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ABSTRACT

Microchimerism refers to one individual harboring cellA at a low level that
derive from another individual. The most common sourpedgnancy when cells from
the fetus and the mother pass the placenta bidiredtipaatl give rise to maternal
microchimerism (cells from the mother in the fetug) #etal microchimerism (cells
from the fetus in the mother). The cells persist éitidividual, at least until middle-
age. Several hypotheses have addressed the conseqfdraré®ring semiallogeneic
cells. Both maternal and fetal cells within the tarstassociated with certain
autoimmune diseases, as inducers of the disease daisaispairers of already injured
tissue. Furthermore, inducing fetal-maternal toleranceglpregnancy seems to be an
important purpose of the cell-trafficking. Observatiémosn the transplantation field

yield that this effect may be long lasting.

In paper I, we examined the presence of maternalvelig different cellular subsets
in tissues from elever@trimester fetuses. Seven fetuses presented with maater
microchimerism. The cells were widely spread in défertissues and found in both
normal fetuses and fetuses with trisomy 21. The celts wemature immunological
and hematopoietic stem cells character.

Paper Il aimed to examine maternal microchimerisneadthy children’s tonsils and
adenoid by a quantitative PCR assay. We found maternadchimerism in four of 20
children. The children were between four and six yearandtl harbored maternal cells
in the tonsils and/ or adenoid at levels that ranged 2x10” to 7.1 x10. The same

children were also positive for maternal cells in penghielood.

In paper Ill, we investigated the association betwedenmmal microchimerism in
peripheral blood and systemic lupus erythematosus. Inutig, 82 nulligravida
women with SLE were included. Seventeen brothers offtimeen and additional 12
unrelated males constituted healthy controls. Twepiat and one control appeared
with maternal cells in peripheral blood. The resultaatgs no correlation between
maternal microchimerism in blood and SLE (P-value = 0A86a follow up, the same

individuals tested negative 16 years after the fistvchiate.



The purpose of paper IV was to evaluate the cellular sabgerequency of maternal
cells in umbilical cord blood following vaginal deliveriasd caesarian sections, when
the time of umbilical cord clamping was known. We includédabies from normal
term pregnancies who were delivered vaginally (24) armhbgarian section (20). Five
of 44 (11%) of the umbilical cord blood samples containatemal microchimerism.
The positive fractions were total DNA, CD34+ and CDS6aur of the five positive
samples were from caesarian sections and one arasafivaginal delivery. The
positive samples were from deliveries with a meampling time of 37 seconds

compared to 54 seconds in the negative group.

Overall, we have shown that maternal cells are commdetuses, infants and children.
Their nature is of mature immunological and hematojoostém cell character. There

is no correlation between the autoimmune disorder Shdf paaternal microchimerism.
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1 INTRODUCTION

This thesis is about how your mother may influencefyou inside.

"...a thing of immortal make, not human, lion-fronted andke behind, a goat in the
middleand snorting out the breath of the terrible flame @fbrire...” Homer’s

description in the llliad is the earliest descriptidth@ animal chimera which has its
origin in the Greek mythology (1 medicine, a chimera is defined as an individual that
harbors foreign cells or DNA. When the number of cslisnnall the term microchimerism
(Mc) is used.

A microchimeric state may arise after a blood tnasish, an organ transplant or after
hematopoietic stem cell transplantation (HSCT) (2Héwever, the most common source
of Mc is not from iatrogenic interventions, but fronegnancy when cells or DNA from
the mother and the fetus pass bidirectionally ovepldeenta and result in maternal
(MMc) and fetal Mc (FMc) respectively (5). This obgation raises many imperative
guestions. Cells of fetal or maternal origin will legrsallogeneic in relation to the host
(mother and offspring, respectively), and as such waailnbicipated to evoke an
immune response (6).

The Nobel Prize winner in medicine and physiology inQl96e immunologist Peter
Medawar asked in an article from 1953: “how does the prégnatier contrive to

nourish within itself, for many weeks or months, a fehas is an antigenically foreign
body?” (7). He proposed in his article three theohas ¢ould explain this immunological

wonder:

. An anatomical, impermeable barrier- the placenta- separats the fetus from the
mother.
This notion had been prevailing for long despite Schmorlrteygpalready in 1893
about the findings of trophoblasts in the maternal pumpairculation (8). However, in
the 1907 edition of William’s Textbook of Obstetricsatutd be read: “The foetal blood
in the vessels of the choronic villi at no time gaiosess to the maternal blood in the
intervillous spaces” (9). Later, 1959, trophoblasts wei@ @lserved in the maternal
blood. (10). Walknowska was first to report, in 1969, albetall lymphocytes in the
maternal circulation of pregnant women (11). Alreatihat time, the authors



speculated if the findings could be useful for prenatajmbstics. In the early 1960s,
fluorescently or radioisotopically labeled cells wargcted into the mothers prior to
parturition, and were thereafter detected in cord bldddenr infants - the first evidence

of maternal microchimerism was displayed (12, 13).

Thus, the first theory of Medawar has been proved gveord it is now well accepted
that there is a bidirectional exchange of cells ¢hermplacenta during pregnancy and
that the semiallogeneic cells may persist in thepafig and the mother for years (14,
15). This fact make the immunological wonder of pregn@wey more fascinating
since it has been proven that the mother and fetually “see” each other during the

nine months and later in life.

The second theory presented by Medawar went as follow
2. The fetus is immunologically immature.

A growing body of evidence showed that this hypothesis isufitient to explain
why the fetus does not reject its mother. An early erpanri by Billingham et al.
showed that fetal chicks and mice who were exposed tigrfoaatigens in utero
tolerated a skin graft from the same donor betterpeoed to those who were not
previously exposed (16). Recent research has showthénetus is capable to create
tolerance by inducing CD4+ cells to become regulatorgll,cand thereby achieve
tolerance to self and to the non-inherited maternaems of maternal chimeric cells
7).

The last theory concerned the immune system of ggnant woman:
3. The immune system of the mother is inert.

Today it is well known that fetal antigens elicit bottediular and humoral response in
the mother although she obtains tolerance towardsdioeimg pregnancy (18). The
tolerance could be long-lived or transitory (19, 20). Régeindirect evidence that
recipients in umbilical cord blood transplantation (UCBight benefit from cellular
responses from maternal microchimeric cells intthesplant if the recipient and donor
shared the same inherited paternal antigen (21).

Regulatory T cells (T regs), actively induced, also seerntttribute to the maternal
tolerance (22).



Historically, the consequences of pregnancy related Bfe st focused on FMc
due to the fact that many autoimmune diseases have &fdarainance and that
autoimmune diseases generally have a peak incidence dodrajtar childbearing
age. Additionally, the striking resemblance of chronidtgrarsus-host disease
(GVHD) to certain autoimmune diseases such as sysseteiosis (SSc) inspired the
theory that diseases that had traditionally considesedispimmune processes might
in fact have an alloimmune component. This hypotheass fwst formulated in 1996
by Lee Nelson: “Is some autoimmune disease auto-allomerou allo-autoimmune?”
(23). The microchimeric cells residing in an individudidwing a pregnancy will be
semi allogeneic and as such would be expected to elighmnne response. The
hypothesis has now included MMc and autoimmunity and sedsedses in children
have been associated with persistent maternal Beiéfly, three questions are asked
in this context: Do maternal cells attack host cells? maternal cells the target of an
attack? Are maternal cells homing to repair damagedetissu

However, MMc is common in healthy individuals; in corddao peripheral blood of
children and adults and in tissues.

In this thesis | will in the first chapters brieflysduss the anatomical and
physiological features of the permeable “membrane” betweemother and the
fetus i.e. the placenta. Thereatfter, | will summetize concept of transplantation
immunology because of its parallels to the circunttarof the"transplanted” fetus.
Finally, before the summary of the research addressihgally acquired
microchimerism, | will discuss the immunological etgeeim the placenta, the mother

and the fetus during pregnancy.



2 BACKGROUND

2.1 THE PLACENTA

The placenta constitutes the maternal-fetal interfa@ provides many functions
throughout pregnancy, including the transportation of feteients and metabolic
products as oxygen and carbon dioxide. It also produces nusrigsomones and
enzymes which are released into the maternal blood.

The placenta consists of one fetal part - the umbitioed, the fetal membranes
(amnion and chorion) and the chorionic villi — and oneenmatl part, i.e. the decidua.
Figure 1.

Maternal blood
Uterine artery supply in
Choricnic villi  and vein intervillus space

| Placenta
L — Yolk sack V;
|

— Amniotic fluid -— |

Uterus

—— Uterus

|~ Chorion —_

™~ Umbilical cord ~

™~ Amnion
Umbilical Umbilical Placenta
vein artery

Figure 1. The placenta
During the first gestational week two types of cellsaed@y from the fertilized ovum.
The outer layer is covered by one layer of ectodeceiltd, the primitive trophoblast,
except at one pole where the rapidly dividing celieeHarmed the inner cell mass,
which constitutes the beginning of the embryo. The ineasapacity of trophoblastic
cells makes the blastocyst descend into the endammesiound day six or seven post
fertilization. After implantation mesodermic cealjgow out beneath the primitive
trophoblast and form villi. Each villous consists of @es@dermic core covered by two
layers of trophoblastic cells (24, 25). The outer @lkscalled syncytiotrophoblasts
whereas the inner cells are termed cytotrophoblagfsrd-P. The cytotrophoblasts
decrease in number as pregnancy progresses.Theistnopytoblast is a
multinucleated continuous cell layer that covers tinéase of the placenta. It forms as
4



a result of differentiation and fusion of the underlyaytptrophoblast, a process that
continues throughout placental development and by thailmatess to the barrier
function of the placenta. The extravillous trophoblaisea from proliferating cell
columns and penetrates deep into the endometrium andalls of the uterine wall.
Invasive extravillous trophoblast plays an active noke remodeling processes that
occur in the uterine spiral arteries (24, 25). Poolmaternal blood, known as lacunae,
surround and develop within the trophoblastic syncytilinnoughout pregnancy, the
two circulatory systems remain separate. During thd ti@ek villi become united

with maternal vessels that communicate with thewiteus space. Not until the end of
the fourth gestational week, connections are made batthe vessels of the chorionic
plate and those of the fetus.

A MY

SA -

Figure 2. Details of the placenta.
AF= amniotic fluid

CP= chorion plate AV= anchoring villi

DD=deciduas CTB= subsyncytial cytotrophoblasts
IVS=intervillous space EVT= extravillous cytotrophoblast
MY=myometrium FV=floating villi

SA= spiral arteries STR=stroma

UC=umbilical cord SYN= syncytiotrophoblasts

VT=villi tree

2.1.1 Cellular traffic across the placenta

Maternal or fetal cells passing across the placentaébanust migrate both through
the fetal capillary endothelial cell layer and trephroblast cell layers. The mechanism
by which this happens is uncertain. Dawe et al. hypo#giza review about possible

5



explanations which include 1) microtraumatic hemorrhagbeplacental blood
channels 2) specific cell types being capable of adhésithe trophoblasts and of the
walls of the fetal blood channels and migrate throughptacental barrier created by
the trophoblasts 3) deportation of trophoblast lining théenmal vessels and
intervillous space into the maternal circulation (FI/RS).

Previous research that supports the first theory indlueleiscovery of intervillous
thrombi containing mixed maternal and fetal cells intthenan and rodent placenta,
and the finding of histological defects in the continwi the trophoblast lining (27,
28, 29). The incidence of transplacental bleeding armeiittis a certain time this
happens during pregnancy it is not known (30, 31). Massteenfaternal transplacental
hemorrhage may have subsequent adverse outcomes footiaendt is not
uncommon and it confirms the occurrence of eventsaatact trophoblast lining (32).
The appearance of trophoblasts in maternal blood mayalgxplained by “the

microtraumatic theory”.

The second theory, presented by Dawe et al., inclactee adhesion and
transmigration of lymphocytes with help from specidll @@hesion molecules
including PECAM-1 and ICAM-1, which are expressechia tetal capillary
endothelial cell layer (33, 34). Trophoblasts also expf@ak-1 and other adhesion
molecules (35). The authors hypothesized that the tramfsfeicrochimeric cells might
resemble the migration of cells that occurs acrossdmngbthelial venule endothelium
in peripheral lymph nodes and at the blood-brain baj2ie.

By term most cytotrophoblast and syncytiotrophoblastepkaced by a very thin (1-2
pim) vasculosyncytial membranethat contains transttadasiic channels or pores that
may also explain Mc exchange between mother and fé@s (

2.2 TRANSPLANTATION IMMUNOLOGY

2.2.1 Major histocompability complex (MHC)

MHC is a cell surface molecule group encoded by a largenoophic gene family
located on chromosome six and consisting mainly oftyygwes, MHC | and 1l (37).
Their main function is to mediate interactions of lezkes, for example to present
antigens to the T cells. In humans they are called hue&ocyte antigen (HLA) class
| and Il. All nucleated cells carry HLA class | (HLA--B, -C) which present antigen



of intracellular origin (synthesized from self proteinsoal antigens) to CD8+ cells
(cytotoxic T cells) (37). Class Il molecules (HLA-DRR, -DQ) are expressed
primarily on antigen presenting cells (APC), includingdiéit cells and macrophages,
and also on activated T cells and present antigen i&oetular origin to CD4+ cells

(T helper cells) (38). A specific T cell recognizes amlfigw HLA class-peptide
combinations but is dependent on them to be activatpdenomenon known as MHC
restriction. Certain HLA class | and class Il genestaghly polymorphic; some have
several hundred alleles. Furthermore, polymorphism & Elass | heavy-chain genes
and HLA class lb- andp- chain genes increases the variety and strengticeft T
immunity. Both the paternal and maternal inherited HLAggeare expressed
simultaneously, contributing to the diversity of possdiigen recognition. At a
population level, the diversity of HLA molecules ispamtant to survive epidemic
diseases but it also creates the main immunologicaéb#o clinical transplantation.
Some HLA class Il molecules particularly DR and DQassociated with
autoimmunity.

In general, HLA antibodies are not naturally occurringrbay develop as a
consequence of encountered non-self HLA for examplgand transfusion,
pregnancy (paternally inherited antigens), or organ or ttsansplant.

