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Abstract

Our previous flow cytometry results demonstrated a significant increase in neutrophils,
macrophages/monocytes, and natural killer (NK) cells in dispersed rhesus monkey corpora lutea
(CL) after progesterone (P4) levels had fallen below 0.3 ng/ml for >3 days during the natural
menstrual cycle. In this study, immunohistochemistry revealed the CD11b* cells (neutrophils,
macrophages/monocytes) present in the CL after luteal P4 synthesis ceased were distributed
throughout the tissue. CD167" cells (presumptive NK cells) were observed mainly near the vas-
culature in functional CL, until their numbers increased and they became widely distributed in
regressing CL. To determine if the immune cells that enter luteal tissue during structural regression
are functionally different from those that are present during peak function, CD11b* or CD16" popu-
lations were enriched from mid-late stage (functional) and regressing (days 1.8 &+ 0.3 postmenses)
CL using antibody-conjugated magnetic microbeads. Flow cytometry analyses revealed the ma-
jority of CD11b™ cells expressed CD14, a protein mainly produced by macrophages/monocytes.
The antibody-enriched and depleted fractions were cultured for 24 h, and the media then ana-
lyzed for the production of 29 cytokines/chemokines. From the mid-late CL, the CD11b*-enriched
fraction produced three cytokines/chemokines, whereas CD16"-enriched cells only produced the
chemokine CCL2. However, CD11b *-enriched cells isolated from regressed CL produced eight
cytokines/chemokines. The CD16"-enriched cells isolated from regressing CL produced significant
levels of only three cytokines. Thus, the CD11b™ cells that appear in the rhesus macaque CL after
functional regression produce several cytokines/chemokines that likely play a role in orchestrating
structural regression.
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Summary Sentence

Cessation of progesterone synthesis at the end of the menstrual cycle leads to increases in mono-
cytes/macrophage and neutrophil numbers, as well as in the type and level of the chemokines and

cytokines they secrete.
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Introduction

The primate corpus luteum (CL) is a transient endocrine gland
that forms from the cell populations originally comprising the
wall of the ovulatory follicle; these include steroidogenic/secretory,
vascular/lymphatic, and immune cell types [1]. Progesterone (P4) and
estradiol (E2) production by the CL, which is dependent on pituitary-
derived luteinizing hormone (LH), peaks between the mid and mid-
late luteal phase. As the CL undergoes luteolysis, the steroidogenic
cells become less responsive to LH and consequently P4 and E2 pro-
duction declines. Blood volume and vascular flow within luteal tissue
is also reduced in the late luteal phase [2] due to vascular atrophy and
endothelial cell apoptosis [3]. In domestic animal species, extensive
evidence exists demonstrating a critical role for endometrial-derived
prostaglandin F,, in inducing luteal regression [4]. Although lim-
ited, there is also evidence supporting a role for intraluteal PGF,, in
primate luteal regression [5]. However, the actual events that lead to
the loss of luteal cell sensitivity to LH signaling, cessation of steroid
biosynthetic capability, and tissue remodeling ultimately resulting in
structural demise of the primate CL are still unclear.

Experimental evidence gathered from several species [6-8] in-
cluding humans [9-11] implicates local actions of immune cells
in the luteolytic process. Our research group recently reported
CD11b* (monocytes/macrophages, neutrophils), CD14" (mono-
cytes/macrophages), CD16" (natural killer cells; NK cells), and to
a lesser extent CD3e™ (T-lymphocytes) cells all increase in rhesus
macaque luteal tissue 3 days after functional regression (serum P4
< 0.3 ng/ml), i.e. during structural regression, which is at the onset of
menstruation [12]. Monocytes/macrophages, neutrophils, and T-cell
numbers within the CL were at their lowest during the functional
luteal phase. In contrast, the number of CD16" (NK) cells present
within luteal tissue was actually comparable in functional and re-
gressing CL [12]. At present, it is uncertain what role immune cells
play in regulating luteal function and lifespan in primates.

The significant influx of immune cells that occurs after P4 syn-
thesis ceases, particularly innate immune cells, may be important
for secreting of a wide range of cytokines, chemokines, and growth
factors that regulate regressive events in the luteal tissue, includ-
ing tissue remodeling. Activated macrophages, neutrophils, and T-
lymphocytes secrete a variety of cytokines and chemokines [6, 8,
13], many of which could contribute to induction of apoptosis in
steroidogenic luteal cells [14]. In addition to coordinating cellular
reorganization and tissue remodeling through locally produced cy-
tokines/chemokines, there may be direct actions of immune cells
on luteal cells. For example, expression of the cell surface receptor
CD16, used to identify putative NK cells in primate luteal tissue [12],
is associated with high levels of cytotoxic activity [15].

Female rhesus monkeys [16] and women [17] both have a 28-day
menstrual cycle with similar circulating patterns of P4 and E2 during
the luteal phase. Thus, studies of luteal function in rhesus macaques
provide excellent insight into processes regulating primate CL struc-
ture and function. Several studies of the rhesus CL transcriptome by
our research group noted that mRNAs associated with immune pro-
cesses significantly change throughout the luteal phase of the normal

menstrual cycle [18] and during luteal regression [19, 20]. In particu-
lar, several genes included in the gene ontology Cyrokine Activity had
increased mRNA levels in CL undergoing regression in the natural
menstrual cycle [19]. Likewise, the levels for mRNAs encoding pro-
teins within the Kyoto Encyclopedia of Genes and Genomes (KEGG)
pathway Molecular Mediators of Immune Responses increased after
3 days of treatment with a gonadotropin-releasing hormone (GnRH)
antagonist, which induces premature luteolysis by blocking pituitary
production of luteotropic LH [20]. Finally, in a larger gene set en-
richment analysis that compared the luteal transcriptome during nat-
ural regression against two separate databases of GnRH antagonist-
induced luteolysis in macaque species [21], several mRNAs within
the gene ontology Immune System Processes increased following
natural and induced luteolysis. These studies provide evidence that
several of the immune cell types identified within macaque CL may
be producing cytokines and chemokines, which could contribute to
functional and structural regression of the primate CL.

