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Zusammenfassung

Die Analyseseltener Zellen ist ein komplexes Unterfangen. Das gilt vor allem flr
die Analyse fotaler Zellen inder nicht-invasiven Pranataldiagnoski, da sie nur in
geringer Anzahlim peripheren Blut vonSchwangeren zirkulierenDie Analyse von
so genannten seltenen Zellenzu denen auch die zirkulierenden fotalen Zellen
zahlen, stellt hohe Anforderungen an die Analysentechnik, da eine Kontamination
durch maternale Zellen unbedingt ausgeschlossen werden muf3. Unter den
vorliegenden Bedingungen der Analyse seltener Zellen veggen allerdings
Methoden basierend auf der Verwendung selbst hochszifischer Biomarker. In
der vorliegenden Arbeit habe ich eine Methode zur genetischen Identifikation
seltener Zellen entwickelt. Dabei werden vorangereicherte Zellen mittels
Immunfluoreszerz gefarbt und positive Zellen mit Hilfe eines Scan Systems
automatisch detektiert. Die detektierten Kandidatenzellen werden einzeln
mikrodissektiert und deren DNA Profil auf Chip Technologie im Mikroliter
Malstab mittels 16plexPCR ermittelt. Die Aussagekaft der Methode wurde
mithilfe von Proben erstellt, die entweder eine Mischung aus Zellen nicht
verwandter oder verwandter Individuen enthielten. DNA Profile konnten in 74%
(55/74) aller getesteten Einzelzellen erstellt werden. Die PCREffizienz
heterozygoter Genloci lag bei 59,2% (860/1452). Die ldentifikation von Zellen
mittels DNA Profil wurde von Zellen angereichert aus Blut und isoliert aus
Geweben durchgefuhrt. Alle Zellen analysiert aus Zellsuspensionennicht-
verwandter Zellen konnten eindeutig identifiziert werden (12/12). Im Fall
verwandter Zellen, die im halben Chromosomensatz ubereinstimmen, konnten 37
von 43 (86%) Einzelzellen eindeutig Uber inr DNAProfil identifiziert werden. Die
Ergebnisse zeigen, dal die Erstellung von DNRrofilen einzelnerZellen moglich
ist und hohes Identifikationspotential besitzt. Aus diesem Grun@mpfehle ich die
Erstellung vonDNA Profilen zur standardisiertenldentifikation seltener Zellen auf

der Basis einzelner Zellen

Schlagworter Pranataldiagnostik, Analyse setiner Zellen, Mikrochimerismus
EinzelzelPCR
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Abstract

The analysis of rare cells is a complex task. This is especially true when cells
representing a fetal microchimerism are to be utilized for the purpose of non
invasive prenatal diagnosis since it is Wb imperative and difficult to avoid
contaminating the minority of fetal cells with maternal ones Under these
conditions, even highly specific biochemical markers are not perfectly reliable.
Thus, | developed a method to verify the genomic identity of rare cells that
combines automatic screening for enriched target cells (based on
immunofluorescence labeling) with isolation of single candidate microchimeric
cells (by laser microdissectiorand subsequentlasercatapulting) and low-volume
on-chip multiplex PCR for DNA fingerprint analysis.The power of the method was
tested by using samples containing mixed cells of related and nerelated
individuals. Single cell DNA fingerprinting was successful in 74%55/74) of the
cells analyzed with a PCR efficiency 059.2% (860/1452) for heterozygous loci.
The identification of cells by means of DNA profiling wasperformed on both cells
enriched from blood and cells isolated from tissueldentification was achieved in
100% (12/12) of non -related cells in artificial mixures and in 86% (37/43) of
cells sharing a haploid set of chromosomesThus, | suggest DNA profiling as a

standard for the identification of microchimerism on a single cell basis.

Key words: microchimerism, prenatal diagnosis, rare cell analysis, singidl PCR
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1 Introduction

1.1 Prenataldiagnosis
Current procedures in prenatal diagnostics such as chorionic villous sampling

(CVS) and amniocentesis (AC) increase the risk of fetal loss. After CVS, performed
between the 10" and 12" week of pregnancy, and earlyAC, performed between
the 11™ and 13" week of pregnancy, this risk of fetal loss was published to be
4.8% and 5.3%, respectively (1). According to a study by Hoesli et al.,
spontaneousfetal lossoccurredin 3.86% (maternal ages at 1619 yrs: 2.94%; 20-

24 yrs: 3.2%; 25-29 yrs: 3.39%; 30-34 yrs: 3.89%; 35-39 yrs: 7.82; 40-45 yrs:
50%; >45 yrs: 50%) of surveyed pregnancies(2) indicating that CVS and early
AC increase the risk of fetal loss by at least 1%. A review summarizing 29 studies
of a total of 68,119 mid-trimester AC reported the fetal loss rate to be 1.68%
compared to 1.08% in the control group (3). Thus, mid-trimester amniocentesis

accounts for an increase of fetal loss by 0.6%.

1.2 Non-invasiveprenataldiagnosis(NIPD)
In the recent years methods were developed allowing to nofinvasively obtaining

fetal DNA and RNA for molecular genetic analysis. The two main approzhes use
either circulating fetal cellsor cell-free fetal nucleic acidsfor genetic testing. Both,
the fetal cells and thecell-free fetal nucleic acidscan be enriched from peripheral
blood of pregnant women which is sampled from the cubital vain As blood
sampling is riskfree to pregnant women and their fetuses prenatal diagnosis
based on norrinvasive approaches would not be restricted to pregnant women at

risk.

1.2.1 Cell-freefetal DNAand RNA
Cellfree fetal DNA (cffDNA) was first discovered by the group of Dennis Lo in

1997 (4). It originates from the syncytiotrophoblast Cytotrophoblast cells fusing
with the syncytiotrophoblast feed DNA into this syncytium. There, DNA is
processed before being released intothe maternal circulation. When this
processed DNA was investigated by means of redime PCRthe main proportion
of cffDNA turned out to be shorter than 0.3 kb, whereas maternal celifree DNA,
on average, was larger than 1.0kb. Due to acceptable proportions of cffDNA in

fractions less than 0.3kb ranging from 22.2% to 87.1% (5), fetal sex and fetal



RhD status may bewell investigated by the presence of Ychromosome sequences
and RhD genes (on chromosome 1) in RhD-negative women, respectively. Unlike
these analyse=f fetal sequences absent from maternal genome, the detection of
single gene disorders (cystic fibrosis,-fhalassemia) and fetal trisomies (trisomy
21, trisomy 18, trisomy 13) is technically highly demanding. Stategies for
discriminating fetal from maternal sequences bothcarrying the same mutation
either use differences in DNA methylation (maspin gene, RASSF1A single
nucleotide polymorphisms (SNPs) or rely on circulatingnRNA absent from
maternal transcriptonme such as placentally derive®LAC4mRNA (6-8). By the use
of cffDNA NIPD has come trueat least for the diagnosis of some paternally
inherited single gene disoders, hemolytic disease ofnewborn, or families requiring
prenatal fetal sex determination. However,analysis based on cffDNA currently
does not allow for detecting mutations inherited from the maternal genome as
this is true for X chromosomelinked and many recessive mutations. The use of
tissuespecific mMRNA may be an alternative approach for detecting fetal

aneuploidy, but needs to be validated in clinical studis (9).

1.2.2 Circulatingfetal cells
The discovery of fetal celldrafficking into maternal circulation dates back to 18%,

when Gerog Schmor] a German pathologist working on puerperal eclampsia,
examined 17 bodies of deceased pregnant women affected with eclampsi@lO,
11). In autopsied lung capillaries and- less frequently— in larger lung vessels he
found thrombi that consisted of liver cellsand big cells containing multiple nuclei.
These multinucleated and giantcellswere known to occur only in the uterus with
the placenta and in the bone marrow. Schmorl correctly identified the
multinucleated cellsas deriving from the placenta. He ruled out bone marrow to
be the source of these cells de to lack of ruptured vessels or macrosquc
bleeding that would have given these cells access to the maternal circulatio
Almost a hundred years later, theemerging of new methods in molecular biology
with PCRin 1983 probably being the most important, greatly influenced the
everyday life in Ife science as DNA mplification was eased and caused PCR to be
spread throughout the laboratories This was also true forresearch inthe field of

NIPD that concentrated on the analysis of fetal cellpresent in maternal circulation



for the purpose of geneic diagnosis. NIPD based orthese cells faces two main
challenges, ramely rarity and contamination.

Using fluorescencein situ hybridization (FISH)and primed in situ labeling (PRINS)
Krabchi et al. determined the amount of circulating fetal cells in normal
pregnanciesat 18 to 22 weeks of gestationto range from two to six fetal cells per
milliliter of maternal blood (12). Additionally, they found the number of circulating
fetal cells to bethree to five times higher in cases with trisomy 21 fetuseg13).
Because of their scarcity analysis of these cells always implicated the use of
enrichment procedures to get rid of the vast majority of maternal cells.The
protocols range from cell sorting based on immunological methods [fluorescence
activated cell sortig (FACS), magnetic cell sorting (MACS)] to filtration by size
exclusion and chipbased enrichment by means of microfluidicsFirst, FACS and
then MACS was implemented by the research community to isolate fetal cells.
FACSusing DNA index values ormonoclonal antibodies against thetransferrin
receptor (CD71) and glycophorin A (GPA) was performed for enrichment of
erythroblaststhat in turn were identified to be fetal by means of Y-FISH(14) or to
be trisomic using chromosome 21 specific probeg!5-17). MACS was performed
for both positive and negative selection. For positive selection of trophoblast cells
antibodies against human leukocyte antigen G HLA-G), human
syncytiotrophoblast and non-villous cytotrophoblast cellswere used (18, 19).
Erythroblasts were either positively selected by MACS using antibodies against
GPA, CD71, CD36, smali and/or HAE9 (20-23) or selected by combining
leukocyte depletion (ant-CD45 or anti-CD14 antibodies) with subsequentpositive
selection by means ofanti-GPA and anttCD71 antibodies (24, 25). For analysis
these MACS-enriched cells werestained andforwarded to either FISH(18, 25) or
PCR (19, 22, 24, 26). Hennerbichler et al. coupled cell sorting methods with
further (virtual) enrichment by means of laser scanning microscopy27). They
used both immunofluorescence labeling and FISHon MACS pre-enriched cell
suspensions.Fluorescent cells,which were automatically detected by means of
laser scanning microscopy were relocated and checked for FISH signals.
Recently two new enrichment methodshave shownup: filtration [isolation by size
of epithelial tumor cells (ISET)](28) and microfluidics (29). The ISET filter contains

pores of 8 ym in diameter and allows retaining cells bigger thanthat such as
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trophoblast cells, whereas smallecells (leucocytes, lymphocytesmay pass the
pores of the filter. Erythrocytes are cleared from te blood samples before
filtration by lysis treatment Using ISET filer it has been shown that trophoblast
cells canbe enriched from peripheral blood of pregnant women, labeled on the
filter by means of cytokeratin andanalyzedusing PCR of Y-chromosomal(Y-PCR)
and short tandem repeats §TR loci (30). The idea of using a microfluidic device
has been recently introduced into fetal cell enrichment recently With this,
Huang et al. obtained an erythrocyte reduction to approximately 0.01% from
peripheral blood of non-pregnant individuals with ~ 5.0-10° erythrocytes
remaining in the final suspension Additionally, they were able to identify a mean
of 37 nucleated red blood cells(NRBCs) per milliliter maternal blood with the
trisomy 21 cases showing a mean of 51.81 cells peml using this microfluidic
approach in combination with a magnetic device for hemoglobirbased cell
isolation, in all 58 (37 euploid and 21 aneuploid) surveyed cases of pregnancy
(29). However, they did not test whether the detected NRBG were of fetal origin.
The identification of fetal cells in NIPDhowever still remains acritical step because
all enrichment methods end up with cell fractions still containing a vast majority of
maternal cells. This contamination with maternal cells makes fetal cell
identification much more complicated because we lacka marker allowing to
unambiguously discriminate fetal from maternal cells. Among the currently used
methods for fetal cell detection only Y-FISH and immunostaining using an
antibody against the epsilon chain of hemoglobin (Hbe) allows to label targets
(molecules)absent from maternal cells Despite their absence from maternal cells,
these approachesface major drawbacks.Detection of Y chromosome sequences
does not allow for detecting fetal cells originating from female fetuses. It has also
been shown that Y-FISH is prme to yield false positive results(25). On the other
hand, anti-Hbe antibodies label female and male early erythroblasts with a
specificity of 100% . Unfortunately, early erythroblasts represert just a minor
fraction of the circulating fetal cellsand their frequency in peripheral blood of
pregnant women is controversally discussed (31-35). Other targets such as
gamma-chain of hemoglobin (Hby) are not specific to fetal erythroblasts as they
were shown to be present also in maternal erythroblast§36) and analysis without

further identification may lead to false positive or false negative resultsThus,
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current identification protocols need to link labeling techniques with molecular
genetic or cytogenetic analysisfor fetal cell identification and correct analysis. The
labeling and molecular genetic or cytogenetic techniques allev several

combinations.

