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placentas of mice injected with IgG from normotensive pregnant women had undamaged 

placentas free from calcifications and fibrinous centers. Notably, co-injection of pregnant mice 

with PE-IgG and an anti-TNF-α antibody reduced the histopathologic changes observed in the 

placentas of PE-IgG injected animals. These results indicate that AT1 receptor activation can 

induce placental damage and that these changes can be reduced by blocking TNF-α action. 

Figure 28.  Autoantibody-induced placental damage can be reduced by TNF-α blockade. Pregnant mice were 
injected with NT-IgG, PE-IgG, or co-injected with PE-IgG and a TNF-α blocking antibody. Their placentas were 
assessed by H&E staining, 40X (a). PE-IgG injected mice had evidence of damaged placentas: calcifications (thin 
arrow) and fibrotic areas (thick arrow). Their labyrinth zones appear heterogeneous and have abnormal pools of 
blood (inset box). NT-IgG injected mice have unremarkable labyrinth zones and animals co-injected with PE-IgG 
and the TNF-α blocker have reduced placental damage. Placental apoptosis was assessed by TUNEL staining (b). 
10X. Scale bar, 1mm. PE-IgG injected mice had increased apoptosis in their labyrinth zones as compared to NT-
IgG injected animals. Quantification of the TUNEL assay (c) indicates a reduction in the TUNEL+ cells in 
pregnant mice injected with co-injected with PE-IgG and a TNF-α blocker as compared to the PE-IgG alone. Mice 
injected with the anti-TNF-α antibody alone had unremarkable placentas.  n = 9 for each variable. Green; TUNEL+ 
cells. Blue; DAPI+ nuclei. Western blot densiometric analysis of placental protein extracts confirm the TUNEL 
findings. Bax (d) was increased and Bcl-2 (e) was decreased in PE-IgG injected mice and partially restored in those 
animals co-injected with the TNF-α blocker. n=6 for each variable. *P<0.05 vs NT. **P<0.05 vs PE. ©Irani et al., 

2010. Originally published in Hypertension. doi: 10.1161/HYPERTENSIONAHA.110.150540. 
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Small placentas and fetuses are often associated with PE [169, 182, 189, 190]. 

Therefore, we assessed both of these parameters. Placental weights of AT1-AA-injected 

pregnant mice were smaller (0.0921±0.017 g) than placentas from mice injected with NT-IgG 

(0.1143±0.022 g). Co-injection of an anti-TNF-α antibody restored the autoantibody-induced 

placental weight reductions to 0.0991 ± 0.042 g. In addition, the weight of fetuses born in litters 

of 6-8 was analyzed. Autoantibody-injected mice bore fetuses of less weight (1.06±0.19 g) as 

compared to dams injected with NT-IgG (1.24±0.06 g). Co-injecting AT1-AA with a TNF-α 

blocker restored fetal size to 1.11±0.43 g. As compared to the NT-IgG-injected animals, 

injection of the anti-TNF-α antibody alone had no statistically significant effect on placental or 

fetal weight (0.1157±0.048 g and 1.27±0.10 g, respectively). Fetal and placental pairs: PE, 

n=46; NT, n=53; PE + Anti-TNF-α, n=37; Anti-TNF-α alone, n=34. Overall, the autoantibody 

induced reductions in placental and fetal weights were restored by co-injection of a TNF-α 

blocker, implying an important role for this cytokine in the regulation of these effects. 

Because TNF-α is a potent pro-apoptotic factor and increased placental apoptosis is 

associated with PE [245, 253, 271], I investigated the level of apoptosis in the placenta of 

autoantibody-injected pregnant mice.  An increase in programmed cell death was observed in 

the labyrinth zone of placentas from AT1-AA-injected mice as seen by quantified TUNEL 

staining (Figs. 28b-c).  This was further confirmed western blot analysis of Bax and Bcl-2, two 

apoptotic regulatory proteins. An increase in Bax, a pro-apoptotic protein, and a decrease in 

Bcl-2, an anti-apoptotic protein, were observed (Figs. 28d-e).  The degree of apoptosis was 

reduced in the placentas of mice co-injected with PE-IgG and the anti-TNF-α antibody. Mice 

injected with IgG from normotensive pregnant women, did not show increased apoptosis. This 

evidence confirms the fact that AT1 receptor activation can increase mouse placental damage 

and TNF-α blockade can reduce these detrimental effects.  
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A cohort of preeclamptic patients has increased TNF-α levels correlating to AT1-AA 

bioactivity. 

From the mouse work presented here, it has been established that AT1-AA contributes 

to the induction of TNF-α in pregnant mice. To determine if a relationship exists between the 

autoantibody and TNF-α in humans, serum levels of TNF-α was compared to AT1–AA 

bioactivity in normotensive pregnant women (n=16) and women with PE (n=20).  First, it was 

confirmed that the preeclamptic population had increased serum TNF-α. Similar to other 

reports [238, 241, 245, 253, 272], the results (Fig. 29a, Table 2) reflected that circulating TNF-

α is increased in preeclamptic patients, and its mean concentration was higher than that found 

of normotensive pregnant women (48±3 and 16±3 pg/ml, respectively, P<0.001). Five of the 

sixteen normotensive pregnant patients and none of the twenty preeclamptic women had 

undetectable levels of the cytokine, which is also consistent with other studies [245, 272]. 

These findings confirm that serum TNF-α is increased in the cohort of preeclamptic women 

studied here.  

Figure 29:  Circulating TNF-α 

positively correlates to AT1-AA 

bioactivity in preeclamptic 

women. Preeclamptic patients 
(n=20) used in the study 
demonstrated an elevated level of 
serum TNF-α (a). Normotensive 
(NT) patients (n=16) did not 
demonstrate elevated cytokine 
levels, and 5 of 16 patients did not 
have detectable levels. Solid line 
indicates the median concentration. 
The dotted line indicates the lowest 
detectable threshold of the assay. A 
positive correlation (b) between 
AT1-AA bioactivity, as assessed by 
an in vitro cell culture luciferase 
reporter assay, and serum TNF-α 
level in preeclamptic women was 
identified (r=0.85, n=20, P<0.001). 
©Irani et al., 2010. Originally 
published in Hypertension. doi: 
10.1161/HYPERTENSIONAHA.1
10.150540. 
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Next, the bioactivity level of AT1-AA in the sera of women with PE and NT pregnant 

women were determined by testing sera-derived purified IgGs for the ability to activate AT1 

receptors using an established luciferase reporter gene system [38]. The purified IgGs isolated 

from patient sera were incubated with a reporter cell line in which AT1 receptor activation 

results in the stimulation of luciferase activity. Intriguingly, there was a positive correlation 

between AT1-AA bioactivity and circulating TNF-α level in preeclamptic women (Fig. 29b, 

r=0.85, n=20, P<0.001). These data confirm earlier reports that preeclamptic patients harbor 

increased levels of AT1-AA and show for the first time that AT1-AA bioactivity is correlated to 

serum TNF-α in preeclamptic women. Thus, it is possible that AT1-AA-mediated induction of 

TNF-α may significantly contribute to the pathophysiology of the disorder in humans. 

 

AT1 receptor-mediated TNF-α induction contributes to placental apoptosis and sFlt-1 and 

sEng secretion in human villous explants. 