2.2.2 Minor histocomability antigens (mHags)

mHags are polymorphic self-proteins presented as breakpimalncts in the context
of HLA class | or class Il molecules. They do not eviokmune reactions as strong as
MHCs but they elicit an immune response due to aliBfierences between humans
and have been shown to play a role in transplantatiopragghancy. In HLA- matched
HSCT mHags may provoke a GvHD or modulate graft rejeai@ngan
transplantations. (40). Parous female donors of hematapstem cells (HSCs) are
more likely to elicit a GvHD in recipients compared tmparous or male donors,
explained by previous sensitization to Y chromosome mHagdesHY) with
subsequent initiation of an HY-specific CD8+ T cell resmo(41). Approximately 50
different mHags have been identified and they are edoodé¢he Y chromosome, and
on many autosomes (42). The large number of mHags inslidetehisto-
incompatibility between donors-recipients or mother-fetus@ot a rare event. In
transplantation not only unfavorable immune responsegags are elicited; mHag-
specific donor T cells may mediate a graft-versus-leukefiect (GvL) or graft-
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versus-tumor effect (43). This function can be of achgatby using donor T-cells
specific for a certain mHag, whose expression isicestito the GvL effect by
isolating them from the recipient’s blood, expand tlzm then re-infuse them into the
patient (44, 45, 46). The role of mHags in pregnancyheilfurther discussed in the
chapter of Reproductive Immunology.

2.2.3 Transplantation

The genetic differences in the highly polymorphic HLA emiles are the dominant
underlying cause of immune responses against transpizssee or organs. After
organ transplantation, alloreactions developed by theieats immune system are
directed at the cells of the graft and may causarsptant rejection or a host-versus-
graft reaction. In contrast, in HSCT, the recipismimune system has been destroyed
and the major type of alloreaction arises from matucells in the graft and is directed
towards cells in the host. A graft-versus-host readiarts and leads, with varying
degrees of severity, to GvHD in almost all patients whdergo a HSCT. The degree
of disparity of HLA molecules between donor and recip@rrelate to the risk of
GVHD and host-versus-gratft reactions (47). T cellegaize alloantigens via two
different pathways; the direct and the indirect (48 @irect pathway of
allorecognition implicates T cells recognizing allogatis as intact molecules
presented by donamtigen-presenting cel{&PCs). In the indirect pathway, T cells
recognize alloantigens presented by host APCs by dintecaction of their receptors
with the donor HLA molecules. Figure 3.

TR peptide

Donor MHC Donor = | Host MHC
class| classi

Haost MHC
class i

Donor MHC
class Il

&

Apoptotic donor cell

|

Direct allorecognition | | Indirect allorecognition ‘

Figure 3. Direct and indirect allorecognition demonstrated.nKihd permission from
dr Tomo Saric.



HSC are used in both autologous (a patient is given baawm stem cells) and
allogeneic (a patient receives another individuals sdis) ¢ransplantations with the
aim to reconstitute the hematopoietic cell lineaggstrents with both malignant and
non-malignant disorders (49). The sources of HSC maliffeezent; bone marrow,
mobilized stem cells from peripheral blood or umbilical doabd (UCB). When
considering an unrelated donor, matching of HLA classB and C and HLA class Il
DR and DQ is of most importance (50). If the matctheke genes is perfect, the over-
all survival rate is comparable to matched related dBlSZT (51). However,
achieving this perfect match is rare. A prevailing raglahwhat genes are more
important is not established. Prior to the HSCT, thipat is subjected to destruction
of his or her immune system (conditioning) in order &ate space for donor cells and
to suppress the ability to react against the allografs can be accomplished by
chemotherapeutic agents or by radiation. DepletiomoddT cells by neutralizing
antibodies in the graft is sometimes performed in owperdévent GvHD. The
disadvantages however will be increased risks of fgidte and infections and less
GVL effect (52). After the HSCT the patient’s immuystem must be restored and
different cells reconstituted with different veloc{®8). Neutrophil granulocytes, used
as a marker for engraftment, are recovered after 2eksy UCBT after 4 weeks,
whereas T cells are not recovered until 3-6 monthstpnssplantation (53).

2.2.4 Umbilical cord blood transplantation (UCBT)

In 1988, the first transplantation with cord blood wadquered. The patient was a boy
with Fanconi anemia who underwent UCBT with his sisterthe donor (54). Since
then, collection and storing of UCB in internationatccblood banks has increased the
availability of UCB as a source of stem cells for treatment of both malignant and
non-malignant disorders. One of several advantagescasithblood transplantations is
the accessibility, through cord blood banks, when no Hladehed donor is available.
The risk for the donor is absent. However, recengynpling time (the time passing
before cutting the cord after delivery) prolonged to threeutes has been shown to
result in higher hematocrite and higher ferritin con@iatn up to four months of age,
which may be beneficial to the child, compared to childsth immediate clamping
(55). This regime cannot be attained with clinical @idn of UCB since the amount

9



of blood is too limited to enable retrieval of sufficient rmers of cells for
transplantation. At the two centers for UCB bankingSweden, Stockholm and
Gothenburg, a compromise has been introduced; clampirgy dirone minute in
vaginal deliveries and 30 seconds in caesarian sectiurthermore, the risk of
developing GvHD is reduced due to the naivety charact&CGB (56). One mayor
disadvantage of using UCB as a source of HSC is theetirmumber of stem cells,
leading to slower engraftment and reconstitution ofitl@une system with increased
infections as a consequence (57). Still, a benefiesture of UCB is the content of
CD34+ cells with high capacity to self-renewal and prddifien (58). The use of
double cord blood units i.e. the use of two unrelated UCB haggpartly counteracted
the problem of limited number of cells (59). The Gvleeffafter UCBT does not seem
to be decreased, despite the lower incidence of GvHD (58

2.2.5 Graft-versus-host disease (GvHD)

Clinical manifestations of GvHD depend on the degredoabr-host
histocompatibility. The immune system of the recipisnisually not destroyed
completely but co-exists transiently with the don8idirectional alloreactions result
in GVHD, host-versus-graft and GvL effects. Theseat#f are mainly carried out by
CD8+T cells (60). Billingham formulated in 1966, threguieements necessary for
GVHD in general: 1.The graft must contain immunologycaimpetent cells 2. The
recipient must express tissue antigens that are nanpresthe transplant donor. 3.
The host must be incapable of rejecting the transplae#si(61). Acute GVHD arises
within 100 days and is characterized by a systemic, psigeeattack on the cells of
skin, liver and intestines. The reaction derives froature T cells from the donor that
interact with the recipient’s dendritic cells (dirpetthway of recognition). Alloreactive
T cells will be stimulated to divide and differentiatéoi effector cells under the
influence of inflammatory cytokines (60). Acute GvHD affeup to 85% of patients
after HSCT and depend on donor type, HLA disparity angipraxis of GVHD (62).
Chronic GvHD usually develops after 100 days following H&@d affects
approximately 30-50% of long-time survivors; it resemhblesutoimmune disease,
including the development of antibodies directed to libgeneic HLA molecules and
it involves the indirect pathway of recognition (63, 82jronic GvHD affects almost
any organ although liver, skin and mouth are the most consites (65).

10



In spite of HLA matching, GVHD may arise. This candxemplified by male patients
who receive HSC from their HLA identical sister. T8igter may be previously
sensitized to HY (mHags encoded on the Y chromosomigab& influence the
outcome of HSCT (66).

Both acute and chronic GvHD are treated with diffenemmunosuppressive drugs.

2.2.6 Graft-versus-leukemia effect (GvL effect)

Alloreactive donor T cells are not only exerting negat®actions since they also have
the capacity to react against tumor cells. The developoi€avHD is thought to

mirror the benefits of a GvL effect. Weiden et gharted that patients who developed
GVHD also had significantly lower relapse rates (6¥)gling patients with leukemia
donor lymphocytes infusion induction of remission camadi@eved (68). Additionally,
patients receiving T cell depleted grafts in order to pre@ehiD have been shown to
have significantly higher relapse rates (69). NatutrkiNK) cells may also be
effectors in GVL reactions. They are among the tirdie reconstituted after HSCT and
mediate cytotoxic effects without prior sensitizatitr).

2.2.7 Non-inherited maternal antigen effect (NIMA effect)

The theory that the natural acquisition of maternigd &y the fetus may lead to
durable, maternal-specific tolerance is called the Ali&ffect. The theory has been
based on results from transplantation studies. Patidntseceive many blood
transfusions become highly sensitized and develop argbadiainst almost all HLA-
alloantigens making it hard to find a cross-matchedtnegargan donor if needed. In
a study by Claas et al. 50 % of 26 such highly senditiegeal-transplant patients failed
to produce antibodies against mismatched NIMA but wapalsle of producing
antibodies against non-inherited paternal antigensANitrlicating that exposure to
NIMA induce partial B cell tolerance in the offspring (7\Ayhen mice and chicks were
exposed to allogeneic tissue suspensions in utero andasaults transplanted with
skin from the donor strains, acceptance of the gsafie was achieved in contrast to
the animals who received the skin graft from anothamsthan that they had been
exposed to in utero (16). The NIMA effect has clinieddvance; a human solid organ
transplantation study reported that the survival of aotygme- mismatched kidney
allograft from a sibling donor was significantly bettethi€ mismatched HLA
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haplotype was maternal (NIMA), as compared with pat€hi&A)-mismatched
donor-recipient pairs. (72). A similar effect of NIM#as been seen in HSCT. A better
transplantation outcome and less GvHD is achieved wagents receive HLA
haploidentical stem cell transplants from mothers or AHiMismatched siblings
compared to those from fathers or siblings without NIM&match (73- 76).

2.3 REPRODUCTIVE IMMUNOLOGY

A goal of both the mother and the fetus during pregnantty achieve a tolerogenic
state to the semi-allogeneic counterpart. Mainly,ighearried out in three areas; the
immunological features at the maternal-fetal integfae. the placenta and the decidua
and the adaptive mechanisms of the maternal and géwgfetal immune systems. All
three parts may be of interest to understand the &imifjaand the maintenance of
MMc and FMc.

2.3.1 The maternal-fetal interface

The maternal-fetal interface is a dynamic site tbanprehends multiple cellular
interactions in an environment rich in cytokines andrtmes (77). The fetus itself
does not come into direct contact with maternal tissugthe trophoblast that forms
the interface between the maternal and fetal compatsnDuring the first trimester, in
the hemochorial human pregnancy, fetal extravillous tbjaist cells penetrate deeply
into the decidua that will elicit recruitment of mat@rimmune cells and the
production of pro-inflammatory cytokines (78). All fetadphoblasts lack Class |
HLA-A and HLA-B as well as Class Il molecules, instehe extravillous trophoblasts
bear HLA-C, -E and -G (79). Through this unique HLA expi@s extravillous
trophoblasts are capable of interacting with receptqeeased by uterine NK cells
(uNK), T cells subsets and macrophages, leading to inhilmti@aetivation with the
purpose to protect the trophoblasts from attacks by mateite and thereby
maintaining normal pregnancy (80, 81). HLA-G moleculests® be of high
importance for successful embryo implantation in pregnand allograft acceptance
in transplantation (82, 83).

The decidua is populated by a variety of maternal immaeli& dhe purpose of those
cells is to support placenta development, inhibit attacksadérnal effector cells and to
combat infections. In decidualized endometrium, in botlkpr@gnant and pregnant
women, the primary leukocyte subpopulations are uNK cagrophages and T cells.
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The specific role of uNK cells is not clear but it lneen suggested that they regulate
fetal trophoblast invasion and the uterine vasculangds for maximizing maternal
blood flow through placenta (84Ylacrophages constitute 20-30% of the leukocytes in
the decidua and are believed to, beside their functiorogecpors and effectors against
infections, be involved in implantation, placental griownhd the development of
maternal-fetal tolerance (85). Approximately 10—20%eakbcytes in the first-
trimester human decidua are T cells and within this @djou a very small proportion
constitutes T regs (86). The function of decidual T ¢elf® far undefined but they
seem to exhibit their function by cell-cell contact amgpsession of T cell responses
(87, 88). The secretion of human chorionic gonadotrivpim the trophoblast appear to
attract T regs to the fetal-maternal interface andadutate their regulating function
(89).

An association between increased T cells and decdr@asegs levels has been noted in
spontaneous abortion (90, 91). A decreased proportidaadual T regs in
preeclampsia has also been reported (92).

2.3.2 The maternal immune system

Proliferating T helper cells that develop into matQi4+ cells differentiate into two
major subtypes of cells known as T helper (Th) 1 andcEti& that are defined by their
function, cytokine production profiles and surface chemotageptors.

For long the alteration of cytokine profile termed, “W&l/ Th2 shift”, seen in
pregnant women was considered the main mechanismhevatgy a tolerogenic state
during pregnancy. It refers to the fact that the mat@amaune system downregulates
Thl-induced cellular immunity and enhances Th2-induced hlimgs@onsiveness in
pregnancy, with a subsequent increased levels of alatwinfatory cytokines such as
IL-4, IL-5, IL-10 compared to IFN; TNF-« and IL-2 that are considered inflammatory
(93, 94). Pregnancy related hormones such as progestestragliol, leukaemic
inhibitory factor and prostaglandins promote the Th2 pr@@97). Trophoblasts also
contribute to the Th2-cytokine dominance in pregnancy. (98

More recent research suggests that the maternal imsystem is aware of the semi-
allogeneic fetus and develops strategies to tolerateiingpregnancy large amounts
of apoptotic trophoblast are shed into the maternallaiion that can be captured by
APCs that present fetal antigen to T cells but matéotexrance is generally not

compromised by these T cells, whose activity seem tedtgcted by clonal deletion
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or suppression (99). T regs are considered to mediatgeagart of active immune
tolerance that inhibits maternal lymphocytes fromckitey the fetus (22). Recent data
shows that T regs specific to fetal antigens expand thare100-fold (100). In a
mouse model depletion of T regs generated a higher rapoofaneous abortions (22).
The mechanism of how T regs contribute to the tolerogeaie of pregnancy has been
proposed to be attributed to their secretion of IL-JdRD-1 (programmed cell death
protein 1) and by the up-regulation of IDO (indoleaminrplgr 2,3-dioxygenase)
expression on dendritic cells and monocytes in peripbad and deciduas, leading
to a local tolerant microenvironment and suppressidnedfector cells (101-103).
Interestingly, it seems that already the encountdr satinal fluid will stimulate the
expansion of T regs as a preparation for pregnancy (104).