1.2.2.1 No staining- identification vianeuploidy
An exception to the abowe stated approackes of combined staining and

identification is to search for trisomicFISH or PRINS signalsThe detection of
trisomic nuclei includes both the identification of a fetal cell and the diagnosis of
the respective trisomy.Furthermore, X and Y probes can be used for detecting
male fetal cells and additional X and Y chromosomedViost of these experiments
were performed using cell lysis by means of Carnoy fixation followed by FISH
analysis. These studies did nahvolve enrichment techniquesother than cell lysis
and therefore might be seen as the best estimates regarding the number of
circulating fetal cells. Krabchiet al. published the number of circulating fetal cells
ranging from two to six Y-positive cells perml of maternal blood (12). This was
confirmed by Mergenthaler at al. using a double-FISH technique yielding 12 to 20
XY-positive and Y-double-positive cells(two different Y chromosome probes)per
ml of maternal blood (37). The number of circulating fetal cellsin pregnancies
affected with trisomic fetuses at gestational ages ranging from 13 to 22 weeks
of gestation was shown to be higher than in normal pregnancieg13). Additionally
to the estimations regarding the freaquency of fetal cells circulating in maternal
blood, several kinds of aneuploidy (47,XXX; 47,XXY; 47 XYY; 47,XY,+13;
47,XY,+18) and cases of triploidy (69,XXX) were also detected using the approach
of Carnoy fixation and FISH or PRINS FISE88). FISH and PRINS technique using
13, 18, 21, X and Y probes succeeded to detect male but not female and trisomic
(triploidic) but not disomic fetal cells. Whereas the former apparently is not option
for NIPD the latter is restricted to detectaneuploidy cases missing the detection of
single gene disrders. Unfortunately, under rare cell conditions FISH is prone to
false positive signals and precautions such as rever¥& FISH(33) or YY-FISH
(37) need to be taken to exclude false positive results. However, not only X¥ISH
is prone to false positive signals but also FISH using 13, 18 and 21 probes.
Comparing cells enriched fromthree normal and three pathological pregnancies
(with trisomy 13, 18, and 21 fetuses) | could confirm this by observing several split
5



signals especially with 18 probes (mimicking trisomy 18) and cells derived from

normal pregnancies displaying trisomy 21 (data not shown).

1.2.2.2 Unspecificstaining — identification via FISH or PCR
Another simple yet combined approach is taise relatively unspecific histochemical

staining to identify erythroblastsbased on morphologyand to confirm fetal origin
by means d FISH (for trisomic cells or Y chromosome) oPCR (Y chromosome
sequences, STR loci or mutations).Half of the May-Gruenwald stained
erythroblasts enriched from maternal circulationwere shown to be of fetal origin
using PCR ofY chromosomal and RhD gene sequencesn RhD-negative women
(22). However, PCR was successful in 42.2%54 of 128) of the casesonly. In
another study, May-Gruenwald-Giemsastained erythroblasts were nicrodissected
and tested for [>globin gene mutations by means of realtime PCR followed by
2plex PCR for the polymorphic markers D13S314 and GABRB3. PCR of
polymorphic markers was successful in 57.1% (128 of 224 cells). Cells yielding
PCRfragments could be allocated to either fetal or maternal origin in 37.5% of
the caseswhereas in 62.5% the PCR was uninformative due to homozygosity or
allele drop out (ADO). Gene amplicons of Rglobin were achieved in 7% of the
analyzed cells (16 of 224) only and resulted in correct diagnosis of fetal
thalassemia status in two pregnancies at risk. This combined approach of
unspecific staining and identification by means of FISH or PCR restricted to the
detection of (maternd and fetal) erythroblasts as thisis the only target cell type,
which can be morphologically identified. Erythroblasts have a short life span in
maternal circulation Thus they are not likely to derive from earlier pregnancies as
this was published to be true for fetal lymphocytes(39). On the other hand, the
erythroblasts’ nucleiare very compact andshow signs of apoptosisresulting in low
PCR and FISH efficiecies (40-42). These low efficiencies may also result from
reagents used for staining Methylene blue (reagent in May-Gruenwald staining
solution) directly binds to DNA, may intercalate and cause helical unwindiné#3).
Furthermore, in conjunction with white light, singlet oxygen species are formed
causing singlestrand breaks and oxidative alterations of guanine residues (44,
45). This may support my findings thaterythroblasts stained withMay-Gruenwald
but not with immunological methods devoid of methylene blue yielded both low

PCR success anBCR efficiency(data not shown).



1.2.2.3 Immunologicaktaining— identification via FISH and PCR
The use of immunologicallybased staining methods allows to detect fetal cell

types such as embryonic (early) and fetal erythroblastss well astrophoblast cells
Furthermore, tantigen and CD34 were used for cellabeling trying to get hold of
fetal (31).

For erythroblastslabeling antibodies against the zeta ({), epsilon- (¢) or gamma-
chain (y) of hemoglobin and glycophorin A were used either separately or in
combinations (27, 31-36, 46-49). PCRbased confirmation of the cells’ identity
was performed using either amelogenin(31, 34, 48), STR loci(47) or other
polymorphisms(48). Sitaret al. (31) reported on the detection of 5 —48 (28 + 18)
Hbe-positive erythroblasts from a total of 56 pregnancies(8" — 11" week of
pregnancy) after performing non-physiological enrichment from 25 ml of
peripheral blood. From 49 pregnancies at gestational ages ranging from 14 to 18
weeks they still detected 2to 22 (15 + 6) Hbe-positive erythroblasts. PCR analysis
of 38 pregnancies yielded correct sex in 1®&f 18 male and 19 of 20 female cases.
One sampk with XX karyotype (derived from invasive testing)showed to be male
by means of sexing PCRHowever, it was not clear from the manuscript whether
PCR was done on Hi" cells. Another study performed by Nagy et al. support the
comparatively high numbers of Hix* cells. They found an average of 8.1 Hk*
cells (6— 11) in all eight cases of pregnancie10™ — 14™ weeks of gestation) and
3.0 Hbe" cells (0— 7) in four of five pregnancies at gestational ages between the
22" and 25" week of pregnancy (the latter group underwent AC in the 18" week
of pregnancy). Single Hkx™ cells were micromanipulated and forwarded @
quantitative fluorescent PCR (QFPCR) yielding concordant fetal sex with AC
karyotyping in nine of ten cases. In one case QPCR failed to detect male
sequences. Furthermore, Knefelter Syndrome (XXY) was correctly detected in
two of two cases from Hlz* cells. Two other studies targetedHby (47) and GPA
(48) in order to detect erythroblasts.Hby" cells were detected in allnine samples
enriched by FACS Applying a scoring system on every detected cell based diour
parameters (nuclear roundness, nuclear morphology, cytoplasmatic Ktstaining
intensity and brightness; 0 to3 points each) they were able to diffeentiate Hby"
cells with cumulative scores 29 from cells yielding scores 5. Using fluorescent

PCR ofthree STR loci (D21S1411, D21S11 and D18S535) they correctly identified
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four cases of trisomy 21 fetuses and onease of a trisomy 18 fetus. The second
study using GPAused primer extension preamplification (PEP) PCR to amplify
amelogenin locus for sex determination. PCR of 107 cells (51.9%) was succégs
and yielded correct fetal &x identification in 65% of the cases(48).
Identification by means of FISH drawsdifferent picture of the frequency of
circulating Hbe" cells. Investigating 48 pregnanciesMavrou et al. detected a mean
of 9.2 Hbe" cells from 1° trimester(n = 26) and a mean of 4.2 Hke" cells from 2°
trimester (n = 22) pregnancies(20 ml each) With a mean of 22 cellsthe number
of fetal (Hbe") cells washigher in pregnancies affected with trisomy 21 fetuses
than compared to normal pregnancies. FISH using X, Y and chromosome 21
specific probes were successful in 24 of 29 cases. fiour of four cases with
trisomy 21 fetuses all Hiz" cells showedthree signals for chromosome 21(32).
This finding is in contrast to results of other groups(25, 33, 35, 46). They report
Hbe" cells to be very rare. Chistensen et al. detected only one Hbe*/Y™ cell in
1 of 12 samples representing a total of 182ml of maternal blood (35). In a later
study they compared a 3step enrichment method consisting of density gradient
centrifugation, CD45/CD14 MACS depletion to a onestep CD71 positive
selection of erythroblasts. Enriched cells were stained either with asii or anti-
y/anti-¢ antibodies. True fetal origin was confirmed by reverse X¥ISH. Using the
3-step approach they could not detect a single fetal cell from 37l of peripheral
blood of pregnant women whereas using the onestep method, two fetal cells
were identified (25). Recently, they investigated 573ml of peripheral blood and
confirmed three cells pne Hbe™ and two Hb(") to be fetal using reverse XYFISH.
However, in the same study they also used hypotonic treatment, Carnoy fixation
and reverse XY¥FISH identifying 28 male nuclei from 15 ml of peripheral
blood (33).
For trophoblast cel detection antibodies againstHLA-G, KL1, placental alkaline
phosphatase placental growth factor, and neuroD2 were used (18, 30, 50).
HLA-G (clone MEM-G/9) was used todetermine the potential of clonal expansion
of trophoblast cells. Guettaet al. detected a mean of 6.9 X¥positive cells per
20 ml of blood in the cultured samples originating from women carrying male
fetuses. Compared to uncultured samples this represented a fivefold increas).
Another group used the ISET filter method to isolate trophoblast cellsleriving
8



from 13 pregnancies (11" — 12" week of gestation) (30). They found one to seven
Y* cells in allsix samples ofmothers carrying male fetuses from as little a& ml of
blood. None of the 26 cells isolated from mothers carryingemale fetuses was Y.
The data were confirmed using PCR ofhree STR loci (D16S3018, D16S3031 and
D16S539). On the contrary, Tjoa et al. were not able to detect trophoblast cells
from nine pregnancies (each 20ml) with male fetuses at gestational ages ranging
from 10 to 20 weeks of pregnancy (50). After labeling they found cells positive for
HLA-G (clone 4H48) but negative for both placental growth factor and neuroD2.
When confirming the cells’ identities with XY-FISH, none of the HLA-G" cells

turned out to be Y".

1.3 Minimally invasve prenatal éagnosis
Intact fetal cells may also be obtainedrom the uterine cavity and the endocervical

canal either by transcervical mucus collection or intrauterine lavagé1-56). They
may be collected between 5—- 7 and 13 — 15 weeks of gestation. The time
window for collection of these @&lls ends in early second trimester when the
uterine cavity disappears (57). Methods for collecting transcervical cells (TCC)
include mucus aspiration or lavagdintrauterine lavage, IUL) of the endocervical
canal using diferent devices such as cotton swabs, cgbrushes and different
cannulag respectively (57). The first studies ®wed Y chromosome and
chromosome metaphase banding patterrto identify fetal cells and reported both
false-positive and -negative results. This washought to result from contamination
by male spermatozoa and so Adinofi et al. used PRINSto detect trophoblast cells
from TCC samples(58). In the following years it was shown that the percentage
of TCC containing samples varied between 50%— 70% using aspirated mucus
and 80% — 90% using the lavage method The incidence of fetal cells detected by
FISH were ranging from 0.5% to 40% (57). Recently, Cioni et al. compared
mucus collection to IUL in 126 sampleg51). Fetal sex was detected correctly in 56
of 56 (100%) female pregnancies by IUL. ¥PCR of collected mucus was positive
in 3 of 56 female samples resulting in a correct female sexing in 53 6 cases
(94.6%). Regarding the detection of male fetal cells from IUL samples-PCR and
FISH correctly determined fetal sex in 55 of 67 cases (82%); mucus samples
scored positive in 16 of 67 samples (23.9%) indication IUL to be superior to

mucus collecton. In 2007, a study on 181 IUL samples at 5 to 12 weeks of
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gestation done by Bussankt al. isolated chorionic villous filaments or cell clumps
of trophoblastic origin in 152 samples (84.8%). Using two different QRPCR with

a total of nine loci (amelogenn, D13S631, D13S634, D18D386, D18S535,
D21S11, and D213411) they detected paternally derived alleles in all samples.
Furthermore, they successfully detected two cases each of Turner Syndrome
(45,X0) and Down Syndrome @7,+21).

1.4 Automated scanning
Imaging software highly facilitates cell detection in samples containing mixed cell

populations especially under rare cell conditions. Visual detection of rare cells is
cumbersone, needs trained personneland is very time consuming The time for
visual scanning of cells or nucleion a slideis indirectly proportional to the signal
size. This is quite obvious as smallesignals such as FISH spots long for objectives
in higher magnification as bigger signals such as cytoplasmataining. The three
observers of Krabchiet al. for sure had a hard timevisually checking 12 samples
spread on 32 slides each using a magnification of 400x. On detectingqwuclei
containing two FISH spots in differentcolors (X, Y) they had to check the nucleus
in 1000x magnification and document its image (12). In order to relief lab
personnel from back breaking scanning imagesoftware was designed to
automatically detect cells of interesby means of staining pattern.

Tanke et al. used an automated screening todetect Vector Blue labeled Hby"
erythroblasts from 172 peripheral blood samplespost CVS sampling and triple
density gradient enrichment (59). They detecid one positive cell among a million
negative cells on a cytospin. The time to automatically analyze a whole slide was
estimated to range betweensix and nine hours. Two years later the same group
reported on the automated image processingof another 42 maternal samples
(60). Again they used a triple density gradient to enrich the mononuclear cell
fraction (MNC), labeled the cells using antiHby antibody (Vector Blue) and
performed XY-FISH Automated scanning of 44 slides yielded 23 slides containing
at least one Hby" cell (range: 1 — 111 cells) whereas manual screeningof the
same slidesidentified only 19 slides containingat leastone Hby"* cell (range 1 — 40
cells) The time needed for automated scanning was reported to range from

1 h 20 min to 7 h 20 min. Manual scanning, on average, took 10—45 min.
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In 2000, Méhes et al. analyzed immunolabeéd tumor cells in hematopoietic
samples using MetaCyte (Metasystems, Germany) a fluorescencebased
microscopic scanning system capable of relocating detected cell§1) achieving
good correlation between manual and automated scanning of 57 images
containing a total of 31500 cells (18— 1,363 cells per image).Shortly after that,
two different image analysis applications were used to detect fetal erythroblasts
enriched from peripheral blood of pregnant women (35). Slides containing
erythroblasts from fetal and maternal samples post CVS werdabeled with anti-
Hby/Vector Blue/DAPI/XY-FISH were scanned using asystem capable of
brightfield scanning (Vector Blue)combined with fluorescence image analysis for
FISH (Applied Imaging) Fetal erythroblasts labeled with anti-Hby/FITC/DAPI/XY -
FISH were forwarded to automated image analysis using RCDeted
(MetaSystems) Regarding expenditure of time they found fluorescencebased
scanning (12min per slide) to be superior to brightfieldbased scanning (30min
per slide).