Because no elevation of the cytokine was observed in non-pregnant animals injected 

with the autoantibody, it is likely that the placenta contributes to the production of 

autoantibody-induced TNF-α. As such, human placental villous explants were used to assess 

the direct role of AT1-AA in TNF-α production in human. Placental explants incubated with 

PE-IgG showed an increase in secreted TNF-α, whereas the cytokine was not induced in 

explants incubated with NT-IgG (913.1±62.3 and 250.6±21.6 pg/ml, respectively) (Fig. 30a). 

AT1 receptor activation was required for TNF-α secretion, as co-incubation of PE-IgG with 

either losartan, an AT1 receptor blocker, or a 7-aa epitope peptide which neutralizes 

autoantibody action, attenuated the induction of TNF-α levels (214.4±24.1 and 506.4±163.8 
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pg/ml, respectively). Thus, IgG purified from women with PE is capable of inducing TNF-α 

secretion via AT1 receptor activation from human placental villous explants.  

To elucidate the pathophysiologic consequences of AT1-AA-induced TNF-α production 

by the placenta, human placental explants and the explant culture medium were examined for 

Figure 30:  TNF-α blockade reduces AT1 receptor-mediated placental damage in human villous explants. 
Culturing PE-IgG with human villous explants resulted in TNF-α secretion via AT1 receptor activation (a). Co-
culturing the explants with PE-IgG and losartan (5µM) or 7-aa (1µM) reduced the cytokine level, specifically 
indicating that autoantibody-induced AT1-receptor activation was required. Incubation of the explants with NT-IgG 
did not increase TNF-α secretion. Apoptosis was increased in explants incubated with AT1-AA and was partially 
diminished by blocking TNF-α activity (b, c). Explants cultured with NT-IgG demonstrated decreased cell death. 
TUNEL stained cultured human villous explants (b). Green; TUNEL+. Blue; DAPI+. 10X. Quantification of 
TUNEL staining (c) indicates that co-incubation with PE-IgG and an anti-TNF-α agent (5µg/ml) reduces the 
amount of apoptosis. Western blot densiometric analysis of explant proteins reflects an increase in Bax (d) and a 
decrease in Bcl-2 (e). In addition, sFlt-1 (f) and sEng (g) secretion were reduced by co-incubation of PE-IgG with 
an anti-TNF-α antibody. 6 different placentas were collected, and from each n=4, total n=24 for every variable. 
*P<0.05 vs NT. ** P<0.05 vs PE. ©Irani et al., 2010. Originally published in Hypertension. doi: 
10.1161/HYPERTENSIONAHA.110.150540. 
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pathological changes associated with PE. Placental explants were incubated with IgG purified 

from normotensive pregnant women and preeclamptic women in the presence or absence of a 

TNF-α neutralizing antibody. The level of apoptosis was determined by a TUNEL assay 

conducted on thin sections of fixed placental tissue. The results (Figs. 30b-c) show that 

explants exposed to PE-IgG demonstrated an increase in placental apoptosis which was blocked 

by the presence of a TNF-α blocking antibody. Placental fragments incubated with NT-IgG did 

not show significant apoptosis. This evidence was corroborated with western blot analysis 

indicating an increase in Bax and decrease in Bcl-2 proteins, resulting in a pro-apoptotic state 

in these explants (Figs. 30d-e). These results suggest that autoantibody-induced placental cell 

apoptosis is mediated through the action of TNF-α. Experiments were also conducted to 

determine the role of TNF-α in autoantibody-mediated induction of the placental derived anti-

angiogenic factors, sFlt-1 and sEng. The results (Figs. 30f-g) show that the autoantibody-

mediated increases in sFlt-1 and sEng were reduced by TNF-α blockade. These findings are 

consistent with those observed in the mouse model and suggest that AT1-AA-induced TNF-α 

mediates sFlt-1 and sEng production. 
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DISCUSSION 

 

In this study, it was identified for the first time that an elevated TNF-α level is 

correlated to AT1-AA bioactivity in preeclamptic women and provided both in vitro human 

studies and in vivo mouse evidence that AT1-AA is a novel candidate directly inducing TNF-α 

production via AT1 receptor activation. Neutralizing AT1-AA-mediated TNF-α induction 

attenuates the increased placenta apoptosis and sFlt-1 and sEng secretion by cultured human 

villous explants. Moreover, TNF-α blockade ameliorates all of the key features associated with 

PE seen in autoantibody-injected pregnant mice in vivo. Both the mouse and human studies 

reported here provide strong evidence that AT1 receptor activation by the autoantibody induces 

TNF-α, and that the increased TNF-α production is an underlying mechanism contributing to 

pathogenesis of the disease. Overall, these studies have identified the essential role of AT1-AA-

induced TNF-α production in PE and demonstrated the importance of this cytokine in the 

pathogenesis of the disorder. These findings suggest a novel therapeutic option for the 

complicated management of this serious condition. 

The increased maternal inflammatory response associated with PE is speculated to 

contribute to the pathogenesis in the disease [247, 273]. However, the direct cause of the 

increased inflammatory cytokine production is unknown and the pathogenic role of these 

inflammatory cytokines is undetermined. Multiple in vitro studies demonstrate that increased 

inflammatory cytokine production may lead to endothelial dysfunction, increased placenta 

apoptosis, decreased angiogenesis and kidney abnormalities that are relevant to the 

pathophysiology of the disease [242, 274, 275]. Because PE is a multisystem disorder, using 

animal models to understand the cellular interplay is an essential step towards deciphering the 
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specific signaling pathways involved. However, there are few animal models of PE available 

and none of them have delineated the cause of the increased inflammatory response and its 

pathogenic functions.  Here, using a novel autoantibody-induced model of PE in pregnant mice, 

it was shown that autoantibody-mediated AT1 receptor activation induces TNF-α, among other 

inflammatory cytokines, and that its production through this mechanism is pregnancy-

dependent. The results of this screen imply that the autoantibodies from preeclamptic women 

are capable of inducing a pro-inflammatory response in pregnant mice. Since IgG purified from 

normotensive pregnant women did not elicit the same cytokine profile, the effect can be 

attributed to the autoantibody itself and not a non-specific immunologic response.  

Next, it was demonstrated that TNF-α blockade attenuates autoantibody-induced 

preeclamptic features in AT1-AA-injected pregnant mice, including hypertension and 

proteinuria as well as reducing circulating TNF-α itself. Using an antibody competition 

strategy, the evidence provided shows that the anti-TNF-α neutralizing antibody does not 

interfere with the measurement of TNF-α concentration by the ELISA used in the study. Thus, 

this finding indicates that anti-TNF-α antibody treatment decreases TNF-α induction in 

autoantibody-injected pregnant mice. Using a multi-analyte inflammatory cytokine ELISA, 

additional evidence shows that anti-TNF-α antibody treatment decreases other pro-

inflammatory molecules observed in AT1-AA-injected mice. So, without interference, TNF-α-

induced cell damage and inflammation create a detrimental cycle, facilitating further cell 

damage and inflammation. However, in the presence of an anti-TNF-α antibody which 

neutralizes TNF-α effects, this damage is decreased, slowing the malicious cycle and results in 

blocking the heightened inflammatory network. Thus, it was revealed for the first time that 

AT1-AA is a key mediator in inducing the inflammatory cascade in PE and that TNF-α 

blockade can attenuate this response.  
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The direct role of TNF-α in disease mechanism 

Although a potential role of TNF-α induction in hypertension and proteinuria seen in PE 

has been suggested, the pathogenic mechanisms underlying these effects have not been clearly 

identified. Earlier studies have shown that the pro-inflammatory TNF-α, a 51 kDa 

homotrimeric protein in its soluble form, is associated with both vascular damage and 

hypertension [276]. Jovinge et al. have shown that mice deficient in TNF-α have reduced 

atherosclerotic lesions, suggesting that the cytokine plays a key role in vascular injury [277]. 

