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ABSTRACT

The goal of the current study was to characterize the immune
cell types within the primate corpus luteum (CL). Luteal tissue
was collected from rhesus females at discrete intervals during
the luteal phase of the natural menstrual cycle. Dispersed cells
were incubated with fluorescently labeled antibodies specific for
the immune cell surface proteins CD11b (neutrophils and
monocytes/macrophages), CD14 (monocytes/macrophages),
CD16 (natural killer [NK] cells), CD20 (B-lymphocytes), and
CD3epsilon (T-lymphocytes) for analysis by flow cytometry.
Numbers of CD11b-positive (CD11b+) and CD14+ cells in-
creased significantly 3 to 4 days after serum progesterone (P4)
concentrations declined below 0.3 ng/ml. CD16+ cells were the
most abundant immune cell type in CL during the mid and mid-
late luteal phases and were 3-fold increased 3 to 4 days after
serum P4 decreased to baseline levels. CD3epsilon+ cells tended
to increase 3 to 4 days after P4 decline. To determine whether
immune cells were upregulated by the loss of luteotropic (LH)
support or through loss of LH-dependent steroid milieu,
monkeys were assigned to 4 groups: control (no treatment),
the GnRH antagonist Antide, Antide plus synthetic progestin
(R5020), or Antide plus the estrogen receptor agonists diary-
lpropionitrile (DPN)/propyl-pyrazole-triol (PPT) during the mid-
late luteal phase. Antide treatment increased the numbers of
CD11b+ and CD14+ cells, whereas progestin, but not estrogen,
replacement suppressed the numbers of CD11b+, CD14+, and
CD16+ cells. Neither Antide nor steroid replacement altered
numbers of CD3epsilon+ cells. These data suggest that increased
numbers of innate immune cells in primate CL after P4 synthesis
declines play a role in onset of structural regression of primate
CL.

corpus luteum, luteal regression, macrophage, natural killer cell,
neutrophil, primate

INTRODUCTION

In nonfertile cycles, luteal regression in Old World monkeys
(e.g., macaque species) and humans involves declining

sensitivity to luteinizing hormone (LH) pulses, resulting in
loss of progesterone (P4) secretion and onset of menses [1].
The events leading to luteal insensitivity to LH and subsequent
functional and structural regression near the end of the
menstrual cycle are poorly understood in primates. However,
luteolysis in some species appears to be mediated, at least in
part, by cells of the immune system [2]. Immune processes are
conventionally considered to follow two main pathways: innate
and adaptive responses [3]. Innate immune processes occur
very rapidly and are associated with release of factors such as
chemokines and cytokines in response to infection by
microbes. Adaptive processes are slower and involve matura-
tion of dendritic cells into antigen-presenting cells in response
to inflammatory processes initiated by the innate response and
production of specific antibodies to target specific pathogens
[3]. Monocytes/macrophages, natural killer (NK) cells, and
neutrophils are associated with innate immunity, whereas
lymphatic cells (T- and B-lymphocytes) are mostly involved
with adaptive immunity, although cellular responses between
the two pathways are highly coordinated [3] and not
necessarily distinct [4].

Several studies using domestic animal species support a role
for immune cells in regulating the functional lifespan of the
corpus luteum (CL) [2]. During luteal regression, macrophages,
monocytes, neutrophils, and T-lymphocytes increase in number
in ruminant CL [5]. Considerable interest was placed on T-
lymphocyte population, with three distinct subtypes present in
bovine CL that appear to modulate inflammatory processes
during luteal regression [5]. In rodent CL, an increase in
numbers of luteal macrophages and T-lymphocytes is associ-
ated with functional regression, whereas only T-lymphocytes
are still elevated at the time of structural regression [6]. There
are also reports that the numbers of neutrophils, macrophages
(plus their precursor monocytes), and T-lymphocytes increase
in the CL of women during luteal regression [7–10], but it is
unclear whether changes occur during functional or structural
luteolysis.

Elucidating the processes that regulate accumulation and
activation of immune cells within reproductive tissues is an
area of active investigation. Local factors such as prostaglan-
dins (e.g., PGE2, PGF2a) have immunomodulatory properties
[11], and PGF2a-induced luteal regression is associated with
an increase in luteal cytokine production in ruminants [12].
Also, the vital steroid hormone P4, produced by the CL, is
generally considered immunosuppressive through direct ac-
tions on immune cells [13]. For example, P4 increases the
number of a subset of regulatory T-lymphocytes (T

Reg
) within

the spleen, lymph nodes, and peripheral blood of pregnant mice
[14]; T

Reg
cells suppress local inflammatory cytokines, and this

process appears critical to maintaining maternal immune
tolerance to the fetus during pregnancy [15]. Mice which lack
the gene (Pgr knockout [PRKO]) for the nuclear P4 receptor
and, thus, lack both expression of both the PR-A and PR-B
receptor isoforms, have increased responses to thymus-
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dependent antigens, including increased antibody production
and increased interferon c production from isolated T-
lymphocytes [16]. However further experiments demonstrated
that most of the effects of P4 on bovine immune cells are
mediated through the membrane progestin receptor PGRMC1
[17]. Thus, the mechanism of P4 modulation of lymphocyte
function appears to vary by species and cell type. Nevertheless,
these data support the concept that P4 directly suppresses the
activity of T-lymphocytes and inflammatory responses through
PR-signaling pathways.

