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Abstract

Establishment of a functional immune system has important implications for health and disease,

yet questions remain regarding the mechanism, location, and timing of development of myeloid

and lymphoid cell compartments. The goal of this study was to characterize the ontogeny of the

myeloid-lymphoid system in rhesus monkeys to enhance current knowledge of the developmental

sequence of B cell (CD20, CD79), T cell (CD3, CD4, CD8, FoxP3), dendritic cell (CD205), and

macrophage (CD68) lineages in the fetus and infant. Immunohistochemical assessments addressed

the temporal and spatial expression of select phenotypic markers in the developing liver, thymus,

spleen, lymph nodes, gut-associated lymphoid tissue (GALT), and bone marrow with antibodies

known to cross-react with rhesus cells. CD3 was the earliest lymphoid marker identified in the

first trimester thymus and, to a lesser extent, in the spleen. T cell markers were also expressed

mid-gestation on cells of the liver, spleen, thymus, and in Peyer’s patches of the small and large

intestine, and where CCR5 expression was noted. A myeloid marker, CD68, was found on hepatic

cells near blood islands in the late first trimester. B cell markers were observed mid-second

trimester in the liver, spleen, thymus, lymph nodes, bone marrow spaces, and occasionally in

GALT. By the late third trimester and postnatally, secondary follicles with germinal centers were

present in the thymus, spleen, and lymph nodes. These results suggest that immune ontogeny in

monkeys is similar in temporal and anatomical sequence when compared to humans, providing

important insights for translational studies.
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INTRODUCTION

The vertebrate immune system is essential to defend against a multitude of pathogens

including viruses, bacteria, fungi, and parasites. Cells of the immune system are also

responsible for destruction of deviant cells such as tumor cells and for the establishment of

tolerance, the ability to distinguish “self” from “non-self”. Dysfunction of the immune

system has been reported to result in more than 80 chronic, life-threatening diseases known

collectively as autoimmune disorders (Rose, 2002). Together, these disorders affect nearly

24 million Americans with an estimated annual direct health care costs in the range of $100

billion (AARDA, 2011). Patients with other medical conditions including cancer, HIV

disease and AIDS, other infectious diseases, and metabolic disorders depend on modulation

of the immune system for effective treatments (Pardoll, 2012). Given the importance of the

immune system in health and disease, studies to enhance understanding of the ontogeny of

critical immune cell populations are important for providing clues on the induction of

tolerance for cell and organ transplantation, and to facilitate the development of novel

treatment strategies when immune modulation is needed.

Animal models are important for basic discovery, for the advancement of translational

research, and for studies on the immune system that cannot be easily addressed in humans.

Nonhuman primates share many developmental similarities with humans and are an

important preclinical model to test novel therapies for the treatment of human diseases

(Bontrop, 2001; Lee et al., 2001; Tarantal et al., 2001; Donahue and Dunbar, 2001; Donahue

et al., 2005). In addition to genetic, anatomical, physiologic, developmental, and

reproductive similarities (Tanimura and Tanioka, 1975; Tarantal and Gargosky, 1995; Lee et

al., 2001; Tarantal, 2005: Gibbs et al., 2007; Batchelder et al., 2010; Herring et al., 2013),

nonhuman primates are susceptible to many of the same infectious (Lackner and Veazey,

2007; Gardner and Luciw, 2008; Adams Waldorf et al., 2011) and metabolic diseases

(Hansen and Bodkin, 1986; Bauer et al., 2011; Bremer et al., 2011) as humans. Monkeys are

widely used as preclinical models for human bone marrow transplantation and stem cell

gene therapy, and have substantial advantages when compared to other species (Berenson et

al., 1988; Tarantal, 2005; Trobridge and Kiem, 2010; Tarantal and Nakayama, 2011;

Tarantal and Skarlatos, 2012). Even in the context of “humanized” mouse models, long-term

engraftment of human cells has been difficult to assess and inter-species differences in

homing receptors and immune modulators (e.g., cytokines) create an environment of

uncertain relevance to the human clinical setting (Horn et al., 2003; Mestas and Hughes,

2004; Mezquita et al., 2008; Sykes, 2009). Studies also suggest that the histology and time

course for allograft rejection in monkeys parallels humans because of similarities in major

histocompatibility complex (MHC) genes and immune ontogeny, while tolerance is much

easier to achieve in mice (Cowan et al., 2001; Trobridge and Kiem, 2010; Gibbons and

Spencer, 2011).

Establishment of a functional immune system has been characterized in mice and humans as

a multi-stage process that occurs in a unique, coordinated, sequential, and temporal

sequence. Hematopoietic ontogeny is a complex process incorporating multiple sites during

development including the yolk sac, the aorta-gonad-mesonephros (AGM) region, liver,

placenta, and bone marrow (Medvinsky et al., 2011). Both primitive and definitive
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hematopoietic stem cells (HSC) have been proposed to develop during ontogeny, although

the initial mesodermal precursors and site(s) for definitive HSC remain unclear. Studies

have shown that early mesodermal precursors first migrate to the yolk sac to initiate

primitive erythropoiesis, and some investigations suggest that the yolk sac may be the only

source of primitive HSC (Mikkola and Orkin, 2006). The AGM has been proposed as the

site for definitive HSC development, although other sources have been considered that may

aid in seeding the liver. An orderly migration of definitive HSC to the fetal liver results in

the liver taking on the role of hematopoiesis (Medvinsky et al., 2011). From the fetal liver,

hematopoietic cells migrate to the thymus, spleen, lymph nodes, and gut-associated

lymphoid tissue (GALT), where additional expansion, differentiation, and maturation occurs

(Holt and Jones, 2000; Holsapple et al., 2003; Ygberg and Nilsson, 2011). Pools of

progenitor cells are formed and expanded in the bone marrow and spleen for myeloerythroid

lineages, in the bone marrow for B cell lineages, and in the thymus for T cell lineages. Many

questions remain unanswered regarding the mechanism(s), location(s), and timing of

development of these various myeloid and lymphoid cell compartments.

