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Abstract

Because of their paternal antigens, the fetus and placenta may
be considered an allograft in the maternal host. Local proper-
ties of the maternal-fetal interface, the placenta and decidua
basalis, are important in preventing maternal immunologic re-
jection of the fetoplacental allograft. However, the exact na-
ture of these local properties remains a fundamental unsolved
problem in immunology. We now report that three macrophage
functions were inhibited by the substratum formed by mono-
layers of decidual stromal cells via a novel pathway. Solid-
phase inhibitors blocked macrophage adhesion, spreading, and
lysis of tumor necrosis factor-a-resistant P815 mastocytoma
tumor cells. Inhibition was not solely attributable to an inabil-
ity of macrophages to adhere to decidual substratum because
there were differences in macrophage functions on this surface
versus polyhema where no adherence occurred. Because mac-
rophages play a central role in cell-mediated immunity, in-
cluding allograft rejection, inhibiting their function in the
decidua basalis may help prevent maternal antifetal responses.
(J. Clin. Invest. 1990. 85:1951-1958.) allograft  decidua ba-
salis « macrophages * placenta « rejection

Introduction

The decidua basalis is where the placenta is anchored to the
transformed endometrial stroma of the maternal uterus. We
have recently shown that this is the only uteroplacental region
in mice where fetal class I MHC-bearing cells are in direct
contact with maternal cells (1). Understanding this tissue is a
challenge to transplant biology because it is one of the few
situations where semiallogeneic cells coexist without immuno-
logic rejection. In previous experiments we probed the ability
of the immune system to function in the murine decidua ba-
salis by introducing Listeria monocytogenes (2), a powerful
stimulus for macrophage and T cell responses. In contrast to
the vigorous effective anti-Listeria response in the maternal
spleen and liver, macrophages and T cells failed to respond in
the decidua basalis (3). This suggested the presence of local
immunoregulators in the decidua basalis which may ordinarily
prevent maternal antifetal immune responses.
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Subsequent studies using deciduoma of pseudopregnancy,
which closely mimic the decidua of true pregnancy, showed
that maternal decidual cells alone could account for the defec-
tive anti-Listeria response (4). The failure of macrophages to
respond to listeria in decidual tissues is unique and cannot be
explained by the absence of T cells. Even without functional T
cells, mice with severe combined immune deficiency mount a
macrophage response against listeria (5). We believe that these
unique properties of decidua may help explain the absence of
maternal antifetal immune responses and contribute to the
increased susceptibility of the fetoplacental unit to infection.

We now report that macrophages in decidua may be inhib-
ited by a novel pathway. Decidual stromal cells (DEC)' form a
“substratum” in vitro which consists of the cells themselves,
their cell surfaces, and their associated extracellular matrix (6).
We found that this substratum inhibited three macrophage
functions: macrophage-mediated tumor lysis, adherence, and
spreading. Although the substratum is well known to regulate
differentiation and activation of a number of leukocyte popu-
lations (7-9), this is, to our knowledge, the first report where
macrophage functions are inhibited by such solid phase sig-
nals.

Methods

DEC substrata. Deciduoma were induced as previously described (4).
Oophorectomized F1 (B10.A X BALB/c ByJ) female mice were treated
with subcutaneous injections of estradiol (E) and progesterone (P)
(Sigma Chemical Co., St. Louis, MO). Mice received 100 ng of E on
days 1-3, no hormones on day 4-5, 1 mg of P + 10 ng of E on days 6-8,
and 1 mg of P on days 9-10. 6 h after receiving hormones on day 8, the
ends of the uterine horns were ligated and 5-10 ul of peanut oil was
injected between the ligatures. Animals were killed on day 11. The
successful induction of deciduoma resulted in a 10-15-fold increase in
average uterine weight. Decidual stroma was isolated by blunt dissec-
tion into iced Ca**-, Mg**-free Hanks’ balanced salt solution and
diced into 1-2-mm fragments with sterile razor blades. Fragments were
digested with dispase (2 mg/ml) (Boehringer Mannheim Biochemicals,
Indianapolis, IN) and DNAase (1 mg/ml) (no. D0866, Sigma Chemical
Co.) for 1 h at 37°C, then triturated through pasteur pipettes with
decreasing graded apertures. The dispersed DEC cells were filtered
through Nytex, washed, and harvested from the 1.028/1.080 interface
of a discontinuous Percoll gradient after centrifugation at 600 g for 30
min. DEC were then plated at 9,000 cells/mm? in Ham’s F12/DME
(1:1) supplemented with 20% FCS, antibiotics, and L-glutamine in
96-well plates (no. 3598, Costar Data Packaging, Cambridge, MA)