Similarly, in salt-sensitive rats, TNF-α blockade has been successful in alleviating both the 

hypertension and renal damage observed in this model [278]. In pregnant rats, TNF-α enhances 

contraction and inhibits endothelial nitric oxide-cGMP-mediated relaxation in systemic vessels, 

which could contribute to hypertension [279]. Chronic infusion of TNF-α into pregnant rats to 

achieve a two-fold increase in concentration is sufficient to induce hypertension and increase 

endothelin production, which the authors believe contributes to the vascular damage associated 

with the maternal symptoms of PE [220]. These examples illustrate that the inflammatory 

properties of TNF-α contribute to vascular damage and high blood pressure and could therefore 

do the same in the situation of PE.  

In addition, Muller et al. report a double transgenic rat model that has increased levels 

of circulating ANG II which exhibits hypertension, renal dysfunction as well as increased TNF-

α [126]. In this model, the authors believe that increased TNF-α contributes to kidney injury via 

complement activation and that excess ANG II sensitizes the vasculature to the effects of the 

cytokine. The induction of TNF-α in the autoantibody-injection model of PE is accompanied 

with an autoantibody-mediated increases in sFlt-1 and sEng. Others have also shown that sFlt-1 

and sEng are induced by TNF-α [97, 280]. Thus, in view of the known hypertensive and renal 

effects of sFlt-1 and sEng, it is possible that the hypertensive and renal effects of TNF-α are 
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mediated through the increase of these soluble factors. The results of the animal model studies 

reported here provide evidence to support the novel concept that autoantibody-mediated AT1 

receptor activation induces TNF-α production which results in the maternal features of PE 

including hypertension and proteinuria. 

Besides the direct detrimental effects of TNF-α on maternal features, TNF-α has long 

been implicated in the placental damage associated with PE [208, 209]. Though the nature of 

placental damage is well-established in PE, the exact role and specific source of TNF-α remain 

undefined. In this study, it was confirmed that TNF-α is increased in the serum of the 

preeclamptic patient cohort studied, but also revealed that these elevated levels of TNF-α are 

correlated to the AT1-AA bioactivity in these preeclamptic individuals.  Using non-pregnant 

mice it was demonstrated that AT1-AA-mediated TNF-α induction is pregnancy-dependent, 

which implies that the placenta is a major source for increased TNF-α seen in circulation.  

Supporting this mouse study, it was shown here that AT1-AA are also capable of inducing 

TNF-α in cultured human villous explants. More importantly, both mouse and human studies 

reveal the novel role of AT1-AA-mediated TNF-α induction in placental abnormalities seen in 

PE including increased apoptosis, as well as sFlt-1 and sEng secretion. These findings are 

supported by earlier studies showing that TNF-α is not only increased in the serum of 

preeclamptic women, but also locally in the placenta where villous cytotrophoblasts express 

TNF-receptor 1 (TNF-R1) and house all the machinery necessary to carry out programmed cell 

death [198, 281].  Reister, et al. demonstrate that increased TNF-α generated by macrophages 

found in the placentas of preeclamptic women leads to apoptosis in extravillous trophoblasts 

[282]. More importantly, recent studies demonstrate that TNF-α directly induces the 

detrimental anti-angiogenic factors, sFlt-1 and sEng, in cultured human villous explants [97, 

280]. Overall, these studies are in agreement with the current findings and suggest an essential 
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role of AT1-AA-induced TNF-α in both the maternal symptoms and placental features observed 

in PE.   

 

The indirect role of TNF-α in disease mechanisms 

In other disease models it is unclear whether TNF-α has only a direct pathogenic role or 

whether it contributes to disease features indirectly via the induction of other mediators. For 

example, in rheumatoid arthritis, TNF-α induces the expression of other pro-inflammatory 

cytokines, such as IL-1 which initiates a potent inflammatory cascade [283, 284]. Therefore, in 

this situation, the blockade of TNF-α action decreases production of downstream mediators and 

arthritic features are indirectly abrogated. As demonstrated by the inflammatory cytokine array 

(Fig, 24), this may also be the case in PE. 

It is clear through the evidence presented here that reducing TNF-α action significantly 

attenuates the key preeclamptic symptoms initiated by AT1-AA in pregnant mice, indicating an 

essential role for this cytokine in PE, be it directly or indirectly. In the placenta, decreasing 

TNF-α production may directly reduce the amount of trophoblast apoptosis and result in a 

healthier organ (Figs. 28, 30). By limiting placental damage, reductions in TNF-α may also 

decrease the release of key anti-angiogenic factors, sFlt-1 and sEng (Fig. 30). With little 

increase in these factors, the subsequent maternal vascular and renal damage may be reduced 

thereby alleviating maternal symptoms. As described earlier, by decreasing circulating TNF-α, 

other inflammatory mediators, such as IFN-γ, are also reduced. This leads to less TNF-α-driven 

vascular injury via the initiation of inflammatory cascades. Should these pathways not be 

instigated, then the endothelial damage associated with PE may not be as severe, and the 

symptoms may be lessened. Together, these scenarios indicate that TNF-α may be directly or 
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indirectly contributing to preeclamptic features and regardless, its blockade can reduce their 

severity.  

It should not be overlooked that AT1-AA alone may contribute directly to certain 

features of PE which are independent of TNF-α. For example, the autoantibody can directly 

stimulate the AT1 receptors of vascular smooth muscle cells and induce vasoconstriction [285, 

286]. Likewise, the autoantibody could activate AT1 receptors on endothelial cells resulting in 

the synthesis of endothelin-1, a powerful vasoconstrictive agent [219, 287]. The autoantibody 

may also directly bind to AT1 receptors on renal mesangial cells to induce PAI-1 secretion [21]. 

Therefore, it is not surprising that TNF-α blockade only partially relieves autoantibody-induced 

features of PE, including the partial attenuation of hypertension and proteinuria observed in the 

pregnant mice co-injected with AT1-AA and the anti-TNF-α antibody (Fig. 25). 

 

TNF-α and hypertension 

In general, increased inflammation has been implicated in the pathogenesis of 

cardiovascular injury and the development of hypertension. Immunosuppressed HIV+ patients 

display hypertension upon aggressive anti-retroviral therapy which restores their depleted 

cytokine-inducing CD4 T cell count [288]. Cancer patients infused with alloactivated T cells 

which mount an inflammatory response also develop hypertension [289]. Reduced systemic 

inflammation via thymectomy or pharmologic interventions decrease blood pressure in 

genetically modified hypertensive rats [290-292]. More specifically, elevations in the pro-

inflammatory cytokine TNF-α have been reported in patients with severe atherosclerosis [293], 

congestive heart failure [294] and other forms of hypertension [295]. It has been proposed that 

this pro-inflammatory cytokine plays a role in both the initiation and amplification of 
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inflammatory cascades [296, 297]. The work reported here supports these claims, as it was 

shown that TNF-α blockade can significantly reduce the circulating levels of other 

inflammatory cytokines in PE-IgG pregnant mice (Fig. 24). There are many proposed 

mechanisms by which TNF-α brings about vascular injury: by induction of other cytokines, 

such as IL-6 [298], IL-1 [284]; increasing endothelin-1 [299, 300]; causing aberrant 

angiogenesis [301] and the inhibition of endothelial-dependent release of nitric oxide and 

vasodilation [302, 303]. All of these mechanisms reportedly contribute to systemic 

inflammation and the subsequent hypertension observed in patients. Interestingly, many of 

these same vascular injuries are observed in PE as well as other autoimmune diseases such as 

rheumatoid arthritis, as well as through AT1 receptor activation [73, 304-307]. The mechanistic 

relationship between hypertension, autoimmunity and inflammation is a topic of great interest 

and will surely be the subject of exciting future work. 

