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ABSTRACT: The cellular aspects of the immunologic development
of the fetus during pregnancy have been studied mainly in popula-
tions living in economically well developed countries, and there is no
data concerning variation of the neonatal cellular immune system in
geographically distinct areas with different environments. Here, we
report a comparative immunologic marker analysis of the circulating
mononuclear cell subsets in unstimulated cord blood of newborns
from Gabon and Austria, assessing the activation and maturation
status of T and B lymphocytes as well as antigen-presenting cells.
Cells and markers hypothesized to be modulated by frequent expo-
sure to microorganisms and parasites such as regulatory T cells and
the expression of toll-like receptor 2 on antigen-presenting cells were
also studied. We found marked differences in terms of expression of
immunologic markers between the two populations, pointing to a
comparatively enhanced maturation status of the neonatal immune
system in general in the African setting. The observations suggest
that environmental factors, including differential exposure to
pathogens as well as nutritional differences, may have substantial
impact on the development of the fetal immune system. (Pediatr
Res 64: 631–636, 2008)

Vaccination is a cost-effective measure for preventing
infectious diseases in early life. In an immunologic con-

text, an important issue, concerning more than 353,000 hu-
mans born daily (https://www.cia.gov/library/publications/
the-world-factbook/index.html), is the development of the
immune system during gestation. Available evidence suggests
that, genetic predispositions aside, neonatal immune responses
reflect the in utero exposure of the fetus to antigens and
consequent immune priming (1–9). Clearly, the maternal “en-
vironment,” which includes metabolism-, nutrition- and
pathogen-related factors, will play a role here. In fact, most
investigations to date have focused on in utero exposure to
allergens as reflected by altered cord blood mononuclear cell
(CBMC) responses to distinct antigens. More general aspects

of fetal cellular immunologic development have not been
studied extensively, and the possible variation in neonatal
cellular immune responses as a function of distinct geograph-
ical environmental exposure has not been investigated.

The study described here compared mononuclear blood cell
phenotypes of neonates born to mothers living in two geo-
graphically distinct environments: a semiurban area in Central
Africa and an urban area in Central Europe. The distribution
of subsets of mononuclear blood cells and markers known to
indicate exposure to antigens (10) or pathogen-associated
molecular patterns (PAMPs) (11,12) were studied. Particular
attention was given to the regulatory T cells thought to
robustly develop in areas where environmental exposure to
pathogens is intense (13).

SUBJECTS AND METHODS

Study population. In the maternity departments of the Albert Schweitzer
Hospital and the General Hospital of Lambaréné, Gabon, and the General
Hospital in Vienna, Austria, umbilical cord blood was collected after delivery
and before placental expulsion into heparin-containing tubes and processed
within 8 h after delivery. Eligible women were those who gave vaginal
delivery to a full-term singleton child and who met the following criteria 1)
absence of signs of acute illness and 2) no history of chronic diseases such as
AIDS, diabetes, asthma, or hepatitis. Lambaréné with approximately 20,000
inhabitants situated in a tropical rainforest area, where viral, bacterial, and
parasitic infections are endemic (14). HIV was not routinely screened when
the study took place, but the prevalence of HIV in childbearing women in
Lambaréné was estimated to be �4% from data obtained in the mother-to-
child HIV transmission clinic of the Albert Schweitzer Hospital in 2003
(Adegnika A.A., et al., unpublished data).

In Lambaréné and Vienna, the study was approved by the ethics committee
of the International Foundation of the Albert Schweitzer Hospital and of the
Medical University of Vienna, respectively. Informed consent has been
obtained in both places.

Plasmodial parasite detection. Parasites were detected microscopically in
maternal peripheral, placental, or cord blood smears and quantified using a
previously described method (15).

CBMC isolation and flow cytometric acquisition. CBMC were isolated by
centrifugation over Ficoll-Hypaque (Apotheek AZL, The Netherlands). Cells
were fixed in 3.7% formaldehyde (Sigma Chemical Co.), cryopreserved in
10% DMSO (DMSO, Fluka Chemie, Swiss)-containing medium and stored at
�80°C until analysis. This method preserves the exact ex vivo status of the
cells. For analyses, cryopreserved CBMC were thawed, washed twice with
RPMI medium (Invitrogen, Breda, The Netherlands), and diluted in fluores-
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cent-activated cell sorting (FACS) buffer (PBS containing 5% BSA, 1%
human serum, and 5% FCS) to a concentration of 1 � 106 cells/mL. For
staining, cells were incubated with 20 �L (diluted 1:2 up to 1:200) specific
monoclonal antibodies (mAb) for 30 min in the dark on ice. Then cells were
washed twice with FACS buffer for extracellular staining or with permeabi-
lization buffer (eBioscience, ITK Diagnostics BV, The Netherlands) for
intracellular staining. mAb were added to each incubation step in optimal
dilutions. Finally, the cells were resuspended in 150 �L FACS buffer, and
stored in the dark at 4°C until analysis.