1. Abbreviations used in this paper: BP, bacteriologic plastic; DEC,
decidual stromal cells; E, estradiol; FB, dermal fibroblasts; GM-CSF,
granulocyte/macrophage colony-stimulating factor; P, progesterone;
PEC, peritoneal exudate cells; rIFN-y, recombinant interferon-v;
TCP, tissue culture-treated plastic; TNF, tumor necrosis factor-a.
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precoated with fibronectin (0.02 mg/ml for 3 h, no. F4759, Sigma
Chemical Co.). Nonadherent cells were washed free after 3 h. Substrata
were used between 1 and 4 d after dispersal. During this time period
there were no differences in the macrophage-inhibitory activity of the
DEC substrata.

Characterization of DEC substrata (1, 3, 4). DEC were cultured as
described above on fibronectin-coated glass coverslips. Laminin was
detected after fixation in acetone (4°C, 10 min) and then using a
polyclonal rabbit anti-laminin antiserum (Collaborative Research,
Cambridge, MA) followed by biotinylated goat anti-rabbit IgG and
peroxidase-streptavidin (Kirkegaard & Perry Laboratories, Inc.,
Gaithersburg, MD). Rat hybridoma cells specific for the following
antigens were obtained from the American Type Culture Collection
(Rockville, MD), grown according to recommended instructions, and
used as monoclonal antibody (MAD) containing tissue culture super-
natants: leukocyte common antigen (MAb M1/89), Thy 1.2 (MAb
30H12), CD4 (MAb GK 1.5), CD8 (MAb 2.3.4), Mac 1 (MAb M1/70),
B220 (MAb T1B 164), and MAb F4/80. Primary rat MAbs were ap-
plied after fixation of decidual substrata with 2% paraformaldehyde
(4°C, 10 min). Biotinylated goat anti-rat IgG and peroxidase-strep-
tavidin (Kirkegaard & Perry Laboratories, Inc.) were applied sequen-
tially after primary antibody. In all cases positive controls documented
the efficacy of the antibodies used. Negative controls included cells
known to lack antigen and isotope-matched irrelevant primary anti-
bodies tested on DEC substrata. Peroxidase activity was detected using
diaminobenzidine (2 mg/ml, Sigma Chemical Co.), 1% H,0,, 0.3%
sodium azide. Coverslips were counterstained with Gill-2 hematoxy-
lin. Staining with the periodic acid-Schiff reagent was performed using
standard techniques.

DEC substrata contained 85-90% decidual stromal cells (DEC) as
defined by the presence of immunoreactive cytoplasmic laminin (10)
and typical ultrastructural criteria (11). Contaminating cells were all
positive for leukocytic common antigen, F4.80, and Mac-1 identifying
them as monocyte/macrophages. T and B lymphocytes and previously
described decidual granulated metrial gland cells (see Bell [12] for
review) were not detectable after staining for Thy 1.2, CD4, CD8,
B220, and periodic acid-Schiff-positive granules.

Control substrata and other surfaces. Dermal fibroblast lines were
established from F1 (BALB/c ByJ X B10.A) mice by explant culture of
depilated skin from the interscapular region (13). Lines were main-
tained with twice weekly changes of Ham’s F12/DME supplemented
with 10% FCS, L-glutamine, and antibiotics. Cells were passaged every
week after dispersing with | mM EDTA. The NIH 3T3-transformed
fibroblast line was a gift from Dr. Barbara Ballerman, Brigham and
Women’s Hospital and was maintained in a similar fashion. MDCK
epithelial cells (high electrical resistance line; 14, 15) were originally
from the American Type Tissue Culture Collection. These cells were
maintained in DME (1 g/liter glucose) supplemented with 5% fetal calf
serum, and passaged every week after dispersing with 1| mM EDTA
and 0.05% trypsin. Other surfaces included tissue-culture treated plas-
tic (TCP) from Costar Data Packaging (no. 3596), bacteriologic plastic
(BP) from Linbro (no. 76-232-05, Flow Laboratories, Inc., McLean,
VA), and plastic coated with either poly-hema (Hydron, Interferon
Science Inc., New Brunswick, NJ) or laminin (Collaborative Research
Inc., Bedford, MA). The poly-hema surface was prepared according to
the manufacturer’s instructions and preincubating with HBSS at 37°C
for 2 h before use. Laminin-coated wells were incubated overnight with
a 20 pg/ml solution of laminin, according to the method of Mercurio
and Shaw (16).

