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Abstract
IL-10 is a pregnancy compatible cytokine that plays a vital role in maintaining balance of anti-
inflammatory and pro-inflammatory milieu at the maternal-fetal interface. Recent evidence now
suggests that IL-10 is a potent vascular cytokine that can blunt hypertension and inflammation-
mediated vascular dysfunction. Thus, a re-evaluation of IL-10 as a cytokine supporting
endovascular interactions and angiogenesis as well as blunting hypoxic-injury and preeclampsia-
like features is warranted. In this review, we will highlight these novel functions of IL-10 and
propose that its immunomodulatory and vascular functions are mutually inclusive, particularly in
the context of normal gestation.
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1. Introduction
Although defined as an anti-inflammatory product of T-helper 2 (Th2) cells (Fiorentino, et
al., 1989), IL-10 has now been shown to be produced by a wide set of cell types, including
both immune and non-immune cells. IL-10 plays a vital role during infection by dampening
the immune response to pathogens and consequently controlling the tissue damage in the
host. While IL10 expression seems to be regulated at the levels of signal transduction,
epigenetics, transcription factor binding, and gene activation (Saraiva and O'Garra 2010),
IL-10 is known to function by binding to its cognate receptor IL-10R and activates Janus
kinase (JAK) and STAT pathways. This recruits Tyk2 and Jak1 to the receptor complex.
The IL-10 receptor is composed of two subunits, IL-10R1 and IL-10R2. Expression of
IL-10R is reported on hemopoietic as well as non-hemopoietic cells (Moore et al., 2001).
IL-10R1 is constitutively expressed on placental cytotrophoblasts (Szony et al., 1999).
IL-10R1 is mainly necessary for the binding of the IL-10 protein while IL-10R2 is specific
to initiate a signaling cascade. Jak1 / Tyk2 recruitment induces phosphorylation of the
cytoplasmic tail of the receptors and this leads to signal transducer and activator of
transcription (STAT)-3 recruitment and phosphorylation which allows homodimerization
and entry into the nucleus for transcription of IL-10-regulated genes. Importantly, the
STAT3 complex also induces transcription of suppressor of cytokine signaling (SOCS)-3
that triggers a negative feedback loop of IL-10 regulation by blocking subsequent
phosphorylation of Jak1 (Thaxton and Sharma, 2010). Although the JAK-STAT pathway is
also used by other receptor signaling, the specificity of anti-inflammatory activity of IL-10
is imparted by SOCS-3. IL-10R seems to be refractory to the effects of all members of the
SOCS family that performs selective roles in suppressing cytokine signaling from receptors
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such as gp130 (e.g. IL-6 receptor), the leptin receptor and the granulocyte colony-
stimulating factor receptor (Murray, 2006).

IL-10 is now projected as a prominent cytokine that works in a pregnancy compatible
manner to sequester over-activation of pro-inflammatory signals at the maternal-fetal
interface. Pregnancy complications including preterm birth, fetal demise, and intrauterine
growth restriction could primarily be programmed by inflammation or infection in the utero-
placental unit. In addition to inflammation and infection, placental vascular deficiency is
also a main cause for preeclampsia and in some cases of preterm birth, and this could be due
to a direct effect of inflammatory events on placental vasculature. What could be a common
protector against inflammatory events and vascular dysfunction? Recent evidence from our
laboratory and others clearly suggest that IL-10 functions as a potent anti-inflammatory and
vascular cytokine. We discuss its potency against inflammatory and endovascular insults
and present evidence that IL-10 supports endovascular cross-talk and inhibits the onset of
hypoxia- and serum-induced preeclampsia-like disease in experimental models.

