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ABSTRACT

Macrophages and a special subset of lymphocyte natural killer (NK) cells populate the uteri of cycling humans, mice, and
rats. After implantation, major changes take place that have important functional implications. The macrophages and NK cells
increase in number, are redistributed into specific uterine compartments, and exhibit markers consistent with cell activation.
Activation enhances macrophage and NK cell production of a wide range of pleiotropic, multifunctional polypeptide growth
factors, reactive oxygen intermediates, and bioactive lipids. Thus, activated uterine hematopoietic cells are equipped to perform
certain immunological and nonimmunological functions within their microenvironments that could have major influences on the
course of pregnancy.

INTRODUCTION

Bone marrow-derived cells best known for their roles
in immune responses, i.e., macrophages and lymphocytes,
are common inhabitants of mammalian uteri. Other types
of bone marrow-derived cells-notably neutrophils, eosin-
ophils, mucosal lymphocytes bearing T-cell receptors of the
,y/ type, and serosa-type mast cells-are present under
certain conditions. Their potential contribution to resis-
tance to infection and inflammatory conditions associated
with mating and pregnancy should not be overlooked.

The present discussion will focus on macrophages and
lymphocytes populating mouse, rat, and human uteri, with
emphasis on recent investigations that have provided some
enlightenment on their potential functions. In humans and
in these murids, placentation is similar and extensive ex-
perimentation relating to the present topic has been done.
Interested readers are referred to more extensive com-
mentaries on uterine hematopoietic cells [1-6].

Distribution of Hematopoietic Cells in Cycling Uteri

Macrophages in human, rat, and mouse uteri are dis-
tributed throughout the endometrial stroma and myome-
trial connective tissue (Fig. 1A). In mice, macrophages iden-
tified with a monoclonal antibody, F4/80, may be observed
encircling the endometrial glands and infiltrating the lu-
minal epithelium at late estrus to diestrus [7]. Myometrial
macrophages are often larger in size than endometrial mac-
rophages and frequently reside immediately beneath the
uterine serosa.
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Lymphoid aggregates containing both helper (CD4+) and
cytotoxic/suppressor (CD8+) subsets of T lymphocytes as
well as antibody-producing B lymphocytes are common in
human endometrium [8]. Lymphocytes constituting another
subset, first called stromal granulocytes but now termed large
granular lymphocytes (LGL) [9], are present in large num-
bers and are maintained in the tissue by ovarian steroid
hormones [10]. Accumulations of antigen-specific lymphoid
cells are less evident in cycling murid uteri than in human
uteri, whereas many lymphocytes resembling the human
LGL are present in the mouse [11]. Mouse LGL are ran-
domly distributed through the endometrium and myome-
trium, where they are identified with a monoclonal anti-
body (LGL-1) as early as 2 wk of age. The onset of puberty
has no effect on LGL distribution or density [11].

Distribution of Hematopoietic Cells during Pregnancy

A dramatic redistribution of uterine macrophages takes
place immediately after implantation. Macrophages flee from
the implantation site, a phenomenon first reported in rats
by Tachi and Tachi [12]. A similar situation occurs in mice,
where F4/80+ cells are scarce at the implantation site [13]
and are entirely absent from the primary decidua [14]. In
both mice and rats, macrophages continue to be excluded
from the primary decidua and decidua basalis as pregnancy
progresses to term [14,15], although some monocytes/
macrophages are present in fibrin and maternal blood near
the placenta. Redline and Lu have presented a reasonable
explanation for this interesting observation [16]. They found
that mouse macrophages do not migrate well on decidual
substratum. Throughout the balance of mouse and rat preg-
nancy, macrophages are relegated to compartments distant
from the placenta, the secondary decidua immediately be-
neath the circular muscle, the metrial gland, and the myo-
metrium (Fig. 1B).
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FIG. 1. Maqrophages and NK-like cells in murid uteri. A) Identification of macrophages in cycling mouse uterus with the monoclonal antibody F4/80
(arrows). In diestrous uterus, macrophages are distributed throughout the endometrial stroma and encircle the endometrial glands (right side). F4/80+
cells are located in the connective tissue surrounding bundles of longitudinal and circular muscle in the myometrium (left side). Original magnification
x100. B) Distribution of macrophages in Day 12 rat uterus. C) Large NK-like cells in Day 15 rat metrial gland (arrows) contain prominent intracellular
granules. The tissue section was stained to reveal glycogen. Original magnification x400. D) Distribution of NK-like cells in Day 12 rat uterus. In (B) and
(D), blue shading indicates areas of high density and yellow shading indicates areas of lesser density of each type of cell. A fragment of the placenta in
shown; the embryo has been removed. DB, decidua basalis; DC, decidua capsularis; EM, undecidualized endometrium; EP, luminal epithelium; MG, metrial
gland; MM, myometrium; P, placenta.

