observed FMc only in thyroid biopsies from women with

Graves’ disease (19%, 5 out of 27 samples) by PCR and ELISA of SRY (Ando et al., 2002). A high proportion

of fetal cells were present in the thyroid of women with Hashimoto’s thyroiditis (60% of cases, 15 of 25 sam-

ples) and Graves’ disease (40% of cases, 6 of 15 samples). These cells expressed epithelial or lymphocyte

markers CD45, CD20, and CD3 (Renné et al., 2004. Another study described FMc by RT-PCR ofDYS14, in all

thyroids of 21 women with Hashimoto’s thyroiditis (100% of cases) with a frequency of 15–4900 chimeric

cells for every 100,000 maternal cells (Klintschar et al., 2006). Women with papillary thyroid cancer pre-

sented FMc in the thyroid (48% of cases, 19 out of 40 samples), compared to controls (25% of cases, 5 of

20 samples) with a higher number in tumors of women with cancer (11.1 cells per million maternal cells)

than in controls (0–3 cells per million maternal cells). This study was performed using immuno-FISH and

IHC for Y chromosome. Fetal cells were located in the tumoral region and expressed the leukocyte marker

CD45 (13% of chimeric cells) and the epithelial marker thyroglobulin (66% of chimeric cells) (Fugazzola

et al., 2011; Cirello et al., 2008).

Later in 2010, Cirello et al. found fetal cells in 6 of the 19 samples of women with papillary thyroid cancer

analyzed (32% of cases, 2.1 to 6.9 cells/section) by FISH and PCR for the sex determining region gene (SRY).

These authors also detected these cells in the blood of womenwith papillary thyroid cancer (49.1% of cases,

28 of the 57 samples) and in controls (77.6% of cases, 38 of the 49 samples), finding a greater number of fetal

cells in tumor tissues than in the blood of women with thyroid cancer (Cirello et al., 2010). Santos et al. found

FMc in the appendix of 8 women who had undergone an appendectomy during pregnancy by Y chromo-

some FISH and IHC. These cells were located mainly in inflamed areas, expressed CD3 and they could be

lymphocytes (Santos et al., 2008).

Women with multinodular goiters who underwent a partial thyroidectomy presented FMc in the thyroid.

These cells expressed cytokeratin (between 14% and 60%) or CD45 (67%) and were located mainly in the

thyroid follicles and healthy tissues (114 out of 150 fetal cells) that surrounded the adenoma (36 out of

150 fetal cells) (Khosrotehrani et al., 2004; Khosrotehrani and Bianchi 2005). FMc was also found in 10%

of mothers’ spleens, confirming its contribution to the immune system (Rijnink et al., 2015). Moreover,

FMc was observed in 8 of the 44 maternal thyroids analyzed (18%) in the thyroid follicles. They also found

FMc in one of the seven lymph nodes analyzed (14%), which could be lymphocytes (Koopmans et al., 2008).

FMc was found in the suprarenal glands of women with systemic sclerosis by FISH of Y Chromosome (Jon-

son et al., 2001). In some studies, FMc was present in salivary glands (36% of cases, 10 out of 28 samples) of

women with Sjögren syndrome by FISH and PCR assays of Y chromosome (Kuroki et al., 2002; Carlucci et al.,

2003; Endo et al., 2002; Giacomelli et al., 2002). Subsequently, Endo, Negishi & Ishikawa, moreover, discov-

ered fetal cells of salivary glands and these cells were in a greater frequency of women with Sjögren’s syn-

drome (55% of cases, 11 of 20 samples) compared to controls (13% of cases, 1 of 8 samples). For finding

these cells, the authors performed FISH and PCR analysis for the Y-chromosome-specific sex determination

region (SRY) (Endo et al., 2002;Carlucci et al., 2003). In contrast, other authors found FMc in the salivary

glands of women with scleroderma (45%, 5 of 11 samples), but not in women suffering from Sjögren’s syn-

drome (0% of cases, 0 of 16 samples) using PCR assays for SRY (Giacomelli et al., 2002; Carlucci et al., 2003).
FMc in the integumentary system

Fetal cells have been identified in the maternal skin in both animal models (Christner et al., 2000; Nguyen

Huu et al., 2006,2008) and humans (Nguyen Huu et al., 2006; Koopmans et al., 2008).

Nguyen Huu et al. detected fetal cells in the mouse tumors with precancerous skin lesions (75% of cases, 9

of the 12 samples) but they did not find these cells in the controls (0% of cases, 0 of the 12 samples) by Y

chromosome FISH and IHC for the eGFP+. The frequency of FMc detected was 90 fetal cells per million

maternal cells in tumor tissues and 0 fetal cells per million cells in controls. These cells located in the tumor

expressed VWF (36% of cases, 12 of the 33 microchimeric cells) participating in the maternal blood vascu-

lature, CD45 (17% of cases, 5 of the 30 microchimeric cells) or cytokeratin (10% of cases, 4 of 41 microchi-

meric cells). However, the fetal cells did not express keratin or alpha-smooth, showing that it was not ker-

atocytes (Nguyen Huu et al., 2008).