Macrophages and macrophage activating factors. Macrophage-
enriched peritoneal exudate cells (BALB/c ByJ X B10.A) were ob-
tained by lavage 4 d after an intraperitoneal (i.p.) injection of 10%
proteose peptone. Peritoneal macrophages stimulated in vivo were
obtained from Listeria-immune mice. These mice were immunized
with 2 X 10° Listeria s.c.; 2 mo later they received 2 X 10° Listeriai.p.;
3 d later they received 10% proteose peptone i.p.; and 4 d after this, the
peritoneal exudate was harvested. RAW 264.7 is an Abelson murine
leukemia virus-transformed macrophage cell line which expresses
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many macrophage activities including lysozyme secretion, phagocyto-
sis, and the killing of P8 15 tumor targets (17, 18). Peritoneal and RAW
264.7 macrophages were stimulated in vitro by incubation with vary-
ing doses of macrophage activation factor (either supernatant from
antigen-stimulated, D3.1 T-cells or recombinant rat interferon-gamma
[IFN-y, Amgen, Thousand Oaks, CA]), plus LPS (Escherichia coli
endotoxin, no. L3254, Sigma Chemical Co.). D3.1 is a CD4* Listeria-
specific, T cell clone derived in our laboratory which has been shown to
produce bioactive IFN-vy (19).

Tumor killing assay. Details of the tumor killing assay have pre-
viously been reported (20). P815 mastocytoma cells, passaged in vitro,
were labeled by a 10-min incubation with 25 x/Ci of ['!'In]oxine
(Amersham Corp., Arlington Heights, IL). After overnight culture,
media was removed from the various substrata using a 25-gauge nee-
dle. 3 X 10° peritoneal cells and 4 X 10* !!'In-labeled P815 were then
added in the presence of varying doses of IFN-y and LPS. Triplicate
wells were sampled at 20-22 h. For RAW 264.7 cells, 3.75 X 10*
macrophages were cultured on the substrata in the presence of stimula-
tory factors as above. 2 X 10* P815 cells were added at 8 h and triplicate
wells were sampled 16 h later. Percent specific release (tumoricidal
index, TT) was calculated from the formula 77 = 100 X (XC-SR/TC-
SR), where XC is experimental counts, SR is spontaneous release, and
TC is total counts added.

Transfer experiments were performed as follows. RAW 264.7 were
cultured with stimulatory factors for 8 h in the 16-mm wells of BP
cluster plates with or without DEC substrata, dispersed by repeated
aspirations with a pasteur pipette, washed, counted, and placed on a
second surface (BP, DEC substrata, or poly-hema) in 6.4-mm wells.
"""In-labeled P815 were added and the '''In release measured 16 h
later. Control experiments to exclude carryover were performed by
decreasing the stimulation period from 8 h to 30 min.

Transwell experiments. DEC substrata were established either
above or below the polycarbonate membranes of Costar Transwells
(no. 3415). These plastic inserts fit within 16-mm tissue culture wells
and are separated from the bottom of the well by 1 mm. They have a
pore size of 0.6 um. Tumor killing assays were performed as described
above by placing RAW 264.7 macrophages, stimulatory signals, and
labeled P815 cells above the Transwell membrane. After 16 h aliquots
were removed from both above and below the Transwell. Tumoricidal
indexes were calculated for RAW 264.7 macrophages in direct contact
with DEC substrata and those separated from the substrata by the
Transwell membrane.

Adherence assay. This assay was adapted from McClay et al. (21)
and Lu et al. (20). DEC or FB established substrata in 96-well polyvinyl
chloride plates (Dynatech Laboratories, Inc., Alexandria, VA) pre-
viously sterilized with 70% ethanol. Poly-hema—-coated plates were also
used in one experiment. RAW 264.7 macrophages were labeled with
['"'In]oxine as described above for P815 and dispensed in quadrupli-
cate at 10° cell-per well. After a 2-3-h incubation at 37°C the wells
were filled with warm media, sealed with an adhesive plastic cover,
inverted, and centrifuged at varying speeds. In some cases sealed plates
were simply inverted (1 g). After air-drying, individual wells were cut
free and total bound counts were quantitated. Results were expressed
as the percentage of total counts retained on each surface.

Statistical analysis. Significance to the P = 0.05 level was ascer-
tained using 95% confidence intervals as calculated by 1.96 X standard
error of the mean.