The mAb (all Becton Dickinson, San Jose, CA) used in this study were
specific for cluster differentiation (CD) and were conjugated to fluorescein
isothiocyanate for CD3, CD4, CD19, CD25, CD27, CD38, lin (lineage
marker-negative) 1-, Forkhead box P (Foxp) 3; phycoerythrin for CD3, CD8,
CD28, CD69, CD152, T2.5, blood dendritic cell antibody (BDCA)-4; peri-
dinin chlorophyll a protein for CD4, CD8, CD14; or allophycocyanin for
BDCA1, CD3, CD5, CD25. mAb were purchased from eBioscience, Inc., San
Diego, CA and from Miltenyi Biotec, Bergisch Gladbach, Germany to
identify the different cell subsets. mAb were diluted to an optimal concen-
tration in FACS buffer (for extracellular stainings) or in eBioscience perme-
abilization buffer for intracellular staining. A minimum of 50,000 events for
each cell preparation was acquired using a FACSCalibur flow cytometer
(Becton Dickinson, San Jose, CA) equipped with a 488-nm Argon and a
635-nm diode laser, allowing four-color fluorescence data acquisition.

Analysis of flow cytometric data. T cell subsets were defined as cells
expressing CD4� (T helper cells) and CD4� and CD25�� (regulatory T
cells). Additional markers to define regulatory T cells included cytotoxic T
lymphocyte antigen (CTLA)-4 (CD152) and Foxp3. CD4� cells were further
characterized using antibodies to CD38, CD27, and CD28. B cells were
identified as those expressing CD19, and B cell subsets additionally on CD5
expression. Furthermore, monocyte subsets were characterized by the expres-
sion of CD14. Expression of toll-like receptor 2 (TLR 2), mainly expressed on
dendritic cells (DC), monocytes, and B cells, was also assessed. A lineage
marker antibody cocktail (CD3, CD14, CD16, CD19, CD20, CD56) was used
to exclude non-DC (lin�) cell populations. Myeloid (mDC) and plasmacytoid
(pDC) subtypes were identified, respectively, as BDCA-1� and BDCA-4�

cells within the lin� cells. Results were expressed as the percentage of
positive cells within the selected gate or as geometric mean fluorescence
intensity index (GMFI) as for a measure of the expression level per cell.
However, when all cells in a given gate expressed a given marker, only the
GMFI could be presented, and conversely, when a distinct subpopulation of
cells could be identified, no GMFI measurements were determined.

Statistical analysis. The statistical analyses were performed with the SPSS
software package version 14 (SPSS Inc., Chicago, IL). For normally distrib-
uted data, t-test was used for comparison of continuous variables and Pear-
son’s �2 test for comparison of proportions. For variables that were not
normally distributed data, the nonparametric Mann-Whitney U-test was used
to determine the differences between variables and Spearman’s test for
correlations. Differences were considered statistically significant at the level
of p � 0.05.

RESULTS

Description of study population. The study population
comprised of 51 Gabonese and 26 Austrian women and their
offspring. The population characteristics are listed in Table 1.
The groups were comparable for parity as well as newborn’s
gender but not for maternal age and newborn weight at birth.
Because of, at times, technical insufficiencies, not all 51
Gabonese samples could be used in every staining. Plasmo-
dium falciparum infection at delivery was found in 15 of the
Gabonese women (29%).
Composition of cord blood cell populations. The compar-

ison of the different cell populations in the two groups indi-
cated significant differences in mononuclear cell subsets (Ta-
ble 2). There was no difference between the proportions of
CD3� cells, but the percentage of CD8� cells was higher in
Gabonese CBMC samples, whereas the percentage of CD4�

cells was significantly higher in Austrian CBMC (Table 2).
There were no differences in percentages of B lymphocytes
(CD19� cells), but Gabonese had significantly higher percent-

age of monocytes (CD14� cells). Lastly, we found a signifi-
cantly higher percentage of mDC (lin�, BDCA1� cells) in
Gabonese CBMC but a significantly lower proportion of pDC
(lin�, BDCA4� cells) in the same samples compared with
Austrian CBMC (Table 2).
Maturation status of lymphocytes in cord blood. A panel of