Later, Beksac et al. analyzed the presence of fetal cells in the skin of control mice injected with saline and in

immunocompromisedmice injected with cyclosporine at 7 and 15 days of gestation and found them at 4, 12
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and 24 months postpartum using IHC and IF. They found a higher proportion of FMc at 4 and 12 months

postpartum (especially at 12 months) both in controls and in immunosuppressed patients, with a slightly

higher percentage of fetal cells located in the epithelial tissue of immunocompromised mice (Beksac

et al., 2020). Using PCR for amplifying H-2Kb gene FMc was also found in the maternal epithelial tissue

of control mice and a higher proportion in mice with dermal fibrosis induced with vinyl chloride (Christner

et al., 2000).

Inmice, FMcwas detected in 13 of 23melanomas removed during pregnancy (56%of cases) but not in controls

(0% of cases, 0 of 23 samples) analyzed by PCR. These cells expressed VWF (56% of cells, 18 of 32 fetal cells

detected), the lymphatic vessel marker LYVE-1 (37% of cells, 7 of 19 fetal cells) or CD45 (20% of cells, 3 of 15

fetal cells) and were located in the lymphatic vascular ring surrounding the tumor (Aractingi et al., 2002). They

were more abundant in tumorigenic samples (292 FMc per million maternal cells, 62%) than in controls (12%).

In female Rhesus monkeys’ skin, more than 50% frequency of chimeric cells expressing CD34 3 years post-

partum analyzed by RT-PCR detection of SRY and TSPY, suggesting the multilineage potential of FMc

again. However, as in the liver, a small percentage of these cells were differentiated, in this case, to

keratinocytes.

Koopmans et al. found fetal cells in 3 of the 21 human samples analyzed (14% of cases) by Y chromosome

FISH. These cells were located in the epidermis and could be keratinocytes (98). Huuet al. also detected

these cells in 10 of the 16 melanomas (63% of cases) removed during pregnancy compared to controls

(13% of cases, 1 of 8 samples) analyzed by PCR to amplified for DNA specific sequence. The results pre-

sented a higher proportion of these cells in the tumorigenic samples (62% of cells, 292 fetal cells per million

maternal cells) compared to controls (12% of cells, 2 fetal cells per million maternal cells). These cells ex-

pressed CD31 and CD34 markers (71% of chimeric cells, in 20 of the 28 fetal cells detected) or CD35 marker

(20% of chimeric cells, in 2 of the 10 fetal cells detected), located in the dermis, suggesting a possible pro-

tective or carcinogenic function in the mother (Lee et al., 2010;Nguyen Huu et al., 2006).
FMc in the immune system and autoimmune diseases

In murinemodels, FMc was found in 31% of bonemarrows analyzed (4 of 13), 39% of thymuses analyzed (5 of

13), 15% of spleens analyzed (2 of 13) at 14–17 days of gestation, and 4–6 weeks postpartum. These authors

used FACS, MACS, OCR, IHC and Western Blot for eGFP. FMc of bone marrow and the spleen expressed

IgM and CD19, indicating that they could be B lymphocyte precursor cells. FMc localized in the thymus and

spleen expressed CD3, CD4, and CD8, suggesting that they could be functional T lymphocyte precursor

cells with antigen-specific allogenic activity (T cell receptors+ (TCR+) expression) (Fujiki et al.,

2008,2009;Khosrotehrani et al., 2008). The presence and survival of FMc in bone marrow were studied after

delivery and at 3 months postpartum using eGFP FACS and RT-PCR and they expressed ITGAM, ENG and

PTPRC. Pritchard et al. analyzed the presence and survival of FMc in bone marrow after delivery and at

3 months postpartum by q-PCR and FACS for the eGFP transgene. These authors discovered that these

cells remain alive after 17–18 days after delivery and persisted up to 3 months after delivery, significantly

decreasing their number in the days after delivery, mainly detecting dead fetal cells (Pritchard et al.,

2012). Huu et al. identified FMc in 5 of the six metastatic lymph nodes analyzed (83.3% of cases); 50% of

these cells expressed CD45 marker (4 of 8 fetal cells) (Nguyen Huu et al., 2009).

In monkeys, there was 50% less frequency of chimeric cells in the lymph node and spleen of females 3 years

postpartum by RT-PCR analysis for SRY and TSPY. These cells expressed CD34 and could be a source of

stem cells, suggesting their capacity to contribute to different lineages (Price et al., 1991).

