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Little is known regarding the timing of immune ontogeny and effector function in fetal humans and

nonhuman primates. We studied the organization of lymphocyte and antigen-presenting cell populations in
developing lymphoid tissues of rhesus monkey fetuses during the second and third trimesters (65 to 145 days
of gestation; term = 165 days). Immunoglobulin-secreting and cytokine-secreting cells were detected at day 80.
The thymus, spleen, lymph nodes, and intestinal mucosa were examined for cells expressing CD3, CD5, CD20,
CD68, p55, and HLA-DR. In the spleens of 65-day-old fetuses (early second trimester), the overwhelming
majority of total lymphocytes were CD5* CD20™ B-1 cells. The remaining lymphocytes were CD3™* T cells. By
day 80, splenic B and T cells were equal in number. Intraepithelial CD3* CD5~ T cells and lamina propria
CD20™ CD5™ B cells were present in the intestines of 65-day-old fetuses. By day 80, numerous CD20* CD5*
B cells were present in the jejunums and colons and early lymphocyte aggregate formation was evident. The
spleens of 80- to 145-day-old fetuses contained immunoglobulin M (IgM)-secreting cells, while IgA-, IgG-,
interleukin-6-, and gamma interferon-secreting cells were numerous in the spleens and colons. Thus, by the
second trimester, the lymphoid tissues of the rhesus monkey fetus have a complete repertoire of properly

organized antigen-presenting cells, T cells, and B cells.

Some aspects of the development of the human fetal lym-
phoid system and the emergence of phenotypically distinct
lymphocyte subsets have been characterized (5, 17, 24, 34, 41,
48). However, those studies used small numbers of randomly
collected, clinically derived specimens. Furthermore, the na-
ture of these specimens has not permitted analysis of the de-
velopment and location of cytokine-secreting cells and immu-
noglobulin (Ig)-secreting cells (ISCs) in normal human fetal
lymphoid tissues. Although several studies with human neo-
nates have shown that the immune system is fully developed at
birth, the gestational age of emerging immune competence is
not well described (1, 31, 36). The human fetal immune re-
sponses studied to date have been shown to be dominated by
Th2 cytokines such as interleukin-4 (IL-4), IL-5, IL-6, IL-9,
IL-10, and IL-13 (36).

Early in gestation, a population of B cells expressing CD5
characterizes fetal B-cell development. In both mice and hu-
mans, these CD5" B cells are designated B-1a cells to distin-
guish them from a subset of CD5~ B-1b cells with similar
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attributes and from B-2 cells of bone marrow origin (22, 43,
51). The origins of CD5" B cells in humans are believed to be
the omentum, yolk sac, and fetal liver (51); however, the ulti-
mate origin of CD5" B-cell precursors is unclear. Greater than
90% of B cells in human fetal spleen, liver, and lymph nodes
express CD5 throughout gestation (5, 7). B-1 cells produce
low-affinity polyreactive Igs that have been termed natural
antibodies (9, 15, 51). Fetal human and ovine B-1 cells express
major histocompatibility complex (MHC) class II (17, 39), but
fetal mouse B-1 cells do not (23). There is no published infor-
mation on nonhuman primate fetal B-cell development or the
normal ontogeny of lymphocyte subsets in the developing fetal
rhesus monkey (Macaca mulatta) lymphoid system. In recent
years it has become clear that additional information is needed
on the developing rhesus monkey immune system due to the
increased use of this species in biomedical research (13, 14, 44,
45). Rhesus monkeys and humans show similarities in their
immune systems and responses (2, 3, 6, 25, 32, 40); therefore,
rhesus monkeys are appropriate models for humans.

Present knowledge suggests that the newborn immune sys-
tem is still developing compared with the level of development
in the adult. However, the literature on this topic mainly deals
with studies with rodents, but it is noteworthy that the newborn
mouse is developmentally equivalent to a second-trimester hu-
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TABLE 1. Timing of appearance of T cells, B cells, and APCs in spleen, axillary and mesenteric lymph nodes, jejunum and ileum,
and colon of the fetal rhesus monkey

Frequency of the following cell type”

Fetal age (day) Organ CD3" CD20* CD5"* CD20" CD5~ pS5* CD68*
T cells B cells B cells dendritic cells macrophages
65 (n = 3) Spleen 1 3 0 1 3
Axillary lymph node 0 0 0 1 1
Mesenteric lymph node 1 1 0 1 1
Jejunum and ileum 3 1 0 4 2
Colon ND ND ND ND ND
80 (n =7) Spleen® 3 3 0 2 2
Axillary lymph node 2 3 0 3 3
Mesenteric lymph node 2 2 0 1 1
Jejunum and ileum 3 3 0 4 2
Colon 2 2 0 4 1
100 (n = 5) Spleen 4 3 1 3 2
Axillary lymph node® 4 3 1 3 2
Mesenteric lymph node” 2 2 1 2 2
Jejunum and ileum® 4 3 3 4 3
Colon: 3 3 1 4 2
145 (n = 5) Spleen 4 4 1 2 2
Axillary lymph node 4 4 2 4 3
Mesenteric lymph node 4 4 2 4 3
Jejunum and ileum 4 4 2 4 3
Colon 4 4 2 4 3

“ 0, not detected; 1, 1 to 2 cells/high-power field (X40 objective lens); 2, 5 to 10 cells/high-power field; 3, 10 to 50 cells/high-power field; 4, >50 cells/hpf high-power

field; ND, not determined.