Uterine lymphocytes are also redistributed. This has been
clearly illustrated in studies on rat and mouse uteri, where
the majority of LGL are relocated into the metrial gland and
decidua (Fig. 1D). These cells, originally termed granulated
metrial gland (GMG) cells because of their distinct intra-
cellular granules (Fig. 1C), arise from bone marrow LGL
precursors [17]. As the cells mature during pregnancy, the
LGL marker is lost and mature GMG exhibit markers con-
sistent with their identification as natural killer (NK) cells
such as Thy-1, NK1.1, and asialo-GM1 [18-20]. Studies on

the lineage of these cells using immune-deficient mouse
strains such as scid and bg demonstrate clearly that the
uterine lymphocytes are not derived from the T lineage but
are also not classical NK cells [21]. Even though the exact
nature of these cells remains a matter of some debate be-
cause the uterine NK-like cells fail to lyse normal NK cell
targets [22], they appear more closely related to NK cells
than to any other lineage and are, therefore, referred to
hereafter as NK-like cells. Unlike macrophages, uterine NK-
like cells migrate in significant numbers into the primary
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UTERINE HEMATOPOIETIC CELLS

decidua of murids and are found deep in the labyrinthine
region of the placenta. Human LGL are particularly abun-
dant in first-trimester decidua [23]. Human lymphocytes are
also related to the NK cell lineage but do not display the
same markers as the majority of blood NK cells. While uter-
ine NK-like cells bind antibodies to CD56, they fail to bind
antibodies to CD16 [24]. Thus, a specific subset of blood
NK cells is selected into the uterus.

Interestingly, mouse and rat GMG are abundant from the
middle to the late stages of gestation, whereas the numbers
of human uterine LGL decrease after the first trimester of
pregnancy. Whether or not this might simply reflect the
longer period of gestation in humans is not known.

Chemoattraction

Uterine macrophages increase in density during mouse
pregnancy [25]. In immature rat uteri, this influx is related
to stimulation by estrogens, which promote migration of
macrophages, eosinophils, and CD4+ helper T lympho-
cytes but not CD8+ cytotoxic/suppressor T lymphocytes or
NK-like cell populations [26]. Female sex steroid hormones
enhance uterine epithelial cell production of polypeptide
growth factors that are chemotactic for monocytes: colony-
stimulating factor-1 (CSF-1) [27,28], transforming growth
factor-3 (TGF-{3) [29,30], granulocyte-monocyte colony-
stimulating factor (GM-CSF) [31,32], and tumor necrosis
factor-o (TNF) (KIF. Roby and J.S. Hunt, unreported data;
[33]). These might then act as second messengers.

Studies utilizing osteopetrotic (op/op) mice, a natural
mutant strain with a defective CSF-1 gene [34], have elim-
inated maternal CSF-1 as the sole chemoattractant for mac-
rophages [14]. Op/op mice have few blood monocytes and
low levels of tissue macrophages because CSF-1 is required
for the differentiation of bone marrow stem cells into this
lineage. Macrophages are entirely absent from the uteri of
cycling op/op mice; yet by gestation Day 7, their uteri con-
tain approximately half the macrophage component of het-
erozygous CSF-1-competent +lop mice [14]. GM-CSF gene
expression in uterine epithelial cells is stimulated imme-
diately after mating by seminal fluid and is also governed
by estrogens [31,32]. Thus, GM-CSF may well be the major
macrophage chemoattractant. Experiments on transgenic
mice deficient in other cytokines [35,36] could be highly
informative.

