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Macrophages are prominent in the uterus and ovary at conception. Here we utilize the Cd11b-Dtr mouse model
of acute macrophage depletion to define the essential role of macrophages in early pregnancy. Macrophage
depletion after conception caused embryo implantation arrest associated with diminished plasma proges-
terone and poor uterine receptivity. Implantation failure was alleviated by administration of bone marrow-
derived CD11b*F4/80* monocytes/macrophages. In the ovaries of macrophage-depleted mice, corpora lutea
were profoundly abnormal, with elevated Ptgs2, Hifla, and other inflammation and apoptosis genes and with
diminished expression of steroidogenesis genes Star, Cyp11al, and Hsd3b1. Infertility was rescued by exog-
enous progesterone, which confirmed that uterine refractoriness was fully attributable to the underlying luteal
defect. In normally developing corpora lutea, macrophages were intimately juxtaposed with endothelial cells
and expressed the proangiogenic marker TIE2. After macrophage depletion, substantial disruption of the
luteal microvascular network occurred and was associated with altered ovarian expression of genes that encode
vascular endothelial growth factors. These data indicate a critical role for macrophages in supporting the
extensive vascular network required for corpus luteum integrity and production of progesterone essential
for establishing pregnancy. Our findings raise the prospect that disruption of macrophage-endothelial cell
interactions underpinning corpus luteum development contributes to infertility in women in whom luteal

insufficiency is implicated.

Introduction

Macrophages have a broad range of functions including phago-
cytosis, antigen presentation, and secretion of a variety of
cytokines, growth factors, and tissue-remodeling agents (1).
Their central role in the generation and execution of immune
responses is undisputed. More recently, additional roles have
emerged for macrophages in tissue development and homeosta-
sis, including angiogenesis and vascular remodeling, in embryo-
genesis as well as in the adult organism (2-4). There is consid-
erable heterogeneity and plasticity in macrophage phenotypes,
and their differentiation and function within tissues is influ-
enced by local environmental signals that direct release of vari-
ous cytokines, growth factors, and tissue-remodeling agents in
tissue-specific phenotypes (1-3, 5).

A developmental function of macrophages is particularly evi-
dent in female reproductive tract tissues that mature after birth
and thereafter undergo repeated cycles of breakdown, repair, and
regeneration (6, 7). In the uterus, macrophages fluctuate in num-
ber and phenotype over the ovarian cycle, and additional macro-
phages are recruited into the endometrium in an inflammation-
like response to seminal fluid during the pre-implantation period
of early pregnancy (8, 9). Uterine macrophages are implicated in
remodeling processes and in inducing expression of epithelial

Authorship note: Kerrilyn R. Diener and Melinda J. Jasper contributed equally to this
work.

Conflict of interest: The authors have declared that no conflict of interest exists.
Citation for this article: ] Clin Invest. 2013;123(8):3472-3487. d0i:10.1172/JCI60561.

3472 The Journal of Clinical Investigation

http://www.jci.org

glycoproteins associated with embryo attachment (10), and they
potentially contribute to subsequent events of the uterine decid-
ual response and placental trophoblast invasion (11). Within the
ovary, macrophages accumulate within the thecal layer of develop-
ing follicles, and there is evidence for a supporting role in follicle
growth and ovulation (12-14) as well as for a contribution to vas-
cular homeostasis (15). Immediately after ovulation, macrophages
migrate into the developing corpora lutea in the mouse (16), rat
(17), and human ovaries (18). There they are implicated in influ-
encing the steroidogenic function of luteal cells as well as remodel-
ing after luteal regression (19, 20).

These observations raise the question of the importance of mac-
rophage contributions to the sequence of events in reproductive
tissues necessary for embryo implantation and initiation of preg-
nancy. Implantation depends on an adequately prepared endome-
trium to permit embryo attachment, allow uterine transforma-
tion in the decidual response, and facilitate invasion of placental
cells. In turn, uterine receptivity is regulated by corpus luteum
steroidogenic function to produce sufficient ovarian steroid
hormones, progesterone, and estrogen. Although the presence
of macrophages in uterine and ovarian tissues suggests a role in
these events, their absolute necessity for pregnancy has not been
formally evaluated.

Studies in the osteopetrotic Csf1%/Csf1°? mouse (which has
a naturally occurring CsfI-null mutation) have provided some
insight into the functional role of macrophages in reproduction.
M-CSF (also referred to as CSF-1) stimulates macrophage prolif-
eration, differentiation, and recruitment, and Csf1°/Csf1° mice are
Number 8

Volume 123 August 2013



Cd1ib-+D
4 20+

-
w
1

Uterus

% F4/80 positivity
o 3

o]
[=]
]

SRR
N Lty

-
w
1

v e TR

Ovary

w
1

% F4/80 positivity
g

(=]
I

C Cd11b + DT -ve control
102 00| 401 0.1
o |
w ] ]
o i o a [+1] Q2
w
2
2
5
P R R
127 1.0

Ovary

CD11b

severely depleted of macrophages in many tissues (21). In the non-
pregnant cycling state, the ovary (7, 16) and uterus (22) are almost
completely devoid of macrophages. Csf1°/Csf1° exhibit extended
estrous cycles and a lower ovulation rate, which are attributed to
impaired function of the hypothalamic-pituitary-gonadal axis as
well as intra-ovarian defects (16, 23).

However, CsfI-null mutant mice have limited utility for inter-
rogating macrophage functions in establishing and maintaining
pregnancy, since after mating, cytokines and chemokines other
than M-CSF attract macrophages into the ovary and uterus, and
pregnancy progresses normally albeit in a reduced proportion of
animals (16, 22). On day 1 post-coitum (pc), the density of F4/80*
macrophages in the uterus of CsfI-null mutant mice is approxi-
mately 53% that of wild-type mice (24, 25), while in corpora lutea,
35% of the normal density of F4/80* macrophages is attained (16).
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(5) (6) Figure 1
DT administration to Cd77b-Dtr mice elicits mac-

o® rophage depletion in the uterus and ovary. Tissues
e were recovered from wild-type control or Cd11b-Dtr
. mice on day 4.5 pc, 24 hours after i.p. injection of

DT (25 ng/g). (A and B) Sections of uterus (A) and

*% ovary (B) labeled with anti-F4/80 indicated few mac-
R rophages (arrows) remaining in the uterus and ovary
ET of Cd11b-Dtr mice (right panels; insets are high
power) compared with wild-type mice (left panels).

0-— . : )
WT Cdiib-  Some uterine F4/80* cells were eosinophils (arrow-

+0T +DT heads), and these were retained after DT treatment

5) () (see Supplemental Figure 1). The percent positivity
for F4/80+ cells is shown for wild-type mice (WT +DT)
and macrophage-depleted Cd11b-Dtr mice (Cd11b-
+DT) administered DT. Ten individual fields per uterus

®e were analyzed, and the number of mice per group is
:'_E indicated in parentheses. LE, luminal epithelium; Gl,
o® uterine gland; CL, corpus luteum; ST, stroma. Scale
* bars: 50 um. (C) Single-cell suspensions recovered

from the peritoneal cavity (PEC) or prepared by enzy-

_1‘-: matic digestion of uterus and ovary were analyzed

TWT Cdiib using FACS with anti-CD11b and anti-F4/80 antibod-

+DT +DT ies, and show substantially diminished CD11b*F4/80+
macrophages in Cd11b-Dtr mice compared with wild-
type controls. FACS plots are representative of 4-6
mice per group. Quantitative FACS data are given in
Supplemental Table 1. *P < 0.05; **P < 0.01.

The Cd11b-Dtr transgenic mouse (26) provides a new experimen-
tal approach to examine the role of macrophages in reproductive
processes. This model allows acute, systemic depletion of CD11b*
macrophages following the administration of nanogram quan-
tities of diphtheria toxin (DT). Here we report that acute deple-
tion of CD11b* cells during early pregnancy results in complete
implantation failure, and that this is alleviated by administration
of DT-resistant wild-type macrophages. The corpora lutea of mac-
rophage-depleted mice produce substantially less progesterone,
have disrupted blood vasculature, and exhibit changes in the local
expression of genes encoding angiogeneic regulators. The reduced
progesterone production accounts fully for the infertility defect,
since pregnancy can be restored and supported to term through
exogenous progesterone administration. These findings demon-
strate that in the mouse, macrophages with a TIE2* proangiogenic
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Figure 2

Macrophage depletion during the pre-implantation peri-
od causes complete infertility in Cd771b-Dtr mice. (A) At
autopsy on day 7.5 pc, macrophage-depleted Cd11b-Dtr
mice had no visible implantation sites (lower panels) after
injection with DT (25 ng/g) on day 0.5 pc or day 3.5 pc,
compared with normal implantation sites (arrows) in wild-
type mice given DT (upper panels). (B) Normal implan-
tation sites (arrows) were seen when Cd71b-Dtr mice
were reconstituted with wild-type bone marrow—derived
% CD11b+F4/80+ monocytes (Supplemental Figure 2) prior
to DT injection on day 3.5 pc (Cd11b- +DT +BM). (C)
Normal implantation sites (arrows) were also seen when
Cd11b-Dtr mice were injected with biologically inactive
[Glu52]-DT (GI52-DT). (D) The number of implantation
sites per mouse is shown for wild-type mice (WT +DT)
and macrophage-depleted Cd77b-Dtr mice (Cd11b- +DT)
administered DT on day 0.5 pc. (E) The number of implan-
tation sites per mouse is shown for wild-type mice and
a Cd11b-Dtr mice administered PBS, DT or [Glu%2]-DT on
day 3.5 pc, or DT on day 3.5 pc after reconstitution with
wild-type bone marrow-derived CD11b+F4/80+ monocytes
(Cd11b- +DT +BM). Data are number of implantations per
mouse, with mean + SEM superimposed. The number of
mice in each group is shown in parentheses. *P < 0.01,
Cd11b- +DT versus WT +DT; #*P < 0.01, Cd11b- +DT +BM
versus Cd11b- +DT.
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phenotype have an essential role in orchestrating the neovascular-
ization pivotal to corpus luteum development, progesterone syn-
thesis, and the establishment of viable pregnancy.