The purpose of this study was to characterize the ontogeny of the myeloid-lymphoid system

in developing organs of rhesus monkeys in order to enhance current knowledge of the

developmental sequence of B cell (CD20, CD79), T cell (CD3, CD4, CD8, FoxP3),

dendritic cell (CD205), and macrophage (CD68) populations. CCR5, a chemokine receptor

important in transmission of HIV (Choe et al., 1996; Deng et al., 1996; Dragic et al., 1996),

was also included. The insights provided herein will aid in advancing translational research

in this clinically relevant primate model, and allow further characterization of similarities

and differences with mouse and human ontogeny as it relates to health and disease.

MATERIALS AND METHODS

Animals

All animal procedures were approved prior to implementation by the Institutional Animal

Care and Use Committee at the University of California, Davis, and were consistent with the

requirements of the Animal Welfare Act. Activities related to animal care including diet and

housing were performed as per standard operating procedures at the California National

Primate Research Center. Normally cycling, healthy adult female rhesus monkeys (Macaca

mulatta) that were disease-free and from the time-mated colony with a history of prior

pregnancy were bred and identified as pregnant according to established methods (Tarantal

et al., 2005) to obtain fetal specimens. Fetal tissues were collected by hysterotomy using

established protocols (Tarantal et al., 2001), and tissues from postnatal animals were

obtained at scheduled tissue harvests. Specimens were placed in 10% buffered formalin,

embedded in paraffin, and sectioned at 5–6 μm for immunohistochemical analyses. Tissues

included were the thymus, liver, spleen, axillary and mesenteric lymph nodes, small

intestine (ileum, jejunum), colon, and bone marrow from first trimester (N=3), second

trimester (N=3), and third trimester (N=3) fetuses, and infants at 3 months postnatal age

(N=3).
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Immunohistochemistry

Immunohistochemistry was performed with the EnVision™+ System-HRP for use with

mouse/rabbit primary antibodies following the manufacturer’s recommendations (DAKO,

Carpinteria, CA). Briefly, formalin-fixed sections were deparaffinized in xylene (three times

for 5 min), rehydrated in a graded series of ethanol (100%, 90%, 70%, and 50%) twice for 2

min and washed in 1X phosphate-buffered saline (PBS). Antigen retrieval was performed on

all sections (Decloaking Chamber, Biocare Medical, Concord, CA) using antibody-specific

solutions: DIVA decloaker (Biocare Medical) for CD3 and CD205; EDTA decloaker

(Biocare Medical) for CD4, CD8, CD68, and FoxP3; citrate buffer pH 6.0 (Life

Technologies, Grand Island, NY) for CD20 and CCR5; and Reveal Decloaker (Biocare

Medical) for CD79. After antigen retrieval, sections were washed twice in 1X PBS for 5 min

each and incubated with antibodies specific for CCR5 (1:100, mouse clone CTC5, R&D

Systems, Minneapolis, MN), CD3 (1:50, rabbit polyclonal, DAKO), CD4 (1:25, mouse

clone BC/1F6, Abcam, Cambridge, MA), CD8 (1:200, rabbit polyclonal, Abcam), CD20

(1:200, CD20cy mouse clone L26, DAKO), CD68 (1:50, mouse clone KP1, Life

Technologies), CD79 (1:50, CD79a mouse clone HM47/A9, Biocare Medical), CD205

(1:25, mouse clone PN-15, Santa Cruz Biotechnology, Santa Cruz, CA), and FoxP3 (1:500,

rabbit polyclonal, Abcam). All of these antibodies are known to cross-react with rhesus cells

and tissues and formed the basis for selection. Hydrogen peroxidase blocking was performed

after primary antibody incubation for CD3, CD4, CD8, CD68, CD205, and CCR5 to

enhance staining intensity. For the remaining antibodies used, the hydrogen peroxidase

blocking was applied before the antigen retrieval process. Sections were washed twice in 1X

PBS for 5 min each and incubated with horseradish peroxidase (HRP)-labeled polymer for

30 min at room temperature in the dark. Sections were then washed twice in 1X PBS for 5

min each and incubated with diaminobenzidine (DAB) substrate-chromogen solution for 2–

4 min, with specific times optimized for each antibody. The substrate-chromogenic reaction

was stopped by washing the sections in distilled water once for 5 min. After counterstaining

with hematoxylin for 1 min, sections were dehydrated in a graded series of ethanol (50%,

70%, 90%, and 100%) twice for 2 min and xylene for 5 min prior to mounting and coverslip

placement.

All antibodies were incubated at room temperature for 60 min except CD8, which was

incubated at room temperature for 20 min and FoxP3 which was incubated at 4°C overnight.