T cells specific for at least three different mHagalHHA2, HY) have been identified
in women following pregnancy and may be detected decaesarfds (105-107). The
mHag specific T cells are elicited during pregnancyappkar to be able to lyse target
cells and produce IFN{108). Three hypotheses by Linsheid et al. may exptan
theses T cells do not cause rejection of the fetutlyfiis cells are not fully activated
during pregnancy and consequently are deficient in tffecter functionin vivo,
secondly T regs at the maternal-fetal interface pitenggection and thirdly, fetal-
specific T cells are unable to traffic to the materegdifinterface and thus cannot
mediate their attack. (109). Both placenta and microehifetal cells are likely

sources of fetal mHags during pregnancy.

2.3.3 The fetal immune system

Less is known about how the immune system of a fetais dath the challenges of
developing in a semi-allogeneic host. In the pastigtat immune system was
considered inert and functionally impaired due to limaatigen experience, but recent
research has confirmed that the human fetal immmunemsystdecidedly active. The
fetus must learn to tolerate benign antigens, includingas#ijens as well as maternal,
food and environmental antigens that cross the plac&mnten that the fetus is
relatively protected against microbial infections inditke uterus and that the fetus, the
premature and newborn has an enhanced susceptibiliffettions, it makes sense that
the developing fetal immune system mainly is tuned to gemévlerance.
Heamatopoesis originates in the early yolk sac, but fheni 1"-12" gestational week
the liver is the primary organ of the fetal hematopmeshereas from the 90
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gestational week heamatopoesis mainly resides in treerbarrow (110). With
increasing gestational age the innate immune systeéhe détus is formed. However,
neonatal innate cells display fewer functions and prothssecytokines compared to
adult (111). NK cells are also a part of the fetal dgyiah innate immune system and
have the capacity to detect and destroy virus infeaksitbrough a cytotoxic
mechanism. The levels increase through pregnancy acid teamaximum level at
birth (approximately 10% of lymphocytes in cord blood)e Téwvels then decrease to
reach adult levels around the age of 5 years (112)p@oment factors, contributing to
the innate defense, are produced in the fetal liveinmeonates they are reduced to
10-70% of adult levels (113).

The adaptive immune defense, which is characterizeékebglimination of specific
pathogens and by development of an immunological mermatydes T cells and B
cells. The levels of those cells increase with giestal age, but the first week after
birth they expand immensely (114). T cells migrate frbenfetal liver or bone marrow
to mature in the thymus. The fetal thymus develops ardwngt10" gestational week
but is not mature until theTﬂG‘hgestational week (115). In the thymus the genes of
the T cell receptor rearrange, resulting in a large slityeof potential T cell antigen
specifities The T cells bearing receptors which recognize self-MiHEhe epithelial
cells are positively selected for differentiation 043 or CD8+ single positive cells
(116). The T cells leave the thymus as naive CD4+ @+Gflls. In peripheral
lymphoid tissues they get activated and start to magubgnding to their
corresponding antigen/ HLA. Yet, this activation is defant on co-stimulation of
APCs. By 18-20" gestational week T cell development is well under walyTacells
migrate to the periphery (117). At the same gestationatiheggeripheral lymph nodes
are colonized by lymphocytes (118).

The fetal immune system needs not only to develop ierdaodbe armed against
infections after birth, it must also learn to toleta¢@ign and/or necessary antigens
(including maternal). In the thymus, parallel to theifpee selection of CD4+ cells and
CD8+, the T cells whose receptor bind to self-antigeHOvind by that have a
potential to be auto reactive, undergo apoptosis in a prkoess as clonal deletion
(119). By that, central tolerance is achieved. Howeawature auto reactive T cells
may escape from the negative selection in the thya2@).( To deal with those
escaping T cells that may exert potentially harmftb@umune reactions in the

individual, a secondary line of tolerance promoting existhe periphery, imposed by
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a population of regulatory T cells. The best charasdrare the CD4+ CD25+FoxP3+
T regs. They are identified by their expression ofsraption factor FoxP3 and the IL-
receptoru-chain (CD25) (121). They suppress immune responses thppoduction

of IL-10 and TGRFB (transforming growth factds). Mouse studies have shown that
depletion of the CD4+CD25+ T cells result in severe autainity (121). An X-linked
syndrome characterized by early onset of autoimmussase in multiple organs was
defined in humans in 1982. The syndrome, named IPEX (irardysregulation,
polyendocrinopathy, enteropathy, X-linked) was found to emfengedisruption of
FoxP3 leading to the absence of T regs (123). The macharsied by T regs includes
binding to the same APC as the autoreactive T cetii@t by secretion of non-
inflammatory cytokines, direct target-cell cytotoxiceiyd modulation of antigen
presentation, and thereby inhibiting proliferation artdzaton of the T cell (124). The
development of T regs starts approximately in tH&#8tational week, in the fetal
thymus (125). Fetal lymph nodes in the second trienestntain a high amount of T
regs (on average 15-20% of CD4+ cells) compared to aduitiynodes, full-term cord
blood and adult peripheral blood (less than 5% of CD4+)¢EI8, 126) Michaelsson
et al. showed that depletion of T regs in the fetapllpf node generated a spontaneous
proliferation of conventional T cells and increaseatipiction of IFNy upon
stimulation, but not in the assays of T regs depleti@dult lymphnodes (118). This
finding made the authors suggest that 1) fetal T cedlsimthe absence of T regs,
highly responsive and that T regs have a suppressive induetice fetal immune
system to achieve peripheral tolerance 2) adult aatlddaptive immune systems
exhibit significant differences with respect to the requéets for maintenance of
peripheral tolerance (118).

Based on these observations and the previous findfrig#o in fetuses, the same
research group tested the hypothesis that fetal Tamlld react on maternal antigen
and the fetal immune response could be inhibited by fetedy3 (17). First of all, MMc
was found at a rather high level (up to 0.8%) in figraph nodes in ™ trimester
fetuses. Then fetal iImnmune responses against matdPtabearing NIMA and against
unrelated, third party APC were tested in vitro by mily@sphocyte reaction (MLR).
Fetal responses against NIMAs were less prominanpaced to unrelated antigens,
indicating tolerance. When fetal cells were depleted regs prior to MLR, the
immune response increased against maternal andiP€lbut not against unrelated
donor alloantigen. Subsequent experiments were conducteeripheral blood of
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healthy children with the aim to investigate if T regsld suppress T cell activity
against maternal or paternal APC. A small but signifisaipipression against maternal
APCs compared to paternal was noted. It is not knowregds T regs orginated from
fetal life or if they developed more recently due to ongdMMc (17).

In conclusion; it appears that fetal T regs are involmdte induction and maintenance
of the NIMA effect.

2.4 METHODS TO STUDY MICROCHIMERISM

The technological challenges to study Mc are reladete limited number of cells,
and therefore the identification requires sensitive owthOne strategy to identify
fetal cells in a woman is the utilization of the Y @mosome as a marker to detect
male cells in a female host (5,15). Fluorescent intsjboridization (FISH) with Y
chromosome-specific probes can be used to microscgpidalttify male cells in
blood or tissues. The practicality is however restdidig the time-consuming work
of screening a very large amount of cells. FISH anabasbe combined with
concomitant cellular phenotyping by immunohistochemigt®7). MMc may also be
studied with FISH assays, by identification of femalésaa male tissue or blood
(127). Figure 4.

Figure 4. Maternal epithelial cell in the lung identified by clggwatin expression. X-
probe signal = red. Y-probe signal=green. With kind pgsion from dr Anne
Stevens.

DNA amplification using the polymerase chain reactionRP@rovides a sensitive
method to detect and quantify microchimeric cells. Inaterassays the sensitivity
can reach one donor cell per million host cells (1P®A is extracted from tissues
or peripheral blood and detected by targeting nonsharedrmaéspecific HLA
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polymorphism (129). Other variants of genetic polymorphisniychieg the use of
markers for the Y chromosome in FMc assays, maylssassed (130).

2.5 FETAL MICROCHIMERISM
2.5.1 Fetal microchimerism in blood and tissue

In humans, fetal DNA has been detected in maternaddsoearly as at four to five
weeks of gestational age, and both fetal cells and Bid¢Aconsistently detected from
seven weeks (131,132). Ii%rimester pregnancies the number of circulating fetal
cells in maternal blood is estimated to 2-6 per millilié@d distinctly increase until
parturition with a rapid decline post partum (133,134). Freal BNA has been
demonstrated to be much more frequent than fetal nucleatisd100% vs. 26%) in
the circulation of pregnant women and with a moreidraglearance (5). The
discrepancy made Lo et al. speculate if the cell popuaktpredominantly involved

in cellular traffic and plasma DNA liberation are di#nt, suggesting that the
trophoblasts are the main source of liberated plasnah BA and that persistent

FMc would originate from intact fetal cells (5).

Male hematopoietic stem cells, presumably fetal, e demonstrated in the
circulation of women decades after they had given barfons (15). The fact that the
fetal cells persist may be explained by their abilityhgraft in bone marrow as
progenitor cells with the capacity to differentiate, psybte and re-infiltrate blood
and tissue later (135).
Conditions associated with placental dysfunction apjeei@sult in an increased
passage of fetal cells into the mother. For examplaragnancies complicated by
abnormal fetal karyotype, Bianchi and others have shbatrtlie levels of FMc was
several times higher in pregnancies associated wstmtgy 21.compared to normal
pregnancies (136, 137). Increased amounts of freeCidlalin the maternal
circulation have also been reported in preeclampsia &bd P (hemolysis, elevated
liver enzymes, and low platelets) as well as in prefabour and fetal growth
restriction( 138-141). Whether similarly high levele aresent years later is currently
unknown.
The cellular subsets in FMc are various, with botlsenehymal and hematopoietic
origin (142). Hematopoetic lineage markers have been deratetsin subsets of
CD3+, CD4+, CD8+, CD19+, CD14+,CD56/16, CD66b+ and CD34+(5, 143,144).
18



Y chromosome bearing cells have been identified inrdevzé&male tissues, including
thyroid, skin, lung, lymph nodes , kidney, liver, heasfdeen, cervix, intestine and
bone marrow (135, 145-151). Thus, it seems that fetal cellwidely spread within
the body and become incorporated into a range of vacellg/pes. Additionally,
differentiated fetal cells have been demonstratedxdamele among hepatocytes,
cardiomyocytes and thyrocytes (152-154).

2.5.2 Fetal microchimerism in autoimmunity

A maternal cellular immune response directed agaatat &ntigens can be detected
in humans, suggesting that persisting FMc could be recognizedtgynal T cells
mediating an allo-autoimmune reaction (19,105, 106). S@ad$beciation between
FMc and several disorders that traditionally have e@arred to as autoimmune
have been investigated, the first being SSc. SSc msatiresemblance to chronic
GVHD, including development of auto antibodies and hgseitk incidence in
women after reproductive years (155). Women with SS haddfisantly higher levels
of male DNA in peripheral blood, detected by Y chromosepetific PCR,
compared to healthy controls (156, 157). Subsequent studiesdported
comparable results, i.e. FMc is more prevailing in thigoperal blood mononuclear
cells, skin lesions and other affected organs of womtnsystemic sclerosis (158,
159). However, healthy controls also harbor FMc, andragtudies have not clearly
identified an association between SSc and FMc (160,161).

Hypotheses regarding how FMc contributes to the diseakele both a fetal vs.
maternal type reaction (graft vs. host) and a matesidétal reaction (host vs. graft)
(162). The maternal vs. fetal reaction is suggested tdv@wmmune recognition of
fetal cells by maternal T cells, either in a directn indirect way. In the direct way
fetal antigens are presented directly by persistentA&@l to maternal T cells,
whereas in the indirect way, fetal antigens are ptedeo the maternal effectors by
maternal APCs.

Various other autoimmune diseases have been investifpattheir association with
FMc. Fanning et al found male cells, presumably fetdiyén biopsies from patients
with primary biliary cirrhosis, but not in controlshereas other studies did not found
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any clear association.( 163-165). Fetal chimeric cells baea identified in affected
salivary glands in patients with Sjogren’s syndrome, butmpeéripheral blood
(166,167). The study of autoimmune thyroid disease is of pltitterest because
of its frequent onset or relapse in the postpartum peliat] once again, study results
have been controversial. Klintschar et.al found are@mse in FMc in affected thyroid
tissue of women with Hashimoto’s disease, but in thdysby Srivitsa et al. similar
frequency of FMc was detected in Hashimoto’s diseaddlamoid neoplasms (145,
168). In conclusion, the association between FMc asidByc sclerosis appears to
be the most clearly established. The role of the tetld remains controversial- are
they an essential part of the pathogenesis or isritiend of fetal cells in affected
tissues and the increased frequency in blood a manifestdtrecruitment of fetal
cells to damaged tissue, where they may take part in r@paiesses?

The fact that FMc is present in a wide range of tissaoet only those affected by
autoimmune processes, formulated the alternative hygiettiet the occurrence of
fetal cells in these tissues is a result of the fe#ls homing to areas of damaged
tissue participating in repair processes. Descriptions fhentiterature include: in a
woman with hepatitis C, invading fetal cells with a anatliver phenotype were
observed in the liver; the fetal cells were assumextiggnate from a pregnancy 17
years earlier (169). Well-differentiated liver cellsnadile origin were demonstrated in
36% of liver biopsies from women with different hepatiseases (149Fully
differentiated male thyroid have been observed in thyrba&dwoman with
autoimmune thyroid disease (145). Furthermore, synovsaidisf patients with
rheumatoid arthritis contained fetal mesenchymal s&dls with possible ability to
participate to bone and cartilage repair (170). The fattRNMc were more likely to

be found in patients with a severe SLE compared to thidkea mild variety
formulated the theory that the fetal cells wereaaatsing the disease but rather home

to the damaged maternal tissue once the injury reacletaindevel (171).

