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Male microchimerism in healthy women and women with scleroderma:
cells or circulating DNA? A quantitative answer

Nathalie C. Lambert, Y. M. Dennis Lo, Timothy D. Erickson, Tracy S. Tylee, Katherine A. Guthrie, Daniel E. Furst, and J. Lee Nelson

Male DNA, of presumed fetal origin, can
be detected in the maternal circulation
decades after delivery and is referred to
as fetal microchimerism (FM). We previ-
ously found quantitatively greater FM in

the circulation of women with the autoim-

mune disease scleroderma (SSc) than of
healthy women. However, it is unknown
whether this difference is due to intact

circulating cells or free DNA released
from breakdown in disease-affected tis-
sues. To distinguish the origin of FM, we
developed a real-time quantitative poly-
merase chain reaction (PCR) assay for
the Y-chromosome-specific sequence

eral blood mononuclear cells (PBMCs)
and/or plasma. Fifty-seven controls and
57 SSc patients were studied, 48 and 43 of
whom, respectively, had given birth to at
least one son. Circulating FM was quan-
titatively greater in PBMCs from SSc
patients (n = 39; range, 0.0-12.5 male ge-
nome—equivalent cells per million mater-
nal cells), compared with healthy women
(n = 39; range, 0.0-4.4; P =.03). In con-
trast, there was no difference between
patients (n = 25) and controls (n = 22) in
plasma, and no evidence of free DNA. FM
was enriched among T lymphocytes com-
pared with PBMCs ( P = .01) in controls

the latter finding was most likely due to

immunosuppressive medications. In con-

clusion, this real-time quantitative assay

showed that quantitative differences in

the circulation of women with SSc are
due to cells and not to free DNA. As FM
was not uncommon in healthy women,
including among T cells, and because
graft-versus-host disease has similarities

to SSc, these results also suggest that
FM merits investigation in pheresis prod-

ucts used for stem cell transplantation.

(Blood. 2002;100:2845-2851)

DYS14, and tested 114 women in periph- (n = 14), but not in SSc patients (n = 14);  © 2002 by The American Society of Hematology

Introduction

During normal human pregnancy, fetal DNA and cells pass into tledeared following delivery.Thus, the increase of FM observed in
maternal circulatiod. The term microchimerism refers to thewhole blood samples from women with SSc compared with
presence of a small amount of DNA or cells from one individual imontrols could be derived from circulating cells or from fetal DNA
another individual. Persistent microchimerism of presumptive fete#leased into the plasma from disease-affected tissues. The latte
origin (fetal microchimerism [FM]) has recently been described ipossibility would be analogous to increased levels of FM seen in
the circulation of women with systemic sclerosis (SSc), also calléde serum of patients with pre-eclampsia thought to reflect DNA
scleroderma, and in healthy wom&h.SSc is an autoimmune liberated from fetal nucleated celi$We therefore developed a
disease characterized by an excessive deposition of collagen insResitive real-time quantitative PCR assay and employed it to study
skin and internal organs and by vascular and immunologidV in peripheral blood mononuclear cells (PBMCs), plasma, and
abnormalities. Studies of FM in SSc were initiated on the basis ofés0 T lymphocytes of parous healthy women and women with SSc.
constellation of observatiorfdncluding the clinical similarities of
SSc to chronic graft-versus-host-disease (cGvPibe increased
incidence of SSc observed in women during the postreproductive .

years® and the long-term persistence of FM after pregndney. Fatients, materials, and methods
prior studies, we te_sted this hyppthesis using an assay that h_ad b&%ﬂy subjects
developed for use in prenatal diagnosighe assay tested multiple

aliquots of whole blood for a Y-chromosome—specific sequence B patients satisfied the American College of Rheumatology criteria for
means of a direct quantitative polymerase chain reaction (PCﬁ?C'llAtOtal qf 114 women were studied, including 57 healthy cont_rols and
test. Using this assay to test whole peripheral blood from Wom%v patients with SSc. It was found that 68%r89) of patients had diffuse

who had given birth to at least one son, we found quantitative P and 32% (- 19) had limited SSc. Among the 57 healthy women, 44
9 ’ q ad given birth to at least one son; 11 had given birth only to daughters, and

greater levels of FM in women with SSc compared with healthy\,ere nuliiparous. Among the 57 SSc patients, 43 had given birth to at least
controls? Recently, Lo et &l reported that during pregnancy,one son; 9 had given birth only to daughters: and 5 were nulliparous. Seven
plasma affords a better source for measuring FM than does hgients of 57 had received blood transfusions, 4 after and 3 before disease
cellular fraction of maternal blood. Plasma fetal DNA is rapidlynset. The majority of women were white, representing 75% of patients and