In human tissues, in the spleen and the lymph nodes of two women FMcwas found by PCR, FISH and IHC for

Y chromosome sequence, and 90% expressed CD45 marker.

The possible relationship between FMc and autoimmune diseases due to the high frequency of post-

pregnant women suffering from this type of pathology has been suggested. FMc has been found in

women with systemic sclerosis or scleroderma (Artlett et al., 1998,2002; Burastero et al., 2003; Evans

et al., 1999; Fugazzola et al., 2011; Gannagé et al., 2002; Lambert et al., 2001; Johnson et al., 2001;

Nelson et al., 1998; Nelson 1999; Scaletti et al., 2002; Ye et al., 2010), rheumatoid arthritis (Adams

et al., 2007; Fugazzola et al., 2011; Yan et al., 2006; Ye et al., 2010), systemic lupus erythematosus (Abbud
iScience 25, 103664, January 21, 2022 11



Figure 7. The maternal immune response against fetal microchimerism

(A) Fetal cells can differentiate into active T lymphocytes and react against the maternal cells.

(B) Alternatively, maternal T lymphocytes can react against fetal cells either directly, when the fetal microchimerism (FMc)

act as a fetal antigen presenting-cells (APC), or indirectly when FMc antigens are presented by maternal APC. CTL,

Cytotoxic T Lymphocyte; TCR, T cell receptors; MHC, major histocompatibility complex; Th, T helper cell.
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Filho et al., 2002; Fugazzola et al., 2011; Gannagé et al., 2002; Kremer Hovinga et al., 2006; Mosca et al.,

2003; Stevens 2006; Ye et al., 2010), Sjögren syndrome (Fett 2011; Fugazzola et al., 2011; Giacomelli et al.,

2002; Kremer Hovinga et al., 2006; Miyashita et al., 2000), primary biliary cirrhosis (Corpechot et al., 2000;

Fanning et al., 2000; Jones 2000; Renné et al., 2004; Tanaka et al., 1999; Yan et al., 2006), autoimmune

thyroiditis (Klonisch and Drouin 2009; Renné et al., 2004; Srivatsa et al., 2001; Ye et al., 2010) such as

Grave’s disease or hyperthyroidism (Ando et al., 2002; Christner et al., 2000) and Hashimoto or hypothy-

roidism (Fugazzola et al., 2011). A possibility that supports this hypothesis is that FMc may trigger graft-

versus-host disease (GvHD), activating and regulating maternal immune responses, and could even

participate in inducing the immune tolerance necessary to continue the pregnancy. However, the exact

mechanisms are unknown (Ando et al., 2002; Fugazzola et al., 2011; Lissauer et al., 2009). Fetal cells could

differentiate into active T lymphocytes, developing an autoimmune response against the maternal tis-

sues (graft-versus-host reaction). This response involves cytotoxic or auxiliary fetal T lymphocytes in

the presence of FMc: fetal versus maternal reaction (Figure 7A) or maternal versus fetal reaction (Fig-

ure 7B) where fetal antigen presenting-cells (APC) present FMc (direct recognition model) or maternal

APC present FMc (indirect recognition model) (Table 1).

Systemic sclerosis

A possible relationship between systemic sclerosis or scleroderma (SSc) and FMc has been established by

detecting a higher percentage of fetal cells in the blood of women with this pathology (1.11 chimeric cells
12 iScience 25, 103664, January 21, 2022



Table 1. Frequency of chimeric cells in women maternal tissues with autoimmune diseases and controls

Disease Tissue

Frequency of cases with FMc
Other characteristics

(cell markers) Ref.Control Disease

Systemic sclerosis Blood 0.38 cells per 16 mL 1.11 cells per 16 mL Nelson et al. (1998)

Blood and skin lesions 4% 46% – Artlett et al. (1998)

Blood 33% 60% CD3, CD19, CD14, CD56/16 Evans et al. (1999)

Blood and skin lesions 64% 83% CD3, CD4, CD8 Artlett et al. (2002)

Blood 7% 0% CD3, CD4, CD8 Müller et al. (2015)

Blood 16% 22% Male offspring Gannagé et al. (2002)

Blood 33% 60% No male offspring Evans et al. (1999)

Salivary glands – 45% Ariga et al. (2001)

Autoimmune

thyroiditis

Thyroid 0% 55% 1–165 cells per slide, mature

thyroid follicles

Srivatsa et al. (2001)

Thyroid – 19% – Ando et al. (2002)

Thyroid – 40%–60% CD45, CD20, CD3 Renné et al. (2004)

Thyroid – 100% 15-4900 per 100,000

maternal cells

Klonisch and Drouin (2009)

Systemic lupus

erythematosus

Blood 33% 68% – Abbud Filho et al. (2002)

