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Abstract

The unique MHC phenotype of the human and nonhuman primate placenta has suggested a 

potential role in maternal-fetal immune tolerance, pregnancy success, and maternal as well as fetal 

well-being. In the rhesus monkey (Macaca mulatta) a non-classical MHC class I molecule, Mamu-

AG, is a putative homologue of HLA-G and is hypothesized to play a role in maternal-fetal 

immune interactions during pregnancy. Rhesus monkeys were passively immunized during the 

second week after implantation with a mAb against Mamu-AG. Passive immunization altered the 

growth and vascularization of the fetal placenta, the placental modification of maternal 

endometrial vessels, the maternal leukocyte response to implantation, and the differentiation of 

epithelial and stromal cells in the endometrium. These data are the first to demonstrate in vivo the 

importance of MHC class I molecules expressed on primate trophoblasts in establishing an 

important environment for pregnancy success through coordinated interactions between 

endometrial and fetal tissues.

The polymorphism of classical MHC class I molecules is critical to the surveillance function 

of an intact immune system. In contrast to the highly polymorphic, classical MHC class I 

molecules (HLA-A, -B, and -C), the nonclassical human MHC class I gene products (HLA-

E, -F, and -G) exhibit extremely limited polymorphism. HLA-G has a novel expression 

pattern in invasive extravillous placental trophoblasts that migrate into the maternal 

endometrium at implantation (1–3), and it has been implicated in the regulation of the 

maternal immune response to pregnancy. HLA-G is complexed with β2-microglobulin (4), 

recognized by CD8+ cells (5), and binds the same array of peptides as classical HLA 
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molecules (6, 7). HLA-G has been proposed to play important roles in the regulation of 

decidual NK cell and macrophage function through interactions with killer cell Ig-like 

receptors and leukocyte Ig-like receptors (8–11) and may promote T cell and endothelial cell 

apoptosis through CD8+ and CD160-mediated mechanisms (12, 13). In addition, reduced 

expression of HLA-G in endovascular and interstitial trophoblasts has been noted in pre-

eclampsia and intrauterine growth restriction, where impaired trophoblast invasion, placental 

development, and utero-placental blood flow are thought to contribute to the 

pathophysiology of these clinical situations (14). However, the in vivo role of HLA-G 

remains unclear because experimental intervention in early human pregnancy is not feasible. 

Thus, there is a pressing need for an animal model for the study of HLA-G function.

Comparison with the human MHC class I loci has revealed that the rhesus monkey expresses 

the products of highly polymorphic HLA-A-like and HLA-B-like loci (termed Mamu-A and 

Mamu-B, for Macaca mulatta) (15, 16), and the G locus has also been demonstrated in apes 

and macaques (17, 18). While we have shown in the rhesus that Mamu-G is a pseudogene 

(17), a novel MHC class I locus, Mamu-AG, shares a number of features of HLA-G (19). 

These include low polymorphism and a truncated cytoplasmic domain, alternative splicing 

(19), the expression of a soluble isoform (20), and a distinctive expression pattern in which 

the highest mRNA and protein levels are found in placental trophoblasts (21–23). The 25D3 

mAb specific for Mamu-AG (23) identified Mamu-AG expression as early as days 14–19 of 

gestation in rhesus monkey cytotrophoblasts invading the maternal vessels and 

endometrium, the cytotrophoblasts delineating the maternal-fetal interface, and also the 

syncytiotrophoblasts (STB)4 of chorionic villi of the definitive placenta (23). The expression 

of Mamu-AG at the implantation site within the first week of pregnancy suggests a role in 

trophoblast invasion and establishment of a unique immunologic microenvironment at the 

maternal-fetal interface.

The aim of this study was to begin to define an in vivo function for Mamu-AG through anti-

Mamu-AG passive immunization in early pregnancy. This report demonstrates that 

interfering with Mamu-AG on the trophoblast surface negatively affects placental growth 

and development, as well as decidual differentiation and maturation in the nonhuman 

primate model, and supports an important role for trophoblast MHC class I expression at the 

primate maternal-fetal interface.