Another approach to automatically detect male fetal cells was performed using
Ikoniscope (lkonisys Inc.)62). A total of 12 samples was taken from pregnant
women carrying male (n = 6) and female (n = 6) fetuses. Upon cell lysis and XY
FISH, 18 slides (36000 scan fields) werecanned to detect nuclei showing XX and
XY FISH signals, respectively. Using just one X and one Y FISH prok#':positive
nuclei were not only found in all samplesderived from women carrying male
fetuses (range 3 to 53 positive nuclei) but also in samplesfrom women carrying
female fetuses (range 7to 34 XY positive nuclei) After redesigning the study,
they usedone X chromosome along withtwo different Y chromosome probes and
correctly detected X¥positive nuclei inall 4 samples derived from women carryig
male fetuses (rangetwo to six XY-positive nuclei permilliliter of sampled maternal
blood) but not in samples from women carrying female fetusesIn a recently
published paper they expanded their approach andcombined Hby— and Hbe-
fluorescence staining with XY FISH. Using XdY (X doubleY) FISH only, they
detected male nuclei in 27 of 29 cases of male pregnancies at an average of 0.8
and 0.4 male nuclei from 1° and 2° trimester pregnancies, respectively. No XY
positive nudei were detected intwo out of two female pregnancies. The same

experimental settings were applied, when they mplemented a density gradient
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enrichment (1.083 g/dl) before FISH analysis. After scanning they found male
nuclei in 28 of the 29 samples from nale pregnancies, but alscone XY-positive
nucleus out of four female pregnancies. When combining XYFISH method with
anti-hemoglobin labeling (Hby and Hbe), they detected only one X¥-positive cell

out of 22 male pregnancies.
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2 Aim

Non-invasive prenatal diagnosis based on circulating fetal cells is highly
demanding because of the rarity of fetal cells circulating in the maternal blood and
the contamination due to the high background of maternal cells in theanalyzed
samples. Additionally, analysis needs to meet highest accuracy due to the possible
impact of the analysis result.

As there is no marker capable of detecting all circulating fetal celtse objective of
this work was to develop a method allowing for unambiguous and sex
independent detection and discrimination of cells sharing a haploid set of

chromosomes as this is true for fetal and maternal cells.
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3 Materials

Table1: Consumables

Consumable

Company / reference number (provided by)

Multiplate 96 Biozym
Adhesive PCR Film
AmpliGrid AG480F 1ul reacion slides

Cell strainer, 40pm Nylon

Cyto buckets

Filter cards

Medicon, 35um

Microscope cover glass, 18 x 18 mm
MicroSlides, cleaned

MiniMACS Separation Colunms, type MS
PENmembraneSlides

Reaction tubes, 1.5ml

Reaction tubes, 200ul

Sample tubes

Sides, Superfrost Plus

Tips, 0.1- 10ul, ep Dual filter tips
Tips, 2- 200yl, ep Dual filter tips
Tips, 50- 1000ul, ep Dual filter tips
Tubes, 15ml

Tubes, 50ml

Biozym Biotech Trading GmbH, Vienna, Austria / 621820 (ZMF 1)
VWR International GmbH, Vienna, Austria / 7324949 (ZMF I)

Olympus Life Science Research Europa GmbH,
Munich, Germany / OAX04202

BD Falcon, Belgium / 352340

Andreas Hettich GmbH & Ko KG, Tuttlingen, Germany / 1665
VWR International GmbH, Vienna, Ausria / HET-1676

Dako Osterreich GmbH, Vienna, Austria / 79300S
Marienfeld, Lauda-Kénigshofen, Germany / 0101030

Karl Hecht Ges.mbH, Fritzens, Austria / 2406

Miltenyi Biotec GmbH, Bergisch Gladbach, Germany / 13M42-201
Carl Zeiss Microlmaging, Munich, Germany / 14401000
Eppendorf Austria GmbH, Vienna, Austria / 0030125150
Biozym Botech Trading GmbH, Vienna, Austria / 710920
Drott Medizintechnik GmbH, Vienna, Austria / 202825

Gerhard Menzel Glasbearbeitungswerk GmbH & CKG,
Braunschweig, Germany / J1800AMNZ

Eppendorf Austria GmbH, Vienna, Austria / 0030077504
Eppendorf Austria GmbH, Vienna, Austria / 0030077555
Eppendorf Austria GmbH, Vienna, Austria / 0030077571
Bertoni, Vienna, Austria / 2323-015
Bertoni, Vienna, Austria / 2343-050

Table2: Antibodies

Antibody

Company / reference number (provided by)

anti-Hb-epsilon
anti-Hb-gamma
anti-Hb-gamma, FITGlabeled
CD71 MicroBeads

GZ112 antibody

GZ158 antibody

polyclonal goat ant-mouse IgG/FITC; goat
F(ab'),

Europa Bioproducts Ltd., Cambridge, UK/ CR8008M1

Europa Bioproducts Ltd., Cambridge, UK / CR8115M1

Europa Bioproducts Ltd., Cambridge, UK/ CR8115M1F

Miltenyi Biotec GmbH, Bergisch Gladbach, Germany / 13®M46-210

Dr. Michaele Hartmann, hstitute for Cell Biology, Histology &
Embryology, Medical University Graz, Austria

Dr. Michaele Hartmann, Institute for Cell Biology, Histology &
Embryology, Medical University Graz, Austria

Dako Osterreich GmbH, Vienna, Austria / F0479
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Table3: Reagents, solutions, buffers and media

Reagents/solutions/buffers/media

Company/reference number (provided by)

Albumin, bovine fraction V powder
AmpliTaq Gold DNA Polymerase

Citric acid monohydrate
Dextrose anhydrous
Di-sodium phosphate dodecahydrate

Ethylenediaminetetraacetic acid tetrasodium sal
dihydrate (EDTA)

Hank's buffered salt solution
Histopaque 1077
Histopaque 1083

Human AB serum

Hydrochloric acid (37%)
ILS 600

May-Gruenwald's EosinMethylene Blue
Solution, modified

Medium 199 with Earl's Salts

Poly-L-lysine

Potassium dihydrogen phosphate
Reference solution 290mOsm
Sodium chloride

Sodium hydroxide

TO-PRO-3 iodide

Tri-sodium citrate dehydrate
Trypan Blue Solution (0.4%)
VectaShield Mounting Medium

SigmaAldrich Handels GmliH, Vienna, Austria / A2153-50G

Applied Biosystems Austria GmbH, Brunn am Gebirge, Austria
4311806

Merck GesmbH, Vienna, Austria / 9651127
Mallinckrodt Baker Inc., NJ, USA / 4912

Merck GesmbH, Vienna, Austria / 1.06579.1000
SigmaAldrich Handels GmbH, Vienna, Austria / ED4SS

SigmaAldrich Handels GmbH,Vienna, Austria / H4641
SigmaAldrich Handels GmbH, Vienna, Austria / 107746X100ML
SigmaAldrich Handels GmbH, Vienna, Austria / 108346X100ML

University Clinic of Blood Group Serology and Transfusion Medine,
Medical University Graz, Austria

Merck GesmbH, Vienna, Austria / 1003172510
Promega GmbH, Mannhein, Germany / DG1071
Merck GesmbH, Vienna, Austria / 1.01424.(600

Med Pro Vertrieb fiir medizinisch diagnostische Produkte GmbH,
Vienna, Austria / F0613

SigmaAldrich Handels GmbH, Vienna, Austria / P89206100ML
Merck GesmbH, Vienna, Austrig 1.04873.0250

Drott Medizintechnik GmbH, Vienna, Austria / 3MA029

Merck GesmbH, Vienna, Austria / 1.06404.1000

Merck GesmbH, Vienna, Austria / 1.06469.1000

Invitrogen GmbH, Lofer, Austria / T3605

Merck GesmbH, Vienna, Austria / 1.06448.0500

SigmaAldrich Handels GmbH, Vienna, Austria / T8154
SzabeScandic HandelsgmbH & Co KG, Vienna, AustriaH -1000

Table4: Kits

Kit

Company/reference number (provided by)

AEC + Substrat Chromogen

Antibody Diluent with Background Reducing
Components

Cell Extraction Kit

Fix&Perm
PowerPlex 16 System

UltraVision LP LargeVolume Detection System
HRP Polymer (ReadyTo-Use)

Wizard SV Gel & PCR Cleattdp System

Dako Osterreich GmbH, Vienna, Austria / K3469
Dako Osterreich GmbH, Vienna, Austa / S3022

Olympus Life Science Research Europa GmbH,
Munich, Germany / OAX04523

Szabe Scandic HandelsgmbH & Co KG, Vienna, Austria / GA802
Promega GmbH, Mannhein, Germany / DC6531

Thermo Fisher Scientific, Cheshire, UK / FTD60-HL

Promega GmbH, Mannhein, Germany / A9282
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Table5: Tissues and cell lines

Tissue/cell line

Company / reference number (provided by)

Fractions enriched for erythroblasts
Fractions enriched for trophoblasts

Interruption tissues (villous trophoblasts,
decidua)

JAR choriocarcinoma cell line, HBT44

University Clinic of Obstetrics and Gynecology, Graz, Austria

University Clinic of Obstetrics and Gynecology, Graz, Austria
Dr. Jansen, general practitioner, Graz, Austria

Dr. Esther Guetta, Danek Gertner Institute of Human Genetics, Tel
Hashomer, Israel

Table6: Software

Software

Company (provioded by)

GeneMapper 4.0
MetaferP V 3.2.129 RCDetect module
PALMRobo Software version 3.0.0.9

Applied Biosystems Austria GmbH, Brunn am Gebirge, Austria (ZMF [)
MetaSystems GmbH, Altlussheim, Germany

Carl Zeiss Microlmaging, Munich, @rmany

Table7: Equipment

Equipment

Company (provided by)

3730 DNA Analyzer
AmpliSpeed ASC400D, slide cycler

Axiovert M200
Biohit €10, pipette

Centrifuge, Beckman Allegra 6R Centrifuge

Centrifuge, Biofuge pico
Cytocentrifuge, Universal 32, type 1605
DNA Engine Dyad Peltier Thermal Cycler

Filter sets

FS 01 (advanced), FS 17 (basic), FS 20, FS 26)

MACS MultiStand
Medimachine

MiniMACS Separation Unit
MiniMACS Separator
Multipette stream

Orion 3-Star Benchtop pH Meter
Osmometer, Fiske Advanced 2400
Thermomixer 5436

Equipment

Ultraviolet Sterilizing PCR Workstation

Applied Biosystems Austria GmbH, Brunn am Gebirge, Austria (ZMF [)

Olympus Life Science Research Europa GmbH,
Munich, Germany

Carl Zeiss GmbH, Vienna, Austria

Biohit Deutschland GmbH, Rosbach v. d. Hohe, Germany
Werfen Austria, Vienna, Austria

VWR International GmbH, Vienna, Austria

Andreas Hettich GmbH & Ko KG, Tuttlingen, Germany
Bio-Rad Laboratories GmbH, Vienna, Austria

Carl Zeiss GmbH, Vienna, Austria

Miltenyi Biotec GmbH, Bergisch Gladbach, Germany
Dako Osterreich GmbH, Vienna, Austria

Miltenyi Biotec GmbH, Bergisch Gladbach, Germany
Miltenyi Biotec GmbH, Bergisch Gladbach, Germany
Eppendorf Austria GmbH, Vienna, Austria

Bartelt GmbH, Graz, Austria

Drott Medizintechnik GmbH, Vienna, Austria (Institute for Physiology,
Medical University Graz, Austria)

Eppendorf Austria GmbH, Vienna, Austria
Company (provided by)

Ltf Labortechnik GmbH & Co. KG, Wasserburg/B, Germany
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4 Methods

4.1 Ethics
This PhD thesis wasapproved by the Ethics Committee of the Medical University

of Graz, Austria ¢ 16-187 ex 04/05) and Sheba Medical Center's Ethics Board
(Israel, Exp# 97426). Informed consent was obtained from all subjectsaccording

to the World Medical Association Dedaration of Helsinki.

4.2 Basicprotocols
For basic protocols of density gradient centrifugation, MACS enrichment,

cytocentrifugation and labeling techniques such as histochemical staining, direct

and indirect immunofluorescence labeling see sectionh.

4.3 Antibodiesused forenrichment andstainingpurposes
For enrichment and labeling of trophoblast cells mouse monoclonal antibodies

GZ112 (63) and GZ158 were used. GZ158 was generated from a fusion of
myeloma cells (P3NS1-Ag4-1) with spleen cells from a BALB/c mouse immunized
with homogenized Jeg3 (human choriocarcinoma) cells following the method of
Goding (64). Using immunohistochemistry, supernatants binding pattern were
investigated on frozen sections of first trimester placenta and decidua
(trophoblast) (Figure 1) as well as on PBMNC ygtospins (negative control) from a
healthy individual (not shown). In addition, FACS analysis was performed on first
trimester trophoblast cell fractions (purity of 90%)(65) to elucidate localization of
the antibodies (Figure 2). Some of those identified as cell surface binding
antibodies were then produced at larger scale and purified (BioGenes, Berlin,
Germany). Immunocytochemicalstaining (sections7.3.2 and 7.3.3) using GZ112
and GZ158 were performed at final concentrations of 2.24ug/ ml and 2.76 ug/ ml,
respectively.