Several small-scale clinical trials have been performed to investigate the capability of 

TNF-α blockade in the treatment of cardiovascular disease. Hurlimann et al. have demonstrated 

that patients with rheumatoid arthritis receiving a TNF-α blocker have improved vascular 

function and decreased progression towards atherosclerotic disease and hypertension over those 

patients not receiving this drug [308]. Others have shown that anti-TNF-α treatment in 

rheumatoid patients improves various cardiovascular outcomes, whereas untreated groups 

suffer from a 5-fold increase in cardiovascular mortality [309, 310]. Fichtlscherer et al. 

observed improved cardiovascular functional status in patients suffering from chronic heart 

failure administered with a TNF-α blocker [311]. In addition, cardiovascular disease including 

the incidence of PE is elevated in the case of SLE and rheumatoid arthritis [312, 313], implying 

that autoimmune processes may play a role in the manifestations of disease symptoms. 
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Together, these reports suggest that TNF-α plays a pivotal role in the inflammation associated 

with hypertension, and reduction in its function may forestall symptom development. 

 

Anti-TNF-α agents: a novel therapy for PE?    

The current therapy for PE is extremely limited. There is no absolute cure for the 

disorder. While physicians use anti-seizure medications to stave off severe ecclamptic 

symptoms, delivery of the baby and placenta is the only way to abate progressing symptoms. 

There is a dire need to improve the current therapy of this hypertensive complication which is 

the indication for 15% of all preterm deliveries and 18% of all pregnancy-related deaths in the 

US per year [29, 30, 178]. 

Based on the findings reported here, TNF-α blockade may be a possible therapy to 

alleviate preeclamptic symptoms (Fig. 31).  Similar to the effects of the anti-TNF-α antibody 

employed in our AT1-AA-injected pregnant mice, a soluble TNF-α receptor also attenuates 

hypertension seen in pregnant rats generated by a reduced uterine placental perfusion (RUPP) 

[314].  Thus, both of these animal studies provide strong preclinical evidence to support the 

novel therapeutic possibility of targeting this deleterious cytokine which is associated with PE. 

Notably, both soluble TNF-α receptors and anti-TNF-α antibody therapies are used in many 

autoimmune diseases, such as rheumatoid arthritis, psoriatic arthritis, ankylosing spondylitis 

and inflammatory bowel disease [96, 315, 316]. Great success has been achieved by blocking 

TNF-α activity in these diseases and is the mainstay of their treatment. Though there are 

associated risks of infection with the available injectable proteins, the development of oral 

small-molecule inhibitors is on the pharmacological horizon [283]. Thus, these soluble TNF-α 
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receptor agents may prove to be safer, cheaper and require fewer doses, making them ideal for 

use in the developing world where PE is extremely prevalent and deadly.  

 

Therapeutic side effects 

The reported side effects and known teratogenicity of a drug are extremely important 

when considering its use in a pregnant woman. The US FDA currently classifies anti-TNF-α 

agents as having no documented human fetal toxicity (Category B) [283]. Animal studies, such 

as those of Giroir et al., have shown no evidence of teratogenicity in the pups born to mice 

injected with an anti-TNF-α protein [317]. In addition, there is precedence for use of anti-TNF-

α agents in pregnant women. Roux et al. in their comprehensive review report several studies 

where women being treated with anti-TNFα agents for various rheumatologic disorders have 

successful normal gestations and births [318, 319]. This evidence of drug safety supports the 

need for future work in employing anti-TNFα blockers in the management of PE. 

While this dissertation did not follow the pups born to mice co-injected with AT1-AA 

and the anti-TNF-α antibody, there were no adverse effects reported in the dams. Moreover, in 

the pregnant mice injected with the anti-TNF-α antibody alone, there were no obvious harmful 

consequences observed and these mice have blood pressure, renal function and placental 

morphology similar to that of control mice injected with IgG derived from normotensive 

pregnant women (Fig. 25). Based on these findings, the anti-TNF-α agent used do not cause 

harm to the pregnant mice used in the adoptive transfer model. However, future studies will 

have to be performed to ascertain any detrimental effects on the fetus. 
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Taken together, these studies identified AT1-AA as a novel candidate responsible for 

the increased inflammatory response associated with PE by directly inducing TNF-α production 

via AT1-receptor activation (Fig. 31). Both human and mouse studies demonstrate that this 

inflammatory cytokine plays an important role in the pathogenesis of this hypertensive 

condition. Of significant importance, its blockade reduces the maternal features of the disease 

in an adoptive transfer mouse model of PE. In addition, AT1-AA-induced placental damage can 

be alleviated by preventing TNF-α action in human villous explants. These findings indicate a 

central role of TNF-α in placental damage and subsequent disease symptom development. The 

work reported here could be the foundation leading to future human trials and a possible 

therapy for PE, a life-threatening disorder of pregnancy for which the current treatment is 

extremely limited. 

Figure 31:  Schematic depicting the possible role of TNF-α in AT1-AA-induced preeclamptic features. 

Autoantibody-mediated TNF-α signaling could generate the maternal symptoms associated with PE. This 

implies that blockade of both TNF-α and AT1 receptor signaling may be potential therapeutic strategies in the 

management of this serious disorder of pregnancy. 
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GENERAL CONCLUSIONS & SIGNIFICANCE 

 

Overall conclusions 

 Taken together, the body of work presented here makes a strong case that the 

autoantibody, AT1-AA, plays a major role in the pathogenesis of PE. Many groups, including 

our own, have shown that women with PE harbor increased levels of this autoantibody [33, 34]. 

In this dissertation, it was illustrated how biologically active AT1-AA can be purified from the 

serum from preeclamptic patients and injected into pregnant mice. Upon injection with the 

autoantibody, these dams recapitulate preeclamptic disease features: hypertension, proteinuria 

and the liberation of detrimental anti-angiogenic factors [38]. Fetal and placental features were 

also examined. It was established that autoantibody-mediated AT1 receptor activation 

contributes to IUGR and placental abnormalities [99]. All of the disease traits observed, both 

maternal and fetal, could be specifically reduced by the co-injection of an AT1 receptor blocker, 

losartan, or an autoantibody-neutralizing peptide, 7-aa. Moreover, when human villous explants 

were cultured in the presence of AT1-AA, increased liberation of sFlt-1, sEng and TNF-α were 

recorded, as was elevated placental explant apoptosis. For most of the studies described, 

parallel experiments were performed in non-pregnant mice in order to define the role of AT1-

AA independent of pregnancy. In general, the manifestation of autoantibody-mediated 

preeclamptic symptoms required the state of pregnancy. These experiments demonstrate that 

excess AT1 receptor activation by the autoantibody results in a preeclamptic-like state in the 

pregnant mouse, and alongside the villous explant data, they demonstrate the pathogenic role of 

AT1-AA in PE (Fig. 32). 
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To further examine the mechanism by which the autoantibody may cause these 

symptoms, the sera of PE-IgG-injected mice were examined for inflammatory cytokines. 