Results

Macrophage depletion during the pre-implantation period causes pregnancy
failure. To evaluate the utility of Cd11b-Dtr mice as a model for mac-
rophage depletion from reproductive tissues during early pregnan-
cy, the ovaries and uterus were dissected on day 4.5 pc (when embryo
implantation commences), 24 hours after DT injection on day 3.5
pc, and analyzed using immunohistochemistry for the macrophage-
specific marker F4/80. Uterine macrophages were depleted by 84%
in DT-treated Cd11b-Dtr mice compared with DT-treated wild-type
control mice, in which macrophages were present throughout the
endometrial stroma, particularly subjacent to the luminal epithe-
lial (Figure 1A). In the ovaries of DT-treated Cd11b-Dtr mice, mac-
rophages were depleted by 82% compared with wild-type mice, in
which they were distributed throughout the ovarian stroma, within
corpora lutea, and in the theca surrounding follicles (Figure 1B).
Similar proportions of macrophages were removed from the uter-
us and ovaries when DT was given at day 0.5 pc, and tissues were
evaluated 24 hours later (data not shown). Of the small numbers
of F4/80" cells retained in the uterus after DT treatment, most were
eosinophils (Supplemental Figure 1; supplemental material avail-
able online with this article; doi:10.1172/JCI60561DS1), which are
present in the uterus (27) but not the ovary (13).

When single-cell suspensions from uterus and ovary were evalu-
ated using flow cytometry for CD11b and F4/80 expression (Fig-
ure 1C and Supplemental Table 1), a similar extent of macrophage
depletion was seen. Macrophages in the peritoneal cavity were
almost completely ablated after DT administration to Cd11b-Dtr
mice, as reported by others (26, 28).
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To investigate the effect of macrophage depletion during the
pre-implantation period on pregnancy progression, DT was
administered on day 0.5 pc or 3.5 pc to Cd11b-Dtr and wild-type
mice. When treated mice were autopsied at day 7.5 pc, complete
pregnancy failure was evident (Figure 2A), and similar results were
obtained if DT was given on days 1.5 pc or 2.5 pc (data not shown).
In contrast, healthy implantation sites were seen in the majority of
wild-type mice given DT (Figure 2, A, D, and E). Additional con-
trol groups of Cd11b-Dtr or wild-type mice administered biologi-
cally inactive [Glu?] DT or PBS showed normal implantations on
day 7.5 (Figure 2, C and E). These results indicate that depletion
of CD11b* cells from mice at any stage of the pre-implantation
period of early pregnancy leads to complete infertility.

Neutrophils and some dendritic cell lineages can express CD11b.
FACS analysis of uterus and ovary tissue from DT-treated Cd11b-
Dtr mice showed that in addition to macrophage loss, there was a
decline in CD11c* dendritic cells and RB6* neutrophils, although
these leukocytes comprise smaller populations and their depletion
was less extensive than for F4/80* macrophages (Supplemental
Table 1). To investigate the leukocyte lineage responsible for infer-
tility, DT-resistant wild-type bone marrow-derived monocyte/
macrophages (F4/80"CD11b" cells, Supplemental Figure 2) were
administered i.v. to Cd11b-Dtr mice on both day 0.5 pc and day 3.5
pc, prior to DT injection on day 3.5 pc. After macrophage replace-
ment, implantation sites were evident in 64% (7/11) Cd11b-Dtr
mice at day 7.5 pc (Figure 2, B and E). This demonstrates that the
infertility caused by depletion of CD11b" cells can be attributed to
macrophage deficiency.

Infertility after macrophage depletion results from embryo implantation
failure. To determine whether macrophage depletion causes loss of
implantation sites due to altered embryo development, wild-type
and Cd11b-Dtr mice were given DT on day 2.5 pc, and embryos were
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flushed from the uterus on the morning of day 3.5 pc. There was
no difference in the number or proportion of normally developed
embryos recovered on day 3.5 pc, with 73% of embryos at the moru-
la or blastocyst stage in Cd11b-Dtr mice compared with 78% in wild-
type mice (Figure 3, A and B). This demonstrates that pregnancy
failure in Cd11b-Dtr mice is not due to adverse effects on embryo
development to the implantation-competent, blastocyst stage.

To discount the possibility that DT exerts direct toxic effects on
embryos from Cd11b-Dtr females, in vitro embryo culture experi-
ments were conducted. Zygotes recovered on day 0.5 pc and cul-
tured for 48 hours in the presence of DT (25 ng/ml) showed no
significant reduction in their ability to develop to blastocyst stage,
compared with zygotes cultured without DT (Figure 3C). Simi-
larly, 8-cell embryos recovered on day 2.5 pc and cultured for 72
hours with DT showed no impairment in blastocyst formation
(Figure 3D). These results demonstrate that exposure to DT has
no direct adverse effect on embryo development.

Since embryo development appeared unaffected in Cd11b-
Dtr mice, we sought to more precisely define the stage at which
pregnancy arrests after peri-implantation macrophage deple-
tion. Implantation sites were assessed in wild-type and Cd11b-Dtr
mice following DT treatment on day 3.5 pc, using Trypan blue
to visualize the increase in microvascular permeability associated
with the decidual response to embryo implantation. On day 4.5
pc, 24 hours after DT administration, only 5 of 12 Cd11b-Dtr mice
showed clearly delineated implantation sites compared with 20
of 25 wild-type mice (Figure 4, A and B). By day 5.5 pc, 48 hours
following DT administration, none of 8 macrophage-depleted
Cd11b-Dtr mice showed any evidence of implantation sites, while
expanding vascular responses were generally seen in wild-type
mice (Figures 4, A and B). Failure to exhibit the expected vascular
changes was not due to any substantial disruption to the uterine
vasculature in Cd11b-Dtr mice, as overtly normal blood vessels were
detected in uterus on day 4.5 pc using the endothelial cell marker
MTS-12 (Supplemental Figure 3).

Histology of embryo implantation sites in uterine sections at day
4.5 pc showed notable differences between wild-type and Cd11b-
Dtr mice after DT administration. In wild-type females, typical
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Figure 3

Implantation failure in macrophage-depleted Cd17b-Dtr mice is not
due to adverse effects on pre-implantation embryo development. (A)
Embryos flushed on the morning of day 3.5 pc from macrophage-
depleted Cd11b-Dtr mice, 24 hours following i.p. injection of DT (25
ng/g), were generally developed to blastocyst stage and often hatched
from the zona pellucida, comparable to those flushed from wild-type
mice treated with DT. (B) A comparable proportion of embryos flushed
from the uterus on day 3.5 pc were developed to morula or blastocyst
stage in wild-type or Cd711b-Dtr mice administered DT on day 2.5 pc.
(C) Embryos that were flushed from the oviduct on day 0.5 pc (1-cell
embryos) of gonadatropin-primed Cd171b-Dtr mice and cultured in the
presence of DT (25 ng/ml) for 48 hours, and then without DT for a
further 48 hours, developed to blastocyst stage at the same rate as
embryos cultured without DT. (D) Embryos flushed from the uterus
on day 2.5 pc (8-cell embryos) and cultured with DT (25 ng/ml) for
72 hours developed to blastocyst stage at the same rate as embryos
cultured without DT. (B—D) The number of embryos in each group is
shown in parentheses. Data are mean + SEM.

implantations were evident, with blastocyst stage embryos lodged
in crypts at the anti-mesometrial pole of a narrowed endometrial
lumen. Epithelial cells were displaced subjacent to the embryo,
with a clear zone of decidual transformation in the uterine stroma
cells (Figure 4C). In Cd11b-Dtr females, the lumen often lacked the
slit-like narrowed architecture, and the majority of blastocysts
were attached laterally or in the middle of an open lumen with
no decidual transformation, although decidual transformation
with incomplete uterine closure was occasionally seen (Figure 4C).
These observations support the interpretation that when macro-
phages are depleted from Cd11b-Dtr mice, embryo implantation
rarely proceeds beyond the initial attachment phase, due to an
impaired uterine response associated with disrupted blastocyst
apposition, uterine closure, and decidual transformation.

