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INTRODUCT 10N

As the genetic and biochemical nature of many diseases
becomes knoun, ante-natal diaznosis of infants at risk will
becorme more frequent. At present am'm'ocentesis is most commonly use;i method
of  obtaining fetal material for diagnqsié is by  R
amniocentesis. Yet clearly, there are fetal cells present in
the maternal circulation. Given a means to separate fetal
from maternal cells, simplg maternal venipuncture éou]d
replace amnfocentesis. |
Recently in our 1laboratory we have developed a
fluorescent cell sorter(l) which has the a%ility to count
and to separate fluorescently 1labelled cells in a mixed
'pOpulation of stained and unstained cells. Anong its
numerous abplications(l,Q), the cell sorter has been used to
separate antigen binding cells from spleen cells in mice(2),
Thus, it seemed reasonable to explore 'its— ability to

separate human fetal cells from maternal cells in samples of '

gravidic blood. As the ini:ial experiments along this—-line,

vwe chose to develop a system utilizing our cell sorter to

count a minor population of Rh positive fetal erythrocytes |

In a major population of Rh negative maternal cells.

Fetal cells appear -in the maternal circulation wusually



[3%)

through transplacental hemorrhage, though there is evidence
for other means of leakaze as well(3,n), Besides being a
Possible source of material for ante-natal diaznosis, fetal
cells in the maternai circu]atioh are potentially antigenic.
immunization of the mother against, for example, a blood
Eroup antigen possessed by the fetus nay well do harm to the
Present fetus and future fetuses. Rh hemolytic disecase of
the newborn js a classic example, Admirabhile advances in
Preventing this discase throug! ‘anti-Rh gama  glohulin
treatment (5-7) have been achieved, an4 much research into
the mechanical cause of ~ this disease, transplacental
hemorrhage, has been done.

) The anti-Rh garma globulin is Customarily gziven shortly
after the birth of the Rh positive infant because
transplacental hemorrhage s largely associated with
labor(8-13). vet there still are some'anti-Rh g&amma globhulin
|fallures., |n these cases it is thought that the rother
probabl& sustained an Immunlzing transplacental hemorrhage
In the course of her Pregnancy or followinz a previous,
tnnoticed Sbontaneous abortion. Thus the detection of

transplacental hemorrhage during Pregnancy, fo]lowing

1]

bortion, or 'during obstetricai maneuvers such as

mniocentesis is important. Indeed, this has been

o]}
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investigated by a number of groups(8-19), But the
quantitation of fetal cell leakage, commonly either by the
acid-elution method of Kleihauer-Betke(20) or by
fluorescent~antibody methods(18) generally has required the

manual counting of positive cells, With very small

and thus the accuracy with which minute bleeds can be
“measured js severely limited, However, with the electronic
cell sorter that we employ, over 105 cells/sec can be
exémined for fluorescence, and therefore, much greater
statistical accuracy than previéus]y attainable is possible,

In this paper we report our ability to employ our cell
sorter to count dccurately small numbers of Rh+ fetal
erythrocytes in Rh negative maternal hlood and discuss the -
methods and future implications of this work as a means to
replace amniocéntesis with simple venipuncture to obtain

fetal cells far ante-natal diagnosis,



MATERIALS and METHODS

BLOOD: Two types of Rh positiveth negative mixtures
were analyzed. Artificial (in vitro) mixtures were made by
combining the necessary volumes of out-dated citrated bank
blood required to achieve the desired Bh positive/Rh
negative ratios. Clinical venipuncture samples (in vivo
mixtures) were obtained from post-partum mothers scheduled
to receive anti-Rh garma globulin and from Rh negative
primigravida mothers between their second and fourth months
of pregnancy. All clinical samples were anticoagulated with
EDTA. They were stored at 4C and analyzed for Rh+ cells
within one week of collection, |