’ By this stage of fetal development, compartmentalization into T- and B-cell areas was complete.

man fetus (29). Furthermore, mammalian species with short
periods of gestation have less mature immune systems at birth
than species with long gestational periods (10). In this regard,
rhesus monkey gestation is 5 months, and the hallmarks of
fetal development are very similar to those in the human (47).
In the present study, we characterized the lymphocyte and
antigen-presenting cell (APC) populations in the developing
lymphoid organs of fetal rhesus monkeys from the early second
trimester (day 65 of gestation) to the late third trimester (day
145 of gestation). We found that CD20* CD5™" B-1 cells ex-
pressing MHC class II molecules appear in large numbers early
in the development of peripheral lymphoid organs and intes-
tines. In contrast, CD3" T cells were rare early in the second
trimester but increased in number with advancing fetal age.
The appearance of bone marrow-derived CD20" CD5~ B-2
cells occurred later in gestation. Our findings indicate that
lymphocyte subset differentiation occurs by the early second
trimester, with lymphocytes present in nascent lymphoid tis-
sues. Increasing lymphoid tissue organization into specific T-
and B-cell areas in peripheral lymphoid organs was also evi-
dent later in the second trimester, a time when ISCs and
cytokine-secreting cells were also present in these tissues.

MATERIALS AND METHODS

Fetal tissues. All animal procedures conformed to requirements of the Animal
and Welfare Act, and the study protocols were approved prior to implementation
by the Institutional Animal Use and Care Administrative Advisory Committee at
the University of California, Davis. Normally cycling adult female rhesus mon-
keys (n = 20) were bred and identified as pregnant by ultrasound methods (46).
Lymphoid organs (thymus, spleen, lymph nodes, intestines) were collected from

20 fetuses removed surgically by hysterotomy during the second (day 65 + 2, n
= 3; day 80 = 3, n = 7; day 100 = 2, n = 5) and third (day 145 = 5, n = 5)
trimesters. The gestation length in this species is 165 * 10 days. Tissues from all
fetuses were fixed in 10% buffered formalin, processed for embedment in par-
affin, and then sectioned to a thickness of 5 to 6 um. Representative sections
from all organs were stained with hematoxylin-eosin for morphological assess-
ment. A further 10 to 20 sections were analyzed after immunohistochemical and
double immunofluorescent-antibody staining. Cell suspensions were prepared
from fresh tissues of six of the fetuses for analysis by fluorescence-activated cell
sorter FACS and enzyme-linked immunospot assay (ELISPOT).
Immunohistochemistry and immunofluorescence. The antibodies used in-
cluded rabbit anti-human CD3 (polyclonal T cell; Dako, Carpinteria, Calif.) and
mouse monoclonal anti-human clones of CD5 (clone CD5/54/F6; Dako), CD20
(clone L26; Dako), CD68 (clone KP1; Zymed, San Francisco, Calif.), HLA-DR
(clone LN3; Zymed), and p55 (clone 55K-2; Dako). Fascin (p55) is an actin-
binding protein that is commonly used as a marker for mature dendritic cells
(DCs), in which it is abundantly expressed (28). Fascin is also expressed by some
tumor cells (28). Isotype-matched IgG for the mouse monoclonal antibodies
were used as negative controls and showed no reactivity. In order to enhance
signal detection, all formalin-fixed tissue sections were subjected to antigen
retrieval by immersion in AR 10 solution (Biogenex Corp., San Ramon, Calif.),
followed by heating in a microwave oven on high power (500 to 1,000 W) for 3
min. Further heating was done at the 50% power level for an additional 10 min
with the microwaves cycled on and off every 20 to 30 s. Immunohistochemistry
with an avidin-biotin complex staining system was then performed. All washes
between assay steps were done in phosphate-buffered saline (PBS; pH 7.4).
Briefly, endogenous peroxidases were blocked by incubation with 1% hydrogen
peroxide in PBS-0.5% Triton X-100 at room temperature for 20 min. To block
nonspecific binding, sections were incubated with 10% normal goat serum, fol-
lowed by application of the primary antibody for overnight incubation in a
humidified chamber at 4°C. Biotinylated secondary antibodies were then applied
for 30 min, and then horseradish peroxidase-streptavidin complex was applied
for an additional 10 min. Immunoreactivity was visualized with 3,3’-diaminoben-
zidine, and the sections were counterstained with hematoxylin. Bright-field mi-
croscopy was used to analyze the stained tissue sections, and a subjective score
of the frequency of cell types for each organ was noted (Table 1). Images of
selected sections were digitized with National Institutes of Health Image soft-
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ware and Adobe PhotoShop (version 4.0) installed in a Macintosh computer
(Apple Inc., Cupertino, Calif.).