Primate CL in the menstrual cycle also produces estrogens
(e.g., estradiol [E2]) in response to LH stimulation with a
pattern similar to that of P4 [18]. Effects of E2 on immune cells
and inflammation are complex and vary by tissue and disease
state [19]. In studies of women receiving hormone replacement
therapy with E2 and P4, effects on immune system mediators
are reported, but there are limited investigations of women
receiving only E2 [19]. Peripheral blood mononuclear cells
(PBMCs) express both isoforms of E2 receptor (ERs), ERa
(ESR1) and ERb (ESR2) [20]. PBMC preparations isolated
from rats demonstrate that PBMCs are responsive to selective
agonists for ESR1/2 [21]. Thus, it is possible that E2, as well as
P4, could directly affect PBMC function within luteal tissue.

Our recent microarray studies identified changes in mRNA
expression in rhesus macaque CL for immune regulatory
components such as proinflammatory chemokines and cyto-
kines, immune cell-associated genes, and gene signaling
pathways associated with immune function during the luteal
lifespan in the menstrual cycle [22]. For example, gene
products associated with cytokine activity were significantly
increased in CL collected during luteal regression compared to
those from fully functional CL at mid luteal phase [23].
Moreover, microarray analyses of macaque CL collected
during gonadotropin-releasing hormone (GnRH) antagonist
treatment, which pharmacologically reduces LH secretion and
induces premature luteal regression, revealed significant over-
representation of gene products associated with several
immune pathways including immune system development
and leukocyte differentiation [24]. Collectively, these findings
suggest that activation of immune pathways within the primate
CL is intimately related with onset and progression through
luteal regression and may be mediated by loss of luteotropic
(LH) support or an LH-dependent local P4 milieu.

Presently it is unknown how prevalent innate or adaptive
immune cell populations are in primate CL and whether the
total numbers of each cell type change at well-defined stages of
the luteal phase in normal menstrual cycles. It is also not clear
if luteal immune cell populations are sensitive to the hormonal
milieu (i.e., LH or steroids). Given the presence of mRNA
encoding many proinflammatory cytokines at the time of
regression in macaque CL [22], it is hypothesized that the
numbers of many immune cell types and their activity increase
within the CL and participate in luteolysis. Although
similarities between ovarian processes are observed between
model species [25], important species differences are known to
exist in regulation and function of immune processes [26].
Thus, the objectives of the current study were to 1) quantify the
numbers of several proinflammatory immune cell types present
within macaque CL collected throughout the luteal phase of the
natural menstrual cycle and to 2) use the model of GnRH
antagonist-induced luteolysis to determine whether LH and
ovarian steroids regulate the presence of immune cell types
within the regressing CL.

MATERIALS AND METHODS

All procedures were performed at the Oregon National Primate Research
Center (ONPRC) with approval from the Oregon Health & Science University
(OHSU)/ONPRC Institutional Animal Care and Use Committee (IACUC), in
compliance with American Society of Primatologists (ASP) Principles for the
Ethical Treatment of Nonhuman Primates and the Animal Welfare Act (AWA;
1985) of the United States of America. A cohort of adult female rhesus
macaques (n¼ 25) with a history of normal menstrual cycles were maintained
for this study. Hormonal status of each female was monitored for detection of
ovulation as previously described [27]; the first day serum E2 concentration
declined at midcycle to below 100 pg/ml with a coincident rise in serum P4 was
denoted as the first day of the luteal phase, in accordance with previous studies
demonstrating that the LH surge occurs on the day before E2 levels decline
[28]. Monkeys were under the direct care of the ONPRC Department of
Comparative Medicine; all protocols requiring sterile aseptic surgical
procedures were performed by trained nonhuman primate surgical veterinarians
and technicians in the Department of Comparative Medicine Surgical Services
Unit.

CL Collection During the Natural Menstrual Cycle

Females were randomly assigned to undergo lutectomy at various stages of
luteal phase during natural menstrual cycles. Individual CL were collected from
anesthetized macaques as previously described [29] during the early (Days 3–5
post-LH surge; n¼ 3 CL), mid (Days 6–8; n¼ 5), mid-late (Days 10–12 n¼ 7),
and late (Days 15–18; n ¼ 7) luteal phases.