Blood 16% 26% Male offspring Gannagé et al. (2002)

Blood 23% 0% No male offspring Gannagé et al. (2002)

Blood 50% 50% LES 2.4 cells per 100,000

maternal cells,

control 2.5 cells per

100,000 maternal cells

Mosca et al. (2003)

Kidney 55% 26% CD34, CD3 Kremer Hovinga et al. (2006)

Sjogren’s

syndrome

Salivary glands – 36% – Kuroki et al. (2002)

Bronchoalveolar lavage

fluid

– 22%

Salivary glands 13% 55% – Endo et al. (2002)

Blood 25% 33%

Primary biliary

cirrhosis

Liver 72% 70% – Tanaka et al. (1999)

Liver 32% 33% Corpechot et al. (2000)

Blood 25% 45% –

Liver 6% 42% CD45 Fanning et al. (2000)
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per 16mL of blood) compared to healthy women (0.38 chimeric cells per 16mL of blood). Evans et al. found

the same tendency detecting a higher number of fetal cells in SSc (60% of cases, 12 of 20 women) compared

to controls (33% of cases, 16 of 48 women). For discovering these cells, they performed FACS and PCR for

male-chromosome-specific sequence and HLA-specific sequence (Lambert et al., 2001; Nelson et al., 1998).

FMc expressed lymphocyte markers such as CD3, CD19, CD14, and CD56/16 and persisted up to 38 years

after delivery (Endo et al., 2002). Moreover, a higher frequency of fetal lymphocyte cells (CD3+) was found in

the blood of womenwith SSc (46% of cases, 32 of 69 samples) compared with healthy women (4% of cases, 1

of 25 samples) and they found these cells in inflamed skin tissues of womenwith the disease (56%of cases, 11

of 19 samples) using PCR and FISH to detect Y chromosome (Hahn et al., 1998; Artlett et al., 1998). These

cells expressed CD4+ and CD8+ lymphocyte markers and could act as functional T lymphocytes with allo-

geneic antigen (maternal) specific capacity. FMc could be involved in the pathogenesis of the disease (Ar-

tlett et al., 2002) by triggering a graft-versus-host reaction (Burastero et al., 2003; Johnson et al., 2001). FMc

was found in women with SSc, mainly in the lungs, skin, spleen, lymph nodes, and adrenal glands tissues.

However, they were absent in the pancreas or in samples of women who had died of non-autoimmune pa-

thologies (Johnson et al., 2001). Other studies have found T cells of fetal origin in the blood and skin of 3

women with this pathology (18% chimeric cells, 7 T cells of 39 reactive clones) and 3 controls (9% chimeric
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cells, 1 T cells of 11 reactive clones) by Y chromosome FISH. These cells were autoreactive, producing high

concentrations of interferon-gamma (IFNg) and interleukin 4 (IL-4) when reacting with maternal antigens

MHC (Major Histocompatibility Complex), which supports the hypothesis mentioned above (Scaletti

et al., 2002). FMc was detected in other studies only in the blood of women with SSc (7% of cases, 3 of 43

samples) compared to controls (0% of cases, 0 of 30 samples) (Burastero et al., 2003). Another hypothesis

considered for these studies could be that fetal cells are not the cause of maternal autoimmune diseases

but could be one of the factors that increase the ability to develop these pathologies because they

contribute to maternal inflammation and autoimmunity, as they are partially foreign cells (Lambert et al.,

2001).

Autoimmune thyroiditis

Srivatsa et al. were the first researchers to identify fetal cells in thyroid biopsies of women with autoimmune

thyroiditis or thyroid adenomas: (63% of cases, 12 of the 20 samples) compared to control thyroid biopsies,

in which these cells were not detected (0% of cases, 0 of 8 samples). The molecular method they used to

detect these cells was Y chromosome FISH. These cells stood out for having a frequency of 1–165 cells

per slide and differentiated into mature thyroid follicles (Srivatsa et al., 2001). FMc was found later only

in thyroid biopsies of women with Graves’ disease (19% of cases, 5 of 27 samples) as opposed to female

adenoma samples (0% of cases, 0 of 6 samples) using FISH for the Y chromosome detection (Ando

et al., 2002). A higher proportion of FMc in thyroid biopsies of women with Hashimoto’s thyroiditis (60%

samples) and Graves’ disease (40% samples) than thyroid biopsies of women with follicular adenomas

(22%) was found. These cells expressed epithelial or lymphocyte markers CD45, CD20 and CD3 (Renné

et al., 2004). Other studies found FMc in all thyroid biopsies of the 21 women with Hashimoto’s thyroiditis

analyzed (100% of cases), with a low frequency of chimeric cells (15 of 4900 fetal cells for every 100.000

maternal cells, while it was absent in healthy women. These authors located fetal cells in 1 of the 18 nodular

goiters analyzed(6% of cases), with a frequency of 182 fetal cells for every 100,000 maternal cells using RT-

PCR analysis of DYS14 (Klonisch and Drouin 2009).