Negative controls consisted of rabbit serum (Invitrogen) for all the antibodies that were

rabbit polyclonals (CD3, CD8, FoxP3) at a concentration that matched the individual

primary antibody concentration. Specific IgG isotypes were utilized as negative controls for

monoclonal antibodies. For each marker, all age groups and tissues were completed in a

single run to ensure consistency. The presence of specific staining with appropriate cell-to-

cell heterogeneity within a given run served as an internal positive control.

Microscopy

Sections of tissue were imaged using an Olympus BX61 microscope with an Olympus DP72

color camera (Olympus, Center Valley, PA) and images were collected with the 10x, 20x,

and 40x non-oil objectives using MicroSuite™ software (Olympus America Inc., Melville,

NY).
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RESULTS

Observations of ontogeny in the rhesus monkey fetus and infant were completed for each of

the tissues as described below. Representative images of a subset of findings are shown in

the respective figures identified in the text.

Liver

In the late first trimester, small clusters of erythroblasts with large round nuclei were notable

in blood islands throughout the developing liver parenchyma (Fig. 1A). Cells staining for the

macrophage marker selected, CD68, were observed only in blood islands, with no positive

cells noted among surrounding hepatocytes. The number of blood islands and the frequency

of CD68+ cells were greatest in the early second trimester, and decreased in frequency as

gestation progressed. By the late second trimester, individual CD68+ cells with irregular

polygonal morphology were occasionally observed in locations not associated with blood

islands. In the late third trimester, blood islands were no longer present in the fetal liver and

infrequent CD68+ cells with morphology typical of Kupffer cells were found distributed

throughout the hepatic parenchyma. CD68+ cells were rarely noted in the early postnatal

liver and were typically located near venules when present.

Cells expressing CD4 were not observed until late in gestation when rare, individual positive

cells were noted near the portal triad. In contrast, cells expressing the T cell markers, CD3 or

CD8, were noted in the late second trimester in locations near the blood islands and in the

late third trimester, with the portal triad or by hepatic venules. Cells positive for the B cell

marker, CD20, were not observed until near term and were found as individual cells seen

infrequently among the hepatocytes. In contrast, cells positive for the B cell marker, CD79,

were observed more frequently beginning late in the second trimester and were more

concentrated near hepatic venules or portal triads. CD205+ cells with a dendritic

morphology were not observed in the liver in any of the gestational ages assessed or at three

months postnatal age.

Spleen

The splenic mesenchyme was loosely organized in the late first trimester (Fig. 1B), with rare

cells positive for CD3. Organization of red and white pulp regions was evident beginning in

the second trimester, with appearance of clusters of cells around central arterioles as early

periarteriolar lymphatic sheaths. Nearly 100% of the cells surrounding the central arterioles

were CD3+, with less frequent CD4+ cells, regions of CD8+ cells near white pulp borders,

and a few individual cells staining positive for the regulatory T cell (Treg) marker, FoxP3,

throughout the parenchyma. Individual cells staining positive for each of these T cell

markers were noted in the red pulp. Cells expressing the B cell markers CD20 or CD79 were

not observed until early in the second trimester. When noted, these cells were located on the

outer edges of the white pulp, in the developing follicles, and as individual cells throughout

the red pulp parenchyma (Fig. 1C). Near term and thereafter, strong staining for CD20 or

CD79 was noted in the germinal center of white pulp follicles. Cells expressing the

macrophage marker, CD68, were first observed during the mid-second trimester, increased

in frequency with advancing gestation, and were noted primarily, but not exclusively, in the

Batchelder et al. Page 5

Anat Rec (Hoboken). Author manuscript; available in PMC 2015 August 01.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



red pulp. Cells expressing the dendritic marker, CD205, were first evident in the mid-second

trimester in both white and red pulp. CD205+ cells declined in frequency thereafter and

were found in the marginal zone of the follicles at three months postnatal age.

Thymus

The first trimester thymus contained lobules of densely packed CD3+ thymocytes with large

nuclei embedded in a loose mesenchyme (Fig. 1D). The early second trimester thymus was

noted with distinct lobules, each with a septum and visible demarcations of cortical and

medullary regions. Hassall’s corpuscles were first observed in the early second trimester and

increased in frequency as gestation progressed. Nearly all cells in the cortex in the second

trimester thymus stained intensely for CD3, a pattern that continued throughout the third

trimester and into the postnatal period. CD3+ cells were also observed in the medulla from

the second trimester onward, although the frequency and intensity of staining was less than

that noted in the cortex. CD4+ or CD8+ cells were first noted in the early second trimester in

the outer cortex, medulla, and interlobular septal regions. This pattern continued throughout

development, with the frequency of cells positive for CD4 or CD8 increasing in the medulla

with advancing gestation. FoxP3 expression was similar to CD3 in the first trimester with

strong positive staining of nearly all thymocytes (Fig. 1E). With the development of cortical

and medullary regions in the second trimester, FoxP3+ cells were observed most frequently

in the medulla for the remainder of gestation and at three months postnatal age.

In contrast to expression patterns of T cell markers, expression of B cell markers (CD20 or

CD79) was observed initially in the second trimester, was lower in frequency, and was

restricted to the corticomedullary junction, with rare cells in the medulla. The macrophage

marker, CD68, was noted on occasional positive cells in the medulla in the second trimester,

and increased in frequency with advancing gestation in both the medulla and cortex. The

dendritic cell marker, CD205, was not expressed in the first trimester but was found

occasionally in late second trimester medulla. In the third trimester and continuing after

birth, this marker was also found on individual cells in the cortex.

