Investigate small particles with unparalleled sensitivity

Luminex.
Amnis” CellStream” Flow Cytometry System

s . complexity simplified.

] For Rarssanch Uisa Only. Not for e i diagmostie procaduees.

2 meJournal of TLR9 Activation Coupled to IL-10 Deficiency
€I Tmmunolo gy Induces Adverse Pregnancy Outcomes

Jessica E. Thaxton, Roberto Romero and Surendra Sharma
This information is currentas  j fmmunol 2009; 183:1144-1154; Prepublished online 26
of August 4, 2022. June 2009;

doi: 10.4049/jimmunol.0900788
http://www.jimmunol.org/content/183/2/1144

References This article cites 60 articles, 14 of which you can access for free at:
http://www.jimmunol.org/content/183/2/1144 full#ref-list-1

Why The JI? Submit online.
* Rapid Reviews! 30 days* from submission to initial decision
* No Triage! Every submission reviewed by practicing scientists

* Fast Publication! 4 weeks from acceptance to publication

*average

Subscription Information about subscribing to The Journal of Immunology is online at:
http://jimmunol.org/subscription

Permissions Submit copyright permission requests at:
http://www.aai.org/About/Publications/JI/copyright.html

Email Alerts Receive free email-alerts when new articles cite this article. Sign up at:
http://jimmunol.org/alerts

The Journal of Immunology is published twice each month by
The American Association of Immunologists, Inc.,

1451 Rockville Pike, Suite 650, Rockville, MD 20852
Copyright © 2009 by The American Association of
Immunologists, Inc. All rights reserved.

Print ISSN: 0022-1767 Online ISSN: 1550-6606.

20T ‘v 1snny uo 3sang Aq /310 Jounuwrwrl- mmam//:dny woiy papeorumoq


http://www.jimmunol.org/cgi/adclick/?ad=56319&adclick=true&url=https%3A%2F%2Fwww.luminexcorp.com%2Fcellstream-flow-cytometers%2F%23overview
http://www.jimmunol.org/content/183/2/1144
http://www.jimmunol.org/content/183/2/1144.full#ref-list-1
https://ji.msubmit.net
http://jimmunol.org/subscription
http://www.aai.org/About/Publications/JI/copyright.html
http://jimmunol.org/alerts
http://www.jimmunol.org/
http://www.jimmunol.org/

The Journal of Immunology

TLR9 Activation Coupled to IL-10 Deficiency Induces Adverse
Pregnancy Outcomes'

Jessica E. Thaxton,* Roberto Romero,” and Surendra Sharma®*

Pregnancy outcome is severely compromised by intrauterine infections and inflammation. Although the pregnant uterine micro-
environment is replete with innate immune cells and TLR expression, the mechanisms that facilitate adverse effects of their
activation are largely unknown. In this study, we mimic the activation of TLR9 with its pathogenic ligand hypomethylated CpG
and demonstrate that IL-10 proficiency protects against CpG-induced pregnancy complications. We show that fetal resorption and
preterm birth are rapidly induced in IL-10~'~ mice by low doses of CpG (~25 pg/mouse) when injected i.p. on gestational day
6 or gestational day 14, respectively. In contrast, wild-type mice failed to experience such effects at comparable doses, but
pups born at term displayed craniofacial/limb defects in response to higher doses (~400 pg/mouse). Pregnancy complications
in IL-10~/~ mice were associated with unexpected and robust TLR9-triggered activation and amplification of uterine neu-
trophil and macrophage subpopulations followed by their migration to the placental zone. Furthermore, a dramatic increase
in serum levels of mouse KC and TNF-a production by uterine F4/80* cells, but not uterine NK or Gr-1*CD11b™ cells, was
observed. Depletion of F4/80" macrophages or neutralization of TNF-« rescued pregnancy to term. Our results have im-
portant implications for IL-10-mediated ‘“‘uterine tolerance” against CpG-driven innate immune activation. The Journal of

Immunology, 2009, 183: 1144-1154.

common link for a significant proportion of early and

late pregnancy maladies lies in intrauterine infections

and inflammation (1, 2). In this regard, the role of the
innate immune system at the maternal-fetal interface in response to
normal pregnancy intrauterine milieu or inflammatory stimuli has
attracted an abundance of recent interest. Although a vigorous
uterine immune system juxtaposes the fetal tissue predominated by
innate sentinels, NK cells and macrophages, it does not pose any
intolerance to normal fetal development and survival of invading
trophoblasts (3—-5). We and others have proposed that uterine NK
(uNK)? cells produce angiogenic and pregnancy-compatible fac-
tors and are involved in local endovascular processes and regula-
tion of trophoblast invasion (3, 6—8). On the other hand, in a
mouse model, we have demonstrated that uNK cells become an-
tagonistic to pregnancy in response to bacterial products (9, 10).
Thus, the underlying mechanisms of diverse pathogen-mediated
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inflammatory events that may trigger cytotoxic activation of ma-
ternal immune cells and trophoblasts require further exploration.

A group of innate immune sentinel receptors known as TLRs are
present not only on uterine leukocytes, but also on trophoblast
cells, thus implying an active cross-talk between the placenta and
local immunity (11-13). TLRs have evolved to recognize specific
pathogen-associated molecular patterns enabling them to serve as
the first line of defense in the innate immune system (14, 15).
Although TLRs are ancient receptors without memory require-
ments for cells that express them, they harbor the ability to trans-
duce both negative and positive signals depending on interactions
with their immediate microenvironment (16). Moreover, patho-
genic load and gene-environment interactions are likely to be over-
riding factors in the outcome of inflammation-induced positive
versus negative cascades. Our recent studies provide support to
this hypothesis in that very low doses of LPS cause adverse preg-
nancy outcomes in IL-10~/~ mice compared with their wild-type
(WT) counterparts (9, 10).