2. Inflammation and pregnancy: Does IL-10 make a difference?
Pregnancy can be separated into three distinct immunological stages: implantation →
inflammation, active gestation → anti-inflammation, and parturition → inflammation.
Maintenance of this temporal immune programming of pregnancy is critical to successful
outcome. The kinetics of IL-10 expression in human placental tissue indicate higher levels
during first and second trimesters compared to third trimester of pregnancy, suggesting an
immunosuppressive role of IL-10 over the course of human gestation (Hanna, et al., 2000).
Different cell types are involved in its production at the maternal-fetal interface. Notably,
villous cytotrophoblasts produce IL-10, although it is not clear how IL-10 influence the
trophoblast differentiation and invasion. It is possible that the decrease in MMP9
transcription under the influence of IL-10 in villous cytotrophoblasts (Roth, et al., 1996;
Roth and Fisher, 1999) may trigger further differentiation to an invasive phenotype.
Justifiably, extravillous trophoblasts are intrinsically poor in IL-10 production, thus possibly
allowing MMP expression and invasion competency (unpublished data).

Uterine NK (uNK) cells, the major lymphocytes present in the decidua during pregnancy,
have the ability to produce and be regulated by IL-10 (Chaouat, et al., 1997; Lidstrom, et al.,
2003, Murphy, et al., 2005). Importantly, unlike the primordial immune functions of NK
cells, the specialized uNK cells under the influence of pregnancy milieu function to support
pregnancy with their unique ability to aid in angiogenesis and placental regulation (Hanna,
et al., 2006; Kalkunte et al., 2009a). Decidual macrophages represent another innate
immunity cell type that is involved in proper development of the placenta (Lindstrom, et al.,
2003). Important insights into the immunological capabilities of uNK cells and decidual
macrophages have come from mouse models of pregnancy established in our laboratory and
others. In response to inflammatory stimuli such as LPS, a TLR4 agonist, fetal resorption or
preterm birth could be observed depending on gestational day (gd) of administration
(Murphy, et al., 2005; Robertson et al., 2006; Murphy, et al., 2009). We found that IL-10−/−

mice were highly sensitive to low doses of LPS, whereas WT mice required at least a 50-
fold higher dose to induce adverse pregnancy outcomes. Importantly, dysregulation of innate
immunity was similar in IL-10−/− and WT mice in that uNK cells became cytotoxic,
produced TNF-α, and infiltrated the placental zone. It is possible that depending on the type
of inflammatory trigger, gestational window of challenge and species, a spectrum of
immune cell types may be activated. In this regard, the IL-10−/− mouse model has led to
novel concepts in that diverse inflammatory triggers invoke a unique immune response with
TNF- α as the detrimental cytokine. For example, in response to TLR9 agonist CpG,
negative pregnancy outcomes were induced in IL-10−/− mice by abnormal activation of
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uterine macrophages, not uNK cells, that produced TNF- α and infiltrated the placental zone
(Thaxton, et al., 2009). Taken together, these results demonstrate that in response to
inflammatory triggers mimicking bacterial, viral infections, fetal DNA or necrotic tissue,
IL-10 is a protective agent.

It is thus conceivable that an anti-inflammatory milieu, perhaps dominated by IL-10, is
amplified during pregnancy most likely as a mechanism of tolerance toward the fetal
allograft. There have been several studies that associate IL-10 deficiency to adverse
pregnancy outcomes such as recurrent spontaneous abortion (RSA), preterm birth, and pre-
eclampsia (Hill, et al., 1995; Hennessy, et al., 1999; Raghupathy, et al., 1999; Rezaei and
Dabbagh, 2002; Plevyak et al., 2002; Makhseed, et al., 2003). The mechanisms that may
lead to poor IL-10 production at the maternal–fetal interface are not well understood.
However, polymorphisms in the IL-10 gene promoter have been associated with
dysregulated IL-10 production and several diseases. Recent studies have identified five
SNPs at −3575, −2849, −1082, −819, and −592 positions in the human IL-10 gene promoter
(Makris et al., 2006; Zammiti, et al., 2006; Kamali-Sarvestani, et al., 2006). Similarly, the
molecular effects of these SNPs in the IL-10 gene promoter in pregnant women remain to be
elucidated in the context of pregnancy complications. However, recent studies demonstrate
cell type–specific effects of the genotypic changes in the IL-10 gene promoter. Further,
these studies showed that the responses may be influenced by bacterial infections or other
inflammatory conditions to suppress IL-10 production in human trophoblasts (Sharma et al,
2010a). It is important to note that various cell types can produce IL-10 (Saraiva and
O'Garra 2010), and consequently, it is expected that expression of IL-10 in different cell
types is regulated uniquely in a cell type-specific manner. Further investigations are
warranted to answer these important issues.