Excess AT1 receptor activation resulted in the induction of several pro-inflammatory 

molecules, most notably, TNF-α, a factor known to be increased in PE. Therefore, I employed 

the adoptive transfer model to address the concept of TNF-α blockade in the disorder. Co-

injection of AT1-AA and an anti-TNF-α antibody was capable of reducing disease features in 

pregnant mice, including a heightened inflammatory response, and the liberation of detrimental 

factors in cultured human villous explants. Therefore, these results indicate that AT1-AA-

mediated induction of excess TNF-α may contribute to preeclamptic symptoms.  

Figure 32: The role of AT1-AA in preeclampsia. Excess AT1 receptor activation may contribute to both  

the maternal and fetal features associated with PE. 
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Through the work presented here, it can be concluded that the autoantibody, AT1-AA, 

plays a pathogenic role in the hypertensive disease of pregnancy, preeclampsia. Both in vitro 

and in vivo studies confirm that selective blockade of this autoantibody or its downstream 

targets, such as TNF-α, alleviates the features associated with the disease. These facts have 

immediate therapeutic implications which could improve upon the inadequate screening, 

diagnostic markers, and treatments available for this prevalent and deadly disorder of mother 

and child. 

 

Other animal models elucidating the role of AT1-AA and the maternal features of PE  

Our group is not the only to investigate the role of AT1-AA in the development of 

gestational hypertension. To explore this concept, Dechend et al. mated female rats expressing 

the human angiotensinogen gene with male transgenics expressing the human renin gene [320]. 

Towards the end of their pregnancy, these dams experienced hypertension and proteinuria 

which resolved post-partum. These females developed other preeclamptic-like features, such as 

glomerular fibrin deposition and placental vascular defects. Importantly, the same autoantibody 

circulating in preeclamptic women, AT1-AA, was detectable in the serum of these pregnant 

transgenic rats [320]. The remarkable finding of AT1-AA production in the setting of RAS 

dysregulation implies that these features have a close relationship in the pathophysiology of PE. 

Another group used a model of placental ischemia to elucidate the etiologic factors responsible 

for the maternal syndrome. Granger et al. performed a surgical manipulation called reduction 

uterine perfusion pressure (RUPP) in rats in order to determine if this reduced placental blood-

flow could result in preeclamptic symptom manifestation [321]. Indeed, the RUPP-treated rats 

experienced preeclamptic-like features: hypertension, proteinuria, and increased sFlt-1, TNF-α, 



115 

 

endothelin production and endothelial dysfunction. Remarkably, AT1-AA could be isolated 

from the manipulated rats, whereas un-manipulated pregnant rats did not produce the 

autoantibody [218]. The same group investigated the effect of TNF-α infusion during 

pregnancy. Again, hypertension developed and AT1-AA was detectable in the circulation of 

pregnant rats infused with low-dose TNF-α throughout pregnancy [218]. Non-pregnant animals 

did not share similar features, implying that adequate balance of inflammatory molecules and 

placental perfusion are necessary for a healthy pregnancy, and that decreased perfusion may 

lead to an inflammatory response triggering autoantibody production. The development of AT1-

AA in genetically and surgically manipulated rats as well as those infused with low-dose TNF-

α reveals the important relationship between RAS regulation and maternal health during 

gestation. The consistent development of AT1-AA in these experimental animal models also 

suggests a common antigenic origin, which provides evidence for the concept that PE is an 

autoimmune disorder of pregnancy.   

 

AT1-AA: prevalence, persistence and the push forward 

The exact etiology of self-recognizing antibodies in autoimmune diseases is difficult to 

discern. Many factors have been proposed which may lead to autoantibody production in 

general, including genetic predispositions, maladaptive immune responses and environmental 

triggers [322-324]. All of these mechanisms could contribute to the generation of the 

autoantibody associated with PE. It is currently unknown what triggers the production of AT1-

AA and when the autoantibody first arises in pregnancy. In their original paper, Wallukat et al. 

used affinity purification and peptide competition experiments to illustrate that the 

autoantibodies found circulating in preeclamptic women have a common epitope: a seven 

amino acid sequence on the second extracellular loop of the AT1 receptor (AFHYESQ) [33]. In 
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another human study, we have shown >95% of 37 preeclamptic women harbored AT1-AA and 

that the bioactivity of the autoantibody correlated significantly to disease severity, in particular 

proteinuria [34]. Normotensive pregnant women were also assessed for the presence of AT1-

AA. Less than 30% of these women had any detectable autoantibody levels, which were five-

fold less than those observed in the preeclamptic group. The consistencies of these studies 

suggest a common immunologic origin of AT1-AA in preeclamptic women, an area of exciting 

future work. 

In the short term, preeclamptic symptoms usually abate within 48 hours postpartum and 

normal blood pressure is restored approximately 12 weeks after delivery. However, a definitive 

timeline of AT1-AA persistence in preeclamptic women is currently unknown. In a small study, 

Hubel, et al. reported that 17.2% of 29 women with a previous history of PE harbored AT1-AA 

18±9 months post-partum, versus 2.9% of 35 women without a previous history of the disorder 

[325]. Future work will have to build upon this study to determine exactly when autoantibody 

titers decrease post-partum in preeclamptic women. 

The long-term cardiovascular and renal consequences of PE are areas of recent interest. 

Many groups have reported that having a previous history of PE puts a woman at increased risk 

for overall cardiovascular risk [326], stroke and chronic hypertension later in life [235, 327], 

ischemic heart disease [328] and death due to cardiovascular complications [329], as compared 

to women who have not suffered from the disorder. Renal complications may also persist in 

preeclamptic women. Glomerular endothlelial cell swelling with fibrin deposition [330], 

microalbuminuria and endothelial cell dysfunction [331, 332] have all been documented in 

preeclamptic women several months post-partum. It will be of particular interest to determine if 

AT1-AA are present in the women with a history of PE who go on to suffer from cardiovascular 

and renal complications later in life. 
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Taken together, the common immunologic features and long-term sequelae in these 

human studies provide mounting evidence that PE may in fact be an autoimmune disorder of 

pregnancy. Should this be the case, autoantibody-targeted therapies may be beneficial not only 

in the immediate treatment of this devastating disease, but also to abate future health risks. 

Further investigation into the natural history of these autoantibodies in preeclamptic women is 

necessary. 

 

Molecular mimicry: Human parvovirus B19 and the AT1 receptor  

There are many theories as to how the process of autoimmunity occurs. Though none 

have proven unequivocally true in all cases, there is one prevailing theory which may apply to 

the generation of the autoantibody associated with PE: molecular mimicry. Molecular mimicry 

involves an infection-induced activation of self-reactive lymphocytes. The generation of 

autoreactive T and B cells results from sequence similarities between foreign peptides found on 

bacteria or viruses and self-peptides found naturally throughout the body. There are many 

examples of infectious agents causing autoimmune-induced pathology: β-hemolytic 

streptococci and cardiomyocyte antigen similarities resulting in rheumatic fever; 

coxsackieviruses leading to myocarditis; Trypanosoma cruzi infection followed by Chagas’ 

disease; Borrelia burgdorferi infection and Lyme disease arthritis [333, 334]. Importantly in 

many cases, adoptive transfer experiments using animal models provide direct evidence that 

infection with a particular pathogen results in its associated autoimmune disease [335].  

