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Maternal cells have recently been found in the circulation and
tissues of mothers’ immune-competent children, including in adult
life, and is referred to as maternal microchimerism (MMc). Whether
MMc confers benefits during development or later in life or
sometimes has adverse effects is unknown. Type 1 diabetes (T1D)
is an autoimmune disease that primarily affects children and young
adults. To identify and quantify MMc, we developed a panel of
quantitative PCR assays targeting nontransmitted, nonshared
maternal-specific HLA alleles. MMc was assayed in peripheral
blood from 172 individuals, 94 with T1D, 54 unaffected siblings,
and 24 unrelated healthy subjects. MMc levels, expressed as the
genome equivalent per 100,000 proband cells, were significantly
higher in T1D patients than unaffected siblings and healthy sub-
jects. Medians and ranges, respectively, were 0.09 (0–530), 0
(0–153), and 0 (0–7.9). Differences between groups were evident
irrespective of HLA genotypes. However, for patients with the
T1D-associated DQB1*0302-DRB1*04 haplotype, MMc was found
more often when the haplotype was paternally (70%) rather than
maternally transmitted (14%). In other studies, we looked for
female islet � cells in four male pancreases from autopsies, one
from a T1D patient, employing FISH for X and Y chromosomes with
concomitant CD45 and � cell insulin staining. Female islet � cells
(presumed maternal) formed 0.39–0.96% of the total, whereas
female hematopoietic cells were very rare. Thus, T1D patients have
higher levels of MMc in their circulation than unaffected siblings
and healthy individuals, and MMc contributes to islet � cells in a
mother’s progeny.

quantitative PCR � chimerism � autoimmunity � pancreas � HLA

E leven years ago, Hall et al. (1) reported that 20% of cord
blood samples from male infants contained female cells,

presumed to be maternal, thus bringing into question the as-
sumption that maternal cells rarely pass into the fetal circulation.
The study used FISH with X and Y chromosome probes and
visual counting of cells according to whether the cell had two X
signals or one X and one Y signal. This report was followed by
two others that estimated maternal-to-fetus transfer to be even
more frequent, with maternal DNA detected in 40–100% of cord
blood samples when PCR-based techniques were used (2, 3).
Although it could be argued that these findings reflect maternal
to fetus trafficking during labor, other studies indicate that
transfer occurs in the course of gestation because maternal DNA
has been reported in fetal blood from second and third trimester
pregnancy terminations (4, 5). In experimental studies, maternal
cells were found in the marrow cavities of developing bones in
immune-competent mice (6).

Microchimerism refers to the harboring of a small number of cells
(or DNA) by one individual that originate from another genetically
distinct individual. Maternal microchimerism (MMc) was recog-
nized in children with severe combined immunodeficiency more
than 20 years ago (7) and more recently was found to persist into

adult life in healthy subjects (8). These observations raise questions
as to whether MMc affects growth and development or sometimes
contributes to disease or to tissue repair in a mother’s progeny.

Fetal cells also persist in the mother, and fetal microchimerism
has been implicated in some autoimmune diseases, notably systemic
sclerosis (scleroderma) (9). An important observation that arose
from studies of fetal microchimerism in systemic sclerosis was that
the simple presence of microchimerism is common in healthy
individuals, and quantitative techniques are important in the com-
parison of patients to controls (10, 11). Whereas male DNA can be
quantified in women who gave birth to sons as a measure of fetal
microchimerism, another approach was needed for MMc. As
described above, MMc can be quantified by FISH, but this approach
is time and labor intensive and is limited to sex-mismatched pairs.
We therefore developed a panel of HLA-specific quantitative
real-time PCR (Q-PCR) assays that target nontransmitted, non-
shared maternal-specific HLA alleles (12). In the current studies we
used the panel of Q-PCR assays to investigate MMc in type 1
diabetes (T1D), an autoimmune disease that primarily affects
children and young adults. Additionally, we examined pancreatic
autopsy specimens from boys for maternal cells with concomitant
phenotyping to establish whether any identified female cells were
hematopoietic or, because others have described cellular plasticity
(13, 14), were insulin-producing islet � cells.

