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SUMMARY

This study was undertaken to investigate the phenotypic and functional status of T lymphocytes of
human fetuses from early second- to third-trimester. Cord blood samples were obtained from 19 healthy
human fetuses (gestation weeks: 18-36), by cordocentesis, and 16 term newborns (gestation weeks
37-42). Maternal and unrelated male blood samples were also taken as controls. Percentage of lym-
phocytes in fetal white blood cells was 79-3%, reducing to 40% by term birth, much higher than that
of adults. Cord blood mononuclear cells (CBMC), prepared by density gradient centrifugation followed
by lysis of erythrocytes, were stained using PE- or FITC-labelled monoclonal Abs and analysed by
flow cytometry. The frequencies of CD3" T cells in fetal (40-1%) and neonatal (42-4%) CBMC were
significantly lower than that of men (59-6%) and pregnant women (53:6%). Proportions of CD8"
T cells (9-5%), y5-T cells (0-5%) and NK cells (4-8%) in fetal CBMC were also lower than that of
neonates (except y5-T cells) and adults. A negative linear correlation (r = —0-609) between the ratio of
CD4*/CD8" T cells in fetal blood and gestation age could also be established. Fetal CBMC showed
vigorous spontaneous proliferation but failed to respond to mitogen (PHA) or allogeneic stimulation
in vitro. The fetal mononuclear cells were unable to produce IL-2, IL-4 or IFN-y, but spontaneously
secreted IL-10, IL-6 and TNF-« in vitro. Stimulation with PHA up-regulated the production of IL-10,

IL-6 and TNF- ¢« substantially.
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INTRODUCTION

The phenotypic and functional characteristics of fetal lympho-
cytes are of considerable interest for our understanding of the
development of the immune system. Recent advances demon-
strate that prenatal contact of allergens and other antigens is pos-
sible and also that the fetal T and B cells might be able to response
to various stimuli during gestation [1-6]. A potential link between
prenatal contact with allergens and allergic disease in future life
has also been proposed [1]. Mononuclear cells in the human
umbilical cord blood collected after delivery at term have been
thoroughly studied in the last two decades [7-14] and it is gener-
ally accepted that T cells from the neonates are phenotypically
and functionally immature. However, currently little is known
about the maturational process of fetal T cells during human ges-
tation, due to the difficulties in obtaining, and also ethical dilem-
mas of working with, human fetal tissues. So far, only a handful
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of reports documented the phenotypes of T lymphocytes in
human fetuses [15-21], few covered the functional status of
these cells [1,2,6].

T cells are identified by monoclonal Ab against CD3 and are
further divided into CD4" (helper) and CD8" (cytotoxic) subsets.
The majority of peripheral T cells express o-TCR, while a small
proportion (about 10%) express y0-TCR. CD16 and CD56 are
commonly used for the identification of NK cells that do not have
T cell surface markers. In the present study, we collected blood
samples by ultrasound-guided cordocentesis from umbilical cord
of human fetuses at early second- and third-trimester. Phenotypes
of the T cell subsets were quantitatively determined by flow
cytometry and their functional status analysed in proliferation
and cytokine (IL-2, IL-4, IL-16, IL-10, TNF-o and IFN-y) assays.
Term cord blood, maternal and healthy unrelated male adult
peripheral blood samples were also included as controls.

MATERIALS AND METHODS

Subjects and blood samples
Blood samples (3-5mls, less than 0.5% of expecting weight in all
cases) were obtained after written consent by ultrasound-guided
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cordocentesis from pregnancies under going prenatal diagnosis
at People’s Hospital, Beijing, China between January 1999 and
March 2002. Gestation age in each case was calculated by last
menstrual period and also confirmed by ultrasound measurement
of fetal length in the 16th and 23rd week of pregnancy. After
exclusion of fetuses with intrauterine restriction, bacterial infec-
tion, abnormal karyotype or maternal complications, 19 fetuses
remained for analysis in this study (median gestation time:
26 weeks, range 18-36 weeks. In addition, a total of 16 healthy
neonates (gestation time: 37-42 weeks) were included in the
study. Of these, 12 were delivered by spontaneous labour and the
other four by elective caesarean section. Umbilical cord blood
samples (10-15ml) were collected immediately after delivery of
healthy newborns, avoiding contamination by the maternal blood.
Maternal venous blood (20mls) was collected, before labour,
after informed consent from 16 subjects (median age 26, range
22-35 years). Blood samples were also obtained from 7 healthy
unrelated male volunteers (23-45 years) as controls. Blood
collection for research purposes in this study was approved
by Beijing Medical Bureau, China.