Results

Macrophages did not lyse P815 mastocytoma cells on DEC
substratum. We found that macrophages did not lyse TNF-re-
sistant (22) P815 upon substrata formed by DEC in vitro. Such
lysis requires that macrophages be primed by lymphokines,
such as IFN-v, IL-4, or granulocyte/macrophage colony-stim-
ulating factor (GM-CSF), and triggered by a second signal such
as LPS (see Adams and Hamilton [23] for review). Table IA
demonstrates that peptone-elicited peritoneal exudate cells



Table I. Macrophage-mediated Tumor Lysis on Various Surfaces

A. Peptone-elicited PEC
D3.1 Supernatant

Surface 0.03 0:0 3.00

TCP 31* 35 38
FB

Subconfluent (0.1x%) 28 32 39

Confluent (1.0X) 29 35 36
DEC

Subconfluent (0.1X) 26 29 35

Confluent (1.0X) 78 98 6

LPS 25 ng/ml each well.

SEM <5% for each triplicate sample.

* Tumoricidal index (see Methods).

#1.0X = cells plated at the standard density (see Methods); 0.1X
= cells plated at 10% of standard density.

§ P < 0.05 vs. each other group.

B. RAW 264.7 macrophage cell line

enzymes used to isolate DEC nor the age of the FB substrata
had an effect on tumor lysis. Confluent FB substrata dispersed
with Dispase and DNase, replated, and tested on either day 1
or day 4 were equivalent to those dispersed with EDTA and
tested on the same days. Substrata formed by 3T3 fibroblasts
were also fully competent in supporting tumor lysis (see Table
1V, discussed below).

The ideal control for DEC substrata in Fig. 1 and Table I
would have been substrata formed in vitro by endometrial
stromal cells from nonpregnant murine uteruses. Unfortu-
nately, it is not possible in hormonally intact rodents to pre-
vent such cells from differentiating into DEC in vitro. The
physical trauma of dispersing these cells from uteruses is suffi-
cient to initiate decidualization (10). If oophorectomized ani-
mals, not treated with pregnancy hormones, are used, the en-
dometrial stromal cells do not survive well in culture (24). In
the absence of a source of murine endometrial stromal cells to
study in vitro, we used fibroblasts to form control substrata in
Fig. 1 and Table I and found that these did not inhibit macro-
phage-mediated tumor lysis. Nondecidualized endometrial
stromal cells and fibroblasts are both mesenchymal cells and
secrete large quantities of fibronectin and type I collagen into

HFN-y the extracellular matrix (10).
Uym When endometrial stromal cells from nonpregnant uter-
Surface 10 100 1,000 uses differentiate into decidual stromal cells, they acquire a
number of epithelial characteristics, including the generation
TCP 37* 34 46 of a basement membrane type of extracellular matrix rich in
FB laminin (10), and the formation of tight intercellular junctions
Passage no. 3 34 28 28
Passage no. 24 33 37 28
DEC 13* 8 <I*  CONDITIONED TUMORICIDAL INDEX
LPS 200 ng/ml each well. NONE
SEM <5% for each triplicate sample. FB 20X
* Tumoricidal index (see Methods). FB 40%
# P < 0.05 for DEC vs. each other group. DEC 20%
DEC 40%
(PEC), a standard source of macrophages, failed to lyse P815 (I) ' ! ;o rl éo
tumor cells on substrata formed by confluent DEC in the pres- :
ence of 25 ng/ml LPS and D3.1 supernatant. The latter con- SURFACE TUMORICIDAL INDEX
tains IFN-vy (19) as well as other lymphokines. On the other -
hand, substrata formed by subconfluent DEC and both con- Tce
fluent and subconfluent dermal fibroblasts (FB) supported FB
macrophage-mediated tumor lysis as well as the control sur- DEC
face, TCP. (See Methods for the cellular composition of DEC DISR. DEC

substrata.)

Although enriched for macrophages, PEC are a heteroge-
neous cell population. We, therefore, performed parallel ex-
periments using the macrophage cell line RAW 264.7. Table
IB demonstrates that RAW 264.7 macrophages were also un-
able to lyse tumor targets on DEC substrata when compared to
either TCP or two different FB substrata, one tested shortly
after explant (passage number 3), the other after long-term
tissue culture adaptation (passage number 24). Several control
experiments were performed (data not shown). (a) DEC sub-
strata were not toxic for RAW 264.7 macrophages. RAW
264.7 macrophages cultured on DEC substrata overnight were
fully active when transferred and stimulated on TCP. (b) DEC
did not sequester radioactive label. Supernatants containing
radioactive tumor lysis produces were not depleted of counts
after 16 h of coincubation with DEC substrata. (c) Neither the