For double immunofluorescence visualization, fluorescein isothiocyanate (FITC)-
or Texas red-conjugated secondary antibodies (IgG) (Vector Laboratories, Inc.,
Burlingame, Calif.) were sequentially applied at a dilution of 1:50 after application
of the respective primary antibodies. Since the monoclonal antibodies were of mouse
origin (anti-CD20 with either anti-CD5 or anti-HLA-DR), a mouse-on-mouse
blocking step was incorporated by using a commercial kit according to the instruc-
tions of the manufacturer (Vector Laboratories, Inc.). The slides were incubated in
a humidified chamber for 1 h, washed four times with PBS, and mounted with
Prolong antifade reagent (Molecular Probes, Leiden, Oreg.); and the fluorescence
was observed and documented under UV irradiation on a Zeiss Axiophot micro-
scope equipped with suitable filters. Images were captured as described above.

Flow cytometry. Cell suspensions were prepared from fresh fetal tissues pro-
cessed in RPMI 1640 medium. A 50-pl aliquot from each sample was incubated
for 20 min with 10 ul of each primary antibody. The samples were fixed, and the
erythrocytes were lysed with the Coulter Q-Prep/ImmunoPrep system (Beckman
Coulter, Fullerton, Calif.). The monoclonal antibodies used were conjugated
with FITC (anti-CD3e-SP34 and anti-HLA-DR-G46-6 [Pharmingen], anti-IgM
[lot 039; Dako]), phycoerythrin (anti-CD4-M-T477; Pharmingen), allophycocya-
nin (anti-CD20-Leul6; Becton Dickinson, San Jose, Calif.), and peridinin chlo-
rophyll-alpha protein (anti-CD8-Leu2a; Becton Dickinson). After the samples
were stained, they were assessed on a fluorescence-activated cell sorter flow
cytometry system (FACS Calibur; Becton Dickinson). For each measurement, a
maximum of 10,000 gated lymphocyte events were collected. The data were
analyzed with CellQuest software on a MacIntosh G4 computer (Apple Inc.).

Detection of cells spontaneously secreting Igs and cytokines. The frequency of
ISCs was determined by the ELISPOT method (30). To detect IgG ISCs, 96-well
nitrocellulose membrane plates (Millipore Corp., Bedford, Mass.) were coated
with goat anti-monkey Ig (Fab plus Fc)/7s (Nordic Laboratories Inc., Capistrano,
Calif.) at a concentration of 10 wg/ml in PBS (100 wl/well). To detect IgA ISCs,
the plates were coated with rabbit anti-monkey IgA (Nordic Laboratories Inc.)
diluted 1/1,000 in PBS (100 pl/well). To detect IgM ISCs, the plates were coated
with rabbit anti-monkey IgM (Nordic Laboratories Inc.) diluted 1/2,000 in PBS
(100 pl/well). The plates were then incubated overnight at 4°C in a humidified
chamber with RPMI 1640 medium supplemented with 10% fetal calf serum
(FCS). Diluted single-cell suspensions (from 10° to 10* cells in total) of the
various lymphoid tissues were next incubated in the control plates at 37°C with
5% CO, for 16 h. The number of ISCs was determined by developing the plate
with either a biotinylated goat anti-monkey IgG (Fc) (Nordic Laboratories Inc.)
diluted 1/4,000 in 1% bovine serum albumin (BSA)-PBS or biotinylated goat
anti-monkey IgA (Fc) (Nordic Laboratories Inc.) diluted 1/1,000 in 1% BSA-PBS
or biotinylated goat anti-monkey IgM (Fc) (Nordic Laboratories Inc.) diluted
1/1,000 in 1% BSA-PBS, as appropriate. Avidin D-peroxidase (Vector Labora-
tories, Inc.) diluted 1/1,000 in 1% FCS-PBS was added to wells, followed by the
addition of goat anti-avidin D-peroxidase (Vector Laboratories, Inc.) diluted
1/1,000 in 1% FCS-PBS. The plates were developed with the peroxidase sub-
strate 3-amino-9-ethylcarbazole-H,O, (Sigma) in acetate buffer (pH 5.0). Spots,
which represented individual antibody-secreting cells, were counted with a ste-
reomicroscope (Stemi 2000; Carl Zeiss, Munich, Hallbergmoos, Germany) under
X20 or x40 magnification. The results were expressed as the number of ISCs per
10° mononuclear cells (MNCs). The numbers reported are the means for dupli-
cate wells. Negative controls for each sample consisted of the cells added to wells
that were not coated with the anti-monkey IgM, IgG, or IgA antibody. Additional
controls included cell suspensions treated with cycloheximide (3.6 X 10™* or 2 X
1073 M; Sigma) during the incubation period. Treatment with cycloheximide
inhibits Ig and cytokine spot formation by more than 95%.