Materials and Methods

Animals and tissues

Adult female rhesus monkeys (M. mulatta) weighing 6.5–9.5 kg and used for timed mating 

were from the colony maintained at the National Primate Research Center (University of 

Wisconsin, Madison, WI). All experimental procedures were performed in accordance with 

the National Institutes of Health Guidelines for Care and Use of Laboratory Animals and 

4Abbreviations used in this paper: STB, syncytiotrophoblast; 25D3, anti-Mamu-AG mAb; CG, chorionic gonadotropin; DC-SIGN, 
DC-specific ICAM3-grabbing nonintegrin; EVCT, extravillous cytotrophoblast; IHC, immunohistochemistry; NS, non-specific; 
VEGF, vascular endothelial growth factor.
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with the approval of the University of Wisconsin Graduate School Animal Care and Use 

Committee.

Rhesus monkey implantation sites were obtained from monkeys undergoing normal 

pregnancy (untreated control), monkeys treated in vivo with 4 mg of nonspecific (NS) 

purified F(ab′)2 (NS treated), or monkeys treated in vivo with 4 mg of an anti-Mamu-AG 

(clone 25D3) F(ab′ )2 (25D3 treated) by i.v. injection (0.5 ml saline) each day from day 18 

through day 24 of gestation (n = 4 for each group; day 0 = the day after the ovulatory 

luteinizing hormone peak; day 165 = term). All tissues were treated identically in a 

standardized manner. Intact uteroplacental units were obtained from animals following 

perfusion with 2% paraformaldehyde/PBS on day 24 as previously described (23). At least 

two samples were taken from each placental disc (average normal pregnancy primary disc 

size was 3.0 × 2.8 × 0.2 cm). Utero-placental tissues were secondarily fixed for 4 h in 2% 

paraformaldehyde and embedded in paraffin, sectioned (5 μm), deparaffinized in xylene, 

rehydrated in decreasing ethanol concentrations, and immunostained with selected Abs. For 

frozen sections, separate samples from the same placentas were fixed in paraformaldehyde 

followed by cryopreservation by immersion in sucrose and PBS and then frozen, sectioned 

(5 μm), and stained (21). The selected samples were embedded in paraffin or frozen with the 

cut face down to meet the requirements for vertical sections, which is necessary for design-

based estimation of the surface area (24, 25).

Histological and morphometric analysis

Randomly selected sections of the paraffin-embedded material were stained with H&E. The 

following morphometric placental parameters were evaluated: mean number of villous cross-

sections per mm2 of paraffin section, percentage of total number of the various villous 

classes (examined under ×4 objective), length of stem villi, diameter of villi, the thickness of 

the villous trophoblast, villous surface area, villous stromal area, the number of vessel cross-

sections per villus (examined under ×10 objective), maximal luminal diameter of villous 

vessels, and vessel surface area (examined under ×20 objective) (25–29). Stromal/epithelial 

surface and vessel/villous surface ratios were calculated.

Decidual tissues were examined and evaluated on the basis of the following morphologic 

features: changes in the decidual epithelium (epithelial plaque reaction and glandular 

changes) or decidual stroma (leukocytic infiltration, localized edema, decidualization of 

stromal cells, and modifications of arteriolar vessels), number of vessel cross-sections per 

0.01 μm2 of decidua, and villous lacunar formation (30–33). Digital images were captured 

using a Leica DM IRB microscope equipped with an Optronics MagnaFire digital camera 

and software. Images were taken of slides free of fixation, sectioning, or staining artifacts. 

Five randomly selected microscopic fields from the central region of each placental 

specimen were acquired. Morphometric analyses were performed using NIH ImageJ 1.32j 

software for measuring photomicrograph image features (34) on serial placental sections. 