CL Collection Following Induced Luteal Regression

Beginning on Day 9 of the luteal phase (mid-late), macaques (n¼ 14) were
randomly assigned to 4 treatment groups: control (no treatment, n ¼ 4);
treatment with the GnRH antagonist Antide to induce early onset of luteal
regression, as previously reported (3 mg/kg/day; n ¼ 4; The Salk Institute, La
Jolla, CA) [24]; treatment with Antide plus progestin replacement with the
synthetic progestin R5020 (2.5 mg/day; n¼ 3; Perkin-Elmer Inc.); or treatment
with Antide plus estrogen replacement with two specific estrogen receptor (ER)
agonists, ER1 propyl-pyrazole-triol (PPT) and ER2 diarylpropionitrile (DPN;
both 0.15 mg/kg/day, n ¼ 3; Tocris Bioscience) [30]. CL was collected from
anesthetized females on Day 12 of the luteal phase, after 3 days of treatment.

Quantification of Immune Cell Populations by Flow
Cytometric Analyses

Each CL was weighed and enzymatically dispersed as previously reported
[31]. Cells, except for any remaining red blood cells, were then counted using a
hemocytometer and assessed for viability by Trypan blue dye exclusion test
(Sigma-Aldrich). Equal aliquots of dispersed cells (225 416 6 22 647 cells/
aliquot) from each CL were incubated with fluorescently labeled antibodies
(BD Biosciences, Inc.) specific for macaque immune cell surface proteins (1
aliquot/antibody) according to the manufacture’s protocol (Supplemental Table
S1A; all Supplemental Data are available online at www.biolreprod.org). All
antibodies were previously validated for identification of rhesus macaque
leukocytes (BD Biosciences) [32, 33]. In addition, each antibody was validated
using PBMCs (100 000 cells/aliquot) isolated from potassium/EDTA-treated
blood collected from rhesus females as part of this study. Numbers of antibody-
labeled cells within a total of 10 000 cells from each aliquot of dispersed cell
preparations were assessed using an LSR II model flow cytometer (BD
Bioscience) in the ONPRC Flow Cytometry Core. All data were analyzed using
FCS Express version 3 software (De Novo Software). A nonimmune, isotype-
matched antibody was used as a negative control to define the parameters for
quantifying positive cells within each sample (Supplemental Table S1B).
Results are reported as the number of marker-positive (þ) cells/10 000 cells
analyzed.

Statistics

The number of positive cells/10 000 cells recorded for each immune cell
type, as well as CL wet weight, total numbers of cells recovered/CL, viability of
recovered cells, and total viable cells/CL collected at defined stages of the
natural luteal phase of menstrual cycles and after Antide treatment and/or
steroid replacement, were analyzed by one-way ANOVA (using generalized
liner model [GLM] procedure of SAS version 9.3 software; SAS Institute Inc.).
Multiple comparison tests were performed to interrogate differences between
CL collected at different stages of the luteal phase, using least square difference
(LSD; SAS), which controlled for type I error rate. Serum E2 and P4 levels
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were analyzed by either one-way ANOVA (individual CL luteal phase) or
repeated measures ANOVA (Antide-treated samples) when appropriate (SAS).

RESULTS

Experiment 1: CL of the Menstrual Cycle

Initially, CL collection was based on previously defined
stages of luteal development, function and regression (post-LH
surge) in female macaques [22]. However, initial flow
cytometric analyses discovered wide variation in immune cell
numbers in CL collected during the late luteal phase,
corresponding to Days 15 to 18 post-LH surge. Further
analyses revealed lower numbers of each cell type in CL
collected at late luteal phase when serum P4 concentrations
were at baseline (0.3 ng/ml) for up to 2 days (functionally
regressed; before onset of menses), whereas increased numbers
were observed in most CL collected 3 to 4 days after P4
declined (near onset of structural regression, late stage; 1.2 6
0.4 days post-onset of menses [Day 0]) (Supplemental Fig. S1).
Therefore, CL collected during the late luteal phase were
separated into these two classifications based on luteal
function: early functional regressed stage (P4 , 0.03 ng/ml
for 2 days; n¼ 2) and late stage CL (P4 , 0.03 ng/ml for 3–4
days; n ¼ 5). Subsequent statistical analyses focused on
changes in the immune cell populations in the late stage CL
compared to those from earlier stages of the luteal phase.

Serum P4 levels were elevated on the day of CL collection
at early through mid-late luteal phase but were low in early
functional regressed and late stage CL (P , 0.004) (Fig. 1A).
Luteal weight of early stage CL was low and increased to a
maximum in CL collected at mid and mid-late luteal phases (P
, 0.03) (Fig. 1B), corresponding to the interval of peak P4
production. Weight of early functional regressed CL was
variable, whereas that of late stage CL was significantly less
than CL collected at mid and mid-late luteal phase. Viability of
cells recovered did not vary by stage of CL (P . 0.15; overall
mean 6 SEM 94.4 6 1.6% viability) (Fig. 1C). Furthermore,
total numbers of cells recovered from enzymatic dispersal of
CL did not vary significantly by luteal stage (P . 0.9; mean 6
SEM 4.1 6 0.8 million cells/CL) (Fig. 1C). Thus, the total
number of viable cells dispersed from CL did not differ
between stages of the luteal phase (P . 0.08; mean 6 SEM 3.8
6 0.7 million cells/CL collected; data not shown).