=

20z dunr 80 uo 1senb Aq ypd'G820020028U/FZ¥8ST L/S782/8/00 1 4Pd-ajo1e/poo|qAeU suolesligndyse//:diy woy papeojumoq

From the Fred Hutchinson Cancer Research Center; the University of
Washington Medical Center; and the Virginia Mason Medical Center, Seattle,
WA, and the Department of Chemical Pathology, The Chinese University of
Hong Kong, Hong Kong Special Administrative Region of the People’s
Republic of China.

Submitted January 31, 2002; accepted March 25, 2002. Prepublished online as
Blood First Edition Paper, April 17, 2002; DOI 10.1182/blood-2002-01-0295.

Supported by the Scleroderma Foundation (Grant no. 007/01) and National

BLOOD, 15 OCTOBER 2002 + VOLUME 100, NUMBER 8

Institutes of Health grants Al41721 and AR48084.

Reprints: Nathalie Lambert, Fred Hutchinson Cancer Research Center, 1100
Fairview Ave N, D2-100, Seattle, WA 98109-1024; e-mail: nlambert@fhcrc.org.

The publication costs of this article were defrayed in part by page charge
payment. Therefore, and solely to indicate this fact, this article is hereby
marked “advertisement” in accordance with 18 U.S.C. section 1734.

© 2002 by The American Society of Hematology

2845


https://crossmark.crossref.org/dialog/?doi=10.1182/blood-2002-01-0295&domain=pdf&date_stamp=2002-10-15

2846  LAMBERT etal

93% of controls. Five percent and 2%, respectively, were African American;
11% and 4% were Asian; 2% and 0% were Native American; 4% and 2%
were of Hispanic origin; and 4% and 0% of patients were of “mixed” ethnic
origin. Informed consent was obtained for al study participants.

Procurement of blood specimens and preparation
of PBMCs and plasma

Whole blood samples were drawn into acid citrate dextrose solution
A-vacutainer tubes. The tubes were centrifuged at 400g, and plasma was
carefully removed. In a subset of studies, some plasma samples were
subsequently filtered by means of 0.45-pm filters. The remaining blood was
processed to isolate PBMCs by Ficoll Hypague (Pharmacia Biotech,
Uppsula, Sweden) with density gradient centrifugation at 1.077g/mL.

DNA extraction

To prepare samples for the quantitative PCR assay, DNA was extracted
from PBM Cs by means of an Isoquick Nucleic Acid Extraction Kit (ORCA
Research, Bothell, WA) according to the manufacturer’s instructions and
resuspended in 10 mM Tris-HCI Tris (tris(hydroxymethyl)aminomethane—
Hcl), (pH 9.0) or was extracted from plasma by means of a High Pure PCR
template Preparation Kit (Roche, Basel, Switzerland), following the
isolation procedures recommended by the manufacturer. For DNA extrac-
tion, 500 pL plasma sample was used. An elution volume of 100 pL
was used.

Real-time quantitative PCR

The theoretical and practical aspects of real-time quantitative PCR have
previously been described.”? The amplification and product-reporting
system used was based on the 5’ nuclease assay.!3 In this system, in addition
to the 2 amplification primers used in conventional PCR, a dual-labeled
fluorogenic probe is included. Two fluorescent dyes, a reporter and a
quencher, are attached to the probe. With both dyes attached to the probe,
reporter dye emission is quenched. During each extension cycle, the 5’3’
nuclease activity of the Taqg DNA polymerase cleaves the reporter dye from
the probe. Once separated from the quencher, the reporter dye emits its
characteristic fluorescence. Amplification data were collected by a Perkin-
Elmer Applied Biosystems 7700 sequence detector, stored in a Macintosh
computer and analyzed by means of Sequence Detection System software
(PE Applied Biosystems, Foster City, CA).