To assess our hypothesis that the numbers of immune cells and
immune-associated activities increase within the nonhuman primate
(NHP) CL during late regression, immune cell distribution and cy-
tokine/chemokine production were compared between functional
and late stage CL (prior to, and undergoing structural regression)
of rhesus macaques during the natural menstrual cycle.

Materials and methods

All procedures were performed with luteal tissue obtained from
adult, female rhesus macaques with a history of normal menstrual
cycles housed at the Oregon National Primate Research Center (ON-
PRC). All animal protocols and procedures were approved by the
Oregon Health & Science University (OHSU)/ONPRC Institutional
Animal Care and Use Committee. ONPRC strictly adheres to the
American Society of Primatologists Principles for the Ethical Treat-
ment of Nonhuman Primates and the Animal Welfare Act (AWA;
1985) of the USA. Animals were under the direct care of the ONPRC
Department of Comparative Medicine (DCM) and protocols requir-
ing sterile aseptic surgical procedures were performed by surgical
veterinarians and technicians in the DCM Surgical Services Unit.

Tissues for immunohistochemistry

Archived paraffin-embedded CL dissected from rhesus macaque
ovaries at discrete, defined stages of the luteal phase were prepared
as described previously [12, 18, 20]. Archived paraffin-embedded
uteri and associated placenta from pregnant rhesus monkeys and pe-
ripheral lymphoid rhesus tissue (mesenteric lymph node and tonsil)
were obtained from the ONPRC NHP Tissue Distribution Program.

Immunohistochemistry methods

All tissues were processed for immunohistochemical analyses as pre-
viously described [22]. In brief, paraffin-embedded tissue was cut
into 5 wm sections that were then placed on glass permafrost slides.
These sections were deparaffinized, rehydrated, and then subjected to
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citrate-buffer heat-mediated antigen retrieval for 3 min. After wash-
ing the slides twice with phosphate-buffered saline (PBS)/0.025%
Triton X-100 (PBST) for 5 min, sections were incubated with nor-
mal goat serum for 2 h at room temperature. Sections were then
incubated with either primary antibodies that recognize the protein
of interest or a nonspecific IgG control (Supplemental Table S1A and
B). All sections were washed again with PBST, then incubated with
PBS containing 0.3% H, O, for 15 min. Finally, sections were incu-
bated with a horseradish peroxidase-conjugated secondary antibody
(either goat anti-mouse or goat anti-rabbit VECTASTAIN®) Elite
ABC system, Vector Laboratories, Inc. Burlingame, CA), washed
with PBST, and developed using a colorimetric generating system
(DAB; Thermo Fisher Scientific Inc. Waltham, MA).

Isolation of immune cell populations from luteal tissue
and blood of rhesus macaques

Serum E2 levels of rhesus macaque females (n = 7) were monitored as
previously described [2] to determine the midcycle peak indicative of
an ovulatory LH surge. The day after E2 levels fell below 100 pg/ml
was designated as the first day of the luteal phase [2]. Individual
CL were collected from anesthetized females as previously described
[23] during the mid-late luteal phase (days 9-12 post-LH surge,
mean serum P4 = 4.5 £ 1.8 ng/ml; n = 3) and after onset of menses
(CL undergoing structural regression, days 16-19 post-LH surge, P4
levels < 0.3 ng/ml for 3-4 days; n = 4; termed regressing CL) [12].
Individual CL were weighed, and enzymatically dispersed by estab-
lished methods [24]. Immediately prior to the surgical removal of the
CL, a blood sample was obtained for isolation of peripheral blood
mononuclear cells (PBMCs) by Ficoll-Paque PLUS (GE Healthcare
Bio-Sciences, Pittsburgh, PA) density gradient centrifugation as pre-
viously described [25]. The dispersed cells from each CL and PBMCs
were counted using a hemocytometer and assessed for viability by
Trypan Blue dye exclusion (Sigma Aldrich, Saint Louis, MO).

Microbead magnetic cell separation

Two equal aliquots of cells (1.6 + 0.3 x 10° cells/aliquot) from en-
zymatically dispersed CL and corresponding PBMCs (from mid-late
(n = 3) and late (n = 4) luteal phases) were incubated with immune
cell surface protein-specific antibodies validated for use in NHPs
conjugated to MACS MicroBeads per manufacture’s protocols for
positive selection of (1) CD11b or (2) CD16 expressing cells (Sup-
plemental Table S1C; Miltenyi Biotec Inc. [26]). MicroBead-labeled
cells were passed through MACS LS Columns within the magnetic
field of a QuadroMACS Separator. Flow-through was collected as
the antibody-depleted fraction, and columns were removed from the
field to elute the antibody-enriched fraction. These fractions were
then separated into three aliquots: 2/3 were used for flow cytometric
analyses to determine percentage of CD11b*/CD14* or CD16™ cells
within fractions. The remaining aliquot was cultured to determine
cytokine/chemokine production as described below.