Axillary and Mesenteric Lymph Nodes

Given size limitations in early gestation, the axillary and mesenteric lymph nodes were

assessed beginning in the second trimester. The cellular compartment of lymph nodes was

similar in axillary and mesenteric locations, with no significant differences found as a

function of time during development. Early second trimester axillary and mesenteric lymph

nodes consisted of condensed regions of densely packed cells surrounded by developing

subcapsular sinuses. Small trabeculae and high endothelial venules were evident. Within the

developing lymph node, individual cells near the subcapsular sinus or small central clusters

of cells stained positive for CD3, CD4, CD8, or FoxP3 (Fig. 2). Of the T cell markers

studied, CD3+ cells were noted with greatest frequency at each developmental age.

Organization of cells into distinct cortical and medullary regions was not evident before the

late second trimester, at which time staining for each T cell marker was greatest in the

paracortex, and as small clusters of cells in the medullary cords. Distinct follicular regions

were evident by the late third trimester with secondary follicles containing germinal centers

surrounded by coronal cells that were evident by three months postnatal age. Individual
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positive cells for each T cell marker were also noted in the germinal centers of the follicles

and occasionally in the surrounding cortical coronal cells. CD4+ cells were noted near and

within the medullary sinuses.

The B cell markers, CD20 or CD79 (Fig. 2D), were expressed on cells found near the

periphery of the developing lymph nodes in the early second trimester and were

concentrated opposite the hilum. As the cortex developed, cells positive for B cell markers

were localized near the subcapsular sinus and in the cortex, with strong staining in the

developing primary follicles by the third trimester. Cells of the corona surrounding the

germinal center stained intensely for CD20 or CD79 in differentiated follicles observed after

birth.

The dendritic cell marker, CD205, was noted on occasional cells in the cortical region in the

second trimester and increased with frequency as gestation advanced. CD205+ cells were

found in the cortex, including the germinal centers and paracortex, after birth. The

macrophage marker, CD68 (Fig. 2E), was noted in cells lining the subcapsular sinus and on

occasional individual cells found throughout the developing lymph nodes in the second

trimester. In the third trimester, CD68+ cells were observed frequently along the subcapsular

sinus, in the developing medullary cords and sinuses, and occasionally in the paracortex.

After birth, CD68+ cells were concentrated in the medulla and the medullary sinuses, with

infrequent cells noted in the cortex including the germinal centers and trabeculae separating

follicles.

Jejunum, Ileum, and Colon

Late first trimester jejunum and ileum contained developing villi with pseudostratified

columnar epithelium in deeper epithelial folds bordered by loosely organized cells of the

submucosa. Tips of developing villi were composed of a lamina propria core with tall

columnar surface epithelium. Many villi were contiguous with neighboring villi and limited

luminal space was noted. A few clusters of dense cells were noted within the submucosa just

below the epithelial layer. The anatomical morphology of the jejunum was more developed

than that of the ileum and, in comparison, the colonic epithelium remained relatively

undifferentiated without apparent villus formation. Of the T cell markers tested, only CD8

expression was observed, with positive cells located in the lamina propria of taller villi and

as scattered cells in the submucosa (Fig. 3). In the colon, CD8+ cells were observed within

the early muscularis layers. Cells expressing the markers selected for B cells (CD20, CD79),

macrophages (CD68), and dendritic cells (CD205) were not found (Fig. 4).

By the mid-second trimester, significant villus formation was noted in the jejunum, ileum,

and colon. Villi of the jejunum were more developed and elongated, tended to be separate

from neighboring villi, and more luminal space was evident when compared to the ileum

and colon. Goblet cells were occasionally observed in the villus epithelium of the jejunum;

these cells increased in frequency in the ileum and were observed with greatest frequency in

the colon. Deep crypts of villi in the ileum and colon contained pseudostratified columnar

epithelium but the majority of the villus surface was covered with tall columnar epithelium.

Developing Peyer’s patches were found as dense clusters of cells in the submucosa below

the luminal epithelium (Fig. 4). In the lamina propria of the jejunum and ileum, cells
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positive for CD3, CD4, or CD8 were noted, with strong expression of these markers in the

developing Peyer’s patches. Cells expressing these markers were noted in similar locations

in the colon but were less abundant. A few, individual FoxP3+ cells were observed in the

lamina propria, submucosa, and muscularis layers of all three tissues. The Peyer’s patches

also contained individual, rare cells expressing the B cell markers, CD20 or CD79, early in

the second trimester, with the frequency of such cells increasing with advancing gestation.

Cells expressing the dendritic marker, CD205, were noted by the late second trimester

within the pseudostratified surface epithelium between villi and within Peyer’s patches by

the late second trimester. Cells expressing the macrophage marker, CD68, were noted only

rarely until late in the second trimester, when these cells were also found in developing

Peyer’s patches.

Early third trimester tissues contained well-developed villi with distinctive Peyer’s patches

in the submucosa, which was bordered by defined layers of circular and longitudinal smooth

muscle. CD3+, CD4+, or CD8+ cells were located with greater frequency within the lamina

propria and were occasionally observed among the tall columnar cells of the villus

epithelium. Colonic glands were first observed early in the third trimester, were more

abundant near term, and were composed of cells positive for CD8 by the late third trimester.