3. Evidence for vascular IL-10
It is prudent to say now that the functions of IL-10 should be expanded to include not only
the immunomodulatory activities but also the protective role in hypertension- or
inflammation-induced vascular dysfunction. Recent studies from our lab showed that
exposure to environmental toxicants such as polychlorinated biphenyls (PCBs) result in
preterm birth, intrauterine growth restriction and two-fold increase in amniotic fluid only in
IL-10−/− pregnant mice (Tewari, et al., 2009). At the maternal-placental interface, impaired
spiral artery remodeling and placental angiogenesis were observed. Mechanistically, these
perturbations were associated with reduced placental protein levels of aquaporin-1 (Tewari,
et al., 2009) and perturbed VEGF receptor-Dll4-Notch signaling pathway (unpublished
observation) under IL-10 deficiency with minimal effects in wild type counterparts. This
suggested a protective role of IL-10 in amniotic fluid regulation, preterm birth and
angiogenesis. Indeed when recombinant IL-10 was co-injected along with PCBs, there was
complete rescue of preterm birth and IUGR, amniotic fluid regulation, and aquapoin-1
expression to normal pregnancy levels. We have developed a novel in vitro model of
endovascular activity that recapitulates the interaction between first trimester extravillous
trophoblast (EVT) lacking IL-10 production and endothelial cells and closely mimics
decidual spiral artery remodeling in response to serum from normal pregnancy (Kalkunte, et
al., 2008). Using this model, PCBs disrupted the endovascular activity which was rescued by
exogenous IL-10 (Tewari et al., 2009). Likewise, IL-10 has been shown to protect against
LPS- or angiotensin II-induced vascular dysfunction (Gunnett, et al., 1999; Didion, et al.,
2009). In an experimental model of pregnancy, IL-10 has also been shown to attenuate fetal
growth restriction and demise (Rivera, et al., 1998).
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4. IL-10 and preeclampsia
Preeclampsia (PE) is a late pregnancy malady that occurs in 5–10% of pregnancies
worldwide. PE is a systemic disorder resulting from poor placentation. Although the
pathogenesis of PE remains poorly understood, improper trophoblast invasion and poor
spiral artery remodeling resulting in placental ischemia/hypoxia are the major pre-clinical
events at the maternal-fetal interface (Brosens, et al., 1977; Meekins et al., 1994; Redman
and Sargent 2009; Kalkunte, et al., 2009b). As a consequence, placenta-derived flux of
inflammatory molecules and anti-angiogenic factors are observed in maternal systemic
circulation resulting in endothelial dysfunction and symptoms of hypertension, proteinuria
and kidney pathology (Levine, et al., 2004, Parikh and Karumanchi, 2008). The central role
played by placenta in the onset of this disorder is apparent as the symptoms resolve with
delivery. In this context recent studies from our lab have suggested that reduced production
of IL-10 may contribute to poor placentation and induction of vasoactive anti-angiogenic
factors. Curiously, evaluation of placental tissue and serum samples from PE has suggested
reduced IL-10 production (Wilczyński, et al., 2002; Hennessy, et al., 1999). There may also
be a genetic link to pre-eclampsia, and analysis of SNPs in the IL-10 gene promoter is likely
to provide insights into the nature of this disease. Interestingly, one genotype, −2849AA, is
thought to be associated with a threefold reduced risk toward acquisition of pre-eclampsia
(De Groot, et al., 2004).