Flow cytometric analyses of fraction composition

To verify fraction composition, aliquots of enriched and depleted
fractions of dispersed CL cells and PBMCs (2/3 of isolate) were pel-
leted by centrifugation at 300 x g for 10 min (4°C). Aliquots were
resuspended in staining buffer (FBS Staining Buffer, BD Biosciences,
San Jose, CA) and analyzed separately by flow cytometry by incuba-
tion with mouse antihuman antibodies previously validated for use
with rhesus macaque cells: anti-CD16, anti-CD11b, and anti-CD14
(BD Biosciences, San Jose, CA; Supplemental Table S1D) [12]. All

aliquots were analyzed with a BD LSR II Flow Cytometer. Result-
ing histograms were analyzed using Flow]Jo X (version 10.0.7, Tree
Star Inc.), and cell numbers were determined as the percentage of
antibody-positive cells present within each aliquot.

Cytokine/chemokine Luminex assay

The remaining aliquots of antibody-enriched and depleted cell frac-
tions (1/3 of isolate) were pelleted by centrifugation at 300 x g
for 10 min (4°C) and resuspended in two equal aliquots contain-
ing either (1) RMPI-1640 media with 5% FCS (HyClone media,
GE Heathcare, Inc.; control/basal) or (2) incubation media contain-
ing 1 pg/ml lipopolysaccharide (LPS; Sigma-Aldrich). Cells were
incubated for 24 h at 37°C. Media were then analyzed for cy-
tokine/chemokine production using the Monkey Cytokine Magnetic
29-Plex Luminex assay panel (Invitrogen, Thermo Fisher Scientific,
Inc.). Rhesus macaque PBMCs not subjected to magnetic separation
were incubated for 24 h in media with and without addition of LPS
(1 png/ml), and then media was assayed to confirm the ability of
the Luminex assay system to detect stimulus-associated increases in
macaque inflammatory cytokine production (Supplemental Tables
S2 and S3).

Quantitative real-time PCR

Archived cDNA samples from mid-late (9-12 days post-LH surge
[20]; n = 4), GnRH antagonist (Antide)-induced luteolysis ([20];
n = 4), and late stage ([12]; n = 4) rhesus monkey CL, collected
as previously reported [20], were analyzed by quantitative real-time
PCR (qPCR) to assess mRNA levels for the cytokine/chemokines
IL1B, CCL22,CCL2,and CCL3 (TagMan Gene Expression Assays,
Applied Biosystems, Thermo Fisher Scientific, Inc; Supplemental
Table S4). The qPCR results were compared with an existing rhesus
macaque microarray dataset [20].

Statistical analysis

All cytokine/chemokine values that fell below the limit of detection
were set to zero and reported in tables as nondetectable (ND). The
number of positive events recorded for immune cells, serum P4 lev-
els, CL wet weight, real-time PCR mRNA expression, cell viability,
total numbers of cells recovered from dispersed CL, and total num-
bers of viable cells were analyzed by generalized linear model (GLM)
procedure of SAS (version 9.3; SAS Institute Inc., Cary, NC, USA).
Data regarding cytokine/chemokine production from media samples
was analyzed by three-way ANOVA (factors: stage, fraction, stimu-
lation, stage by fraction, and stage by fraction by stimulation; GLM
procedure of SAS). Differences between means were interrogated by
least significant difference, a multiple comparison test that controls
for the type I error rate.

Results

Localization of immune cell types within the macaque
corpus luteum

The CL collected during mid-late luteal phase, which is prior to
functional regression and loss of P4-producing capacity, contained
few CD11b™ (monocytes/macrophages and neutrophils) cells. The
few CD11b" cells present were interspersed between large luteal
cells (Figure 1A; arrow). Similarly, limited numbers of CD687
cells (monocytes/macrophages) were observed in mid-late CL (Fig-
ure 1C; arrow). Immunopositive CD16 (NK) cells were clearly
evident throughout luteal tissue and mainly located near
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Figure 1. Immunohistochemical analyses of immune cell localization within macaque CL during the menstrual cycle. Luteal tissue sections from mid-late stage
(A, C, and E) and regressing (B, D, and F) CL showed positive immunostaining (brown) for the immune cell surface proteins CD11b (monocytes/macrophages
and neutrophils; A and B), CD68 (monocytes/macrophages; C and D), and CD16 (NK cells; E and F). Arrows denote individual immunopositive cells in the mid-late
stage CL. Insets in panels A, C, and E are a higher magnification of the underlying panel, whereas the insets in panels B, D, and F are the IgG primary antibody
staining (negative control; see Supplemental Table S1 for details). Scale bars depict widths of 0.1 and 0.05 mm in the larger images and insets, respectively.

presumptive vessels (Figure 1E; arrow). In regressing CL, after P4
synthesis reached baseline (<0.3 ng/ml for 3-4 days), numerous
CD11b*, CD68*, and CD16" immunostaining cells were dispersed
amongst nonstaining luteal and endothelial cells (Figure 1 B, D, and
F). No positive staining was detected in luteal tissue for the cell sur-
face protein CDS56 (Supplemental Figure S2A), which is reported to
identify NK cells that are actively producing cytokines but possess
minimal cytotoxic activity [27], although positive CD56 staining
was noted in rhesus macaque uterine and placental tissues similar to
previous reports (Supplemental Figure S2B) [28, 29].

Characteristics of immune cell populations of
dispersed macaque corpus luteum and peripheral
blood mononuclear cells

To assess the capacity of immune cell types present within func-
tional (mid-late) and regressing luteal tissue to secrete cytokines
and chemokines, single-cell suspensions were generated and cell vi-
ability as well as total numbers were assessed prior to antibody-

mediated magnetic microbead cell separation. Serum P4 levels and
luteal wet weights were significantly lower for regressing CL com-
pared to those collected in the mid-late luteal phase (P < 0.03 and
P < 0.003, respectively; Figure 2A and B). Fewer cells were recovered
from regressing CL compared to mid-late stage CL (P < 0.02; Fig-
ure 2C). However, there were no differences in the percent viability
of these cells recovered between mid-late and regressing dispersed CL
(P > 0.8, overall viability of all CL 91.7 £ 5.3%; Figure 2D). There
were also no significant differences in numbers of PBMCs collected
from rhesus females at lutectomy by luteal stage (P > 0.7, 1.1 £ 0.2 x
10 PBMCs/female).