RESULTS

Lymphocyte populations and tissue distribution during fe-
tal development. (i) Spleen. The overwhelming majority of the
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lymphocytes within the spleens of the fetuses at 65 days of
gestation (the earliest time point studied) were CD20™" B cells
(Table 1 and Fig. 1A). All of the CD20™" cells also expressed
CD5 and were randomly dispersed throughout the spleen, oc-
casionally forming loose aggregates. Relatively few CD3" T
cells were detected, and these were in small, loose clusters
(Fig. 1B). Some B-cell clusters were associated with the ends of
arterioles, consistent with initiation of lymphoid organization
in the spleen. However, no distinct white pulp (WP) areas were
observed in hematoxylin-eosin-stained sections of 65-day-old
fetuses. In spleens collected from fetuses at day 80 of gestation,
immature WP areas were distinct and populated by both
CD20* CD5™" B cells (Fig. 1C) and CD3* T cells (Fig. 1D).
Most of the T cells were organized around arterioles in a layer
two to three cells thick, whereas the B-cell layer was three to
four cells thick. The immature B-cell follicles and the asso-
ciated T-cell compartment of the developing WP were of
similar size in most of the lymphoid aggregates at day 80.
Between days 100 and 145, the splenic WP T-cell compart-
ment increased more rapidly in size than did the B-cell
follicle compartment (Fig. 1E to H). The developing splenic
WP area expanded more rapidly than did the red pulp (RP)
area. Thus, the ratio of the WP area to the RP area changed
from 1:2 at day 80 to 1:1 by day 145. Since germinal centers
are the hallmark of secondary lymphoid follicles, the lack of
germinal centers in the developing splenic B-cell follicles
at all stages studied suggests there was no antigen-driven
clonal expansion of B cells or response within primary fol-
licles.

(ii) Lymph nodes. The mesenteric lymph nodes of day-65-
old fetuses were populated by a small number of CD3™ T cells
(Fig. 2A) and CD20" CD5™" B cells (Fig. 2B) in a ratio of 1:1
(Table 1). In marked contrast to mesenteric lymph nodes, the
axillary lymph node primordia at day 65 did not contain
CD20" CD5™" B cells or CD3™" T cells but did have APCs (see
below). By day 80, all lymph nodes had loose clusters of
CD20" B and CD3™" T cells with some evidence of organiza-
tion into specific B-cell and T-cell compartments (Fig. 2C and
D). The mesenteric lymph node had a higher level of organi-
zation than the axillary lymph node. By day 100, the B-cell and
T-cell areas were more clearly defined (Fig. 2E and F), with the
CD3™" T-cell areas constituting the immature paracortex. The
majority of the CD20" B cells were also CD5™, but some
CD20" CD5™ cells were apparent, largely in the primitive
follicles. The B cells formed a band at the outer margins of the
cortex beneath the subcapsular sinus. In some areas, the B-cell
band was thicker, consistent with early primary follicle forma-
tion. By day 145, the primary B-cell follicles in the outer cortex
were clearly distinct (Fig. 2G), and more than 90% of the cells
in the paracortical area stained intensely for CD3 (Fig. 2H).

FIG. 1. Spleens of fetal rhesus monkeys. At 65 days of gestation, >90% of the lymphocytes of the rhesus monkey fetus are B cells (A) with a
few T cells (B). Note that some B-cell clusters and all T cells are associated with the ends of arterioles (Art). No distinguishable WP areas were
apparent at day 65. (C and D) By day 80, immature WP areas (1:1 ratio of B to T cells) were distinct, with many B cells at the edge of the forming
T-cell compartment. (E and F) Immature follicles (ImF in panel E) in the outer margins of the WP T-cell compartment (T) at day 100 of gestation.
Note that at days 80 (D) and 100 (F), >80% of the T cells are in the WP, with the remainder scattered in the RP. The WP increased in size

compared to the RP by day 145. (G) B cells; (H) T cells. Bars, 100 pm.
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(iii) Intestine. CD3™ T cells and CD20* CD5™" B cells were
present in the lamina propria of the jejunum and ileum of
fetuses at 65 days of gestation in a ratio of 1:1 (Table 1 and Fig.
3A). A few CD3" T cells were located in the intraepithelial
compartment (Fig. 3B). Technical difficulties precluded anal-
ysis of the colon at day 65. By day 80, B-cell clusters and
individual T cells were more frequent in the lamina propria of
the jejunum, ileum, and colon (Fig. 3C and D). Between days
100 and 145, aggregates of T and B lymphocytes were formed
in the lamina propria of the intestines (Table 1 and Fig. 3E to
H). In these aggregates, the B cells were more numerous on
the luminal side of the aggregates, while T cells were common
on the muscularis side. Individual CD3" T cells were widely
distributed in the intestinal lamina propria of older fetuses.
The population of CD3™ T cells was similar to that described
in the gut of human fetuses at day 112 of gestation (early
second trimester) (42).

(iv) Thymus. The thymic lobules of fetuses at day 65 of
gestation were well developed, with a distinct medulla and
cortex. The cortex had a greater lymphocyte density than the
medulla. CD20™" B cells were present at the corticomedullary
junction (Fig. 4A), while most of the other thymocytes were
immunoreactive to CD3" (Fig. 4B and D). In older fetuses
there was an increase in the number of CD20™ B cells within
the medulla and at the corticomedullary junction (Fig. 4C),
while the CD3™" thymocyte frequency was similar in the me-
dulla and cortex throughout gestation.