Macrophage depletion disrupts corpus lutewm structure and impairs
progesterone synthesis. A key determinant of adequate endometrial
receptivity and the decidual response to embryo implantation is
synthesis of progesterone by the corpora lutea within the ova-
ries. To investigate the effect of macrophage depletion on luteal
function, ovaries were recovered from wild-type and Cd11b-Dtr
mice 24 hours following injection with DT on day 3.5 pc. Ovaries
from macrophage-depleted Cd11b-Dtr mice were hemorrhagic in
appearance, and histology showed a highly irregular architecture
within most corpora lutea, consistent with extensive structural
disruption (Figure SA), while the number and distribution of
developing follicles appeared normal (Supplemental Table 2). In
high-power image sections, the density of luteal cells in Cd11b-
Dtr mice given DT was substantially less than that in wild-type
mice, and instead interstitial spaces filled with red blood cells
were present throughout the corpora lutea.

Given the clear demise of corpora lutea integrity following mac-
rophage depletion, genes known to be involved in functional and
structural luteolysis during normal involution (29, 30) were inves-
tigated. Prostaglandin-endoperoxide synthase 2 (Ptgs2), which
encodes PTGS2 (also known as COX2), a key enzyme in ovarian
synthesis of the luteolytic prostaglandin PGF2A, was upregulated
more than 1,000-fold in Cd11b-Dtr mice compared with wild-type
mice at day 4.5 pc, 24 hours following DT treatment. Induction of
Number 8 3475
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Figure 4

Infertility in macrophage-depleted Cd71b-Dtr mice results from implantation failure. (A) Trypan
blue clearly delineates bands of increased vascular permeability in the uterus, showing embryo
implantation sites in some, but not all, macrophage-depleted Cd71b-Dtr mice (arrows) on day
4.5 pc (upper right), 24 hours after i.p. injection with DT (25 ng/g) on day 3.5 pc, compared with
the majority of wild-type mice given DT (upper left). By day 5.5 pc, 48 hours after DT injection, no
evidence of implantation was observed in any Cd11b-Dtr mice compared with normal implantation
sites in wild-type mice. (B) The numbers of implantation sites per mouse at day 4.5 pc and day 5.5
pc are shown for wild-type mice (WT +DT) and macrophage-depleted Cd17b-Dtr mice (Cd11b-
+DT), after injection of DT on day 3.5 pc. Data are number of implantations per mouse, with
mean + SEM superimposed. The number of mice per group is shown in parentheses. *P < 0.05,
** P <0.01, Cd11b- +DT versus WT +DT. (C) Sections of uterus (H&E) from Cd717b-Dtr mice on day
4.5 pc (24 hours following DT injection) show that blastocyst-stage embryos (arrows) were attached
laterally or in the middle of an open lumen with no decidual zone (10/12 embryos; middle panel), or
less frequently were attached with a decidual zone, but incomplete uterine closure (2/12 embryos;
right panel). This compared with wild-type mice, in which typical implantation sites in a narrowed
endometrial lumen, with surrounding decidual zone, were consistently evident (left panel). Images
are representative of 10-12 embryos in 4 WT and 5 Cd11b-Dtr mice. Insets are high-power. Lu,
lumen; ICM, inner cell mass; TE, trophectoderm; DZ, decidual zone. Scale bars: 50 um.
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increase in Hsp90aal gene and a trend
to elevated Bax expression, but Bcl2 and
Hsp90aa2 were unchanged (Figure SF).

Given the disruption to corpora lutea
and the significant upregulation in pro-
inflammatory genes in the ovary, we next
determined the effect of macrophage
depletion on ovarian progesterone pro-
duction in Cd11b-Dtr mice. In plasma col-
lected 8 hours after DT treatment on day
3.5 pc, progesterone concentration was
not changed, but at 24 hours following
DT treatment, plasma progesterone was
reduced by 78% in Cd11b-Dtr mice com-
pared with wild-type controls (Figure
6A). In contrast, there was no significant
effect on circulating estradiol in Cd11b-
Dtr mice (Figure 6A). A similar decline in
progesterone was seen if macrophages
were depleted 24 hours earlier, on day
2.5 pc (data not shown). To investigate
whether disruption to pituitary regula-
tion of the ovary might be responsible
for corpus luteum demise, we also mea-
sured plasma prolactin (PRL). There was
no significant difference in plasma PRL
between Cd11b-Dtr and wild-type mice
24 hours (Figure 6A) or at 48 hours after
DT treatment (Supplemental Figure 4),
indicating that any effect of macrophage
depletion on hypothalamic-pituitary axis
function was unlikely to be causal in the
infertility defect.

To further examine steroidogenic func-
tion in corpora lutea after macrophage
depletion, genes encoding enzymes
involved in progesterone synthesis
were measured. Moderate reductions in
expression of steroid acute regulatory
protein (Star) (Figure 6B), cytochrome
P450, family 11, subfamily a, polypeptide
1 (Cypllal) (Figure 6C), and hydroxyl-
85-steroid dehydrogenase, 23- and ste-

Prgs2 also accompanied the infertility that resulted from macro-
phage depletion at eatlier pre-implantation time points, with simi-
lar upregulation evident in ovaries collected from Cd11b-Dtr mice
on day 1.5 pc or day 2.5 pc (both 24 hours after DT treatment),
when the corpus luteum is rapidly developing (Figure 5B). Consis-
tent with disrupted blood flow into the corpus luteum, expression
of Hifla, which functions as the master regulator of the cellular
and systemic response to hypoxia, was elevated approximately
2-fold at each of the pre-implantation time points (Figure 5C). Key
inflammation regulators generally suppressed in pregnancy and
known to be detrimental to corpus luteum function (31, 32) were
also induced following macrophage depletion, notably I/6, which
was elevated more than 2,000-fold on day 4.5 pc following macro-
phage depletion and to a comparable extent at earlier time points
(Figure 5D). Tnfa was elevated 3-fold on day 4.5 pc and up to 4-fold
at earlier time points (Figure SE). Genes regulating apoptosis were
also assessed in tissue collected at day 4.5 pc. There was a 2.2-fold
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roid d-isomerase 1 (Hsd3b1) (Figure 6D) were seen in Cd11b-Dtr
mice compared with wild-type mice to varying extents at different
pre-implantation time points, with consistent reduction in all 3
genes on day 2.5 pc, 24 hours after DT treatment on day 1.5 pc.
Expression of aldo-keto reductase family 1, member C18 (Akr1cI8),
which encodes 20a-HSD, an enzyme induced during physiological
regression involved in the breakdown of progesterone (33), was
surprisingly also reduced on day 2.5 pc but unchanged at other
time points (Figure 6E). There were no significant changes in the
expression of luteinizing hormone (LH) receptor (Lhr) or PRL
receptor (Prlr) at any time point (Figure 6, F and G, respectively),
suggesting no impairment of the capacity for pituitary hormone
responsiveness in ovarian cells.

To discount the possibility that DT exerts direct effects on ste-
roidogenic function in luteal cells, DT was added to cultures of
luteal cells from ovaries of Cd11b-Dtr mice. No adverse effect of
high doses of DT (1 ug/ml) on progesterone secretion was seen
Number 8
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Figure 5

Infertility in macrophage-depleted Cd171b-Dtr mice is associated with structural demise of corpora lutea. (A) Sections of ovary (low power,
stained with hematoxylin) from macrophage-depleted Cd171b-Dtr mice collected on day 4.5 pc, 24 hours following i.p. injection of DT
(25 ng/g), showed abnormal interstitial spaces within most corpora lutea (arrowheads). Sections of corpora lutea (inserts are high power,
stained with H&E) were filled with red blood cells (arrows) and show atypical structure compared with wild-type control mice given DT. Scale
bars: 50 um. (B—E) Expression of genes involved in luteolysis, hypoxia, and inflammation, including (B) Ptgs2 (Cox2), (C) Hif1a, (D) /6, and
(E) Tnfa, was upregulated in ovaries of Cd17b-Dtr mice on days 1.5, 2.5, and 4.5 pc, 24 hours after DT injection, compared with wild-type
mice given DT. (F) Expression of genes regulating apoptosis, including Hsp90aa1 and Bax, was upregulated on day 4.5 pc 24 hours after DT
injection, while expression of Bc/2 and Hsp90aa2 was unchanged. All genes were quantified by RT-PCR and normalized to Actb expression
(n =7-8 mice per group). Data are mean + SEM relative to wild-type expression at day 1.5 (B—E) or day 4.5 (F).*P = 0.06, *P < 0.05, **P < 0.01,
***P < 0.001, Cd11b- +DT versus WT +DT.

when supernatants were recovered 48 hours after initiation of  ly 3-fold, as previously described (19). This result shows that DT
cultures (Supplemental Figure 5). In addition, when peritoneal ~ does not exert any direct inhibitory effects on the steroidogenic
macrophages from wild-type mice were added to luteal cells, the  function of luteal cells, or on their capacity to respond to macro-
resulting progesterone secretion was seen to increase approximate-  phage-derived signals, in Cd11b-Dtr mice.
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Infertility after macrophage depletion is rescued by exogenous progester-
one administration. We next investigated whether disrupting a role
for uterine macrophages in facilitating the decidual response might
explain the infertility defect. The effect of macrophage depletion on
deciduoma formation was examined in ovariectomized Cd11b-Dtr
mice, in whom exogenous progesterone and estrogen were adminis-
tered systemically to replicate the physiological levels of early preg-
nancy, before instillation of sesame oil into one horn of the uterus.
The decidual response to the oil stimulus occurred in Cd11b-Dtr
mice regardless of treatment with DT to remove macrophages or
PBS control (Figure 7A), with a similar relative weight gain due to
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deciduoma in the uterine horn with oil (Figure 7B) and a similar
area of deciduoma tissue in uterine sections stained with alkaline
phosphatase (Figure 7C). This result indicates that macrophage
depletion does not directly impair the uterine decidual response to
embryo implantation and indicates an upstream defect.