Results
MMc Prevalence and Levels in Peripheral Blood. A panel of HLA-
specific Q-PCR assays targeting nontransmitted, nonshared
maternal-specific HLA alleles was used to identify and quantify
MMc in DNA extracted from whole blood samples. Ninety-four
T1D patients and 54 unaffected siblings were studied. Patient and
sibling characteristics are given in Table 1. Twenty-four unrelated
healthy subjects were also studied. Overall, higher levels of MMc
were observed more often among T1D patients than among
unaffected siblings and healthy individuals (Fig. 1). The amount of
chimeric maternal DNA was expressed according to the number of
genome equivalents present in 100,000 proband cells. In T1D
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patients, MMc ranged from 0 to 529.9 with a median level of 0.09
(mean 17.5). MMc levels in unaffected siblings ranged from 0 to
153.0, median 0 (mean 3.5). In healthy subjects the MMc levels
ranged from 0 to 7.9, median 0 (mean 0.6). MMc levels were
significantly higher in T1D patients than in unaffected siblings
(P � 0.012) and healthy individuals (P � 0.001). In a multivariable
model, adjusting for variables that might confound results, including
age at blood draw, sex, birth order, and total number of cells tested,
gave similar results (P � 0.028 and �0.001, respectively) and
indicated that none of these variables was a significant confounding
factor. The quantity of DNA tested was similar among the groups
(medians were 99,517, 88,735, and 104,204 and means were 97,964,
91,435, and 97,335 in T1D, unaffected siblings, and healthy subjects,
respectively).

The prevalence of MMc (any positive result) among T1D patients

was 51%, among unaffected siblings was 33%, and among healthy
subjects was 17%. Although unaffected siblings often had MMc,
levels were lower than among T1D patients, as seen in Fig. 1.
Twenty-one percent of T1D patients had strikingly high levels of
MMc, which exceeded levels seen in all subjects other than one
unaffected sibling. If analysis considered subjects with MMc of 50
or more genome equivalents present in 100,000 proband cells, the
difference between T1D patients and unaffected siblings became
more evident, and the difference between unaffected siblings and
unrelated healthy subjects became less evident (T1D vs. unaffected
siblings, P � 0.009; unaffected siblings vs. unrelated subjects, P �
0.92; multivariable analysis).

HLA Class II Genotypes and MMc. The DQB1*0201-DRB1*03 and
DQB1*0302-DRB1*04 haplotypes are strongly associated with
susceptibility to T1D (15), and it may be asked whether MMc in
patients was due to enrichment for these two haplotypes. Overall,
MMc was similarly prevalent among T1D patients with the
DQB1*0201-DRB1*03 haplotype and/or DQB1*0302-DRB1*04
haplotypes (n � 86, 51% with MMc) and among the few patients
who lacked both haplotypes (n � 8, 50% with MMc). Risk of T1D
also varies with the number of copies of a T1D-associated haplotype
and particular haplotype combinations (greatest risk is observed
with compound heterozygosity for the two different haplotypes)
(15). To further address the possibility that increased MMc among
patients might be due to enrichment of particular HLA genotypes
in patients, MMc results were analyzed with patients and unaffected
siblings in HLA genotype groups as follows: group A DQB1*0201-
DRB1*03,DQB1*0302-DRB1*04; group B homozygous for
DQB1*0201-DRB1*03; group C homozygous for DQB1*0302-
DRB1*04; group D DQB1*0201-DRB1*03,X; group E
DQB1*0302-DRB1*04,X; and group F X,X, where X is any HLA
haplotype other than the two T1D-associated haplotypes described.
The genotype groups A, B, D, E, and F generally exhibited a similar
pattern (Table 2) with higher MMc levels in patients than unaf-
fected siblings (group C had too few subjects for meaningful
comparison). However, for patients with one copy of the T1D-
associated DQB1*0302-DRB1*04 haplotype (group E), MMc was
found more often when the haplotype was paternally transmitted.
Thus 70% (7/10) vs. 14% (2/14) of patients had MMc when
DQB1*0302-DRB1*04 was paternally vs. maternally transmitted
(P � 0.01). Among patients heterozygous for the other T1D-