Contours of the structurally intact villi and their stroma and vessels were traced manually on 

the computer monitor with a mouse-controlled cursor at on-screen magnification to calculate 

the areas of these components (28). The results from five images were averaged to give one 

value for each specimen (25). All measurements were analyzed blind (without knowledge of 
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the treatment group) by the same person. Mean ± SEM were calculated for each group and 

the statistical significance of the differences between pairs of groups was assessed using 

ANOVA (Vassar Stats) followed by Tukey’s Honestly Significant Difference test.

Immunohistochemistry

Paraffin-embedded and frozen sections (5 μm) were stained with Abs and visualized using 

the Vectastain ABC peroxidase complex kit and Vector NovaRED substrate kit for 

peroxidase (Vector Laboratories) generally as described previously (23, 35). The Abs used 

and their working concentrations are given in Table I. Frozen sections of the control group 

animals (Fig. 1) were stained with the anti-Mamu-AG (clone 25D3) mouse (11.2 μg/ml) 

mAb. Mouse IgG1, IgG2, or normal rabbit or sheep serum (Sigma-Aldrich) served as 

negative controls. To confirm the distribution of 25D3 mAb at the implantation site, frozen 

sections were incubated with the biotinylated anti-mouse IgG (7.5 μg/ml) (Vector 

Laboratories; Fig. 1). Intravillous and decidual vascular elements were identified by anti-

CD31 or anti-IDO Ab staining, respectively. Ki67-stained nuclei were counted in five high 

power fields (under ×40 objective) and the values were expressed as a percentage of the total 

cytotrophoblast nuclei counted in fields of view chosen in a systematic random fashion from 

each placenta (36).

Results

To confirm the distribution of the anti-Mamu-AG 25D3 mAb at the implantation site in 

passively immunized monkeys, frozen sections were incubated with biotinylated anti-mouse 

IgG. In 25D3-treated placentas, positive immunohistochemistry (IHC) staining was 

identified in villous STB (Fig. 1A), extravillous cytotrophoblasts (EVCT) of the 

trophoblastic shell, and the cell columns (Fig. 1B). In contrast, there was no positive staining 

(no mAb attachment) in placental tissue from untreated control (Fig. 1E) or NS-treated (Fig. 

1F) animals. The anti-mouse staining is identical with Mamu-AG distribution (Fig. 1, C and 

D), which is expressed in the villous STB (Fig. 1C), and the EVCT of proximal columns and 

the trophoblastic shell delineating the maternal-fetal interface (Fig. 1D). These results 

confirm adequate mAb penetration and binding to endogenous Mamu-AG expressed at the 

trophoblast surface.

Analysis of placental growth and development

In the rhesus monkey placenta, by days 22–25 of gestation there is extensive branching of 

the villi, which occurs by longitudinal splitting of the stem villi and cell columns to form 

groups of parallel branches with a common insertion into the basal plate (type I branches) or 

by the sprouting of large diameter side branches (type II branches) in the zone nearer the 

chorionic plate (30) (Fig. 2A). The percentages of the various villous types are shown in 

Table II. The percentages of all villous types in 25D3-treated animals were significantly 

different from those of both untreated and NS-treated placentas. The only statistically 

significant difference between untreated and NS-treated animals was a modest difference in 

total villi (Table II). 25D3-treated placentas showed significantly higher ( p < 0.01) numbers 

of stem villi and their type I branches and significantly lower percentages ( p < 0. 01) of type 
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II branches and floating villi compared with both untreated and NS-treated animals. This 

suggests a delay in overall placental development.

Morphometric analysis of the chorionic villi revealed discrete deficits in villous growth. The 

length of stem villi (Fig. 2B) and diameter of stem, branching, and floating villi (Fig. 2C) 

were significantly different between 25D3-treated and NS-treated or untreated placentas ( p 
< 0.01). In addition, trophoblast thickness (Fig. 2D) and the villous stromal/epithelial (i.e., 

total trophoblast) area ratio (Fig. 2E) were significantly decreased by 25D3 treatment. The 

percentage of Ki67-positive cytotrophoblasts (proliferative index) in placentas from 25D3-

treated animals was significantly different ( p < 0.01) from that of NS-treated and untreated 

placentas in all villous compartments (Fig. 2, F and G). Thus, stromal growth as well as 

trophoblast proliferation was delayed by 25D3 treatments.