Systemic lupus erythematosus

A relationship between FMc and systemic lupus erythematosus has been described by PCR analysis. How-

ever, there is not a significant increase in circulating FMc in women with SLE (0% of cases, 0 of 20 samples)

compared to controls (20% of cases, 8 of 41 samples) (Miyashita et al., 2000; Stevens 2006). A higher FMc

number was detected in blood of women with SLE (68% women analyzed) than in healthy women (33% of

cases, 6 of 28 women analyzed) confirmed by RT-PCR of SRY. They also discovered a higher frequency of

FMc in women with older children, suggesting that these cells can multiply in maternal tissue (Stevens

2006; Abbud Filho et al., 2002). Similar results were obtained in kidney samples from women with SLE

26% of cases, 13 of 51 samples) compared to controls (55% of cases, 27 of 49 samples) detected by

FISH and PCR of SRY. These cells were located in the renal glomeruli and expressed CD34 or CD3 (Kremer

Hovinga et al., 2006). FMc were identified in the blood of healthy and sick women, with and without male

offspring. In blood of women who had male offspring, a higher percentage of FMc was found in the blood

of women with SLE (26% of cases, 8 of 50 samples) compared to samples from women with SSc (22% of

cases, 12 of 47 samples) and with controls (16% of cases, 5 of 23 samples). Analyzing women without

male children, women suffering from SSc (33% of cases, 5 of 15 samples) had a higher number of FMc

than in women with SLE (23% of cases, 19 of 83 samples) and controls (0% of cases, 0 of 24 samples).

Regarding the chimeric cells detected, their exact origin is unknown, and their existence is attributed

to an incomplete pregnancy or a spontaneous abortion, being, therefore, fetal cells (56, 149, 163).

Some authors, however, have not reproduced these results. Mosca et al. identified no significant differ-

ences in the frequency or the number of FMc in the blood of women with SLE (50% of cases, 11 of 22 sam-

ples) and healthy women (50% of cases, 12 of 24 samples). Regarding the number of fetal cells, 2.4 cells

were detected for every 100,000 maternal cells in the blood of women with SLE and 2.5 cells for every

100,000 maternal cells in the samples of healthy women; the technique they used was the PCR analysis

for the Y chromosome (Mosca et al., 2003).

Rheumatoid arthritis

In women with rheumatoid arthritis (RA), Yan et al. detected higher levels of fetal DNA in the third trimester

of pregnancy in those women with an improvement in this disease by RT-PCR for the Y-chromosome-spe-

cific sequence and HLA sequence. They established a possible relationship between the DNA level and the

pathogenicity of the disease in women suffering from RA during the gestational period (Yan et al., 2006).
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Later, Kanaan et al. studied the presence of FMc in the blood of women using q-PCR against theHLA-DRB1

allele that codes for DERAA. These authors detected a higher number of fetal cells in the blood of DERAA

-/- women with RA (53% of cases) compared to healthy women (6% of cases). These cells activated CD4+ T

lymphocytes against maternal joint antigens, increasing the autoimmunity of mothers with RA, which may

contribute to the pathogenesis of the disease (Kanaan et al., 2019).

Sjogren’s syndrome

Not a significant increase in circulating FMc was found in women with Sjögren’s syndrome (SS) (33% of

cases, 6 of 18 samples) compared to controls (20% of cases, 8 of 41 samples) by PCR assays (Leduc et al.,

2009). FMc was not found either in the salivary glands of women with SS (0% of cases, 0 of 6 samples) nor

controls (0% of cases, 0 of 10 samples) by FISH and PCR for SRY (Bustos et al., 2007; Carlucci et al., 2001;

Gannagé et al., 2002; Tan et al., 2011). Kuroki et al. first identified FMc in salivary gland biopsies (36% of

cases, 10 out of 28 samples) and bronchoalveolar lavage fluid samples (22% of cases, 2 out of 9 samples)

from women with SS by FISH and PCR of Y chromosome. However, they did not detect these cells in

blood samples (Kuroki et al., 2002). Endo et al. observed a higher frequency of fetal cells in biopsies

of the salivary glands of women with SS (55% of cases, 11 of 20 samples) compared to controls (13%

of cases, 1 of 8 samples). However, again they did not find significant differences in blood samples of

these patients (33% of cases, 2 of 6 samples) as opposed to controls (25% of cases, 5 of 20 samples)

(Endo et al., 2002). Finally, Aractingi et al. did not find FMc in biopsies of salivary glands of women

with SS (0% of cases, 0 of 16 samples). Still, they did in women with scleroderma (45% of cases, 5 of

11 samples) using PCR of SRY, suggesting that these diseases have different pathogenesis (Aractingi

et al., 2002).