Next we investigated whether insufficient progesterone might
underpin implantation failure, since the uterine decidual response
and other changes triggered by the implanting embryo are proges-
terone dependent. To directly evaluate the effect of replacing luteal
progesterone, DT was injected on day 3.5 pc into wild-type and
Cd11b-Dtr mice, and the mice were then administered progester-
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Figure 7

Infertility in macrophage-depleted Cd71b-Dtr mice is
rescued by administration of exogenous progesterone.
(A) Deciduoma formation was unchanged in Cd11b-Dtr
mice given DT to deplete macrophages, compared with
PBS-treated control Cd11b-Dtr mice. Deciduoma forma-
tion was measured after oil instillation into the left uter-
ine horn (arrows), following ovariectomy and exogenous
progesterone and estrogen replacement to mimic the

(7)

0
PBS

C Cd11b-+DT +oil Cd11b+ PBS +oil Cd11b + PBS con

(9)

D cCd11b +DT +veh Cd1ib+DT + P,

Implants/mouse

DT physiological hormone environment of early pregnancy.

(B) The fold-change in weight due to deciduoma (weight
of oil-treated uterine horn / weight of control uterine horn)
was comparable in Cd71b-Dtr mice given DT or PBS. (C)
Alkaline phosphatase staining to detect decidual cells in
sections of uterus from the oil-instilled left horn of the
uterus showed a similar area of deciduoma in DT-treated
and PBS-treated Cd11b-Dtr mice, with no deciduoma
in the right, control horn. Scale bars: 200 um. (D) At
autopsy on day 7.5 pc, macrophage-depleted Cd711b-
Dtr mice had normal implantation sites (arrow) when
progesterone (P4) was administered following injection
of DT (25 ng/g) on day 3.5 pc, compared with absence
of implantation sites in macrophage-depleted Cd11b-Dtr
mice given vehicle (veh; left panel). (E) The number of
implantation sites per mouse is shown for wild-type mice
(WT +DT) and macrophage-depleted Cd11b-Dtr mice
(Cd11b- +DT) administered DT on day 3.5 pc, followed
by progesterone or vehicle. Data represent the number

veh P

— 4

WT
+DT

one or vehicle daily from days 3.5 to 6.5 pc. Eleven of twelve (92%)
macrophage-depleted, progesterone-administered Cd11b-Dtr mice
carried viable pregnancies when autopsied on day 7.5 pc, while
there were no viable pregnancies (0/9) in macrophage-depleted
Cd11b-Dtr mice treated with vehicle (Figure 7, D and E). Further-
more, implantation sites were similar in size (data not shown)
and comparable in number to those in DT-treated wild-type mice
administered vehicle or progesterone (Figure 7E).

To determine whether exogenous progesterone could alleviate
infertility induced by macrophage depletion at an earlier pre-
implantation time point, an additional group of Cd11b-Dtr mice
were given DT on day 0.5 pc and then daily progesterone injec-
tions until day 6.5 pc. On day 7.5 pc, 71% (5/7) carried viable preg-
nancies, and the number of implantation sites was similar to that
of wild-type controls (mean = SEM, 6.1 + 1.8 per mouse). These
results clearly indicate that the disrupted decidual response and
subsequent implantation failure in macrophage-deficient Cd11b-
Dtr mice is a direct consequence of progesterone deficiency. Nor-
mally developed fetuses were present in a proportion of Cd11b-Dtr
females treated with DT at day 3.5 pc and then administered pro-
gesterone daily until late gestation (day 17.5 pc) (Supplemental
Table 3). This indicates that if progesterone insufficiency is alle-
viated, normal progression of pregnancy is possible despite tran-
sient macrophage depletion in the peri-implantation period.

Corpus lutewm macrophages have a pro-angiogenic phenotype and their
depletion impairs development of the microvascular network. To investigate
the mechanism by which macrophages affect corpus luteum struc-
ture and function, the effect of macrophage depletion on the micro-
vascular endothelial cell network was examined using the endothelial
cell antibodies MTS-12 and CD31 (PECAM1). In untreated wild-type
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of implantations per mouse, with mean + SEM superim-
posed. The number of mice in each group is shown in
parentheses. *P < 0.0001, Cd7171b- +DT versus WT +DT.
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Cdiib
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and in CD11b-D#r mice, an intricate network of blood vessels within
the corpus luteum and ovarian stroma was observed on day 3.5 pc
(Figure 8A). However, following DT-elicited macrophage depletion
in Cd11b-Dtr mice, endothelial cells were substantially diminished
in number and the majority of corpora lutea showed a complete
absence of the vascular network, or patchy distribution of vessels
with evidence of disturbed arborization (Figure 8B). An intimate jux-
taposition between macrophages and endothelial cells was evident
when ovarian tissue sections were double-labeled for endothelial cell
marker CD31 and macrophage marker F4/80 (Figure 8C). Interest-
ingly, a small number of cells co-expressing both CD31 and F4/80
were observed (Figure 8D). In contrast, the blood vessels within the
ovarian stroma surrounding the corpora lutea remained intact (Fig-
ure 8B) and the lymphatic vessels in stromal tissue were unaffected
(Figure 8E) after macrophage depletion in Cd11b-Dtr mice.

The close physical association between macrophages and
endothelial cells suggests that macrophages may provide tro-
phic support for endothelial cells during neovascularization in
the nascent corpus luteum. In developing fetuses and in tumors,
macrophages with a proangiogenic phenotype can be identified
on the basis of their expression of the tyrosine kinase receptor
TIE2 (CD202b) (34). Consistent with a proangiogenic phenotype,
we found TIE2 was expressed by corpus luteum macrophages at
day 2.5 pc (Figure 9A, top). This contrasted with macrophages in
the ovarian stroma, where TIE2 was only rarely expressed (Figure
9A, bottom). Within the corpus luteum, F4/80" macrophages
expressed TIE2 at an intensity comparable to the weak expression
seen on neighboring blood vessel endothelial cells, which contrast-
ed with the strong expression seen on mature blood vessels in the
ovarian stroma (Supplemental Figure 6).
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Figure 8

The luteal defect in macrophage-depleted Cd77b-Dtr mice is accompanied by breakdown of the corpus luteum vasculature. (A—E) Ovaries were
recovered from wild-type control or Cd71b-Dtr mice on day 3.5 pc before treatment (A) or on day 4.5 pc, 24 hours after i.p. injection of DT (25
ng/g) (B—E). (A) Sections labeled with MTS-12 to detect blood vessel endothelial cells indicated a substantial network of intact vessels (arrows)
in the corpus luteum of both Cd77b-Dtr and wild-type mice on day 3.5 pc. (B) Sections labeled with MTS-12 to detect blood vessel endothelial
cells indicated few intact vessels in the corpus luteum of most Cd171b-Dtr compared with wild-type mice, while vessels in the ovarian stroma
(arrowheads) and some corpora lutea (arrows) remained intact on day 4.5 pc, following DT injection 24 hours earlier. (C) Sections labeled with
antibodies to both CD31 (red) to detect endothelial cells and F4/80 (green) to detect macrophages showed absence of blood vessels in the corpus
luteum of Cd11b-Dtr compared with wild-type mice, highlighting the close spatial association between endothelial cells and macrophages (inset
is high power). (D) In sections labeled with both CD31 and F4/80, cells co-expressing both markers (arrows) were evident. (E) Sections labeled
with LYVE-1 (red) to detect lymphatic endothelial cells showed lymphatic vessels at the margins of a corpus luteum of Cd77b-Dtr mice, similar to

wild-type mice. Photomicrographs are representative of 6—7 mice per group. Scale bars: 50 um.