Vascularization of chorionic villi

The vascularity of the chorionic villi was evaluated by IHC for CD31 (Fig. 3A). The number 

of vessel cross-sections per villus, in all villous categories, was significantly reduced in 

floating, type I branching, and stem villi for 25D3 vs NS-treated placentas (Fig. 3B), and the 

mean maximal luminal diameter (26) was reduced by 25D3 treatment in type I branching 

and floating villi (Fig. 3C). The vessel/villous surface ratio of all categories of villi was also 

reduced in 25D3-treated placentas in comparison with NS-treated placentas (not shown). 

Because of reduced villous vascularization, we evaluated vascular endothelial growth factor 

(VEGF) and VEGF receptor (FLT1 and KDR) expression by IHC. Although there was 

strong positive staining for VEGF and FLT1 in both villous trophoblasts and endothelial 

cells in all treatment groups (not shown), immunostaining for KDR (Flk-1) in 25D3-treated 

monkeys was consistently reduced in comparison with untreated and NS-treated placentas 

(Figs. 3, D–F).

Because of this effect on differentiated trophoblast function, we examined chorionic 

gonadotropin (CG) expression by IHC in monkey placentas (Fig. 4). The staining was 

similar in untreated and NS-treated placentas: strong positive staining in STB of chorionic 

villi (Fig. 4A). In the 25D3-treated group, CG expression was relatively lower and irregular 

(Fig. 4B).

Lacunar development and endometrial invasion

The lacunae are the intervillous maternal blood spaces that arise as the chorionic villi are 

formed during weeks 1–2 of rhesus placental development (31). In untreated control and 

NS-treated placentas (Fig. 5A) we observed expanded and unexpanded lacunae with 

maternal RBC, whereas in the 25D3-treated group only unexpanded lacunae were seen, with 

little evidence of intervillous maternal blood (Fig. 5B).

EVCT gain access to maternal endometrial arterioles soon after blastocyst implantation in 

higher primates (32, 33). The lumina of small arterioles directly beneath the implantation 

site were completely or partially occluded by EVCT (identified by cytokeratin staining) in 

all treatment groups (Figs. 5, C and D). Invaded vessels had substantial modification of the 

endothelial layer in all groups of animals, as shown by discontinuous or absent Von 

Willebrand Factor staining (Figs. 5, E and F) of the invaded vessels. While EVCT invasion 
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into the smooth muscle actin-positive tunica medium progressed as expected through gaps in 

the smooth muscle layer with substantial disruption and removal of the spiral arterial wall in 

untreated control and NS-treated decidual vessels (Fig. 5G), the tunica medium of spiral 

arterioles in 25D3-treated animals remained intact (Fig. 5H).

Decidual leukocyte distribution

The rhesus decidual response to implantation includes an increase in dendritic cell-specific 

ICAM3-grabbing nonintegrin (DC-SIGN) expression in a subset of macrophages localized 

to the implantation site, an increase in the number of decidual NK cells, and a decrease in 

decidual T cells (35, 37). As expected, most of the leukocytes observed in decidual stroma 

were CD56-positive NK cells and CD68-positive macrophages (Fig. 6A). CD68-positive and 

CD56-positive cells abundantly infiltrated the decidua and were not different among the 

three groups of animals (Fig. 6A). In contrast, DC-SIGN-positive cell abundance in the 

decidua was clearly lower in specimens collected from monkeys passively immunized with 

anti-Mamu-AG compared with untreated control and NS-treated groups (Figs. 6A, F, and 

G). In untreated control and NS-treated groups there were a few isolated CD3-positive cells 

(Fig. 6H), whereas in 25D3-treated animals CD3-positive cells were increased and 

sometimes formed a dense infiltrate around noninvaded decidual vessels (Fig. 6I). In 

addition, the number of vessels per unit area of decidua also was significantly lower in 

25D3-treated animals (Figs. 6, J and K).