markers for T cells (CD27, CD28, CD38, CD69) and B cells
(CD5) was used to assess their relative maturation status. In
Gabon cord, CD4� cells’ expression of CD38 was signifi-
cantly lower than in Austria, as was the expression of the two
activation markers, CD27 (Fig. 1) and CD28 (11% versus
43%, p � 0.001). The proportion of CD4� cells expressing
CD69, a marker for recently activated cells, however, did not
differ between the two populations. The loss of expression of
CD5 on CD19� cells indicates antigen exposure. In Gabon
CBMC contained a significantly higher percentage of CD5� B
cells than in Austria (Fig. 1).
Markers for regulatory T cells subset in cord blood. The

characterization of CD4� T cells with a regulatory phenotypic
profile relied on the use of antibodies with specificity for cell
surface (CD25, CD152) and intranuclear (Foxp3) markers.
The percentage of CD4� cells expressing high levels of CD25
(CD25��) was significantly lower in CBMC from Gabonese
compared with Austrians (0.04% versus 0.08%, p � 0.004)
and, as shown in Figure 2, the same pattern applied to the
expression of both CD152 (CLTA-4) and Foxp3 in the sub-
population of CD4�CD25�� cells. Of note, the expression of
CD152 (CTLA-4) and Foxp3 by CD4�CD25�� cells was
markedly higher than that of CD4�CD25� cells in CBMC of
both Gabonese and Austrians (Fig. 3), suggesting that, al-
though not specifically determined here, CD4�CD25�� cells
are indeed likely to display regulatory function. We noted a
significant correlation between %CD25�� and %CD69� pos-
itive CD4 cells (r � 0.521, p � 0.001, Spearman correlation)
suggesting that most CD25�� cells are recently activated
cells; however, as we did not have staining data for CD69 and
CD25 on the same cells, we do not know whether the regu-
latory T cells are recently activated or not.
Expression of toll-like receptor 2 on B cells, monocytes,

and dendritic cells. We assessed the expression of TLR 2
because i) it is known to recognize the broadest array of

Table 1. Characteristics of study population

Lambarn,
Gabon

Vienna,
Austria p

Numbers of subjects 51 26
Mean age of mother at

delivery (SD)
25 (7) 32 (6) �0.001*

Parity-status of mother
Primiparus, n (%) 16 (31) 4 (15) ns†
Multiparus, n (%) 35 (69) 22 (85)

Gender of newborn
Male, n 30 14 ns†
Female, n 21 12

Mean new born weight,
g (SD)

3039 (414) 3334 (505) 0.008*

* t test.
† Pearson �2 test.
SD, standard deviation; ns, not significant.
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PAMPs and ii) a well-characterized and directly labeled anti-
TLR 2 antibody is commercially available. The percentage of
cells expressing TLR 2 and the mean level of TLR 2 expres-
sion per cell are given in Fig. 4. In Gabon CBMC, monocytes
showed a significantly lower level of TLR 2 expression,

whereas the percentage of TLR 2� B cells was significantly
higher than in Austria, but the percentage of TLR 2� mDCs
was significantly lower in Gabonese compared with Austrians.
Associations between dendritic cells, T cell activation

markers, and T regulatory cells. Because DCs are considered
to play an essential role in the activation of naive T cells, we

Figure 1. Relative maturation status of the T (A) and B (B) cells determined
by measuring expression of CD27 and CD38 on T cells (CD4�) and CD5 on
B cells (CD19�). Lines indicate median values for each group. **p � 0.001.

Figure 2. The percentage of CD152 (CLTA-4) and Foxp3 expression by the
subpopulation of CD4�CD25�� cells in Austrian and Gabonese CBMC. The top,
bottom and line through the middle of the box correspond to the 75th, 25th, and 50th
percentile, respectively. The whiskers correspond to 10th and 90th percentile. **p �
0.001.

Figure 3. The expression of CD152 (CTLA-4) (A) and Foxp3 (B) by CD4�

cells in Austrian and Gabonese CBMC. The top, bottom and line through the
middle of the box correspond to the 75th, 25th, and 50th percentile, respec-
tively. The whiskers correspond to 10th and 90th percentile. p values are
indicated. **p � 0.001, †p � 0.004.