Systemic or intrauterine bacterial and viral infectious agents,
and their breakdown products, are likely to lead to the excessive
presence of pathogenic hypomethylated CpG DNA motifs
which are recognized by TLRY (17, 18). Few studies have fo-
cused on the role of TLR9-mediated immune activation during
pregnancy. Using C57BL/6 mice, it has been shown that high
doses of CpG cause deformities in pups born to treated dams
(19). On the other hand, CpG has been used as an adjuvant to
reduce negative fetal outcomes induced by Listeria monocyto-
genes in BALB/c pregnant dams (20). In other settings, it has
been shown that direct injection of CpG DNA in neuroblasto-
mas induces complete tumor rejection in mice and elicits long-
term Thl-driven immunity (21). In addition, antitumor effects
of CpG have been demonstrated in different intracranial models
of syngeneic glioma (22, 23). These observations imply that
CpG motifs are capable of triggering strong and polarized im-
mune responses which may be beneficial or harmful depending
on the intrinsic microenvironment.
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Given the proposed widespread use of CpG as a treatment and
vaccine tool among the general population, including pregnant in-
dividuals, it is important to determine whether overactivation of
the immune system in response to nonteratogenic doses of CpG
can lead to negative pregnancy outcomes (20, 24-28). In this
study, we examined the role of the CpG-TLR9 axis in a mouse
model of pregnancy with a focus on the protective role of preg-
nancy-compatible cytokines such as IL-10. CpG-induced TLR9
activation has been associated mainly with stimulation of systemic
immunity. Our observations allow us to elucidate a link between
CpG-mediated activation of innate immune responses and IL-10
deficiency at the maternal-fetal interface that leads to adverse preg-
nancy outcomes.

Materials and Methods
Mice

Mice used in this study, C57BL/6 and C57BL/6 IL-10"/", were obtained
from The Jackson Laboratory. All mice were housed in a specific patho-
gen-free facility supervised by the Central Research Department of Rhode
Island Hospital. All protocols were approved by the Lifespan Animal Wel-
fare Committee and conducted according to its guidelines. Mice of 8-10
wks of age were mated and each experimental group contained at least
three mice. The day of vaginal plug appearance was designated gestational
day (gd) 0.

In vivo treatment of pregnant mice

WT and IL-10~"~ mice received i.p. injections of CpG oligodeoxynucle-
otide (ODN 1826; InvivoGen) at doses of 15, 25, 100, 300, or 400 ug on
2d6 or gd14. For IL-10~'~ mice, suitable doses were 15 or 25 ug/dam
since higher doses caused maternal demise. Cellular depletions were per-
formed with CpG injection on gd6 or gd14. One hundred microliters of
anti-asialo GM1 (Wako) or nonimmune rabbit serum (Antibodies) was
administered on gd4, 6, and 9 or gd9, 11, and 14 for NK cell depletion.
Two hundred fifty micrograms of anti-Gr-1 (RB6-8CS5; BD Biosciences) or
isotype Ab (rat IgGl; BD Biosciences) was administered at gd5. Two
hundred fifty micrograms of anti-F4/80 (BM8; eBioscience) or isotype Ab
(rat IgG2a, k; eBioscience) was given on gd5 and 7 or gd13 and 15. Com-
petitive antagonist experiments were performed in IL-10~/~ mice and i.p.
injections of 100 ug or 50 ug of antagonist ODN (ODN 2088; InvivoGen)
were given with 25 pg of CpG ODN on gd6. Control experiments were
performed using 50 or 100 ug of antagonist ODN alone or 50 or 100 ug
of antagonist ODN plus 25 ug of CpG ODN on gd6. Monoclonal anti-
TNF-a Ab (Gr81-2626; BD Pharmingen) was administered i.p. at 250 ug
on gd5 and gd7 with CpG ODN injection on gd6 or on gd13 and gd15 with
CpG ODN injection on gd14.

Cellular preparation

Uterine mononuclear and granular cells (UMGC) were obtained via minc-
ing and mechanical dispersion of whole gd 8-9 or gd15 uteroplacental
tissue in RPMI 1640 supplemented with 10% FBS, penicillin/streptomycin,
and L-glutamine. Single-cell suspensions from uterine horns were run
through a 100-um cell strainer and subjected to density gradient separation
using Fico-Lite LM (Atlanta Biologicals). Experiments were performed
on the three layers obtained from Ficoll gradient separation to determine in
which layer granulocytes accumulated. It was found that granulocytes col-
lect directly below the monocyte layer and both layers were harvested
together for all experiments.

Flow cytometry

Abs to NKI.1 (NKR-PIC), CD3 (145-2C11), CD45 (30-F11), F4/80
(BMS), Gr-1(RB6-8C5), CD11b (M1/79), and Ly6G (1A8) were purchased
(BD Biosciences). Isolated UMGC were washed in PBS and resuspended
in PBS containing 2% FBS (stain buffer). Combinations of Abs were
added for extracellular staining for 30 min at 4°C, rinsed with stain buffer,
and acquired via flow cytometry (FACSCanto; BD Biosciences). Fluoro-
chrome-conjugated isotype-matched Abs were used as controls. Abs to
TNF-a (MP6-XT22) and IFN-y (XMG1.2) were purchased for intracellu-
lar staining (BD Biosciences). UMGC were washed with stain buffer and
incubated in 96-well plates for 4—6 h with Brefeldin A (BD Biosciences),
PMA (Calbiochem), and ionomycin (Calbiochem). Cells were washed
twice with stain buffer and stained extracellularly as described above. For
intracellular staining, UMGC were washed with Perm Wash (BD Bio-
sciences) and fixed with Cytofix/Cytoperm (BD Biosciences) for 25 min at
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4°C and incubated with Abs for 30 min at room temperature. Cells were
washed and analyzed via flow cytometry.

Intracellular reactive oxygen species (ROS) production was assessed
with dihydrorhodamine 123 (DHR; Sigma-Aldrich) by flow cytometry.
This nonfluorescent dye becomes fluorescent upon oxidation to rhodamine
by ROS produced during the respiratory burst. Directly after UMGC were
prepared, DHR (10 wmol/ml) was added simultaneously with Abs Gr-1,
CD45, and CD11b or with irrelevant isotype Abs, and the mixture was
incubated at 37°C for 15 min. UMGC were washed and immediately pro-
cessed by flow cytometry.

ELISA

TNF-a, IL-12, IFN-vy, mouse KC (mKC), MIP-1«, and MIP-2 were mea-
sured in serum. Blood samples were collected via cardiac puncture into
1-ml tubes, allowed to clot for 30 min at room temperature, spun at 8000
rpm for 20 min at 4°C, and supernatants were collected and frozen for
further analysis. TNF-«, IL-12, IFN-y, mKC, MIP-1«, and MIP-2 were
assayed using Quantikine ELISA kits (R&D Systems) and experiments
were performed according to the manufacturer’s instructions. Separate se-
rum samples were collected from each experimental treatment group
n=29).