Epithelial plaque and edema

Responses to the presence of the embryo in the outer functional zones of the rhesus 

endometrium include formation of a luminal epithelial plaque reaction in the immediate 

vicinity of the implanting embryo and subepithelial edema at the periphery of the plaque. By 

day 24, most cells of the epithelial plaque undergo degeneration (31, 33). We observed in the 

NS-treated (Fig. 7A) and untreated control (not shown) groups only irregular small patches 

of degenerating cells remaining at the periphery of the implantation site, located between the 

cytotrophoblast shell and the decidualizing stroma. At the margin of the plaque, mild 

subepithelial edema was seen in some areas (Fig. 7B). In 25D3-treated monkeys, the 

epithelial plaque was clearly visible and continuous (Fig. 7A) as was extreme subepithelial 

edema, including blister-like structures adjacent to the placenta (Fig. 7C). Thus, 25D3-

treated animals exhibited a delayed regression of the plaque reaction.

Stromal decidualization and differentiation of endometrial glands

During decidualization, the endometrial glands initially enlarge and the glandular epithelium 

actively secretes material into the lumen (27). Untreated and NS-treated animals displayed 

enlarged, dilated decidual glands with a thin epithelial layer and accumulated secretion in 

the lumen (Fig. 7D). In contrast, restricted dilation of the decidual glands was found in 

25D3-treated decidua (Fig. 7E).

Under the influence of blastocyst implantation, the transformation of the primate 

endometrium into the decidua includes differentiation of stromal fibroblasts near the 

implantation site, with enlargement of endometrial stromal cells showing a rounded or 

polygonal morphology. In the anti-Mamu-AG treated group, decidualization was rather 
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patchy, as confirmed by a significant increase in the number of nuclei per unit of stromal 

area (NS-treated, 169.1 ± 2.1 vs 25D3-treated, 205.4 ± 2.3 nuclei/0.01 mm2; p < 0.01).

Discussion

Rhesus monkeys in the second week postimplantation were passively immunized with a 

mAb against the placental MHC class I molecule Mamu-AG. There were broad effects of 

passive immunization on placental development as well as morphological responses in the 

maternal decidua. Evaluation of growth and proliferation within the chorionic villi, as well 

as the number and the diameter of fetal blood vessels within villi, indicated an overall delay 

in placental development. These results were mirrored within the decidual compartment 

where a broad spectrum of functional parameters were likewise inhibited or delayed, 

including the remodeling of maternal spiral arterioles by invasive extravillous trophoblasts, 

the expression of DC-SIGN in decidual macrophages, the displacement of T cells from the 

functional endometrium, and the differentiation of decidual stromal fibroblasts and the 

endometrial glandular epithelium. These data suggest an important role for MHC class I 

molecules expressed on primate trophoblasts in establishing an environment for pregnancy 

success through a coordinated set of interactions between the placenta and decidual tissues. 

Although there have been numerous studies evaluating HLA-G action in vitro, its biological 

function has remained exceedingly difficult to study in the in vivo setting. The significant 

outcomes of this study illustrate the useful applications of the passive immunization 

paradigm in primate experimental models.

A substantial majority of the leukocytes in the human and the rhesus monkey decidua of 

early pregnancy are NK cells, with the balance primarily macrophages and some CD8+ T 

cells (33, 35, 38, 39). The distinct decidual NK cell phenotype (bright CD56 expression and 

reduced CD16 levels, angiogenic factor, adhesion, and chemotactic factor gene expression) 