CD8 was also strongly expressed in cells of developing lymphoid tissue in the Peyer’s

patches similar to CD3 and CD4, although to a lesser degree (Fig. 4). Some Peyer’s patch

regions contained primary follicles bordered by cells positive for CD3, CD4, or CD8 in

locations ipsilateral to the overlying dome epithelium. Cells positive for FoxP3 were

observed with greater frequency than in the second trimester and were found as individual

cells within Peyer’s patches, submucosa, and the lamina propria. Distinct follicular

structures in Peyer’s patches were composed of cells expressing the B cell markers, CD20 or

CD79 (Fig. 4). These markers were observed only occasionally in the lamina propria or

Peyer’s patch interfollicular regions. Cells expressing the macrophage marker, CD68, were

found in the tips of the lamina propria, just below the tall columnar epithelium of the

luminal surface and as occasional, individual cells in the Peyer’s patches. Similar to the late

second trimester, CD205+ cells continued to be observed within the surface epithelium of

deep crypts and glands near term.

Occasional CD3+ cells were located within the surface epithelium of the villi at three

months postnatal age. Mature follicles were present in Peyer’s patches in jejunum, ileum,

and colon at this age. The follicles were larger and more abundant in the jejunum than in the

ileum and colon, with strong CD3 expression on cells in the intrafollicular regions. CD4+ or

CD8+ cells were also found in the intrafollicular submucosa. In addition, many cells of the

lamina propria were positive for these markers. Within the follicles, individual scattered

cells were positive for CD3, CD4, or CD8 in the germinal centers, with sporadic positive

cells in the surrounding coronal regions. FoxP3 was expressed on individual, infrequent

cells located in germinal centers and the surrounding corona of Peyer’s patch follicles, in the

lamina propria, and in the submucosa (Fig. 4). In the colon, cells positive for CD3, CD4, or

CD8 were located in the intrafollicular regions of Peyer’s patches and in the submucosa

surrounding the glands of the colon. FoxP3+ cells were located within the submucosa and

associated with the endothelium of the muscularis layers. In contrast to T cell locations, the

B cell markers, CD20 or CD79, were found on nearly all cells of the follicles (Fig. 4), with
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strong staining observed in the dense coronal cells surrounding germinal centers. B cells

expressing these markers were also found occasionally in the interfollicular regions of

Peyer’s patches and in the lamina propria. Cells expressing CD68 were most abundant in the

lamina propria of villi tips and in the germinal centers of Peyer’s patch follicles. Cells

positive for the dendritic marker, CD205, were located within the deep crypt epithelium and

in the germinal centers of follicles.

Sequential sections of second trimester, third trimester, or postnatal gut tissues were stained

with CD4 or CCR5 to assess regions of potential co-expression of these selected markers.

As noted previously, CD4 expression increased in the ileum, jejunum, and colon from the

second to the third trimesters, and was observed primarily in the submucosa and Peyer’s

patches. In adjacent sections, CCR5+ cells were noted in similar locations as CD4+ cells,

suggesting the possibility of CD4+CCR5+ cells in these locations both before and after birth

(Fig. 5). Expression of CCR5 was more abundant than CD4 in the submucosa, lamina

propria, and Peyer’s patches, and was also noted in some cells of the villous epithelium.

Bone Marrow

The developing long bones present in the late first trimester contained large regions of

hyaline cartilage with epiphyseal plates including reserve, proliferating, and hypertrophic

cartilage regions. There was some evidence of endochondral ossification and small,

primitive marrow spaces with no indication of positive staining for the markers tested (Fig.

6). The B cell markers, CD20 or CD79, were found on individual cells in the marrow space

as was the macrophage marker, CD68. Cells positive for T cell markers (CD3, CD4, CD8,

or FoxP3) or the dendritic cell marker, CD205, were not observed. With growth and

ossification in the third trimester, the medullary cavity increased in size and contained

hematopoietic cells and a few adipose and reticular cells. Many cells were positive for

CD20, CD79, or CD68. A few cells stained positive for CD3. In comparison to prenatal

bone marrow, the postnatal bone marrow contained numerous adipocytes and reticular cells.

Of the T cell markers, only CD3 was noted. In comparison to the late third trimester, CD68+

cells were less frequent in the marrow cavity, while CD20+ or CD79+ cells were found with

greater frequency.

DISCUSSION

In this study, we have conducted a comprehensive analysis of lymphoid and myeloid lineage

development in the fetal and infant rhesus monkey. The structural development of the liver

and thymus was more advanced in the first trimester than that of the spleen, axillary and

mesenteric lymph nodes, GALT, and bone marrow. Of the antigens tested, CD3 was the

earliest lymphoid marker expressed and was found in the first trimester thymus and, to a

lesser extent, spleen. The myeloid marker, CD68, was found on cells near the blood islands

in the liver in the late first trimester. B cell markers were first observed mid-second trimester

in the liver, spleen, thymus, lymph nodes, bone marrow spaces, and occasionally in GALT.