Anti-Hby and anti-Hbe antibodies (Europa Bioproducts, Ely, UKused for labeling
erythroblast as well as FITGabeled goat-anti-mouse F(ab') antibody (DAKO,
Austria) were used at 5 pgil. In some experiments we applieddirectly labeled
anti-Hby-FITC (Europa Bioproducts)
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Figure1: GZ158 staining pattern on 1° trimester placenta and decidua
Frozen sections of villous (top) and decidual (bottom) tissues from termination of pregnancy {9
week of gestation) were stained usingthe antibody GZ158. For immunohistochemistry UltraVision
LP Value Large Volume Detection System HRP Polymer (LabVision) was used together with AEC
(DakoCytomation). GZ158 brightly stains villous cytotrophoblast cells (top lef) as well as
syncytiotrophoblast (top right). On sections of decidual tissues GZ158 stains epithelial cell layer
(triangle, bottom left) and glands (asterisks, bottom)

(Immunohistology: Christine Daxbdck)

18



threshold

,‘J [ ‘*

Al f i 1.1%

hm.’ﬁ*hﬁ.k% Wﬂ 'l\'vﬁhi oy & o |gG1 control
‘0 15.5% |

W
Phmsunin §i w
WW M’% ”"( ‘t\h*{wmmwwwm ‘ GZ 112

| 27L3% | |

MWM M !I Lj byl W&WWM\{M F T Y. GZ 158

Figure2: FACS analysief 1° trimester trophoblast cell fraction

In FACS analysis, GZ158 and GZ112 turned out to bind to the cells surface. The data were
confirmed by an IgG, negative control and MEM-G/9 positive control antibodies. The latter is
known to bind to HLA-G located on the cell surface

(FACS analysis: Mag. Dr. Kristina Kofler)
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4.4 Cell samplingfrom cord blood
Cord blood was used asa source for fetal (Hby-positive) erythroblast enrichment.

Cord blood samples were collected into EDTA tubes shortly after birth from
deliveries occurring during night shift at the University Clinic of Obstetrics and
Gynecology, Medical University of Graz, and stored at 4— 8 °C until further
sampling the next day. Density gradient centrifugation was performed as
described in the appendix (section 7.1.2). In some experimental settings low
percentage of erythroblasts among the mononudar cell (MNC) fraction was
appreciated. In these cases the MNC fraction was cytocentrifuged onto glass slides
according to the basic cytocentrifugation protocol &ection 7.2). In experiments
where high erythroblast percentageswere necessarythe MNC fraction was
forwarded to MACS enrichment (section 7.1.4) using CD71-MicroBeads binding
to transferrin receptor. This receptor is highly expressed on erythroblast cell
surfaces that needto interact with the iron binding protein transferrin in order to
enable iron up-take. Upon elution from MACS columns cytocentrifugation was

performed as describedgection7.2).
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4.5 Cell samplingfrom chorionicvillous anddecidualtissues
Chorionic villous and dediual tissues were obtained dkr terminations of

pregnancies and forwarded to either mechanical or enzymatic treatment.
Mechanically processed samples were used for molecular genetic analysisfetfal
erythroblasts, trophoblast cells(chorionic villi), and maternal cells(decidual tissue¥
whereas enzymatic samplingvas used to enrich trophoblast cellgchorionic villi) in

order to establishclassifier settings of the RCDetect cell scanning software

4.5.1 Mechanicaldigestion
Chorionic villi and decidual tissue pieceserived from first trimester interruption

material were rinsed in PBSseparated under optical controland mechanically
disaggregated using a MedWlachine system DAKO, Austria) according to the
manufacturer's recommendations In short, tissues were cut into pieces and
transferred to a disintegration device called Mediconpre-conditioned with MACS
buffer. The tissues were mechanically digestedor 30 to 60 seconds through
40 pm pores recovered fromthe device and filtered through a 40 um nylon filter
(Falcon, BD, Belgium).Cell suspensions were counted and cytocentrifuged onto

membrane slides as described (sectioh?2).

4.5.2 Enzymatialigestion
Enriched trophotast cellor erythroblast fractions after enzymatic digestion of first

trimester chorionic villiwere provided by the University Clinic of Obstetrics and
Gynecology. Tissues derived from termination of pregnancy were stored in
Medium 199/DMEM/OP TINEM (500 ml / 500 ml / 0.75 mg) and villous trees
were selected under optical control, rinsed in PBS and cut using a sterile scalpel.
Thereafter the tissue pieces were transferred taell culture flasks and digested
using a mixture of 15 ml of Dispase/DNase and 15 ml of 0.25% Trypsin at 37 °C
for 15 minutes. Following the first digest supernatants were separated from
residual tissueswhich were digested again Qupernatants from both digests were
pooled and washed twice in DMEM. The pellets were resuspended in tnl of
DMEM and layered upon a density gradient prepared from mixtures of
Percoll/10x HBSS (4ml of 10x HBSS added to 36ml of Percoll) and 1x HBSS

solutions as shown inTable 8.
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Table8: Densitygradientused forerythroblast otrophoblastell enrichment

Density gradients were prepared from solutions 1 to 7 each containing a mixre of Percoll/10x
HBSS and & HBSS.Immediately after preparation, te cell suspensions werdoaded onto the
gradient and centrifuged.

Layer Percoll/10x HBSS iinl] 1x HBSS inl]
1 3.5 1.5
2 3.0 2.0
3 25 25
4 2.0 3.0
5 1.5 3.5
6 1.0 4.0
7 0.5 4.5

Upon centrifugation buffy coat cells were collected from the interphase between
the 6™ and 7" layers, transferred to our lab and washed twice in MACS buffer

before cytocentrifugation (section7.2).

4.6 Artificial mixtures of JARhoriocarcinomaells and peripheral
blood mononuclearells (PBMNCs)

Cells from human Y chromosomepositive JAR choriocarcinoma cell line (American
Tissue Type Collection, HB-N44) were cultured and mixed with PBMNCs from
non-pregnant healthy donors at the Danek Gertner hstitute of Human Genetics
(TekHashomer, lIsrael)in order to establish artificial mixtures of non-related
individuals asfollows. JAR cells were cultured at 37C in a humidified atmosphere
of 5% CO, for sevendays using RPMI 1640 medium (Rilogical Industries Israel)
supplemented with 10% FBS (Biological Industries), ;hhM L-glutamine (Biological
Industries) and 1% penicillin/streptomycin (Biological Industries). Blood samples
from three non-pregnant women were drawn and PBMNC fraction was collected
after single density gradient (1.077 g/ ml) centrifugation at 1000x g at room
temperature for 20 min.
From each sample,1.5-10" PBMNC were then mixed with 1500 JAR cells,
resulting in a quantitative relation of 10*:1. The cell preparation was incubated
with the antibody GZ158 (final concentration 96 g/ml in PBS containing 0.4
BSA)for 30 min. After washing the cells with 500 ul of MACS buffer, the pellet
was incubated for 30 min with 200 pl of FITGlabeled donkey-anti mouse F(ab’)
(1:50 in PBS/0.1% BSA; Jackson Immuno Research Europe, Suffolk, }Jkashed
and resuspended in 20ul of anti-FITC magnetic beads (Miltayi Biotec) diluted in
21



80 ul of MACS buffer. Following incubation on a shakerat 4 °C for 15 min and
another washing step, the cells were resuspended in 500ul of MACS buffer and
loaded onto a MiniMACS column (Miltenyi Biotec). MACSpositive cells were
eluted according to the manufacturer's protocol. Approximately 4-10* of the
positive cells were loaded onto eighPENmembrane coated class slidesCarl Zeiss
Microlmaging, Germany) using cytaentrifugation. The cells on the slides were
fixed in 1% formaldehyde (Sgma Aldrich) or methanol for 15 min respectively
and rinsed twice in PBSfor 5 min. The airdried slides were then shipped to
Austria where nuclei were counterstained with 2uM of the monomeric cyanine
nucleic acid stainTO-PRO-3 (Invitrogen, Lofer, Austria) in PBS for 10min and
mounted in VectaShield §zaboe Scandic HandelsgmbH & Co KG, Vienna, Austrja
The slides were stored in the dark at room temperature before automated cell

detedion.

4.7 Automatedrare cell detection
Metafer P RCDetect module (MetaSystems GmbH, Altlussheim, Germany)a

special scanning system adapted to the laser microdissection system from PALM
(Carl Zeiss Microlmaging) was used to link automated cell detection with
subsequent laser microdissection. In principle, this detection is based on
immunofluorescence double labeling and morphology of cellsin which negative
cells show nucleic staining only. Doublelabeled positive “candidate” cells
additionally show a cytopbsmatic or surface staining and ardherefore recognized
as positive events if they meet a certain predefined set of parameter, called the
classifier Thus, RCDetect, the rare cell detection software of Metafer P, wasirst
trained on finding candidate cels resulting in the development of a classifier.

Thereafter this classifier was used for rare cell detection

4.7.1 Training RCDetec$oftware
RCDetect software was trained to recognize fetal caridate cells in two steps. First

erythroblasts enriched from bothcord blood and first trimester chorionic villi were
subjectto the establishment ofclassifies. Then the classifier wadurther improved
by using cells of other cell types such adAR cells (choriocarcinoma cell line).

Classifier development was done fotlwing the MetaSystems Finder Manual
version 2.8.0 (MetaSystens). In short, slides containing FITC/TOGPRO-3 double
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labeled cellswere inserted onto the microscope stage and RCDetect software was
started. A new classifier was created by using an existing @sifier (supplemented
with the software) to read the initial settings. Thereafter training images
containing few positive cells and/or artifacts were captured from the inserted
slides In some casesimages originating from different slides were merged to
create a “virtual” slide suited for classifier development. In the next step,
FITC/TO-PRO-3 positive cells within these training images were defined as
positive objectsand non-cellular double labeled objects were defined asartifacts.
Following that, RCDetct training was performedas follows. The training images
were automatically analyzed usingseven parameters five designed for cell
detection and two for cell selection. All parameters were given a maximum and a
minimum value as well as a step sizeThen the system used all possible
combinations of these values to analyze the training images and listed the
calculated error rates (false posite and false negative events) together withthe
respective parameter values The parameter settings of the best fitwere used to
redefine the maximum and minimum values of the parametes and the iterations
were repeated with reduced step sizes.After a third round of iteration, the

parameter settings were storedand implemented into the classifier.

4.7.2 Rarecell detection
Slides containingcells labeled by immunofluorescence (IFyere inserted into the

slide holder at the microscope stage rmd RCDetect was started using the
appropriate chssifier for cell detection. Cordinates of positive events were
recorded during the sca and its images displayed in the image galleryAfter the
scanthe image gallery was checked forpositive cells. By using the cordinates of
these events the cellswere relocated for the purpose of harvesting by means of

laser microdissection and pressureatapulting.

4.8 Lasemicrodissection anpressurecatapulting (LMPC)
In order to collect single cells or cell pools the respective celere cytocentrifuged

onto PEN-membrane coated slides Qarl Zeiss Microlmaging. Post labeling
(section 7.3) and semiautomated detection 4.7.2); the slides were rinsed in
coplin jars to remove the cover glasses using PBS. Upon additional washing steps

the slides were reinserted in themicroscope stageand cells selected from the
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RCDetect image gallery were relocated For collecting the cells reaction sites
(anchors)of AmpliGrid slides were charged with 1ul of nucleasefree water and
placed up-side-down on the membrane slide To implement this protocol step into
the process, | have developed a devicéo avoid the contact between mllecting
droplet and sample (section5.2 and Figure 10). Using this device collecting
droplets could be positioned above thecandidate cells Following this the cells
were microdissected and catapulted using LMPC settings as indicatéa Table 9.
Upon catapulting the collection droplet was allowed to evaporate and the anchors

were checked forpresence ofmicrodissectates

Table9: Laser Microdissection and Pressure Catapulting settings

Microdissection Pressure Catapulting
Objective 40x 40x
Laser Energy [%] 60 - 66 +18’
Laser focus Focus plane (membrane) -3um’

"(delta to microdissection setting)

4.9 Low-volumeon-chip cell lysis andmultiplexPCR
After microdissection thecells were forwarded to cell lysig using Cell Extraction

Kit, Olympus Life Science Reseeh Europg and subsequent multiplexPCR
(PowerPlex 16 System, Promega)All protocol steps were performed with
equipment used only for this purpose. Precautions were taken to reduce
contamination to a minimum: AmpliGrids were transferred to a PCR Workstain
(UVP, UK). This PCR Workstation was restricted to pooled single and single cell
PCR handling only. Sampling was done with a set of pipettes used for this purpose

only.

4.9.1 Celllysis
Reaction sites containing microdissected cell pools or single cells, néga controls

(water) or positive controls (Standard DNA template 9947A, Promega) were
charged with 0.75 pl of cell lysis mix (seeTable 10) and immediately afterwards
overlaid by 5 pl of sealing solution (OlympusLife Science Research Europa). Cell
lysis was performed on a slide cycler (AmpliSpeed, Olympus Life Science Research

Europa) at 75°C for 5 min followed by a 3 min inactivation step.
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4.9.2 Multiplex-PCR
0.75 ul of PCR mix (seeTable 10) was placed on top of the sealing solution. Due

to physical properties of both aqueous PCR mix and sealing solution, the former
passed through the latter and merged with cell lysate resulting in 1.3l reaction
volume. Upon that DNA was amgified according to the manufacturer’s
recommendations (Technical Manual; PowerPlex 16 System, Promega). For details
see Table 11. Following amplification the PCR fragments were either stored on

chip O/N or directly forwarded to PCR purification.