(40) supports an important function for decidual NK cells in pregnancy establishment 

distinct from peripheral blood NK cell function. Indeed, recent studies have demonstrated 

that decidual NK may have important roles in promoting trophoblast invasion (41) and 

decidual vascular remodeling (42) in human pregnancy. In human pathological pregnancies, 

there have been reports from several groups that the diminished invasion of maternal spiral 

arteries by endovascular extravillous human trophoblasts is associated with reduced HLA-G 

expression in the extravillous trophoblasts and a decrease in the expected loss of vascular 

smooth muscle (14, 43). Thus, an experimental reduction in Mamu-AG might be predicted 

to result in decreased endothelial and/or smooth muscle removal. This prediction was 

partially borne out by the results of anti-Mamu-AG passive immunization with regard to 

changes in vascular smooth muscle in maternal spiral arteries. Although our studies did not 

reveal changes in the appearance of endovascular rhesus trophoblasts, there was a consistent 

interruption of subsequent trophoblast remodeling of these invaded vessels. Although this 

suggests that Mamu-AG may have no role in any interactions with maternal leukocytes that 

may influence trophoblast migration (such as chemotactic factor secretion; Ref. 41), 

alternatively the rhesus monkey may have concluded a substantial portion of endovascular 

trophoblast invasion in the initial ~11 days postimplantation, before we initiated Ab 

treatment on day 18 of gestation. The differential control of endovascular migration of 

extravillous trophoblasts vs the breaching of the vascular smooth muscle of those vessels is 
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not understood. Further study of the sequelae of this early placental insult in the rhesus may 

allow the development of primate preclinical models of implantation defects and placental 

insufficiency.

Although the roles of resident macrophages and T cells in the primate decidua are less 

extensively studied, macrophages in particular seem ideally poised to respond to 

implantation as they are localized in close association with the maternal spiral arteries in 

both human (44) and rhesus (35, 37) implantation. Indeed, studies with soluble HLA-G and 

macrophage-like cell lines or CD8+ T cells have suggested that these cells may also be direct 

targets of HLA-G action (45, 46). It has been previously reported that macrophages can 

effect vascular smooth muscle apoptosis, like trophoblasts (45–47), through Fas/FasL-

mediated mechanisms (48). In this regard, the close localization of macrophages in the 

rhesus to the spiral arteries invaded by trophoblasts (37) may be of particular significance. It 

was intriguing that the pregnancy-specific induction of DC-SIGN we have previously noted 

in a subset of decidual macrophages in rhesus decidua (35) in response to implantation was 

significantly limited by passive immunization against Mamu-AG. Failure to ligate Mamu-

AG receptors and activate the pregnancy response in macrophages may contribute to the 

interruption of normal vessel modification. This was not an effect on overall macrophage 

survival, because total macrophage numbers did not change with passive immunization. 

Thus, pregnancy-specific differentiation is an important area for further study. Because CG 

expression in the rhesus placenta is apparently decreased or inconsistent, this may also 

provide a mechanism by which decidual maturation is delayed.

An unexpected outcome of passive immunization against Mamu-AG was the significant 

effect on placental growth and vascularization. One interpretation of these results is that 

Mamu-AG neutralization abrogates its effects on a different target cell (e.g., decidual NK 

cells) to the detriment of placental development. This could be due to changes in decidual 

growth factor or cytokine secretion, because numerous soluble factors secreted by 

leukocytes may affect placental growth and development. It is also possible that, in the 

absence of Mamu-AG signaling, expression of decidual factor(s) inhibits placental 

development. Alternatively, loss of angiogenic factor production by uterine NK cells may 

limit uteroplacental blood flow and early growth of the placenta. It is possible that ligation 

of Mamu-AG by 25D3 in the villous syncytiotrophoblast apical membranes disrupts 

membrane trafficking or protein-protein interactions along the syncytial surface, altering the 

dialogue between the syncytiotrophoblasts, villous cytotrophoblasts, and the villous 

mesenchyme. Further studies targeting decidual leukocytes or other syncytial surface Ags 

can address these alternative interpretations.