As discussed earlier, AT1-AA, the autoantibody associated with PE, can be effectively 

neutralized by a peptide corresponding to a short sequence on the second extracellular loop of 

the AT1 receptor, AFHYESQ. This consistent association implies that this sequence may be the 
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antigenic epitope to which the autoantibody is raised against. This fact begs the question, why 

would a sequence found on a receptor located on virtually every cell type in the body be 

autoreactive? 

BLASTing AFHYESQ in the publically available protein sequence NCBI database 

reveals a striking homology between this 7-aa sequence and the two capsid proteins, VP1 and 

VP2, of the human parvovirus B19 (HPV B19). HPV B19 is a single-stranded DNA virus 

commonly associated with hydrops fetalis, fetal anemia and childhood erythema infectiosum 

[336]. 50-70% of adults are reportedly HPV B19 seropositive [337] and the persistence of 

myocardial HPV B19 is associated with cardiomyopathies and endothelial cell dysfunction 

[338, 339]. When comparing the sequences, there is 100% homology between that found in the 

human AT1 receptor (accession number: EAW78905) and the VP1/VP2 capsid proteins of HPV 

B19 (accession number: ABX89697). The conservation between the epitope of AT1-AA and 

HPV B19 capsid proteins raises the possibility that molecular mimicry may underlie the 

autoimmune mechanism associated with PE. 

This finding has been observed by others who have performed small retroactive studies 

regarding remote HPV B19 infection, the autoantibody and the prevalence of PE. After the 

examination of normotensive pregnant and preeclamptic women for the presence of anti-HPV 

B19 antibodies and AT1-AA, Stephan et al. found that there was no strict correlation between 

the factors [340]. Therefore, the authors propose that the generation of AT1-AA was 

independent of epitope mimicry of HPV B19. This finding could be due to the confounding 

high seroprevalence in the population, and the requirement of a yet unidentified agent. 

The fact remains that HPV B19 is a very common infection in most adults and only 8% 

of pregnancies are afflicted with the complication of PE [178]. It is possible that only a portion 
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of HPV B19 seropositive women develop autoantibodies against the conserved region on the 

AT1 receptor; therefore implying that HPV B19 infection cannot be the only parameter 

resulting in this disease of pregnancy. Environment and a particular genetic background may 

also contribute to the generation of the autoantibody and preeclamptic pathophysiology. 

Immunization of mice with the VP1/VP2 capsid proteins may provide more direct evidence 

supporting (or disproving) this provocative hypothesis. Indeed, this intriguing scenario raises 

the possibility that the immunologic origin of AT1-AA could be secondary to a parvovirus B19 

infection: an exciting area requiring further investigation. 

 

Autoantibody-targeted therapeutics 

In the work presented here, 7-aa successfully attenuated the autoantibody-induced 

symptoms of PE in pregnant mice. Although these findings have tremendous implications, the 

evaluation of the therapeutic potential of autoantibody-neutralizing peptides was not a focus of 

this body of work. In the present study, the neutralization of AT1-AA by the 7-aa epitope 

peptide primarily served as a control to identify that is was, in fact, this autoantibody which 

was responsible for the pathophysiology observed. Because the AT1-AA derived from many 

different patients consistently interacted with the same epitope present on the second 

extracellular loop of the AT1 receptor, it suggests a common immunologic origin of these 

autoantibodies. 7-aa was highly effective in reducing the actions of the injected AT1-AA. It can 

therefore be inferred that they share a strong interaction and bind well to one another. 

Unfortunately, it is unlikely that this short peptide would remain stable in the circulation of 

humans or mice if it were not bound in complex with the autoantibody. Freely circulating 

peptidases would likely destroy it rapidly. Should 7-aa be used in preclinical studies and 
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potential clinical trials, the synthesis of stable derivatives will be necessary. Further 

investigation is warranted to fully exploit the therapeutic potential suggested by the results of 

these autoantibody-neutralization experiments. In a similar regard, the use of anti-idiotype 

antibodies directed at different antigen-binding regions of AT1-AA could be employed 

therapeutically. However, it must be recognized that AT1-AA stimulate the production of other 

detrimental molecules (e.g. sFlt-1, TNF-α, sEng, PAI-1, tissue factor, endothelin-1, ROS, 

NADPH oxidase), which can all contribute to the symptoms of PE. Blocking the autoantibody 

at the time of symptom-onset may not be sufficient to immediately lead to their abatement 

[149, 224].  Similar limitations would presumably apply to the potential use of plasmaphoresis, 

a strategy successfully employed in other autoimmune diseases, such as multiple sclerosis, 

which removes the harmful autoantibodies from circulation [341]. In the case of PE, once 

symptoms have arisen, many of the aforementioned factors would already be greatly elevated, 

and not be filtered from the blood during the process of plasmaphoresis. As they would remain 

in circulation, these factors would continue to incite damage and provoke preeclamptic 

features. Since the autoantibody likely appears several weeks prior to symptom development, it 

will be necessary to generate a screening method to detect it as early as possible. In this way, 

AT1-AA-mediated inductions of other factors may be blocked before they are fully elevated 

and maximum therapeutic benefit could be achieved.   

 

Autoimmune disease: a new classification of PE? 

It would be remiss to avoid commenting on the fact that it is currently not the consensus 

of the field at-large that PE as an autoimmune disease specific to pregnancy; despite the 

growing body of work implicating the role of AT1-AA.  
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Indeed, the as the in vitro and in vivo evidence mounts to support the case of AT1-AA in 

the pathogenesis of PE, other human diseases have been linked to autoantibodies capable of 

activating G-protein-coupled receptors. As previously mentioned, Graves' disease, is an 

autoimmune condition wherein autoantibodies target thyroid cells and activate the thyroid 

stimulating hormone receptor, resulting in excessive production and secretion of thyroid 

hormones resulting in hyperthyroidism [201]. Some forms of hypoglycemia are associated with 

autoantibodies which agonize the insulin receptor [342]. Patients with dilated cardiomyopathy 

harbor autoantibodies directed against cardiac β1-adrenergic receptors, resulting in a positive 

chronotropic effect in cultured cardiomyocytes [343]. Using a rat model, Jahns et al. provided 

direct evidence for autoimmune-induced β1-adrenergic receptor activation as a cause of 

idiopathic dilated cardiomyopathy [344]. This group later showed that patients who possess 

these autoantibodies are at increased risk for future cardiovascular disease and mortality [345]. 

Autoantibodies which increase α1-adrenergic receptor activity are also associated with several 

forms of hypertension [346, 347].  Finally, autoantibodies which activate the muscarinic M2 

receptor are also found in some patients with idiopathic dilated cardiomyopathy [33]. Thus 

agonistic autoantibodies which target and agonize G-protein-coupled receptors are commonly 

observed in many human conditions and considered a pathogenic factor leading to symptom 

development. AT1-AA, which agonizes the Gq-coupled AT1 receptor, may soon be recognized 

in that category. The findings presented here raise the intriguing possibility that PE may be an 

autoimmune disease associated with AT1-AA.  

Whether one believes PE is an autoimmune disease or not, it cannot disputed that AT1-

AA are found in the serum of preeclamptic patients and that they potentially contribute to the 

systemic symptoms. What initiates and perpetuates the generation of these autoantibodies are 

still areas of speculation which require further investigation. We believe that in the near future 
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PE will be considered a pregnancy-induced autoimmune condition, which could provide the 

field of immunology insight into how other conditions of autoimmunity arise and flourish.  