Flow cytometry analyses of dispersed cells from the macaque
CL detected cell surface markers corresponding to neutrophils/
monocytes/macrophages (CD11bþ), monocytes/macrophages
(CD14

þ
), and NK cells (CD16

þ
) (Supplemental Table S1). Both

CD11b
þ

and CD14
þ

cells (Fig. 2) are present at low levels in
macaque CL during the developing (early) and functional (mid)
luteal phases as well as at the mid-late luteal phase (near the onset
of functional regression). Numbers of CD11b

þ
and CD14

þ
cells

remained low but detectable in CL collected at early regression
(Supplemental Fig. S1, A and B). However, CD11b

þ
and CD14

þ

cells were 7.5- and 6.2-fold increased, respectively, in dispersed
luteal preparations collected during late regression (P , 0.0001)
(Fig. 2, A and B). The number of CD16

þ
cells were 2.7-fold

FIG. 1. A) Serum P4 concentrations of female macaques (mean 6 SEM,
n¼ 3–7/group; except for those in early regression, which are represented
as individual values indicated by gray and black dots, n¼ 2) on the day of
CL collection by stage of luteal phase. Different letters indicate significant
differences in serum P4 levels (P , 0.05). B) Wet weight of CL collected at

3

discrete stages of the normal luteal phase. Different letters indicate
significant differences in weight by stage of luteal phase (P , 0.05). C)
Total number of cells recovered from enzymatic dispersal of luteal tissue
from each CL. Numbers above the columns indicate percentage of
viability (mean 6 SEM) of cell preparations. There were no significant
differences between stages of luteal phase for either total number of cells
recovered (P . 0.9) or percentage of viability of dispersed cells (P . 0.15).
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increased in dispersed cell preparations between early and mid-
luteal phase (P , 0.03) (Fig. 3A), and were 1.8-fold further
increased in late stage versus that in mid-late stage CL (P , 0.05)
(Fig. 3A). CD16

þ
cells were the most abundant immune cell type

in CL from early through mid-late luteal phase, but by late luteal
stage, the numbers of CD11b

þ
, CD14

þ
, and CD16

þ
cells in CL

were similar.
Low numbers of CD3eþ cells (T-lymphocytes) were

detected in dispersed cells from CL collected at all stages of
luteal phase and were typically fewer in number than CD11b

þ
,

CD14
þ

, and CD16
þ

cells. Although overall changes in
numbers of CD3eþ cells analyzed by one-way ANOVA from
all CL collected throughout the luteal phase were not
significant (P ¼ 0.07) (Fig. 3B), the numbers of CD3eþ cells
did increase in CL collected at late compared to those collected

at mid-late luteal phase (LSD mean comparison test; P¼ 0.05).
Numbers of CD20

þ
cells (B-lymphocytes) in macaque CL

were extremely low when present (,30 positive cells/10 000 in
6 of 23 CL). However, CD20

þ
cells were reliably detected in

PBMC preparations (data not shown).

Experiment 2: GnRH Antagonist-Induced Luteal Regression

Administration of the GnRH antagonist Antide at mid-luteal
phase of the menstrual cycle significantly reduced serum P4
levels by 24 h (effect of Antide; P , 0.001) (Fig. 4A) and E2
levels by 48 h (P , 0.001, data not shown). Steroid levels
remained low throughout the remainder of the treatment interval

FIG. 2. Quantification of cells positive for the cell surface markers CDllb
(A) and CD14 (B) in dispersed cell preparations of macaque CL collected
at discrete stages of normal luteal phase (mean 6 SEM, n¼3–7/group [see
Materials and Methods for details]). Different letters indicate significant
differences (P , 0.05) in numbers of CD11bþ or CD14þ cells within
dispersed cell preparations of CL at each stage of the luteal phase.

FIG. 3. Quantification of numbers of CD16þ (A) and CD3eþ (B) cells in
dispersed cell preparations of CL collected at discrete stages of luteal
phase (mean 6 SEM, n ¼ 3–7/group [see Materials and Methods for
details]). Different letters indicate significant (P , 0.05) differences in
numbers of CD16þ cells at each stage of the luteal phase. See Results
section for details of CD3eþ cell analyses.
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until CL collection at 72 h. Concomitant treatment with progestin
(R5020) or estrogen agonists (DPN/PPT; ERa/ERb agonists) did
not increase serum levels of endogenous P4 or E2 compared to
that of Antide alone (Antide vs R5020 or DPN/PPT, P . 0.05; it
is important to note that the radioimmunoassays used in this
study for measuring both P4 and E2 used antibodies which do not
cross-react with R5020 or DPN/PPT, respectively). Previous
studies in rhesus females using the same dose of R5020 reported
serum concentrations of progestin at between 6 and 7 ng/ml [34],
similar to physiologic concentrations of P4 in functional CL.
Treatment with Antide caused premature menstruation in all
females at the time of CL collection (Day 12 post-LH surge). In
contrast, none of the females treated with both Antide and R5020
displayed menses until at least 5 days after luteal collection.
Menses occurred on the day of CL collection or one day later in
the Antide plus DPN/PPT-treated monkeys. Three days of Antide
exposure reduced CL wet weight compared to that of untreated
control CL (P , 0.02) (Fig. 4B), and CL weight was unaffected
by coadministration of R5020 or DPN/PPT relative to that with
Antide alone. The total number of cells recovered by enzymatic
dispersal of CL was unaffected by treatments (P . 0.3; mean 6
SEM 3.2 6 0.4 million cells/CL) (Fig. 4C). Also, percentage of
viability of recovered cells was unaffected by treatments (P .
0.17; mean 6 SEM 92 6 1%) (Fig. 4C). Thus, the number of
viable cells in dispersed cell preparations were not affected by
any treatment (3.0 6 0.4 million viable cells/CL; data not shown;
P . 0.3).