Table10: Cell lysis and PCR mixes (for 30 reactions)

Protocol Cell Lysi§ Mix Multiplex—PQR Mix
(30 reactions) (30 reactions)

Water [pl] 19.88 12.06

10x Cell Lysis Buffer [il] 2.25 -

Lysis Enzymdpl] 0.37 -

Gold Star 10x Buffer jul] - 4.5

PowerPlex 16 10x Primer Pair Mix jil] - 4.5

AmpliTaq Gold DNA Polymerase|il] - 1.44

Total Volume [pl] 22.5 22.5

Volume per Reaction [l] 0.75 0.75

Table11: PowerPlex 16 Systemmplification protocolSC400D SlideCyclér

Cycles Temperature Time
1 95°C 11 min
1 96 °C 1 min

94 °C 30s
94 °C-60°C 0.5 °C/s

10 60 °C 1 min
60°C-70°C 0.3 °C/s

70 °C 45s

90 °C 30s
90°C-60°C 0.5 °C/s

20 60 °C 1 min
60°C-70°C 0.3 °C/s

70 °C 45s

1 60 °C 30 min
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4.10Purification of PCIRagments
After amplification both PCR and sealing solutions were recovered from the

AmpliGrid and purified using the Wizard Gel & PCR Cleamp System kit
(Promega) according to the manufacturer's recommendations. Purified PCR
fragments were eluted from columns using 32ul of RNase and DNase free water
supplemented with the kit. The samples were either used for analysis by means of

capillary electrophoresis or stored at20 °C.

4.11Fragmentnalyss
Approximately 15 ul of purified PCR samples were addedo wells on a 96 well

plate containing 4.7 pl of water and 0.3 pl of internal lane standard 600(ILS 600)
in each well. The samples weredenaturized at 96 °C in a conventional cycler
(DNA Engine Dya Peltier Thermal cycler, BieRad Laboratories GmbH Vienna,
Austria) for 3 min, cooled on ice immediately afterwards and fed into a 3730
DNA Analyzer (Applied Biosystems Austria GmbH, Brunn am Gebirge, Austjia
located at the Core Facility Molecular Biagy (Center for Medical Research, Graz,
Austria).

Electropherograms wereanalyzed with GeneMapper 4.0 (ABI Austria) to assign

STR repeat numbers to detected peaks

4.12 PCRefficienrcy and DNAprofiles
DNA Profiles of each sampletype (JAR choriocarcinoma cell mfile, PBMNC

profiles of different donor individuals, fetal and maternal DNA profiles from
termination of pregnancy tissues, DNA profi of the experimenter [operator])
were assessed by combining all DNA profiles from one and the samsample. PCR
yielding at least one amplification product (“successful PCR”) were included in the
analysis.Lack of PCR fragments at single heterozygous or homozygous loci (no
call) was ddined as “amplification failure”. This amplification failure was
calculated from the numbe of failed loci divided by the total number of loci. ADO
and heterozygous patterns were calculated from the results giveby heterozygous
loci only. Allele drop out (ADI)was defined as extra PCR fragments that either did
not match both respective PCR préiles or matched the other (PBMNC or JAR,
maternal or fetal) profile in cases where contamination was unlikely (single cell

PCR). ADI was also calculated from heterozygous and homozygous loci. PCR
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efficiency is expressed as successfully amplified allelesh&terozygous loci based

on the theoretically maximal number of PCR fragments at heterozygous loci.
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5 Results

5.1 Development of a classifier for multi cell type detection
5.1.1 Basicclassifier

The first classifier was developed on fetal erythroblasts enriched froeord blood
as described in sectio.4 and cytocentrifuged onto glass slides (sectioi.2). The
cells were stained o the slide using directly labeled anti-Hby/FITC antibody and
TO-PRO-3, respectively following the protocol described in section 7.3.2.
Immediately after mounting, the slide was inserted onto the stage and scannedh
order to retrieve training data Of these training data 15 fields containing a total

of 14 erythroblasts were choserfor classifier development{Figure 3).

2 Classify Fields - 15-7-05 V-0il 1-1 2100 1

Next Field
' Delete Field

| Classify

| .. Positives
... Rejections
... Tiles
Undo Classif.
Previous Field
Relocate
Regions ...
Lower Thresh.

Upper Thresh.

' Test Img. Proc.

Special ...
Close

N of Fields : 15 | Undefined : 15 | Total Positives : 0| m |l:|

Field Number : 1 | Classified : 0 | Total Rejections :

]
Field Status : Undefined | Deleted : 0 | Total Tiles : - 0

Figure3: Scan field image used fotassifiedevelopment

Fetal erythroblasts were enriched from cord blood and stained using directly FITIabeled anti-Hby
antibody and TO-PRO-3 nucleic counterstain. Training images were retrieved by scanning the slide
in FITC (Hby) and Cy5 (TO-PRO-3) channels. RCDetect software was trained on 15 training field
images containing a total of 14 FITC/TO -PRO-3* cells (white rectangles).
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Error ratesregarding false negative and false positive eventaere automatically

assessedy RCDetect software (sectiord.7.1). The parameter settings fitting best

were stored as classifier “1807-05 z200” (Figure4).
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o s signal Conddition :
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Exclude Cell if Average ol Intensity is
® Nucleus ® Less than or Equal to

Figured: Setting of basic classifier ,/IF-05 z200”

The values fromthe preceding iteration process done by RCDetect softwareghat showed the
lowest error rates for false positive and false negative events were transferred to the RCDetect
parameter set up (Cell Detection box) and stored as classifier “+87-05 z200”. Further
information on parameter settings are given in boxes “Channels” and General’: Maximum time
of integration 0.8 sec (Signal 1: FITC channel) and 2.4 sec (CStain: TIBRO-3); 20x objective
(Microscope Magnification); 20 um scan field overlap (Field Overlap)

5.1.2 Classifieroptimization

Different parameter were optimized to meet the detection criteria of bah, varying

IF staining pattern caused by different cell types such as fetal (Kb and

embryonic (early) erythroblasts (Hb"), trophoblast cells [(GZ158/ GZ112)] and

JAR choriocarcinoma cells (GZ158 and varying IF intensities(Figure 5). Most of

the adaptations to the first classifier concerned the following parameter(a) the

Maximum Integration Time (|, ...; range: 0.2 — 2.4 seconds) during IF detecting of
TO-PRO-3 and FITC signals (Cy5 and FITC channel, re3pausing false positive
(I max too long) or false negative (1., too short) events; (b) the Minimal Signal

Contrast limiting detection areas (range: 10— 20% of the maximum possible
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contrast of 255) as well as the Lower Limit of Signal Intensity exclling weakly
stained cells from analysis (range 16- 20% of the maximum signal intensity of
the image) and (c) the Minimal Distance Positive Objects (range 16 20 um) in
combination with Field Overlap (X/Y) (range: 20 — 113 ym / 20 — 144 um)
influencing cdl detecting and cell counting of positive adjacent events and events
located at the border of scan fields. However, the probably biggest improvement
was achieved when | switched from 20x objective to 10x objective for scanning
the slides. Changing Magnifcation from 20x to 10x reduced the number of scan
fields of a 120 mm? cytospin from 1623 to 271. Although scanning time per field
nearly was doubled, the total scanning time could be cut to onehird so that
1.10° cells (standard cytocentrifugation area: 20 mm?) were scanned in

approximately 20 minutes Figure6).
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Figure5: Detection of different cell types

RCDetect was optimized to detect cell types known to circulate in maternal bloodush as fetal
(top left) and embryonic (top right) erythroblasts and trophoblast cells (bottom left). Furthermore,
RCDetect was trained on the detection of large cells such as JAR choriocarcimoma cells (bottom
right)
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Figure6: Sanning performance: 10x objective versus 20x objective

User’s surface of RCDetect aftescanning with 10x (left) and 20x (right) objective clearly showed
advantages for the former. Scanning fields were reduced to onsixth (271 fields vs. 1623 fields).
Although scanning time per field increased by factor 2 (4.1 s/field vs. 1.8 s/field; depending on the
frequency of filter cube alterations per scan) total scanning time was more than halved
(18 min 22 s vs. 49min 46 s).

5.1.3 Usingan optimized classifierprovedautomaticcell detection to be
superior toindividualscreening

The performance of the generated classifier was tested againsisual examination
of the slides bytwo lab members familiar with rare cell detection. Thereforesets
of training data containing Hby" and Hbe" erythroblasts were generated
containing three different conditions: 1) few scan fields with approx.one target
cell (Hby"/TO-PRGO-3" erythroblasts) per field containing a high number of
erythrocytes (Hby"/TO -PRO-3); 2) high number of target cells Hbe"/TO-PRO-3"

erythroblasts) per scan field; 3) high number of scan fields containing a very low
31



total number of target cells (He'/TO -PRO-3" erythroblasts). For condition 1 the
training data of classifier development were used (sectiofigure 3). For condition
2 Hbe" erythroblasts were enriched from 1° trimester villous tissue derived from
termination of pregnancy. For enrichment chorionic villous tissuewas processed
according to the enzymatic digest protocol (section 4.5.2). The erythroblast
fraction was isolated from the interphase between 8 and 7" density gradient
layer and contained a high number of erythroblasts. An aliquot of this erythroblast
fraction was then diluted into 25 ml of PBS rinsed PBMNCs from &ealthy male
donor. From this spiked samplecell enrichment was performed using non
physiological conditions asdescribed in section7.1.3. Both samples pre@essed
from chorionic villous tissue (condition 2 and 3) were cytocentrifuged onto glass
slides (section7.2) and stained using directly labeled anti-Hby and anti-Hbe
antibodies (section7.3.2).

Training data and data from slide scanning were retrieve¢conditions 1 to 3). The
training data were visually checked for positive cells by two lab members and the
respective cell counts recorded. The image galles created by RCDetectfrom the
same slidesusing the classifier “Ery Villi 6Feb06” (optimized for scanning with 20x
objective) were also checked for positive celland compared to the findings of the

visual screening Table 12).

Table12: Detection efficiency outcome: RCDetect vs. individual scanning

Different conditions regarding positive cell frequency and signal intensity were testedVhen the
cells to be detected were rare, automated scanning and emting performed better than visual
counting.

Positive cells detected Positive cells detected

Condition Scan fields [n] (RCDetect) (visual check)
1 15 14 14
2 122 535 535
3 1867 36 35

5.1.4 Detection of a Hb" cell enriched fromperipheral blood of a
pregnantwoman (12" week ofgestation)

| performed enrichment of erythroblasts from peripheral blood of a pregnant
woman at 12 weeks of gestation to test the classifier's applicability under clinical
conditions. For density gradient centrifugation, the basic protocol was slightly
changed as | used a norphysiological approach following a protocol of Sitaret al.

(31) as described in sectior7.1.3. MACS, cytocentrifugation and direct IFlabeling
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was performed according to basic protocols (sections.1.4, 7.2 and 7.3.2, resp.).
As shown in Figure 7, automatic scanning yielded one Hb" erythroblast proving

the classifier to be applicable to clinical samples.
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Figure7: Hby* erythroblast detected at 12 weeks of gestation

7.3ml of peripheral blood of a woman at 12 weeks of gestation were drawn, enriched via MACS
(CD71-MicroBeads) andlabeled by means of immunofluorescence (antiHby antibody). After
counterstaining (TO-PRO-3) and mounting, the cells were forwarded to automatic scanning using
the classifier “18-07-05 z200”. Positive events were displayed in the RCDetect imaggallery. In
this gallery, event number 18 shows (red outlined, green edged box) an Hp erythroblast located
next to an Hby neutrophil granulocyte. Detection of this erythroblast from peripheral blood
proved the classifier, which was developed from cord lbod erythroblasts &ampled shortly after
delivery)to be feasiblefor the purpose conceived

5.1.5 Settings oftlassifier TestObj 10x”
The Metafer parameters and focus settings derived from optimizing the classifiers
were implemented into classifier TestObj 10x”. The respective dataare given in

Figure8 and Figure9.
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RCDetect - Classifier Setup

Classifier : |Test Obj 10x ' Focus Parameters : | TK10 small grid El

Description : Test fiir 10xObj Erythroblasten (Villi 7SSW) 10% Minimum Signal Contrast

— Channels : — General :

Color Exposure [Max.] T Integ. : ) 7
Channel Control (sec) Microscope Magnification : 10.00

Counting

Other

e M 0.5602 Min. Distance Pos. Cells : 20
Signal 1 : lao [ 0.6802

Signal 2 :

=
=.

an
S ]
]|

O oo OB . OB An

Field Overlap (X /Y, um) : 47

Gallery Image Size : 1/ 1

CellDataction: Region of Interest Size :
Minimum Signal Contrast :
CCD Camera Gain :

Lower Limit of Signal Intensity :

) . . Cell Selection :
Required Maximum Object Area :

Extend CS Mask by :
Number of Objects to Exclude :
Center Radius (rel.) : New
Max. Area Sum Remaining Obj. : ;

Max. Center Intensity : Delete

Counterstain Object Thresheld :

Concavity CS Threshold :

Minimum Counterstain Area : Rename

Maximum Counterstain Area : Max. Concavity Area :

Print

W Use 2. Signal Condition :

-] @ Greater than
Exclude Cell if Average oI Intensity is

® Nucleus ® Less than or Equal to

Figure8: Parameter settings of “Test Obj 10x” classifier

Focus Parameters

Focus Parameter Set : |TK10 small grid |

N of Focus Planes : 9 Focusing Mode :

Plane Distance : /40 pm Contrast Mode :

Z Offset : /40 pm Max. Neighborhood Moves :

Grid Width : um Max. Grid Gap Percentage :

Hysteresis Offset : 140 pm Extrapolate Grid Gaps 7 :

X 1Y Move Delay : msec Predict Focus Start Pos. 7. &

Z Move Delay : msec Min. Object Area : 0 1100 pm*
Minimum Contrast : Min. Foc. Contrast, Global : 100 %

Move to Focus ? : I Min. Foc. Contr., ZMinMax : 100 %

Max. Height Second Peak : 100

Delete New Focus Parameter Set to be used for Automatic ...
Print Rename ... Reference Position : = !