APC populations and tissue distribution. (i) Spleen. Nu-
merous CD68" macrophages were scattered throughout the
spleen in fetuses at 65 days of gestation (Table 1 and Fig. 5A),
while p55-positive (p55™) DCs were rare (Fig. 5B). Macro-
phages were less common in the WP areas at day 80, with most
CD68" macrophages localized in the RP areas (Fig. 5C). By
day 80, the ratio of macrophages to DCs (Fig. 5D) was 1:1,
whereas it was ~10:1 in 65-day-old fetuses. By day 100, p55*
DCs in the spleen were more common than macrophages, the
ratio of macrophages (Fig. 5SE) to DCs (Fig. 5F) being ~1:2.
Most of the p55" DCs within the WP were localized in the
T-cell compartment (Fig. 5F). At day 145, the distribution of
the macrophages and DCs and the ratios of macrophages to
DCs remained similar to those in 100-day-old fetuses. Thus, no
differences were detected when fetuses in the late second tri-
mester were compared to those in the middle to late third
trimester.

(ii) Lymph nodes. At day 65, small populations of CD68™
macrophages (Fig. 6A) and p55* DCs (Fig. 6B) were scattered
in the developing mesenteric lymph nodes, whereas these cells
were rare in the axillary lymph node primordia (data not
shown). At day 80, CD68" macrophages (Fig. 6C) and p55™*
DCs (Fig. 6D) were increased in number and scattered
throughout the parenchyma of the mesenteric and axillary
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lymph nodes. The ratio of macrophages to DCs at days 65 and
80 was 1:1 (Table 1). In older fetuses, most macrophages were
localized in the medulla and outer cortical areas, whereas most
DCs were associated with the developing T-cell area in the
paracortex (Fig. 6E and F).

(iii) Intestines. At day 65, CD68" macrophages were
sparsely scattered in the lamina propria (Fig. 7A) of the intes-
tines, while p55" DCs were numerous and diffusely distributed
within the lamina propria (Fig. 7B). The ratio of macrophages
to DCs was ~1:10. In older fetuses, most macrophages were
localized within developing lymphoid aggregates, with a few
scattered in the lamina propria (Fig. 7C and E). The p55™ DCs
were also common in the lymphoid aggregates of older fetuses
and had a morphology typical of DCs and showed more intense
cytoplasmic staining (Fig. 7D and F) than the p55" DC-like
cells diffusely distributed in the lamina propria. The signifi-
cance of early colonization by p55" DCs is not clear.

Fetal CD20™" B cells express CD5 and HLA-DR. To further
evaluate the fetal B-cell phenotype and their potential roles as
APCs during gestation, double immunofluorescence for anal-
ysis of CD20 and CD5 coexpression (Table 1) or CD20 and
HLA-DR coexpression was done. Most of the B cells in the
spleens, mesenteric lymph nodes (Fig. 8A to F), and small
intestines of fetuses at days 65 and 80 of gestation expressed
CDsS. In the intestinal lymphoid aggregates, >95% of the B
cells were CD5*. CD20" CD5™ B cells made up <1% of the
B cells in all tissues of fetuses at days 65 to 100 of gestation. By
day 145, the CD20" CD5~ B cells were frequent in the devel-
oping B-cell follicles, even though most of the B cells in the
lymphoid organs were still of the CD20" CD5" phenotype.
The CD20" B cells in the thymic medulla weakly expressed
CD5 at all fetal ages evaluated. In the thymuses, spleens,
lymph nodes, and gut-associated lymphoid tissues of fetuses of
all ages, 80 to 90% of the CD20" B cells were also HLA-DR
positive. Thus, the B cells in all lymphoid tissues analyzed
expressed MHC class II, suggesting that the development of
antigen-presenting properties of the B cells occurs early during
fetal ontogeny.

Spontaneous ISCs and cytokine-secreting cells in fetal lym-
phoid tissues. ISCs were present in the lymphoid tissues of
fetuses at day 80 of gestation (the earliest gestation day ana-
lyzed). In the spleen and thymus, ISCs produced IgG, IgA, and
IgM. Large numbers of IgG and IgA ISCs were found in the
colon (Table 2). In five of six fetuses examined, the colon had
the highest frequency of IgG ISCs. In four of these five fetuses,
IgA ISCs also appeared in the colon at the highest frequency.
The frequency of IgM ISCs in the thymus increased substan-
tially between day 80 (17 to 19 cells per 10° MNCs) and day
100 (117 cells per 10° MNCs) of gestation, with fewer numbers
of IgG and IgA spot-forming cells in the thymus at all fetal
stages. At day 100, no IgG ISCs were detected in the spleen