I I I I I
0 20 40

Figure 1. DEC-conditioned media and disrupted DEC substrata do
not inhibit tumor lysis. (Upper panel) DEC vs. FB substrata on
16-mm wells were allowed to condition media for 18 h. This me-
dium was then added at the concentrations indicated to the tumor
lysis assay using peptone-licited peritoneal exudate cells as described
in Table IA. Tumoricidal index was determined at 20 h. Stimulatory
signals were D3.1 supernatant (3%) plus LPS (25 ng/ml). P > 0.05
for DEC vs. FB (20% and 40%). (Lower panel) The ability of perito-
neal exudate cells in the presence of 1% D3.1 supernatant and 25
ng/ml LPS to lyse P815 (tumoricidal index) was compared in control
wells (TCP or FB) vs. wells containing either intact DEC substratum
or wells containing DEC substratum disrupted (DISR.) with an Ep-
pendorf pipette to expose the underlying tissue culture plastic. P

< 0.05 for DEC vs. each other group.
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(12). We therefore asked if the inability of macrophages to lyse
P815 upon DEC substrata was a general property of all epithe-
lial substrata. That this was not the case is demonstrated in
Table II. Macrophage-mediated tumor lysis was as efficient
upon substrata formed by the epithelial cell line MDCK (14,
15) as on TCP.

Laminin is a major component of DEC substrata (10) as
well as all other basement membrane extracellular matrices
(25). We examined macrophage-mediated tumor lysis on lam-
inin-coated surfaces to determine if laminin in the DEC sub-
stratum was responsible for inhibiting macrophage-mediated
tumor lysis. Table III shows that lysis of P815 was as efficient
on laminin surfaces as on TCP. This concurs with published
data that laminin-coated surfaces facilitate macrophage-me-
diated lysis of some tumors (26), and indicates that laminin, by
itself, did not account for the inability of macrophages to lyse
P815 on DEC substrata.

Inhibition of macrophage-mediated tumor lysis by DEC
substrata required contact between macrophage and substra-
tum. Three lines of evidence indicate that DEC did not secrete
stable soluble inhibitors. Coculture experiments shown in
Table IV indicate that inhibition cannot be transmitted across
a polycarbonate filter (0.6-um pore size). RAW 264.7 macro-
phages were stimulated by rIFN-y and LPS upon DEC sub-
stratum (upper portion of the table) or separated from the
substratum by 1 mm plus the 10-um width of the filter (lower
portion). DEC substrata were inhibitory only when they were
in direct contact with the RAW 264.7 macrophages. Fig. 1
(top) shows that inhibition could not be transferred by condi-
tioned media. Fig. 1 (bottom) demonstrates that confluent
substrata of DEC were required to inhibit macrophage-me-
diated lysis. If the confluent DEC substratum was disrupted
such that macrophages were able to adhere to the underlying
plastic, no inhibition occurred. Taken together these experi-
ments argue against a stable soluble mediator and suggest that
intimate contact between DEC substratum and macrophages
is required to prevent tumor lysis. They also indicate that DEC
did not act by depleting the media of factors required for
tumor lysis.

DEC substratum blocked macrophage effector function but
not macrophage stimulation. The above results did not dis-
criminate between the ability of macrophages to receive stimu-
latory signals and their ability to subsequently lyse tumor cells.

Table II. Macrophage-mediated Tumor Lysis Not Inhibited
by Substratum Formed by MDCK Cells

Tumoricidal index

LPS* On MDCK substratum? On TCP
ng/ml
10,000 60+4 57+2
1,000 57+2 58+4
200 61+3 55+4
40 46x1 40+5
8 50+6 34+4

* RAW 264.7 macrophages also stimulated by 100 U/ml rIFN-v.
* Substratum formed by confluent layer of MDCK cells after over-
night culture.
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Table III. Macrophage-mediated Tumor Lysis Not Inhibited
on Laminin-coated Surfaces

Tumoricidal index

On laminin-coated
LPS* On TCP surface?
ng/ml

2,000 54+1 52+1
200 50+1 47+2
20 46+2 52+1
2 38+2 40+1
2 34+2 38+1

* RAW 264.7 macrophages also stimulated by 100 U/ml rIFN-y.
* See Methods.

In Fig. 2 (top), peritoneal macrophages taken from Listeria-
infected mice, and thus stimulated in vivo, were assayed at
various effector to target ratios on DEC vs. FB substrata in the
absence of additional activating signals. Although these mac-
rophages were fully stimulated in vivo by exposure to Listeria
and IFN-y generated during the course of infection, their ef-
fector function on DEC substratum was inhibited.