Potential chemoattractants for uterine NK-like cells are
as yet unidentified, but they clearly do not include CSF-1;
the proportions of these cells are unaltered in op/op mice
[37]. Unlike macrophages, the NK-like cells are not partic-
ularly attracted to uterine epithelium; this suggests that GM-
CSF, TNF, and TGF-[1 also may not be major chemoattrac-
tants for this lineage.

Differentiation

Upon arrival in the uterus, blood monocytes differen-
tiate into tissue macrophages. Studies on rat uteri using two

monoclonal antibodies that bind to monocytes (ED1) and
differentiated macrophages (ED2) have shown that both
subpopulations are present in pregnant uteri [38]. ED1+
cells are more common near blood vessels in the metrial
gland, and ED2+ cells predominate in the myometrium,
where their density relative to other types of cells peaks at
midgestation. CSF-1 is critical to differentiation of mouse
uterine macrophages. In the op/op mouse uterus the cells
remain small and rounded, whereas in that of the +lop
mouse they spread in a normal manner [14].

Differentiation-inducing factors for uterine NK-like cells
are not clearly defined. The NK-like cells increase in size
during pregnancy and develop prominent intracellular
granules (Fig. 1C), indicating that unidentified pregnancy-
associated factors exert a strong influence on this lineage.
Interestingly, progesterone is important, while the pres-
ence of the embryo is not [39]. Nor is CSF-1 involved; NK-
like cells develop normally in op/op mice [37].

Priming and Activation

During pregnancy, both macrophages and NK-like cells
in the uterus exhibit markers associated with priming and
activation for specific functions such as presentation of an-
tigens and killing of tumor cells. Many more macrophages
in pregnant than in cycling mouse uteri express major his-
tocompatibility class II (Ia) antigens [25], and mouse NK-
like cells gradually develop the NK cell activation markers
perforin and serine esterases [19]. This is a critical step;
activated hematopoietic cells are more efficient eliminators
of microorganisms and aberrant cells and produce signif-
icantly higher levels of polypeptides, oxygen intermediates,
and bioactive lipids.

Recent studies in our laboratory suggest that interferon-
,y (IFN-,y) may be instrumental in promoting activation of
uterine hematopoietic cells. IFN-y acts as a "priming" agent,
preparing macrophages and NK-like cells for heightened
responses. While receptors for IFN-y (IFN-yR) are compar-
atively low in endometrial stromal cells in the uteri of cy-
cling mice, myometrial macrophages develop high levels
of IFN-,yR mRNA and protein by Day 7 and receptor expres-
sion develops in NK-like cells by Day 9 [7]. It seems rea-
sonable to assume that increased receptor expression will
enhance receptivity to IFN-y and that the cells will be primed
subsequent to receptor/ligand interactions. While a local
source of IFN-y has not yet been identified in mice, IFN-y
mRNA is present in first-trimester human placental
cytotrophoblast cells [40] and in pig trophoblast [41]. Hence,
signals emanating from the placenta might stimulate resi-
dent hematopoietic cells. Potential placental stimulatory
molecules are not limited to IFN--y. Parr and coworkers [42]
have proposed that uterine NK-like cells might possibly be
activated via prolactin receptors and/or the p75 compo-
nent of the interleukin (IL)-2 receptor by placental lacto-
gens. This has not been evaluated experimentally.
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Functions of Uterine Macrophages and Lymphocytes
Multiple functions have been postulated for uterine he-

matopoietic cells (Table 1). These include immunological
as well as nonimmunological activities. In the first category,
uterine macrophages bearing Ia antigens might present
processed exogenous molecules to lymphocytes, a first step
in the development of humoral and cellular immune re-
sponses. However, classical T helper (CD4+) lymphocytes
are uncommon in the uterus during pregnancy [25,43].
Resident uterine hematopoietic cells are likely to contrib-
ute to the exclusion of antigen-specific CD4+ lymphocytes,
a condition believed to facilitate semiallogeneic pregnancy
[44]. Mouse uterine macrophages produce high levels of
prostaglandin E2 [45,46]; and in both rats and mice, mac-
rophages and NK-like cells transcribe the TGF-31 gene [47].
Prostaglandin E2 and TGF-f1 are well-described inhibitors
of lymphocyte proliferation. Clark and coworkers [48] have
reported extensively on a comparatively uncommon small
uterine lymphocyte-like cell producing a TGF-132-like sub-
stance with similar inhibitory properties.