To further investigate the role of macrophages in corpus lute-
um angiogenesis, expression of genes encoding VEGFs that reg-
ulate angiogenesis were quantified in ovaries from wild-type and
Cd11b-Dtr mice 24 hours following DT administration at vari-
ous time points during the pre-implantation period. A marked
upregulation of Vegfa mRNA was evident following macrophage
depletion (>3.4-fold compared with wild-type mice) (Figure 9B),
as is commonly observed in hypoxic conditions secondary to
Hifla expression (35). No effect on the expression of Vegfb mRNA
was observed (Figure 9C), but on days 1.5 pc and 2.5 pc, expres-
sion of Vegfc mRNA in DT-treated Cd11b-Dtr mice was decreased
40% compared with control mice (Figure 9D), and on day 1.5 pc,
expression of Figf mRNA was decreased by 30% (Figure 9E). This
diminished synthesis of VEGFC and FIGF (VEGFD) following
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macrophage depletion is consistent with macrophage produc-
tion of these VEGFs to support luteal angiogenesis in the peri-
implantation period.

Discussion
In this study the conditional macrophage depletion model
afforded by Cd11b-Dtr mice was used to deplete macrophages
from the uterus and ovary, allowing for identification of the key
roles of macrophages in the event of embryo implantation. Our
experiments provide evidence that macrophages have an essential
role in establishing pregnancy in mice, through support of the
development and structural integrity of the corpus luteum vas-
culature essential for normal steroidogenic function. We show
that removal of macrophages during early pregnancy results in
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Macrophages in the corpus luteum have a proangiogenic phenotype, and macrophage depletion in Cd77b-Dtr mice is accompanied by altered
expression of VEGF genes. (A) Sections of ovary from wild-type mice on day 2.5 pc labeled with antibodies to TIE2 and F4/80 showed that mac-
rophages in the corpus luteum were TIE2*, indicative of a proangiogenic phenotype. Both TIE2+ and TIE2- macrophages were seen adjacent to
TIE2* blood vessels in the ovarian stroma (arrows, F4/80*TIE2+ macrophages; short arrows, F4/80+TIE2- macrophages; *vessel lumen). Scale
bars: 10 um. (B—E) Expression of angiogenesis genes was altered in ovaries in association with macrophage depletion from Cd711b-Dtr mice. (B)
Vegfa was upregulated in ovaries of Cd71b-Dtr mice on days 1.5 pc, 2.5 pc, and 4.5 pc, 24 hours following DT injection, compared with wild-type
mice given DT. (C) Vegfb was not changed at any time point following DT injection. (D) Vegfc was downregulated in ovaries of Cd71b-Dtr mice
on days 1.5 and 2.5 pc following DT injection. (E) Figf was downregulated in ovaries of Cd71b-Dtr mice on day 1.5 pc following DT injection. All
genes were quantified using RT-PCR and normalized to Actb expression (n = 6—10 mice per group). Data are mean + SEM relative to wild-type
expression at day 1.5. *P < 0.05, **P < 0.01, Cd11b- +DT versus WT +DT at same time point; #P < 0.01 WT +DT at day 4.5 pc versus day 1.5 pc.

failure of embryo implantation, and this is due to insufficient
progesterone production secondary to destruction of the dense
capillary network that is essential for sustenance and support
of the maturing corpus luteum. This absolute requirement for
macrophages provides new insight into corpus luteum biology
and reveals macrophages as a potentially critical limiting factor
contributing to luteal dysfunction implicated in some forms of
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infertility. If a similar role is confirmed in women, macrophages
may comprise a new target for therapeutic intervention to pro-
mote optimal ovarian function.

In the hours after ovulation, the surge in LH and breakdown
of the follicular basement membrane initiates a tightly regulated
sequence of molecular events, under control of pituitary PRL and
local signaling regulators to form the corpus luteum (29, 30).
Volume 123~ Number 8
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Migration of endothelial cells, macrophages, and other leukocytes,
fibroblasts, and theca cells into the previously avascular granulosa
layer is followed by rapid neovascularization involving endothelial
cell proliferation, followed by expansion and maturation of capil-
laries, to form a dense vascular bed within 24 hours after ovulation
(36). Bone marrow-derived endothelial progenitor cells recruited
into the follicle prior to ovulation reportedly contribute to the
formation of blood vessels in the nascent corpus luteum (37), and
our finding of CD31'F4/80* cells is consistent with this. Through
direct contact with several capillaries, every steroidogenic luteal cell
is thereafter provided with the nutrients, hormones, oxygen, and
cholesterol substrate to support progesterone synthesis and export
to the circulation. The corpus luteum and its supporting vascula-
ture continues to expand over the pre-implantation phase to steadi-
ly increase output of progesterone. In turn, progesterone circulates
to the uterus to induce the adaptations required for embryo attach-
ment, luminal closure, decidual transformation, and the vascular
changes that are required for placental development.

In the current study, macrophage depletion at any time from
conception to embryo implantation reliably caused implanta-
tion failure. Although small implantation sites and decidual cells
were sometimes detectable at day 4.5 pc in macrophage-depleted
mice, pregnancy inevitably failed by day 5.5 pc in all mice studied.
Embryos were impervious to adverse effects of DT, and embryos
flushed in the pre-implantation phase from reproductive tracts of
macrophage-depleted females were normally developed. Together
these observations imply that without CD11b* cells, implantation
failure occurs during the initial steps of embryo attachment and
the ensuing decidual response.

A limitation of the Cd11b-Dtr model is that cell lineages includ-
ing neutrophils and denderitic cells are also affected by DT admin-
istration, likely due to both Cd11b promoter-driven expression of
the Dtr transgene as well as lineage and trophic relationships with
monocyte/macrophages. However, since reconstitution with wild-
type F4/80°CD11b" cells alleviated the infertility phenotype, we
are confident that macrophages are the cells responsible for the
observed effects.

The progression of viable pregnancy in macrophage-depleted
Cd11b-Dtr mice was consistently rescued when exogenous proges-
terone was administered daily from the time of macrophage deple-
tion. Progesterone is a critical regulator of the structural and secre-
tory changes that support endometrial receptivity to implantation
and early placental morphogenesis (38). Thus the primary cause
of pregnancy failure after macrophage depletion can be attributed
to diminished ovarian progesterone, without which the uterine
endometrium is inadequately prepared for embryo implantation
and the decidual response. That exogenous progesterone is suf-
ficient to rescue implantation demonstrates that the disturbanc-
es to uterine receptivity in early pregnancy are secondary to the
ovarian lesion. Although our findings do not rule out regulatory
effects of macrophages on post-implantation events, the results of
the progesterone rescue experiment implies that macrophages do
not have essential independent actions in the events of conception,
embryo attachment, or decidualization and alleviates any concern
that off-target effects of DT might contribute to the infertility
seen in the Cd11b-Dtr model.

The absolute requirement for macrophages in the developing
corpus luteum was directly linked to a role in formation of the vas-
cular network and its structural integrity, since depletion of mac-
rophages from Cd11b-Dtr mice caused a dramatic disintegration
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of the capillary bed within 24 hours of DT administration. These
observations extend the findings of a previous study in which
macrophage depletion from non-pregnant, cycling mice resulted
in an irregular vasculature in corpora lutea (15). Macrophages
can exert potent pro-angiogenic activity through release of a wide
range of factors, including VEGF, bFBF, and EGF, that directly
activate endothelial cell proliferation and/or induce endothelial
cell migration (2, 3). Recently a distinct subset of proangiogenic
macrophages has been identified, defined by surface expression of
the tyrosine kinase receptor TIE2 (39). TIE2-expressing monocytes
circulate at low frequency in the peripheral blood and are gener-
ally absent from normal adult tissues and organs, but are preva-
lent in the developing fetus, in some regenerating adult tissues,
and in tumors (34, 39). TIE2 is expressed abundantly in quiescent
endothelial cells of mature blood vessels and at lower levels in
angiogenic endothelial cells, where it mediates context-dependent
signaling by angiopoietin-1 and angiopoietin-2 to control vascular
sprouting, vessel assembly, and stabilization (40). This expression
pattern is consistent with our observation that corpus luteum
vessels expressed less TIE2 than established vessels in the ovarian
stroma. Macrophages linked with blood vessel formation have an
alternatively activated M2 phenotype (3, 4), and their bi-direction-
al communication with endothelial cells supports M2 macrophage
differentiation and induces TIE2 expression (41). In this context,
it is relevant that macrophages residing in the developing corpus
luteum show features of the M2 phenotype, while luteal regression
is linked with proinflammatory M1 macrophages (42).
Transgenic studies define VEGFA as a key factor for instruct-
ing recruitment of macrophages into sites of neovascularization
in adult heart and lung tissue, where they form close associations
with endothelial cells and secrete endothelial cell mitogens to
amplify the effects of locally produced VEGF and thereby pro-
mote vessel formation (43, 44). Our results indicate that similar
pathways of macrophage-supported vascular development oper-
ate in developing corpora lutea. Elevated transcription of genes
encoding various VEGFs commences early after ovulation in
luteal cells, and VEGF-driven capillary formation is a hallmark
of luteinization (45, 46). Administration of VEGF trap, a soluble
truncated form of the FLT1 receptor, to marmosets after ovula-
tion causes decreased endothelial cell proliferation, failed develop-
ment of the microvascular tree, and reduced plasma progesterone
(47). Even in the mid-luteal phase, when vascularization is largely
complete, VEGFA inhibition elicited a rapid decline in progester-
one, increased caspase-3-positive endothelial cells, and decreased
endothelial cell density (48). In mice, administration of a trun-
cated sFLT1 receptor inhibited angiogenesis and corpus luteum
development and decreased progesterone production, while pre-
existing vasculature elsewhere in the ovary was unaffected (49).
The amplifying properties of macrophages recruited into angio-
genic sites are largely mediated by their potent release of VEGFC
and FIGF (44, 50, 51). VEGFC and FIGF bind and activate KDR
(VEGEF receptor 2) and FLT4 (VEGF receptor 3) to exert mitogenic
actions in endothelial cells (52-55). Branching morphogenesis and
stabilization of nascent blood vessels in developing vessels appears
to be determined by precise patterns of angiogenic signals, with
VEGFC release by TIE2* macrophages implicated in controlling
specification of endothelial cells (56). Consistent with VEGFC and
possibly FIGF production by TIE2* corpus luteum macrophages,
we found that Vegfc and Figf expression were diminished in macro-
phage-depleted Cd11b-Dtr ovaries. Removal of macrophage trophic
Number 8
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support for microvascular development and maintenance would
thus explain the vascular deficit observed after macrophage deple-
tion, and we predict that VEGFC release from TIE2* macrophages
is centrally involved in mediating this role.