Primary biliary cirrhosis

Tanaka et al. identified for the first time these cells in liver biopsies of women with primary biliary cirrhosis

(PBC) (70% of cases, 26 of 37 samples) and controls (72% of cases, 28 of 39 samples), without presenting any

significant difference of these cells’ frequency. The authors used Y chromosome PCR to locate chimeric

cells in this tissue (Tanaka et al., 1999). Rubbia-Brandt et al. did not find fetal cells in liver biopsies of women

with PBC (0%, 0 of 10 samples) or hepatitis C chronic (0%, 0 of 3 samples) by Y chromosome FISH (Rubbia-

Brandt et al., 1999). Later, Corpechot et al. detected a higher percentage of FMc in the blood of with PBC

(45% of cases, 9 of 20 samples) compared to controls (25%, 5 of 20 samples). However, they did not find

significant differences between the liver tissues of women with this pathology (33% of cases, 5 of 15 sam-

ples) and the controls (32% of cases, 8 of 25 samples) by PCR analysis for the male-chromosome-specific

sequence (DYS1) (41, 81). Finally, Fanning et al. found chimeric cells in the liver biopsy of women with

PBC (42%, 8 of 19 samples), which expressed the lymphocyte marker CD45, while these cells were not de-

tected in liver biopsies of women with chronic hepatitis C or alcoholic liver disease (0%, 0 of 20 samples).

The authors used molecular PCR analysis for the male-chromosome sequence. It should be noted that they

also located FMc in the blood of a healthy woman (6% of cases, 1 of 18 samples), with a frequency of 1

chimeric cell for every 106 maternal cells. These authors suggest that the chimeric cells could be involved

in this pathology (Corpechot, C.2000, Jones, D.E. 2000).
CONSIDERATIONS AND FUTURE LINES

FMc has been found as undifferentiated or differentiated cells throughout the maternal tissues. The short-

and long-term consequences of FMc in the maternal body have been subjected to mismatching results,

leading to a current major controversy in the field. FMc has been associated with autoimmune tolerance

and tissue repair but also with autoimmune diseases and cancer, raising the possibility that they exert mul-

tiple and opposing effects in amother’s body. Also, one should be aware that different pregnancy and birth

complications, including preeclampsia, antepartum hemorrhage, and cesarean sections, might alter the

functional fate of FMc (Bianchi et al., 2001; Hahn et al., 2019; Shree et al., 2019). Functionality might also

depend on the source tissue, its cellular environment (for instance, pro-vs. anti-inflammatory) and the time-

point analyzed (shortly after delivery, during late postpartum or at a later reproductive age). Animal models

will continue to be very useful in controlling for these variables and establishing themechanisms underlying

FMc.

We also highlight the necessity of improving the tools for identifying and quantifying fetal FMc in the

maternal body. Currently, the primary choice for detecting FMc which targets cells containing the male
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Table 2. Presence of FMc in different maternal systems and organs in both animal models (rodents and rhesus monkeys) and humans, including the cell type they contribute to and the cell

markers they express

System Organ Species Cell markers Cell type Diseases Possible function

Cardio-vascular Blood Rodent ITGAM, ITGB1,

CD44, ENG

Hematopoietic cells Myocardial infarction Protective, tissue repair, regeneration

Monkey CD34 Hematopoietic stem cells

or endothelial cells

– Stem cells source

Human CD34, CD38,

CD4, CD8,

Hematopoietic cells,

endothelial cell, lymphocytes T

Systemic lupus erythematosus,

systemic sclerosis, Sjogren’s

syndrome, myocardial infarction,

cesarean

Protective, tissue repair, regeneration,

active immune response

Heart Rodent a-sarcomeric actin,

a-actinin, Nkx2.5,

CDX2, CD31, Sca-1,

C-kit, CD34, Sox, Pou5f1,

Nanog CD31, VE-

cadherin, ENG

Mature and immature

cardiomyocytes, endothelial cells,

smooth muscle cells, trophoblasts,

cardiac progenitor cells,

hematopoietic stem cells,

embryonic stem cells

Myocardial infarction Protective, angiogenesis, tissue repair,

regeneration, stem cells source

Monkey CD34 Hematopoietic stem cells or

endothelial cells

– Stem cells source

Human a-actinin Cardiomyocytes Explanted heart Protective, angiogenesis, tissue repair