T cell markers were also expressed at this time during gestation on cells of the liver, spleen,

thymus, and in Peyer’s patches of the jejunum, ileum, and colon. In contrast, T cell markers

selected were not observed in the bone marrow medullary spaces at any gestational age and
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only staining for CD3 was noted at three months postnatal age in this location. CCR5, an

essential T cell co-receptor for HIV, was abundant in the submucosa and lamina propria of

the gut and in Peyer’s patches in the second and third trimesters, and co-localized with

CD4+ cells. Follicles were evident in the spleen and thymus in the second trimester but were

not observed in lymph nodes or Peyer’s patches until the early third trimester. By the late

third trimester, secondary follicles with germinal centers were present in the spleen, thymus,

and lymph nodes. Cells expressing the dendritic marker, CD205, were noted in the spleen,

thymus, and axillary and mesenteric lymph nodes in the mid-second trimester but not until

the third trimester in GALT, and were not observed in the liver or bone marrow cavities in

this study.

Macrophages are a key component of the immune response, serving as a member of the

innate immune system to eliminate pathogens by receptor-mediated phagocytosis or to

stimulate adaptive immune responses as antigen-presenting cells. CD68, a macrophage

marker and low-density lipoprotein receptor, was the earliest myeloid marker to be

expressed in the developing first trimester liver, was noted in the thymus and spleen by the

early second trimester, and was found in the tips of the lamina propria and Peyer’s patches

of the gastrointestinal (GI) tract by the late second trimester. Kupffer cells represented the

largest population of resident macrophages in the liver, with a phagocytic subset of these

cells identified by CD68 (Klein et al., 2007; Kinoshita et al., 2011). Studies of the ontogeny

of these cells in mice have shown that Kupffer cells proliferate and renew independently

from bone marrow (Klein et al, 2007) and without the transcription factor Myb (Schulz et

al., 2012) suggesting a potential bone marrow or yolk sac origin in this species. While the

origin of Kupffer cells in nonhuman primates has not been studied, the observation here of

CD68+ cells in the first trimester liver is interesting, as positive cells were not noted in

developing bone, and marrow hematopoiesis is not yet established at this gestational age.

Additional studies at earlier gestational ages and with additional markers may further define

macrophage emergence and clarify Kupffer cell origin.

Studies on immune system development in humans provide evidence that fetal T cell

compartments are ontologically and functionally distinct from adult T cell compartments

(Byrne et al., 1994; Zhao et al., 2002). Fetal T cells, previously thought to be functionally

immature, were found to be highly reactive when depleted of CD4+CD25high Tregs

(Michaëlsson et al., 2006), and fetal naïve CD4+ T cells, compared with adult naïve CD4+ T

cells, were shown to preferentially express FoxP3 when activated (Mold et al., 2008). The

concept of a “layered” developmental sequence suggests that early fetal T cells are primed

to differentiate into Tregs for active suppression by promoting a tolerogenic response to

antigens encountered in utero, while adult T cells are more likely to engage in

immunoreactive responses to foreign antigens (Mold et al., 2010; 2011). Of the T cell

markers included in this study, CD3 was most strongly expressed in the thymus at all

gestational ages investigated. In the spleen, CD3 expression was noted more frequently at

mid-gestation than at three months postnatal age. Expression of CD4, CD8, or FoxP3 (a

Treg marker) was more abundant in mid-gestation than after birth in the thymus and spleen.

This pattern was not noted in the axillary and mesenteric lymph nodes or in GALT, where

the T cell markers typically increased in frequency from the second trimester into the
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postnatal period. Additional studies involving multiple phenotypic markers and functional

analysis are needed to determine the role these cells may play in the development of

tolerance in nonhuman primates. Understanding the mechanisms by which tolerance is

induced in utero and the corresponding effects on the early postnatal immune system is vital

to developing optimal strategies for preventing transmission of pandemic diseases such as

HIV and hepatitis C from mother to child (Babik et al., 2011). In these and other infectious

diseases, differences in immune ontogeny between human and rodent models necessitate

studies in nonhuman primates where disease pathogenesis more closely mimics humans.

Transmission of simian immunodeficiency virus (SIV) in monkeys occurs by the same

routes (e.g., in utero, breast-feeding) as HIV infection in humans and with similar disease

progression (Abel, 2009). A rapid and irreversible CD4+ T cell loss in the GI tract has been

noted in infected infants, comparable to findings in humans, and may reflect a carryover of

the fetal immune environment skewed toward tolerance and thus primed for suppression by

Tregs (Miller et al., 2005; Abel et al., 2006; Hartigan-O’Connor et al., 2007) and/or an

otherwise altered susceptibility of intestinal CD4+ T cells for infection and destruction by

SIV. FoxP3 was observed more frequently in the third trimester than after birth in the GI

tract in this study, also suggesting a potential immune suppressive environment at this stage

of development in rhesus monkeys.

Identification of cell populations important for mother-to-child transmission of HIV is an

important step in the development of preventive or therapeutic strategies aimed at

elimination of vertical transmission. The infant rhesus monkey intestinal epithelium was

previously shown to contain a population of proliferating CD4+ T cells with an activated

phenotype with implications for HIV transmission (Wang et al., 2007; 2010). CCR5, a

chemokine receptor and HIV co-receptor was shown in this study to be widely expressed in

the GI epithelium of monkeys in the second and third trimesters and postnatally. Although

CD4+CCR5+ double staining was not performed, single staining of sequential sections

showed an overlap in expression and strongly supports the presence of CD4+CCR5+ T cells

from mid-gestation onward in the rhesus monkey. In humans, the infant GI mucosa was

recently shown to contain a population of CD4+CCR5+ cells highly susceptible to HIV

(Bunders et al., 2013). CD68+ cells, another potential target for HIV, were also noted in

CCR5+ locations suggesting the presence of CD68+CCR5+ cells. Additional studies to

explore these populations of cells in the rhesus monkey model before and after birth will be

important for further development of new treatments targeting these age groups.