Recent data from our group describing a serum-based pregnancy-specific mouse model of
preeclampsia and an in vitro predictive assay are intriguing. The in vivo model using
IL-10−/− mice closely mirrors the human condition and is pregnancy specific (Kalkunte, et
al., 2010). We showed that a single administration of human preeclampsia serum in pregnant
IL-10−/− mice induced the full spectrum of preeclampsia-like symptoms including IUGR,
hypertension, proteinuria and kidney pathology. The same serum sample(s) induced a partial
preeclampsia phenotype in wild type mice. Mechanistically, in the absence of IL-10, these
serum samples impaired spiral artery transformation, caused hypoxic injury in uteroplacental
tissue, and triggered excess production of soluble fms-like tyrosine kinase 1 (sFlt-1) and
soluble endoglin (sEng). We have recently undertaken a large scale proteomic analysis of
preeclampsia serum samples and have observed dysregulation of some novel proteins, which
when added to preeclampsia serum reverse its disease causing effects (Sharma, et al., 2009a;
2009b)

Although hypoxia (pathologic O2 levels) has been associated with the onset of preeclampsia,
no in vivo evidence exists to support this notion and the role of IL-10 in blunting hypoxia
effects. It is possible that extent and severity of placental hypoxia may define the placental
release of cytotoxic and anti-angiogenic factors into circulation leading to the onset of
systemic preeclampsia symptoms (Sharma, et al., 2010b). In this context, in a recent study
from our lab, we sought to define the pathologic levels of hypoxic perturbation and to
establish its “causal” link to preeclampsia in vivo. In this study, exposure of pregnant wild
type and IL-10−/− mice to 9.5% O2 resulted in graded placental injury and systemic
symptoms of PE (Lai, et al., 2009). These features were consequence of marked elevation of
sFlt-1, sEng and placental apoptosis mediated through the p53 signaling pathway.
Importantly, recombinant IL-10 reversed hypoxia-induced features in pregnant IL-10−/−

mice confirming the protective role of IL-10 in preeclampsia (Lai, et al., 2010). It is thus
possible that severity of preeclampsia pathology is associated with the extent of low oxygen
levels and intrinsic IL-10 deficiency.

These results strongly suggest a moderating role of IL-10 in placental angiogenesis,
hypoxia/ischemia and preeclampsia. This notion is further supported by a recent observation
that exogenous IL-10 can normalize blood pressure and endothelial function in pregnancy-
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induced hypertensive rats. In these studies, the beneficial effects of IL-10 in pregnant
DOCA/saline-treated (PDS) rats were associated with decreased plasma levels of
endothelin-1, decreased levels of circulating and placental IFN-γ, as well as decreased aortic
and placental expression of PECAM although the effect on placental angiogenesis and spiral
artery remodeling effects are not clear (Tinsley, et al., 2010).

5. Conclusions
In addition to the protective role of IL-10 in inflammation, we propose that IL-10 functions
as a vital bridge that links immunity, placental angiogenesis, and hypoxia at the maternal-
fetal interface (Fig 1). Our work in IL-10−/− mice for the first time provides important clues
to the pathogenesis of preeclampsia. These observations suggest the possibility of IL-10-
based therapy for adverse pregnancy outcomes, particularly when personalized medicine
becomes a reality for enigmatic maladies.
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Fig. 1. Immune-Vascular Interactions of IL-10: Implications in Preeclampsia
Interleukin (IL)-10 modulates vascular activity and endovascular interactions at the
maternal-fetal interface in addition to its known anti-inflammatory and immune-regulatory
functions. This ensures normal renal physiology and blood pressure during pregnancy.
Hypoxia is known to down regulate IL-10 expression (Bowen et al., 2005). In addition,
infection and ensuing inflammation may adversely influence cytokine balance and normal
physiological functions of IL-10 predisposing onset of preeclampsia.
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