Immunohistochemistry

Fetoplacental units from varying experimental conditions were removed
from uterine horns and placed in 4% buffered formalin or snap frozen
in a cassette with OCT. Samples in the former treatment were paraffin
embedded 24 h after fixation. Staining for mKC (KC Rabbit Polyclonal
Ab; BioVision) was performed on paraffin-embedded tissue from gd9-
or gdl5-treated and control-matched samples as previously described
(29). F4/80" (MCA497R rat and mouse Ag; Serotec) cells were de-
tected using paraffin-embedded tissue as described previously (30).
Gr-1 (purified rat anti-mouse Ly6G and Ly6C; BD Biosciences) stain-
ing was performed on frozen gd9 and gdl15 tissue cut into 10-um sec-
tions as described previously (31).

Statistical analysis

Statistical significance of pregnancy outcomes was examined using the
one-way ANOVA method. All experiments where flow cytometry plots
were analyzed for n = 3 or more animals per condition and significance
was assessed via the ¢ test. Data are expressed as means = SD. A p = 0.05
was considered to be statistically significant.

Results
CpG ODN treatment induces fetal resorption and preterm birth
in IL-10~"" mice

We studied the effect of CpG ODN treatment on pregnancy in
either a fetal resorption or preterm birth model using C57BL/6
mice. The CpG ODN motif, CpG 1826, used in these studies has
been widely used to trigger B or T cell-specific immunity (32, 33).
To assess the ability of CpG ODN to induce fetal resorption, we
injected i.p. varying doses of CpG ODN in IL-10~"~ or WT mice
on gd6. We initially tested a dose range from 5 to 400 pg/dam and
found that the 25-ug dose was optimal in IL-10~/~ mice to induce
complete resorption of uterine horns. At the dose of 100 ug/dam
or higher, we observed maternal wasting in IL-10~'~ mice. As Fig.
1A demonstrates, fetal resorption was consistently observed in IL-
10~/~ mice in numerous matings (n = 37) at the 25-ug/dam dose.
In contrast, no negative pregnancy effects were observed at this
dose in WT mice (n = 8) as they maintained pregnancy to term
(~20 days) and delivered healthy pups.

Next, we aimed to find a dose of CpG ODN that caused a neg-
ative pregnancy outcome in WT mice in response to gd6 admin-
istration. A range of doses up to 250 ug/dam did not exert any
adverse consequences on pregnancy outcome or gestational length.
However, at a dose of 400 wg/dam, a significant number of pups
(43%) were born at term with cranial and distal limb malforma-
tions (Fig. 1C). These results are consistent with previously pub-
lished data demonstrating similar deformities to pups born to dams
treated with 300 ug of CpG ODN (19).
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FIGURE 1. Dose-dependent CpG ODN-mediated induction of fetal re-
sorption and preterm birth in WT or IL-10~"~ mice. CpG or control ODN
was injected i.p. in WT or IL-10"/" mice after visualization of a vaginal
plug on gd0. A, Fetal resorption in uterine horns from IL-10"'~ or WT
mice was assessed visually on gd9 and mice were injected with CpG or
control ODN on gd6. Twenty-five micrograms of CpG ODN induced full
resorption of uterine horns in IL-10~/~ mice (n = 37), whereas control
ODN failed to elicit this pathology (n = 20). WT mice did not respond to
25 ng of CpG ODN nor control ODN. B, gd14 i.p. injection of 15 ug of
CpG ODN induced preterm birth of stillborn pups within 24—48 h after
injection in IL-10~"" mice (n = 15). Control ODN-treated IL-10"/" mice
did not experience preterm delivery (n = 4). WT mice at this dose did not
experience any preterm birth in the control ODN condition (n = 4) or CpG
ODN condition (n = 4). C, In WT mice, a dose of 400 ug of CpG ODN
given i.p. on gd6 caused cranial-facial and distal limb malformations, de-
noted by *, in 43% of pups born at term (n = 12). Similarly, a dose of 300
ug of CpG ODN in WT mice given i.p. on gd14 resulted in pups born at
term with similar malformations (n = 8). WT mice treated with control
ODN at these doses did not display teratogenic effects.

We have previously shown that LPS administered to IL-10~'~
and WT mice on gd14 induces preterm birth on gd17, albeit at
20-fold higher doses in WT mice (10). For preterm birth outcomes
in response to CpG ODN administration, a similar approach was
used. CpG ODN was administered i.p. on gd14 and mice were
checked twice daily for preterm birth of newborns. As shown in
Fig. 1B, IL-10~'~ mice (n = 18) consistently delivered stillborn
pups at a dose of 15 pg/dam within 24—-48 h of injection. Lower
doses of CpG ODN failed to induce preterm delivery. Similar to
fetal resorption observations, WT mice (n = 4) failed to expe-
rience any negative consequences of CpG ODN administration
at a comparable or higher dose in the range of 300 pg/dam (n =
8), except for deformities at higher doses similar to that shown
in Fig. 1C.

TLR9-MEDIATED PREGNANCY COMPLICATIONS
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FIGURE 2. CpG ODN-induced fetal resorption in IL-10~'~ mice oc-
curs with rapid kinetics and is TLR9 dependent. A, Representative uterine
horns of control and CpG ODN-treated IL-10~/~ mice harvested on gd7,
2d8, and gd9 represent multiple experiments of kinetic evaluation on the
insult of placental pathologies. B, Representative uterine horns harvested
on gd9 from IL-10"/" mice treated on gd6 with antagonist ODN 2088 (50
ng; top panel), antagonist ODN (50 wg) plus stimulatory CpG ODN (25
ug; middle panel), and CpG ODN alone (bottom panel) are shown. Data
demonstrate antagonistic binding of antagonist ODN to TLR9 prevented
fetal resorption (n = 4 animals/treatment).