DELEUKOCYTATION: Because fresh leukocytes stained
non-specifically with our reagents, it was necessary to
remove all leukocytes from the eclinical samé]es before
analysis. This was achieved by using a combination of three
established means of removing white blood cellg ~-- serial
washing‘wifh buffy coat aspiration, dextran sedimentation of
erythrocytes(21), and nylon wool filtration(22). By
following the procedure outlined in Fig.1, white cell
frequency was reduced to less than 1 whfte'cell per 106 red

cells, as measured by staining with acriflavine, a




fluorescent dye which bunds to DMNA and thus stains nucleated
cells such as leukocytes. Hixtures of Rh+ cord blood and
out-dated Rh negative bank blood were used to check for the
possibility of selective loss of fetal erythrocytes produced
by our deleukocytat:on me thod. MNo such losses were found,

STAINING: Because of the reported difFiculties in
staining PRh+ cells directly with a fluoresceinated
anti-b(18,, we chose to employ a  sandwich technique to
fluorescently 1abe) the Rh  positive cells present in our
mixtures, A commercial anti-D typing éerum (Dade) was used
as the first stain and a fluoresceinated goat anti-human lgg
(Miles Laboratory F/p=33 as the second, The concentration of
each reagent was chosen to yield the brightest possible PRh+
cells with the least amount of background‘staining (best s/i
ratio). Anti-p, undiluted, and anti-1g5 at a 1:16- 1:32
dilution gave the best differentjal staining for our systen,
In addition, the fluoresceinated anti-lgG was always
centrifuged at 17,000G for 15 minutes before use to {E@OVE
any aggregates of fluoresceinated material.

To stain we first added 300ul of antj-p to the swirled

pellet of 1.3x10q cells, After 3 30-minute incubation at

room temperature the cells were washed four times in

phosphate buffered saline (PES), pH 7.1. Three hundred}ul of



the fluoresceinated anti-lgG was next added to the pellet,
After this second incubation for 30 minutes at roorm
temperature, the cells were afain washed four times in P®oS
and finally diluted to a concentration of 108 cells/ml for
analysis by the cell sorter.

ANALYSIS: Although our cell sorter is déscribed in
detail elsewhere(1), briefly the operation of the machine as
used for these analyses is as follows: A stream of cells
crosses a laser bheam, which i; focused so that an averace of
three cells is 11luminated by tte beam at any one time. Any
fluorescent molecules attached to the cells are excited by
the beam, and a fluorescent pulse is emitted, A microscope
chjective positioned to minimize the entrance of direct
laser 1light focuses the emitted light through barrier
filters, which block any intruding, exciting lirht, onto the
cathode of 2a photomultiplier tube. Thus a siénéf pulse
broportional to fluorescent intensity is rpenerated at the
photomultiplier output whenever a fluorescent object crosses
the laser heam. The electronic pulse is suitably amplified
and shaped to bhe stored in a pulse heicht analyzer. Over a
period of time, then, the fluorescent~intensity distribdtion of
the passing stream of . cells can he obtained, Each>

pulse-height analysis _
eccumulated\spectrum is fed to a small laboratory computer,
/




LINC, where it is stored temporarily on tape until the data
can he transferred for further processing to the larger
computer, ACME, available to us.

 The pulse-height analysis plotted semi- ) T
logarithmically for a typical run is shown in Fig. 2a. As
can be seen, there is some degree of overlap between the Rh+
cells (signal) and hackgfound stained Rh negative cells
(noise). Fluorescent cell debris and other particles also
contributed to the noise, ’

| In order to determine the number of counts due to
positively stained cells alone, it was necessary to subtract
the noise from the total fluorescent-intensity distrﬂnﬂioﬁ
This was accomplished by taking advantaée of the fact that,
empirically,. the pulse height distribution plotted
semi-logarithmically for stained Rh nergative cells alone
(Fig. 2b) could be <closely approximated with two straisht
lines, shggesting that there were two major componenis to
the noise curve (labelled as dim and bright noise in Fig.
2b). Since portions of both these noise components could be -

distributions

identified even in the . A . for mixed populations of
cells, it was possible, with the aid of computer programns

and displays, to derive a noise curve from = noise curve from

the least-squares lines fitted to the dim and bright noise



portions of the total pulse-height analysis, much in the manner of the analysis
of the decay curve for a mixture of two independently decaying radioisotopes.
Subtracting the noise curve from the total then gave the pure signal curve. The
precise steps are demonstrated in Fig. 3. From the signal integral, accumulation
time, total cell input concentration, and cel] flow rate, the ratio of positively

stained cells to total cells was calculated.