Table 1. Characteristics of type 1 diabetics and
unaffected siblings

Characteristic
T1D

(n � 94)
Unaffected siblings

(n � 54)

Age at draw, range (median) 2–25 (13) 4–29 (14)
Birth order*

First 37% 39%
Second 45% 33%
Third or later 18% 28%

Sex*
Male 70% 41%
Female 30% 59%

Affected relative* 12% 15%
Disease duration (yr)*

�1 53% n.a.
1 to �5 13% n.a.
5 to �10 18% n.a.
�10 16% n.a.

Age at diagnosis*
�5 19% n.a.
5 to �10 34% n.a.
10 to 16 47% n.a.

n.a., not applicable.
*Percentage of all T1D patients or unaffected siblings

Fig. 1. MMc in T1D patients, unaffected siblings, and healthy subjects. A total of 172 probands were studied, 94 with T1D, 54 unaffected siblings, and 24 healthy
controls. A panel of HLA-specific Q-PCR assays targeting nontransmitted, nonshared maternal HLA alleles was used (12) to test DNA extracted from whole
peripheral blood. The amount of chimeric maternal DNA was expressed according to the number of genome equivalents present in 100,000 proband cells.
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associated haplotype, DQB1*0201-DRB1*03, there was no differ-
ence in MMc according to the parent who transmitted the haplo-
type (group D).

MMc Prevalence and Levels According to Demographic and Clinical
Characteristics. Levels of MMc and prevalence did not differ
between males and females or between patients who were younger
compared with those who were older at disease onset. MMc levels
were somewhat greater in T1D patients who were first-born (n �
35) compared with those of later birth order (n � 59) (medians 0.1
vs. 0.0 respectively). Among the T1D patients, 53% (n � 50) were
studied within 1 year of diagnosis, 13% (n � 12) �1 and �5 years,
18% (n � 17) 5 to �10 years, and 16% (n � 15) �10 years from
diagnosis. Levels of MMc were not significantly different according
to time from disease onset (respective medians levels 0, 0, 0.24, and
1.5 genome equivalents present in 100,000 proband cells). There
was no apparent correlation of MMc in patients with antibodies to
GADA or IA2; however, the number of patients with autoantibody
tests was limited (n � 52 and n � 51, respectively; data not shown).
MMc did not differ substantially for subjects with an affected
relative although the number of subjects was small. The increase of
MMc in T1D patients was not explained by differences in HLA-
specific Q-PCR assays used, and all assays were developed to have
the same sensitivity level (see Methods). It should be noted,
however, that the current studies investigated MMc among subjects
for whom the mother differed for at least one DQB1, DRB1, or
DQA1 allele (see Methods).

Female Cells in Male Pancreatic Autopsy Specimens. In other studies,
pancreatic autopsy specimens from four unrelated male individuals
were investigated to determine whether maternal cells were present
in the pancreas and if so to determine whether the cells were

hematopoietic or were insulin-producing islet � cells. Pancreases
were provided by a pathologist and examined by investigators
blinded to clinical information. Two autopsy specimens had been
chosen as a case and control because they derived from the same
calendar year and from boys of a similar age. One boy had T1D and
ketoacidosis (age 11) and the other had acute myeloblastic leuke-
mia (age 14). Two other samples derived from infants: one infant
had hypoplastic heart disease (8 weeks) and the other had cardio-
myopathy (4 weeks), with the latter born to a mother with T1D.
Female cells (presumed maternal) were identified by FISH for X
and Y chromosomes in male pancreases and simultaneously studied
for phenotype employing concomitant immunohistochemistry for
insulin and CD45 on the same section (and same cells) (16).