WBC count and mononuclear cell separation

All blood samples were collected in heparin tubes and analysed
within 3 h of sampling. Full blood counts, including white cell dif-
ferential counts, were performed using an automatic blood cell
counter (STKS, San Diego, CA, USA). Ficoll-Hypaque (Sigma,
St Louis, MO, USA) density gradient (d = 1-077) centrifugation
was performed for isolation of mononuclear cell. In the cases of
fetal and neonatal cord blood samples, lysis buffer (Gibco, New
York, NY, USA) was used to lyse the remaining red blood cells
(RBC) in the cord blood mononuclear cell (CBMC) preparation.

Fluorescence staining and flow cytometric analysis
Mononuclear cells (10° cells/100 ul PBS) were stained with FITC-
or PE-conjugated mAbs against CD3, CD4, CDS, CD34, CD45,
CD16, TCR-off or TCR-95 (all from Immunotech, USA) in dif-
ferent two colour combinations for 45 min on ice. After 3 washes
in PBS containing 1% BSA, the cells were analysed on a FACScan
440 machine (BD, Franklin Lakes, NJ, USA), collecting 10 000
evens for each sample. Fluorescent mAb against CD45 (common
leucocyte antigen) was used to identify and gate the leucocytes,
thereby minimizing the interference of contaminating erythro-
cytes (CD457) in CBMC preparations. PE-labelled anti-CD71
mADb was used, in selected experiments, to quantify CD71*/CD45"
erythrocytes in CMBC. Lysis II-VerC software (Becton-Dickson,
Rutherford, NJ, USA) was used for data analysis.

Proliferation assays

Mononuclear cells (4 x 10°) were incubated in 96-well round-
bottomed plates (Nunc, Roskilde, Denmark) in the presence, or
absence, of PHA or irradiated stimulator cells (e.g. allogeneic
PBMC) in a total volume of 200 ul RPMI-1640 (Sigma) supple-
mented with human AB serum (5%), glutamate, penicillin/strep-
tomycin (Gibco). Triplicate wells were dispensed for each
stimulator group. The cultures were incubated at 37°C and 5%
CO, for 3-4 days. In the last 8 h of incubation, 0-5 uCi *H-thymi-
dine (*H-TdR, BRM Inc., Beijing, China) was added into each
well. The cells were harvested, using a 96-well plate harvester
(Tomtec, USA), onto fiberglass filters and radioactivity on the
filters counted in a MicroBeta Trilux LSC counter (EG & G
Wallac, Turku, Finland).

Cytokine analysis

Mononuclear cells (2 x 10°) were incubated in RPMI-1640
supplemented with AB serum (5%), glutamate, penicillin/
streptomycin (Gibco), in the presence of PHA (5 ug/ml) on 24-
well Costar plates for 48 h days before the supernatant was
harvested. Concentration of 1L-2, IL-4, IL-6, IL-10, TNF-¢ and
IFN-yin the samples were quantified using ELISA kits purchased
from Endogene (Woburn, MA, USA).

Statistical analysis

Cord blood samples were stratified into 2 groups representing
fetuses (gestation weeks 18-36) and neonates. All data are given
as mean + SEM. Statistical comparisons were performed using
statistical software SPSS-10-0. P-value < 0-05 by 2-sided test was
considered significant.

RESULTS

High percentage of lymphocytes in fetal WBC

Absolute counts of fetal and neonatal WBC were lower than that
of pregnant women (Table 1). However, percentage of lympho-
cytes in fetal WBC was approximately 79-3%, much higher than
that of the neonates (40%) and pregnant women (21-2%). When
percentages of lymphocytes in WBC were plotted against gesta-
tion ages of the fetuses and newborn babies, an inverse linear cor-
relation was clearly demonstrable (r = —0-798, Fig. 1). Progenitor
cells are similar to lymphocytes in size and the two populations
of cells are not easily distinguishable in WBC counting, raising
the possibility that progenitor cells in fetal blood might cause
significant distortion to the lymphocyte counting results in our
experiments. To address this question, mononuclear cells were
prepared from fetal blood samples (median gestation weeks: 23,
n =10) and analysed for frequency of CD34" cells by flow cytom-
etry. CD34" cells accounted for about 6-2% in fetal CBMC, similar
to that (5%) in fetuses of 7-17 weeks of gestation, as reported by
Compagnoli et al. [22].