The DYS14 sequence (GenBank segquence accession number, X06325)
was selected as the Y-chromosome-specific sequence for use in the
quantitative PCR (QPCR) assay. The reason for this choice was that, while
single-copy genes, such as the SRY, can be reliably used in developing a
QPCR assay, the use of a single-copy gene results in less sensitivity than a
multiple-copy gene. On the other hand, some multiple-copy genes, for
example, DYZ1, have been postulated to exhibit autosomal cross-
reactivity.1415> The DYSI14, on the other hand, is believed to be strictly
Y specific.16

QPCR amplification primers were designed and used with the following
sequences. DY S14 forward primer, 5'-CATCCAGAGCGTCCCTGG-3';
and DYS14 reverse primer, 5'-TTCCCCTTTGTTCCCCAAA-3'. The
dual-labeled fluorescent DY S14-probe sequence was 5’ (FAM)-CGAAGC-
CGAGCTGCCCATCA (TAMRA)-3'. Simultaneously, the same amount of
target DNA was tested for the B-globin gene to confirm the quality (ability
to amplify) of the extracted DNA. The quantitative results were used to
calculate the fractional concentration of FM (by DYS14 PCR) among total
DNA (by B-globin PCR). The amplification primers and fluorescent probe
used for amplifying the B-globin gene were as previously described.1?

Real-time quantitative PCR reactions were set up in a reaction volume
of 50 pL. Thetarget consisted of either 66 ng DNA (in 5 pL) from PBMCs
or 5 pL resuspended DNA after extraction from plasma. A conversion
factor of 6.6 pg DNA per cell was used for expressing the results as male
genome-equivalent cells per milliliter of maternal plasma or per million
materna cells, with 66 ng DNA corresponding to 10 000 male genome—
equivalent cells.l”7 Each PCR reaction consisted of 5 wL 10 X platinum
buffer (Gibco BRL, Burlington, ON, Canada), 300 nM each amplification
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primer, 100 nM dual-labeled probe, 200 nM each deoxynucleoside triphos-
phate (dNTP) (Gibco BRL), 3.5 mM MgCl, (Gibco BRL), 1.5 U platinum
Taq (Gibco BRL), and 60 nM the standard reference dye ROX (Synthegen,
Houston, TX). The amplification conditions consisted of an initial incuba-
tion at 50°C for 2 minutes, followed by incubation at 95°C for 10 minutes,
and 40 cycles of 95°C for 15 seconds and 56°C for 1 minute. For
quantitative measurement of fetal DNA, acalibration curve was constructed
with the use of DNA from a healthy male individual diluted in DNA from a
healthy female individual. Fourteen aliquots of 10 000 male genome—
equivalent cells (66 ng) were tested for each patient and contral, including a
duplicate for B-globin and 12 aiquots for the Y-specific PCR. Standard
curves for B-globin and DYSL14 were run simultaneously. Average numbers
of male genome—equivalent cells per million maternal cells was cal culated
for each subject, combining information across aliquots of PBMCs. For
plasma samples, each patient was tested in duplicate, and the mean quantity
of each duplicate was expressed in copies per milliliter of maternal plasma
as previously described.®

T-lymphocyte isolation by fluorescence-activated
cell sorting (FACS)

PBMCs were filtered on nylon wool (Du Pont Biotechnologies, Boston,
MA) to avoid cell aggregation and were resuspended in phosphate-buffered
saline (PBS)/1% fetal calf serum. Staining was performed as previously
described!® on 10 to 20 X 106 cells with anti-CD3—cychrome and/or
anti-CD4—phycoerythrin (PE) and/or anti-CD8—fluorescein isothiocyanate
(FITC) (Becton Dickinson, Mountain View, CA) at 3 pL per antibody per
million cells. After staining incubation, DNase (Boehringer-Mannheim,
Indianapoalis, IN, or GIBCO BRL) was added (30 U per million cells) after
the last wash to avoid cell aggregation during the FACS process. Cellswere
sorted by a single laser on a FACS (Becton Dickinson), on the basis of the
markers described above. An aliquot of the sorted cells was run, and the
percentage of sorted and correctly gated cells were calculated to assess the
purity. Purity consistently exceeded 99%. Cells were collected in RPMI.
Cell sorting was immediately followed by centrifugation and 2 washes to
remove al remaining DNase. Cell aiquots were stored at —80°C in cell
lysis buffer until DNA extractions were performed.