Regarding fetal resorption in IL-10~/~ mice, we noted that ef-
fects were rapid with severe uteroplacental pathology at 25 g of
CpG ODN (Fig. 1A). To characterize the kinetics and general pa-
thology in IL-10~'~ mice in response to CpG ODN administra-
tion, we visually assessed fetal resorption from gd7 through gd9.
Fig. 2A demonstrates fetal resorption at 25 ug of CpG ODN as
observed in uterine horns harvested as early as gd7 and the pla-
cental pathology appeared to increase in severity on gd8 and gd9.
In contrast, control ODN-treated mice did not experience fetal
resorption.

CpG ODN-mediated effects on pregnancy outcome are TLRY
dependent

CpG ODN 1826 is a promiscuous molecule which may signal not
just through TLRO, but also through an extracellular receptor (34,
35). Thus, we assessed whether negative pregnancy outcomes in
IL-10~'~ mice were due to direct TLR9 stimulation. To address
this issue, we used CpG ODN 2088 (antagonist ODN), an ODN
sequence which binds intracellular TLR9 with high affinity but
does not induce downstream stimulation of the TLR pathway (36—
38). Antagonist ODN injected on gd6 did not induce any pathology
in placental units harvested on gd9 (Fig. 2B). Importantly, mice
treated with antagonist ODN when allowed to deliver gave birth to
healthy litters at term. Antagonist ODN, when used with patho-
genic CpG ODN at a 4:1 or 2:1 ratio, blocked fetal resorption
compared with CpG ODN alone as demonstrated by normal pla-
cental units (Fig. 2B). If allowed to deliver, antagonist ODN plus
CpG ODN-treated mice gave birth to healthy pups. These results
demonstrate that antagonist ODN was able to successfully blunt
the TLRY receptor-mediated signaling and displace the binding of
CpG ODN at a dose ratio as low as 2:1 as demonstrated by lack of
resorption on gd9.

CpG ODN administration in IL-10~"" mice results in
amplification and placental migration of uterine macrophages
and neutrophils

In normal pregnancy, uNK cells, macrophages, and low numbers
of T cells, but not Gr-1"CD11b™ cells, are normally detected in
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FIGURE 3. CDI11b"Gr-1* and CD11b*F4/80™" uterine cell populations amplify in response to CpG ODN in IL-10"", but not WT mice. Single-cell
suspensions of UMGC populations were isolated from IL10™'~ (A and C) or WT (B and D) mice on gd9 or gd15 after treatment with control or CpG ODN.
Cells were gated on CD45 ™" populations for CD11b*Gr-1" (A and B) and CD11b*F4/80* (C and D); data shown are representative of multiple experiments
using four animals per condition. A, IL-10~"~ mice showed a significant increase in the CD11b" Gr-1* population on gd9 and gd15, p < 0.05. B, WT mice
under similar conditions did not show any significant changes in this population. C, IL-10~/~ mice showed a significant increase in the CD11b*F4/80™
cell population on gd9 and gd15, p < 0.05, compared with control ODN-treated mice. D, WT mice under similar conditions did not show any significant

changes in this population.

the pregnant mouse uterus by gd7 (4, 39, 40). These cells remain
localized to the maternal side of uteroplacental tissue within the
mesometrial triangle and decidua basalis. However, it is not yet
clear whether these uterine immune cells acquire a cytotoxic phe-
notype and migrate to the placental zone to cause local damage. In
this regard, we have recently shown for the first time that uNK
cells are indeed activated in response to LPS administration and
cause apoptosis in the placental region (10). It is possible that
severe and rapid pathology in CpG ODN-treated mice (Figs. 1 and
2A) may be programmed by the mechanisms of cellular activation
and placental injury.

There is abundant evidence in nonpregnant mice that CpG ODN
treatment leads to activation of dendritic cells (41). We prepared
single-cell suspensions of CD45™ uterine mononuclear and gran-
ular cells as described in Materials and Methods and utilized flow
cytometry to probe for the presence of CD11c™* (dendritic cells),
CD11b*Gr-1" (neutrophils), CD11b"F4/80" (macrophages), or
NK1.1"CD3~ (uNK cells) in IL-10"/~ and WT mice treated or
untreated with CpG ODN. In the case of fetal resorption, we
harvested uterine tissue and spleen on gd8 and 9, whereas for
the preterm birth setting, we harvested uterine tissue and spleen
24 h after CpG ODN injection on gd15. Surprisingly, we did not
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see any changes in the dendritic cell populations of IL-10~/" or
WT mice treated with 25 wg of CpG ODN on gd6 (data not
shown).

Interestingly, analysis of gd8 and 9 uterine mononuclear and
granular cells from CpG ODN-treated IL-10~/~ mice showed a
significant increase in the CD11b"Gr-17 cellular population com-
pared with vehicle-treated mice (9.3 £ 2.5 to 28.8 = 4.4%; Fig.
3A). Similarly, we observed an increase in the CD11b"GR1™ cel-
lular population in IL-10~'~ mice under preterm birth conditions
when analyzed on gd15 (6 = 1.4 to 23.7 = 3.5%; Fig. 3A). A
simultaneous increase occurred in CD11b"F4/80" populations.
When analyzed on gd8 and 9, this population increased from
11.1 = 0.9% to 35.0 = 4.0% and a similar increase occurred in the
preterm birth condition, 9.5 = 3.1% to 25 * 2.6% (Fig. 3C). At the
doses used to induce fetal resorption or preterm birth in IL-10~/~
mice, we did not observe any significant changes in either of these
cellular populations in WT mice (Fig. 3, B and D).

Analysis of uNK cells revealed a slight increase in NK1.1™
CD3~ cells in CD45" mononuclear and granular cells from gd8
and 9 and gd15 tissues from IL-10~'~ but not WT mice. However,
depletion of uNK cells using anti-asialo GM1 Ab proved ineffec-
tive in rescuing fetal resorption or preterm birth in IL-10"/" mice
treated with CpG ODN (data not shown). Thus, we focused on the
role of macrophages and neutrophils in adverse pregnancy out-
comes because these cells were highly amplified in response to
CpG ODN treatment.