Female cells were found in all four pancreases. In the T1D
pancreas, slightly �1% of islet � cells were female [47 among 4,876
� cells counted (0.96%)]. Fewer female cells were identified in the

Table 3. Quantification of female and male cells among islet �
cells in male pancreases

Pancreas
Age at
autopsy Disease XX cells XY cells

A 11 yr T1D, ketoacidosis 47 4,829
B 14 yr Acute myeloblastic

leukemia
34 5,748

C 8 wk Hypoplastic heart 11 2,782
D 4 wk Cardiomyopathy,

maternal T1D
17 2,262

Pancreas A vs. pancreas B, odds ratio (OR) � 1.65, P � 0.026 [95% confidence
interval (CI) 1.1,2.6]; pancreas A vs. pancreas C, OR � 2.5, P � 0.006 (95% CI
1.3,4.8); pancreas A vs. pancreas D, OR � 1.3, P � 0.36 (95% CI 0.7,2.3).

Table 2. HLA genotypes of type 1 diabetics and unaffected siblings and MMc

Group A Group B Group C Group D Group E Group F

Cases Sibs Cases Sibs Cases Sibs Cases Sibs Cases Sibs Cases Sibs

n � 17 n � 3 n � 17 n � 4 n � 5 n � 3 n � 23 n � 18 n � 24 n � 9 n � 8 n � 17
48.6 0 93.5 1.0 61.4 153 409.3 3.5 135.4 3.8 529.9 5.3
33.3 0 54.0 0.9 6.9 0 23.0 3.2 42.2 3.8 78.0 3.7
6.5 0 19.1 0 1.4 0 8.7 1.5 21.5 2.5 5.6 3.2
1.8 4.8 0 0 7.7 0.7 11.5 0 1.6 1.9
1.7 3.9 0 6.2 0.6 3.1 0 0 0.8
0.8 3.2 3.3 0.3 2.6 0 0 0.2
0.7 3.1 2.2 0 1.5 0 0 0
0.6 0.6 1.7 0 0.1 0 0 0
0.2 0.4 1.3 0 0.07 0 0
0 0.4 1.0 0 0 0
0 0 0.2 0 0 0
0 0 0.2 0 0 0
0 0 0.1 0 0 0
0 0 0 0 0 0
0 0 0 0 0 0
0 0 0 0 0 0
0 0 0 0 0 0

0 0 0
0 0
0 0
0 0
0 0
0 0

0

Genotype of group A: DQB1*0201-DRB1*03,DQB1*0302-DRB1*04; genotype of group B: DQB1*0201-DRB1*03,DQB1*0201-
DRB1*03; genotype of group C: DQB1*0302-DRB1*04,DQB1*0302-DRB1*04; genotype of group D: DQB1*0201-DRB1*03,X; genotype
of group E: DQB1*0302-DRB1*04,X; genotype of group F: X,X. X is any haplotype other than DQB1*0201-DRB1*03 or DQB1*0302-
DRB1*04; Cases, type 1 diabetics; Sibs, unaffected siblings.
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control pancreas from the boy with acute myeloblastic leukemia [34
among 5,782 � cells (0.59%), odds ratio � 1.65, P � 0.026] (Table
3). Examples are shown in Fig. 2 [multidimensional movies pro-
vided in the supporting information (SI)]. Results were similar if
analyzed according to the area of pancreatic tissue with approxi-
mately twice as many female islet � cells in the former as in the
latter pancreas (37 per 7.97 cm2 vs. 19 per 7.32 cm2, respectively).
Female cells were very rarely identified among cells staining with
the hematopoietic marker CD45; three female cells were found
among 4,022 CD45� cells (0.07%), and three were found among
2,863 (0.1%) in the T1D pancreas and acute myeloblastic leukemia
pancreases, respectively (data not shown). In the two other pan-
creas samples from infants who died within weeks of birth, female
islet � cells were also found and were fewer than in the T1D
pancreas (Table 3).