Three days of Antide treatment markedly increased the
numbers of CD11bþ and CD14

þ
cells (10.7- and 8.3-fold,

respectively) in dispersed cell preparations of CL compared to
that in cells from untreated controls (P , 0.0004 and 0.005,
respectively) (Fig. 5, A and B). Concurrent treatment with
R5020 prevented Antide-induced increase in CD11b

þ
and

CD14
þ

cells (P , 0.002 and 0.008, respectively; Antide vs.
Antide plus R5020) (Fig. 5, A and B). However, the increase in
CD11b

þ
and CD14

þ
cells caused by Antide treatment was not

affected by coadministration of E2 agonists (P . 0.5) (Fig. 5,
A and B). Antide alone did not alter the numbers of CD16

þ

cells (Fig. 5C), but concurrent treatment with R5020
suppressed their numbers in CL (Antide vs. Antide plus
R5020; P , 0.03) (Fig. 5C). However, addition of E2 agonists
did not significantly alter the numbers of CD16

þ
cells

compared to Antide treatment alone. The numbers of CD3eþ

cells in dispersed cell preparations were not significantly
influenced by Antide alone (P . 0.3), Antide and R5020 (P .
0.9), or Antide and DPN/PPT (P . 0.3) (Fig. 5D).

DISCUSSION

Binding of the CD11b antibody to a subpopulation of
dispersed cells from the macaque CL strongly suggests that
macrophages and/or neutrophils are present in primate luteal
tissue. The cell surface antigen CD11b, also known as Mac-1
or integrin, alpha M (complement component 3 receptor 3

FIG. 4. A) Changes in serum P4 levels before (Day 9) and during 3 days
of treatment with Antide alone or with the synthetic progestin R5020
(AþR5020) or E2 receptor agonists DPN/PPT (AþDPN/PPT) during the
mid-late luteal phase (mean 6 SEM; n ¼ 3–4/group). Note that the
radioimmunoassay used to detect endogenous P4 levels does not

3

recognize synthetic progestin R5020. Different lowercase letters indicate
significant differences within treatment group by day (P , 0.05). B) Wet
weight of CL collected from each treatment group before dispersal into
cell preparations. Different uppercase letters indicate significant differ-
ences in weight by treatment (P , 0.05). C) Total numbers of cells
recovered from enzymatic dispersal of luteal tissue from CL of each
treatment group. Numbers above the columns indicate percentage of
viability of dispersed cells (mean 6 SEM). There were no significant
differences in number of cells recovered (P . 0.3) or percentage of
viability (P . 0.17) by treatment.

EFFECT OF PROGESTERONE ON LUTEAL IMMUNE CELLS

5 Article 112



FIG. 5. Quantification of CD11bþ ([A] monocytes, macrophages, and neutrophils), CD14þ ([B] monocytes or macrophages), CD16þ ([C] NK cells), and
CD3eþ ([D] T lymphocytes) cells in dispersed cell preparations of macaque CL collected 3 days after Antide treatment alone or with progestin (AþR5020)
or estrogen (AþDPN/PPT) replacement (mean 6 SEM, n¼ 3–4/group). Different letters indicate significant differences in numbers of CD11bþ, CD14þ,
and CD16þ cells between treatment groups (P , 0.05). There were no significant differences in CD3eþ cells between treatments.
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subunit; ITGAM, National Center for Biotechnology Informa-
tion (NCBI) gene ID: 3684) is part of an alpha-M/beta 2
integrin involved in immune cell migration and is expressed
primarily by macrophages/neutrophils [35]. The low numbers
of neutrophils/macrophages in dispersed cell preparations from
macaque CL collected during the functional (early to mid-late)
luteal phase versus the large numbers present at the late luteal
phase, at onset of structural regression, is consistent with
previous reports on CL of women [36, 37], and domestic
animals [5]. Macrophages and neutrophils secrete many similar
cytokines and express several similar cell surface receptors
and, thus, have overlapping and complementary local actions
[35]. Macrophages are associated with tissue remodeling and
are reported to destroy neoplastic cells in tumors (termed
tumor-associated macrophages [TAMs]) [38]. Furthermore,
these TAMs secrete proteases which can degrade extracellular
matrix proteins and liberate fragments of fibronectin/fibrino-
gen, which serve as chemoattractants to other immune cell
types [39]. Luteal macrophages may have similar functions.
Neutrophils are recruited to tissues by cytokine gradients
produced by local macrophages in response to injury or
infection, where these cells secrete proinflammatory chemo-
kines and cytokines to modulate the local immune responses
[40], which may be involved in progression of luteolytic
processes.