RESULTS

To exp]ére the sensitivity and accuracy of our method,
we analyzed artificial mixtures of Rh positive cord blood
and Rh negative out-dated bank blood. As. we reduced the
relative number of Rh+ cells in the mixtures, wé could see
that the signal peak gradually faded into the noise curve
(Fig. 4) until, at a 1:1,000,000 ratio, we could no longer
'detect any siegnals above noise. Repeating this procedure
with bloods blended from oth;r individuals, we judged that,
on the average, our limits of accurate detection seemed to
be around one Rh¥ cell in. 100,000 Ph necative cells., In
general, the agreemént hetween expected and observed counts
'"down to this 1:100,000 ratio was good. (Table 1)
Practically all the values were within 20% of the expected
counts, ' -

To determine if our method worked eaqually well with in
vivo mixtures of fetal and maternal cells, bloods from
post-partum mothers scheduled to receive anti-Rh gamma
globulin were analyzed for the number of Rh+ erythrocytes
present, (Table I1.) Qur data are essentially similar to
previously reported studies(10-17), with the majority of

fetal to maternal ratios.in our samples being <= 1:20,000,



0f interest, however, was that in none of the samples
analyzed were no fetal cells found,

Because we aré hopeful that our cell sorter can be used
in ante-natal diagnosis, we were'interestedAin the masznitude
of transplacental leakage during the first trimester of
pregnancy. Although there 1is 1literature on this time
already
period(8-10,l7),A in general, very .few fetal cells are
present in the maternal circulation in this early intervai,
making manual counting methods auite inaccurate in thkis
range, lle felt that the electronic method ‘avaijable to us
would permit a mofe accurate measurement of the dercree of
transplacental leakage and allow us to obtain some estimate
as to the number of fetal cells we.could expect to isolate,
Ve examined samples of blood from two Rh negative mothers
who were in their first trimester of pregnancy, In both
these cases no accurmulated signal was apparen£ after the
usual 30-minute analytic run, Thus, if any Rh+ fetal
erythrocytes were present in these samples, their occurrence
ratio must have been bhelow our sensitivity level of 1 Rh+

5 R
per 10 Ph negative cells,

10
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DiIscussion

‘Transplacental hemorrkare, incidence - and extent, has
heen the subject of numerous research papers, But never has
a tool with the accuracy of our electronic cell sorter heen
applied, As in any application where random events must be
tallied, statistical accuracy increases wifh the total
number of counts recorded, Uith our machkine, which can
examine up to 100,000 cells a second, we are ahle in a
standard run to count Oveff 5,000 Ph positive cells in a
1:100,000 mixture of Ph+ to Nh negative cells. Others, usinr
convenfional counting techniques, such as scanning a slide
for a fixed length of time or examinine a certain number .of
hirh power fields, observe far fewer cells, reportins counts
of zero to seven fetal cells for the same Rh positive/Rk
nesative ratio(12,17,18). Thus, for a 1:100,000 mixture we
can state that our count of the number o% fetal <cells
detected is accurate to within 3%. In contrast, the accufacy
of a rmanual count of fhe same ratio would be 140%. Since
small transplacental bleeds are the rule ratrer than the
exception, it is possible that our system could help resolve
many of the discrepancies of previous reports;

Certainly it is .now possible to report accurately
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fetal-to~maternal bleeds as small as 40 ul (approximately a
1:100,000 fetal-maternal cell ratio) usings our method.
Perhaps this inc}eaSQd accuracy accounts for the fact that
fetal-maternal hemorrhare Was discovered in all our
post-partum mothers, whereas other workers could detect
fetal cells in only 20 to 56% of their  post=-partum
samolinxs(S-lS).‘ \le agree that our total number of
post-pa. tum samnles analyzed is small, but tke probability,
with a true expected incidence of 50%, of all nine sannles
being positive by chance alone is < 0,002, Ye are also aware
that we did not examine nor control other varfah]es such as
ARO comnatibility, mode of delivery, parity, time of blood
collection after perturition, méternal Rh antibodies, etc,
Nevertheless we surrest that the failure of other workers to
detect such a high incidence of fetal-maternal leakage in
the immediate post-partum neriod is accounted ?for in laree
part by the inaccuracy of their methods.