Identification of some cells with more than two signals may be
expected because of cell replication. If maternal cells are actively
contributing to islet � cell regeneration, replicating maternal cells
would be predicted, including cells with XXX and XXXX signals.
Replicating male cells could include XXY, XYY, or XYXY signals,
which could also arise by fusion with a maternal cell followed by
chromosome loss (17), as could also occur for cells with two X
chromosome signals. An XXXY cell could only be expected to
occur as a result of fusion. We also counted all cells, including those
with two as well as more than two signals, among a total of 2,424
and 2,035 islet � cells in the pancreas from the boy with T1D and
the boy with acute myeloblastic leukemia, respectively. In the T1D
compared with the acute myeloblastic pancreas, respectively, the
number of cells found were 12 and 1 with XXX, 5 and 0 with
XXXX, 29 and 19 with XXY, 4 and 3 with XYY, 14 and 3 with
XYXY, and 1 and 0 with XXXY. Thus, the results supported active
replication of female islet � cells in the T1D pancreas with little
evidence to suggest fusion. Counting was blinded both to clinical
information for the two specimens and to the reasons for counting
cells with more than two signals.

Discussion
In the current studies we found MMc in the peripheral blood of
subjects ranging from 3 to 28 years of age and found that levels
of MMc were higher in T1D patients than unaffected siblings as
well as unrelated healthy individuals. Whereas maternal cells
have long been known to persist in immune-deficient children,
it is only recently that long-term persistence of MMc in a
mother’s immune-competent children has been appreciated.
MMc has been reported in infants in the thymus, liver, thyroid,
skin (18), and heart (16) and in the peripheral blood of healthy
adults (8). In an experimental model, maternal cells were found
in the bone marrow of immune-competent mice during gestation
and increased postnatally (19). Thus, accumulating evidence
indicates MMc persists in the circulation and tissues of a
mother’s children, raising important questions as to whether
MMc confers benefits during development, has beneficial or
adverse effects later in life, and about the meaning of tolerance
within a chimeric self.

Why levels of MMc are greater in patients with T1D is not
known. A number of different potential roles of MMc may be
considered. On the detrimental side, maternal cells could be
effectors in ‘‘autoimmunity’’ as has been proposed in children with
dermatomyositis (20). A second possibility is that differentiated,
tissue-specific maternal cells could become targets of an ‘‘autoim-
mune’’ response as has been suggested in infants with neonatal
lupus and congenital heart block (16). A third possibility is that
MMc could function beneficially by providing an additional source
for tissue repair as has been suggested for fetal microchimerism (21)
or possibly diversity in response to infection. Of further interest, also
on the beneficial side, the hypothesis has been proposed that MMc
could contribute to growth and development and provide ‘‘educa-
tional’’ advantages (22).

Events leading to elevated MMc levels are unknown, but when
results of MMc studies in peripheral blood are considered along
with pancreatic autopsy studies, some conclusions are suggested.
The first possibility, as outlined above, can be rejected because very
few female hematopoietic cells were found in the pancreas, arguing
strongly against any role of maternal cells as effectors of autoim-
munity (whether due to absence of hematopoietic cells or migration
failure is not known). Regarding the second possibility, maternal
islet � cells were identified and thus could be targets for ‘‘autoim-
munity.’’ However, observations are more supportive of the third
possibility that MMc functions beneficially and contributes to
attempts to regenerate islet � cell function. Higher levels of MMc
were not observed in patients who were within a short interval from
diagnosis, as might be anticipated if maternal islet � cells were
targets of an ‘‘autoalloimmune’’ response, and increased numbers