The ovarian lymphatics are a major conduit for progesterone
efflux from the ovary during the luteal phase (57), and VEGFC
and FIGF are also known for promoting lymphangiogenesis (58).
However, we found the lymphatic vasculature as well as estab-
lished blood vessels in the ovarian stroma to be unaltered by mac-
rophage depletion. This indicates that ovarian lymphatics and
existing blood vessels are less vulnerable to deprivation of macro-
phage support than newly formed microvascular structures.

Depletion of macrophages caused an unexpected, marked
upregulation of Vegfa mRINA expression. Luteal cells are likely to be
the source of this elevated Vegfa expression, potentially in reaction
to the insult of acute macrophage demise after DT administra-
tion. Hypoxia is a key stimulus for synthesis of angoigenic factors
including VEGFA (35), and the observed elevation of Hifla after
macrophage depletion is consistent with a hypoxic environment
secondary to destruction of the microvascular network. VEGFA is
also a potent inducer of vascular permeability (59), and increased
Vegfa expression may contribute to the hemorrhage evident in the
ovaries of macrophage-depleted Cd11b-Dtr mice.

Macrophage loss was accompanied by induction of several pro-
inflammatory genes, which is reminiscent of the physiological
process of luteolysis (29, 30). The corpus luteum is highly sensi-
tive to disruption by innate immune or inflammatory activation
leading to pregnancy demise (60). Pro-inflammatory mediators
presumably amplify the consequences of withdrawn endothelial
cell support, to accelerate vascular destruction and functional
and structural demise of the corpus luteum. Most evident was
strong induction of Ptgs2, which encodes PTGS2 (Cox2), a key
enzyme in ovarian synthesis of the luteolytic prostaglandin
PGF,,, the major luteolytic factor in rodents. Also induced were
Il6 and Tnfa, inflammatory regulators that are detrimental to cor-
pus luteum function and elevated during its structural demise
(31, 32). TNF has been identified as a key inducer of apoptosis
in both luteal cells and endothelial cells in the corpus luteum
and would be expected to exacerbate the effects of macrophage-
derived endothelial mitogen withdrawal (61), while IL-6 produc-
tion in the corpus luteum is normally silenced for the duration
of pregnancy (31). Consistent with macrophage removal causing
apoptosis, the ratio of Bax/Bcl expression was increased, as occurs
in physiological corpus lueum involution (29, 62). The finding
of elevated heat shock protein is similarly linked with functional
demise of progesterone synthesis (30, 63).

Similarities between the gene expression changes observed after
acute macrophage depletion and those in physiological regres-
sion of the corpus luteum raise the question of a possible role for
the macrophage-endothelial nexus in executing luteolysis. PGF,,
does not directly alter the hemodynamics of the microvascula-
ture but activates a sequence of events to suppress progesterone
production (30, 64). After macrophage depletion, the decline in
circulating progesterone was associated with reduced expression
of the major rate-limiting enzymes involved in progesterone syn-
thesis, Hsd3b1, Cyp11a, and Star. In physiological luteolysis, PGF,
diminishes STAR synthesis to impair cholesterol uptake and elic-
its abrupt upregulation of Akrlc18 encoding 20alpha-HSD, which
converts progesterone to pregnenolone. However, macrophage
depletion caused inhibition of AkrlcI8, which does not reflect
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the normal events of physiological luteolysis. While the most pro-
found effect of macrophage depletion is exerted on endothelial
cells and thus indirectly on luteal cells, loss of direct macrophage-
luteal cell interaction may also contribute. As reported by other
investigators (19), we confirmed in co-culture studies that macro-
phages can directly enhance luteal cell secretion of progesterone.
Additionally the clear demise in patent vessels after macrophage
depletion would impair export of progesterone from the ovary.

A key role for an M2 macrophage phenotype in regulating cor-
pus luteum development concurs with previous findings that
mice with a genetic deficiency in M-CSF or GM-CSF (CSF2) have
diminished progesterone synthesis in early pregnancy (16, 65). In
Csf1°r/Csf1° mice, circulating progesterone is 50% lower than in
wild-type mice at implantation, although levels normalize later in
pregnancy (16). Ovarian macrophages in Csf2-null mutant mice
show elevated nitric oxide production with decreased MHCII and
CD11b expression, and progesterone levels are 20% lower than in
wild-type controls (65). TGF-f is a paramount regulator of M2
macrophages, and progesterone is reduced by 75% in TgfbI-null
mutant mice (66).

Obvious vascular disruption has not been reported in studies
of Cd11b-Dtr mice that investigated kidney, peritoneum, skin, or
mammary gland function (28, 67-69). The corpus luteum vas-
culature is distinguished by its cyclic development and demise; it
emerges rapidly over the course of the ovarian cycle and during
early pregnancy, before regressing to form the corpus albicans.
This contrasts with the mature and long-lived vasculature in non-
reproductive organs. By virtue of its transitory appearance and
rapid development in each reproductive cycle, the vasculature of
the corpus luteum may be more dependent on proangiogenic mac-
rophages than are less dynamic tissues.

Our observations raise the question of whether ovarian macro-
phages contribute to insufficient luteal phase progesterone pro-
duction in some infertile women (70). Progesterone supplemen-
tation is routinely provided in assisted reproductive treatments
(71) and is viewed as a promising therapy for recurrent miscar-
riage (72). Endogenous and environmental factors are thought to
affect macrophage populations in human peripheral tissues. Resi-
dent tissue macrophages display marked heterogeneity and have a
diverse range of phenotypes, even among different compartments
within the same tissue (1-3, 5). Environmental factors associated
with infertility, including infection, obesity, and stress, all induce
inflammatory cytokines and affect macrophage phenotype and
function and could well influence macrophage competence to
support corpus luteum development (73-75).

In conclusion, our studies reveal that macrophages are
required for normal progesterone synthesis in early pregnancy,
and their deficiency is incompatible with pregnancy success. The
paramount function of macrophages at this time is to provide
trophic support for formation of the vascular network, which is
critical to corpus luteum function. Collectively, the current work
and results of previous studies indicate that fine control of mac-
rophage populations, through regulatory cytokines, chemokines,
and other intra-ovarian and systemic factors, would exert a major
influence on corpus luteum formation and capacity to support
pregnancy. Perturbation of macrophage-endothelial cell cross-
talk within the ovary during the peri-conceptional period is likely
to be pivotal in luteal insufficiency in women, and there may be
therapeutic opportunities to stimulate luteal function through
the targeting of macrophages.
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Methods

Mice and DT treatment. All mice were aged 7-12 weeks at the onset of experi-
ments, were housed under specific pathogen-free conditions at the Uni-
versity of Adelaide Medical School Animal House on a 12-hour light/12-
hour dark cycle, and were administered food and water ad libitum. Mating
was confirmed by detection of a vaginal plug and defined as day 0.5 pc.
Stages of the estrous cycle were determined by cytological evaluation of
vaginal smears performed daily at 9:30 am, as described previously (66).
Cd11b-Dtr mice expressing the simian DT receptor driven by the Cd11b pro-
moter on an inbred FVB/N background (official symbol Tg[ITGAM-DTR/
EGFP[34Lan) (26) were provided by Richard Lang (University of Cincinnati,
Cincinnati, Ohio, USA).

To induce macrophage depletion, Cd11b-Dtr mice were given DT from
Corynebacterium diphtheria (Sigma-Aldrich) (25 ng/g i.p.) (28, 67). Non-
transgenic wild-type FVB/N mice or PBS-treated Cd11b-Dtr mice were
used as controls in all experiments. For all DT-treated Cd11b-Dtr mice,
PECs were collected at autopsy and analyzed using flow cytometry with
anti-CD11b and anti-F4/80 as described below, to ensure adequate mac-
rophage depletion (<0.5% CD11b*F4/80" cells). As previously reported
(28, 67), this dose of DT induced macrophage depletion that persisted
for approximately 48 hours in Cd11b-Dtr mice, but no effect was observed
on macrophage abundance in non-transgenic mice. Additional groups of
mice received non-biologically active DT homolog [Glu®?]-DT (25 ng/g,
i.p.; Sigma-Aldrich) in place of DT, or additional treatment with proges-
terone (2 mg in 100 ul sesame oil s.c. daily; Sigma-Aldrich) or sesame oil
vehicle control (Sigma-Aldrich).