Figure9: Focus parameter settings of “TK10 small grid”
The focus parameter settings of “TK10 small grid” are usé with the classifier “Test Obj 10x”
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5.2 Development otell capturesetting onAmpliGridslides
Laser microdissection and pressure catapultmepresents the link between the cell

enrichment and detection part and the molecular genetic analysis part of this
procedure designed to establish a continuous process from sampling to result.
Lacking a possibility to correctly position the anchors of té chip for cell collection,
| developed a device allowing the alignment of anchors with the respective cells
thereby enabling the implementation of this low-volume on-chip amplification
method into the process.The main parts are two distance pieces mountg to the
lateral ends of the AmpliGrid guaranteeing both enough distance between slide
and chip, so that collection droplets do not touch the slide and minimal flight
distance for catapulted cells This way the score ratehas beenoptimized (Figure

10: PENmembrane slide — chip assembly).

- AmpliGrid
s @ (up side down)
3 o . N Collecti
i Spacer S ) ~Collecting
/ P 2 et fep - droplet | @
i Cytospin s T
@ : Cz\»'»-‘t,’) \; /,\/"

PEN Membrane
slide

y Objective
Microscope stage —

Figure10: PEN membrane slidechip assembly

To collect microdissected cells, the anchors of the chip (AmpliGrid) had to be charged with
nucleasefree water (collecting droplet) and positioned directly above the candidate &ll(s). In order
to realize that, | have developed a device enabling the chips’ anchors to be positioned above every
cell of the cytospin. Therefore, two spacers (height imm) were laterally attached to the chip (1).
Upon charging the anchors, this assembly was placed ugide down onto the microscope stage (2)
and the respective anchor was moved right above the cell(s) for collecting them after LMPC (3).

Using this devicethe rate of successfully microdissected cells exceeded 95% (175

of 184 catapulting events).

5.3 Performance ofare cell analysis
To assess the feasibility of the method pooled and single cells of all sample types

were microdissected and amplified (sectiod.8 and 4.9). The PCR products were
forwarded to fragment analysis (sectiomd.11) and the resulting electropherograms
were analyzedaccording to the definitions given in section4.12.

At first, | generated DNA profiles of eachsample type from all of their processed
cells (Table 13). Both samples analyzedrom PBMNCs sample #1 showed PCR
failure. Due to this, a DNA profile coutl not be assessed and PBMNGample #1

was excluded from analysis. The same was true for IR #h all three pooled cells
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samples PCR fragments in 10 of 16 loci (D21S11, D18S51, Pent&, D7S820,
D16S539, CSF1PO, Penta D, D8S1179, TPOX, and FGMere lacking Thus, IR

#2 was excluded from analysis.

Table13: DNA profiles of sample types

The DNA sample profiles were assessed oéll DNA profiles generated from eachsample type.
Samples containing amplification failure such as PBMNC #ho calls at all; not shown)and IR #2
were excluded from further analysis.

. N Q g Il g 5 g 5

Locus § % % % é g § g § %

o = = g 3+ = 3+ - H*

© iy & 3t x & x R o

x x x

D3S1358 15/16 16/17 1517 13/15 14117 14/15 14 14 15117 15117

THO1 9.3 6/7 7/9.3 9.3 8/9 8/9.3 7/9 7/8 7/8 7/8
D21S11 31.2/32.2 2829 29/32.2 28/33.2  28/29 29 - 29/30 30/32.2 30/31.2
D18S51 16/17 14/15 14/16 15/16 13/14 13/15 - 15/16 17 15117
PentakE 97 8/12 8/10 7/22 7/20 7115 - 7112 8/12 8/13
D5S818 11 10/11 11/12 12 12/13 13 12/13 12/13 10/12 12/13
D13S317 8/11 11 10/11 1114 11 11 9/11 9/11 1112 11112
D7S820 11 10/11 9/11 10/12 10 10/11 - 8/9 10/12 11112
D16S539 12/13 9/10 13/14 1112 10/12 12 - 9/11 9/13 912
CSF1PO 11/13 7/10 1112 12 9/12 9/10 - 12 10/12 8/12

PentaD 12/15 9/14 1112 10/13 1113 9/13 - 914 9/10 7/9

Amelogenin XY XY X X X X X X X X
vWA 17 16/18 17/19 17/18 17/18 16/17 17/19 14/19 17 15117
D8S1179 13/15 14/16 10/15 12/14 14/16 15/16 13 10/14 15117 14/15
TPOX 8/11 8/11 8 8 9/11 9/11 - 9/11 12 10/12
FGA 21/23 22 22 22/26 19/22  22/22.2 - 22/22.2 22/23 19/23

Homozygous lociare represented by only one allelic repeat such as for the operator’s locus U4
dash: amplification failure operator: experimenter

5.3.1 PCR efficiency a parameter foprocessrelatedDNA degradation

| calculated the percentage of the detected PCR fragments at heterozygous loci
amplification failure, ADO, and ADI in order to asses the compatibility of the
method involving fixation and staining with subsequent PCR. This calculation was
made for pooled and single cell samples from two different experimental settings
(JAR/PBMNC spikings and interruption tissuestable 14) as well asfor pooled and

single cells irrspective of their cell types (Table 15).
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In the PBMNC/JAR spiking experiment all PBMNC samples were successfully
amplified (100%). ADO occurred in 12.5% (6/48 of heterozygous loci) and
amplification failure in 1.6% (1/64 heterozygous and homozygous loci). A
heterozygous pattern was detected in 41 of 48 heterozygous loci (85.4%). The
PCR efficiency, based on calculation of all PCR fragments dasted at
heterozygous loci, turned out to be 91.7% (88 of 96 possible PCR fragments).
Single AR cell PCR was successful in 12 of 18 times (66.7%) with an @arrence
of ADO in 50 of 168 heterozygous loci (29.8%). Amplificaton failure was
detected in 27.1% of all loci (62/192). A heterozygous pattern was found in 78 of
168 loci (46.4%). PCR efficiency of single JAR cells was determined to be 61.3%
(206/336).

PCR from 5 FITQTO-PRO-3" pooled cells derived from decidual tissues were
successful in 10 of 13 caes (76.9%). Of 160 loci 10 failed to amplify (6.3%), ADI
was detected in 2 of 160 loci (1.3%), and ADO in 10 of 129 loci (7.8%). A
heterozygous pattern was detected in 84.5% (109 of 129 heterozygous loci).
Thus, PCR efficiency was calculated to be 88.4%2@8 of 258 PCR fragments).

Of 56 single Hbe-positive erythroblasts, trophoblast cells or FIT®egative
candidate maternal cells, PCR was successful in 3t cases (76.8%). In these,
amplification failure was seen in 190 of 688 loci (27.6%). ADO occurred in 269%
(150 of 558 loci) and extra alleles (ADI) were detected in 1.5% (10/688). Of 558
heterozygous loci, 252 (45.2%) showedtwo PCR products, resulting in a PCR
efficiency of 58.6% (654/1116).
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Table14: PCRperformancén pooled andsingle cell samples from two different experimental

settings
Female PBMNC Cells of 2 interruption tissues
JAR
of 2 samples

Pooled cells (<10) Single cells Pooled cells (5) Single cells

[n / total] [%] [n / total] [%] [n/ total] [%] [n/ total] [%]
Successful PCR 4/4 100 12/18 66.7 10/13 76.9  43/56 76.8
# of heterozygous loc? varying 14 varying varying
Amplification failure® 1/64 1.6 52/192  27.1 10/160 6.3  190/688  27.6

ind
Allele drop-in 0/64 0 0/192 0 2/160 13 10/688 15
(all loci)
5

Allele drop-out® 6/48 125 50168  29.8 10129 7.8  150/558  26.9
(heterozygous loci)
Heterozygous patterr? 41/48 854  78/168  46.4 1091129 845  252/558 452
(heterozygous loci)
PCR efficiency 88/96 91.7  206/336  61.3 228/258  88.4 654/1116  58.6

(heterozygous loci)

1 PCR yielding at leasbne amplification product

2 Heterozygous loci of the respectie samples as seen from PCR profiles (used for calculating ADO and PCR efficiency

3 Number and percentage of loci yielding no PCR fragment
4 Extra peaks matching no profile

5 Heterozygous loci yielding onlyone fragment (heterozygous loci only)

6 Loci showing two allele repeats (heterozygous loci only)
7 Total number of PCR fragments calculated from heterozygous loci

Table15: PCR efficiency based on the number of cells used as template

Cell pools £10) Cell pools (5) Single cels Over-all

[n/total] [%] [[n/total] [%] [n/total] [%] [n/total] [%]
Successful PCR 4/4 100 10/13 76.9 55/74 74.3 69/91 75.8
amplification failure? 1/64 1.6 10/160 6.3  242/880 275  253/1104  22.9

in3
aliele drop-in 0/64 0 2/160 13 10/880 11 12/1104 11
(all loci)
4

allele drop-out® 6/48 125 10/129 7.8 200/726 275  216/903 23.9
(heterozygous loci)
heterozygous patterr? 41/48 854  109/129 845  330/726 455  480/903  53.2
(heterozygous loci)
PCR efficiency 88/96 91.7  228/258  88.4 860/1452 59.2  1176/1806  65.1

(heterozygous loci)

1 PCR yielding at leasbne amplification product
2 Number and percentage of loci yielding no PCR fragment
3 Extra peaks matching no profile

4 Heterozygous loci yielding only onefragment (heterozygous loci only)

5 Loci showing two allele repeats (heterozygous loci only)
6 Total number of PCR fragments calculated from heterozygous loci
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5.3.2 Genetic fingerprinting- distinguishing betweercells originating
fromdifferentindividuals

The DNA profiles from all samples yielding at least ond?CR product were
compared to the respective full profiles given inTable 13. The data regarding the
JAR and PBMNC samples82 and #3 are shown inTable 16 and Table 17, the data
of the samples from IR #1 and IR #3 can be seen ifable 18 and Table 19,

respectively.
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Table16: DNA profiles of JAR cells and PBMMNample#2
Profile I Cell pools ] Single cells
‘ Operator B1 B7

THO1 | 93 |
D21S11  31.2132.2 |
D18S51 | 16117 |
PentakE ‘
D55818 | 11|

D13s317 | 11 § I
D75820 | 11 ]
D165539 | 12113 |
CSF1PO | 1113 | - |
PentaD ‘
Amelogenin
VWA | 7
D8S1179 | 13115 |

TPOX 8/11

FGA 21/23
FITC .
Allelic drop-in 1
1

I

Locus

@
N
ve)
w
ve]
S
w
o
vs)
»
ve]
oo

Contamination
Allocation

(Number)  Allele peak < 100 pts in height
but well detectable
Homozygous Homozygous Alleles of Number Allele drop-in/erroneous PCR
JAR loci PBMNC loci operator fragment

Figures represent the numbers of allelic repeats of the marker STR and amelogenin, respectively.
For example: Regarding THO1 locus ([AATG] tetranucleotide repeat units) JAR cells should yield
two distinct peaks at 164 bp and 168 bp [(66); PCR Product Sizes of observed Alleles, Set 6].
These PCR fragments represent alleles containing aféld and 7-fold [AATG] repeat (residual base
pairs result from primer design clamping that STR region) denominated as “6/7”. PBMNCs were
also heterozygous for that locus yielding 168bp and 179 bp fragments. The latter PCR fragment
representsnine [AATG] repeat units plus one tuncated ATG in between repeat numbersix and
seven([AATG],ATG[AATGL). By nomenclature this allele is designated by the number of complete
repeat units (9) and the number of base pairs of the partial repeat (3) separated by a decimal
point. Therefore, the correct denomination is 7/9.3. The alleles of pooled and single cells were
compared to JAR and PBMNC profiles in order to allocate the respective loci to either JAR (marked
in green) or PBMNC (marked in red) origin or to detect contamination (when matchig the
operator’s profile). Loci that yielded allelic repeats matching both profiles (like in THO1 locus of the
single cell B2) are indicated in greemed striped. Allocation of cell pools or single cells was
considered valid when all loci within one profie consisted of striped and either red or green boxes
only (color code in line “allocation”). Column D10: negative control (PCRclean water), column
D12: positive control (100 pg of 9947A Promega control DNA). No amplification of samples B9,
B10 and B11 (ell pools) and C4, C8 and C9 (single cells) (not shown).
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Table17: DNA profiles of JAR cells and PBMNC sam§iBe

Single cells | H,0 | 9947A
Locus
Operator D10 D12
D3S1358 | 1516 |RHSHSN 14/15
8/9.3
D21S11 30
D18S51 15/19
PentaE 12/13
D55818 11
D13S317 i I 1
D7S820 10/11
D16S539 1112
CSF1PO 10/12
PentaD 12
Amelogenin X X
17/18
D8S1179 13
8
FGA 23/24
FITC
Allelic drop-in
Contamination
Allocation