Fig. 2. Female cells in male pancreas tissues. Immunohistochemistry for
insulin and CD45 was used with concomitant FISH for X and Y chromosomes
for the same cells as recently described (16). a, b, and c are from a boy with T1D
and ketoacidosis; d, e, and f are from a boy with acute myeloblastic leukemia.
(a) Fluorescence microscopy showing a female cell (arrowhead) with two (red)
X chromosome signals. (Magnification: �100.) Other cells contain one red and
one Y chromosome (green) signal. Nuclei are identified with DAPI (blue). (b)
Light microscopy of the same cells as in a. (Magnification: �100.) The red-
brown substrate identifies � cell insulin expression. (c) Overlay of a and b
showing the identical cells with FISH and immunohistochemistry. (d) Fluores-
cence microscopy showing a female cell (arrowhead). (Magnification: �100.)
(e) Light microscopy of the same cells as in d. (Magnification: �100.) ( f) Overlay
of d and e. Female cells were morphologically similar to surrounding � cells,
and the cells did not express CD45.
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of female islet � cells suggests active replication in the T1D
pancreas. Thus, although the events leading up to our observations
are not known, our interpretation is that pancreatic MMc most
likely contributes to efforts to restore function and regenerate
diseased tissue.

The increase of MMc in T1D patients was not explained by an
enrichment of particular HLA genotypes among T1D patients.
MMc was more common and was present at higher levels in T1D
patients compared with unaffected siblings across HLA genotype
groups. Results were also not explained by the specificity of any of
the HLA-specific Q-PCR assays used to identify MMc, because
results were similar irrespective of the specific Q-PCR assay used.
However, patients who had one copy of the T1D-associated hap-
lotype DQB1*0302-DRB1*04 had MMc more often when the
haplotype was transmitted from the father than when this haplotype
was transmitted from the mother. This finding merits further
exploration in larger studies and, if confirmed, suggests a differ-
ential effect on MMc of paternal and maternal genomes reminis-
cent of other reported epigenetic effects, such as described with
imprinting (23). Of potential interest in this regard, uniparental
disomy of chromosome 6 has been reported in association with islet
� cell agenesis (24).

MMc was also increased in unaffected siblings relative to unre-
lated controls in the current studies, although less than among T1D
patients. One potential explanation could be that some are predi-
abetic, because a 10-fold increased T1D risk has been described in
first-degree relatives compared with the general population (25).
Other possibilities include shared environmental factors as well as
the possibility that a sibling may be more likely to share HLA and
other genes with the mother than an unrelated individual. In a
murine model, some histocompatibility relationships were found to
correlate with increased levels of MMc (26). We were unable to
explore this question because our methods were based on HLA
incompatibility.

There are a number of limitations to our study. First, blood
samples derived from a single time point and MMc levels could
fluctuate with time and disease activity. Second, the Q-PCR assays
test a relatively small amount of DNA (100,000 cell equivalent), and
testing larger amounts may detect more positive results. Third,
although islet � cells with two X chromosome signals within a
clearly defined nucleus were found, some could nevertheless derive
from overlapping cells. An additional possibility is that some were
products of cell fusion (17) with chromosome loss. Although the
possibility of maternal-progeny cell fusion is intriguing, in our
studies there was little to support this possibility. Blood transfusion
history was not known for T1D patients, unaffected siblings, or
pancreatic autopsy samples in our study, and microchimerism can
occur after a blood transfusion (27). However, transfusion is not
common in T1D care, and reports of transfusion-associated micro-
chimerism were in multiply transfused trauma patients given non-
irradiated blood products; even for the leukemic patient from
autopsy where transfusion might be expected, irradiated blood
products would have been given (and any difference with the T1D
pancreas would only be magnified).

Our findings bring to light an aspect of normal human biology
that is relatively unexplored because it is not known how circula-
tory- and tissue-specific MMc is tolerated and what the conse-
quences are for the lifetime of a mother’s progeny. That maternal
islet � cells were found in all pancreases studied, albeit more
numerous in the T1D pancreas, suggests that MMc constitutively
contributes to some cellular functions in a mother’s progeny. The
transfer of humoral immunity from mother to child is well recog-
nized, but to our knowledge, a maternal contribution to endocrine
function has not previously been described. Our findings also raise
the possibility that naturally acquired chimerism might be exploited
to therapeutic benefit. Regeneration of � cells is an area of major
active investigation with recent studies reporting differentiation of
pancreatic and nonpancreatic progenitors as well as replication

of existing islet � cells (28–30). In conclusion, elevated levels of
circulating MMc were found in patients with T1D and chimeric islet
� cells were observed in pancreatic autopsy specimens. Further
studies are needed to elucidate the function(s) of naturally acquired
MMc in human health and disease.