Statistical analysis

We investigated whether the number of male genome-equivalent cells per
million maternal cellsin PBMCs, or per milliliter in maternal plasma, was
higher in women with SSc compared with healthy women. The analysis
considered women who had given birth to at least one son. P was cal cul ated
by means of aregression model; robust variances were estimated by means
of the method of generalized estimating equations. For multiple measure-
ments based on blood drawn on the same day, the DNA-equivalent fetal
cells per million maternal cells values were averaged. Multiple measure-
ments based on repeated blood draws per woman were entered into the
analysis as repeated measures, with adjustment for possible correlation
between values within a subject.

Results

Quantitative assessment of male DNA in plasma
of healthy women and women with SSc

Plasma samples from 66 women were investigated for quantitative
assessment of male DNA. Study subjects included 29 healthy
women and 37 women with SSc. Twenty-two healthy women and
25 women with SSc had given birth to at least one son. The
majority of women who had given birth to a son (healthy women as
well as women with SSc) had no detectable male DNA in the
plasma, 73% and 64%, respectively (Figure 1). The range of male
genome—equivalent cells was 0 to 10 per million maternal cells
among controls and 0 to 8.2 per million materna cells among
patients, both with median values of 0 (Table 1). There was no
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Figure 1. Quantification of male DNA in maternal plasma from healthy women
(Ctrls) and women with systemic sclerosis (SSc).

significant difference between healthy women and women with
SSc. Of the 6 healthy women with positive results (6 women, 8
observations; Figure 1), al had given birth to a son. Among the 11
SSc patients with positive results, 9 had given birth to ason and 1
had a history of blood transfusion. For one SSc patient with alow
positive result, the source of male DNA was unclear as she had
daughters but had not received ablood transfusion. In addition, she
was not atwin and did not have a history of known miscarriage. All
women with SSc had given birth to sons 10 or more years
previously whereas 6 healthy women had given birth to sons fewer
than 10 years from the time of testing. However, results did not
differ if women with more recent births were excluded from
theanaysis.

A positive result in plasma could represent free DNA or could
be the result of apoptotic fetal cells in plasma, as has been
described by others.’® Our method of centrifugation was gentle,
using 400g, as compared with other methods that have been
described as using consecutive rounds of centrifugation or centrifu-
gation followed by filtration.?® To explore the explanation that
positive results derived from apoptotic cells that were not removed
with the gentle centrifugation method, we conducted additional
experiments in women with positive results. Samples from 5
women (4 healthy controlsand 1 woman with SSc) with high levels
of plasma male DNA were studied according to 2 protocols: a
10-minute centrifugation at 400g, asinitially done, and a 10-minute
centrifugation followed by filtration using 0.45-pm filters to
remove apoptotic cellsbut to leave any floating DNA in the plasma.
All women had a negative result after filtration (Figure 2),

Table 1. Male DNA in plasma from healthy women and women with SSc

Male GenEgq cells*

Subjects, Observations,
no. no. Median Range Pt
All subjects
Controls 22 28 0 0-10.0
Cases 25 30 0 0-8.17 .61
With patients with
transfusions
excluded
Controls 22 28 0 0-10.0
Cases 22 27 0 0-8.17 48

GenEq indicates genome equivalent.

*Per milliliter plasma.

TResults from a regression model with robust variance estimated by means of
the method of generalized estimating equations, adjusted for the total number of cells
tested.
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indicating that the positive results observed in the plasma samples
were due to apoptotic cells and not to free circulating DNA.