For color code see the legend imable 16
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Table18: DNA profiles of fetal and materhaells obtained from tissue from termination of
pregnancy (IR #1)

Profile Cell pools ! Single cells

Operator B1 B6 D6 D12 'B2| B3 |B5| B7

Locus

vs]
[e2)

D351358 : - |
THO" e - | -
21511 e |
18551 I N I -
7520 | | -
D55818 | 13 | N
D138317 | 11 8/11 = - | I
D75820 10 11 B B
165539 - e
CSFiPO I T
e | - |
Amelogerin| X | X | X | X | = BEn
A :
BS1179 ||
TPOX |
FoA R
FITC + + - - : + + + + +
Allelic drop-in 1
Contamination + !
Allocation mmE = |
Table18 continued
Single cells H,O
Locus
B9 B10 [B11| C2| C4 C5 C6 C7 D3 D4 D7 | D8 | C12
D3S1358 - - - - - - -
THO1 - - - - - - - - - -
D21S11 - - - - - -
D18S51 - - - - - - - -
PentaE - - - - - - - - -
D5S818 - - - - - - - - -
D13S317 - - - - -
D7S820 - - - - - - -
D16S539 - - - - - - -
CSF1PO - - - - - -
PentaD - - - - - - - -
Amelogenin - - - - - - -
VWA 15 - - -
D8S1179 - - - - - - - -
TPOX - - - - - - - - - -
FGA - - - - -
FITC + + + + + + + + - - - -
Allelic drop-in + +
Contamination
Allocation

Figures represent the allelic repeats of the STR markers and amelogenin, respectively. Loci
displaying the maternal allelic patterns are marked ined; loci matching the allelic patterns of fetal
cells are indicatedn green. Loci showing allele repeats matching both profiles (fetal/maternal cells)
are indicated in greenred striped. Red numbers are used to highlight extra peaks (ADI) matching
none of the profiles. Controls are as described in the legend tdable 16. No amplification at B12
and D1 (cell pools) and at B4, C1, C3, D2, D5 and D8 (single cells). The profile of the operator is
given to provide information concerning contamination.
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Table19: DNA profiles ofetal and maternal cells obtained from interruption material (IR #3)

Locus Profile I Cell pools
Operator A7 B7 C1 D7 D8 D9

D351358 [ 1516 | 1517 | sy | s | e |

THO!

D21511

D18S51

PentaE I
D55818
D13S317

D75820
D165539
CSF1PO

PentaD

Amelogenin X XY

VWA 17 17
D8S1179

TPOX

FGA

FITC + + + - - -
Allele drop-in +
Contamination +
Allocation

The figures represent the allelic repeats of STR markers and amelogenin. For color code see the
legend in Table 16. No amplification at A1 (cell pools) and at A4, A10, B1, B5, B10, B11 and C6
(single cells). The profile of the operator is given for the purpose of detecting contaminations.

Table19 continued

| Single cells (Hb)
A2 A3 A5 A6 A8 A9 A11 A12 B2

Locus

D3S1358
THO1
D21S11
D18S51
PentaE
D5S818
D13S317
D7S820
D16S539
CSF1PO
PentaD
Amelogenin
VWA

D8S1179 13/14/15
TPOX 8/10/12

FGA
FITC
Allele drop-in + +
Contamination

Allocation
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Table19 continued

Locus Profile I Single cells (GZ2158/GZ112)
D3S1358
THO1
D21S11 | 31.2132.2 |
1ess1
PentaE ‘ __
D55818 | 11
D138317 | 811 |
D75820 I
D16S539 | 12113 |
CSF1PO | 1113 |
PentaD ‘
Amelogenin X XY
D8S 1179 | 1315 | I I
TPOX
FGA | 2123 |
FITC + + + +
Allele drop-in + +
Contamination

Allocation
For color code see the legend iTable 16.

Table19 continued

Locus I Single cells negative for Hb and GZ158/GZ112 I
| B12 C2 C3 C4 C7 C11 C12 D3 D4 |

D3S1358
THO1
D21S11

D18S51 e
PentaE I

D5S818
D13S317
D7S820
D16S539 8/9/13 (9/13)
CSF1PO
PentaD
Amelogenin
VWA
D8S1179
TPOX
FGA
FITC - - -
Allele drop-in + + +

Contamination

Allocation
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Table19 continued

Profile Single cells (Hb) H,O 9947A
D10 D12
14/15

Locus

D3S1358

| o3 |

D21S11 | 31.2/32.2 | 30
DiessT 1519

PentaE
D5S818
D13S317
D7S820
D16S539
CSF1PO
PentaD
Amelogenin

| o7 | -
| 1|
| &1 |
| 1
| 12113 |
| 113 |
| 1215 |
XY

11
1"
10/11
1112
14/15
12
X

VWA 17 17 16/17/18
D8S1179 | 13/15 13
8/11 8

| 2123 |

19/22/23 23/24

FITC
Allele drop-in
Contamination
Allocation
For color code see the legend iTable 16.

All 16 analyzed samples from JARPBMNC spikings could be allocated to either
JAR or PBMNC origin due to their unambiguous PCR profilesTéble 16). The
negative and positive control confirmed absence of contamination and correct
PCR setting, respectively.

Regarding the data from IR #1,21 DNA profiles were retrieved and analyzed
(Table 18). Among these samplesfour cell pools were processedTwo of which
contained FITC/TOPRO-3" the other two FITC/TOPRO-3" cells. Both FITC cell
pools unambiguously matched the fetal profile. One of the two FITC cell pools
could be allocated to the maternal profile, whereas the second showed triallelic
pattern in 3 of 13 informative loci (Penta E, vWA and D8S179). Another four loci
did not exclude fetal contamination since in these loci the sample yielded a
heterozygous pattern whereas the fetal pattern was homozygous (D21S11,
D5S818, D16S539) or the data were uninformative (D7S820). The sample
therefore was recognized as maternal sample contaminated with FIT@etal cells.
Furthermore, | analyzed 17 single cellsOf 13 FITC' single cells eight matched the
fetal profile. Further four FITC cells could not be allocated to one of theDNA
profiles because all detcted allelerepeatsturned out to be uninformative. Sample
C2 (FITC single cell) displayed a single PCR dreim fragment. Out of four FITG

negative, presumably maternal cells, DNA profiling confirmed the presence of a
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maternal genome in two cases; a futter one showed unambiguous loci for both
profiles (one fetal, four maternal, three inconclusive). In this case, it is very likely
that allele drop-in occurred in one locus (D3S1358) mimicking fetal identity. The
4" cell yielded inconclusive results.

From IR #3 a total of 32 samples was analyzedTable 19), six of which were
pooled samples containing eitherfive Hbe'/TO-PRO-3* cells (A7, B7 and C1) or
FITC/TO-PRO-3" cells (D7, D8 and D9). All three FITC pooled cel samples
yielded maternal DNA profile. Two Hbe™ pooled erythroblast samples were
confirmed to be of fetal origin due to DNA profiling; ADI was detected in both
cases. The third pooled sample was contaminated asight loci turned out to be
triallelic disphying both maternal and fetal alleles.

| further analyzed eleven single Hke'/TO-PRO-3" erythroblasts, six single
(GZ158/ 112)"/TO-PRO-3" trophoblast cells and anothemine single TO-PRO-3*
cells negative for Hkz, GZ158 and GZ112. The DNA profiles confirmd fetal origin
of all 17 FITC erythroblasts and trophoblast cells, respectively. ADI was detected
in three erythroblasts (A2, A3 and B6)and two trophoblast cells (C8 and C9);
fitting the operators profile in three cases (A2, A3 and C9)The DNA profiles of
the nine FITC samples could be allocated to maternal origin, although ADI was
detected in three samples €3, C7 and C11) mimicking fetal specific alleles irtwo
cases(C3 and C7) Since these were single cells, it is likely that ADI mimicking
fetal pattern occurred. There were no profiles showing only inconclusive loci.
Unambiguous allocation to genomic identity was possible in 100% of the cells
analyzed from nonrelated individuals (JAR/PBMNC). Regarding the samples
analyzed from related individuals iterruption tissues),86% could be allocated to
their origin. | furthermore identified two contaminated samples (IR #1 D6 and IR
#3 C1) and one sample showing a single ADI (IR #1 C2).
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6 Disaussion
The aim of this work was to develop a method allowingsex and cell type-

independent identification of rare microchimeric cells. Especially norinvasive
prenatal diagnosis based uponétal cells present in the maternal icculation at low
frequencies would benefit from that method as current protocols lack a holisti
approach.

| therefore designed a method linkingcell detection based on automatic screening
of cells labeled by immunofluorescence with lasercatapulting of candidate target
cells to reaction sites of slides designed for lowolume on-chip PCR.The concept
of this method is to define a group of candidate cellsusing biochemical markers
that need not be perfectly specific but of relevant sensitivity for the detection of
target cells The candidate cells are forwarded to DNA fingerprinting analysiand
the resulting DNA profiles are then used for allocating the analyzed cells to the

respective individuals.

6.1 Automateddetection
The classifier | have developed is able to detea variety of different cell types

such as fetal (Hhy", Figure 3, Figure 5 and Figure 7) and embryonic (Hke", Figure
5 and Figure 6) erythroblasts, trophoblast cells (Figure 5), and JAR
choriocarcinoma cellgFigure 5), all of which are likely to represent rare circulahg
cells In addition, detection of other cell types such as adenocarcinoma cells (HT
29) or melanoma cells (SKMEL-30) analyzed from cell spikingsis possible, too
(data not shown). Due to this classifiers high tolerance regarding the detected
staining pattern it is able to detect surface staining as well as cytoplasmatic
stainings. Thus, it may be used to detect known epitopes and is applicable to
future markers.

The automated scanning software RCDetect used in this methogroved to be
accurate as itscored a detection rate of 100% in three different settings These
settings were designed to test correct cell counting under the conditionsaj “high
erythrocyte background”, (b) “short target cell interspace” and (c) “few target
cells” (Table 12). Individual and automated scanmg yielded no differences in the
first two settings. However, when cell counting was performed under‘few target

cells” conditions the individual scanning failed to detect one target cell poving
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automated scanning to be the more accurate method.n addition to its higher
reliability, automated scanning relieves lab personnel from cumbersome visual
screening of slides.

| have developed ths classifier using model systems such as cord blood
erythroblasts or erythroblasts derived from tissues after termination of
pregnancies. To prove the classifier's applicabilitio clinical samples | processed
peripheral blood of a woman at 12 weeks of gestation $.1.4). The enriched and
stained cell fraction was forwarded to automated cell detection using RCDetect
software. The scanning yielded one Hip" erythroblast, proving this way the cell

detection in clinical sampledor feasibility.

6.2 Performance offare cell analysis
Regarding the use of fixed andlabeled cells with single cell DNA fingerprinting

two main questions had to be answered: Is themethod consisting of fixation,
labeling and laser microdissectioncompatible to single cell DNA fingerprinting?
And secondly, allows DNA fingerprinting to distinguish between cells sharing a

haploid set of chromosomes?

6.2.1 Fixation,labeling scanning andasermicrodissection isompatible
with single cell DNA fingerprinting
DNA fingerprinting performed in a volume of less than 2ul is shown to be

compatible with the preceding processing of cells for predentification
(establishment of candidate status), making wes of DNA profiles as powerful sex
independent markers in single cell analysis.

The multiplex PCR used toidentify candidate cellsmight be combined with an
analysis of specific monogenetic genomic disease markers. Workiis preparation
for implementing whole genome amplification (WGA) of single cells so that
aliquots of the expanded genome may be used for identification on the basis of
multiplex PCR, and the rest of theWGA of confirmed fetal cells pooled and used
for molecular genetic analysis ofe. g. monogenetic diseases or chromosome
aberrations by array comparative genomic hybridization (CGH).

In previous work, multiplex PCR of STR markers and amelogenin was used with
low-volume on-chip PCR, demonstrating its feasibility on minute amounts of
DNA. Full DNA profiles were achieved from as little as 32pg of DNA (67).

Analysis of single cells without extraction was recently shown by
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Hagen-Mann et al. (68). So far, however, it has not been known how fixed,
labeled and lysed single cells would perform. Irmy approach, it hasnot only been
necessary to adapt various steps in the prcedure such as cell detection and
relocation but also to optimize single cell harvesting.l kept potentially harmful
protocol steps such as fixation to a minimum, andadjusted volumes to meet low-
volume PCR compatibility.That down-scaling of PCR volumeseduced the cost of
reagents and made it possible to control quality visually by seeing whether laser
microdissected cells in fact landed on the chip anchor.

My PCR performance data are slightly better than lowolume on-chip PCR
performance data reported by Schmidt et al. (67), who used dilution series of
genomic DNA. They reported PCR failure in 9.1%, 42.7% and 50.0c of DNA
template amounts of 63 pg, 32 pg and 8 pg, respectively whereasl had no PCR
failure using 10 pooled cells (corresponding to 60pg of DNA) and no PCR
products in 23.1% and 25.7% at the 5-cell and single cell level, respectively.
Although it seems that fixed andlabeled microdissected cells perform better than
purified genomic DNA, it must be taken into account that dilution series contain
calculated means of very low amounts of DNA with an unknown deviation. Thus,
dilution series down to a few genome equivalents reflect neither calculated
quantity nor equally distributed DNA, which may account for the difference. |
observed quite a high range of PCR performance between our samples and could
identify various factors that may hal caused amplification failure specifically in
relation to the on-chip approach. Occasionally, during microgsection, dust
particles were attracted to the AmpliGrids, causing small air reservoirs to be
trapped during subsequent charging of anchors (not shown). Tat entrapment
resulted in extensive evaporation at the aqueous/gaseous interphase underneath
the seding solution and led to an impairment of the PCR assembly. Minor
changes in the workflow of laser microdissection and laser pressure catapulting
resulted in reduced exposure to air, causing less difficulty for the PCR assembly.
However, in some cases, PCRailure could not be traced back to either cause and
remained unexplained.