Unlike PEC, the less adherent RAW 264.7 macrophages
can be stimulated on BP or DEC substrata and then resus-
pended by vigorous washing. This allowed us to perform the
transfer experiments shown in Fig. 2 (bottom). RAW 264.7,
stimulated for 8 h on DEC substrata, washed, and then trans-
ferred to BP, lysed P815 as well as those stimulated on BP. On
the other hand, RAW 264.7 stimulated on BP and transferred
to DEC substrata did not lyse P815. Control groups in which
RAW 264.7 were stimulated for suboptimal time periods (30
min) on DEC substrata and transferred to BP showed no
tumor lysis, excluding physical carryover of stimulatory sig-
nals as a cause for activity after transfer (data not shown).

Table 1V. Inhibition of Macrophage-mediated Tumor Lysis
by DEC Substratum Requires Contact between Macrophage
and Substratum

Cells Tumoricidal index

Above Below rfIFN-y (U/ml) . .. 10 10 100

Transwell Transwell LPS (ng/ml) . .. .. 40 200 200

M+ T+ DEC —_— <1* 11* 11*
M+T+FB —_ 35 44 39
M+ T+ 3T3 —_ 37 41 39
M+T DEC 27 27 25
M+T FB 28 36 30
M+T 313 28 31 31

Substrata of decidual cells (DEC), dermal fibroblasts (FB), or 3T3
cells were established above or below polycarbonate (Transwell)
filters (see Methods). RAW 264.7 macrophages (M) and P815 tumor
cells (T) were added above the Transwell in the presence of stimula-
tory signals. Tumoricidal index was determined 16 h later. All

SEM <5%.

* P <0.05 for M + T + DEC vs. each other group.
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Figure 2. DEC substrata act at the effector rather than the stimula-
tory phase of macrophage-mediated tumor lysis. (Upper panel) Peri-
toneal macrophages were taken from Listeria-infected mice (see
Methods). Various numbers of these in vivo stimulated macrophages
(LM MO) were added to DEC vs. FB substrata in the absence of ad-
ditional stimulatory signals. Tumoricidal index was determined at 16
h. P < 0.05 for DEC vs. FB at 1.0, 3.0, and 10 X 10° LM macro-
phages per well. (Lower panel) RAW 264.7 macrophages were stimu-
lated for 8 h with 100 U rIFN-v plus LPS in the indicated doses on
BP or DEC substrata in 16-mm wells. RAW 264.7 were then dis-
persed, washed, and replated (as indicated by the arrows) onto either
BP or DEC substrata (6.4-mm wells) in the absence of additional
stimulatory signals. Tumoricidal index was determined at 16 h. P

< 0.05 for BP to DEC vs. other groups at each dose of LPS.

Adherence and spreading of RAW 264.7 are inhibited on
DEC substrata relative to control surfaces. Because contact
was necessary to prevent macrophage-mediated tumor lysis,
we investigated the effects of DEC substratum on macrophage
adhesion and spreading: two early contact-mediated macro-
phage functions. RAW 264.7 macrophages were labeled with
['"'In]oxine and incubated on various surfaces. The wells were
then sealed and centrifuged in the inverted position, thus ap-
plying a defined centrifugal force to separate macrophages
from substratum. Percent adherence was determined by cut-
ting out and counting the individual wells. Table V demon-
strates the RAW 264.7 macrophages adhere less well to DEC
substrata than to FB substrata or BP alone. Adherence to DEC
substrata was 15-20% less than controls at 1 g and progres-
sively decreased with increasing centrifugal force. Adherence
to other surfaces was unchanged over the range of forces
tested. In other experiments not shown, the media conditioned

Table V. RAW 264.7 Macrophages Adhere Less Strongly
to DEC Substratum than Control Surfaces

['"'In]Raw 264.7 adherence after reverse spin at

Surface 1g 50g 200 ¢ 800 ¢
%

Plastic 80 73 74 81

FB 75 70 76 70

DEC 61 48 43 35

Adherent cells are expressed as the percentage of total added label re-
maining after centrifugation. All SEM <5%.

by DEC had no effect on adherence. A second early macro-
phage function, spreading, was also decreased when RAW
264.7 were plated on DEC substratum as compared to BP
(Fig. 3).