Table 2. Cell composition of cord blood mononuclear cells from Gabonese and Austrian neonates

Cell surface marker

CBMC Gabon CBMC Austria

p*% positive cells n % positive cells n

T cells
CD3�† 57 (53–62) 45 55 (51–61) 26 ns
CD4�‡ 71 (68–73) 45 76 (73–79) 26 0.01
CD8�‡ 23 (20–25.5) 37 19 (17–22) 26 0.03

B cells
CD19�† 12 (11–14) 37 15 (12–18) 26 ns

Monocytes
CD14� 11 (9–13) 47 4 (3–6) 26 � 0.0001

Dendritic cells
BDCA1� (mDC)§ 8.3 (6.0–12.4) 44 1.9 (1.4–2.6) 26 � 0.0001
BDCA4� (pDC)§ 0.7 (0.4–1.0) 45 1.8 (1.3–2.4) 26 0.002

Data are expressed as geometric mean (95% CI).
* Mann-Whitney U-test.
† On lymphocytes.
‡ On CD3� cells.
§ On lin� cells.
CI, confidence interval; ns, not significant; n, number of samples.
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determined their relationship with the different T cell pheno-
types examined. Significant associations were found only in
CBMC from Gabonese, in which BDCA4� (pDCs) but not
BDCA1� (mDCs) cell percentages were correlated with the
level of expression of CD27 on CD4� cells (p � 0.001, r �
0.66). With respect to regulatory T cell phenotypes, the per-
centages of both BDCA1� and BDCA4� cells were correlated
with the level of expression of Foxp3 in CD4�CD25�� cells
(BDCA1: r � 0.56, p � 0.011, BDCA4: r � 0.48, p � 0.033).

DISCUSSION

Cord blood cells from African and European neonates
showed remarkable differences in terms of activation and
maturation of the B and T cell compartment and in distribution
of cell subsets and the expression of pattern recognition
receptors. The data obtained from the Austrian group were in
agreement with data from a study on cord blood of Italian
newborns (16). In our study, Gabonese neonates showed a
lower expression of costimulatory markers, CD27 and CD28,
within the CD4 compartment compared with Austrians. As
these markers have been shown to be down-regulated on
antigen-experienced cells (17), the results suggest that neona-
tal T cells from Gabonese are highly differentiated from a
naive phenotype. Additionally, the expression of CD38, a
multifunctional protein, known to be highly expressed on
thymic and unprimed cord blood CD4� T cells (18,19), was
also lower in Gabonese. However, CD69 expression, an early
activation marker on T cells (20,21), was similar in the two
populations, suggesting that stimulations leading to the matu-
rity of the cells might be of a chronic nature.

Not only the CD4� T cells but also CD19� B cells were
found to be in a mature and adult-like state. B cells carrying
the CD5 surface marker (B-1 cells) are considered immature,
functionally “naı̈ve,” and constitute a minority subset in adults
compared with newborns (22,23). Thus, finding a lower ex-
pression of CD5 on B cells within the Gabonese samples
might be additional evidence for a further maturation of the
fetal immune system in Gabon.

The CD4� T cells were further analyzed in terms of mark-
ers associated with T regulatory cells. One of the best-
characterized regulatory T cell subsets are the CD4� cells
expressing high levels of CD25 (CD4 �CD25��) cells, which

suppress activated T cells (24 –28). The function of
CD4�CD25�� T cells is dependent on signaling via the
cytotoxic T lymphocyte-associated antigen (CTLA)-4
(CD152), which is constitutively expressed by these regula-
tory T cells (29,30). In addition, regulatory T cells express
Foxp3, which is a key transcription factor in their develop-
ment and function (20). We showed a decreased expression of
the percentage of CD4�CD25�� cells and of the intracellular
expression of Foxp3 and CD152 within these cells in Ga-
bonese compared with Austrians. In cord blood samples, both
from Gabon and Austria, the highest expression of Foxp3 and
CD152 was within the CD4�CD25�� group compared with
the CD4�CD25� group suggesting that T regulatory cells may
occur particularly in the group of CD4�CD25�� cells. There-
fore, our data indicate that regulatory T cells might be less
abundant in Gabonese neonates. Interestingly, CD69 expres-
sion was correlated with CD25 suggesting that in cords with
recently activated CD4� cells, the regulatory T cell numbers
are higher.

In the antigen-presenting compartment, a 2-fold higher
percentage of monocytes in the Gabonese was found com-
pared with Austrians. Increased percentages of monocytes
have been reported in adults compared with cord samples (31),
indicating that higher percentages of monocytes in Gabonese
neonates might be a reflection of an “adult-like” immune
system. Moreover, the percentage of myeloid DCs was sig-
nificantly higher in Gabonese compared with Austrian neo-
nates. Recently, a high percentage of mDCs in cord blood of
neonates born to mothers with malarial infection has been
reported (32). The higher ratio of mDCs to pDCs is also seen
in adults experiencing P. falciparum infection that leads to a
lower percentage of pDCs (33). Therefore, the higher expo-
sure to pathogens in Gabon, such as P. falciparum, might be
leading to an increased percentage of mDCs and lower per-
centage of pDCs in Gabonese neonates. Here, we found no
significant differences in the ratio of mDCs/pDcs in cord of
neonates born to plasmodia infected and noninfected mothers;
however, we expect that a larger sample size is needed to
show a significant effect of malarial infection on the immune
system.