TLR9-MEDIATED PREGNANCY COMPLICATIONS
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FIGURE 4. CpG ODN treatment leads to elevated production of mKC in IL-10~'~ mice. mKC was measured in sera collected from IL-10~"~ or WT
mice on gd9 (A) or gd15 (B). Data represent average values from nine different serum samples. IL-10~'~ mice (M) showed a significant increase in mKC
levels above control ODN-treated mice () on gd9 (A) and gd15 (B); *, p < 0.05. C and D, mKC was evaluated by immunohistochemistry done on
uteroplacental tissue collected from control or CpG ODN-treated IL-10~/~ mice. A marked increase in mKC protein was observed in CpG ODN-treated
uterine tissue compared with control ODN-treated tissue on gd9 (C) and gd15 (D). M, Demarcates the mesometrial triangle, whereas P indicates the
placental region.

mKC is significantly induced in CpG ODN-treated IL-10~"~
mice

We addressed the possibility that a suitable chemokine was in-
duced in response to CpG ODN treatment in IL-10~/~ mice that
led to the unscheduled recruitment and amplification of granulo-
cyte and monocyte (CD11b"Gr-1", or CD11b*F4/80") cellular
populations. Initial screening was done for serum levels of MIP-
la, MIP-2, and mKC using chemokine-specific ELISAs. No sig-
nificant changes were observed for MIP-1a or MIP-2 in serum
samples from control ODN or CpG ODN-treated mice (data not
shown). However, mKC, the mouse homologue of human IL-8 and
a known chemoattractant of macrophages and neutrophils (42, 43),
was markedly increased in samples from CpG ODN-treated IL-
10~’~ but not WT mice. The mKC levels in sera collected on gd9
from IL-10~/" mice averaged 94.3 + 42.5 pg/ml in control ODN-
treated mice and increased to an average of 319.1 = 85.7 pg/ml in
CpG ODN-treated mice, demonstrating a significant difference
(Fig. 4A). Under identical conditions, no significant differences
were observed in WT mice (Fig. 4A). Sera collected from gd15
IL-10~"~ mice showed larger increases in mKC levels from an
average of 63.4 *= 7.4 pg/ml in control animals (n = 9) to an
average of 12429 = 311.2 pg/ml in CpG ODN-treated animals
(n = 9) with no significant changes in WT mice (Fig. 4B). IL-8 has
been shown to be intrinsically produced at physiological levels by
human uNK cells and it has been proposed that this chemokine
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FIGURE 5. Macrophages and neutrophils migrate into the placental zone in response to CpG ODN in IL-10~'~ mice. A and B, UMGC were harvested
into single-cell suspensions from control or CpG ODN-treated IL-10"'" mice on gd9 and gd15. Histograms were gated from CD45" cells for F4/80" (A)
or Ly6G™ (B) cells. Histograms are representative of data from multiple experiments using four animals per condition. A, IL-10~'~ mice showed a
significant increase in F4/80" cells on gd9 and gd15 compared with control ODN-treated mice, p < 0.05. B, Similarly, IL-10~/~ mice showed a significant
increase in Ly6G™ cells on gd9 and gd15 compared with control ODN-treated mice, p < 0.05. C and D, F4/80" and Gr-1" cells were evaluated by
immunohistochemistry done on uteroplacental tissue collected on gd9 from CpG ODN-treated IL-10~'~ mice. The presence of F4/80" (C) and Gr-1" (D)
cells migrating from the myometrium and into the developing placental zone on gd9 in response to CpG ODN was observed. M, Demarcates the

mesometrial triangle, whereas P indicates the placental region.

might be involved in recruitment of invading trophoblasts or mac-
rophages for placental growth (6). We hypothesize that increased
levels of mKC in response to CpG ODN motifs are responsible for
the increased presence of CD11b*Gr-1* and CDI11b"F4/80*
cells in the uterine microenvironment.

Although an increase in serum mKC was observed, we wanted
to determine that this protein was also produced locally at the
maternal-fetal interface in response to CpG ODN. We performed
mKC-specific immunostaining on paraffin-embedded sections of
CpG ODN-treated uteroplacental tissue from IL-10"/~ mice ob-
tained on gd9 or gd15. Although tissue from control ODN-treated
mice showed basal mKC staining in the mesometrial and devel-
oping placental regions on gd9 or gd15 (Fig. 4, C and D), CpG
ODN treatment resulted in intense staining throughout the tissue
organization collected from gd9 or gd15. Isotype control Ab failed
to stain any specific regions of tissue sections (Fig. 4, C and D).

CpG ODN-activated Gr-1" and F4/80™ uterine cells migrate to
the placenta in IL-10~"" mice

As mentioned earlier, uterine immune cells remain localized to the
maternal part of uteroplacental tissue (3, 5, 9, 40). In this study, we
tested the hypothesis that CpG ODN treatment imparts migration

of Gr-1" and F4/80™ uterine cells to the placenta leading to ad-
verse pregnancy outcomes. Gr-1" populations can be indicative of
macrophages or neutrophils, thus we first aimed to specify the
contribution of each of these particular cell types at the placental
level. From tissues harvested on gd9 and gd15, we isolated mono-
nuclear and granular cells and analyzed the CD45" population by
FACS for macrophage or neutrophil markers F4/80 and Ly6G,
respectively. F4/80 positivity was markedly increased in both the
fetal resorption (10.5 = 1.3 to 21.5 = 1.3%) and preterm birth
conditions over control levels (6.5 £ 1.3 to 21.0 = 3.1%; Fig. 5A).
We next examined whether F4/80" cells migrated to the placental
zone. Uteroplacental tissue from gd9 was processed for immuno-
histochemical analysis of F4/80 positive staining (see Materials
and Methods). As shown in Fig. 5C, no significant staining was
observed with isotype Ab in CpG ODN-treated tissue. However,
there was an abundance of F4/80™ cells that were found not only
in the mesometrial zone but also in the placental zone at gd9 (Fig.
5C). Control ODN-treated tissue showed low levels of F4/80%
cells localized only to mesometrial zone (data not shown).