Lack of adherence and spreading alone cannot account for
the inhibition of tumor lysis on DEC substrata. One possible
explanation for the inability of macrophages to lyse tumor
cells on DEC substrata would be that macrophages must ad-
here to the substratum in order to function. That this was not
the case was demonstrated by experiments comparing macro-
phage functions on DEC substrata vs. polyhema, a surface to
which cells do not adhere. Table VIA shows that, as expected,
RAW 264.7 macrophages did not adhere to poly-hema—coated
tissue culture wells. This was in contrast to the weak, but sig-
nificant, macrophage adherence to DEC substrata and the
strong adherence to TCP and dermal FB substrata (Tables V
and VIA). The experiment shown in Table VIB contrasts the
ability of previously stimulated macrophages to kill P815 tar-
gets on poly-hema vs. DEC substrata. RAW 264.7 macro-
phages were stimulated on BP with varying levels of rIFN-y
plus LPS for 8 h, washed, and then transferred as described
above to poly-hema, BP, or DEC substrata. Despite their lack
of adherence, macrophage-mediated tumor lysis was as effi-
cient on poly-hema as on BP. Macrophages transferred to
DEC substrata, on the other hand, were essentially inactive.

Discussion

DEC form a substratum consisting of the cells themselves,
their cell surfaces, and their extracellular matrix. We have
shown that this substratum is a potent inhibitor of the effector
phase of macrophage-mediated tumor lysis, a macrophage
function which has been closely correlated to the ability to kill
intracellular pathogens such as Listeria (23). Two other early
macrophage functions, adherence and spreading, were also in-
hibited. This in vitro data closely parallels our previous in vivo
observations that, although monocyte/macrophages translo-
cate across endothelium, they fail to migrate from perivascular
areas to sites of bacterial proliferation in the decidual tissue (3,
4). To relate the in vitro to the in vivo observations, we pro-
pose that without strong adherence macrophages lack the
traction necessary for migration.

During decidualization, the fibroblast-like endometrial
stromal cells differentiate into DEC and acquire many epithe-
lial characteristics in the process (10). Because it was not possi-
ble to culture murine endometrial stromal cells without their
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Figure 3. RAW 264.7 macrophages are less spread on the substratum formed by DEC, than on TCP. Macrophages were incubated for 16 h on
either TCP (left) or DEC (right). Note that most macrophages have a well-spread morphology on TCP (/eff). In contrast, macrophages (arrow)
on DEC (right) are round and clumped together. The underlying decidual substratum in the left panel is out of focus.

spontaneously differentiating into DEC (10), we used dermal
fibroblast and epithelial (MDCK) cell substrata as controls.
Neither inhibited macrophage-mediated tumor lysis (Tables I
and II). Altogether these data suggest that just as the inability
of macrophages to migrate into decidua is unique for these

Table VI. Relation of Adherence to the Ability to Support
the Effector Phase of Macrophage-mediated Tumor Lysis

A. Macrophage adherence
['"'In]Raw 264.7 adherence after reverse spin at

Surface 200 g 400 g 800 g

%
Plastic 64 60 56
DEC 278 218 198
Poly-hema 2! 1 2!
B. Effector phase of macrophage-mediated tumor lysis

LPS

ng/ml

Test surface* 0.1 1 10
BP 49* 59 56
Poly-hema 52 57 56
DEC 38 128 128

rIFN-y 100 U/ml, all wells.

SEM for each triplicate <5%.

* RAW 264.7 macrophages stimulated on BP and transferred to the
various test surfaces (see Methods).

* Tumoricidal index (see Methods).

§ P < 0.05 for DEC vs. each other group.

I P < 0.05 for Poly-hema vs. each other group.
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tissues, so the inhibition of macrophage function by DEC sub-
strata is also unique. However, thesé data must be interpreted
cautiously because macrophages may not have access to inhib-
itory portions of MDCK substratum formed in vitro. Most
epithelial cells, such as MDCK, grow as highly polarized
monolayers with distinct basal (plastic) and lumenal (free)
surfaces. Only the luminal surface is accessible to macrophages
in culture. On the other hand, DEC are not polarized (11, 24),
and the same extracellular matrix components may be distrib-
uted on all surfaces.

Laminin is a major constituent of all basement-membrane
extracellular matrices formed by epithelial cells as well as DEC
(10, 25). Macrophages adhere well to laminin surfaces only
after stimulation by IFN-vy and/or LPS (20, 27, 28). Although
laminin may contribute to the decreased macrophage adher-
ence and spreading on DEC substrata, Table III indicates that
macrophage-mediated tumor lysis occurred effectively on
laminin-coated surfaces, indicating that laminin, by itself, was
not responsible for the inhibitory effect of DEC substratum on
the latter macrophage function.