Uterine macrophages and NK-like cells are likely to pro-
tect the embryo against infections; in other contexts, both
lineages kill bacteria and viruses. Studies by Tachi and Tachi
[13] first showed that uterine macrophages are phagocytic
in situ, and this was confirmed by Redline and Lu [49]. While
the burden of protecting against transmission is likely to
fall on the NK-like cells because of the dearth of macro-
phages in the decidua, placental macrophages are phago-
cytic and might therefore supplement the activities of ma-
ternal cells.

With regard to nonimmunological functions, both mac-
rophages and NK-like cells have been postulated to prevent
tumor-like invasive trophoblast cells from overwhelming
maternal tissues [1-6]. Studies on the distribution of the
two lineages show that NK-like cells are better positioned
for this critical activity, and studies by Stewart and Mukhtar
[50] have shown that the NK-like cells do indeed lyse mouse
trophoblast cells. Myometrial macrophages and NK-like cells
in the metrial gland transcribe the genes coding for two
cytokines that have been shown to inhibit rat trophoblast
cell DNA synthesis [51], TNF and TGF-11 ([38, 47, 52]; E.L.
Parr, H.-L. Chen, M.B. Parr, and J.S. Hunt, unpublished re-
sults).

Interestingly, anatomic location relative to the placenta
seems to influence the pattern of cytokines synthesized by
macrophages. Neither fetal macrophages within human first-
trimester placental villi nor maternal macrophages in pla-
centa-associated fibrin contain TNF gene products [53]. In-
stead, these cells contain IL-113 [54], a cytokine that has been
shown to enhance rat trophoblast cell proliferation [51].
These observations support the concept of functional com-
partmentalization and raise intriguing questions regarding
local influences on uterine macrophages.

Potential influences of macrophages on myometrial
function remain almost entirely uninvestigated. The myo-

TABLE 1. Potential and described functions of uterine hematopoietic
cells during pregnancy.'

Macrophages NK-like cells

Immunological
Antigen presentation + 0
Protection against infection +++ +++
Immunosuppression +++ +

Nonimmunological
Protection against trophoblast invasion ++ +++
Cytokine mRNA and/or protein synthesis

IL-1l +++ O
TNF +++ + ++
TGF-p1 +++ +++

Modulation of myometrial function ++ 0

aO, unlikely; +, possible; ++, probable; +++, certain.

metrium is the favored location of macrophages during
pregnancy, and these versatile cells produce many pro-
teases, such as collagenase and elastase [55], that could fa-
cilitate tissue remodeling required for accommodation of
the growing embryo. Recent studies in our laboratory show
that uterine macrophage-like cells contain the inducible form
of nitric oxide synthase (J. Huang and J.S. Hunt, unreported
data). Thus nitric oxide, which maintains muscle relaxation,
might be an important product of these cells that could be
synthesized as required for specific stages of pregnancy.

PERSPECTIVES

Considerable progress has been made in clarifying the
roles of macrophages and NK-like cells during pregnancy
through the application of immunocytochemical and mo-
lecular biological techniques. An important new principle
that has emerged from these investigations is that hema-
topoietic cells are not the sole source of growth-, differ-
entiation-, and inflammation-associated cytokines. Uterine
epithelial cells produce CSF-1, TGF-3, TNF, GM-CSF, and
IL-6 (reviewed in [56, 57]); and placental trophoblast cells
also synthesize a broad spectrum of polypeptide growth
factors [40, 53].

Yet contributions from hematopoietic cells may be crit-
ical, particularly during infections [1, 58]. It is a unique fea-
ture of these cells that their genes coding for specific ef-
fector molecules are inducible by the combination of IFN-
y and endotoxin from Gram-negative bacterial walls. After
exposure to these activating agents, macrophages and NK
cells produce markedly higher levels of growth factors, re-
active oxygen intermediates, and bioactive lipids than do
other types of cells. Hence, the extraordinarily high levels
of these substances found in amniotic fluids during infec-
tion-associated preterm labor [59-62] probably originate
primarily in hematopoietic cells; this hypothesis is under
exploration in several laboratories.
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