Because CD11b is expressed on both macrophages and
neutrophils, an antibody to the CD14 cell surface protein
(NCBI gene ID: 697482) was used to confirm the presence of
macrophages in the cells populating the macaque CL. This cell
surface protein has higher expression on macrophages than on
neutrophils and functions to enable these cells to coordinate
local immune responses [41]. The proportion of CD14þ cells
can be compared to CD11b

þ
cells to estimate the local

population of neutrophils within cell preparations. Patterns for
numbers of CD11b

þ
and CD14

þ
cells during stages of the

luteal phase were identical. In cell preparations from the early
luteal phase, the number of CD14

þ
cells (macrophages) is 90%

of that for CD11b
þ

cells (total neutrophils/macrophages),
whereas the number of CD14

þ
cells is 65% of CD11b

þ
cells in

CL during late regression (when P4 levels were at baseline for
3–4 days). This suggests most neutrophils migrate into the CL
in late luteal phase, possibly following gradients of chemokines
produced by the increased numbers of macrophages.

The presence of NK cells within monkey CL was detected
by antibody binding to the cell surface receptor CD16
(FCGR3; NCBI cene ID: 720006); they were the most
numerous immune cell type within dispersed cell preparations
of macaque CL during the functional luteal phase and remained
elevated during late luteal regression. Although some macro-
phages coexpress CD11b and CD16, the number of CD11b

þ

cells are much lower than the CD16
þ

cells in CL during the
functional luteal phase (i.e., early through mid-late stages),
indicating a distinct population of NK cells in macaque CL.
Our data are consistent with those of one report [10] of
immunostaining for NK cells within the human CL and provide
evidence of their dynamics during the primate luteal lifespan.
Primate NK cells are divided into two subtypes: immature (5%
of total population) and mature (95% of population) NK cells
[42, 43]. The immature subtype secretes more cytokines than
mature NK cells, whereas mature NK cells function mainly to
lyse target cells through a major histocompatibility complex
(MHC)-independent mechanism (as reviewed by Caligiuri
[43]). One function of neutrophils is to induce NK cell
maturation [40]. Most research to date on NK cell function in
the reproductive tract focuses on their role during embryo
implantation and placentation within the uterus [44]. It is

important to mention that most primate uterine NK cells are
CD56bright, and increased numbers of CD56dim NK cells in the
uterus are associated with reproductive failure [45], notably, a
subpopulation of primate NK cells is CD16

þ
CD56dim [46].

This could explain why some previous investigations failed to
identify NK cells in primate luteal tissue (e.g., in the human
ovary) [47]. The function of NK cells has yet to be studied in
the non-neoplastic ovary, but there are some reports on the use
of peripheral cytotoxic NK cells as therapy for ovarian cancer
[48, 49]. Because NK cells appear to promote placentation and
uterine vascular remodeling [44], they may have a similar role
in promoting vessel growth, maturation and stability during
formation (early) and function (mid- to mid-late) of the CL,
before assuming degenerative roles during luteal regression.
NK cells may be considered the innate counterparts of
cytotoxic T cells [4] and may switch from tropic to lytic roles
during the lifespan of primate CL much as proposed for T cells
in the CL of domestic animals [2, 50]. The dual functions of
both NK and T cells contribute to the overlap in cells
participating in innate and adaptive immune responses [4], and
thus further investigation into cytokine/chemokine production
by ovarian NK cells are warranted.

Unexpectedly, immune cells conventionally associated with
adaptive immune responses, including T as well as B cells,
only sparsely populated the macaque CL. Because CD20þ cells
were largely undetectable in dispersed CL preparations
collected throughout the luteal phase, the small number of B-
lymphocytes likely reflects contamination from circulating
blood cells. Our findings support immunohistological evalua-
tions [47], which also report lack of CD20 immunostaining in
CL of women. The presence of T-lymphocytes in macaque CL
was noted by detection of cells binding antibody to the cell
surface receptor CD3e (CD3E; NCBI gene ID: 699467), part of
the T-cell receptor complex that is present on all T-cell
populations. The T-cell population was fewer in number than
macrophages, neutrophils, and NK cells, and the numbers of T-
lymphocytes only modestly increased in CL isolated during the
late luteal phase at onset of menses (Fig. 3B). Lower numbers
of CD3eþ cells were also observed in the CL of women by
immunohistological methods, with an increase in abundance in
regressing CL near onset of menses [47]. Our findings contrast
with several reports using domestic animal models wherein
large increases in CD4