FIG. 2. Mesenteric lymph nodes of fetal rhesus monkeys. At 65 days of gestation, a small number of B cells (A) and T cells (B) in a ratio of
1:1 were scattered among large numbers of mesenchymal cells. At 80 days of gestation, large numbers of B cells (C) and T cells (D) showed
evidence of early organization into distinct T- and B-cell compartments. At day 100 of gestation, B cells (E) formed a thin layer outside the central
T-cell area (F). At day 145 of gestation, B-cell follicles (G) were well defined, as was the T-cell compartment in the paracortex (H). The axillary
lymph nodes had developmental features similar to those of the mesenteric lymph nodes, but axillary lymph node development was relatively

delayed at day 65. Bars, 50 um (A) and 100 pm (C, E, and G).
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FIG. 3. Jejunums of fetal rhesus monkeys. At 65 days of gestation,
B cells in the lamina propria (A) and scattered T cells mainly in the
intraepithelial compartment (B); at 80 days of gestation, B-cell clusters
(C) and individual T cells (D) in the lamina propria; (E to H) well-
defined lymphoid aggregates in the lamina propria at day 100 (E and
F) and day 145 (G and H) of gestation; (E and G) B cells on the
luminal side of the aggregates; (F and H) widespread T cells in the
lamina propria and concentrations of T cells on the muscularis side of
the lymphoid aggregates. Bars, 50 um (A) and 100 pm (C, E, and G).
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and no IgA ISCs were detected in the colon due to technical
difficulties with the cell isolation procedures. At day 145, IgG
ISCs were detected in the spleen, axillary lymph nodes, and
colon. At this later stage of gestation, there were IgM ISCs in
the thymus, colon, and spleen and high numbers of IgA ISCs in
the colon (Table 2). By comparison, the spleens of adult fe-
male rhesus monkeys have 4,000 to 16,000 IgG ISCs/10° MNCs
and 100 to 500 IgA ISCs/10° MNCs, while the axillary lymph
nodes of adult rhesus monkeys have 3,000 to 12,000 IgG ISCs/
10° MNCs and 50 to 300 IgA ISCs/10° MNCs (30). Thus, fetal
monkeys have far fewer ISCs than adult monkeys.

By day 100, IL-6-secreting cells were detected in the thymus,
spleen, axillary lymph nodes, and colon (Table 3). A similar
distribution was observed at day 145, except that no IL-6-
secreting cells were detected in the colon. Gamma interferon
(IFN-v)-secreting cells were detected at day 80 in the thymus
and colon. By day 100, the thymus, spleen, and colon had
detectable IFN-vy-secreting cells. At day 145, there was an
increase in IFN-y-secreting cell frequency in the thymus, axil-
lary lymph nodes, and colon, whereas the spleen had a lower
frequency of IFN-y-secreting cells compared to that at day 100.
Of the tissues examined, the colon had the highest frequency
of IFN-vy-secreting cells in three of four monkeys. Each of
these three monkeys had detectable IL-6-secreting cells in at
least some of the tissues analyzed. The increases in the fre-
quencies of ISCs (B cells) and IFN-y-secreting (T cells) in the
colon at day 145 may have been due to local stimulation or
selective accumulation of activated blasts.

Proportions of T- and B-cell subsets. Flow cytometric anal-
ysis of T- and B-cell populations was used to determine the
frequency of T- and B-cell subsets in the fetal monkey thymus
and spleen (Table 4). The frequency of the CD3" CD4" CD8™
T-cell subset in the fetal thymus showed a modest decrease
from day 80 (83 to 91%) to day 145 (70 to 73%). The frequency
of this subset in the spleen was similar during the same time
period (4% at day 80, 4 to 9% at day 145). CD20" B cells
expressing IgM were present at a high frequency in the spleen
at days 80 (7 to 15%), 100 (25 to 27%), and 145 (21 to 25%).
ISCs were detected in all fetal spleens examined (n = 6) with
the exception of one fetus that also had the lowest proportion
(7%) of CD20™ and IgM-positive B cells (Table 4), suggesting
a direct relationship between ISC frequency and CD20" and
IgM-positive B cells in the spleen. In comparison to the fetal
monkey spleen (Table 4), the adult rhesus monkey spleen has
2210 31% CD4™ T cells, 24 to 42% CD8™ cells, and 25 to 51%
CD20" B cells, while the adult rhesus monkey axillary lymph
node has 41 to 62% CD4" T cells, 14 to 34% CD8" T cells,
and 12 to 34% B cells (37). Thus, fetal monkeys have far fewer
T cells and approximately equal frequencies of B cells com-
pared to those in adults.

DISCUSSION

On the basis of the results reported here, it is evident that
there is considerable complexity in the lymphocyte populations
of fetal rhesus monkeys by the early to middle of the second
trimester (days 65 of 80 of gestation). In the secondary lym-
phoid organs (spleen, lymph nodes, and gut-associated lym-
phoid tissue), there was a more complex developmental se-
quence than in the thymus. ISCs and cytokine-secreting cells
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FIG. 4. Thymuses of fetal rhesus monkeys. (A and B) At day 65 of gestation, B cells can be seen throughout the corticomedullary junction
(A) and intensely stained CD3* thymocytes can be seen in the cortex and medulla (B). (C and D) Similar cell populations were observed at day

80 and in older fetuses (data not shown). Bars, 100 pm.