Methods
Subjects. T1D patients and unaffected siblings were recruited from
the Bart’s-Oxford study, a prospective, population-based study that
identified �95% of families of children developing T1D before age
21 in the former Oxford Health Authority Region, U.K., since 1985
(31). The study population was 95% Caucasian European, with
others mainly from the Indian subcontinent (data from Office of
Population Censuses and Surveys for 1991). T1D classification was
assigned by the referring clinician on the basis of World Health
Organization criteria (32) and requirement for insulin treatment
from diagnosis. Whole blood samples were selected from T1D
patients and siblings for whom the mother was not homozygous or
heterozygous identical for DQB1, DQA1, and DRB1 and thus were
informative for the study. A total of 94 T1D patients, 54 unaffected
siblings, and 24 healthy individuals were studied. Thirty-three
families contributed 33 probands and their 40 siblings, 61 contrib-
uted a T1D patient only, and 10 contributed unaffected siblings
only. Six T1D patients and five siblings had a father or mother with
T1D, and seven patients and three siblings had an affected grand-
parent. The median age of T1D patients at the time of testing was
13 years (range 2–25), and the median age of unaffected siblings was
14 (range 4–29). In healthy controls, the median age was 14 (range
5–31). Among T1D patients, unaffected siblings, and healthy sub-
jects, respectively, 66, 22, and 17 were male and 28, 32, and 7 female.
Among the 94 T1D patients, 50 were within 1 year of diagnosis, 12
were between �1 and �5 years from diagnosis, 17 were between 5
and �10 years from diagnosis, and 15 were �10 years from
diagnosis. Informed consent was obtained from study subjects.
Eighteen patients were 5 or younger at diagnosis, 32 were �5 to
�10 at diagnosis, and 44 were 10–16 years old at diagnosis. The
study was approved by the research ethics committees in all centers
involved.

HLA Genotyping. HLA class II genotyping for DRB1, DQA1, and
DQB1 was carried out on DNA extracted from whole blood or
mouth swab samples with DNA-based HLA class II typing and
analysis methods as reported (15).

HLA-Specific Q-PCR. The development and validation of a panel of
HLA-specific Q-PCR assays was recently described (12). Thirteen
Q-PCR assays were used for the current studies (five new assays
were added) targeting specific sequences of DRB1*01, DRB1*15/
16, DRB1*03, DRB1*07, DRB1*08, DRB1*10, DRB4*01,
DQA1*01, DQA1*03, DQA1*05, DQB1*02, DQB1*03, and
DQB1*06. Six aliquots of test DNA and a calibration curve were
run on each plate, using a dilution of the equivalent DNA of 500,
100, 50, 10, 5, 1, or 0.5 cells homozygous for the HLA sequence in
a background of 20,000 cell equivalents negative for the HLA
sequence and two additional DNA aliquots for �-globin amplified
concurrently to define the total DNA of the test sample. The
acceptable range for each aliquot tested DNA could not exceed
30,000 genome equivalents because larger DNA amounts can result
in PCR inhibition. An initial incubation at 50°C for 2 min was
followed by 95°C for 10 min, 45 cycles of 95°C for 15 sec and 60°C
for 1 min (various temperatures depending on the HLA-specific
assay). Data were collected with an Applied Biosystems (Foster
City, CA) 7000 sequence detector and analyzed with Sequence
Detection System software (Applied Biosystems). The quantity of
microchimeric DNA was expressed as the genome equivalent
number of microchimeric cells per 100,000 host cells (conversion
factor of 6.6 pg of DNA for one cell). All assays established had
similar sensitivity, detecting a single cell equivalent in a background
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of 20,000 host cells (0.005%). Specificity was validated by testing
each HLA-specific assay against an extended panel of 47 well
characterized HLA cell lines representing all HLA-DRB1, DRB3,
DRB4, DRB5, DQA1, and DQB1 allele groups. As noted above,
the sensitivity levels of all HLA-specific Q-PCR assays were the
same, and the percent of subjects positive was not different ac-
cording to the HLA-specific Q-PCR assay. Q-PCR testing was done
on DNA extracted from whole blood.