þ
and CD8

þ
T-lymphocytes occurred in

CL at the onset of regression [5, 50]. CD3e antibody was
chosen as a marker of T-lymphocytes in the current study
because the CD3e receptor is expressed selectively by all T-
lymphocytes, unlike CD8 which is typically coexpressed with
CD16 in primate NK cells [51]. Studies in bovine CL focused
on a particular subtype of T-cell, CD8

þcd T-cells. This subtype
increases during luteolysis in ruminants, whereas other T-cell
subtypes, including T

Reg
, decrease [50]. Changes in T-cell

subtypes may not have been detected in macaque luteal tissue
in the current flow cytometry analyses due to use of a pan T-
lymphocyte marker. Future analyses could reveal more
remarkable dynamics and possible roles for T-lymphocytes
subtypes in primate CL that are not captured by changes in
total T cells.

In the current study, premature luteal regression, induced by
treatment with the GnRH-antagonist Antide, resulted in
changes in immune cell numbers in dispersed CL preparations
that generally equated with those observed during natural
luteolysis. Both CD11bþ and CD14

þ
cells (and to a lesser

extent CD3eþ) increased to levels observed in CL during the
late luteal phase of the natural menstrual cycle. The numbers of
CD16

þ
cells may not have increased due to their higher level in

the functional CL, as well as the structurally regressing CL.
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Although Antide treatment resulted in loss of both LH and LH-
induced steroid hormones, data strongly suggest that the
numbers of neutrophils, macrophages, and NK cells within
macaque luteal tissue are regulated by P4 but not by E2.
Concurrent treatment with the progestin R5020 suppressed
numbers of macrophages, neutrophils, and NK cells. Thus,
high levels of P4 from/within the functional CL may limit the
numbers of these immune cells, whereas the loss of P4 in the
regressing CL permits their numbers to increase. The
mechanism(s) of P4 action awaits investigation; whether these
effects are mediated by progestin receptor(s) in luteal cells and/
or directly on immune cells is unknown. Human peripheral
blood macrophages express the nuclear PGR [52], and P4
decreases the inflammatory response from peripheral primary
monocytes [53]. Apoptosis of peripheral blood NK cells can be
induced by P4 in a dose-dependent manner; this effect was
only detected in NK cells coexpressing PGR [54]. In contrast,
CD56bright NK cells in the uterus reportedly lack PGR [55], but
it is unknown whether the CD16

þ
NK cell population in

primate CL possess PGR or other progestin receptors.
Although bovine T-lymphocytes express different types of
membrane progestin receptors [13], there were no effects of
either Antide-induced LH withdrawal or progestin replacement
on the total number of CD3eþ T-lymphocytes in macaque cell
preparations in the current study. Because reports suggest a
direct role for P4 through progestin receptors [16, 17], and
species-specific differences in regulation and function of
immune cell types [26], further investigation of steroid
regulation of immune cells in primate CL is warranted.

The transition from early to late regressive events is
associated with an increase in the percentage of most immune
cell types in rhesus CL. Early regression, although not
investigated in depth here, appears to correspond to the time
of functional regression in which steroidogenic activities of the
CL cease [23, 56]; steroidogenic luteal cells appear to shrink in
size [57] as cholesterol stores are actively shuttled out of the
cells [58]. This is distinct from onset of structural regression;
the late luteal phase of the menstrual cycle, when P4 levels are
at baseline for at least 3 days, appears to correspond to the time
of onset of structural regression. Structural luteal regression is a
time of major tissue remodeling and destruction, based on
immunohistochemical analyses of increased collagen fiber
deposition [59] and decreased numbers of vascular endothelial
cells [60]. Collectively, these result in changes in gene products
for proteases, extracellular matrix components, and angiogenic/
angiolytic factors in the CL [23, 61] allowing for the formation
of the remnant structure, the corpus albicans. Morphological
studies of marmoset monkey ovaries containing luteal tissue
suggest that this process can last into the late follicular phase of
the subsequent menstrual cycle, indicating a lengthy duration
of luteal structural regression in primate species compared to
others [62]. This lengthy delay suggests that multiple processes
might occur in luteal tissue between a loss of sensitivity to LH
(manifested by lower P4 secretion) and increases in luteal
immune cell numbers.