2.5.3 Fetal microchimerism in cancer

Recent reports suggest an association between pregimeynd cancer. It is less
likely that parous women who harbors FMc develop car@er parous women
without FMc suggesting a immunosurveillance and/ or tumor ssppr function,
especially in breast cancer (172-174). Gadi proposed threlgamems how the fetal

microchimeric cell could contribute to alloreactivityaanst cancer antigens in the
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mother: 1) fetal T cells effectors attack maternaligmant cells expressing cancer
antigens 2) fetal APCs present maternal cancer antigeaternal effector cells 3)
fetal NK-cells initiate a cytotoxic reaction towarde tmaternal malignant cells (175).
Additionally, fetal cells in cervical, lung and thyroidncar tissues have been
demonstrated (176-178). However, it is hard to evaluate fimokegs; are the fetal
cells effectors, an accompanying marker of concomitantegeoar providers of tissue

repair?
2.6 MATERNAL MICROCHIMERISM

In the beginning of the eighties the idea that allogemeiternal cells might be
involved in triggering disease in children was born. Chiléiéected with severe
combined immunodeficient disease (SCID) were shown tmhanhternal cells in the
circulation and the maternal cells were also engtarftéissues (179). SCID is a genetic
disorder characterized by the absence of functionghptocytes. The defect immune
system manifests by impaired antibody response due & ditlect involvement with

B lymphocytes or through improper B lymphocyte activatioa tb non-functional
CDA4+ cells. In a large cohort by Muller et al., as masiyi0% of infants with SCID
harbored engrafted maternal T cells and GvHD was dpegdlin 76% of them (180).
The phenotypes of the engrafted maternal chimeris teCID infants have been
confirmed to be T and B cells but without the abilityuadtionally replace the
immune system of the infant (179-181). Since then, iatdit pediatric diseases have
been proposed to be associated with MMc; juvenile dernyatcytis (JDM), juvenile
idiopathic inflammatory myopathies (JIIM), neonatal lupyrsdsome (NLS), type 1
diabetes, pityriasis lichenoides, biliary atresia (182y.BiDfar, one autoimmune
disorder affecting adults has been shown to harbor MMdiigher frequency; SSc
(129).

2.6.1 Maternal microchimerism in blood and tissue

The fetal immune system has been shown to be expmseatérnal microchimeric
cells from the 18 gestational week (in blood samples taken prior to indabedions)
(191). Studies in the 60ties detected MMc in cord blgotdlbeling maternal blood
cells with a fluorescent dye or Chromium-51 and injectimem back into the mothers

before delivery (12,13). More modern studies investigatihdchh cord blood have
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shown very diverging results depending on the method (5,192-PRe frequency has
varied greatly; 0% to 100% with a mean frequency of 14%.

Maternal cells are also common in infants and heatithyiduals and have been
identified in the peripheral blood up to the age of 49.(W&loney et al. developed a
PCR assay which could detect one maternal cell ibabkground of 100.000 host
cells. In healthy offspring, DNA sequences, presumee tmdternal, were identified in
17 (55%) of 31 individuals from the age of 9 to 49 year}. Q4dantitative methods as
guantitative real time PCR (QRT-PCR), have estimttedevels for example in cord
blood to 2.6 x 18(5). The subsets of maternal cells in peripheral blodtakhy
individuals were investigated by flow cytometry followegl QRT-PCR and were
found to be CD3+ (T cells), CD19+ (B cells), CD 14+ (roptiages, monocytes),
CD56+ (natural killer cells) (201). The study revealdeguency of MMc of 39% in
healthy individualsGranulocyte populations also contain maternal cells (144)
Several studies have explored the tissue engraftmeaticaof the maternal cells. In a
2" trimester fetus, MMc was found in a variety of tissinetuding liver, lung, heart,
thymus, spleen, adrenal gland and kid(#32). The cells were of hematopoietic and
stem cells origin. In infants with inflammatory and noflammatory diseases maternal
cells were detected by FISH analysis for X- and Yeaiwsomes in liver, pancreas,
kidney, heart, lung, skin, thyroid and thymad27, 203. Thus, MMc in tissues could
conceivably be targets of an immunological attack.

2.6.2 Maternal microchimerism in autoimmunity

Maternal cells appear to have multi-linage plastiditges female (presumed to be
maternal) cells expressed sacromeractin, a marker for myocardial cells, in the heart
tissue of male infants who died from NLS (18Me development of NLS starts in
utero in fetuses of mothers with anti-SSA antibodiedifey tocongenital heart block,
rash, hepatic and hematologic abnormatilities (204).aN babies born of mothers
with those antibodies develop the disease suggestingpatieriogical mechanisms.
Using a FISH assay, MMc was demonstrated in 15 of I®ee®f NLS heart tissue,
with a frequency range of 0,025% to 2,2% of total ceB§{1In controls, only 2 of 8
sections showed maternal cells (0-0,1% of totdécdturthermore, 86% of the
maternal cells expressed a marker for cardiac myscgeromeria-actin, indicating
differentiating capacity.
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Pityriasis lichenoides

Pityriasis lichenoides is a skin disease that predately affects children and young
adults with unknown cause although some researchers Uggessed that the initiation
of the lesions could be viral (205). The clinical cheeastics are flares of
inflammatory skin lesions. Pathological findings inclugmphocyte infiltration deep
into the dermis with lymphocytes within the subsét€b3+ and CD8+ (205). A study
by Khosrotherani et al. demonstrated increased levematernal cells in skin tissue of
male children with pityriasis lichenoides compared tdthg&hildren, although the
difference in frequency was not significant (189). Numbémaiernal cell were 99/
million in patients compared to 5/ million in contr@ts=0.005). Combined FISH with
immunostaining using anti-CD45 antibody was used on nicte@as from patients and
five from controls. None of the 19 chimeric celigised positive with CD45+ but in
seven of 10 patients the maternal cells stained peddr cytokeratin indicating that
they had differentiated into keratinocytes.

Type 1 Diabetes

Type 1 Diabetes is characterized by autoimmune destrustiinsulin secreting islet
beta cells in pancreas leading to insulin deficiencylamghocyte and macrophage
infiltration. In children with diabetes, maternal sallere more frequent in peripheral
blood compared to unaffected siblings and unrelated cot@®. By in situ analys, 4
male pancreases were examined in regard to MMc. Fealdehrematopoetic cells
were found but female, insulin- positive cells, preahiyp cells were detected at
slightly higher levels in diabetic tissue compared tdradsindicating ability to
differentiate into a tissue specific phenotype. Since Mbtovas found in the
lymphocyte subset, the authors suggested that it waelyrthat the maternal cells act
as effectors but the finding of insulin- positive cbim cells could rather indicate a
consequence of tissue repair (188). A similar study wagumted by Vanzyl et al.
(206). They found maternal cells in pancreas, bothtienqta and controls but the
frequency of cells was significant higher in patientse aternal cells ranged between
0.31 and 0.80%,mean 0.58% compared to controls; 0.24-0rb8&f, 0.38%) (p =
0.05). The maternal cells were both insulin negativki@sulin positive but CD 45+
was not expressed, indicating absence of effectorifumot microchimeric cells.

The findings of differentiated maternal cells in tsswould be interpreted that they

home to the area of damaged tissue and participatiéssua repair process.
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Juvenile dermatomyosytis

JDM is a multi-organ autoimmune disease that causesnnfation in small vessels of
muscles, skin and the gastrointestinal tract and rersdsociated with the HLA Class
Il allele DQA1*0501 (207). The pathogenesis remains unblgamuscle biopsies
have demonstrated lymphocyte and phagocyte infiltrgd08). Maternally derived
cells have been shown to be more frequent both in mbggsies and in whole blood
of children with JDM compared to controls (182, 183, 185)

In a recent study by Ye et.al muscle biopsies from [é efaldren with JDM and 4
healthy male controls were investigated with FISH lomed with confocal imaging
(184). Concomitant immunofluoroscence for CD45+ was tseetermine whether
MMc in muscle were lymphocytes. The study confirmed iptes/results: the
frequency of MMc was significantly higher in JDM muscled@1.14%) compared to
controls (0.08-0.42%). Among the maternal cells no CDeiis were observed. Thus,
the findings of differentiated maternal cells indiss and with absence of maternal
lymphocytes could be interpreted that they home toréee af damaged tissue and
participate in a tissue repair process.

Additionally, in the study of Reed et al. the preserfddic in healthy subjects was
shown to be associated with the HLA genotype of the mathparticular HLA
DQA1*0501 (184).

Systemic sclerosis

SSc is a chronic immunological disease characteliyadcreased accumulation of
collagen in the skin and in various internal organdu@elinfiltration constitutes
above all of T cells. Like in FMc, there has beemssociation between MMc and the
disease. MMc occurred more frequently among women with(88%6) compared to
healthy controls (22%) but levels of maternal celtse not significantly different
(129). However, in a patient negative for MMc in blood whentdied from the
disease, high levels of MMc was found in both affectied non-affected internal
organs and bone marrow (129).

Biliary atresia

Several studies have exposed an association betweey htliesia (190, 209-211). It is
an autoimmune, progressive disease of the biliaryiririedants and it is the most
common cause of pediatric liver transplantation. Male®8+ cells were more
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frequently found in livers of patients with biliary @sfa compared to controls and some
maternal cells were cytokeratin-positive (211).

In conclusion, studies of MMc and autoimmunity haveiigin in the same reasoning
as FMc and autoimmunity i.e. the similarities betweleronic GvHD and some
autoimmune diseases where maternal cells could affeasor cells in the progeny, for
example as in JDM (183,185). Examples of conditionk ipossible beneficial effect
of MMc are NLS and type 1 diabetes where maternt eppeared with tissue specific
character in the absence of maternal inflammatoty.¢@B7, 188, 206). A theory that
maternal cells may influence a fetal response towaiflargigens has been proposed
by Leveque et al. (212).

The observation made in the transplantation fielditftampatibility between HLA
genes between patient and donor highly affects théariakpatient to develop chronic
GVHD have led to the hypothesis that naturally acquiredacinimerism and
developing of autoimmunity are dependent of the HLA contimnaf host and donor
(156, 183).

2.6.3 HLA and naturally acquired microchimerism

HLA may affect the presence of Mc in different walysst of all, a specific HLA allele
in the mother or the child may influence the occurresfceMc or MMc (156, 183).
Secondly, a compatibility of HLA alleles from the perspe of the mother (regarding
FMc) or the fetus (regarding MMc) may influence the abiif host cells to pass the
placenta undetected and/or engraft. For example, increageld bf FMc have been
described in SSc (156). Women with SSc had significantiseroften given birth to a
child compatible to the mother for HLA-DRB1, prior to dise onset (156). Berry et
al. investigated the presence of MMc in cord blood, catkdbr a variety of medical
reasons between gestational week 18 and 38 (200). MMdetactable in 16 of 30
samples. The frequency and concentration of MMc wasehigthen there was
maternal compatibility for HLA-DQB1 from the fetal ppextive, that is, the mother
was DQB1 homozygous or HLA identical.

Mother | DQB1* | DQB1* Mother | DQB1* | DQBla
Child | DQB1* | DQB1# Child DQB1* | DQB1o
The mother is DQB1 homozygous The mother is DQB1 identical

Figure 5. Compatibility of the mother from the child’s perspeetiv
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Thirdly, a transfer of an autoimmune HLA risk alleledugh Mc may be possible: a
study by Rak et al. showed that FMc may have an advdess &f RA patients who
lack the most common RA risk-associated HLA allelesAHDRB1*04 and HLA-
DRB1*01 (213). An increased frequency and higher levels of Rlth those alleles
were observed in patients with RA compared to contRe$ated to MMc, on the other
hand, several studies have demonstrated that patight RA who lack HLA-
DRB1*04, have mothers with the risk allele (NIMA) to ighrer frequency rather than
fathers (NIPA) carrying this allele (214, 215). Howeuérwas not investigated if
patients with RA harbored MMc.

Given the common incidence of MMc in healthy individuals logical to assume that
the presence of MMc, or naturally acquired Mc as a &hwit always contribute to
disease. So, the possible consequences of MMc rangédienance to sensitization
but what process might disrupt the balance it is not knéaternal microchimeric
cells, normally present at a low level might be exparmeahn environmental stimulus
and proliferate in blood and tissues. At higher levelsdWduld reach the threshold for
activation of the host’s immune system or becomeerpoone to be effectors in an
“alloimmune” process. Alternatively, the occurrené¢éhe semi-allogeneic cells may
reflect induction of host tolerance

Very few studies have provided tests of MMc and itgtiams in humans. In the study
by Reed et al. maternal T lymphocytes were isolatau thildren with JDM and were
shown to react to the children’s cells in vitro by prodgdifN-y (183). In contrast, the
maternal cells did not react to the healthy sibling. #ea@port describes a 21-year old
male who was exposed to volatile chemicals in afaet®ry. He developed a condition
with resemblance to GvHD including lymphocytic infiltragesd fibrosis in lung, skin
and intestinal mucosa. He was compatible with his mathall HLA class Il loci and
by a mixed leukocyte reaction his CD4+ and CD8+ cellsareded by a two-fold
increase when activated to his mother’s cells (216).

2.7 OTHER SOURCES OF MICROCHIMERISM

Additional sources of microchimerism than the ackmawn pregnancy and a
woman'’s born children could make the interpretatiorestits hard. Male
microchimerism has been detected in women who haver g@xen born to a son (217-
219). Since it is known that FMc may follow spontanemusduced abortion it is
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feasible that male microchimerism in a woman could $tem an early, unnoticed
miscarriage (220). However, the findings of male cellfemale children and fetuses
cannot be explained by this (221). Furthermore, fem@&lB Eamples compromised
HY-specific cytotoxic T cells from neonates both waitler brothers and without
which made the authors speculate in that male microcisimérom the mothers’ older
brothers or a miscarriage of the mother could induce amartesponse (222). Thus,
the findings may be a result of a “trans-maternakivfbf male cells. Microchimerism
in an individual has also been proposed to derive freemashed twin (223).
latrogenic interventions as blood transfusion organ-H8@ transplantation may also
give rise to Mc (2-4).

Whether sexual intercourse will be followed by male isicurrently unknown.
However, the findings that expansion of T regs isigaed at the encounter with

seminal fluid might indicate that (104).

The findings that maternal cells can be transferred tl@mmother to the offspring by
nursing stem from mouse studies (224, 225). Consequently ittedead to
additionally induced tolerance to NIMAs in mice (226). legtingly enough, breast
milk in humans contains stem cells with multi-lineggeperties (227). Whether
these cells give rise to MMc in the baby is currendy known.

2.8 ANIMAL MODELS

Rodents are the most frequently used animal model faebtarch. For detection of
the Y chromosome in PCR, FISH and immunofluorescassays green fluorescent
protein (GFP) or bioluminescence-positive male animed0ften used (228)
Congenic or allogenic matings between wild-type females and homozygous GFP

*/* males result in the possibility to identify maternal and fetal cells. Maternal cells
will be GFP- and fetal cells GFP*. When studying MMc in offspring it is required to

use GFP*/- female mice mated to GFP-/-males.