Quantitatively greater levels of male DNA in PBMCs in women
with SSc compared with healthy women

PBM Cs were quantitatively assessed for male DNA for 93 women,
in 46 healthy women, and 47 women with SSc. In each group,
healthy women and women with SSc, 39 women had given birth to
at least one son. The frequency of any detectable male DNA in
PBMCs was somewhat higher in SSc patients (51%) compared
with controls (31%) but was not significant (P = .07). A significant
differencein FM level s between patients and controlswas observed
(P = .03). Therange of male DNA among controlswas0to 4.4 and
among patients 0 to 12.5. Table 2 summarizes a comparison
between healthy women and women with SSc who had given birth
to at least one son. Two patients had outlying values. When we
excluded these values to seeif they were influencing the estimates,
theresults remained significant (P = .047). Six SSc patients gave a
history of blood transfusion; if these patients were excluded, the
difference was not statistically significant. All statistical analyses
were adjusted for some subjects who were tested on more than one
occasion. Three women in the control group and 2 SSc patients
were tested at 2 time points: 1 control and 1 SSc patient at 3 time
points, and 1 control at 4 time points.

SSc is a disease that is most often diagnosed in women in the
late 40s or even early 50s. Most of the SSc patients we studied had
sonswho were older than 10 years at the time of the patient’s blood
draw (95% of cases), whereas controls not infrequently had given
birth fewer than 10 years previously. We therefore conducted a
second analysis comparing only women for whom the son wasborn
more than 10 years previously (Table 3; Figure 3). The difference
between patients and control swas significant both overall (P = .021)
and after adjustment for time from birth of the most recent son
(P = .006). Results were also significant when large outlying
values were excluded (P = .018). The difference between patients
and controls was al so significant when patients who had received a
blood transfusion were excluded from the analysis (P = .035).
Statistical analysis was adjusted for 2 control women and 6 women
with SSc who were tested on 2 different dates, and 1 SSc patient
who wastested at 3 points.

Some patients and controls who were parous but had no history
of a male birth or who were nulligravid had positive results for
male DNA in PBMCs. Among the 8 patients tested, 5 had positive
results, all but 1 at a very low level (0.07 to 0.6 male genome—
equivalent fetal cells per million maternal cells); 1 with a high
result (26 male genome—equivalent fetal cells) had given birth only
to adaughter but reported 3 pregnancies. Among the 4 patients who
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Figure 2. Male DNA in maternal plasma from healthy women and women with
SSc before and after filtration of the plasma.
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Table 2. Male DNA in PBMCs from healthy women and women with SSc

BLOOD, 15 OCTOBER 2002 + VOLUME 100, NUMBER 8

Male GenEq cells*

Subjects, no. Observations, no. Median Range Pt Adjusted Pt

All subjects

Controls 39 47 0 0-4.37

Cases 39 47 0 0-12.5 14 .032
With large values excluded§

Controls 39 47 0 0-4.37

Cases 38 46 0 0-5.49 31 .047
With patients with transfusions excluded

Controls 39 47 0 0-4.37

Cases 33 39 0 0-6.33 .56 A1

GenEgq indicates genome equivalent.
*Per million maternal PBMCs.

tResults from a regression model with robust variance estimated by means of the method of generalized estimating equations, weighted by the total number of cells tested.

FAdjusted for age of last son at time of mother’s blood draw.

§0ne patient had 3 measurements at the same draw date; instead of averaging the 3 values, we took the lowest value. Another patient had a large value that we excluded

to see if these outlying values were influencing the estimates.

had alow level of FM, 1 reported an incompl ete pregnancy, but the
3 other patients with low levels did not report any pregnancies.
Among healthy controls who did not give birth to ason, 2 of 7 also
had a very low-level positive result (equivalent to 0.08 and 0.2
malefetal cellsper million maternal cells). One had given birthto a
daughter, but the pregnancy history, in terms of the possihility of
miscarriage, was unknown. The second was a nulliparous woman.
Although not specifically investigated, FM is presumed to occur
after an incomplete pregnancy, and it is known that large amounts
of FM are found in the maternal circulation after an induced
abortion.?* Thus, potential explanations include an early unrecog-
nized miscarriage, an unreported induced abortion, an unrecog-
nized loss of a male twin in utero, or possibly cells from sexual
intercourse or transfer, via the maternal circulation, from an older
male sibling.

Male DNA among T lymphocytes of healthy women
and women with SSc

As FM was céllular in origin, and because T lymphocytes are
implicated in a number of autoimmune diseases including SSc, we
aso employed the QPCR assay to test T lymphocytes isolated to
greater than 99% purity by flow cytometry. Forty-one women,
including 22 healthy controls and 19 SSc patients, were studied
after isolation of cells with antibodies to CD3 (T lymphocytes)

and/or CD3/CD4 (T-helper cells) and/or CD3/CD8 markers
(T-cytotoxic cells).