Comparing ante-partum results, we did not detect any
first trimester spillase, whereas others have reported an
incidence of 5-30%(8-10,17). Perhaps this difference can be
accounted for‘hy our small sample size, Ve accepted samples
regardless of the father's Ph type; thus one would expect

only one-half of our samples to come from mothers carrying
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Rh+ frtuses, Furthermore, transplacental bleeds in the first
trimester are usually rmuch .smaller than those at
de]ivery(lﬂ,l?),lso that our method may ‘not be sensitive
enough to detect them. \le analyzed ante-partum sarmples
primarily because we were interested In assessing the
possibility of using our machine to separate sufficient
duantities of fetal nmaterial from reasonable volumes of
maternal blood for ante-natal diarnosis. Unfortunately, such
a feat 1is still bin the future and will require improved
procedurers, However, nresent techniqucs could be applied
immediately and quite nrofitably to measurine the frequency
and .extent of transplacental hemorrhare in numerous
situations of considerable clinical importance.
Transplacental hemorrhaﬁes are of concern primarily
because they are potentially immunozenicvto mothers and a
possible cause of anemia or death for Fetuses.;Naturally if
any obstetrical procedure can be modified so that the extent
of any leakage is reduced, then that is to the good. Clearly
our electronic counting method offers an excellent way to
assess the success of such modifications. Our system could
.also bhe extremely useful in conjunction with programs to

prevent Rh-hermolytic disease of the newborn. If pregnant Kkh

negative mothers were Poutine]y screzned throughout their
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pregnancy for Rh positive cells in their circulation,
anti-Rh samma rlobulin could be siven following the first
significant fetal-maternal bleed vrather than following
probable delivery-associated leakages as it 1is now. With

earlier administration of anti-Rhk srsamma elobulin., where

?
indicated, perhaos the 2% failure rate of - anti-RPh garmma
globu]fn pronhylaxis could bhe reduced further, Vith the high
rate at which cells cén he examined by our machine, our
system ourht to prove admirably suited to such mass
screening proerams. Finally, if we were able to make our
technique even more sensitive than it is now, we might be
able to eﬁtah]ish‘a norma{ range of transplacental leakage
with respect to the entire sravidic interval, Any
siﬂnif?cant spillasrse, then, above or helow this, might serve
to alert the physician to some potential danger to the
fetus, | .

But even if,  with a new staining technique, we were
able to boost our sensitivity, the objection might be raised
that éther than the good correlation between expected and
observed counts for our in vitro mixtures we have no
evidence that fetal cells are in fact being deatected when we

process the in vivo mixtures, Thus despite the fact that no

specific staining was observed during the Rh-negative



control runs, possible sources of false positive counts

include the following:

1)Stained white cells or non-cellular
particles, If more the one white <cell per 106
erythrocytes remains aftér our deleukocytation
procedure, the non-specificai]y staining white cells
can be recorded as Rh positive cell counts, However,
white cells uanormly stain much hrichter than Rh
positive cells with .our reazents,‘ o] tbat1 an
unexpectedly bright signal peak can lead us  to
suspect whfte cell contamination., ‘e have never

observed such an event in our clinical runs.

The fluorescent intensity of a pnpulation of

stained non-cellular objects, on the other band,

nead not necessarily he brighter than Ph+
erythrocytes, Thus we have no means to dis;inguish'a
‘population of Rh+ erythrocytes from a population of
equally bright fluorescent debris unless, using the
capabi]ity of our machine to separate objects o?f'a
seiected fluorescent-intensity range, we actually
Inspect the deflected stream. VYhen a smear of the

deflected stream from one of the 1in vitro mixtures

run was examined, we did not observe any brightly

15
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fluorescent objects which were not cells.
2)Faulty backeround noiss subtraction, The
decision as to which sergments of the total
fluorescent distributfon to select td represent the two
noise components is somewhat arbitrary and can
affect the calculated number of Féta] cells
counted. In addition, our noise reconstruction
certainly is vnly an approximation and probably not
all the noise is sugtracted from the teotal., To
estimate the degree of error induced by this noise
blanking system, we performed our usual computer
analysis on the control curve in Fig, 4. Two hundred
eighty-seven(287) counts remained as si=nal when we
integrated the total-minus=-noise difference
specfrum. This leads to a 5% overestimate when we
are counting numbers of fetal cells close to our

sensitivity limits. But certainly, even with this

overestimate, we still do much better than the 1h0%

error with manual technfques.