MMc has appeared to be common both in healthy and in modeficient mice (224,
229). In mice with immunodeficiency they appear earliegaatation compared to
healthy mice and are more widely spread (229). Like in hunla@dMHC
compability of mother and pup influences the levels of MRRO). Although the
placenta is hemochorial in both rodents and humansy midfierences exist between

their pregnancies. The mouse placenta contains twcslayérophoblasts and one
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layer of syncytiotrophoblasts whereas the human amtaily one layer of
trophoblasts and has villi resulting in a thicker placé2&i). In mice, trophoblast
invasion into maternal vasculature is minor, and tleh@&msge of nutrients occurs in
the labyrinth area. Decidualization occurs only at tteeaf implantation.

Pregnancy differs between the two species also in immagical and endocrinological
manners (231). Taken together these differences, cautiast be made when

comparing MMc and its consequences in humans and intsoden
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3 AIMS

The overall aim of this thesis was to study the phemomef MMc and explore its
physiogical role and kinetics in normal pregnancy as agahvestigate the possible
persistence of MMc during childhood and adult life, esglgcn connection with
development of autoimmune disease, like SLE.

The specific aims were:

1. To investigate the occurrence of maternal cells ofrdiffecellular subsets in
tissues of 2 trimester fetuses. (Paper )

2. To investigate the occurrence of maternal cells in heahildren’s tonsils,
adenoid and blood. (Paper 1)

3. To investigate the association between SLE in adultdvivid in peripheral
blood. (Paper I11)

4. To investigate the occurrence maternal cells of diffezeltular subsets in cord
blood of term infants. (Paper V)
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4 SUBJECTS AND METHODS

4.1 SUBJECTS

Paper |

Tissues were sampled from fiv&' Zrimester fetuses that were aborted on request
(gestational weeks 14-17). An additional five cases afitetion of pregnancy,
aborted due to trisomy 21 and/ or malformations, weredec (gestational weeks
15-18). Finally, a stillbirth from the #7gestational week was investigated. Seven

fetuses were male and four were female.

Gestational age was determined by measurements of thieetapdiameter of the
fetus by abdominal ultrasound prior to the abortion. Gesi@tage was expressed in
completed weeks. The termination of the pregnancies wésmed by oral
administration of mifeprostone 600 mg on day 1 and misoprc@@0 mg vaginally
followed by 400 mg misoprostol orally every third hour uritd Bbortion was
completed on day 3. The intrauterine fetal death was iddwitd 600 mg
mifeprostone followed by vaginal administration of gemsptbe following day.

The bodies of the fetuses were accurately washed atidghes were collected at
autopsy and placed in sterile NaCl. Peripheral blood wasdiram the mothers.

Paper I

Tissue samples from the tonsils and/ or the adend@ children undergoing
tonsillectomy and/or adenoidectomy due to recurrentltbissand/ or respiratory
obstruction were collected prospectively. A questionra@ut the health conditions
of the mother and the child was answered by the mothéail®eegarding the

guestionnaire are provided in Discussion.

The children were between two and 15 years of age (aggab,2) and consisted of
14 boys and six girls.

Peripheral blood was collected from the mothers andhhéren. The tonsils and
adenoids were removed by curettage under general anesthdsigssected
immediately after the surgery under sterile conditi¢imair central parts of the tonsil
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and two central parts from the adenoid, each measuring>amgattely 5 x 5 x 5 mm,
were collected for analysis in order to avoid contationeof blood, epithelial cells
and inflammatory exudates on the surface. No histopatvaloexamination of the

tissues was performed.

Paper llI

The study subjects originated from a large genetic studeddépartment of
Rheumatology, Karolinska University Hospital that wasdrected during the period
1995-1998. In the original study, 208 patients and their first-degtatives were
included. All patients fulfilled at least four of the 198%ised American College of
Rheumatology Criteria for classification of SLE. Infaation about the patients was
collected from medical records, by review of medicaldmsand examination of the
patients according to a structured protocol by a rheunmsbl®Gystemic Lupus
Activity Measure (SLAM) and Systemic Lupus InternatioBGallaborating Clinics
(SLICC) damage index were used to measure SLE diseas¢yaahigiorgan damage
respectively. First degree relatives filled in a questmenabout their health. Blood
samples were drawn for genetic and other analysis fir@tmants and their relatives
and stored at -70° C.

Thirty-two patients of the originally 208 were recruitedto study (30 women and
two men), with a mean age of 32 (range 18-52). The femaéntmtvere selected
due to the fact that they had reported themselves agrauilia in the questionnaire.
The healthy control group was consisted of 17 brothetisegpatients. Even those
men whose sisters were excluded from the study becapsstgfregnancy were
included. Additionally, 12 healthy, unrelated males were reiuo the control
group. The mean age of the 29 controls was 31 (range 10-54ijffélence in age

between the patients and controls appeared (p-value=0.8).

Paper IV

UCB samples, included in the study originated from 44 nqrireah pregnancies.
They derived from 24 vaginal deliveries, 18 elective andegmergency caesarian
sections. The donors, 23 girls and 21 boys, were alltheatihy. The characteristics

of patients and UCB samples are shown in Table I.
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Table |

Patient and umbilical cord blood characteristics.

Whole group Vaginal C/s
Age mothers (years) 30 (+4) 28 (+4) 31 (+4)
Gestational age (weeks+days) 39+1 (+lw+1d) 39+8r{L21d) 38+6 (1 w)
Weight baby (grams) 3394 (+302) 3427 (+324) 335576
Clamping time (seconds) 52 (¥25) 71 (x20) 30 (+4)
WCB (10/L) 78 (19) 81 (+22) 75 (+16)
Total amount WCB (19 6.7(¥1,7) 6.9 (¥1.5) 6.7 (¥1.8)

C/S= caesarian sectidMCB= white cell blood count

The UCB samples were collected with the purpose w@lthaistically donated to
Sweden’s national UCB bank but the units used in the stetlydied a too low total
white cell count for banking and were therefore donatedgearch.

The sampling of UCB is standardized and is performedeasesas possibly; the
umbilical cord is washed at least three times withrtiggidine, the umbilical cord
vein punctured and the UCB collected into a UCB collechag by gravitation

before the placenta is delivered. In vaginal delivethescord is clamped and cut after
approximately one minute and in caesarian sections afteec@hds. Specific
clamping time is recorded with a timer for each coitect

Peripheral blood was collected from the mothers atiine of delivery.

4.2 METHODS

4.2.1 Disintegration of tissues. Paper | and Il

The fetal, tonsil and adenoid tissues were disintegiatgrhssage through a 100-um

nylon mesh to form a single cell suspension and diluté¢hiCl.

4.2.2 Cell separation. Paper | and IV

To evaluate lineage-specific chimerism in fetal tisspapér 1) and in UBC (paper 1V)
separations of cells were made by means of immunomedpesids according to the
manufacturer’s instructions (Dynal Biotech, Oslo, Noywé#n fetal tissues separations
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of CD3+, CD19+, CD34+ and CD45+ were derived from varagsns. In UCB
samples the separation included CD3+, CD19+, CD33+, €28d CD56+.

4.2.3 DNA extraction. Paper I, 11, lll and IV

In paper | and Il, DNA was extracted from tissues ahdlevblood using Quiagen Mini
Kit (Quiagen, Hilden, Germany). The method includes ewaic lysation of the cells
by proteinase K. The tissue samples were digested at 8&rQight on a shaker
whereas the blood was digested at 60°C for 10 minutepuiify and to concentrate
the DNA, a silica-membrane-based nucleic acid putibcaprocedure was used. The
same method was also used to extract and purify the esinpin the unrelated
controls in paper lll. In paper IV, the extractiorDMA was automatized in an EZ1
machine using magnetic silica particles (Quiagen, Hildenm@ny). Genomic DNA
concentrations were measured using NanoDrop (ThermotficieDelaware, USA)
and diluted to required concentrations.

4.2.4 HLA typing. Paper |l and Il

In paper |, mothers and fetuses were HLA typed with PGR-®lerupSSP,
Stockholm, Sweden) with the intention to identify a NIN¥he fetus that could be
targeted in the PCR assays in order to detect MMcirfetial tissues. In paper Il, the
purpose was to examine if any correlation betweenrgsepce of MMc and the
various combinations of mother/ child HLA classes weasfl. The PCR assays in this
paper were based on polymorphism in biallelic systeses §.1).

In paper |, HLA typing was performed by PCR amplificatiathidLA-DR. If the
sequence difference was not large enough between mothitasdyping for HLA-A
and HLA-B was performed. Primers specific for maternaAldequences were
designed for each fetus- mother pair and tested for gpgcind sensitivity (see
4.2.5).

In paper I, HLA-A,-B and DRB1 polymorphism were deterea using standard PCR-
based methods (LabType, One Lambda, Inc, CA) including seensgrecific
oligonucleotide probes (PCR-SSOP) using XMAP technology ithexrBystem,
Luminex Corporation, Austin, TX).
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4.2.5 Semi-quantitative PCR. Paper |

PCR amplifications were performed with maternal-dpeprimers in a volume of 50 L
containing 1g genomic DNA, 0.5M of each primer, 200M of eddhP (Perkin-
Elmer, Branchburg, CA), 1 PCR buffer (1.5 mM MgCl,r&M Mg, 10 mM KCl,
0.001% gelatin), 5% glycerol, 5g cresol red, and 1.5 U Araglpolymerase (Perkin-
Elmer). After an initial 3 minute hot-start/ denaturatsbep at 94°C, 40 PCR
amplification cycles were carried out in a PTC-200rtia cycler (MJ Research,
Watertown, CA). The positive control contained mateDidA and the negative
control distilled H20. The PCR products were separatealready-to-use
polyacrylamide gel electrophoresis gel for 1 hour and vsediby an automated silver
staining method. The band patterns were then analyzed visithég light. We
considered the analyzed organs positive for mateetial\when we were able to
identify a band pattern of maternal alleles on the BE€Reither in whole tissue or cell-

separated fractions. Figure 6.

Thymus CD 19
Thymus CD 34
Thymus CD 45
Liver CD 3

M

Mother
Negative control
10 ~-2

Spleen CD 3
Spleen CD 19
Spleen CD 34
Spleen CD 45
Thymus CD 3
Liver CD 19
Liver CD 34
Liver CD 45
Lung CD 3
Lung CD 19
Lung CD 34
Lung CD 45

10 ~-3
10 ~-4
10 ~-5

Figure 6. Example of PCR gel from a semi-quantitative assay.

Serial dilution experiments were performed to establistsémsitivity of the PCR
amplification. Decreasing amounts of maternal DNAevaixed with DNA from a
third individual, with the same HLA type as the fetoigjive fixed amounts of 1g DNA
with final concentrations of maternal DNA of 1%1%, 0.01%, and 0.001%. The
resulting DNA mixture was subsequently amplified usingnia¢ernal-specific primers
and analyzed as described in previous text. A semiquamitmnalysis was performed
in which the intensity of the sample bands on thevgsl compared with the 10-fold
dilution series. In conclusion; the sensitivity wasnested to 1/ 100.000.

4.2.6 Quantitative Real-Time PCR (QRT-PCR). Paper II, lll and IV

34



In paper II, Il and IV, QRT- PCR was used basadingle-nucleotide polymorphism
(SNP) and insertion/ deletion polymorphism (INDELUereed to as biallelic genetic
systems. Initially, screening of the mother and tlfgpoihg was performed by using a
small amount of DNA (10 ng) in a PCR assay. Theialtehrkers used were: S01a,
S02, S03, S04a, S05b, S07a, S07b, S08b, ID1, ID2, IDADahdfIno differences

were found the pair was screened for additional 10 ma{&&1b, S04b, S06, S09b,
S010a, S011b, ID9, ID10, ID11 and ID12). For each bialsigtem, one of the
primers was from the polymorphic region to specificatiyplify each allele, whereas
the second primer and the probe were common to belésa An allele was considered
informative when it was positive for maternal DNA areative for the child’s DNA.
Detection and quantification with one to three markeze performed with the 7500
Sequence Detection System (Applied Biosystems, Fogier@3), using TagMan
technology. The amount of amplifiable DNA in each sarm@s assessed by parallel
amplification of the reference gene glyceraldehyde phosmlenydrogenase
(GAPDH). All the samples were run in duplicate, and lmo#ternal and patient/
control DNA samples were included in each run. Relajuemntification of recipient
DNA was calculated according to thaCt method (Applied Biosystems, user bulletin
2), using GAPDH as a reference gene and the maternaldahhple as a calibrator.
The amount of DNA used in the studies varied between 360-Ag. The specificity
and sensitivity of the QRT-PCR method was determinedlfanarkers included in this
study using artificial DNA mixtures and varying DNA amoum#sth 150-450 ng of
DNA, a sensitivity of 0.01% was reached for most marleed no false positive results

was found using 40 cycles of PCR amplification. Figure 7

Delta Rn vs Cycle

LT

/f" Maternal
specific marker

g*'{gf:l /
/

/

16 17 18 19 20 21 22 23 24 25 26 27 28 29 30 31 32 33 34 35 36 37 38 39 40

Cycle Number

Figure 7. Example of a QRT-PCR assay
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4.3 STATISTICAL METHODS

Paper lll. Statistical analyses for age differences betweennat@d controls were
conducted with student’s t-test. Chi-square test was pegtbtmanalyze differences
in MMc frequency between the two groups. Statisticaly@mivas performed using
Statistica 10, StatSoft, Tulsa, USA.

4.4 ETHICAL CONSIDERATIONS

Paper I: The study was approved by the Etics Committee at Hgddimiversity
Hospital (Dnr 129/01)

Paper Il: This study was approved by the Ethics Committeeaablitska University
Hospital (Dnr 2008/3:3). Institutional Review Board comseas obtained from all
patients

Paper Il : The Regional Ethics Committee, Stockholm, Sweden (20328402)
approved the study. The Local Ethics Committee at likestaa University Hospital
approved the original study in 1995 (Dnr 95-178 (950616)). Wiittermed consent
was obtained from all participants. The caretakers nbrsigave written consent on
their behalf. The signed consent forms are storedthétihesearch file.

Paper IV: The study was approved by the Regional Ethics CaeeisStockholm,
Sweden (Dnr 2012/480-31/3). Informed written consentoisained from all
participants.
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5 RESULTS

Paper |. Maternal cells are widely distributed in 2 trimester fetal tissues.

Maternal cells were found in seven of 11 fetuses.fétuses were between gestational
week 14 and 18 and consisted of four males and tnesles. MMc was detected in

all organs investigated (lung, thymus, kidney, hearts,lsigleen, brain, gonads). In
four fetuses, no MMc was detected in any tissue. No difte®were detected between
abnormal or normal fetuses; three of the five abnoamdlfour of the five normal
fetuses harbored MMc and. The stillborn fetus was negftr MMc.