Among the healthy women, 67% (12 of 18) had FM in the T-cell
compartment (CD3 marker only) (Figure 4). The range of positive
results extended from 0.3 to 68.7 male genome—equivalent fetal
cells per million maternal T cells. Thelevels of FM were greater in
T lymphocytes (only CD3 markers) than in PBMCsfor 71% of the
healthy women for whom quantitative testing was done from the
same draw date (n = 14). This result indicated FM was signifi-
cantly enriched in T lymphocytes compared with PBMCs (P = .01
by Wilcoxon signed rank test). T-helper (CD3/CD4) and T-
cytotoxic (CD3/CD8) cells were studied from some healthy
controls (n = 13 and n = 11, respectively). Positive results were
found in both populations. Thirty-one percent (4 of 13) heathy
women had positive results for CD4 T cells, ranging from 0.2 to
50.3 male genome-equivalent cells per million maternal T cells.
Sixty-four percent (7 of 11) had positive results in CD8 T cells,
ranging from 0.6 to 16.3 male genome—equivalent cells per million
maternal T cells.

Among women with SSc, 26% (5 of 19) had apositive result for
FM inthe T cellsisolated by antibodies to CD3 only, with arange
from 1.6 to 44.8 mae genome-equivalent cells per million
maternal T cells (Figure 5). Thirty percent (3 of 10) had FM in T
cellsisolated by antibodiesto CD3 and CD4 (T helper cells), witha

Table 3. Male DNA from PBMCs of healthy women and women with SSc with sons older than 10 years at time of blood draw

Male GenEgq cells*

Subjects, no. Observations, no. Median Range Pt Adjusted P¥

All subjects

Controls 26 29 0 0-3.31

Cases 37 45 0 0-12.5 .021 .006
With large values excluded§

Controls 26 29 0 0-3.31

Cases 36 44 0 0-5.49 .054 .018
With patients with transfusions excluded

Controls 26 29 0 0-3.31

Cases 31 37 0 0-6.33 135 .035

GenEq indicates genome equivalent.
*Per million maternal PBMCs.

tResults from a regression model with robust variance estimated using the method of generalized estimating equations, weighted by the total number of cells tested.

FAdjusted for age of last son at time of mother’s blood draw.

§0ne patient had 3 measurements at the same draw date; instead of averaging the 3 values, we took the lowest value. Another patient had a large value that we excluded

to see if these outlying values were influencing the estimates.
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Figure 3. Male DNA in PBMCs in women with SSc and healthy women for whom
the youngest son was older than 10.

range from 0.5 to 13.7 male genome—equivaent cells per million
maternal T cells. Thirty-eight percent (3 of 8) had FM in T cells
isolated by antibodies to CD3 and CD8 (T-cytotoxic cells), with a
range from 1.1 to 24.2 male genome—equivalent cells per million
maternal T cells. These results suggest a lower frequency and
generaly lower levels of FM among T cellsin SSc patients than in
healthy women. Additionally, no significant difference was ob-
served in the levels of FM among T cells compared with PBMCs
from the same draw date in women with SSc (n = 14). However,
interpretation of resultsfrom SSc patientsis confounded by the fact
that the majority of patients studied were taking immunosuppres-
sive medications. Consistent with modulation of results from
immunosuppressive medication use, the total lymphocyte cell
count was within the normal range (15% to 45%) for 4 SSc patients
who had high levelsof FM in T cells (patients no. 3, 6, 8, and 10),
in contrast to the majority of patientswho had low total lymphocyte
counts (4% to 10%) and were negative for FM. One patient (no. 6,
Figure 5) was tested on 2 draw dates with high levelsin FM in T
cellswhile taking low-dose methotrexate and undetectable FM in T
cellswhile taking cyclophosphamide.