Differences in immune ontogeny between humans and rodents are well documented and

highlight crucial disparities that may influence therapeutic outcomes for the developing fetus

and infant (Mold and McCune, 2012). The results presented here, together with other reports

(Makori et al., 2003), suggest immune ontogeny in the monkey is similar in temporal and

anatomical sequence to human development (Fig. 6). The fetal liver assumes a major role in

hematopoiesis beginning in the mid-first trimester in humans (reviewed in Holt and Jones,

2000; Holsapple et al., 2003) and in monkeys (Sharma et al., 1991; Tarantal, unpublished)

but not until mid-gestation in mice (reviewed in Holsapple et al., 2003). Similarly,

hematopoietic progenitors seed the thymus at the end of the first trimester in humans

(Jotereau et al., 1987; Haynes et al., 1988; Ygberg et al., 2012) and monkeys, but not until
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mid-gestation in mice (Douagi et al., 2000; Pearse et al., 2006; Gordon et al., 2011; Rossi et

al., 2006). Hassall’s corpuscles, believed to be involved in development of central tolerance

by converting self-reactive thymocytes into Tregs (Watanabe et al., 2005) were noted in

monkeys beginning in the second trimester, as previously observed in humans, but are

poorly developed in rodents even after birth (Farr et al., 2002). Developing human (Cupedo

et al., 2004; Ygberg and Nilsson, 2012) and monkey lymph nodes contained B and T

lymphocytes by mid-gestation, with follicles present by the late second trimester and

germinal centers noted before birth. In contrast, the mouse lymph node anlagen remains

poorly organized at birth with follicle development occurring in the early postnatal period

(Cupedo et al., 2004; Drayton et al., 2006). The appearance of B and T lymphocytes in

Peyer’s patches of developing intestinal tissue occurs at E18.5 in mice (Adachi et al., 1997;

Eberl et al., 2009), much later in gestation than humans (Braegger et al., 1992; Holsapple et

al 2003; Ygberg and Nilsson, 2012) and rhesus monkeys. In addition to differences in

temporal ontological development, humans and rodents appear to have very different

responses to acute inflammatory stressors. Thus, the human transcriptional response to a

variety of these stressors is surprisingly conserved, while mouse models of the same

stressors show little or no correlation with the genes affected, the signaling pathways

involved, or the timing of the response (Seok et al., 2013).

The developing fetus may be exposed to a variety of potential antigenic stimulants including

maternal cells, infectious microbes or particles, auto-antigens, or allergenic proteins and

molecules. Appropriate responses, or the lack thereof, likely affect the success of the

pregnancy and establish patterns that carry forward to affect the health of the infant, and

perhaps even throughout adult life. Studies of immune ontogeny are essential as new

therapeutic strategies are developed for the fetus and infant, and may suggest new

approaches to ensure adult health and to protect against diseases across the lifespan. The

insights into myeloid and lymphoid development in the rhesus monkey provided here will

aid in accelerating future translational studies in this important preclinical primate model

system of human health and disease.
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Figure 1. Rhesus monkey liver, spleen, and thymus
A. CD68+ cells were only found within blood islands (examples circled) in the liver in the

first trimester, but were also observed within hepatocytes (H) in the second trimester. Near

term, blood islands were no longer present and infrequent CD68+ cells with morphology

typical of Kupffer cells (K) were noted. In postnatal liver, CD68+ cells were most frequently

found near venules (V). B. CD3+ cells were noted occasionally in the splenic mesenchyme

in the first trimester. By the second trimester, organization of early follicles (dotted circle)

with white pulp (WP) and red pulp (RP) regions were evident. Central arterioles (CA) were

surrounded by CD3+ cells in developing periarteriolar lymphatic sheaths (PALS). CD3+

cells were concentrated in the PALS in postnatal follicles with a few positive cells noted in

germinal centers (GC) and marginal zones (MZ). C. CD20+ cells were not observed until

the second trimester in the spleen and were usually associated with white pulp follicles

(dotted circle) by the third trimester. CD20+ cells were concentrated in the germinal center

(GC) and marginal zone of the white pulp at 3 months of age. D. Developing lobules of the

thymus were composed of CD3+ cells in the first trimester. Cortical (C) and medullary (M)

regions were evident from the second trimester onward with nearly all cortical cells

expressing CD3. The medulla contained CD3+ cells and unstained thymic epithelial cells.

Small clusters of epithelial cells in Hassall’s corpuscles (HC) were noted from the early

second trimester and increased in frequency with advancing gestation. E. FoxP3 expression
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was similar to CD3 in the first trimester with strong positive staining of nearly all thymic

lobular cells. Expression of FoxP3 was restricted to a few cells in the medulla from the

second trimester and onward. All images 20x except first trimester CD68 (40x), third

trimester CD3 (10x), and postnatal CD20 (10x). Calibration bar = 100 μm.
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Figure 2. Rhesus monkey axillary and mesenteric lymph nodes
A. In the second trimester, lymph nodes were surrounded by subcapsular sinuses. CD3 was

strongly expressed in cells surrounding venules (solid ovals). As lymph nodes developed,

CD3 expression was noted on nearly all cells of the paracortex (PC) except trabeculae