No specific organ appeared more positive for matertigltb@n others but there was a
tendency that cases with stronger positivity showeatmify strong positivity in most
fetal tissues. Levels of maternal cells ranged fréd00- 1/100.000

(semiquantitatively estimated). Five of the severesasibjected to analysis of different
cellular subsets of maternal cells in fetal tissuesqated with maternal mature
immunological cells (CD3+, CD19+, CD45+) as well assceflprogenitor type
(CD34+). The results are shown in Table II.
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Table Il
Distribution of maternal alleles in fetal tissues akr cell separation.

Tissue Antigen Case 1 Case 3 Case 4 Case 5 Case 8 Case 9 Case 10
Lung CD3 + ++ NT - NT

Lung CD19 ++ NT -

Lung CD34 ++ ++++

Lung CD45 +++ o+

Thymus CD3 NT + ++++

Thymus CD19 NT + F——

Thymus CD34 ++++ NT

Thymus CD45 NT +++ + ++++ NT

Liver CD3 ++ +++ ™

Liver CD19 ++ +++

Liver CD34 +++ +++ NT

Liver CD45 +++ -+

Spleen CD3 NT ++ + ++++ NT

Spleen CD19 NT ——

Spleen CD34 + + - ++++ NT

Spleen CD45 NT +++ + ++++

Kidney CD34 e+ NT

Heart CD34 ++++ NT

Adrenal gland CD34 + NT NT

Pancreas CD34 NT NT + NT NT NT

Ovary CD34 NT NT NT NT NT NT NT
Testis CD34 NT - ++++ NT +
Brain CD34 NT ++ NT NT NT NT +

" no maternal DNA detected, "+": maternal cellsedted at a level of 1910°, "++": 10°-10%,

"+++" 10%10°3, "++++":>10% "NT" = not tested

Paper Il. Maternal cells are common in children’s tonsilsand/ or adenoid.

MMc was present in four of 20 (20%) children’s tonsils omadgs. The age of the

children (two girls and two boys) ranged from four toysars. Two of them were

positive in all fractions of tonsils (four fractiong)chadenoid (two fractions) tested

respectively, one was positive in three of the fousildractions and one child was

only positive in one of the four tonsil fractions. Ahildren positive in tissues were

also positive in blood. Levels of maternal cells ranfgeth 2 x10° to 7.1 x10in

tissues and from 1 xT0to 7 x10% in peripheral blood. No noticeable correlation
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between the presence of MMc in the tissues and theugacombinations of HLA
relationship of mother and child was found.

Paper lll. There is no correlation between MMc and SLE inadults.

MMc was detected in peripheral blood of two (patient 15Batient 156) of 32
patients with SLE (6%) and in one of 29 healthy cost(8%) (P-value = 0.65). The
phenotype of the patients did not differ from the negatinesaegarding phenotype or
age. The characteristics of the two positive patientslation to all study subjects are
shown in Table 111

Table IIl.
Patient characteristics.

Pat 153 Pat 156
Age at inclusion 31,7+10,4 Range 18,3-51,3 43 38
Gender, female 30/32 (94%) + +
Age at SLE onset 234 £75 23 36
Discoid lupus 3/32 (9%) 0 0
Butterfly erythema* 19/32 (59%) 1 1
Photosensitivity* 18/32 (56%) 1 1
Oral ulcers* 9/32 (28%) 0 0
Arthritis* 26 /32 (81%) 1 1
Serositis* 5/32 (16%) 0 0
Nephritis* 17/32 (53%) 0 0
Haematology* 26/32 (81%) 0 0
Neurology* 3/32 (9%) 0 0
Anti nuclear antibodies* 31/32 (97%) 1 1
Immunology* 25/32 (78%) 1 1
Number of ACR criteria* Median 6 Range 4-8 6 6
SLAM Median 6 Range 1-15 5 7
SLICC Damage index Median 0 Range 0-5 0 0
APS syndrom 3/32 (9%) 0 0

*Manifestations are defined according to American Collddggh@umatology’s 1982 revised criteria for &
(232), SLAM = Systemic Lupus Activity Measure , a gatied measure of disease activity (233), SLICC =
Systemic Lupus International Collaborating Clinics damagdex, a validated cumulative organ damage (234),
APS =antiphospholid syndrome was diagnosed accorditng t8ydney criteria(235)

The concentration of maternal cells was 0,006% ar@P@y0n the two patients,

respectively. In the healthy male control, the matkcells constituted 0.004%. At the

follow up in present time, all three individuals testedjative for MMc, 16 years after

the first draw date.
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Paper IV. Maternal CD 34+ and CD 56+ cells are present in CB. The

frequency of MMc in cord blood may depend on clamping time aaV or mode of

delivery.

Five out of 44 (11%) UCB samples were positive for MWable V).

Table IV

Summary of MMc-positive UCB samples.

Patient no Mode of Gestational Parity Previous Clamping Gender child WCB % MMc % MMc % MMc

delivery age fetal loss time (1018/L) inCD34 inCD56 intotal
(weeks+days) (seconds) DNA

5 EIC/S 38+1 0 0 30 B 84 0 0 0.01
6 EIC/S 38+6 1 1 30 B 100 15 0.3 0.2
8 EIC/S 39+0 0 1 30 B 61 0.5 0 0
17 EIC/S 38+4 2 1 35 B 45 0 0 0.1
37 vaginal 38+5 1 0 60 G 95 0 0.07 0

El C/S = Elective caesarian section B = boy G = giBG&\E white cell blood count

Two were positive only in the total DNA fraction (casand 17), one in the CD34+

fraction (case 8), one in the CD56+ fraction (case 8@)ame in the fractions of total

DNA, CD34+ and CD56+ (case 6). The estimated concentrafioraternal DNA

ranged from 0.01% to 1.5%. No sample was positive for mateells in the CD3+,

CD19+ or CD45+ fractions. All five positive samples wioen babies with healthy

mothers of whom four were delivered by elective caesagation (80%) and one

vaginally. In the group of negative samples 16 of 39 (41%hemnstwere delivered

by caesarian. The mean clamping time in the positiwamwas 37 £13 seconds

compared to 54 £26 seconds in the negative group. Four bveh@0%) mothers of

the positive babies had been pregnant before (54% in theveegeoup). Two of

them (40%) had had a previous delivery (38% in the negative grtoegp}20%) had

experienced at least one fetal loss (miscarriageectiedé abortion) but no previous

delivery (negative group 38%) and one (20%) had experienceaisablee fetal loss

and had given birth before (20% in the negative group).niden white cell blood

count per liter in the UCB samples of the positive graag 77 +23 and in the

negative group, 80 +21.
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6 DISCUSSION

6.1 METHODOLOGICAL CONSIDERATIONS

Studying MMc requires exceptionally sensitive methodstdlee limited number of
foreign (maternal) cells in the sample of the ofisgriwith too high sensitivity, the
risk of false positivity, i.e. less specificity, folls. In our work on MMc we have used
two different kinds of PCR; conventional PCR with sulbssd separation of the PCR
products with electrophoresis followed by visualizatiombyautomated silver staining
method (paper 1) and Quantitative Real-Time PCR (QRRP(paper II, lll and IV).
One of the advantages with QRT-PCR compared to caowahPCR is the lower risk
of contamination; the amplified sample is not takenfiaurh the tube for further
analysis. It is also less time consuming because tketatet step is included in the
PCR reaction and post PCR analysis with electrophavesistting is not necessary.
The detection of the amplified PCR product is rendereahégns of fluorescent
molecules, in our assays a TagMan-probe. The fluoresicgatl that is emitted is
proportional to the amount of amplified DNA in the PCRat@®n, resulting in
guantification of the amount of DNA in the original gae The conventional PCR
method is only semiquantitative. The intensity of theagle bands was in paper |
compared with a 10-fold dilution series with fixed camcations of maternal DNA of
1%, 0.1%, 0.01%, and 0.001%

The sensitivity and specificity of the PCR methodispng other things, dependent on
the choice of primers. In paper one, we used prinpesifec for a non inherited
maternal HLA allele which are more specific compareithéosystem of biallelic
primers (markers) used in paper two, three and four. illtlelic system we used was
both based on single-nucleotide polymorphism (SNP) as=dtion/ deletion
polymorphism (INDEL). Due to short polymorphic sequenoey one primer is
specific in the PCR reaction while the second priamet the TagMan-probe can bind
to both maternal and off-spring DNA. Furthermore, in$INP case, specificity lies in
only one base in the specific primer. This low speitifincreases the risk of false
positive amplification of negative alleles. The éajsositive signal can arise during late
PCR cycles and thereby also limit the sensitivitgetiecting the minor allele.

In the case of HLA, several SNP mismatches ardadnlaiin the DNA sequence and
primers can be designed so that both primers are spedifie PCR reaction. This
increases specificity and sensitivity of the primeiewever, the utilization of HLA
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primers are burdened with much more time consuming wieekmnother and offspring
needs to be HLA typed followed by design of specific prarier the non inherited
maternal allele and this is not always feasible widrge number of samples.

The amount of DNA in the sample is also essentiatieae proper sensitivity and
specificity. The use of HLA specific primers allows hegltoncentrations due to higher
specificity whereas biallelic markers work satisfa¢dyaat DNA amounts up to 250 ng.
Too high DNA amounts may increase the risk of false pesiesults, due to factors
explained above. Considering that each cell containsa® PYA, the use of 250 ng
DNA will render a sample of 42.000 cells with, theomti; the ability to detect one
maternal cell therein. Thus, the sensitivity of olRTQPCR assays may exceed 0.01. In
addition, cell separation like performed in paper | anqEep#]|, also increases the
sensitivity of the method by removing the inappropriatetgees in the background
(236).

The specificity and sensitivity of the QRT-PCR metinas determined for markers
included in our assays using artificial DNA mixtures &adying DNA amounts. The
PCR assay was validated by mixing DNA from one indiviqpasitive for the three
markers) in different concentration in a secondvialdial (negative for the markers).
We detected no false positive results using 500 ng DNA@reycles of PCR
amplification.

To strengthen the specificity in the QRT-PCR we wsethany different informative
alleles as possible, usually two, and the samples alweys run in duplicates, i.e. four
wells in total using two markers. We did not consider iitpesif not at least two wells
showed evidence of MMc. This requirement is not alvwedgmsned in other studies.
The use of FISH is very common in MMc research butica is recommended when
interpreting results due to low specificity (237). Therapph is to use probes directed
to X and Y chromosomes which limits the detectioretodle cells in male tissue. The
greatest advantage lies within the in situ method itdedhables the visualization of
maternal cells in a tissue and combined with phenotypi&kens that are tested
simultaneously with the XX/ XY probes make possibledharacterization of maternal
cells within the tissue. However, the risk of falseifpesresults in determination of
those rare cells is high due to misinterpretation o$ gging through mitosis and
overlapping or fusion with host cells. Verification ietmicrochimeric cells in a FISH
assay could be performed by laser microdissection and si#rgdaser-catapulting
followed by PCR (238).
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6.2 FINDINGS AND INTERPRETATIONS
6.2.1 Ontogeny of MMc. Paper |, Il and IV

In paper one, two and four we investigated the presaine®Mc in fetuses, children’s
tissues and in cord blood. Still, the ontogeny of MMcnsbiguous. Elucidation of
guestions as “when does the establishment of MMc ahaumg fetal development and
in what individuals?”, “where and in what cellular subs#oes it persist?” would not
only contribute to the understanding of how potential allimmune diseases may
arise but would also shed new light on mechanisms undgmturally acquired fetal-
maternal tolerance. This might in turn contribute he tlevelopment of alternative
strategies in HLA- mismatched HSCT, for instance usitigMN and/ or IPA-matched
recipient and donor-pairs in UCBT (21, 76).

6.2.1.1 Paper I. MMc in 2* trimester fetuses.

In paper one, seven of eleveff frimester fetuses showed evidence of MMc in all
tissues investigated and included all cellular subsetsoltid be closest at hand to
compare our results with MMc in tissues of newborrsiafants. Stevens et al. found,
in contrast to us, few maternal hematopoietic cellewtiney investigated seven male
infants who had died from lupus, infections and fetal hydrop$ wangenital
anomalies (127). Similar to our study, maternal cetisemwidely spread and found in
all tissues examined, including liver, pancreas, lung, btadsldn and spleen.
Interestingly enough, in contrast to the rare CD45d¢ @3+ cellular subsets, the
frequency of differentiated tissue-specific materndsaeds high; in liver up to 42% of
the maternal cells stained positive for cytokeratid was found in six of seven infants,
in kidney all maternal cells expressed cytokeratin ardltha morphology of renal
tubular cells and in pancreas, among igleells, up to 1.9% were maternal. MMc was
not found in inflammatory areas but in normal organs. Ehis line with Nelson et al
who detected isleb cells of maternal origin in children with TD1 but infueent CD
45+ cells (188). Since we did not (and no others eithernieeadifferentiated tissue-
specific maternal cells in the fetuses, it is not jtss$o say if the differentiation takes
place already in fetal life or after birth. Speculationsild be made that the maternal
cells may develop towards different directions as theunersystem develops in the
host. MMc in tissues of older children is common, hatlmealthy and diseased, but
few studies have evaluated if the cells are tissuafgpec
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All fetuses in our study that were positive of MMadathen subjected to analysis of
cellular subsets presented with CD 34+, a marker for kiSd@ifferent organs. HSC are
multipotent cells that differentiate into all kinds bibod cells and simultaneously
replicate themselves to maintain self-renewal (239)thEumore, recent reports have
demonstrated that HSC may be even more plastic. mtdmds that HSCs are capable
of differentiating into cell types of unrelated tissuemginate from both mouse and
human clinical studies where donor HSC cells have Heend to give rise to
endothelial precursors, neuronal brain cells, hepatis, keletal muscle and cardiac
muscle cells (240-244). In humans, donor specific marrdiadegved epithelial and
endothelial cells have also been found in the skin @fécipient and in endovascular
epithelium (245, 246). These reports suggest that HSCabdeeo transdifferentiate
across the embryonic germ layer barrier, for exampierdntiation of HSCs into
neural cells (mesoderm to ectoderm). A transfer of HBtGsmuscle, however, would
be within the same germ layer, the mesoderm. If tieeatiimeric, maternal CD34+ is
comparable in its feature with the transplanted ad@&IC, it could be interpreted that
maternal CD 34+ cells in the fetus may give rise $suie-specific cells after birth.
However, other types of maternal stem cells could adsthe origin. It is unknown
whether MMc could be considered as benign and part of nbesaé generation in the
fetus and infant but be recognized by the host as folatignin life.