Microbead magnetic enrichment of immune cells from
macaque corpus luteum and peripheral blood
mononuclear cells

Aliquots of dispersed cells isolated from mid-late CL (Figure 3A,
open bars) processed with CD11b antibody-labeled MicroBeads
contained 60.5 + 6.5% CD11b" cells, compared to 1.3 + 0.4%
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Figure 2. Characteristics of macaque CL structure and function on the day of luteal collection. Serum P4 levels (A), luteal wet weight (B), as well as total number
of viable cells (C) and percent viability of cells recovered after enzymatic dispersal of CL (D) were assessed at mid-late stage and near menses (regressing CL).
Different letters indicate significant differences (P < 0.05) by stage of the luteal phase.

remaining in the depleted column flow-through fraction
(P < 0.0001). Within the CD11b-enriched fraction, 37.3 + 1.5%
of cells were CD14". Negligible numbers of CD14" cells were
present within the CD11b-depleted fraction (0.5 £ 0.2%; Figure 3A;
P < 0.0001). Incubation of cells dispersed from mid-late CL with
CD16 antibody-conjugated microbeads enriched CD16% cells by
48.9 + 3.2% compared to 4.6 £ 1.8% CD16™ cells in the depleted
fraction (Figure 3B; P < 0.0001). Similar results were obtained for
enrichment of CD11b* and CD16™ cells from PBMCs (Supplemen-
tal Figure STA and B).

The percent enrichment for CD11b™ cells in preparations iso-
lated from regressing CL (Figure 3A, hatched bars) was comparable
to those of mid-late CL. Use of CD11b microbeads increased the
number of CD11b* cells by 44.5-fold (mid-late) and 23.1-fold (re-
gressing) within the enriched population (P < 0.001). In addition,
the percentage of CD14" cells was also enriched by 67.9-fold (mid-
late) and 37.2-fold (regressing) in the CD11b-microbead selected
fraction (P < 0.0001). However, a greater percent enrichment was
detected for CD16" cells (Figure 3B) in preparations derived from
mid-late CL than those from regressing CL (48.9 + 3.2% versus
19.8 &£ 7.2%); anti-CD16 microbeads enriched CD16% cells 10.7-
fold (mid-late; P < 0.0001) and 3.5-fold (regressing; P < 0.05). The

CD16-depleted fractions from mid-late and regressing CL were com-
parable in terms of the presence of CD167 cells (4.6 £+ 1.8% versus
5.7 + 3.9%, respectively).

Cytokine production by peripheral blood mononuclear
cells

Media from unsorted PBMCs cultured for 24 h contained detectable
concentrations of 11 out of the 29 cytokines/chemokines that can
be simultaneously assayed through the Monkey Cytokine 29-Plex
Luminex® panel (Supplemental Table S2. See Supplemental Table S3
for limits of assay sensitivities). Of these, four were detected under
basal conditions, but levels of three increased at least 4-fold in re-
sponse to LPS (Supplemental Table S2). An additional seven were
only detected after LPS stimulation.

At mid-late stage of the luteal phase, CD11b" and CD16™
cells enriched from PBMCs did not produce any detectable
cytokines/chemokines under basal culture conditions (Table 1).
However, after the onset of menses and when circulating levels of
P4 dropped below 0.1 ng/ml, the CD11b-enriched PBMC fraction
produced two detectable chemokines (CCL2 and CXCL8) and one
lymphokine (MIF), whereas CD16% cells produced the lymphokine
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Figure 3. Flow cytometric assessment of CD11b™ and CD16™ cell enrichment
from rhesus macaque CL. Panel A shows the percentage of CD11b* (mono-
cyte/macrophage and neutrophil) and CD14* (monocyte/macrophage) cells
within aliquots of dispersed cells obtained from mid-late stage and regressing
CL. Fractions were subdivided as either the depleted/flow-through or CD11b-
enriched cells (see Methods section for details). Panel B shows the percent-
age of CD16" cells obtained from dispersed mid-late stage and regressing CL
after magnetic microbead CD16 depletion (column flow-through) or enrich-
ment. Different letters indicate significant differences between depleted and
enriched fractions (P < 0.05).

MIF (Table 1) in the absence of an exogenous stimulation (e.g. LPS).
CD11b* PBMCs obtained at mid-late luteal phase and menses (re-
gressing CL) produced several cytokines/chemokines only under LPS-
stimulated culture conditions, while PBMC-enriched CD16% cells
only responded to LPS near menses (Table 1).

Cytokine production by immune cells isolated from
corpus luteum

We next analyzed the capacity of CD11b- and CD16-enriched and
depleted populations of cells isolated from mid-late and regressing
CL to produce cytokines in the absence of any exogenous stimulus
(Table 2). Similar to PBMCs, overall basal production of detected

cytokines/chemokines from all enriched fractions (CD11b and
CD16) increased, both in the total number of proteins produced
and in concentration, in media from cells isolated from CL after
P4 production ceased (i.e. in regressing CL). In terms of CD11b"-
enriched cells, those from mid-late stage CL produced a total of three
cytokines/chemokines: CCL2, CCL3, and CXCLS8 (Table 2), all of
which were not detected in PBMCs obtained at the mid-late luteal
phase. In contrast, CD11b*-enriched cells isolated from dispersed
regressing CL produced a total of eight cytokines/chemokines, in-
cluding CCL2, CCL3, CCL4, CCL22, CXCL38, IL1B, IL6, and MIF
(Table 2). Of these, only CCL2, CXCLS8, and MIF were produced
by PMBCs isolated near menses.