T cell subsets in fetal blood

The frequency of CD3" cells in CBMC of fetuses (40-1%) and
neonates (42-4%) were significantly lower than that of pregnant
women (53-6%) (Table 1) and male adults (59:6 £ 14-6%, n =7).
Fetuses appeared to have fewer CD8" T cells (9:5%) compared
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Fig. 1. Correlation between percentage of lymphocytes in WBC and ges-

tation age Absolute WBC counts were performed on cord blood samples

from 19 healthy fetuses and 16 term newborns. Percentages of lympho-

cytes in WBC are plotted against gestation weeks. First-degree regression
shows an inverse linear correlation between the two, r = —0-798.
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Table 1. Phenotype analysis of T lymphocytes in fetal, neonatal and maternal blood

Fetuses Neonates Preg. women
(n=19) (n=16) (n=16)
WBC ( x 10°1)% 4-8+1-1 3:0£32 88£0-5 <0-003%#*
Percent lymphocyte§ 79:3 £ 142 40+ 81 212 £54 <0O-007 # ket
Surface markers{
CD71*(n=4) 4-8+19 0-9 £0-6 ND <0-05%**
CD34* 62 £0-8 (n=10) 2803 (n=4) ND
CD3* 40-1 £49 42-4£75 53:6 £122 <0-05%#*
CD4* 289 £3-7 259 %55 282+93
CD8* 9-5+£37 157 +22 232+£92 <O-QOS5# skosstn
CD4" CD8* 0-8£0-1 0-8£0-1 06 £0-5
CD4/CDS8 3404 2:4+£02 12+03 <0-05%**
TCR-of* 299+£64(n=15) 307+6(n=12) 427 £ 3-8 <0-05%##
TCR-y0" 0-5£03 (n=15) 07£03 (n=12) 70+23 <0-05%#*
CD16" (n =10) 48+13 12:0 £29 193+13 <0-05%**

(a) Statistical differences between groups. *: Fetuses compared with pregnant women (PW);
**: Neonates compared with PW; *##*: Fetuses compared with neonates. Only statistically significant

differences are indicated.
(b) Absolute leucocyte counts.

(c) Percentage of lymphocytes in WBC with nucleated red blood cells corrected.

(d) Mononuclear cells were prepared and analysed by flow cytometry. The means of percentage of
cells positive for each or combination of two of the indicated surface antigens are shown, as well as
SEM for each population of cells. Total numbers of subjects included were 19 fetuses, 16 neonates and
16 pregnant women. Because of limited blood volumes, the number of samples analysed for individ-
ual markers may be less than the total number and these are indicated in brackets. Seven unrelated
male adults were also included in the study, although the data are not shown in the table.

(e) ND: Not determined.
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Fig.2. Correlation between the ratio of CD4*/CD8" T cells and gestation
age Percentage of CD4" and CD8" T cells in CBMC from 19 fetuses and
16 healthy newborn babies were determined by flow cytometry. CD4/CD8
ratios are plotted against gestational weeks. First-degree regression shows
an inverse linear correlation between the two, r = —0-609.

to neonates (15-7%) and a negative correlation between the ratio
of CD4*/CD8" T cells in CBMC and gestation age could also
be established (r = —-0-609, Fig. 2). Percentage of CD4 and CD8
double positive cells was less than 1% in all three groups. Pro-
portion of TCR-y5" cells in fetal (0-5%) and neonatal (0-7%)
CBMC was only about a tenth of that in pregnant women (7%,
Table 1). Percentage of CD16" cells (mainly NK) in fetal CBMC
(4-8%) appeared to be lower than that of the neonates (12%) and
adults (19-3%) (Table 1).

Proliferative responses of fetal CBMC in vitro

To investigate the functional properties of fetal T lymphocytes,
fetal, neonatal and adult mononuclear cells were stimulated with,
or without, irradiated allogeneic cells or PHA (a useful T cell
mitogen) in proliferation assays. The spontaneous proliferation of
fetal and neonatal CBMC in vitro was vigorous, while that of the
peripheral blood mononuclear cells (PBMC) from pregnant
women and male adults was minimal (Fig. 3 and Table 2).
However, fetal and neonatal T cells responded poorly, in com-
parison to adult cells, to stimulation with either PHA (Fig. 3) or
allogeneic stimulator cells (Table 2). Fetal CBMC contained effi-
cient antigen presenting cells (APC) as they induced vigorous
proliferation of adult T cells in one-way mixed lymphocyte
response (MLR) (Table 2).