regeneration

Nervous Brain Rodent MAP2, NeuN, GFAP,

NG2, CD45, b3-tubulin,

DCX, nestin, PSA-NCAM,

calbindin

Neuron, oliodendrocytes,

astrocytes, macrophages

Lesion with NMDA, Parkinson Protective, neurogenesis angiogenesis,,

tissue repair regeneration, stem cells

source

Human – – Alzheimer, glioblastoma,

meningiomas

Protective, tissue repair, regeneration

Spinal cord Rodent NeuN Neuron – Protective, neurogenesis

Respiratory Lung Rodent ITGAM, ITGB1, CD44,

CD34, CD105, ENG,

PECAM, PTPRC, CXRC4

Endothelial cells, lymphocytes,

hematopoietic stem cells

– Protective, tissue repair, regeneration,

stem cells source, active immune

response

Human CD14, CD3, CD4, CD8 Macrophages, lymphocytes T Hypersensitivity pneumonitis,

idiopathic pulmonary fibrosis, lung

cancer, primary adenocarcinoma,

Sjogren’s syndrome

Active immune response, protective

(Continued on next page)

ll
O
P
E
N

A
C
C
E
S
S

1
6

iS
cie

n
ce

2
5
,
1
0
3
6
6
4
,
Jan

u
ary

2
1
,
2
0
2
2

iS
cience
R
e
v
ie
w



Table 2. Continued

System Organ Species Cell markers Cell type Diseases Possible function

Excretory Kidney Rodent ITGB1, PECAM Endothelial cells Nephropathy Protective, tissue repair, regeneration,

Human CD34, CD3 Hematopoietic stem cells,

lymphocytes

Systemic lupus erythematosus Active immune response

Reproductive Uterus Human Cytokeratin, CD45 Endothelial cells, lymphocytes Cervical cancer Protective, tissue repair, regeneration,

active immune response, lower

cancer risk

Breasts Human Cytokeratin, vimentin Epithelial and mesenchymal cells Mammary carcinoma Protective, tissue repair, regeneration,

stem cells source, lower cancer risk

Ovary Human – – Ovarian cancer Lower cancer risk

Integumentary Skin Rodent VWF, LYVE-1, CD45 Endothelial cells, lymphocytes Immunocompromised Protective, tissue repair, regeneration,

active immune response

Monkey CD34 Hematopoietic stem cells and

endothelial cells

– Stem cells source

Human CD31, CD34, CD35 Endothelial cells, lymphocytes Dermal fibrosis, systemic sclerosis,

Sjogren’s syndrome, melanoma

Protective, tissue repair, regeneration,

active immune response, carcinogenic

Digestive Liver Rodent ITGAM, ITGB1, CD44,

CD34, PECAM, ENG,

PTPRC

Hepatocytes, endothelial cells,

hematopoietic stem cells,

lymphocytes

Chemical injury, hepatectomy,

immunocompromised,

Protective, tissue repair, regeneration,

stem cells source, active immune

response

Monkey CD34 Hematopoietic stem cells or

endothelial cells

– Stem cells source

Human Heppar-1, cytokeratin

CAM-5.2

Hepatocytes Primary biliary cirrhosis, hepatitis C Protective, tissue repair, regeneration

Pancreas Rodent – – Pancreatitis –

Intestine Human Cytokeratin, CD45 Endothelial cells, lymphocytes Colorectal cancer Active immune response, carcinogenic,

increased cancer risk

Gallbladder Human Cytokeratin, CD45 Endothelial cells, lymphocytes – Protective, tissue repair, regeneration,

active immune response

(Continued on next page)
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Table 2. Continued

System Organ Species Cell markers Cell type Diseases Possible function

Immune Bone marrow Rodent CD19, IgM, ITGAM,

ENG, PTPRC

Endothelial cells, lymphocytes B – Activate immune response,

Thymus Rodent CD3, CD4, CD8,

SLAMF1

Lymphocytes T – Activate immune response

Spleen Rodent CD19, IgM, ITGAM,

CD44, PECAM, PTPRC

Endothelial cells, lymphocytes B – Protective, tissue repair, regeneration,

active immune response

Monkey CD34 Hematopoietic stem cells or

endothelial cells

– Stem cells source

Human Cytokeratin, CD45 Epithelial cells, Lymphocytes – Protective, tissue repair, regeneration,

active immune response

Lymph nodes Rodent CD45 Lymphocytes – Activate immune response

Monkey CD34 Hematopoietic stem cells

or endothelial cells

– Stem cells source

Human Cytokeratin, CD45 Epithelial cells, Lymphocytes Cancer Activate immune response