Production of the chemokines CCL2, CCL3, and CXCLS in-
creased 7.9, 5.2, and 23.5-fold, respectively, by CD11b* -enriched
cells isolated from regressing CL, compared to those of mid-late stage
CL (effect of luteal stage, P < 0.05; see Supplemental Table S3 for
assay limits of detection). Chemokine/cytokine production by cells
obtained from the CD11b-depleted fraction/flow-through from mid-
late and regressing CL was below the lower limit of detection of the
Luminex® assay (data not shown).

Unlike enriched CD16" PBMCs obtained at mid-late luteal
phase, enriched CD16% cell populations obtained from mid-late
stage CL produced the chemokine CCL2 (Table 2). However, CD16-
enriched cells obtained from regressing CL also produced the lym-
phokine MIF, similar to CD16% PBMCs. Secretion of CCL2 by
CD16™" cells was not significantly different between cells isolated
from mid-late and regressing CL. Enriched CD16" cells produced
detectable levels of CXCL8 only when collected from regressing CL
(Table 2). The CD16-depleted fraction obtained from regressing CL
produced IL1B, CCL3, CCL4, CCL2, CCL22, MIF, and CXCL8
at elevated levels (data not shown), similar what was observed in
CD11b-enriched fractions obtained after functional luteal regression
(Table 2).

Since resident immune cells in the primate CL can secrete several
inflammatory cytokines, we next determined whether they have the
capacity to respond to further inflammatory stimuli, i.e. following
addition of LPS into culture media (Supplemental Table S5). Over-
all, isolated cells increased their production of CXCLS (effect of LPS
stimulation; P < 0.04) and CCL3 (P < 0.0008). In cells obtained
from mid-late stage CL, LPS induced detectable levels of IL6 and
CCL4 within media from the CD11b-enriched fraction, and IL6,
CCL3, CCL4, and CXCL8 by CD16" cells. The CD11b-enriched
cells obtained from regressing CL exposed to LPS produced de-
tectable levels of tumor necrosis factor (TNF, commonly referred to
as TNFa). Treatment of enriched CD167 cells isolated from regress-
ing CL with LPS increased CCL3 and IL6 production (Supplemental
Table S5).

Expression of cytokine/chemokine mRNA in functional
and regressed rhesus macaque corpus luteum

To further assess the changes in immune cell function in the pri-
mate CL, mRNA levels for several detected cytokines/chemokines
were compared between functional (mid-late) CL versus CL ob-
tained (1) from the mid-luteal phase after treatment with 3 days
of a GnRH antagonist Antide (gonadotropin depletion, induced re-
gression) and (2) at menses in the natural menstrual cycle (regress-
ing CL). Using real-time PCR to confirm earlier microarray anal-
yses [19, 20], CCL2, CCL3, CCL22, and IL1B mRNA levels in-
creased in macaque CL obtained after natural or Antide-induced
regression (P4< 0.3 for >3 days) compared to mid-late stage CL
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Table 1. Cytokine production by PBMC microbead fractions: basal and LPS stimulation

CD11b-enriched fraction CD16-enriched fraction

Cytokine/ Mid-late Mid-late Late/menses  Late/menses  Mid-late Mid-late Late/menses  Late/menses
chemokine/ stage stage + LPS basal + LPS stage stage basal + LPS
growth factor basal basal + LPS

MCP-1/CCL2 ND 23+7 20+ 3 108 + 56 ND ND ND ND
MIP-1a/CCL3 ND 109 + 46 ND? 891 % 675 ND ND ND 74 £ 50
MIP-18/CCL4 ND 31+4 ND 48 £ 19 ND ND ND ND
MDC/CCL22 ND 405 £ 191 ND ND ND ND ND ND
IL-8/CXCL8 ND 215 £103 18 £ 10 548 + 359b ND ND ND 12+5
IP-10/CXCL10 ND ND ND ND ND ND ND ND
IFNy/IFNG ND ND ND ND ND ND ND ND
IL-1p8/IL1B ND 4+1 ND? 24 +£20P ND ND ND S+1
1IL6 ND 107 £+ 58 ND* 174 £ 140** ND ND ND 30 £ 23
MIF ND ND 38 £26 30 £ 18 ND ND 25+ 16 28 +18
TNFa/TNF ND ND ND 28 £ 11 ND ND ND 24+ 6
Total number 0 7 3 8 0 0 1 6

detected each
fraction

Mean + SEM(pg/ml).

ND = nondetectable; see Supplemental Table S3 for limits of detection for each assay.

Different letters indicate significant differences within marker for each cytokine by LPS stimulation; asterisks indicate trend (P = 0.08) toward difference by
LPS stimulation.

Table 2. Cytokine production by luteal immune cell microbead fractions under basal culture conditions

CD11b-enriched fraction CD16-enriched fraction

Cytokine/chemokine/ Mid-late stage Late/menses Mid-late stage Late/menses
growth factor basal basal basal basal
MCP-1/CCL2 122 £ 53* 972 + 483** 37121 20+ 4
MIP-1a/CCL3 30 £ 67 156 £ 59> ND ND
MIP-18/CCL4 ND 48 + 21 ND ND
MDC/CCL22 ND? 1073 £ 579> ND ND
IL-8/CXCLS8 21+6 489 + 247 ND* 8+ 1**
IP-10/CXCL10 ND ND ND ND
IFNy/IFNG ND ND ND ND
IL-1B/IL1B ND 6+1 ND ND
1IL6 ND 23+ 15 ND ND
MIF ND 40 £ 18 ND 10+ 1
TNFa/TNF ND ND ND ND
Total number 3 8 1 3

detected each fraction

Mean + SEM(pg/ml).