The DEC substratum consists of the cells and their extra-
cellular matrix. We have not yet determined which is responsi-
ble for inhibiting macrophage function. In some previous stud-
ies (29, 30), it has been possible to remove the cultured cells
with mild maneuvers such as EDTA, urea, or trypsin, and
demonstrate that the remaining extracellular matrix and asso-
ciated growth factors are biologically active. However, we were
unable to remove decidual cells using these maneuvers. After
removing DEC using more vigorous digestion with dispase, we
found that the remaining elements of the substratum were not
inhibitory (data not shown). We do not believe this result is
interpretable. DEC substratum is several cell layers thick (24)
and contains large amounts of basement-membrane extracel-
lular matrix. The vigorous digestion using dispase which is



necessary to remove DEC cells would also be expected to de-
stroy the extracellular matrix. Other experiments to determine
if DEC cells or their extracellular matrix are required to inhibit
macrophage activities are ongoing in our laboratory.

Table VI and Fig. 2 indicate that DEC substrata inhibited
the effector phase of macrophage-mediated tumor lysis. Sev-
eral explanations may be considered. One would be that the
inability of macrophages to adhere and spread upon DEC
substrata would interfere with their ability to form conjugates
with and thus lyse the P815 targets. However, Table VIA indi-
cates that macrophages were significantly more adherent to
DEC substrata than poly-hema, but that lysis of P815 was not
inhibited on the latter (Table VIB). In a similar fashion, mac-
rophages also do not adhere well to agarose yet effector func-
tion on this surface is also not inhibited (31). These data are
important in that they indicate significant differences between
macrophage interactions with poly-hema and agarose, on the
one hand, vs DEC substrata on the other hand. Insofar as
poly-hema and agarose are “nonadherent” surfaces for macro-
phages, the data suggest that the inability of macrophages to
lyse P815 on DEC substrata results not from the simple ab-
sence of adherence but from an inhibitory signal.

Furthermore, one must consider that macrophage activa-
tion, as assayed by tumor lysis of tumor necrosis factor
(TNF)-resistant P815 (22), continues after the IFN-y and LPS
signals have been delivered. For example, secretion of cytolytic
proteases depends upon signals delivered by the tumor target
(32, 33). These or other tumor-derived signals might be inhib-
ited by DEC substrata.

Several direct inhibitors of macrophage function have been
described including transforming growth factor-g8 (TGF-8
[34]), prostaglandin E,, p15E retroviral peptides (35), macro-
phage deactivating factor (36), and IFN-8 (37). Unlike the
inhibitor in this report, these factors are all active-in condi-
tioned media, and generally block stimulation as well as effec-
tor function. Prostaglandin E, and transforming growth fac-
tor-g have been directly evaluated in our tumor killing assay
and had no suppressive activity (unpublished). It remains pos-
sible that one or more of these factors might either be concen-
trated by or activated upon binding to decidual substratum.
Furthermore, we would like to emphasize that the inhibitor
described here is distinct from previously described factors
produced by decidual leukocytes (see Hunziker and Wegmann
[38] for review). Inhibitors produced by decidual leukocytes
block T cell but not macrophage functions (39), and are all
transferrable in conditioned media.

Table IV indicates that contact between macrophage and
some solid-phase inhibitor within the DEC substratum was
necessary for inhibition. Such solid-phase, rather than freely
diffusible, signals offer significant advantages in a complex
organ such as the placenta. Inhibition of macrophage function
can be spatially limited to the area where maternal and fetal
cells are intimately intermixed while other immediately adja-
cent regions, which contain exclusively maternal or fetal cells,
retain the capacity to support effective macrophage-mediated
host responses (3). Insofar as macrophages play important an-
tigen-presenting and effector functions in allograft rejection
(40), such solid-phase mediators may help prevent maternal
antifetal responses. Macrophages are a major source of proin-
flammatory mediators, such as IL-1, TNF, and IL-6. Exclud-
ing macrophages from the murine decidua should result in
lower local amounts of these mediators.

The maternal-fetal immunologic relationship in the pla-
centa and decidua basalis is complex. Multiple mechanisms
preventing maternal antifetal responses have been suggested
(see Hunziker and Wegmann [38] and Head et al. [41] for
review). We propose that solid-phase inhibition of macrophage
function by the decidual substratum acts in concert with these
other mechanisms. The relative roles of each may depend on
the species involved, the stage of pregnancy, and the anatomic
location within uteroplacental tissues.
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