 

Significance 

Preeclampsia is encountered in 7% of pregnancies, responsible for 15% of all preterm 

births and 18% of all pregnancy-related maternal deaths in the US every year [29, 30, 178]. 

These are not merely statistics, but represent hundreds of thousands of families which are 

affected by this devastating disorder of pregnancy and billions of dollars spent in PE-related 

healthcare costs. Right now, delivery of the baby and placenta is our only option to “cure” PE. 

These deliveries, often premature, pose considerable immediate risk to both mom and baby, not 

to mention their increased risk for long-term health sequelae. Improvement upon the screening, 

diagnosis and treatment of this disorder are clearly required and essential to advancing the care 

not only in the US, but also in developing countries, where the prevalence of PE can be twice 

as high and the rate of death several fold higher as compared to developed nations [31, 348].  

The research presented here expands our understanding of PE and the role that AT1-AA 

may play in the manifestation of the disorder. Any insight into the disease mechanism and the 

identification of pathogenic players could improve upon the limited screening and therapeutic 

strategies available in its clinical management. It was shown that this autoantibody can induce 

preeclamptic-like symptoms in mice and that losartan, 7-aa and anti-TNF-α treatments can 

specifically reduce them. These facts have significant therapeutic implications: specific 

neutralization of the autoantibody in preeclamptic women could alleviate their symptoms. 

Moreover, should we develop an improved method of identifying the autoantibody, physicians 
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would be able to screen for AT1-AA early in pregnancy and then block autoantibody-mediated 

AT1 receptor activation or downstream molecules’ actions. This blockade could forestall or 

prevent preeclamptic symptom, thereby reducing the short- and long-term risks to preeclamptic 

mothers and their unborn children. 
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FUTURE DIRECTIONS 

 

Though the recent work reported by Dr. Xia’s lab clearly establishes the 

pathophysiologic role of AT1-AA in PE, there are still many mechanistic aspects to explore. In 

the near future, this group will attempt to: establish a timeline of autoantibody generation in 

pregnant women; determine the role of LIGHT, an emerging TNF-α superfamily member 

which contributes to apoptosis and inflammation, in AT1-AA-mediated PE; and finally, to 

elucidate the relationship between the autoantibody and syncytiotrophoblastic microparticles 

(STBMs) and their role in preeclamptic symptom development.   

 

Detection of AT1-AA in CPEP clinical trial samples  

The two most common, and arguably the most important, questions asked to our group 

and the other investigators studying AT1-AA are: (i) when does the autoantibody appear during 

gestation, and (ii) does the generation of AT1-AA precede preeclamptic symptom development. 

In order to answer these questions, one must have a collection of well-defined preeclamptic and 

control serum samples which span the course of gestation. In recent months, we have acquired 

just that. Based on our recent publication using the luciferase-based bioassay to detect AT1-AA 

in pregnant women [34], we have begun what will surely be a fruitful collaboration with Dr. 

Richard Levine of the NIH. 

To answer these two important clinical questions, we will employ the luciferase-based 

bioassay to detect AT1-AA in the serum samples collected for the large-scale, nationwide 

Calcium for Preeclampsia Prevention (CPEP) Trial. These are the same valuable samples used 

in two landmark publications which clearly established the relationship between sFlt-1 and 
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sEng levels and the onset of PE [37, 61]. Our hypothesis is that the detection of AT1-AA may 

precede overt preeclamptic symptoms in these patient samples. 

In total, we will obtain at least 3 serum samples from various time-points throughout the 

pregnancies of: 120 normotensive women, 120 women who were normotensive and delivered 

SGA infants, 120 women with gestational hypertension, 72 women with preterm PE and 120 

women with term PE. First, we will use our sensitive bioassay to detect AT1-AA and correlate 

its presence with onset of PE symptoms, in particular, the induction of the two anti-angiogenic 

factors, sFlt-1 and sEng. Secondly, by establishing a timeline of autoantibody generation in this 

large bank of well-characterized samples, we hope to generate a means to identify women at 

risk for PE – a tool lacking in the clinical management of this disorder.  

 

Preliminary data: AT1-AA-CPEP Pilot Study 

Recently, we conducted a pilot study to determine if our assay was capable of detecting 

the biologic activity of AT1-AA isolated from these samples. Dr. Levine and his team randomly 

blinded us to 24 CPEP serum samples, and we ran them in our standard manner [34]. For each 

sample, we completed 4 luciferase readings and the average value of was computed to calculate 

a raw delta value and a fold-induction ratio for each sample by dividing the average value of 

the background controls in each batch (Fig. 33).  

Though we received 24 samples, upon completion of the pilot study, we were informed 

that in fact there were only 12 patients in this pool, and that duplicates had been provided. 

Repeated measure analysis for ANOVA was applied to evaluate the within treatment effect 

(duplicate measurements for each patient) and between treatment effect (PE vs. NT). No 

significant difference was detected between the two duplicates in either raw delta or ratio 

values, P=0.3937. However, the PE group showed significantly higher deltas and ratios 
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compared to NT. Paired t-test and non-parametric Wilcoxon test were also used for additional 

testing on within and between treatment effects. The results were consistent with the repeated 

measure analysis. 

 

 

The consistency of the bioassay between duplicates and statistically significant 

differences achieved between the two groups of interest in the AT1-AA-CPEP Pilot Study 

results are highly encouraging. We are excited to proceed generating similar data in the near 

future with the remaining ~950 samples. Determining a clear and early biomarker for PE may 

provide a therapeutic window which could allow for the neutralization or removal of AT1-AA, 

providing significant preventative measures to forestall the devastating symptoms of PE and 

subsequent fetal IUGR. 

Figure 33: AT1-AA 

bioactivity was successfully 

detected in CPEP serum 

samples. A total of 12 
samples from the CPEP trial 
were randomized and 

measured in blinded duplicate 
by an NFAT-luciferase 
bioassay. Normotensive (NT), 
n=6; Preeclampsia (PE), n=6. 
There is a significant 
difference between NT and PE 
groups (P<0.0015), but no 
significant difference between 

duplicates. 
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AT1-AA and syncytiotrophoblastic microparticles 

One feature of preeclamptic women which has puzzled investigators is the presence of 

increased syncytiotrophoblast microparticles (STBMs). STBMs are membrane-bound placental 

cell fragments produced by apoptotic activity or by vesicle secretion [349, 350]. In normal 

pregnancy, minimal STBMs are shed from the placenta into maternal circulation, in contrast to 

PE, where there is excessive shedding and increased circulating STBMs [351]. The cause for 

this excess shedding is undetermined. It may be due to the poor placental perfusion leading to 

hypoxic injury and/or excessive trophoblast apoptosis characteristic of preeclamptic placentas 

[352, 353]. Additionally, it is unknown what pathophysiology, if any, results secondary to these 

circulating microparticles. Redman et al., believe that this STBM overload could be a stimulus 

for the maternal inflammatory response and the systemic endothelial cell damage observed in 

the disorder [354]. Others believe that since STBMs contain trophoblasts of fetal origin, which 

could be interpreted by maternal immune cells as foreign, a maternal immune response may be 

mounted [266]. Therefore, we will set out to answer a classic ‘chicken or the egg’ mystery, and 

will determine if STBMs represent a rich source of antigenic stimulation for the mother, 

resulting in the generation of AT1-AA and the maternal syndrome of PE; or if the autoantibody 

precedes and is a driving force for the liberation of STBMs themselves.   