were detected in lymphoid tissue at days 80 and 100 of gesta-
tion. The detection of ISCs correlated with the presence of
large numbers of T cells and CD20™" and IgM-positive B cells
in lymphoid tissues and with the histologic organization in
these organs. In older fetuses, the increase in B-cell number in
the intestinal lamina propria correlated with the increased
frequency of ISCs (IgG and IgA). Furthermore, the formation
of immature B-cell follicles in the spleen at day 100 was asso-
ciated with increases in the frequencies of IgA and IgM ISCs.
The majority of B cells in all lymphoid tissues of the fetuses at
days 80 and 100 of gestation were CD20" CD5" B-1 cells. In
mouse and human fetuses, CD5" B-1 cells are also the first
type of B cell found in intestinal and peripheral lymphoid
tissues (5, 22). B-1 cells, which originate in the fetal omentum
and liver (4, 35, 51), produce broadly reactive, low-affinity
antibodies. These cells are self-replenishing during adult life,
and the “natural” antibodies that they produce play a critical
role in innate antimicrobial immunity (8, 16, 19, 22, 27). More
CD20" CD5~ B-2 cells were detected in the tissues of rhesus
monkey fetuses at day 145 of gestation than in younger fetuses,
but the CD5™ B-1 cells remained the dominant B-cell pheno-
type. The increasing frequency of CD5~ B-2 cells at later
gestational ages is consistent with the gradual development of
adaptive immunity (19). Although not determined in the
present study, the origins of the B-1 cells in fetal rhesus mon-
keys are likely to be the fetal omentum and liver in humans
(50) and in pigs and mice (16, 39).

Although we did not definitively determine the molecular
signals associated with lymphoid development, the emergence

of IFN-vy- and IL-6-producing cells in the spleen, colon, and
axillary lymph nodes at day 100 was a clear indication of
emerging immune effector function. In addition, the presence
of IL-6-producing cells coincided with the definitive segrega-
tion of the T and B cells in the axillary lymph nodes into
specific compartments. IL-6 is thought to be one of the regu-
lators of T-cell development in murine lymph nodes (12), and
our finding is consistent with this conclusion; thus, IL-6 ap-
pears to be a key mediator of organization in fetal rhesus
monkey lymph nodes. The detection of IFN-y-producing cells
at day 100 in the peripheral lymphoid organs also coincided
with the increased level of organization of the T-cell compart-
ment. It has been reported that after T-cell-receptor-mediated
stimulation, human neonatal T cells can produce IFN-y and
other cytokines at levels that are comparable to those pro-
duced by adult T cells (11). Thus, T cells in fetal lymphoid
tissues are expressing critical immunoregulatory cytokines in
the second trimester. These cytokines are likely involved in
tissue organization but may also participate in adaptive im-
mune responses.

In the spleen and mesenteric lymph nodes at day 80, the B
cell: T cell ratio was ~1:1 and distinct T- and B-cell compart-
ments were apparent. The peripheral lymph nodes and gut did
not have well-defined T- and B-cell areas until day 100. Thus,
T- and B-cell compartmentalization occurs first in the spleen
and mesenteric lymph nodes and then in the peripheral lymph
nodes and intestine.

Gene disruption experiments with mice have shown that the
formation of distinct T- and B-cell compartments in mesenteric
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FIG. 5. Spleens of fetal rhesus monkeys. At day 65 of gestation, CD68" macrophages (A) and p55* DCs (arrows) (B); at day 80 of gestation
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FIG. 6. Mesenteric lymph nodes of fetal rhesus monkeys. At day 65 of gestation, scattered macrophages (A) and a few DCs (B) can be seen.
At day 80 of gestation, the macrophage (C) and DC (D) populations had increased. At day 100 (E) and day 145 (G) of gestation, macrophages
were concentrated in the outer cortex, while at day 100 (F) and day 145 (H) of gestation, the DCs were mainly confined to the paracortex. Bars,
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DCs were numerous (B) throughout the gut lamina propria, especially at the tips of villi. (C and D) In lymphoid aggregates at day 100 of gestation,
macrophages were rare in the T-cell areas (C; arrows), while DCs were numerous (D). (E) At day 145 of gestation, macrophages were numerous
within the lymphoid aggregates. (F) DCs were located in T-cell areas. Bars, 50 um (A and C) and 100 pm (B to F).
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FIG. 8. Fetal CD20" B cells express CD5. Double immunofluorescence with anti-CD20 (A and D; Texas red) and anti-CD5 (B and E; FITC

green) in the spleen (A, B, and C) and mesenteric lymph nodes (D, E, and F) at day 65 of gestation shows double-stained cells. The majority of
the CD20" B cells in all lymphoid tissues at days 65 to 145 of gestation expressed CD5. Double-labeled cells are yellow, CD5" single-labeled
positive cells are green, and CD20" single-labeled positive cells are red. Magnification, X340.

lymph nodes requires expression of tumor necrosis factor re-
ceptor I, whereas in the spleen, lymphotoxin-a has been iden-
tified as the main signal (18, 20) that regulates B- and T-cell
zone formation. Such differences in signal requirements for
segregation of T and B cells into specific zones may be one of
the factors influencing the differential timing of development
of T- and B-cell compartments in the lymph nodes and spleen
and possibly other lymphoid tissues. Definitive segregation of
lymphocytes into T- and B-cell compartments in peripheral
lymph nodes by day 100 also coincided with the specific local-
ization of p55" DCs in the T-cell compartments.