3)Maternal b1lood group chimerism, Since we did
not obtain samples of blood from the mothers in our
post-partum group at a later date, when presumably

all the fetal cells would have disappearec from the
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maternal circulation, we cannot he sure whether we
vere unknowingly counting maternal cells. RBut the
only way the Rh positive cells could be of non-fetal
oririn (barring erroneous transfusions) is if all
our mothe}s were blood group chimeras., Of the twelve
reported cases of hlood group chimprism(ZBQZh) none
were Rh positive -- Rh negative., The likeihood that
all our post-partum bleeds were from chimeric
mothers seems to us very small, Certainly nmore
plausible 1Ig the eassumption that the Rh positive
cells are of fetal 6rigin and entered the maternal
circulation hecause of a transplacenta] leak,
With regard to the broader aim of this project,
ante-natal diagnosis, presently‘our systen is anolicable

only in cases where there is the correct Ph type difference,

and, o7 course, only fetal red cells can be sSeparated. Ve
hope that in the future we «can improve our techniques so
that both fetal erythrocytes and fetal lymphocytes can be’
separated and subjected to biochemical and cytogenetic
analysis. More universal fetal markers might include  the
blood group antiren i(25) for erythrocytes and

tumor-assoclated fetal antigens or paternal HL-A antigens

for lymphocytes. Some estimate of the utility of our system



can be appreciated in light of a .recent report describinm
the possihility of intrauterine diasnosis of sickle cell
anemia by detecting the types of slobulin chains synthesized
by first trimester fetuses(26). These authors estimate that
10ul of fetal blood would be sufficient to make an »accurate
diagnosis. Althousgh the averare maeni tude of most
transplacental bhleeds during the first trirester is less
than 100u1(10,17), ante-natal diarnosis for sickle cell
cdisease could, under favorahle conditions, he accomplished
with approximatély 500ml of maternal hlood. At present our
separation efficiency is not 100%, but yet it does not seem
impossihle that we micht he ahle to ohtain enourh fatal
erythrocytes to permit a diasnosis.

The prospect for ante-natal diarsnosis usins fetal
1ymphyocytes would he slight if these lymphocytes entered
maternal blood only via frank transplacental hemorrhare. But
there Is some evidence to suggest that fetal lymphocytes may
in fact be present in even higher numbers than fetal
erythrocytes in the maternal circulation(6), If {;}5 were
true then the feasfbi]ity of our system for ante-natal
diagnosis using lymphocytes is even greater than for fetal
erythrocytes, |

In conclusion, quantitation and purification are major
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roals -—— and problems - in many biolozical
investirations. Ve feel that our electronic cell sorter is a
potentially ﬁighly useful tool in  countine and separating
minor cell.ponulations of any sort. Of particular clinical
value is its potential ahility to procure fetal cells for
ante-natal diagnosis without the practitioner's havine to
perfarm any procedure more hazardous than simple maternal
venipuncture, With this report of the use of our machine to
detect and count Rk no;itive fetal erythrocytes 1in the
.matérna1 circulation durinﬁ the immediate nost-partum
period, we present the first step in the applicatfnn of our

cell sorter to ante-natal diarnosis.
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DELEUKOCYTATION PROCEDURE 23

Spin blood at 400g for
5 min. Remove buffy coat
but save plasma

. a.b
Dextran sediment *

for 20 minutes

Wash drained sediment
X 377

Dextran sediment

Wash x 2

Nylion woo]d'fi]tration

Wash until supernatante'
clear

Ready for staining

F‘j.__l.
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Legend for Figure 1.