In order to investigate the pathophysiologic consequences of STBMs, we must generate 

them. This can be achieved using several techniques: HTR-8 cells, mouse and human villous 

explants will be cultured under normoxic and hypoxic conditions as well as being treated with 

the apoptotic-inducing agents TNF-α and rotenone [355, 356]. STBM production will be 

quantified using flow cytometry using the trophoblastic marker, HLA-G, in a method similar to 

Orozco, et al. [357]. Then, STBMs will be analyzed by western blot for the presence of the AT1 

receptor, a possible antigenic source for AT1-AA generation. Furthermore, the cultured STBMs 
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could be injected into pregnant mice which will be monitored for preeclamptic features and the 

generation of the autoantibody. We expect that STBM production will be increased under 

hypoxic conditions, and that TNF-α and rotenone will induce their production via increased 

apoptosis. Pregnant mice injected with excess STBMs may demonstrate a preeclamptic-like 

syndrome and if injected early enough, may also generate AT1-AA. 

Alternative to the timeline studies are those characterizing the cell-surface receptor 

profiles of STBMs throughout both uncomplicated and preeclamptic pregnancies. Appropriate 

integrin subunit switching is essential for a healthy pregnancy as it enables trophoblasts to fully 

infiltrate maternal decidual and endothelial linings [358, 359]. Cytotrophoblasts in the villous 

express epithelial-like integrins (α6β4). As they migrate towards the decidual endothelium, 

their integrins transform to a vascular-type (α1β3 or α5β3) [359]. This switching is aberrant in 

PE and results in shallow trophoblast invasion and inadequate endothelial cell infiltration [360]. 

Notably, this type of integrin switching is mediated by AT1-receptor activation in other systems 

[361]. We plan to isolate STBMs from these two pregnant groups using established methods 

[351] and characterize their epithelial or endothelial-like cell surface markers using flow 

cytometry analysis. Since STBMs take on the composition of the cells from which they 

originate, we expect there to be a defined expression pattern of cell surface markers in PE 

versus NT STBMs (epithelial versus vascular) [169].   

Overall, a woman’s STBM marker profile could provide a novel screening tool as 

certain cell surface markers could indicate a risk factor for PE (e.g. integrin α6β4). 

Additionally, if STBMs prove to induce AT1-AA production, these women would be at even 

higher risk for developing a hypertensive pregnancy. Any additional tools, such as an STBM 

cell surface marker profile, used for the screening of PE will be beneficial, as they allow for 

closer monitoring of high risk women and create a window for early intervention. 
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See the LIGHT and its role in PE 

LIGHT [homologous to Lymphotoxin, exhibits Inducible expression, competes with 

HSV Glycoprotein D for Herpes virus entry mediator (HVEM), a receptor expressed by T 

lymphocytes] is a recently identified (and rather lengthily-named) type II transmembrane 

glycoprotein of the TNF ligand superfamily [362]. It has been recognized as a major 

contributor to the inflammation and increased apoptosis observed in several human diseases. 

By binding to HVEM, LIGHT co-stimulates T cells to accelerate their proliferation and 

cytokine production. In several tumor cell lines, LIGHT induces apoptosis and recent studies 

have suggested a potential role of LIGHT in inflammatory diseases including: atherosclerosis, 

arthritis, IgA nephropathy, hepatitis and inflammatory bowel disease [363-366]. Soluble 

LIGHT has been detected in these many in vitro system studies, however its presence and 

function in inflammatory diseases have not been explored in vivo. Moreover, the role of this 

inflammatory mediator has not been investigated at all in the field of PE. After reviewing the 

literature by which LIGHT produces pathology in other disorders, we decided that it may be a 

potential pathogenic player in PE, and will further investigate this novel target. 

Before determining if the autoantibody and LIGHT share a pathophysiologic 

relationship, we must first establish if LIGHT is increased in the circulation of preeclamptic 

women. For a pilot study, we collected plasma samples from both PE and NT pregnant women. 

Once our patient samples were acquired, we ran an ELISA for LIGHT (R&D Systems) to 

determine its level in circulation. The data for this initial study is provided here (Fig. 34). 
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Preliminary data: Circulating LIGHT is increased in preeclamptic women 

The circulating LIGHT measured in patient 

plasma indicates preeclamptic women have a 

significantly increased level over their NT 

counterparts (Fig. 34). None of the NT patient 

samples had markedly increased serum levels of 

LIGHT. Of the PE patient samples, 9 of 34, or ~26% 

showed a significant increase in the circulating level 

of the glycoprotein. The means for NT and PE 

plasma LIGHT levels were 0.99 and 26.45 pg/ml 

respectively, P=0.0066. Though not every PE patient 

demonstrated increased LIGHT, a value of ~26% of 

patients with increased levels is considered clinically 

worthwhile to pursue. This percentage could also be 

explained if the ELISA is not an adequately sensitive 

detection method for this molecule. Certainly, further 

confirmation of elevated LIGHT in preeclamptic 

women is necessary. Therefore, the next step will be 

to collect the placentas from affected women with 

PE and measure both the transcript and protein level of LIGHT (by RT-PCR and western, 

respectively). Then, should the levels be increased and we are satisfied that this inflammatory 

agent is consistently increased in PE, we will move forward into in vitro and in vivo studies. 

We will culture human villous explants with ANG II or PE-IgG, and after a period of 

incubation, measure the amount of LIGHT liberated into the supernatant by the explants. At 

Figure 34: Circulating LIGHT is elevated in 

preeclamptic women. ELISA measurement 

of circulating LIGHT in preeclamptic (PE; 

n=34) and normotensive (NT; n=33) pregnant 

women reveals a significant increase in PE 

patients. Dotted line; lowest detectable level of 

assay. 
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this moment, there is no literature which delineates the mechanisms by which LIGHT is 

increased. Since many other TNF-related inflammatory molecules are increased by AT1 

receptor stimulation [206, 257, 259, 367], it is plausible that LIGHT may also be. Should this 

inflammatory mediator be increased by PE-IgG not by NT-IgG, then perhaps AT1-AA induces 

LIGHT, which may play a causative role in the manifestation of PE. We could then pursue in 

vivo studies by injecting recombinant LIGHT into pregnant mice and then monitor them for 

disease symptoms, such as hypertension and renal dysfunction. We could also ascertain if AT1-

AA injected mice generate excess LIGHT and if so, whether co-injection of the autoantibody 

and losartan or 7-aa reduces this value. All of these exciting projects will help establish LIGHT 

as a novel inflammatory mediator in the pathogenesis of PE, and may potentially create a 

therapeutic opportunity in the years to come.   

 

Overall goals of future work 

The future work presented here seeks to further characterize AT1-AA in the 

pathophysiology of PE. Currently, this prevalent disorder is not considered an autoimmune 

process; however, the growing body of work implicating AT1-AA in its pathogenesis could 

lead to a paradigm shift in its screening, diagnosis and treatment. The results from the CPEP 

study could yield more defined dates for early screening of the autoantibody and STBM 

profiles prior to onset of preeclamptic symptoms. This could improve upon the limited clinical 

management available. In addition, if autoantibody-induced features could be specifically 

blocked by a drug or peptide targeting a novel molecule, such as LIGHT, perhaps the 

progression of this disease could be abated and the morbidity and mortality associated with this 

hypertensive disorder could be reduced. 
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