We next aimed to delineate the specific presence of neutrophils
in uteroplacental tissue. As shown in Fig. 3, Gr-1" cells in-
creased significantly in the CD45" uterine population from
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FIGURE 6. TNF-« is the essential cytotoxic factor leading to fetal resorption or preterm birth in response to CpG ODN in IL-10~"" mice. TNF-a was

measured in sera collected from IL-10"/~

or WT mice on gd9 (A) or gd15 (B). Data represent average values from nine different serum samples. IL-10~"~

mice (M) showed a significant increase in TNF-« levels above control ODN-treated mice (&) on gd9 (A) and gd15 (B); *, p < 0.05. C and D, UMGC were
collected on gd9 (C) or gd15 (D) from IL-10~'" mice treated with control or CpG ODN to probe for the presence of TNF-«. Histograms are gated on
CD45™" cells and are representative of data from multiple experiments using four animals per condition. IL-10~/~ mice showed a significant increase in
TNF-a * cells on gd9 (C) and gd15 (D) compared with control ODN-treated mice, p < 0.05. E, anti-TNF-a mAb Ab, given i.p. on gd5 and 7, was used
to neutralize TNF-« activity induced by CpG ODN given on gd6. Data are representative of gd10 uterine horns treated with control ODN + anti-TNF-a
(top panel), CpG ODN + anti-TNF-« (middle panel), or CpG ODN alone (bottom panel). Data represent multiple experiments using four animals per

condition.

CpG ODN-treated IL-10~"~ mice. The Gr-1 receptor is composed of
the Ly6G and Ly6C subreceptors (44). Although it is commonly
accepted in the literature that Gr-1-positive cells are representative
of neutrophils, we assessed these cells using the Ly6G Ab. As
shown in Fig. 5B, Ly6G* cells increased significantly from control
levels in both gd9 (5.7 = 1.7 to 53.2 = 7.1%) and gd15 (7.8 £ 3.0
to 28.3 = 6.5%) tissues. Immunohistochemical analysis further
demonstrated migration of Gr-1" cells well into the placental zone
in tissue harvested on gd9 from CpG ODN- treated IL-10"'" mice
(Fig. 5D). Taken together, these data imply that migration of mac-
rophages and neutrophils to the placenta may lead to pathological
outcomes.

TNF-« functions as the regulator of CpG ODN-mediated
pregnancy loss

As discussed above, mKC was detected at high levels in serum of
CpG ODN-treated IL-10~/~ mice, suggesting that it could con-
tribute to pregnancy complications. However, experiments involv-
ing mKC neutralization did not result in rescue of pregnancy (data

not shown). We hypothesized that a distinct cytotoxic factor(s) was
produced by macrophages and/or neutrophils that induced adverse
pregnancy outcomes in IL-107/~ mice. CpG ODN is known to
induce the expression of a variety of cytotoxic proteins, including
IFN-v, TNF- «, and IL-12 (45). We measured the concentration of
IFN-v, IL-12, and TNF-« in serum samples collected on gd9 from
mice treated with 25 ug of CpG ODN or control ODN on gd6 and
in gd15 serum from mice treated with 15 pug of CpG ODN or
control ODN on gd14. In both the fetal resorption (50.1 = 15.0 to
168 = 30.9 pg/ml) (Fig. 6A) and preterm birth conditions (51.0 =
11.9 to 196.9 = 36.1 pg/ml; Fig. 68), we noted a significant in-
crease in serum TNF-« levels in CpG ODN-treated IL-10"'"
mice, but not in CpG ODN-treated WT mice. No significant dif-
ferences were observed for IFN-y and IL-12 between treated or
untreated IL-10""" or WT mice (data not shown).

Due to the increased levels of this toxic cytokine in serum in
response to CpG ODN, we aimed to determine whether TNF-«
was being produced within the uterine tissue of CpG ODN-treated
IL-10~"~ mice. Uterine monocytes and granulocyte populations
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Table 1. Rescue of CpG ODN-induced preterm birth in IL-10~"" mice

Strain Treatment n  gd Birth® p

C57BL/6 IL-10~/~ CpG ODN + isotype Ab® 3 155+ 0.5
Control ODN + anti-TNF-a 3 20.0 = 1.0
CpG ODN + anti-TNF-« 4 20.6 +0.8 <0.001¢
CpG ODN + isotype Ab?Y 3 152 0.3
Control ODN + anti-F4/80 3 19.7 = 1.1
CpG ODN + anti-F4/80 4 20.1 0.8 <0.001

“ gd of birth was assessed visually by the presence of live or dead pups delivered
after gd14 treatment.

” Isotype Ab paired to anti-TNF-« administration is listed in Materials and
Methods.

¢ Value of p compares significance of gd of birth between CpG ODN + Ab to
CpG ODN + isotype Ab.

4 Isotype Ab paired to anti-F4/80 administration is listed in Materials and
Methods.

were isolated and intracellular staining for TNF-a was performed
as described in Materials and Methods. Uterine CD45™ cells from
CpG ODN-treated tissue showed a marked increase in intracellular
TNF-o production compared with those from control ODN-treated
tissue from gd9 (8.25 = 1.7 to 40.5 = 8.3%; Fig. 6C). Similar
results were obtained from uterine cells isolated from gd15 tissue
(6.25 = 2.0 to 21.5 * 3.3%; Fig. 6D).

Since we noted a significant increase in TNF-« both in serum
and in uterine CD45™ cells in CpG ODN-treated IL-10~"" mice,
we aimed to determine whether this cytokine played a critical role
in adverse pregnancy outcomes. We used a neutralizing Ab for in
vivo inactivation of TNF-a. In the context of early pregnancy loss,
we injected anti-TNF-a Ab on gd5 and gd7 in combination with a
CpG ODN injection on gd6. First, we noted healthy litters were
born at term in mice treated at the aforementioned time points.
Correspondingly, mice treated with CpG ODN on gd6 showed
intact fetal-placental units on gd10 in response to anti-TNF-«

A

Control 4 °
ODN

gd9 IL-107 CDA45*/TNF-o*

CpG ODN

CpG ODN
+anti-Gr-1

100 150 200 250

CD11b

10

10 10°

1 | Tt wt 10°
Gr-1 —» TNF-a————p
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treatment (Fig. 6E). Similarly, mice treated with CpG ODN on
gd14 gave birth to healthy litters at term when given injections of
anti-TNF-a Ab on gd13 and 15 (Table I).