Discussion

Recent studiesindicate that fetal DNA and cells routinely passinto
the maternal circulation during normal pregnancy and that persis-
tent FM can be found in the maternal circulation for decades after
pregnancy completion.>? Persistent FM, when considered in con-
cert with other observations, including the female predilection to
autoimmunity and clinical similarities of cGvHD and some autoim-
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mune diseases, led to the hypothesis that microchimerism is
involved in autoimmune diseases such as SSc.# In a prior study, we
found that women with SSc had quantitatively greater levels of FM
in peripheral blood than healthy women.® The assay used in this
study was developed for use in prenatal diagnosis and was
employed in testing of multiple aliquots of whole blood targeting
the Y-chromosome-specific sequence 49a, a moderately repetitive
Y segment with no autosomal homology.?? This study was unable
to determine the origin of fetal DNA in the maternal circulation. In
women who are currently pregnant, fetal DNA has been found in
amost 1000-fold higher amounts in plasma than in the cellular
compartment of maternal peripheral blood,® with levels rapidly
dropping off within hours of delivery.® These observationsraise the
question as to whether the increased FM that we previously found
among women with SSc compared with controls is due to
circulating fetal cells or to free fetal DNA released into the
circulation from cellular breakdown in disease-affected tissues.

To elucidate the origin of long-term persistent FM from
pregnancy in patients with SSc and healthy women, we developed
a quantitative assay using real-time PCR targeting DYS14, a
pseudogene of a multigene family,162324 and employed the QPCR
assay to test plasmaand PBMC compartments of peripheral blood.
In a large study of more than 100 women, we found that the
majority of healthy women and women with SSc had no detectable
male circulating DNA in plasma, and no difference was observed
between women with SSc and healthy women. Studies from other
investigators have shown that not all fetal DNA in plasmaissoluble
and cell-free, with some deriving from “plasmatic cells” in the
process of apoptosis.l® Therefore additional studies were con-
ducted for some women who had positive results in the plasma
samples. All plasmasamples became negative after being subjected
to filtration, a process that removes cells, but keeps free circulating
DNA. Thus, it is likely that the few positive results derived not
from free DNA but from DNA associated with cells in the process
of apoptosis.

In contrast to results for plasma, FM was quantitatively greater
in the cellular component, in PBMCs, in women with SSc
compared with healthy women. The difference between SSc
patients and controls was statistically significant before and after
adjusting for time since the last birth of a son. Results were also
statistically significant when restricted to the study of subjects for
whom sons had been born more than 10 years previously (exam-
ined because sons of some healthy women were born more recently
than sons of women with SSc). Similarly, results were significant
when women with SSc who had received a blood transfusion®
were excluded from the analysis.
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Figure 4. Male DNAin T cells from healthy

controls (n = 22). Numbers 11 and 12 cor-
respond to 2 observations at different draw
dates from the same woman.
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Figure 5. Male DNAin T cells from women
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To our knowledge, thisisthefirst study to employ a quantitative
assay to test the origin of long-term, persistent FM in maternal
peripheral blood. Following our initial description of quantitatively
greater levels of FM in whole blood samples,® other studies were
reported that tested for FM in peripheral blood from women with
SSc and controls. 230 The results of these studies have been
variable. Most studies have used qualitative rather than quantitative
methods and asked whether the frequency of any detectable FM
differsin SSc patients compared with controls. Some studies have
used a nested PCR test (nonquantitative) and described an in-
creased frequency of detectable FM in women with SSc compared
with controls,2® while others have used the same method and
reported no significant difference.?” Variability of results may also
arise owing to the particularY-chromosome-—specific sequence used
as ameasure of FM, as these studies used a repetitive DNA family,
DYZ1, that has homology with autosomal sequences, raising
concern with respect to false-positive results.!41> Other studies
described a semiquantitative PCR method for the Y-chromosome-—
specific sequence 49awith no significant difference in SSc patients
compared with controls.2® We found a margina difference in the
frequency with which FM could be detected in SSc patients
compared with controls using a nonquantitative technique targeting
the DYS14 sequence.?® In the current study, using the same
Y-chromosome sequence, but using a real-time assay to quantify
FM, we similarly observed an increased frequency of FM in
women with SSc compared with controls (although prior results
werejust above the point of statistical significance, whereas current
results were just short of significance). However, the quantitative
assay clearly demonstrated a statistically significant difference in
FM levelsin PBMCs between patients and controls.