FISH with Concomitant Immunohistochemistry. To identify and char-
acterize female cells in male pancreases as hematopoietic or islet �
cells, a method was used that combines FISH and immunohisto-
chemistry for the same section (and cells) as recently described (16).
Briefly, tissue sections were first subjected to immunohistochem-
istry with antibodies to insulin (ICN Biomedicals, Irvine, CA) and
CD45 for hematopoietic cells (DAKO, Carpinteria, CA). Stains
were developed with substrates DAB (BioFX Laboratories, Owings
Mills, MD) and SG (Vector Laboratories, Burlingame, CA). As
negative controls, no primary antibody was added. Additionally, the
CD45 signal served as an internal control, showing female cells
expressing insulin were not hematopoietic cells overlying islet � cells
and vice versa. The same section was then probed for X and Y
chromosomes. DXS1 probe was labeled with red fluorescent Cy3-
dUTP (Amersham Pharmacia Biotech U.K. Limited, Little Chal-
font, Buckinghamshire, U.K.) and DYS1 probe with green fluo-
rescein-12-dUTP (Roche Applied Science, Mannheim, Germany).
Cells were required to have two signals within a clearly defined
nucleus to be counted. Cells with two X signals in close proximity
were excluded because of the possibility of a split single signal. Two
additional independent blinded individuals reviewed each candi-
date female cell. After identification of cells with two X chromo-
some signals, coordinates were recorded so cells could also be
examined throughout three dimensions by using the DeltaVision
microscopy system (Applied Precision, Issaquah, WA). In second-
ary studies, cells with more than two signals in a clearly defined
nucleus were also counted.

Statistical Analysis. Univariable and adjusted comparisons of mi-
crochimerism levels were carried out by using linear regression
models applied to ranks of the MMc values. For the analysis of

MMc prevalence, each subject’s outcome was dichotomozied to
positive (�0) or negative (0) to compare proportions of subjects
with a positive MMc result. Logistic regression was carried out to
evaluate odds ratios, associated confidence intervals, and P values.
Variables evaluated for confounding in both the linear model and
logistic model included age at blood draw, sex, birth order, and total
DNA cell equivalents tested. For both the linear and logistic
regression models, generalized estimating equations were used to
obtain robust standard error estimates that appropriately account
for correlation between siblings.

Because HLA class II genotypes are an important factor in T1D
risk, to address the possibility that differences of MMc in T1D
patients and unaffected siblings was explained by enrichment for
the T1D-associated HLA haplotypes in patients, analysis was also
conducted with subjects grouped into genotype groups: homozy-
gous for the T1D-associated DQB1*0201-DRB1*03 haplotype, or
for the DQB1*0302-DRB1*04 haplotype, with one of each haplo-
type, with a single copy of either haplotype, or with no copy of either
haplotype. Any two siblings can share both, one, or no HLA
haplotype and, although T1D patients derived from families with at
least one unaffected sibling, individual proband-unaffected sibling
pairs constituted less than half the total study population because
some DNA samples did not meet assay quality criteria, were not
available, or the study subject was not informative for MMc. The
subjects in the current studies were very similar to the overall study
subject population for percentage of probands and unaffected
siblings informative for MMc and for the distribution of nontrans-
mitted maternal HLA haplotypes.

For the analysis of female cells in each of four male pancreases,
cells were the unit of measurement and odds ratios, and associated
confidence intervals were calculated for the T1D pancreas com-
pared with each of the other pancreases. For example, the subject
with T1D was compared with the age-similar control, and the odds
of XX cells were compared between the two.
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