Assessment of embryo implantation sites. To identify implantation sites at 4
pm on day 4.5 and day 5.5 pc, mice were anesthetized using Avertin (2% tri-
bromoethanol, 15 ul/g i.p.; Sigma-Aldrich), then administered Trypan blue
solution (0.4% in PBS i.v.; Sigma-Aldrich) and killed 10 minutes later. Uteri
were dissected and assessed for clearly delineated blue bands as evidence of
early implantation sites. In other mice, paraffin sections of uterus from DT-
treated Cd11b-Dtr and wild-type mice, collected on day 4.5 pc (following DT
treatment on day 3.5 pc), were stained with H&E to localize implantation
sites. Serial sections were examined for embryos at blastocyst stage, identi-
fied as spherical or ellipsoid bodies of approximately 100 cells with a defined
inner cell mass and blastocele cavity, detectable on 4-6 serial sections.

Macrophage reconstitution. Bone marrow was harvested from the tibia and
femur of adult female FVB/N mice, treated with flash lysis to remove rbc,
then cultured in RPMI-1640 (Invitrogen) containing 10% FCS, L-gluta-
mine, and antibiotics plus 20% L929-conditioned media for 7-10 days. Dif-
ferentiation into more than 85% CD11b*F4/80* monocyte/macrophages
was confirmed by flow cytometry (Supplemental Figure 2). Cd11b-Dtr mice
were injected i.v. with 5-10 ' 10° bone marrow-derived monocyte/macro-
phages twice, at 10 am on day 0.5 pc, and again just prior to DT adminis-
tration at 12 pm on day 3.5 pc.

Ovariectomy and induction of deciduoma. Cd11b-Dtr mice were bilaterally
ovariectomized under isoflurane anesthesia. Two weeks later on day 0,
mice were primed with estradiol (100 ng s.c.; Sigma-Aldrich) daily for 2
days. Commencing on day 4, mice were treated for 6 consecutive days (day
4-9) with E; (10 ng) and P4 (500 pg; Sigma-Aldrich), to mimic the hormon-
al environment in early pregnancy (76). To induce deciduoma, on day 6 of
the hormone replacement protocol, mice were anesthetized with avertin,
and 10 ul of sesame oil (Sigma-Aldrich) was injected into the uterine lumen
at the distal end of the left uterine horn, close to the uterotubal junction,
via a dorsal incision. The same procedure was performed on the right horn,
with insertion of a sterile needle only as a sham control. Additionally, all
mice were given PBS or DT (25 ng/gi.p.) on each of days 4, 6, and 8 of the
protocol. Twenty-four hours later on day 9, mice were killed and decidu-
oma formation was assessed as the relative increase in uterine horns (fold
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change of uterine weight equivalent to weight of left horn/weight of right
horn) as well as through histochemical staining of uterine tissue sections
for alkaline phoshatase activity.

Embryo collection and culture. Wild-type and Cd11b-Dtr females were mated
with males of the same genotype, given DT (25 ng/g i.p.) on day 2.5 pc,
and then 24 hours later, at 10 am on day 3.5 pc, mice were killed and the
oviducts and uteri excised. Embryos were flushed and scored for develop-
mental stage. To obtain zygotes (1-cell embryos), pre-pubertal Cd11b-Dtr
females (3-4 weeks, 12-14 g) were given equine chorionic gonadatropin
(Folligon; Intervet; 5 IU i.p.), followed 48 hours later by human chorionic
gonadatropin (hCG) (Chorulon; Intervet; 5 IU i.p.) and mated with Cd11b-
Dtr males. Zygotes were flushed from oviducts of mice killed at 3 pm on
day 0.5 pc. and were placed in 0.5 mg/ml of hyaluronidase (Sigma-Aldrich)
for up to 1 minute to remove cumulus cells prior to culture in G1 medium
(Vitrolife) with or without addition of DT (25 ng/ml). At the 8-cell stage
(48 hours of culture), embryos were transferred into G2 culture medium
without DT for a further 48 hours. Embryos at the 8-cell stage were flushed
from the oviducts and uteri of additional superovulated Cd11b-Dtr mice on
day 2.5 pc and were cultured in G2 medium with or without addition of
DT (25 ng/ml) for 72 hours. Embryos were cultured in groups of 12 to 15
in 20 pl droplets under mineral oil (Sigma-Aldrich) at 37°C in 5% O; and
6% CO,,and were scored daily for developmental stage.

In vitro luteal cell culture. Pre-pubertal Cd11b-Dtr mice were hyperstimu-
lated with hormones as described above, then mated with male Cd11b-Dtr
mice. On day 2.5 pc, ovaries were dissected in DMEM-F12 (Invitrogen) sup-
plemented with 25 mM HEPES, 10% FBS, 2 mM L-glutamine, and antibi-
otics (DMEM-HEPES-FBS). For each experiment, a single-cell suspension
was prepared using ovaries from 6-8 mice by gentle manual disruption in
a glass homogenizer. After flash lysis to remove rbc, cells were resuspended
in DMEM-F12 supplemented with 10% FCS, L-glutamine, and antibiot-
ics at 4" 105 cells per well. After 24 hours, cells were washed 3 times and
the media replaced; an additional 24 hours later, peritoneal macrophages
(6 ' 10° cells) were added to the wells and allowed to adhere for 4 hours
before washing 4 times to remove non-adherent cells. Elicited peritoneal
macrophages were obtained from FVB/N mice given 300 ul of 10% sterile
thioglycollate (BD BioSciences) 4 days prior to collection. DT (1 ug/well)
or vehicle (PBS) was added to wells, and supernatants were collected 48
hours later. Progesterone concentrations in supernatants were measured
using enzyme-linked immunoassay (ALPCO Diagnostics).

Histology and immunohistochemistry. Ovary and uterus were collected at
various time points during the pre-implantation period, each 24 hours fol-
lowing DT administration. For most paraffin sections, uterus and ovaries
were fixed in 4% PFA in PBS overnight at 4°C and embedded in paraffin.
Tissue sections (6 um) were mounted on glass slides and blocked with 15%
normal rabbit serum (NRS) plus 15% normal mouse serum for 30 minutes.
Slides were incubated at 4°C overnight with rat anti-F4/80 (1:100; Caltag
Laboratories), followed by 40 minutes at room temperature with biotinyl-
ated rabbit anti-rat IgG (1:600; Vector Laboratories), and detection used
ABC Vectorstain Elite reagents (Vector Laboratories) with DAB plus H,0,
(SigmaFast DAB; Sigma-Aldrich). Tissue sections were counterstained with
hematoxylin (Sigma-Aldrich). Images of stained sections were captured
using a Hamamatsu Photonics Nanozoomer (Hamamatsu).

For fresh frozen sections, ovary and uterus were embedded in OCT com-
pound (Tissue-Tek; Sakuta Fintek) and frozen in liquid N; nitrogen-cooled
isopentane. Cryostat sections (6 um) were mounted on glass slides and fixed
in 96% ethanol (vol/vol) for 10 minutes at 4°C. To detect endothelial cells,
sections were incubated with rat MTS-12 (neat hybridoma supernatant; gift
from Richard Boyd, Monash University, Melbourne, Australia) (77). Reac-
tivity was visualized using biotinylated rabbit anti-rat IgG (1:400; DakoCy-
tomation), followed by avertin-HRP (1:400; DakoCytomation), then DAB
Number 8
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plus H,O,. Eosinophils in uterus and ovary were detected using incuba-
tion of ethanol-fixed frozen sections with DAB plus H,O,. To quantify
macrophages, 10 fields per captured image and 2 images per tissue were
analyzed using Video-Pro software (Leading Edge Software). Macrophages
were quantified in tissue sections as percentage of F4/80 positivity = 100’
(area positive F4/80 staining - area eosinophil staining) / area total staining
(DAB plus hematoxylin).

To colocalize macrophages and endothelial cells, sections were incubated
with Alexa Fluor 488-conjugated rat anti-F4/80 (clone BMS8, 1:50; Bioleg-
end) and Alexa Fluor 647-conjugated rat anti-CD31 (PECAM], clone 390,
1:100; Biolegend). Lymphatic vessels were detected with rabbit polyclonal
anti-LYVE1 (1:100; Millipore Corporation), followed by Alexa Fluor 594-
conjugated goat anti-rabbit IgG (Invitrogen). Sections were counterstained
with DAPI (Molecular Probes) and mounted under coverslips using fluo-
rescent mounting media (Dako). Immunofluorescent staining was visu-
alized using Radiance 2100 laser scanning confocal microscopy (Olym-
pus and BioRad). In pilot dual-labeling experiments, MTS-12 and CD31
were shown to colocalize in ovary tissue. Negative controls used isotype-
matched irrelevant rat or rabbit primary antibodies.