TABLE 2. Frequency” of spontaneous ISCs in thymus, spleen, and
colon of the fetal rhesus monkey

Frequency of ISCs (no. of ISCs/10° MNCs) in:

Fetal age
(days) and
fetus no.

Thymus Spleen Axillary lymph node Colon

1gG IgA IgM IgG IgA IgM IgG IgA IgM 1gG IgA  IgM

80
1 0 6 17 0 0 0 0 0 0
2 110 19 106 266 851 0 0 0

1150 5,500 0
11,765 10,000 0

100
3 0 43 117 0 269 1,923 0 0 0 0 0 0
4 0 5 8§ 0 71 316 0 0 0 5,426 0 0

145
5 0 5 59 14 16 295 607 0 0
6 0 2 29 13 1 139 10 0 8

38,181 3,750 429
34,375 88 250

“ The frequency of (ISCs) was measured by the ELISPOT method (see Ma-
terials and Methods).

In the developing rhesus monkey thymus, CD20* B cells
were observed at day 65, and these cells increased in numbers
in the thymuses of older fetuses. Thymic B cells act primarily as
APCs in the negative selection of thymocytes and may not
necessarily play a role as antibody-producing cells (21). It has
been proposed that both thymic DCs and B cells play a major
role in inducing neonatal tolerance to major self-antigens (26,
33, 38). IFN-y-presenting cells were also more frequent in the
thymuses of older fetuses and coincided with a decrease in the

TABLE 3. Frequency” of spontaneous cytokine-secreting cells in
thymus, spleen, lymph node, and colon cells of the
fetal rhesus monkey

Frequency of cytokine-secreting cells
(no. of cells/10° MNCs) in:

Fetal age
(gc:lt){:s) :Sd Thymus Spleen Axillary lymph node Colon
IL-6  IFN-y IL-6  IFN-y IL-6 TFN-y IL-6  TFN-y
80
1 ND* ND ND ND ND ND ND ND
2 0 31 0 0 0 0 0 1,470
100
3 ND ND ND ND ND ND ND ND
4 100 3 1,150 1,000 15,789 0 319 1,489
145
5 197 4 3,909 626 0 0 0 13961
6 27 18 3,597 1,111 227 316 0 71875

“The frequency of cytokine-secreting cells was measured by the ELISPOT
method.
> ND, not determined.
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TABLE 4. Frequency of lymphocyte subsets in the fetal rhesus monkey thymus and spleen as determined by flow cytometry

Frequency (%) at:

Day 80 Day 100 Day 145
Subset
Thymus Spleen Thymus Spleen Thymus Spleen

Fetus 1 Fetus 2 Fetus 1 Fetus 2 Fetus 3 Fetus 4 Fetus 3 Fetus 4 Fetus 5 Fetus 6 Fetus 5 Fetus 6
CD3* CD4™ 6.5 4.0 20.5 20.9 20.1 7.0 11.4 28.1 9.8 12.3 543 66.0
CD3" CD8* 5.0 4.4 9.9 8.3 20.0 7.3 135 9.6 10.1 12.0 28.3 12.2
CD3* CD4" CD8" 82.5 90.9 5.1 4.2 56.4 84.3 5.7 4.2 73.3 70.2 9.1 4.3
CD20" IgM positive ND“ ND 7.3 14.9 ND ND 26.6 25.1 ND ND 24.5 20.8

“ ND, not determined.

frequency of CD3* CD4" CD8™" T cells in older fetuses (Table 8. Carroll, M. C., and A. P. Prodeus. 1998. Linkages of innate and adaptive

4).

This study demonstrates that, by the second trimester, the
rhesus monkey fetus has a complete complement of immune
cells that are properly positioned within the developing lym-
phoid organ compartments to perform their respective roles in
adaptive immune responses. In addition, the lymphoid tissues
of the fetal rhesus monkey contain ISCs and cytokine-secreting
cells, suggesting that the fetal rhesus monkey has a well-devel-
oped immune system with the potential to generate immune
responses. This conclusion is consistent with those of studies
that have shown that infants are capable of responding to many
test antigens or vaccines in a manner similar to that in adults
(50) and studies with fetal baboons (49) and rhesus monkeys
(K. M. Lockridge, A. F. Tarantal, S. Salamat, W. J. Brian, S. S.
Zhou, and P. A. Barry, submitted for publication) in which
specific antibody responses have been shown after direct in
utero immunization. Taken together, it is apparent that the
fetal primate, to some degree, develops immune effector func-
tion during gestation. However, the potential of this fetal im-
munologic immune system to mount antigen-specific immune
responses requires further study in order to better understand
the role of perinatal immunization strategies to prevent infec-
tious diseases in neonates.
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