Gr-1" cellular depletion in IL-10~"~ mice does not lead to
pregnancy rescue or reduced TNF-o production

We sought to examine the cellular origin of TNF-a and the role
that CD11b*Gr-1" populations played in CpG ODN-induced fetal
demise in IL-10"/" mice. We first assessed the effects of depletion
of Gr-17 cells. We used an anti-Gr-1" Ab which was administered
i.p. in one dose on gd5 with a CpG ODN injection on gd6 followed
by euthanization of animals on gd9 to determine whether rescue
from fetal resorption ensued. As shown in Fig. 74, anti-Gr-1" Ab
treatment depleted Gr-1" cells in CpG ODN-treated IL-10"""
mice. However, this event was not associated with the depletion of
a CD45"TNF-a"-producing population as assessed simulta-
neously by intracellular FACS staining (Fig. 7A). In addition, de-
pletion of Gr-1" cells did not rescue pregnancy. These observa-
tions suggest that the large infiltrates of Ly6G* Gr-1"* cells in
response to CpG ODN treatment (Fig. 5, B and D) play a second-
ary role in induction of CpG ODN-mediated fetal resorption or
preterm birth.

Evidence of respiratory burst in uterine Gr-1"CDIIb™" cells
from CpG ODN-treated IL-10~"" mice

Although uterine Gr-1" cells did not produce TNF-« (Fig. 7A) and
their depletion did not lead to pregnancy rescue, it is still not clear
whether these cells were activated and harbor a cytotoxic pheno-
type. In this regard, we examined production of ROS by Gr-1"
uterine cells because it is a specific phenotype of these cells upon
activation (46, 47). To assess the production of ROS, we used
DHR in flow cytometric analysis. This molecule increases its flu-
orescent intensity upon oxygenation and has recently been used to

Control i
ODN I

=

a

o

gd9 IL-10" Dihydrorhodamine

CpG ODN

FIGURE 7. Gr-1 depletion does not rescue CpG ODN-mediated negative fetal outcomes in IL-10"'~ mice, but Gr-1" cells actively produce ROS. A,
Anti-Gr-1 mAb was used to deplete Gr-1" uterine cells. Dot plots are gated on CD45" cells for CD11b*Gr-1" populations. Data represent multiple
experiments using four animals per condition. Although Gr-17 cells were successfully depleted below control levels, no rescue of pregnancy resulted.
TNF-a from these CD45™" cells was evaluated and histograms show that the presence of TNF-a under the given conditions was not abrogated. B, A role
for the increasing CD11b* Gr-1" populations in response to CpG ODN was evaluated via DHR fluorescence. The two gates on dot plots correspond to the
cell populations displayed in the histograms: pink is CD45%Gr-17 and blue is CD45%Gr-17CD11b"#", Data are representative of results from gd9 control
or CpG ODN-treated IL-10~/~ mice. Control ODN-treated samples (top panel) or CpG ODN-treated samples (bottom panel) show a mean fluorescent
intensity shift of DHR in the blue population of CpG ODN-treated animals only, indicative of respiratory burst.
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FIGURE 8. Macrophage depletion abrogates CpG ODN-mediated neg-
ative fetal outcomes and diminishes TNF-« activity. A, Intact uterine horns
on gd9 demonstrate that anti-F4/80 mAb successfully rescued fetoplacental
units from fetal resorption. Top panel is control ODN + anti-F4/80 mAb,
middle panel is CpG ODN + anti-F4/80 mAb, and bottom panel shows
fetal resorption from CpG ODN alone. Data are representative of multiple
experiments using three animals per condition. B, UMGC from gd9 are
gated on CD45™" cells and show depletion of F4/80™" cells (left) coupled to
a lack of TNF-a™ (right) production. TNF-« increase was significant over
control levels only in the CpG ODN-alone treatment condition, p < 0.05.
Histograms are representative of multiple experiments using three animals
per condition.

measure production of ROS in several studies (31). CD45"CD11b™
Gr-17 cells were typed from gd9 or gdl15 uteroplacental tissue
from control ODN- or CpG ODN-treated IL-10"'~ mice and
stained simultaneously with DHR as described in Materials and
Methods. Uterine CD45*CD11b™ Gr-1*cellular populations from
CpG ODN-treated tissue harvested on gd9 (Fig. 7B) or gd15 (data
not shown) show a significant increase in DHR fluorescence, as
calculated by an increase in mean fluorescent intensity compared
with that seen in tissues from control ODN-treated mice. These
data clearly suggest that uterine Gr-1" cells acquire an activated
phenotype in CpG ODN-treated IL-10"'~ mice as depicted by
ROS production. However, since Gr-1" depletion did not rescue
negative pregnancy outcomes in response to CpG ODN, ROS pro-
duction by Gr-17 cells may cause placental cell death in conjunc-
tion with cytokines that may be produced by other activated uter-
ine immune cells.

F4/80™ cellular depletion abrogates TNF-o production
in IL-10~"" mice leads to term pregnancy

We next examined the uterine cell type associated with TNF-«
production to define the mechanism of fetal demise at a cellular
level. Because Gr-1" cellular depletion proved inadequate as a
means to rescue pregnancy, we examined the potential contribu-

TLR9-MEDIATED PREGNANCY COMPLICATIONS

tion of macrophages in CpG ODN-induced adverse pregnancy out-
comes. In the fetal resorption setting, we injected an anti-F4/80 Ab
i.p. on gd5 and gd7 with CpG ODN injection on gd6. For the
preterm birth condition, the anti-F4/80 Ab was injected on gd13
before gd14 injection of CpG ODN. As shown in Fig. 84, F4/80
Ab treatment rescued pregnancy because the fetoplacental units
harvested on gd10 remained intact, and mice that were allowed to
proceed to term delivered healthy litters (Table I). Similarly as is
shown in Table I, preterm birth effects in response to CpG ODN
were abrogated in response to anti-F4/80 Ab injection. To ensure
that F4/80" cells were depleted, we analyzed CD45" uterine
mononuclear and granular cell population by FACS for the pres-
ence of an F4/80™ population. As shown in Fig. 8B, uterine F4/
807 cells were successfully depleted below those of control levels.
CpG ODN, however, amplified the proportional presence of F4/
80" cells upward of 20%, similar to results shown in Figs. 3 and
5. Importantly, we assessed intracellular TNF-a production from
CpG ODN-treated mice depleted or not depleted for F4/80™" cells
from gd9 uteroplacental tissues. In the F4/80"-depleted mice,
there was a lack of intracellular staining for TNF-a compared with
levels seen in response to CpG ODN alone (Fig. 8B). These data
suggest a causative role of uterine macrophages in inducing ad-
verse pregnancy outcomes in CpG ODN-treated IL-10~/~ mice.