Ovaries for colocalization of F4/80 and TIE2 were recovered after perfusion
fixation of FVB mice on day 2.5 pc with 4% PFA in PBS, then fixed in 4%
PFA overnight at 4°C, followed by 24 hours’ incubation each in 18% sucrose
and 30% sucrose in PBS. Ovaries were embedded in OCT compound and fro-
zen in liquid N, nitrogen-cooled isopentane. Cryostat sections (6 um) were
mounted on glass slides, dried for 1 hour, and then incubated with proteinase
K (1 ug/ml; Sigma-Aldrich) for 10 minutes at room temperature. Sections
were incubated with anti-TIE2 (CD202b, clone TEK4, 1:200; e-Biosciences),
followed by Alexa Fluor 594-conjugated donkey anti-rat (Invitrogen), Alexa
Fluor 488-conjugated rat anti-F4/80 (clone BM8, 1:50; Biolegend), and then
counterstained with DAPI and visualized as described above.

H&E staining was performed using standard protocols on paraffin sec-
tions. Alkaline phosphatase staining to detect decidual cells was performed
on fresh frozen sections fixed in ethanol as described above, then incu-
bated for 5-10 minutes with SigmaFast BCIP/NBT (5-bromo-4-chloro-
3-indolyl phosphate/nitro blue tetrazolium; Sigma-Aldrich) according to
the manufacturer’s instructions. Sections were counterstained using eosin
(Sigma-Aldrich).

Flow cytometry. Wild-type and Cd11b-Dtr mice were killed 24 hours after
DT administration, and ovary and uterus were excised after collection of
peritoneal exudate cells (PEC) by peritoneal lavage using 5 ml of FACS buf-
fer (PBS containing 0.1% BSA [Sigma-Aldrich] and 0.025% sodium azide
[Sigma-Aldrich]). Uterus and ovary were trimmed of fat and chopped into
small pieces prior to enzymatic digestion into single cells by incubation for
1 hourat 37°C in RPMI containing 10% FBS, 0.015 M HEPES (JRH Biosci-
ences), and 2,000 U/ml type 1A collagenase from Clostridium histolyticum
(Sigma-Aldrich) and 25 ug/ml DNase 1 (Sigma-Aldrich). Cells were passed
through a 70-um nylon strainer (BD Falcon) and washed in FACS buffer.
Fc receptors were blocked through incubation with anti-Fc-yIIR antibody
(10 ug/ml FcBlock; BD Biosciences) for 10 minutes at 4°C. Surface mark-
ers were labeled by adding 50 ul of FACS buffer containing combinations
of 0.5 ug each of Alexa Fluor 488-conjugated rat anti-F4/80 (clone BM8),
allophycocyanin-conjugated (APC-conjugated) CD11b (clone M1/70),
Alexa Fluor 488-conjugated rat anti-CD11c (clone N418), FITC-conjugat-
ed anti-CD3 (clone 17A2), phycoethrin/CyS.5-conjugated (PE/Cy5.5-con-
jugated) rat anti-RB6 (LY6G/C, clone RB6-8CS), or PE/Cy7-conjugated rat
anti-CD45 (clone 30-F-11) (all BD Biosciences) for 30 minutes at 4°C. Data
were analyzed using FACS Canto (BD Biosciences) and FACS Diva software
(version 6.0; BD Biosciences). Propidium iodide was added to exclude non-
viable cells. Gates were applied to forward-scatter/side-scatter dot plots to
exclude non-viable cells and cell debris.
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Plasma progesterone, estradiol, and PRL analysis. Approximately 1 ml of blood
was collected through cardiac puncture in mice under deep avertin anes-
thesia. Plasma estradiol and progesterone concentrations were measured
using commercial radioimmunoassay kits (DSL-4800 and DSL-3400,
respectively) according to the manufacturer’s instructions (Diagnostic Sys-
tems Laboratories). All Cd11b-Dtr and wild-type samples were measured in a
single assay. The within-assay coefficients of variation were 10.0% (estradiol)
and 7.0% (progesterone). The lower limits of detection were 5 pg/ml estra-
dioland 0.3 ng/ml progesterone. Plasma PRL was measured using a mouse
enzyme-linked immunoassay (R&D Systems). This assay was designed to
detect PRL in culture supernatants, so to enable detection in plasma, stan-
dards and plasma samples were diluted in 10% FBS in PBS as detailed in the
manufacturer’s instructions. Plasma from non-pregnant mice was spiked
with recombinant PRL standard to ensure appropriate recovery using this
method. The lower limit of detection was 100 pg/ml PRL.

Quantitative real-time PCR. Total ovarian RNA was extracted using Trizol
(Invitrogen) and treated with DNase (DNA free; Ambion), then first-strand
cDNA was reverse-transcribed from 3 ug random hexamer-primed RNA
using a Superscript-III Reverse Transcriptase kit. Primer pairs specific for
published cDNA sequences were designed using Primer Express version 2
software (Applied Biosystems). For PCR, reagents were supplied ina 2’ SYBR
Green PCR Master Mix (Applied Biosystems), and each reaction (20 ul total)
contained 3 wl cDNA and 0.5 uM of 5" and 3" primers. The following primer
pairs were used to detect specific cDNAs: Acth, S'"TGTGATGGTGGG-
TATGGGTC, 3'-ACACGCAGCTCATTGTA; Star, 5'-CCGGAGCAGAGTG-
GTGTCAT, 3'"'TGCGATAGGACCTGGTTGATG; Cypllal, 5'-CACTCCT-
CAAAGCCAGCATCA, 3'-ACGAAGCACCAGGTCATTCAC; Hsd3b1,
5'-GGACAAAGTATTCCGACCAGAAAC, 3'-CAGGCACTGGGCATCCA;
Vegfa, 5'-GCAGGCTGCTGTAACGATGA, 3'-CGCTCTGAACAAGGCT-
CACA; Vegfb, 5'-CCCCTGTGTCCCAGTTTGAT, 3'-TGCCCAT-
GAGTTCCATGCT; Vegfe, 5'-AGACGTTCTCTGCCAGCAACA, 3'-CAG-
GCATCGGCACATGTAGTT; Figf, 5'-GTGGACCGCACATGACGTT,
3'-CAGGCTGGCTTTCTACTTGCA,; Bax, 5'-GAGATGAACTGGACAG-
CAATATGG, 3'-GCAAAGTAGAAGAGGGCAACCA; Bcl2, 5'-GGAGA-
GCGTCAACAGGGAGA, 3'-CAGCCAGGAGAAATCAAACAGAG,; Hifla,
5'-CCTCCGATTTAGCATGCAGACT, 3'-GCCTTGTATGGGAGCATTA-
ACTTC; Hsp90aal, 5'-AATGCTTAGAACTATTTACTGAACTAGCAGAA,
3'-GTCCTCGTGAATTCCAAGCTTT; Hsp90abl, 5'-GCGCACGCT-
GACTTTGGT, 3'-CCTGGAGAGCCTCCATGAAC; Akricl8, 5'-TTTGGT-
CAACTTCCCATCGTC, 3'-CAAAAGCTCATTCCCTGGCT; Lhr, S'-TAAC-
CACCATACCAGGGAACG, 3'-GTCGTCCCATTGAATGCATG; Prlr,
S'-TGCAAGCCAGACCATGGATA, 3'-GAGAGAACGGCCACAATGATC;
Ptgs2 (Cox2), 5'-GCTTCGGGAGCACAACAGA, 3'-GTAACCGCTCAGGT-
GTTGCA; Tnfa, 5'-GTAGCCCACGTCGTAGCAAAC, 3'-CTGGCACCAC-
TAGTTGGTTGTC; 116, S'-ACAACCACGGCCTTCCCTAC, 3'-TCCAC-
GATTTCCCAGAGAACA. The negative control contained H,O substituted
for cDNA. PCR amplification was performed in duplicate in an ABI Prism
7000 Sequence Detection System (Applied Biosystems). Reaction products
were analyzed by dissociation curve profile and by 2% agarose gel (wt/vol)
electrophoresis. Assay optimization and validation experiments were per-
formed to define the amplification efficiency of each primer pair. Messen-
ger RNA abundance values were normalized independently to Actb mRNA
expression, and data are plotted in the figures as relative expression in arbi-
trary units, adjusted such that the mean of the wild-type control group is
assigned a value of 100.

Statistics. Data were assessed for normal distribution with a Shapiro-
Wilk normality test using SPSS Statistics version 17.0 software (IBM Cor-
poration). Normally distributed data were analyzed using ANOVA and an
unpaired ¢ test. If data were not normally distributed, or if distribution
could not be determined due to small sample size, data were analyzed
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using a Mann-Whitney U test. Individual datum points were excluded as
outliers if they were greater than 2 standard deviations from the mean.
The effect of treatment group on categorical data was evaluated with the
Fisher’s Exact test. The difference between groups was considered statisti-

cally significanc if P < 0.0S.
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