Cytokine production

Ability of making cytokines reflects the maturational status of T
lymphocytes. As illustrated in Fig. 4, fetal T cells appeared unable
to make any IL-2, IL-4 and IFN-y, which is in contrast to neonate
T cells that secreted modest amount of these cytokines, especially
after stimulation with PHA. CBMC from both fetuses and
neonates spontaneously secreted IL-10, IL-6 and TNF-o in vitro.
Stimulation with PHA up-regulated the production of these
cytokines substantially.

DISCUSSION

Leucocyte counting results showed that percentage of lympho-
cytes in fetal WBC was about 79-3%, reducing to 40% by the end
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of the pregnancy (Table 1; Fig. 1). CD34" progenitor cells
accounted for 6:2% in fetal CBMC, they were therefore unlikely
to cause significant distortion to the lymphocyte counting results.
Furthermore, the lymphocyte counts of cord blood samples were
corrected for nucleated RBC. The high percentage of lympho-
cytes in fetal blood is therefore more likely the results of lym-
phocytes gaining populational homeostasis ahead of myeloid cells
(granulocytes and megakaryocytes) during prenatal development.

Separation of mononuclear cells from cord blood faces the
problem of contamination by nucleated RBC, which may inter-
fere with the phenotypic analysis of lymphocyte subsets in flow
cytometry. We combined the density gradient centrifugation and
blood lysis methods when preparing CBMC. The results were
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Fig. 3. Proliferative responses of mononuclear cells from fetuses, neonates
and adults. Mononuclear cells (2 x 10° cells/well) from a fetus (Fetal), a
term newborn (Cord), delivered by caesarean section, a pregnant woman
(PW) and an unrelated male adult (Men) were cultured in the presence
(M), or absence (0J), of PHA on 96-well plates for 72 h. *H-TdR was added
to the cultures for the last 8h of the incubation before harvesting. The
results are expressed as *H-TdR incorporation (CPM). This is a represen-
tative of 5 experiments using blood samples from different subjects. Four
out of the 5 neonates were delivered by elective caesarean section.

satisfactory because that percentage of CD71" cells (mostly RBC)
in fetal CBMC prepared this way was less than 5% (Table 1).
The use of fluorescent mAb against CD45 to identify and gate the
leucocytes also helped to minimize the influence of contaminat-
ing RBC in our flow cytometric analysis.

Different proportions of lymphocyte subsets in fetal
[15-17,19-21] and neonatal [7,10,11,14] CBMC have been
reported by previous investigators. We confirmed the previous
reports that neonatal [7,10,14,20] CBMC contained 40-55% CD3"*
T cells, vs. 60-75% in adults. Our data and that of the others
[14-20] suggest a gradual expansion, from early fetal life to time
birth to adults, of y5-T-cells, NK and CD8" T cells in the periph-
ery. We also demonstrated that there is an inverse linear correla-
tion between fetal CD4/CDS ratio and gestation age, which is in
agreement with previous studies [16-20]. Kutvirt and colleagues
[23] argued that density gradient centrifugation could result in
higher CD4/CDS8 ratio. However, our results on CD4/CD8 ratio
are comparable to that reported by previous workers who used
the whole blood lysis technique alone [17,19,20].

The assay of cytokine production by T cells during gestation
may provide valuable insights into the developmental mecha-
nisms underlying T cell maturation and also fetal-maternal inter-
action. It has been demonstrated that CBMC of term newborns
have a reduced capacity to secret IL-10 [8], IL-4, IFN-y [12,13]
and TNF-a [7], although they produced significant amount of
GM-CSF [7]. Williams et al. [1] have shown that fetal T cells spon-
taneously produced IL-13 in vitro. In our study, fetal T cells were
unable to make IL-2, IL-4 and IFN-y, but they secreted modest
amount of IL-6 and IL-10 (Fig. 4). These results are in line with
the notion that Th2 cytokines (including IL-10 and IL-13) might
play an important role in fetal-maternal interaction during preg-
nancy [24,25]. Production of IL-6, IL-10 and TNF-« by fetal and
neonatal CBMC was even more impressive following PHA stimu-
lation (Fig. 4). IL-6 and TNF-o are the so-called endogenous
pyrogens (IL-1, IL-6 and TNF-¢) involved in innate immune
responses. More importantly, IL-6 induces an increase of circu-
lating neutrophils that are summoned from the bone marrow

Table 2. Proliferative responses of fetal, neonatal and maternal mononuclear cells in MLR

Irradiated stimulator cells

Responders Fetal CBMC Neonatal CBMC Mother-F PBMC Mother-N PBMC
Fetal CBMC 1-0 (ALR) 0-8 16 2:6