Discussion

It is widely accepted that the innate immune system is essential
as a dynamic factor that could be both protective and detrimen-
tal to the maternal-fetal stasis (3, 8—10). Although its role is
poorly understood, the relative presence of the TLR system in
the placental microenvironment further adds to this complexity.
Growing evidence clearly suggests that TLR-mediated activa-
tion through endogenous signals may indeed provide pregnan-
cy-compatible responses (12, 48). On the other hand, it is not
yet fully understood how the TLR machinery will respond to
external signals with origins from intrauterine infections and
inflammation, particularly when coupled with intrinsic deficien-
cies in molecules that are critical to normal pregnancy outcome.
Two such scenarios are the bacterial and viral DNA breakdown
products represented by unmethylated CpG ODN motifs and
dsRNA.

In this study, we have examined the gestational age-dependent
consequences of CpG ODN administration in pregnant WT and
IL-10~"~ mice. We observed that when injected i.p. on gd6 or
gd14, CpG ODN caused rapid fetal resorption or preterm stillbirth
in IL-10~'~ mice, respectively (Fig. 1). In contrast, a similar low
dose or a 10-fold higher CpG ODN dose failed to exert any ad-
verse pregnancy effects in WT mice. CpG ODN-mediated conse-
quences in IL-107"" mice were TLRY specific as an antagonistic
CpG ODN ligand-rescued pregnancy in response to pathogenic
CpG ODN (Fig. 2B). These observations point to a protective role
of IL-10 at the maternal-fetal interface when challenged with bac-
terial or viral pathogens that may give rise to CpG-like breakdown
products.

Several key features were noted in pregnant IL-10"/~ mice
when challenged with the pathogenic CpG ODN motif. First, the
induction of fetal resorption or preterm birth was rapid and severe
(Fig. 2A). In comparison, WT mice only experienced teratogenic
effects at a very high dose (~400 wg/dam) in a portion of the litter
at term. Second, the functional presence of uterine CD11b " F4/80™
macrophages and CD11b " Gr-1" neutrophils (Fig. 3), not CD11¢™
dendritic cells or NK1.17/CD3~ NK cells, was significantly in-
creased. This influx was critically associated with a drastic in-
crease in serum and the local presence of mKC (Fig. 4). Uterine
macrophages, not Gr-1" neutrophils, exhibited a significantly high
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production of TNF-a (Fig. 8). Importantly, both cell types unchar-
acteristically migrated to the placental zone (Fig. 5). Finally, de-
pletion of F4/80™ cells (Fig. 8) or in vivo neutralization of TNF-«
(Fig. 6E) in CpG-treated IL-10~'~ mice blunted fetal resorption
and preterm birth and rescued pregnancy to term (Table I).

It is important to mention that depletion of Gr-1" cells did not
lead to rescue of pregnancy nor did it reduce the presence of TNF-
a-producing uterine cells (Fig. 7). Thus, when encountered in an
abortion- or preterm birth-prone environment such as IL-10 defi-
ciency, TLRO-triggered cytotoxic activation of macrophages and
TNF-« production has severe pathological effects on pregnancy.
Neutrophils may influence pregnancy outcome mainly through
production of ROS (Fig. 7). These results are important in light of
the numerous reports on the association of bacterial and viral in-
fections with early and late pregnancy loss in humans (1, 2, 49,
50). In connection with these data, recent cohort studies have dem-
onstrated that women with abnormally low IL-10 production are
more susceptible to systemic and intrauterine infections, leading to
increased incidence of pregnancy loss (51-54).

TLRO, localized in intracellular compartments, is expressed in
both innate and adaptive immune cells and has been shown to be
present in uterine immune cells (11, 14, 15). Curiously, human
placental explants did not show any response to CpG compared
with agonists for other TLRs (12), suggesting that in humans the
maternal immune cells are the major target for CpG-mediated ef-
fects. It is possible that TLR9 remains localized to the endoplasmic
reticulum of the trophoblast in a nonfunctional form, whereas it
becomes activated by localizing to and undergoing cleavage in
endolysosomes in uterine macrophages and neutrophils (55, 56).
TLRO signaling has been shown to be essential for recruitment and
activation of NK and dendritic cells in many settings of parasitic
and bacterial infections (57). TLR9 /™ mice have been shown to
lack cytotoxic activation of these cells following infection with
Leishmania major (58). Since we did not observe cytotoxic acti-
vation of uNK cells, it is possible that these cells behave differently
in response to pathogenic TLRO agonists than circulating NK cells.

Our findings of high levels of mKC are critical for implications
toward understanding the balance between maternal and fetal
health. IL-8 has been shown to be imperative for proper tropho-
blast cell invasion in humans (6). On the other hand, dysregulated
production of this chemokine in response to a TLR9-mediated in-
flammatory insult could prove to be highly detrimental by way of
the robust recruitment of cytotoxic macrophages and neutrophils.

We have shown an increased incidence of two cellular popula-
tions in response to CpG-mediated pathogens in IL-10~/" mice,
namely, macrophages and neutrophils (Figs. 3 and 5). Although
the response of these cells to this TLRO ligand is widely expected
(59, 60), this is the first time it has been documented in the context
of pregnancy and the uterine microenvironment. We have eluci-
dated novel mechanisms involving these two cell types as first
responders to CpG-mediated inflammatory insult, and we have
parsed apart their individual roles in this system. Importantly, we
have linked the role of macrophages with the production of TNF-«
in response to CpG challenge during pregnancy (Fig. 8). Based on
our recent findings with other TLR ligands (Refs. 9 and 10; our
unpublished observations), we propose that TNF-« is a common
final product in response to a spectrum of TLR agonists that induce
adverse pregnancy outcomes in response to systemic administra-
tion. As shown in Fig. 6 and Table I, neutralization of TNF-«
resulted in rescue of pregnancy to term, suggesting that renewed
focus should be assigned to the cellular producers of this cytotoxin
in response to a particular TLR that is activated. An understanding
of the cellular diversity of TNF-a production at the maternal-fetal
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interface may be essential in providing proper therapeutic inter-
ventions in the context of pregnancy complications.
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