a. Blood and Dextran pre-heated to 37°C before mixture. Sedimentation itself
done at room temperature. ‘

b. Parenteral 6% Dextran 70 was added to the erythrocyte suspension to achieve
a final Dextran concentration of 1.6%. ‘

c. Buffy coat, if present, was always aspirated. After the final Wash the
cell pellet was brought up to the initial blood volume for the next step.

d. 0.1 gm of nylon wool removed from Fenwal Leuko-Pak Leukocyte Filter were
used per ml whole blood. The pre-wetted nylon wool was initially packed
tightly into 3 m1 disposable syringe with the syringe plunger. For actual
filtration the plunger was removed and the flow rate was adjusted to
~ 20 drops/min.

e. Some hemolysis was observed at times at the end of the procedure.

s
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Legend for Figure 2a and 2b

Figure 2a. F]uorescent-intensity distribution for stained artificial mixture of
Rht+ cord blood cells and Rh- adult blood cells. (Ratio = 1:5,000).
Channel number is proportional to fluorescent intensity.

Figure 2b. Fluorescent-intensity distributjon for stained Rh- adult blood cells
only. ’
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1) Take the logarithm of
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7/
the linear distribution

<

Linear input distribution

Fit a least squares line
onto a suitable segment
of the bright noise component

N

/
Take the antilogarithm of
this bright noise line

\

/
Subtract this line from 5)
the initial linear ' \
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dictributian
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Dim noise
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Bright nois
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Take the logarithm of
this difference spectrum
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6) Fitaleast squares line onto
& suitable segment of the dim
noise component

—

7) Take the antilogarithm of
.this dim noise line

~

8) Add the two derived noise
components

-

9)  Subtract this curve from
" the initial distribution

B \
/

10)  Integrate under the derived

23
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Legend for Figure 3.

Method of subtracting background noise from total f]uorescent—intensity

distribution.
An artifical mixture of Rh+ cells and Rh- cells (ratio = 1:10,000) is used
as an example.

Abscissa represents fluorescent intensity.
Ordinate represents linear or logarithmic accumulated counts per fluorescent-
intensity channel.



1:10,000
(Rh+/Rh- ratio)

1:100,000

1:1,000,000

1:50,000

1:500,000

Rh neg alone
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Legend for Figure 4. | 31

Fluorescent-intensity ~distribution for stained in vitro mixtures of Rh+ and Rh-
erythrocytes. Abscissa represents fluorescent intensity;ordinate represents
Togarithm of accumulated counts per fluorescent intensity channel.



Thble I. Number of Counts Detected vs. Expected in In Yitro Mixtures of Rh+

l. >
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and Rh- Erythrocytes

n+/Rh- Ratio Expected_counts Observed Counts Fetal Blood Spillage

R
x 10-3 x 10-3
1:10,000 43.0 44,42 ' 0.36 mP
43.0 42 .1 ‘
101 107
1:50,000 8.45 9.62 10.07 m]
14.9 14.6
15.8 19.4
21.5 19.9
1:100,000 5.3 5.6 0.04 ml
7.4 6.0
7.9 6.3
9.9 8.9
1:500,000 1. 1.2
1. None©
Rh Neg. only 0 0.3

Each entry is a new sample and not a repeated run on the sorter.

Fetal blood spillage is computed assuming 4700 ml maternal blood volume,

4 x 106 maternal red ce]]s/mm? and 5.2 X 106 total red ce]]s/mm3.

c. Beginning at this ratio positively stained cells could no longer uniformly be
distinguished over the background noise.
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~Table IT. Rh Positive to Rh MNegative (Fetal to Maternal) Erythrocyte Ratios in
Samples of Post-Partum Maternal Blood

Mother Rh+/Rh- Ratio Equivalent transplacental 1eakage*
SC 1:41,100 90 ul
LG 1:43,600 80 "

DL 1:12,100 : - 300
BM 1:14,600 - 250 "
BJ 1:105,000 30 "
TO 1:5,940 : 600 "

! 1:5,310 680
" 1:4,910 . 740 ©
EL 1:75,200 50 =
JP 1:163,000 . 20 *
JM 1:11,900 300 "

* Transplacental leakage computed assuming 4700 ml maternal blood vo]ume,
4 x 106 maternal red ce]ls/mm3 and 5.2 x 106 fetal red ce]ls/mm3.