(arrow), and less frequently in the follicle (F). B. CD4 was expressed near the subcapsular

sinus (SS), and with follicle maturation was noted most frequently in the paracortex (PC)

and near the medullary sinuses (M). Follicles (dotted circles) were present in the third

trimester, with progression to secondary follicles containing germinal centers (GC)

surrounded by coronal regions (Co) by 3 months postnatal age. C. Cells expressing FoxP3

were found as individual or small clusters of cells (arrows) in the cortical parenchyma (C),

and were also noted with greater frequency in the paracortex (PC). With follicular

maturation, frequency of CD68+ cells decreased and individual positive cells were noted in

germinal centers (GC) and the surrounding corona (Co) of the follicles after birth. D.
Expression of CD20 was concentrated near subcapsular sinuses (SS) opposite the hilum (H)

of the developing lymph nodes. Individual CD20+ cells were also found throughout the

developing parenchyma. Beginning with the third trimester most CD20+ cells were

localized in developing follicles (F) (dotted circles). After birth, positive cells were also
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noted infrequently in the paracortex (PC). E. CD68+ cells were found along the border of

the developing subcapsular sinus (SS), and localized to the cortical margins (C) of maturing

follicles and medullary regions as development progressed. After birth, positive cells were

less frequent and, when observed, were located in the medulla or the germinal centers (GC)

of cortical (Co) follicles (dotted circle). All images 20x except second trimester CD20 and

CD68 (10x), and postnatal CD3 (10x). Calibration bar = 100 μm.
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Figure 3. Ontogeny of T lymphocytes in rhesus monkey jejunum, ileum, and colon
A. CD8 was expressed in the lamina propria (LP) of elongated villi and in the submucosa

(SM) in first trimester jejunum. CD8+ cells were also located within the surface epithelium

in the ileum. Muscularis mucosa (MM). B. In the second trimester, CD3+ cells were located

in the lamina propria (LP), developing Peyer’s patches (PP), and submucosa (SM). C.
Mature follicles (F) were evident within Peyer’s patches in the third trimester. CD4+ cells

were found with greater frequency in the interfollicular regions than within the follicle

center. Submucosa (SM). D. FoxP3+ cells were found as individual cells within Peyer’s

patches (arrows), submucosa (SM), and lamina propria (LP). All images 20x except third

trimester jejunum and colon (10x). Calibration bar = 100 μm.
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Figure 4. Ontogeny of B lymphocytes, macrophages, and dendritic cells in rhesus monkey
jejunum, ileum, and colon
A. Cells expressing B cell markers CD20 or CD79 (not shown) were not found in the

submucosa (SM), lamina propria (LP), or surface epithelium in the late first trimester. B.
Cells expressing the dendritic marker, CD205 (small arrows), were noted within the

pseudostratified surface epithelium between the villi and within Peyer’s patches (PP) in the

second trimester. Submucosa (SM). C. Cells expressing CD68 (macrophage marker)

(arrows) were more abundant in the third trimester jejunum and ileum, were located in the

tips of the lamina propria (LP), and as individual cells in Peyer’s patches (PP). Submucosa

(SM). D. Postnatal Peyer’s patches contained distinct follicles (F) with a majority of cells

CD20+ (not shown) or CD79+ (arrow). Dense CD20+ cells were found in the coronal region

(Co) between the germinal center of the follicles and the surface epithelium. All images 20x

except first trimester colon (10x), second trimester ileum (40x), and postnatal jejunum,

ileum, and colon (10x). Calibration bar = 100 μm.
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Figure 5. Expression of CD4 and CCR5 in the developing colon of rhesus monkeys
A. Cells expressing CD4 were found in developing Peyer’s patches, submucosa (SM), and

lamina propria surrounding the crypts (Cr). CD4+ cells were not observed in the muscularis

(MM). B. Cells expressing CCR5 were observed in the epithelium, Peyer’s patches,

submucosa (SM), and lamina propria at mid-gestation and at later gestational ages. In

sequential sections, CCR5+ cells were noted in locations where CD4+ cells were found

(representative regions highlighted with dotted circles). All images 20x. Calibration bar =

100 μm.
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Figure 6. Lymphoid and myeloid ontogeny in rhesus monkey bone marrow
A. Developing long bones were composed largely of cartilage (C) and epiphyseal plates

(EP) in the first trimester. B. Medullary cavities in the second trimester contained individual

cells positive for CD20 (arrows) or CD68 (arrows), but not CD3. C. CD68 was noted with

greater frequency than CD3 or CD20 in the third trimester marrow cavities. Arrows denote

representative positive cells within CD3 or CD20 panels. D. Postnatal long bones at 3

months contained adipose (A) and reticular cells (R) with modest expression of CD3 and

CD68 and frequent expression of CD20. All images 20x except third trimester CD20 (40x).

Calibration bar = 100 μm.
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Figure 7. Temporal sequence of immune ontogeny in human, monkey, and mouse
The liver is the major site of hematopoiesis in human and nonhuman primates from the mid-

first trimester until bone marrow hematopoiesis is established in the mid-second trimester.

Thymic and splenic demarcation is completed by mid-gestation followed by the presence of

B and T cells within Peyer’s patches prior to the third trimester. Lymph node morphogenesis

including formation of germinal centers is completed prior to birth in both species. In

contrast, the mouse immune system is immature at birth with developmental events

beginning in mid-gestation and with little or no development of Peyer’s patches and lymph

nodes until after birth.
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