ADO occurred in pooled samples often cells in 12.5% of the cases studied.
Although Schmidt et al. (67) detected no signs d ADO using 63 pg of genomic
DNA (corresponding to 10 cells), they founda higher incidence of ADO at 32pg
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(28.6%) and 8 pg (100%) than when we analyzed pools offive cells (7.8%) and
single cells (27.5%). ADO may be due to both cell quality and processm In DNA
profiles of unfixed cells stored at 4°C for approximately one week, | noticed a
lower PCR efficiency (obviously due to DNA degradation) in comparison to cells
fixed on the secondday post sampling (data not shown). Thus, the time between
sample collection or cell culture and fixation needs to be kept to a minimum
especially for analysis of single cells. Further factors accounting for ADO may
include steric blocking of DNA polymerase to DNA due to inefficient cell lysis,
strong DNA-histone interadion, or DNA sticking to the hydrophilic surface of the
chip anchor.

ADI was detected in 12 of 1104 (1.1%) analyzed loci and maximally occurred
once per multiplex PCR. Inmy work, more than % of the artifacts occurred in a
single tissue sample from a pregancy termination. One positive control, amplified
together with the cells from the respective sample, also showed ADI ithree loci
(THO1, CSF1PO and vWA) indicating thatcarry-over has taken place during
pipetting. Fixation and staining proceduresmay also increase the frequency of
ADI. Although ADI was not reported to occur with diluted genomic DNA,
Dietmaier et al. observed nonspecific PCR fragments in PCR from a few unfixed
but also from pooled fixed cells(69). However, in my hands ADI did not interfere
with allocation of cells to their respective origis. Although some of the PCR
products matched individual P® profiles (Table 19: A2, A3, B6, C9),
contamination was largely ruled out as PCR was done on single cells. Even when
ADI occurred in pooled cell samplesTable 19: A7, B7), it was easily distinguished
from contaminated samples Table 18: D6 and Table 19: C1) due to differences in
the number of triallelic STR pattern ¢ne versus three and eighttriallelic patern,
respectively). Three samplesTable 18: D7 and Table 19: C3, C7) yielded DNA
profiles inconsistent at one locus each. In these cells, specific fetal alleles were
detected at loci D351358, D21S11 and D18S51, respectively, whereas the residual
loci were either uninformative or of maternal origin. Although DNA profiles
showed fetal alleles, maternal alleles wer@ur to six times more frequent.| could
exclude contamination by fetal cels or cells of the operator becausé used single

cells and alleles accounting for ADI differed from those of the operator.
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6.2.2 Singlecell DNA profilesenableto distinguishbetween cells sharing
a haploidset of chromosomes

Cell allocation could be successfwn the basis of even a single informative locus
(Table 16: B3, B12) but could also fail based on up tdfour loci (Table 18: D8).
Uninformative PCR accounted for up to 70% of the DNA profile (10 of 14 loci;
Table 18: C4). These data reflect the difference between both experimental
settings used. It is easier to distinguish between cells at low levels of successful
amplification when the cells are derived from two non-related individuals.
Allocation was successful in more than 88% of cells with 16plex PCR.

Many approaches described in the literature have used histochemical staining
methods that convey little specificity for detection of fetal cells(22, 26, 30, 70-
73). PCR performance after histochemical stainings such as Mdyruenwald
Giemsa, Fematoxylin or Wright staining are reported to result in amplification
failure from 10% to 58% in cases where erythrobasts wereanalyzed (22, 26, 70,
72). ADO or contamination occurred in 25% to 62%, uninformative loci were
observed in 12.5% to 62.5% in cases where STR markers were use@6, 72).
Apart from a few samples, the high number of uninformative cases of the latter
resulted from a low number of STR markers used for identification purposd&6). |
assume that 16plex PCR increases the rate of successful confirmation of fetal
candidate cells due to a higher number ofinalyzedloci.

This may even be more cruciato approaches usingFISH in rare cell diagnosis.
Kolvraa et al. could identify false positive XY cells using reverseolor XY-FISH
indicating that FISH is errofprone especially when applied in rare cell diagnosis
(33). A serious handicap to using YFISH is that it isunable to detect female fetal
cells. However, probes to detect trisomies (chromosomes 13, 18 and 21) might be
used for the discovery of trisomic (fetal) cells. When examining cells derived from
normal pregnancies,| observed split FISH signals and nuclehewing trisomic FISH
pattern (data not shown). Preliminary data indicate that processing of nuclei for
FISH does not interfere with subsequent DNA profiling (not shown), thus allowing
for combinatory use to improve single cell analysis.

Enrichment for trophoblast cdls is promising using the ISETechnique (“isolation
by size of epithelial tumor cells’) or MACS combined with subsequent shorterm
culture (18, 30). Both methods try to overcome fetal cell shortage based on

conventional enrichment methods.| presume that a combination of one of these
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methods with whole genome amplification and DNA fingerprinting is a promising
avenue for celtbased NIPD.

| have shown that DNA profiling of single candidate cells under rare cell conditions
allows for verification or falsification of their genetic origirs in the majority of
cases. When rare cells were compared to host cells from unrelated persons, the
power of assignment amounted to 100%. | assume that this method will also be
helpful to recognize fetal cells of an ongoing pregnancy but also of circulatory
cells fom previous pregnancies provided the DNA is available (from lig children

or aborted fetuses). Bgond NIPD, applications may include the analysis of

microchimerism in tissues including analysis of the effect of stem cell therapy.
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7 Appendix- Basic Protocols
7.1 Basicenrichmentrotocols

7.1.1 Buffersandsolutions

PBS (10 mM), PBS/EDTAand MACS buffer were prepared from 10x stock

solutions by dilution with water (ddH,O or Milli-Q water). The buffers were

adjusted to pH 7.3 to pH 7.4.
Table20: 10x stock solutions of PES00mM)

Reagent (]
Di-sodium phosphate dodecahydrate (NgHPO,+12 H,0) 29.01
Potassium dihydrogen phosphatg(KH,PO,) 2.59
Sodium chloride (NaCl) 90.06
ddH,0 ad 1000 ml
Table21: PBS/EDTA

Reagent [a]
Ethylenediaminetetraacetic acid tetrasodium salt dihydrate [HA) 0.76
1x PBS ad 1000 mi
Table 22: 10x stock solution of MACS buffer

Reagent [a]
Ethylenediaminetetraacetic acid tetrasodium salt dihydrate [(HA) 0.19
Albumin, bovine fraction V powder (BSA) 1.25
1x PBS ad 250 ml
Table23: Anticagulant Gtrate Dextrose Solution fACD-A)

Reagent la]
Citric acid monohydrate (GHgO,* H,0) 0.80
Tri-sodium citrate dehydrate (GH5sO;Na;*2H ,0) 2.20
Dextrose anhydrous(C¢H,,0¢) 2.20
ddH,0 ad 100 ml
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71.2

713

Densitygradientcentrifugation
Dilute blood using equal volumes of PBS (pH 7.2-7.4)

Overlay 5 ml of Histopaque-1077 with 5 — 7 ml of diluted blood (15 ml or
50 ml tubes)

Centrifuge at 400x g for 30 min (w/o brake)

Transfer 1.0ml of plasma to a 1.5ml reaction tube, heatinactivate plasma
at 56 °C for 15 min, and centrifuge at maximum speedfor 2 min

Transfer buffy coat cells into a new 50ml tube, add PBS/EDTA to 50ml,
and centrifuge at 400xg for 10 min

Discard supernatant, resuspend pellet in 1fnl PBS/EDTAand pellet cells at
400x g for 10 min

Discard supernatant, resuspend pellet in Tl of heat-inactivated plasma,
and add PBS/EDTA to 15ml

Use 20 pl of cell suspension to determine total cell number using a
Neubauer chamber

Incubate on ice for 5min

Pellet cells in a precooled centrifuge (4—8 °C) at 400x g for 5 min
Resuspend cells in MACS buffer accordingp MACS protocol for further

MACS enrichment or for cytocentrifugation onto slides.

Densitygradientcentrifugationusingnon-physiologicatonditions
Prepare 1x Medium 199 with Earl’s Salt®y diluting 10x stock solution with

a. dest. and adjust to pH 5.6. Diute blood using equal volumes of 1x
Medium 199 with Earl’s Salts

Immediately add 0.3 volumes of ACDA (pH 4.9) to final pH 6.2 —pH 6.4
Add approx. 39.2 ul of 1M NaCl per ml blood (original volume), check the
osmolality, and adjust sample to 315mOsm (= 5 mOsm).

Overlay 15 ml of Histopaque-1083 with diluted blood (50 ml tubes)
Centrifuge at 400x g for 30 min (w/o brake)

Transfer 1.0ml of plasma to a 1.5ml reaction tube, heatinactivate plasma

for at 56 °C 15 min, and centrifuge at maximum speed for 2min
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71.4

Transfer buffy coat cells into a new 50ml tube, add PBS/EDTA to 50ml,
and centrifuge at 400x g for 10 min

Discard supernatant, resuspend pellet in 15nl of PBS/EDTA and pellet
cells & 400x g for 10 min

Discard supernatant, resuspend pellet in Il of heat-inactivated plasma,
and add PBS/EDTA to 15ml

Use 20 ul of cell suspension to determine total cell number using a
Neubauer chamber

Incubate on ice for 5min

Pellet cells in a precooled centrifuge (4—8 °C) at 400x g for 5 min
Resuspend cells in MACS buffer accordingp MACS protocol for further

MACS enrichment or for cytocentrifugation onto slides

Magneticcell separationprotocol
Resuspend density gradient enriched mononuclear dglin 80 pl of MACS

buffer and 20 pl of CD71 MicroBeads per 10 total cells

Incubate at 4—8 °C for 15 min

Add cold MACS buffer to 10 ml and centrifuge at 400x g for 10 min using
a pre-cooled centrifuge (4— 8 °C)

Resuspend pellet in 50Qul of degassed, old MACS buffer

Place MACS column into MACS Separation Unit and condition column with
500 ul of degassed, cold MACS buffer

Load cell suspension onto preconditioned MACS column

Rinse column 3x using 500Qul of degassed, cold MACS buffer

Remove column from MACS Separation Unit and flush out cells using
1.0 ml of MACS buffer

7.2 Basiccytocentrifugatiomprotocol

Prepare 40yl of the respective cell suspension(s) and trypan blue (1:1 ratio)
and count the cells using a Neubauer chamber

Use MACS buffer to adjust cellsuspensions to approx. 10 cells/ml

Assembile slides, filter cards, and cyto buckets

Load cyto buckets with approx. 110° cells per 120mm? and cytocentrifuge

at 57x g for 5 min
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Remove access supernatants and cyto buckets
Spin dry at 1130xg for 1min

Let cytospins air dry before further use

7.3 Fixation andabeling

7.3.1 Histochemistry

Histochemical stainings used for quality checks of cytospins were performed
with May-Gruenwald staining solution

Incubate cytospin slides for 3min using 1.5 ml of May-Gruenwald stainng
solution

Add 1.5 ml of deionized water and incubate for further 8 min

Rinse slides with deionized water and allow slides to air dry

7.3.2 Directimmunofluorescendabeling
For the following procedure incubation solutions were covered with a cover glass

and incubations were performed using a humification chamber to minimize

reaction volumes and to limit evaporation.

e For fixing cels add 50 ul of Reagent A (Fix&Perm Kit onto cytospin area

and incubate for 5min

Rinse 3x 2min in PBS

To avoid bleaching the following incubation steps were performed in the dark

e For labeling dilute FITGantibody in AB-Diluent/20% hAB serum at 5

Mg/ ml, add 50 ul per cytospin area and incubate for 30 min

Rinse 3x 2min in PBS

For counterstaining nuclei add 50 ul of TO-PRO-3/PBS (1:500) and
incubate for 10 min

Rinse 3x 2min in PBS

Let air dry for a few minutes and mount the cells in mounting media
(Vectashield, VectorLab)

Store the slides in the d&k until further use. When stored O/N the slides
were keptat4 -8 °C
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7.3.3 Indirectimmunofluorescendabeling
For the following procedure incubation solutions were covered with a cover glass

and incubations were performed using a humification chamber to mimiize
reaction volumes and to limit evaporation.
e For fixing cels add 50 pl of Reagent Aonto cytospin area and incubate for
5 min
¢ Rinse 3x 2min in PBS
To avoid bleaching the following incubation steps were performed in the dark
¢ Dilute 1° mouse-antibody in AB-Diluent/20% hAB serum at 5 pyg/ml, add
50 ul per cytospin area and incubate for 30 min
¢ Rinse 3x 2min in PBS
e Dilute FITGconjugated 2° antirmouse antibody in ABDiluent/20% hAB
serum at S5ug/ml, add 50 ul per cytospin area and incubate for 30 min
¢ Rinse 3x 2min in PBS
e For counterstaining nuclei add 50 yl of TO-PRO-3/PBS (1:500) and
incubate for 10 min
¢ Rinse 3x 2min in PBS
e Let air dry for a few minutes and mount the cells in mounting media
(Vectashield, VectorLab)
Store the slides in the dark until futher use. Storage O/N was done at 4-8 °C
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