ND = nondetectable; see Supplemental Table S3 for limits of detection for each assay.

Different letters indicate significant differences within marker for each cytokine between luteal stage; Asterisks indicate trend (P < 0.07) toward difference
within marker between luteal stage.

(Figure 4A-D: CCL2, IL1B, P < 0.0001; CCL3, P < 0.003; CCL22,
P < 0.002). The changes in CCL2, CCL3, CCL22, and IL1B mRNA
levels are consistent with their increased secretion by dispersed cell

Discussion

We previously reported a large increase in cells positive for several
surface proteins associated with immune cells by flow cytometry
within preparations from the rhesus macaque CL during luteal re-
gression, i.e. after P4 levels fall below 0.3 ng/ml for 3—4 days at
the end of the natural menstrual cycle: CD11b (ITGAM), CD14,
and CD16 (FCGR3) [12]. This study demonstrated that at the
mid-late luteal stage when the CL is still functional, luteal CD167"
NK cells outnumber CD11b* macrophages/monocytes/neutrophils
5 to 1. Once serum P4 levels decline to baseline (< 0.3 ng/ml),
however, flow cytometry revealed that there are approximately
even numbers of CD16" and CD11b" cells within primate luteal

preparations isolated from regressing CL (Table 2). Microarray and
real-time PCR analyses demonstrate similar patterns of mRNA ex-
pression within samples from the same group. A 30-fold increase
in CCL22 mRNA was observed between mid-late (days 9-12 fol-
lowing LH surge) and regressing rhesus CL (Figure 4C; P < 0.001).
Similarly, the highest level of CCL2 mRNA expression (Figure 4A)
was detected in CL after natural and Antide-induced luteal regres-
sion. Moreover, 3-fold increases in IL1B and CCL3 mRNA ex-
pression were detected in regressing CL compared to mid-luteal
stage (Figure 4B and D).
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Figure 4. Levels of select cytokine/chemokine mRNAs within functional mid-late CL or in either induced (mid-late+Antide) or naturally regressing CLin vivo.
The mRNA expression of CCL2 (A), CCL3 (B), CCL22 (C), and IL1B (D) was determined by real-time PCR (open bars) and DNA microarray (black bars; previously
reported [19, 20]). Different letters indicate significant differences measured by real-time PCR between groups (P < 0.05).

tissue [12]. We now confirm these findings and define their dis-
tribution within luteal tissue by immunohistochemistry (IHC). An
antibody suitable for IHC detection of the macrophage-specific pro-
tein CD14 in paraffin-embedded macaque tissue was not identified.
Rather, the monocyte/macrophage surface protein CD68 was used
to confirm the flow cytometry data, demonstrating increased mono-
cyte/macrophage numbers in the regressed CL. Moreover, the cellu-
lar morphology of specific immunostained cells within CL is consis-
tent with neutrophils (CD11b"), macrophages/monocytes (CD11b™",
CD687), and NK cells (CD16™), but differed from the unstained
luteal and vascular endothelial cell types.

Enrichment of specific immune cell populations from dispersed
luteal cells was performed to assess their ability to produce cytokines
and chemokines, which in turn may play a role in recruiting addi-
tional inflammatory cells and orchestrating events involved in the
tissue remodeling within the regressing CL. Antibody-mediated mi-
crobead enrichment of immune cell populations was chosen over
flow cytometry-based methods to prevent artificial immune cell acti-
vation or decreased cell viability [26]. We validated the ability of the
microbead technique to effectively enrich rhesus macaque immune
cell populations from PBMCs. Thus, using this magnetic microbead
method, we achieved a 44.5-fold (CD11b) and 3.5-fold (CD16) en-
richment from dispersed luteal tissue. Differences in enrichment of
CD16" cells between mid-late and regressing CL were not due to loss
of anti-CD16 microbead specificity: PBMCs processed in tandem

with luteal cell preparations resulted in a 4.7- to 3.6-fold enrichment
(Supplemental Figure S1B).