Although the present study has revealed important effects of anti-Mamu-AG passive 

immunization on rhesus pregnancy, there are several important questions that remain to be 

addressed. Despite the scope of the changes observed in the deciduae, it may be that only a 

subset of the effects are due to a direct interaction between the invasive endovascular 

trophoblasts and decidual cells. Owing to a relatively low level of interstitial invasion into 

the rhesus decidua, effects on decidual differentiation, subepithelial edema, endometrial 

plaque degeneration, and endometrial gland transformation may be more easily explained by 

changes in placental/decidual soluble regulatory factors. As with HLA-G, the soluble 
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isoform of Mamu-AG (20) may be considered a candidate for wider distribution throughout 

the decidua adjacent to the trophoblastic shell. Soluble HLA-G has been shown to promote 

T cell (12) and endothelial cell apoptosis (13), as well as influence gene expression in 

macrophage-like U937 cells (49). Soluble Mamu-AG present in the decidual space would be 

available for interaction with decidual NK cell receptors, as well as possibly endometrial T 

cells and macrophages and vascular smooth muscle. Importantly, decidual NK cells are the 

most abundant cells in the decidua throughout pregnancy and are well-positioned for 

influencing decidual maturation. Because NK cell depletion in the mouse decidua interrupts 

vascularization (50), a harmonizing role for NK cells in both hemochorial species is 

attractive despite the lack of evidence that placental MHC has a role in the modulation of 

maternal decidual leukocytes in the mouse. It is also possible that effects of passive 

immunization on other placental factors, including CG (51), contribute to the decidual 

changes observed.

In addition, the physiological sequelae of this early insult in placental development and 

decidual maturation on the outcome of pregnancy in terms of maternal and fetal well-being, 

particularly neonatal health, are not known. In human pregnancy, abnormal or inadequate 

implantation and placental growth and development are associated with decreased or 

suboptimal HLA-G expression in extravillous trophoblasts (14, 43). The ability to directly 

examine prenatal and postnatal sequelae of interference with placental MHC class I 

signaling to maternal immune cells and other possible targets at the maternal-fetal interface 

in the rhesus is an important advance in establishing a primate model highly homologous to 

human placental, decidual, immune, and fetal morphology and function.
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FIGURE 1. 
Localization of anti-Mamu-AG (25D3) mAb in passively immunized monkeys. The mAb 

distribution in the rhesus monkey placenta at the implantation site in villous (A) and 

extravillous (B) trophoblasts visualized with anti-mouse IgG in the rhesus monkey placenta 

is similar to Mamu-AG expression detected in frozen sections with the 25D3 mAb in villous 

(C) and in extravillous (D) trophoblasts on day 24 in untreated control pregnancy. Untreated 

control (E) and NS-treated (F) groups demonstrated no mAb deposition as detected by 

immunostaining with a horse anti-mouse IgG.
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FIGURE 2. 
Effects of passive immunization against Mamu-AG on placental growth and morphogenesis. 

A, Depiction of various villous types in the rhesus monkey placenta (untreated control, H&E 

staining). SV, Stem villus; BV, branching villus; CC, cytotrophoblast column; FV, floating 

villus; Chp, chorionic plate; Tsh, trophoblastic shell; Dec, decidua. B, Length of stem villi in 

untreated control, NS-treated, or 25D3-treated placentas. The mean + SEM of five 

independent samples from four placentas per group is shown; *, p < 0.01 compared with 

control groups in this and all other graphs in this figure. C, Diameter of classes of villi. D, 

Trophoblast thickness as determined from measurements on five villi in each class within 

each animal. E, Ratios of villous stromal area/trophoblast area. F, Representative IHC for 

Ki67. G, Proliferation index (percentage of Ki67-positive trophoblast nuclei) in each villous 

class.

Bondarenko et al. Page 14

J Immunol. Author manuscript; available in PMC 2018 October 16.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



FIGURE 3. 
Effects of passive immunization against Mamu-AG on placental vascularization. A, 

Representative IHC for CD31 to visualize villous stromal vessels. B, The number of vessels 

per villus. C, Maximal luminal vessel diameter (μm) in individual villous classes (see arrows 

in A).*, p < 0.01 in B and C. D–F, Representative IHC for KDR in untreated (D), NS-treated 