In paper | we did not conduct an in situ analysis. Thaslisitation due to the fact that
we cannot say for certain that the maternal celieweorporated in the fetal tissues or

if they were circulating freely.

Where do the residing transferred maternal cells hide®hBy home to bone-marrow
as other stem cells? No previous study has investigatdd M bone marrow. An
interesting study by Gammill et al. investigated the gmies of MMc in pregnant
women longitudinally, that is if the soon-to-be grandmoshBNA was detectable in
the soon-to-be mother (247). Twenty-seven women witimabpregnancies and 20
women who developed preeclampsia were included. In hegltbgnancies, the
prevalence was 0% early in gestation but increaset esmery trimester, to be
detectable in 16% in"2trimester and 29% inBtrimester. Post partum the prevalence
was 14%. The concentration of MMc also increasedutiitopregnancy. In the
pregnancies complicated by preeclampsia, none had dételetisln at any time. This
finding may reflect that different immunological comits may have an effect on the
detectability of MMc. The authors speculated that tloeemse in MMc in peripheral
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blood may be a consequence of a generalized stem cellizabbil that occurs in
healthy pregnancy which in turn could be triggered by dasl lof fetal antigenic
material seen in the third trimester and that funationld be impaired in preeclamptic
patients. A future study could be to analyze MMc in bovagrow of prospect HSCT
donors or to evaluate if maternal cells can be modilteeperipheral blood by G-CSF
(granulocyte colony-stimulating factor) given the dopwor a peripheral HSCT.

We sought to investigate pregnancies complicated visitnties due to earlier findings
of increased fetal-maternal trafficking in pregnancesiplicated by aneuploidy (136).
In paper I, three of four fetuses with trisomy 21 haeécteble MMc compared to four
of seven fetuses without trisomy 21. Of course, thelumaf subjects is too small to
draw any definite conclusions from this finding. But thet that individuals with
Down’s syndrome has a failing immune system and moea sftffer from
autoimmune disorders, infections and malignancies, mbakesresting to study the
frequency and levels of MMc in those individuals. Itas only known that T and B
cells have impaired function in individuals with Down’s\dyome- the thymus is
smaller and has an abnormal structure, even in newb@48). Speculations could be
made that the semi-allogenic maternal cells pass dRaidbreign due to impaired
immunological function and that the maternal cellerlat life could serve as effectors
or targets in autoimmunity. A small study by Srivitsa eeghmining MMc in different
tissues of four neonates who had died within theviiestk after birth, showed the
highest number of MMc in a neonate with Down’s syndrgd2@s).

We did an attempt to analyze MMc in the liver dftfimester fetuses that were
sampled for isolation of different tissue progenitorsvbeirealized that the risk of
contamination with maternal blood was too high due toitioknigs of very high levels
of MMc, to go further with that study. The fetuses waévered after vacuum
extraction and though we chose those fetuses that mtace, iwe could not be sure that
the maternal blood was properly washed away.

In conclusion, the cellular subsets in tfi&tdmester fetuses had a mature
immunological feature that may induce feto maternakéoice but they could also
serve as functional cells within the host.

6.2.1.2 Paper Il. MMc in children’s tonsils and/ or adenoid

The choice of investigating tonsils and adenoid in chldraginated in our wish to
explore MMc in tissues of healthy individuals. In studieanmsining MMc in different
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disorders of autoimmunity, usually other patients’ biopsese as controls. It can be
guestioned whether such controls reflect the actual igistcis in healthy individuals.

A critical remark to the use of tonsils and adenoidsacbalthat they were not normal,
due to the fact that they needed to be ablated and thdteohwith respiratory
obstruction and/ or recurrent tonsillitis not can bastered as “healthy”. However,
tissues of healthy individuals are available to a venjtdd extent. The finding of
MMc in these specimens could also reflect homing ofemal cells to an
immunological site. MMc was found in four of 20 children whaorrelate well to the
frequency in controls of other studies. The percentageatérnal cells varied between
0,00075 to 0,02. In our study the children who were foundip®sit tonsils, were also
positive in blood. It might be true that tissue and bldtddc frequency correlate well
in healthy individuals where the maternal cells migigear as “innocent bystanders”,
but that may not be necessarily true in a diseaseddundi. An example of this could
be the report of a patient who died from scleroderma (128§ had no MMc in
peripheral blood at several sample-takings but was founéraoh high levels in a
number of organs when she died.

In paper Il we did not make cell separations, so whethermiaternal cells are of
hematopoietic nature or not, we cannot say. Recentrdsshows evidence that at
least tonsils might be an extrathymic lymphoid tissige to the findings of T cell
lineage precursors in it (249). But again, the homing aémal cells in the host is not
known. Parallels to the findings of differentiated ma&é cells in pancreas and heart
tissue could lead to speculations that maternal cells anirtflamed tonsils and/or
adenoid were part of a tissue repair process and had rdighetee secondarily. This
would have been possible to confirm or exclude using XX/ Kdsed FISH
simultaneously with tissue specific markers for cytokerfatr instance. However, that
would have limited the study to boys.

The questionnaire that was answered by the motherstsefidat confounders must
be considered when analyzing MMc. It also included queséibaat conditions
during pregnancy and breast feeding that also could influeide M/e asked if the
children had received a blood transfusion, if the child wagrg if the mother was
healthy and had had a normal pregnancy and for how londpildenas breast-fed.
First, an earlier blood transfusion could be a confouaden though irradiation of
the blood in order to eliminate leukocytes routinelyasf@rmed, but Mc following
blood transfusion has been described (2). Mc from adwirid also be interpreted as
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maternal (223). It has not been investigated if MMoieseased after preeclamptic
preganancies as it is in FMc but it is not unlikely thafidis also facilitated due to
placental dysfunction (138). Brest feeding as an aduitisource of MMc is
interesting. In mice it has been shown that matexeld can be transferred to the pup
by nursing (224). However, MMc did not persist into adulthootheé absence of
neonatal exposure through breast feeding (250). In hunfensfluence of breast
feeding on MMc is not investigated.

6.2.1.3 Paper IV. Cellular subsets of maternal cells in umbilical cord blood

The information on cellular subsets of MMc in cord blooslcarce. Only two previous
studies have explored this; Wernet et al. found thahwash as 10% of all nucleated
cells in whole blood to be maternal in the one of 16 WaBiples positive for maternal
cells (193). Five % of the CD3+ cell fraction and 18%the myelomonocytic cells
from mononuclear cells were maternal. Of picked BFeBthroid burst-forming
units) and CFU-GM (colony forming units-granulocyte-maceg#), 15% were
maternal. That should not be interpreted as microchsmebut rather chimerism and
consequently questioning of contamination or misinterpoetaf maternal cells would
be proper. Also by FISH, Hall et al. found 7 of 49 UCB samtebe positive for
MMc. Female CD8+ cells were found in 5 of 39 samples @n@4&+ only in one of 27
(196) The levels ranged from 0.04% to 1.0%.

In our study, the frequency of MMc was detected to 1ddewhat unexpectedly low
as will be discussed below.

The maternal cellular subsets in cord blood are of itapoe in two aspects; first of all
it is of interest in order to understand the ontogeny biicMAre maternal cells actually
present at birth and do they exhibit a character of prugdimeages with potential to
engraft and differentiate? The other aspect is what ubkenaternal cells are actually
co-transmitted as “third party” in UCBT. This is sgeailly of interest since van Rood
et al. in two studies showed that the mother of the doharord blood seems to
influence the outcome of the transplantation. The $insdy showed that when donors
and recipients were mismatched for NIMAs, the reaipigas more likely to have an
earlier engraftment, less GvHD and decreased rate lapsee of acute myeloid
leukemia (76). This might be explained by the effect afods T cells (both effectors
and T regs) with anti-NIMA activity, developed during fdif@. Later, the same group
showed that if the donor and recipient shared the d&#e the relapse risk was
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significantly reduced (hazard ratio=0.35, P <0.001) with a-significant slight
increase in GvHD (21). An interpretation could be thaternal T cells might mediate
this effect. Thus, the microchimeric maternal cedisild be the heroes (or heroines) in
this case, but the real evidence would of course be rnwmgrate maternal cells
exhibiting this effect in the recipient. A consequentdhe findings by Van Rood
would be to HLA-type the mothers of the UCB donors, aeulace that is not yet a
routine in UCB banking.

The frequency of MMc in this study (11%) appeared todreesvhat lower than the
frequency of MMc in children’s tonsils and/ or adenoid (20Wg used the same
method as in paper Il but the samples derived from differges (and tissues) and the
kinetics of MMc and natural course is not known. Siteepresence of MMc seems to
depend on HLA compatibility between fetus and mother, tbgsts in paper IV might
have not been compatible by chance.

Results from previous studies of MMc in cord blood vary gy€@H100%, mean 14%)
but they include several different detection methods.

We were interested in two further aspects; whether MMEICB is dependent on
clamping time or mode of delivery. Most of previous studiesiMc in UCB refer to
“immediate” clamping of the cord, but the practiceSweden is about to change to
longer clamping time since infants may benefit fronréased hematocrite and higher
ferritin concentration after birth following clampitigne after three minutes. Since this
will not yield adequate numbers of cells needed in UCBTompromise implying
clamping time of one minute in vaginally deliveries and rBibutes in caesarian
sections at the two UCB bank centers (Stockholm ande@bting) in Sweden has been
introduced.

Actually, we speculated in the planning stage of the sfughntractions during labour
could facilitate the transfer of MMc. The number of pigsicases was low but four of
the five were from deliveries by caesarian sectioalicating that this assumption
might be wrong. However, among the positive cases theping time was
considerably shorter (37 +13 seconds) compared to the vegaup (54 +26
seconds) leading to speculations if the clamping tirselfitaffects the transfer of
maternal cells. If the indirect findings by van Roodttmaternal cells in a UCB graft
could contribute to an improved outcome of UCBT could bectirshown and larger
studies could confirm that MMc in UCB is enhanced by tskt@mping time, there
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would be two advantages with immediate clamping; molie te the transplant and
more maternal cells to exhibit the GVL effect.

The mean concentration of maternal CD34+ and CD56+ iogflaper 1V was 1% and
0.185% respectively. Considering that a typical UCBspéant harbors 3xIAucleated
cells/ kg recipient body weight and assume that 1% are4€B@Bd 20% are CD56+
implying that 3x1&maternal CD34+cells and 1.1 X10D56+cells /kg are transferred
with the UCB graft. This amount of cells may be lag@ugh to engraft if co-
transmitted in UCBT (251).

6.2.2 MMc in autoimmunity. Paper I

Indications that MMc could be involved in autoimmune disgdgem from studies of
SCID that showed that maternal cells persist at l@gél$ and engratft in children with
this immunodeficiency. Additionally, SCID children develdVvHD to a great extent.
However, almost all disorders that have been proposkd associated with MMc (and
FMc) are basically describing the presence of MMc iipperal blood or target tissues
of patients with autoimmune disorders and healthyrotsnand do not provide
evidence for the possible function(s) of MMc.

There are difficulties comparing autoimmunity and GvHDtoAAmmune diseases are a
heterogeneous group of over 80 disorders that are charadtbyi pathologic immune
responses directed at self-tissue and, like in GvH®spectra of pathophysiology and
clinical presentation are broad (252, 253). A further @spben comparing chimerism
and consequent GvHD after HSCT and naturally acquirmaecism regards the
differences in the size of cell populations. AfterG1S the hematopoietic cells of the
recipient are almost replaced by the donors in cdribddMc or FMc where they
constitute less than 0.1%. MMc has been associatbecseweral autoimmune diseases,
especially in children; JDM, JIIM, neonatal lupus, typedbdtes, pityriasis
lichenoides, biliary atresia (182-190).

In adults, patients with SSc were found to harbor MMcenadten than controls (129).
All of the above mentioned autoimmune disorders dispimilarities to GVHD.

6.2.2.1 Paper lll. MMc in SLE

The seed to our study arose from Stevens et al.’sinfjedthat bidirectional

compatibility for DRB1 was associated with SLE whenytlsempared mother/ son
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compatibility in 30 male SLE patients with 76 healthy reg254). They showed that
the frequency and concentration of MMc was higher wHseret was maternal
compatibility for HLA-DQBL1 from the fetal perspectivéat is, the mother was DQB1
homozygous or HLA identical. This, together with the fd@t a SLE like disease
could be evoked in mice by transfusion of homozygous pargmtgdhocytes into
heterozygous progeny made Stevens et al. suggest that MBAIEipatients might be
elevated. A collaboration with the Rheumatology Departt at Karolinska Institutet
led to our access to stored DNA from SLE patients aed fiist degree relatives
(which originated from a large genetic study from the @ds) gave us the opportunity
to see if the assumptions of Stevens et al. were true.

However, we did not find any association; two patie6)(and one control (3%)
harbored maternal cells in peripheral blood.

One limitation of our study is that we only investigateti®lin blood and not in
tissues. This might not reflect a true picture becauseteff tissues may harbor MMc
while peripheral blood does not. One patient with SSc irsthey by Lambert et al.,
who was negative for MMc in peripheral blood in four oamasj was found to harbor
MMc in bone marrow prior to her death. After she hagtidievaluation of MMc in
different organs was conducted and it was found in seviéeated organs. In a study
of FMc in SLE the presence of chimeric cells in kidmes related to injury (255). A
patient with SLE was at autopsy found to harbor FMc eryeinjured organ, but not in
unaffected tissue (256). This information suggest thatdustudies of the association
between microchimeric cells and inflammatory diseasmildhinclude evaluation of
Mc in affected organs where microchimeric cells are asdumbe active. In our study
of MMc and SLE, additional examinations of the occuceeof MMc in for example
skin, kidneys and synovial fluid would have provided addiiamformation.

In paper lll, the levels of MMc in the two patientse@n 0.004%) and the control
(0.004%) did not differ. In the literature of Mc in autwnunity, the association of Mc
and the disease is sometimes based on an increasechgg@fidvic, as in MMc and
SSc, when other correlation is founded on increasedslevé/c as in FMc and SSc.(
156,157).

An advantage with our study was that almost 60% of the@agroup constituted of
healthy brothers to the patients. Using siblings as aisnteduces genetic and

environmental influences.
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When evaluating the presence of maternal cells in anidlgl, the possibility of
detecting confounding microchimeric cells of other orgiiould not be neglected,
for example from a previous pregnancy i.e. FMc. Not only hirths result in FMc.