Another source of variability in studies of peripheral blood for
FM is the compartment of blood that is investigated. Most studies
have used DNA extracted from PBMCs, athough some have tested
DNA from whole blood, and others have tested DNA white blood
cells. Thus, both differencesin the techniques and differencesin the
source of samplefrom peripheral blood are likely, at least in part, to
explain variability in reports. Differences in technique include
whether an assay was qualitative or quantitative, the level of
sensitivity of the assay, and the specific Y-chromosome sequence
targeted. Further variability may derive from the fact that most
sudies use made DNA as the measure of FM, but some sudies
summarize results for women with sons while others have summarized
resultswithout providing pregnancy history for the subjects tested.

The use of male DNA asameasure of FM can be confounded by
other potential sources of microchimerism. Cells are known to
engraft and persist between twins, so that awoman with afraternal

male twin may have positive result.3! Twinning is also not
uncommon, so that awoman could even potentially have microchi-
merism from an unrecognized twin that was lost early in gestation.
Blood transfusion is another source of persistent microchimerism,
as has been described in the circulation of trauma patients who
have received multiple transfusions.?®> Although FM has not yet
been formaly studied, it is presumed to also occur after a
miscarriage or an induced abortion. Consistent with thislikelihood,
FM has been detected as early as 5 weeks of gestation,3 and large
amounts of fetal DNA have been reported in the blood of women
undergoing elective pregnancy termination.?r Similar to other
reports, our study found that some women who did not have a
history of a male birth had a positive test for male DNA. Some of
the women with positive results had either had a previous blood
transfusion or reported a previous miscarriage. The origin of male
DNA in othersis not known, although the most likely source may
be an unrecognized miscarriage. It is at least theoretically possible
that male cells could be transferred from an older male sibling via
the maternal circulation, or possibly even from sexual intercourse.
Results are not likely to be due to contamination, since the QPCR
assay used is a homogeneous assay, which did not require the
opening of the amplification wellsfollowing PCR.

We also found that FM was enriched among T lymphocytes as
compared with PBMCs among healthy women. Few SSc patients
had FM among T lymphocytes, however, most were taking
immunosuppressive drugs, thus limiting the ability to draw conclu-
sions. The finding of FM among T cells in healthy women, in any
case, indicates that the presence of FM among T lymphocytes per
seisnot likely to be detrimental to the host. Factors that could be
important in determining whether FM has aneutral or a detrimental
(or possibly even a beneficial) effect on the host include the
particular human leukocyte antigen (HLA) genotype of the host,
the HLA genotype of the microchimeric cell population, and the
HLA-relationship between host and nonhost cells. In prior studies,
we found that HLA compatibility for DRB1 of a previously born
child was associated with almost a 9-fold increased risk of SScin
the mother.3 Additionally, although donor CD4 and CD8 T cellsare
implicated in cGvHD,3® which has similarities to SSc, the mecha-
nism by which FM putatively contributes to SSc would not
necessarily expected to be similar. There are clinical and pathologi-
cal differences in the 2 disorders, and most importantly, quantita-
tivelevels of chimerism differ dramatically. In cGvHD, donor cells
essentially replace circulating host cells, whereas, in SSc, circulat-
ing fetal cells at most are estimated at less than 1 in amillion host
cells.3* Other ways by which FM could contribute to SSc include
through the disruption of host-to-host interactions, by providing, for
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example, a source of peptides that are presented by host cells to other

host cells, referred to asthe “indirect” pathway of alorecognition.3
The real-time QPCR assay described in the current studies

provides a tool for future studies in which other specific cellular

MALE MICROCHIMERISM IN WOMEN: CELLS OR DNA?

subsets can be quantitatively assessed, thereby helping to clarify
the direction for functional studies directed at elucidating the role

of FM in the hedthy host and in patients with SSc. Careful

2851

because SSc resembles graft-versus-host disease for which a
parous donor increases risk,3":38 results of the current study also
indicate that FM merits investigation in pheresis products used for
stem cell transplantation.

quantitative assessment of FM will be useful in resolving variabil-

ity among initial reports investigating FM in SSc and other
autoimmune diseases, including primary biliary cirrhosis and
Siogren syndrome.3® Additionally, because FM was aso found
among healthy women, including among T lymphocytes, and
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