Neonatal CBMC 22 1-0 (ALR) 31 39

Mother-F PBMC 31 62 1-0 (ALR) 59

Mother-N PBMC 56 12-2 ND 1-0 (ALR)

+ Mononuclear cells (Responders) from a fetus-mother (Mother-F) and a neonate-mother (Mother-

N) pair were cultured either alone (autologous lymphocyte response, ALR) or in the presence of irra-
diated mononuclear cells (Stimulators) from the other three donors (mixed lymphocyte response,
MLR) for 4 days. *H-TdR was added to the cultures for the last 8 h of the incubation before harvest-
ing and then *H-TdR incorporation (CPM) determined. The readouts (*H-TdR incorporation) of spon-
taneous proliferation (i.e. ALR) of fetal, neonatal, mother-F and mother-N mononuclear cells were
12 004 + 1432CPM, 7568 + 634CPM, 504 + 98CPM and 489 + 102CPM, respectively (also see Fig. 3).
The proliferation results of the responder cells are expressed as stimulation index (SI). SI = MLR-
readout (CPM)/responder-alone-readout (CPM). SI of ALR is 1. Note that the spontaneous pro-
liferation of fetal CBMC was over 20 times higher than that of adults. This is a representative of
6 experiments, using blood samples from different subjects.
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Fig.4. Cytokine production by fetal and neonatal CBMC CBMC from a fetus (Fetal) and a term neonate (Cord), delivered by caesarean
section, were cultured in the presence (PHA), or absence (Medium), of PHA in 24-well Costar plates for 48h. The culture supernatant
was harvested and concentration of (a) IL-2, IL-4 and IFN-y and IL-10 and (b) TNF-o and IL-6 determined by ELISA. The results are
expressed as pictograms of cytokine in 1 ml supernatant. This is a representative of 5 experiments using blood samples from different sub-
jects. Four out of the 5 neonates were delivered by elective caesarean section.

[26,27]. Such a function of IL-6 may be of great importance in
supporting the expansion of myeloid cells during development.
The increased TNF-¢, IL-10 and IL-6 responses of CBMC to
PHA stimulation (Fig. 4) suggest that at least some of these
cytokines were contributed by fetal T cells. However it must also
be noted that IL-6, IL-10 and TNF-« can also be synthesized by
activated monocytes and macrophages. Steinborn et al. [28] iden-
tified myolomonocytic cells as the main producers of IL-6 in
neonatal cord blood. They also demonstrated that spontaneous

labour at term was associated with fetal monocyte activation and
IL-6 production [28]. In addition, Thilaganathan et al. [29] docu-
mented that term neonates delivered vaginally had significantly
higher median values for neutrophils, monocytes, and natural
killer cells in their umbilical cord blood, compared to that
obtained from normal pregnancies delivered by elective cae-
sarean section. In our study, four out of the 5 neonates included
in cytokine assays were delivered by elective caesarean section.
The cytokine production pattern of CBMC from the one
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delivered spontaneously via the vaginal route was not significantly
different from the others (not shown). It should be emphasized
that the leukocytosis and activation effect associated with spon-
taneous labour seemed selective for innate immunity. No evi-
dence was found for activation of cord blood T cells in association
with spontaneous term labour [28,29].

Fetal CBMC proliferated more vigorously in a spontaneous
fashion compared to that of term newborns and adults (Fig. 3). It
is highly unlikely that fetuses had plentiful autoreactive T cells
that responded to autologous cells in the culture. We reckon
that lack of effective regulatory (suppressor) T lymphocytes in
fetal and neonatal CBMC is perhaps a more likely explanation,
although proliferation of progenitor cells could not be ruled not
completely. Fetal CMBC responded poorly to mitogen or allo-
geneic stimulation in vitro (Table 2, Fig. 3), however, they induced
vigorous proliferation of adult PBMC (Table 2), suggesting that
fetal CBMC contained very efficient APC. The main classes of
APC in CBMC are dendritic cells and monocytes, it is of impor-
tance to investigate the phenotypic and functional status of these
cells in future studies.

Maternal blood samples were used as controls through
out this study, although samples from 7 male adults were also
analysed for proportions of CD3*, CD4*, CD8" and CD4*/CD8&* T
cell subsets. It is possible that pregnancies may cause alterations
in components of the maternal immune system. However, if
one considers the fact that pregnancies may affect the immune
systems of the mother and the fetus in a similar way, then
maternal blood may be more favourable as controls in a study like
ours. Furthermore, it is also evident that alterations in maternal
cellular immunity during pregnancy are not very significant
[30-36].
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