(E), or 25D3-treated (F) animals. Arrows indicate stromal endothelial cells and arrowheads 

indicate villous cytotrophoblasts.
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FIGURE 4. 
IHC for monkey CG. Rhesus monkey placentas on day 24 of gestation, NS treated (A and C) 

or 25D3 treated (B and D), are shown. Immunostaining was performed on paraffin-

embedded sections with anti-CG mAb (A and B) or a negative control primary Ab (C and 

D).
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FIGURE 5. 
Effect of passive immunization on placental-decidual interactions. Placental lacunae in NS-

treated (A) or 25D3-treated (B) monkeys. Paraffin-embedded sections with H&E staining 

are shown. Maternal RBC in A are indicated by arrows. Lacunae (L) at the placental-

decidual border are indicated. C–H, Endovascular invasion of placental arterioles by EVCT. 

Nonspecific treated (C, E, and G) or 25D3-treated (D, F, and H) paraffin-embedded sections 

were immunostained with the indicated Abs as follows: anti-cytokeratin (CTK) (C and D; 

arrows indicate CTK-positive endovascular cytotrophoblasts); anti-von Willebrand factor 

(VWF) (E and F; arrows demonstrate lack of positive endothelial cells; see E, inset, for 

positively stained endometrial vessels); anti-smooth muscle actin (SMA) (G and H; arrows 

indicate discontinuous smooth muscle layer in NS-treated tissue (G) or intact smooth muscle 

layer in 25D3-treated tissue (H)).
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FIGURE 6. 
Effects of passive immunization on decidual leukocytes and vascularization. Representative 

IHC for CD56 (B and D), CD68 (C and E), DC-SIGN (F and G), and CD3 (H and I) 
expression in the decidua are shown. Nonspecific treated (B, C, F, H, and J), and 25D3-

treated (D, E, G, and I) tissues are shown. A, Quantitation of the indicated cell populations 

in five fields from each of four implantation sites per group. *, p < 0.01, indicating 25D3-

treated groups that are significantly different from untreated or nonspecific treated animals. 

J, Representative IDO IHC for decidual vessels. K, Quantitation of the number of decidual 

vessels from five random fields of four animals per group.
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FIGURE 7. 
Endometrial responses to passive immunization. A–C, Epithelial plaque reaction (A) and 

edema (B and C) at the margin of the rhesus monkey implantation site in NS specific-treated 

or 25D3-treated groups; H&E staining of paraffin sections is shown. Broad arrows in A 
delineate the zone of a persistent plaque reaction. D and E, Endometrial glands in the 

decidua of NS-treated (D) or 25D3-treated (E) animals. Paraffin-embedded sections were 

immunostained with anti-cytokeratin mAb (CTK).
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Table I

Ab for immunohistochemistry

Antibody Source Working Concentration

Anti-cytokeratin mouse mAb (CAM 5.2) BD Pharmingen 1 μg/ml

Anti-human smooth muscle actin (SMA) mouse mAb DakoCytomation 1.7 μg/ml

Anti-VEGF rabbit polyclonal Ab Santa Cruz Biotechnology 4 μg/ml

Rabbit anti-Flt (VEGFR1) Santa Cruz Biotechnology 4 μg/ml

Anti-bovine luteinizing hormone (CG) mouse mAB 518B7 J. Roser, University of California, Davis, CA (Ref. 
52)

2.5 μg/ml

Sheep anti-IDO Serotec 27.1 μg/ml

Anti-KDR (VEGFR2/Flk-1) mouse mAb Research Diagnostics Inc. 2 μg/ml

Anti-human Von Willebrand factor mouse mAb DakoCytomation 4.8 μg/ml

Anti-Ki-67 mouse mAb Vector Laboratories 0.75 μg/ml

Anti-CD3 rabbit polyclonal Ab DakoCytomation 0.75 μg/ml

Anti-CD56 mouse mAb BD Pharmingen 1.25 μg/ml

Anti-CD68 mouse mAb DakoCytomation 3.1 μg/ml

Anti-DC-SIGN mouse mAb BD Pharmingen 0.625 μg/ml
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