Of 120 women without sons, 21% tested positive for malé218). Male Mc
prevalence was significantly greater in the group of indubedtians (57%)
compared to those with only daughters (8%), those withtapeous abortions (22%)
or those who were nulligravida (10%). Interestingly, leheels of MMc were also
higher in the group of induced abortions indicating teaiding FMc could
theoretically be misinterpreted as MMc if the fetusethe abortions share the same
allele that is considered as the NIMA in a woman. Simrising finding of 10%

male Mc among the nulligravida might be explained by gpessible sources of
male microchimerism including unrecognized spontaneous abantiganished male
twin.

In order to minimize the risk of amplifying a polymorphegion of fetal origin in the
PCR procedure we strictly selected SLE patients who teported themselves as
nulligravida. Since this information of the healthy eist of the patients was not
available we chose the patients’ brothers and unretaggdas healthy controls. If the
hypothesis that FMc could be a confounder in detecting MMeamen is true, the
prevalence and levels of (false) MMc would be higher inoypsrcompared to
nulliparous women and would consequently increase with euwibchildren. Studies
that evaluated this specifically are not available buthé report of different cellular
subsets of MMc in womens peripheral blood, MMc was npoexalent in the parous
group compared with the nulliparous, 45% (10/22) and 22% (2/p¢ceeely (201).
However, the two groups were of limited size. Stiliststudy had the advantage that
they had determined the phenotype of the womens childremder to be able to
exclude them as confounding MMc. Additionally; parous womeay nhave
experienced fetal losses to a greater extent thanpamals women (and as a
consequence have acquired more FMc).

If residing FMc or MMc in a women could pass over to b@rent pregnancy in a
transgenerational manner is not known. InterestinglyugnoDierselhuis et al. found
male Mc in six of nine UCB samples from girls witlier brothers, but none in the
three samples from firstborn girls (222).

FMc acquired by the mother from an earlier pregnancy thest ipto her current could
theoretically be misinterpreted as MMc in the curneild if the same NIMA is shared

by the older sibling and the mother. If that hypothesis @bel true, the consequence
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would be that the later birth order a child has, thetgrdielihood of MMc (false)
would be recognized. No studies have addressed this spécifiaalin the report of
MMc in cord blood by Scaradavou there were no differemcehe frequency of MMc
in cord blood from babies whose mothers were multigravid&o)7€ompared to
primigravida (72%) (198). But in our work, both in paper | anpepdV, there was a
tendency that the mothers in the positive cases hadiexped more pregnancies than
mothers in the negative cases. A recent study o&s$Beciation between asthma and
MMc did not find any correlation of birth order and MMc (25Accordingly,
conflicting indirect data of possibly confounding tranggnaal flow of FMc in women
investigated for MMc exists.

The low prevalence of MMc in paper Il could lead to spmtimhs that the
characteristics of the subjects included (nulligravida wowreth healthy men) may
influence the result towards lowe frequency. In adults) specifically have not been
subjected to MMc analysis before, and neither havegraMida women. What if
previous studies of MMc in women are confounded with FN#ist studies of
autoimmune disorders and MMc are conducted in child@ould MMc be more
prevalent in children, and thus more important as pamdio autoimmunity? Studies
that investigate the natural course of MMc in healtidividuals could contribute to
that answer.

Thus, MMc could be misinterpreted in women with previouegpancies. The most
proper way would be to address MMc in males or childreh wi history of blood
transfusion. When investigating the incidence of MMwomen, an accurate obstetric
history and the exclusion of her children carrying theestargeted polymorphism used
in the analysis, is to be recommended. However, Mo faovanishing twin is hard to
rule out as a confounder for MMc.

In our study of SLE and MMc, we were fortunate to get béood test from the three
subjects (two patients and one healthy male) with MMtheéxmiddle of the 90s. All
three tested negative for MMc 16 years later. The natatase of MMc over time has
never been investigated. The reason for MMc absemnoeiri follow up could be that
maternal microchimeric cells age and disappear as o#lisreven though MMc has
been detected up to middle age (14). The fact that hpoiatc progenitors are among
detectable MMc cells make them likely to persist foogltime but to what extent
they are able to self-renewal is unknown. One cansgeoulate ifmmune modulatory
treatmeniaffects their prescence. For example, MMc disappeargso patients with
SSc under cyclophosphamide treatment (258). JDM patieat®tr with methotrexate
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harbored MMc less frequently than patients treated wi#dnisone (259). MMc
present in autoimmune diseases may also differ duringaaat®n or flares. The study
by Gammill et.al. referred to above (6.2.2) showed thatprevalence of MMc in
healthy pregnant women increased from 0% in the finstester to 29% during the
third, suggesting that factors (immunological or dué¢hto increasing maternal blood
volume) dependent on the pregnancy lead to the molalizaft all sorts of stem cells
from the bone marrow (247).

As in many autoimmune diseases, specific HLA alleles well documented to
increase susceptibility to SLE. The MHC class Il laleHLA-DRB1*03 and HLA-
DRB1*15 are associated with the disease but just ovephtie patients carry the risk
alleles suggesting other factors to be essential to treogenent of the disease. In the
view of HSCT and the importance of histocompatibility ggulating Mc in the
recipient and subsequent GvHD, the suggestion has beensptbphat the HLA
relationship of host and non-host cells in naturaiguired Mc may be important. This
matter is already discussed in Introduction.

In our study of MMc and SLE we did not conduct any HLAlgsis of the mother/
child pairs. Retrospectively, in the light of the negagssociation this would however
not have added any further conclusions. In two of our ctinelies we conducted HLA
typing. In the study of ™ trimester fetuses the typing was done with the purpbse
finding a non-inherited maternal allele to use in tii@&RPassay. The typing did not
result in any particular pattern of compatibility betwdetuses and mothers and the
presence of MMc. In our report of MMc in tonsils and/de@oids the 20 mother/ child
pairs were typed for HLA-A, B and DR (results not publisheih this intention but
there were no findings of compatibility from the perspecof the fetus and the
presence of MMc in this study either. However, the numbe subjects were

presumably too small to expect this.
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7 CONCLUSION AND FURTHER DIRECTIONS

» Maternal cells of lymphoid and myeloid lineages and hepwagtic progenitors
are widely distributed in" trimester fetuses, including healthy fetuses and

fetuses with Down’s syndrome.

» Where do maternal cells home? Investigating bone maonthe presence
of MMc compared to peripheral blood in donors of HSC. Do Mihcease
in peripheral blood in donors treated with G-CSF in otdanobilize stem
cells before HSCT?

» Do children and adults with Down’s syndrome harbor MMc tgreater
extent than healthy individuals? Investigating MMc in jpleeral blood
within different cellular subsets in individuals with Dow syndrome.

» Do infants, children and adults with preeclamptic mothardor MMc at
higher levels and frequency compared to individuals born afthe

mothers?

e MMc is common in children’s tonsils and/ or adenoids aodesponds to
levels and frequency in peripheral blood.

* MMc in cord blood is present and includes CD34+ and CD56-+ae#ubsets.
The transfer of maternal cells may depend on clamping &and/ or mode of
delivery.

» Larger studies of cellular subsets of MMc in UCB aeeded with defined,
different clamping times, for example: immediatee@f80 seconds, after

one minute and after three minutes.

» Evaluate the presence of MMc and functionality ie@pient after UCBT.

* MMc is not associated with SLE in adults and exhibits fegquency in adult
nulligravid women with SLE and healthy men.
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» Future studies of MMc should preferably include children men
exclusively to exclude the probability of confounding FNfcwomen of

reproductive age are included, an accurate obstetricyhistessential.

» Analyze the natural course and time kinetics of MMerdime in healthy
individuals.
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8 SVENSK SAMMANFATTNING

Begreppet chimar harror fran den grekiska mytologin darydtetr sill ett vidunder
bestaende av kroppsdelar fran ett lejon, en get och erdrmrm.medicin uppstar
chimerism som f6ljd av blodtransfusion, benmargstrantggian eller
organtransplantation. Chimerism kan beskrivas som r@inav en annan persons
DNA eller celler i en kropp. Nar denna andel av célieliten (mindre éan 1 %)
benamns tillstandet som mikrochimerism. Den absolutgaste orsaken till
mikrochimerism ar graviditet. Lange uppfattades moderkakaresohelt tat barriar
mellan mamma och foster, men nu ar det ett etalféektatm att det sker en dverforing
av celler i bada riktningarna under en graviditet. Besdler kan kvarsta i blod och
vavnad upp i vuxen alder. Celler fran barnet i mammadines fetal mikrochimerism
och celler fran mamman i barnet maternell mikrochismeriEftersom kvinnan och
barnet bara till halften &r lika varandra genetisktitbts halva genuppséattning kommer
fran pappan) finner man det anmarkningsvart att dessanfiade celler inte stots bort
eller gor skada. Ett parallellt exempel fran medicinesitéiationen som kan
uppkomma efter en benmargstransplantation dér en patentsforsvar nastan helt
ersétts av en donators immunceller. De flesta sguitienter utvecklar en sk graft-
versus-host reaktion , dar donatorns celler uppfatt@mpans celler som frammande
och angriper dem i olika vavnader. Angreppen kan ske i mdikgaoogan men
vanliga exempel &r angrepp pa hud, slemhinnor och tdket vifta leder till utslag i
huden och diarré.

Eftersom manga autoimmuna sjukdomar (sjukdomar déar kroppemsnforsvar
uppfattar de egna cellerna som frammande) liknar en\ggedtis-host-sjukdom har det
spekulerats i om mikrochiméra celler efter en gravidiset vara en bidagande faktor?.
Man har upptackt en association mellan kvarvarartdé&afeeller hos kvinnor med tex
skleroderma som ar en typisk autoimmun sjukdom vilken delpdtaraférallt i

kvinnor efter barnafddande alder. Hos dessa kvinnor hafumait en hgre andel av
fetala celler i blod och i sjuk vavnad jamfort med frigkdivider. Celler frdn mamman
som aterfinns hos hennes barn har sammankopplatgamefdf allt ganska ovanliga
autoimmuna barnsjukdomar, men ocksa med en sé passsjaktigm som diabetes.
Hur forklarar man fyndet av en hdgre andel mikrochine@tier i samband med vissa
sjukdomar?

Teorier som framkastas som forklaring lyder:
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1. De frammande cellerna verkar som attackceller i mansneller avkommans

kropp.

2. De frammande cellerna &r sjalva malet for mammansalommans egna

immunologiska celler.

3. De frammande cellerna forflyttar sig till en redan skid@/nad och bidrar till

reparation.

Séledes finns det spekulationer om att cellerna arde dddo och godo.

Celler fran mamman i avkomman, som denna avhandéinglar om, finns i bade
friska och sjuka individer och kan finnas dar under lang tid. $tudie hittades celler i
blod hos en 49- &ring som man antog var mammans. ttnsoym fostret kan dra av att
harbargera en liten del mammaceller &r att de hjadistret att tolerera sin mamma
under pagaende graviditet. Egentligen borde bada mammauochktbta bort varandra
pga. olika genetiska uppsattningar. Mammaceller i etéfostrkar kunna paverka
fostret till att producera celler som hammar anetieicfran att attackera mamman.
Tva relativt nya studier som handlar om transplantaionavelstrangsblod till
patienter med leukemi pavisar att kvarvarande celler fa@mman i navelstrangsblod

kan ha en positiv effekt pa utfallet.

Denna avhandling bestar av fyra arbeten som inneféali@nde:

Arbete 1: Férekomsten av immunologiska mammaceller i olika ordaster fran
14:e till 18:e graviditetsveckan. Fem foster var friskh fem hade Down’s syndrom
och/ eller missbildningar. Vi undersokte ocksa ett fosten hade dott i livmodern i
anslutning till 27:e graviditetsveckan.

Resultat: Vi fann immunologiskt mogna celler fran mamman i sj &foster och
vissa av cellerna var av stamcellskaraktar. Av dedriestren hade fyra stycken
mammaceller och bland de sjuka hade tre av fem. Det déttetffran 27: e veckan
hade inga mammaceller. Cellerna fanns spridda i sarotiggan vi undersokte, t.ex. i
lever, brassen, hjarna och lungor.

Slutsats: Immunologiskt mogna celler i foster &ar ett vanligt fename

Arbete 2: Férekomsten av mammaceller i friska barns halsmandianaspolyper
samt i blod.

Resultat: Fyra av 20 barn hade mammaceller i sina halsmaadtd eller polyper.
Samma barn hade mammaceller i blod ocksa.

57



Slutsats: Mammaceller i friska barns vavnader och blod ar vafdiggkommande.
Detta kan vara viktig information n&r man undersoker faredten av mammaceller
hos sjuka barn. Oftast jamfor man med vavnad frandimidhsom har en annan
sjukdom &n den aktuella och da kan det bli svart att telkataten.

Arbete 3: Finns det ndgon association mellan sjukdomen syskdapus
erythematousus och mammaceller? Vi undersokte férekomsteatarnell
mikrochimerism i 32 patienters blod och jamférde dessd 29 stycken friska man.
Proverna var tagna i mitten av 90-talet. Vi uppreaddysen bland de som var
positiva for mammaceller nu 16 ar senare.

Resultat: Bland patienterna hade tva stycken mammaceller i bimdeav
kontrollpersonerna hade en mammaceller. Samtliga tseper var negativa vid
uppféljningen.

Slutsats: Det foreligger ingen association mellan systemisk lupylseenatousus och
maternell mikrochimerism i blod. Férekomsten av mamnlexc@refaller variera med
tid.

Arbete 4: Férekomsten av olika typer av mammaceller i navelgsfiod hos 44
stycken fullgangna, friska nyfédda. Vi analyserade om andeémmaceller kunde
paverkas av forlossningssatt - kejsarsnitt eller vagimaissning - eller av
avnavlingstiden (tiden mellan barnets fodelse och narst@ager av flodet i
navelstrangen och klipper av den).

Resultat: Vi fann mammaceller i navelstrangsblodet hos fem amydddda. Fyra av
dessa var forlosta med kejsarsnitt. Mammacellernawstaancellskaraktar och "NK
celler” (en typ av mordarceller som ar viktiga for immusfa@ret). Avnavlingstiden
var kortare i de fall dar man fann mammaceller.

Slutsats: Mammaceller forekommer i navelstrangsblod hos fiskadda. Det ar
mojligt att forlossningssatt och/ eller avnavlingstid pasedndelen. Fynden kan ha

relevans vid navelstrangstransplantationer.
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