Our results demonstrate that the macrophages and neutrophils
(CD11b* cells) present in the regressing primate CL appear to be
activated based on the chemokines/cytokines that they secrete [6,
11]. Similar to results obtained from studies of other tissues [8, 13,
15], the CD11b*-enriched fraction from the macaque CL produced
the majority of cytokines/chemokines (Table 2) compared to rela-
tively few produced by CD16™ NK cells. CD11b" cells enriched
from mid-late CL produced three chemokines: CCL3, CCL2, and
CXCLS3, all of which are secreted by macrophages, monocytes, and
neutrophils [30, 31]. These three chemokines function to recruit ad-
ditional macrophages, monocytes, and neutrophils into tissues, and
could have similar functions in luteal tissue. The chemokine CXCL8
is a potent chemoattractant for neutrophils [30], and CXCL8 pro-
duction by bovine luteal tissue is reported to fluctuate through-
out the luteal phase [32]. Increased CXCLS8 synthesis by CD11b*
cells obtained at/near menses could reflect not only a response
to endogenous luteolytic processes, but also correspond with in-
creased numbers of CD11b*, CD14", and other immune cell types
within luteal tissue at this stage [12]. The cytokines/chemokines
IL6, IL1B, MIF, and CCL4 were only produced by the CD11b-
enriched cells obtained from regressing CL. These factors are known
to induce monocyte differentiation to macrophages [33], classi-
cal macrophage activation [34], macrophage survival and function
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[35], and immune cell recruitment [31]. Our findings suggest a dy-
namic process of immune cell recruitment (particularly neutrophils
and monocytes/macrophages), macrophage activation, and sustained
macrophage function within the primate CL during luteal regres-
sion. Notably, chemokine/cytokine production by CD11b* cells oc-
curs in the absence of an acute exogenous stimulus such as LPS or
prostaglandins. This is not observed in the PBMCs collected and pro-
cessed at the same time, wherein only three chemokines/lymphokines
are produced under basal conditions (CCL2, MIF, CXCLS8; Ta-
ble 1) and an additional eight are detected following LPS stimu-
lation (Table 1). The increased number of endogenously produced
chemokines/cytokines by monocytes/macrophages/neutrophils in re-
gressing CL indicates that these immune cells are activated by an
undefined mechanism in regressing luteal tissue, in the absence of a
typical inflammatory stimulus. It cannot be determined from these
studies if there is a per cell increase in cytokine/chemokine produc-
tion or if the increased levels are due to elevated numbers of CD11b*
cells present within the regressing CL relative to the mid-late stage
CL, since an equivalent number of total cells were subjected to mag-
netic cell sorting and the number cultured were not determined af-
terwards. Thus, future studies are planned to determine if increased
luteal CD11b™ cell cytokine/chemokine-producing potential directly
increases after the loss of P4 synthesis.

Several cytokines secreted by macrophages also increase the cy-
totoxic potential of NK cells [15]. Expression of the cell surface
receptor CD16, used to identify putative NK cells in primate luteal
tissue [12], is associated with higher levels of cytotoxic activity [15].
The enriched CD16% cells within the macaque CL show limited
cytokine/chemokine production, which is consistent with reported
functions of CD16" NK cells isolated from other tissues [15]. Typ-
ically, the CD16™" subset of NK cells has a limited capacity for cy-
tokine production, but instead functions to destroy target cells by
releasing granzyme and perforin to lyse cell membranes [36]. Enzy-
matically dispersed CL enriched for NK (CD167") cells produced the
fewest chemokines/cytokines (Table 2); only CCL2 was produced
by fractions from mid-late CL, and low levels of CCL2, MIF, and
CXCLS8 were produced by CD16™" cell fractions from CL collected
at menses. The low basal production of CCL2, MIF, and CXCLS8 by
cells isolated from CL collected at mid-luteal phase might be due to
other cell types present within this fraction, given that only 20%-—
40% of the cells within this fraction were identified as CD16" by flow
cytometry analysis. It is important to note that production of these
chemokines by the CD11b-depleted fraction was similar (data not
shown), suggesting that cells other than neutrophils, macrophages,
and monocytes present in the CD16-enriched fraction are producing
these chemokines. Although macaque NK cells were previously re-
ported to be predominantly CD16* [37], some NK cells also express
CD356 [36]. The majority of NK cells with high levels of CD56 ex-
pression (CD568) typically do not express CD16 (CD167) [15]
and produce many cytokines that enhance vascular development of
the placenta during pregnancy [36, 38]. We did not observe specific
staining for CD356 in rhesus macaque ovarian/luteal tissue by IHC
(Supplemental Figure S2), similar to previous studies that failed to
identify CDS56 expressing cells in ovarian/luteal tissue from women
[9]. Thus, NK cells within the primate ovary may represent a func-
tionally distinct subset compared to NK cells residing within the
uterus. It is recognized that CD16 expression is found on other im-
mune cell types [39], therefore, further experiments characterizing
CD16™" cells by flow cytometric and other functional analyses are
needed to confirm that they are NK cells and to define their role
within the ovary [40].

Both CCL2 and CCL22 were produced at significantly higher lev-
els by CD11b" cells within functionally regressed CL relative to those
from functional CL. In fact, CCL22 (also known as macrophage-
derived chemokine, or MDC) production by CD11b* cells col-
lected from mid-late stage CL was below the limit of detection.
This chemokine is a 69-amino-acid protein in the mature secreted
form and is a potent chemoattractant for monocytes and NK cells
[41, 42]. Previously, ovarian macrophage production of CCL22 was
mainly reported from neoplastic tissue/carcinomas [43]. The large
increase in production of CCL22 by CD11b* cells within the re-
gressing macaque CL parallels a 30-fold increase in CCL22 mRNA.
High levels of CCL22 might function to recruit NK cells to luteal
tissue to facilitate luteolytic processes. The earlier rise in NK cells ob-
served in rhesus CL between early and mid-luteal phase [12] might
be associated with a rise in CCL22 production by low numbers
of macrophages present at these time points and warrants further
investigation. Another chemokine, CCL2, is widely implicated in lu-
teolytic processes in many mammalian species [44], and is suggested
to be one of the main drivers increasing total numbers of immune
cells present within luteal tissue at onset of regression [45]. It is re-
ported that luteal cells are a major source of CCL2 in the primate CL
at the mid-late stage [45]. Therefore, nonimmune cell types might
contribute to the low basal levels of CCL2 secretion into media from
cells isolated at mid-luteal stage.