Taken together, the mDCs, monocytes, and the activation
markers on CD4 cells and results with lower frequency of the
regulatory T phenotype in Gabonese support the notion, that
the neonatal immune system in Gabon has a more activated/
stimulated phenotype compared with the Austrian situation.

Recently, it has been shown that maturing pDCs have an
intrinsic ability to inhibit immune responses by inducing
IL-10-producing T regulatory cells (34). Although there are no
data on cord cells, the lower percentage of pDCs may be one
reason for the reduced percentage of regulatory T cells in
Gabonese neonates. Whereas there was no correlation for the
mDCs, the percentage of pDCs was correlated with the ex-
pression of CD27 on CD4� cells in Gabonese. As the presence
of CD27 is thought to indicate a less differentiated CD4 cell,
pDCs and not mDCs seems to be associated with markers
indicative of lower activation.

TLRs are part of the innate immune system and abundantly
expressed by monocytes, DCs as well as B cells. They detect

Figure 4. The percentage of cells expressing TLR 2 on myeolide dendritic
cells (BDCA1�cells) (A) and on CD19� B cells (B) and the level (geometric
mean) of TLR 2 expression per cell on CD14� monocytes (A) is shown. The
top, bottom and line through the middle of the box correspond to the 75th,
25th, and 50th percentile, respectively. The whiskers correspond to 10th and
90th percentile. p values are indicated. **p � 0.001, †p � 0.005.
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conserved PAMPs of bacteria, parasites, fungi, or viruses (35).
For DCs, they play a key role in the initiation of an adaptive
immune response by inducing the maturation and cytokine
production of DCs (36). Whereas the TLR 2 expression level
on monocytes found in Austrians is similar to published
expression levels for cord blood monocytes in European ne-
onates (37), we found a lower TLR 2 expression on mDCs and
monocytes in Gabonese. This could be the result of TLR 2
down-regulation as activated TLR 2-receptors on monocytes
have been shown to be internalized (38). The observation that
TLR 2 expression is higher in B cells might be taken as
contradicting the findings in monocytes and mDCs; however,
it is known that in B cells that have been stimulated via B cell
receptors, TLR expression is up-regulated (39 – 42). The
higher percentage of CD5� B cells in Gabonese neonates
vouches for a higher degree of B cell receptor engagement and
explains the higher expression of TLR 2 on these cells.
Regarding TLR expression, a study conducted in children of
traditional farmers in Switzerland reported a higher TLR 2
mRNA expression in blood cells of children suggesting that
higher exposure to microorganisms in that environment might
drive the up-regulation of the TLR 2 expression (43). It is not
possible to directly compare our results with that of Lauener et
al. because of different measurements used; in our studies, we
have analyzed protein expression on cell subsets, whereas they
measured mRNA expression levels on total cells in peripheral
blood. Moreover, the microorganisms in the farming environ-
ment might be very distinct to what is encountered in Gabon,
and thus, the effect on TLR expression may also be different.
The exact relation of TLR expression and exposure to patho-
gens is not clear and needs to be clarified by using experi-
mental approaches that examines cells after stimulation with
specific ligands derived from different pathogens. With re-
spect to this, when samples originating from Plasmodium-
infected subjects were left out of the analysis, the differences
in the immunologic profiles between Gabonese and Austrians
were still present (a selection of markers is shown in Table 3)
indicating that indeed many additional pathogens may con-
tribute to the alteration in the immune system of Gabonese
neonates.

The data suggest that Gabonese cells exposed to microbial
and parasitic products during fetal life have a more activated
immune system. At this stage, there are little regulatory T
cells, but later in life (in early childhood), this could lead to

increased number of regulatory T cells to keep overt immune
activation under control. However, it has to be noted that we
only measured phenotype, and functional assays need to be
performed in future studies.

In conclusion, the morphologic data we presented need
validation by functional data to gain a better insight of the
discussed mechanisms. However, the differences found are
substantial and suggest that Gabonese neonates have an anti-
gen experienced and mature phenotype as a result of exposure
to products from microorganisms and/or parasites highly prev-
alent in the area. It cannot be excluded that the genetic make
up of the two populations or different nutritional intakes
during pregnancy may also contribute to the shaping of the
neonatal immune system. Larger studies need to be under-
taken to allow full understanding of, at mechanistic level, the
consequences that an altered immune system of a newborn
neonate has on a child’s health in early life.
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