The number of macrophages/monocytes and neutrophils
(CD11bþ cells) present in dispersed CL collected at the late
stage comprises ;18% of the total population analyzed. These
data are consistent with previous flow cytometry studies of
dispersed luteal tissue from women. Castro et al. [9] reported
that the total leukocyte population within the luteal prepara-
tions was between 20% and 50% of all cells analyzed, but the
percentage of CD14

þ
macrophages did not differ in CL staged

among early, mid-late, and late phases (10–14 days following
ovulation) of natural menstrual cycles [9]; however, serum P4
levels were not reported for these women. Whether this

represents invasion of luteal tissue by immune cells or an
increase in proportion of immune cells as a function of total
cell population is not known. Similar percentages of viability
of dispersed CL are reported for women (.90% [9]) and for
macaques by this analysis. It is possible that degenerating/
apoptotic cells (either luteal, endothelial, or other types) were
lost during enzymatic dispersal of the luteal tissue or structural
degeneration at time of luteolysis, leading to an enrichment of
immune cells at later stages of the luteal phase. Increased
numbers of immune cells, coupled with loss of nonimmune cell
types would result in constant numbers of total cells in the CL,
independent of cycle stage, as observed in this study. Recent
immunohistochemical analyses of regressing CL from women
at menses found putative macrophages to be the predominant
cell type within cross-sections of luteal tissue, confined to strict
regions adjacent to steroidogenic (luteal) cells [63]. It is
reported in rhesus monkeys that the large-to-small cell ratio in
CL decreases in latter stages of the luteal phase, but some of
these small cells retain the ability to secrete P4 if stimulated by
LH [57]. Given these data, it is unlikely that the large increase
in immune cell populations found in late regression is an
artifact. Further investigations into the processes activated
during this transitional period are needed.

It is important to recognize, however, there are low numbers
of macrophages present in macaque luteal tissue immediately
prior to and at the time of functional regression (Fig. 2 and
Supplemental Fig. S1). Although low in number, these immune
cells may be secreting cytokines to facilitate luteal remodeling
during structural regression and secreting chemoattractants to
recruit greater numbers of monocytes/macrophages, as well as
neutrophils and NK cells and, to some extent, T-lymphocytes
to luteal tissue to promote further regressive events. One major
product of proinflammatory macrophages, which also has
chemoattractant activity, is monocyte chemoattractant protein 1
(MCP1 [also known as CCL2]) [64]; Affymetrix rhesus
macaque microarray studies reveal CCL2 mRNA is present at
low levels throughout the macaque luteal phase, increasing 2-
fold in very late CL staged by days post-LH surge (GEO
dataset Series GSE10367; [22]). Furthermore, studies in
women report increased CCL2 protein within CL collected at
menses with concurrent increases in cells staining positive for
the macrophage marker CD68 [63]. Intriguingly, CCL2 is
expressed by granulosa- and theca-lutein cells, suggesting that
steroidogenic cells of the CL are producing chemotactic
signals, resulting in increased numbers of luteal immune cells
during luteal regression [63]. Our microarray studies of LH/
steroid ablation and progestin replacement (dataset series
GSE12281; GEO) [24] revealed a large number of gene
products associated with immune system processes that are
regulated in primate CL directly by LH or indirectly through
LH-stimulated P4 production. Of note, mRNA for chemokine
(C-C motif) receptor 1 (CCR1) increases 13.6-fold in CL
collected from rhesus females following exposure to Antide, as
well as mRNA for the CCR1 ligand chemokine (C-C motif)
ligand 3 (CCL3; 10.5-fold increase, data not shown). CCR1
protein is expressed by monocytes/macrophages, neutrophils,
and T-cells [65], and CCL3/CCR1 signaling is reported to
induce macrophage migration/infiltration [66]. Further studies
will investigate the functional potential of NK cells, neutro-
phils, and macrophages during the functional and late
(structurally regressing) stages of the luteal phase.

In summary, these data demonstrate a significant increase in
several types of immune cells (i.e., macrophages, neutrophils,
and NK cells) in primate CL during the late luteal phase,
corresponding to the onset of structural luteolysis. Data
presented here suggest, for the first time, that NK cells have
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a major role in promoting the structure and function of primate
CL during mid and mid-late luteal phases. We report that NK
cells are the most prevalent immune cell type during the
functional luteal phase. Following a decline in P4 levels to
baseline for at least 3 days, there is a remarkable increase in
neutrophils, monocytes/macrophages, NK cells, and to some
extent, T-lymphocytes, suggesting that activation of multiple
signaling pathways within primate CL facilitates this event.
The increase in CD11b

þ
/CD14

þ
macrophages/neutrophils in

luteal tissue after removal of gonadotropic support is dependent
on the loss of LH-dependent P4 synthesis. Replacement of
progestin following Antide exposure suppressed the numbers
of luteal CD16

þ
NK cells, possibly through the immune-

suppressive actions of P4 unrelated to LH. The presence of
CD3eþ T-lymphocytes in primate CL is not dependent on
either LH or LH-dependent P4 secretion, and CD3eþ T-
lymphocytes are the least abundant cell type in luteal tissue
quantified during the functional luteal phase and during
regressive events. The results are consistent with the concept
that signaling processes activated during early functional
regression, marked by a decline in P4 secretion and local
action, promote processes that induce changes in numbers of
luteal immune cell populations during the latter stages of
functional regression. Further experiments are needed into the
signaling cascades activated during this transitional period in
primate CL.
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