Perhaps surprisingly, one factor that was not detected under basal
culture conditions within CD16" or CD11b*-enriched cell fractions
obtained from enzymatically dispersed CL was TNF. Production of
detectable levels of TNF in culture media was only observed by
CD11b* cells following LPS addition (Supplemental Table S5). Pre-
vious studies suggest that primate luteal tissue expresses mRNA for
TNF, but the peak production of TNF mRNA is in functional late
CL (days 14-16 following the LH surge), and by late regression (days
17-19 mRNA) levels decline to near baseline [46]. The late CL in this
study were staged by days following a decline in P4 secretion below
0.3 ng/ml, similar to our previous study [12], and thus most were in
the latter stages of regression. It is possible that basal production of
TNEF is higher earlier in luteolysis, as many studies suggest that this
cytokine facilitates the initial decline in luteal P4 production dur-
ing functional regression [8]. Conversely, endogenous production of
this cytokine by the CD11b" macrophages under basal culture con-
ditions might be lower than the detection limit of the current assay,
but still biologically relevant since only 1 ng/ml of exogenous TNF
is needed to observe the effects of this macrophage-derived cytokine
in cell culture studies [47].

Interestingly, these data revealed that the response of rhesus
PBMC:s to an inflammatory stimulus varied by stage of the menstrual
cycle (Table 1). The number of different cytokines/chemokines pro-
duced, or in some cases their level of synthesis, increased after LPS
addition to CD11b* and CD16" PBMC fractions obtained in the
late luteal phase (i.e. low P4) relative to those isolated at mid-late
phase (i.e. high P4). This is similar to previous reports in women of
varying immune responses during the menstrual cycle and pregnancy
[48]. The PMBCs of reproductive aged women are less responsive to
antigenic stimuli in the luteal phase compared to the follicular phase
of the menstrual cycle [49]. Both estrogen receptor 1 (ESR1) and the
classical P4 nuclear receptor (PGR) are detected in CD68-positive
macrophages isolated from women [50]. At menses, after P4 lev-
els decline, unopposed ESR1 activation might contribute to height-
ened PBMC response to antigenic stimuli. These data indicate that
the overall cytokine-producing potential of circulating innate im-
mune cells is depressed during the mid-late luteal phase in the NHP
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menstrual cycle (time of luteal rescue by chorionic gonadotropin se-
creted by an implanting embryo [16]) compared to near the onset or
during menstruation.

Collectively, these studies demonstrate that the relatively low
numbers of monocytes/macrophages and neutrophils within func-
tional primate CL (mid-late stage) secrete a limited inflammatory
cytokine/chemokine repertoire. This may be due, in part, to an
overall suppression of inflammatory responses by elevated P4 lev-
els; our data indicate that macaque PBMC response to antigenic
stimuli (e.g. LPS) is also suppressed in the mid-late stage of the men-
strual cycle (Table 1). Once P4 levels decline below baseline for 3
or more days during luteal regression, increased synthesis of factors
by CD11b* cells (e.g. neutrophils, macrophages) within luteal tis-
sue may facilitate further increases in both immune cell types and
cytokine/chemokine production, all of which may be necessary for
the structural regression of the CL. Based on the secretion profile,
one function of luteal neutrophils/macrophages after P4 levels de-
cline is the production of significant levels of CCL22/MDC which
may recruit additional NK cells to the CL. Luteal NK cells preferen-
tially expressing the cell-surface receptor CD16 produce few, if any,
cytokines/chemokines, unlike CD56™ uterine NK cells. These luteal
NK cells likely function by releasing granzyme and perforin to lyse
target cells, contributing to further regression of primate luteal tissue
at the end of the luteal life span and ultimately result in complete
regression of luteal cell types within the primate ovary.

Supplementary data

Supplementary data are available at BIOLRE online.

Supplemental Figure S1. Flow cytometric analysis of PBMCs after
antibody-conjugated magnetic microbead enrichment/depletion. (A)
Analysis of percentage of CD11b" (monocyte/macrophage and neu-
trophil) and CD14" (monocyte/macrophage) cells within aliquots
of PBMC obtained from female macaques at time of luteal col-
lection at mid-late luteal stage and near menses (regressing CL).
Fractions were subdivided as either depleted/flow through or en-
riched for CD11b-expressing (CD11b™) cells after processing with
anti-rhesus CD11b conjugated to magnetic microbeads (see Meth-
ods for details). Processing of aliquots of PBMCs obtained from both
luteal stages resulted in less than 5% of CD11b* cells in depleted
fractions/flow-through, and greater than 69% of CD11b* cells in
the CD11b-enriched fraction (P < 0.001). Less than 0.8% of cells
in the CD11b-depleted fraction were CD14*, while the percentage
of CD14™" cells was greater than 50% in the CD11b-enriched frac-
tion (P < 0.0001). (B) Percentage of CD16™ cells within aliquots
of PBMCs processed with anti-rhesus CD16 conjugated to mag-
netic microbeads. Aliquots of PBMCs isolated at the mid-late stage
resulted in less than 13% of CD16% cells in the CD16-depleted
fraction/flow-through, and approximately 45% of CD16% cells in
the CD16-enriched fraction (P < 0.0001). Aliquots of PMBCs ob-
tained near menses (regressing CL) revealed less than 10% of cells in
the CD16-depleted fraction were CD16™, but about 45% of the cells
in the CD16-enriched fraction were CD16%. Different letters indi-
cate significant differences between depleted and enriched fractions
(P < 0.05).

Supplemental Figure S2. Immunohistochemical (IHC) analyses
of CDS56-positive cells within macaque CL during the menstrual
cycle and placental villi. Luteal tissue obtained at mid-late stage
and menses (regressing CL) did not show positive immunostaining
(brown color) for expression of CD56, while rhesus placental villi
displayed detectable expression of CD56 (arrow example of CDS56-

positive cell). Negative control nonspecific IgG antibody staining of
adjacent sections is provided in smaller images. All images visualized
at x40 magnification.
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