Endocrine Thyroid Rodent CD45, CD8, CD4,

CD11c

Lymphocytes T, dendritic cells Thyroidectomy Activate immune response

Monkey CD34 Hematopoietic stem cells

or endothelial cells

– Stem cells source

Human CD45, CD20, CD3,

thyroglobulin

Endothelial cells, epithelial

cells, lymphocytes

Hashimoto’s thyroiditis and

Graves’ disease, thyroid

adenomas, papillary thyroid

cancer

Activate immune response, protective

Appendix Human CD3 Lymphocytes Appendectomy Activate immune response

Suprarenal glad Human – – Systemic sclerosis Activate immune response

Monkey CD34 Hematopoietic stem cells

or endothelial cells

– Stem cells source

Salivary glad Human – – Systemic sclerosis, Sjogren’s

syndrome

Activate immune response

Pituitary glad Monkey CD34 Hematopoietic stem cells

or endothelial cells

– Stem cells source

ll
O
P
E
N

A
C
C
E
S
S

1
8

iS
cie

n
ce

2
5
,
1
0
3
6
6
4
,
Jan

u
ary

2
1
,
2
0
2
2

iS
cience
R
e
v
ie
w



ll
OPEN ACCESS

iScience
Review
only Y chromosome can’t distinguish fetal and maternal cells if the progeny is female and misdetect cells

from previous miscarriages, non-viable male twins, or older siblings. In murine models, one solution would

be to use molecular techniques against the eGFP gene, previously crossing eGFP-expressing transgenic

males with females not expressing fluorescent proteins. In humans, a more recently developed technique

targets paternally inherited fetal DNA sequences that the mother does not possess (i.e., the HLA-polymor-

phism or various single nucleotide polymorphisms). By obtaining the genotypes of the parents and the

child, this technique can accurately detect FMc from both female and male fetuses and discern the cumu-

lative effects of several pregnancies in multiparous mothers. If genotyping is not available, human studies

should at least always control the number of pregnancies a participant has had, including elective termina-

tions and miscarriages.

FMc is a promising source for non-invasive prenatal diagnostic tests, identification of gestational compli-

cations, selection of histocompatible donors, and tolerogenic induction in autoimmune diseases. Unravel-

ing the modulators of FMC cells’ fate and functionality will provide further insight into their therapeutic

potential.
CONCLUSIONS

1. During pregnancy, transplacental bidirectional cell trafficking occurs between a pregnant woman

and her fetus. FMc during pregnancy and after childbirth exists in both animal models (rodents and

rhesus monkeys) and humans. FMc proliferates and differentiates into specific phenotypes

in maternal tissues, including cardiomyocytes, neurons, endothelial cells, hematopoietic cells,

and lymphocytes. The functional role of these cells in maternal pathophysiology remains under

debate.

2. On the one hand, FMc could be a source of progenitor cells with a beneficial effect on the mother’s

health by intervening in tissue repair, angiogenesis, or neurogenesis. On the other hand, FMc might

have a detrimental function by activating the immune response and contributing to autoimmune dis-

eases.

3. Here, we gathered and analyzed the results and advances obtained so far in the investigation of FMc

in different organs, tissues, and species, examining and comparingmultiple maternal diseases to un-

derstand the role of FMc in human health and disease (Table 2). These studies’ results are sometimes

controversial due to the different techniques used to detect FMc and the technical variability of the

methods. Therefore, the study of the FMc requires the standardization of specific protocols, the use

of techniques that overcome the underestimation and misdetection of FMc, and an adequate selec-

tion of patients and controls.

4. Future research on FMc should focus on clarifying their characteristics and, especially, their function.

Understanding the peculiarities of FMc could be key to understanding the development of different

pathologies, such as autoimmune diseases, and to develop effective and specific therapeutic strate-

gies.
ACKNOWLEDGMENTS

This work was supported by Ministerio de Ciencia e Innovación project RTI2018-093952-B-100 and by In-

stituto de Salud Carlos III projects CP16/00096, PI18/00462 and PI17/00064, and co-funded by European

Regional Development Fund (ERDF), A way to make Europe. MMG was funded by Ministerio de Ciencia

e Innovación, Instituto de Salud Carlos III, Predoctorales de Formación en Investigación en Salud (PFIS)

(contract FI18/00255) and a predoctoral Fulbright grant. BC was supported by Consejerı́a de Educación

e Investigación, Comunidad de Madrid, co-funded by European Social Fund ‘‘Investing in your future’’

(PEJD-2019-PRE/BMD-16977). SC was funded by a Miguel Servet Type I research contract (CP16/00096).

MM-G and SC were co-funded by European Social Fund Investing in your future. The project leading to

these results has received funding from la Caixa Foundation under the project code LCF/PR/HR19/

52160001, from the European Research Council (ERC) under the European Union’s Horizon 2020 research

and innovation programme (grant agreement No 883069), and from the Centro Nacional de Investiga-

ciones Cardiovasculares (CNIC). The CNIC is supported by Instituto de Salud Carlos III (ISCIII), Ministerio

de Ciencia e Innovación and the Pro CNIC Foundation, and is a Severo Ochoa Center of Excellence (SEV-

2015-050). We thank Vicente Llorente Úbeda for reading the manuscript.
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