
Journal Pre-proof

Sequential disruptions to inflammatory and angiogenic pathways and risk of
spontaneous preterm birth in Malawian women

Andrea M. Weckman, Robyn E. Elphinstone, John M. Ssenkusu, Vanessa Tran,
Kathleen Zhong, Mwayiwawo Madanitsa, Carole Khairallah, Linda Kalilani-Phiri,
Victor Mwapasa, Andrea L. Conroy, Feiko O. Ter Kuile, Chloe R. Mcdonald, Kevin C.
Kain

PII: S2589-0042(23)00989-6

DOI: https://doi.org/10.1016/j.isci.2023.106912

Reference: ISCI 106912

To appear in: ISCIENCE

Received Date: 8 June 2022

Revised Date: 11 November 2022

Accepted Date: 12 May 2023

Please cite this article as: Weckman, A.M., Elphinstone, R.E., Ssenkusu, J.M., Tran, V., Zhong,
K., Madanitsa, M., Khairallah, C., Kalilani-Phiri, L., Mwapasa, V., Conroy, A.L., Ter Kuile, F.O,
Mcdonald, C.R., Kain, K.C, Sequential disruptions to inflammatory and angiogenic pathways and risk
of spontaneous preterm birth in Malawian women, ISCIENCE (2023), doi: https://doi.org/10.1016/
j.isci.2023.106912.

This is a PDF file of an article that has undergone enhancements after acceptance, such as the addition
of a cover page and metadata, and formatting for readability, but it is not yet the definitive version of
record. This version will undergo additional copyediting, typesetting and review before it is published
in its final form, but we are providing this version to give early visibility of the article. Please note that,
during the production process, errors may be discovered which could affect the content, and all legal
disclaimers that apply to the journal pertain.

Crown Copyright © 2023

https://doi.org/10.1016/j.isci.2023.106912
https://doi.org/10.1016/j.isci.2023.106912
https://doi.org/10.1016/j.isci.2023.106912


Jo
urn

al 
Pre-

pro
of



 

 

1 

Sequential disruptions to inflammatory and angiogenic pathways and risk of spontaneous 1 

preterm birth in Malawian women  2 

 3 

Andrea M. Weckman1,2, Robyn E. Elphinstone2, John M. Ssenkusu3, Vanessa Tran2, Kathleen 4 

Zhong2, Mwayiwawo Madanitsa4, Carole Khairallah5, Linda Kalilani-Phiri4, Victor Mwapasa4, 5 

Andrea L. Conroy6, Feiko O Ter Kuile5, Chloe R. Mcdonald2, and Kevin C Kain1,2,7,8. 6 

 7 

Toronto, ON, Canada  8 

 9 
1Department of Laboratory Medicine and Pathobiology, University of Toronto, Toronto, Canada; 10 
2SAR Laboratories, Sandra Rotman Centre for Global Health, University Health Network-11 

Toronto General Hospital, Toronto, Canada; 3Department of Epidemiology and Biostatistics, 12 

School of Public Health, Makerere University, Kampala, Uganda; 4College of Medicine, 13 

University of Malawi, Blantyre, Malawi; 5Department of Clinical Sciences, Liverpool School of 14 

Tropical Medicine, Liverpool, United Kingdom; 6Department of Pediatrics, Indiana University 15 

School of Medicine, Indianapolis, United States; 7Tropical Disease Unit, Division of Infectious 16 

Diseases, Department of Medicine, University of Toronto, Toronto, Canada; 8Toronto General 17 

Research Institute, University Health Network-Toronto General Hospital, Toronto, Canada  18 

 19 

 20 

 21 

Lead Contact:  22 

Dr. Kevin C. Kain 23 

University Health Network – Toronto General Hospital 24 

MaRS Centre, TMDT, 10th Floor 10-351 25 

Toronto, Ontario M5G 1L7 26 

(+1) 416 581 7704 27 

kevin.kain@uhn.ca 28 

 29 

 30 

  31 
 32 

 33 

Word count of summary: 148 34 

Word count of text: 2800 (not including methods) 35 

36 

Jo
urn

al 
Pre-

pro
of

mailto:kevin.kain@uhn.ca
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Summary 37 

Preterm birth is a leading cause of death in children under five years of age. We hypothesized 38 

that sequential disruptions to inflammatory and angiogenic pathways during pregnancy increase 39 

the risk of placental insufficiency and spontaneous preterm labour and delivery. We conducted a 40 

secondary analysis of inflammatory and angiogenic analytes measured in plasma samples 41 

collected across pregnancy from 1462 Malawian women. Women with concentrations of the 42 

inflammatory markers sTNFR2, CHI3L1, and IL18BP in the highest quartile before 24 weeks 43 

gestation and women with anti-angiogenic factors sEndoglin and sFlt-1/PlGF ratio in the highest 44 

quartile at 28-33 weeks gestation, had an increased relative risk of preterm birth. Mediation 45 

analysis further supported a potential causal link between early inflammation, subsequent 46 

angiogenic dysregulation detrimnental to placental vascular development, and earlier gestational 47 

age at delivery. Interventions designed to reduce the burden of preterm birth may need to be 48 

implemented before 24 weeks of gestation. 49 

 50 

Keywords: Preterm birth, angiogenesis, inflammation, mediation analysis, pregnancy, Malawi. 51 
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Introduction 

Preterm birth (PTB; < 37 weeks gestation) and its complications are the most common cause of 

death in children under-five.1 An estimated 14.9 million babies are born preterm each year, and 

almost one million die in the first 28 days of life from direct complications of PTB.1,2 In those 

who survive their first month, PTB is associated with an increased risk of chronic conditions 

including visual, hearing, and respiratory impairments, neurodevelopmental disorders and other 

chronic diseases (e.g. diabetes, chronic kidney disease, cardiovascular disease).3 PTB is 

associated with reduced nephron numbers at birth and places infants at increased risk of neonatal 

kidney injury and chronic kidney disease later in life.4 Further, females who are born preterm are 

at future risk of delivering preterm, contributing to an intergenerational risk of prematurity, 

hypertension, and kidney disease.4 Even infants born near term (late preterm, 35-37 weeks’ 

gestation) are at increased risk for short and long-term complications (e.g., respiratory distress, 

sepsis, infections, neurodevelopmental delays, increased mortality), especially in low- and 

middle-income countries (LMIC) where resources for comprehensive postnatal care are most 

scarce.5,6  

 

The global burden of PTB is not equally distributed. Approximately 80% of all PTB occurs in 

LMIC in Asia and sub-Saharan Africa.7 Malawi has reported the highest rates of PTB worldwide, 

with an estimated 18.1% of all babies born preterm.2 Many known risk factors for PTB are 

common in LMICs, including infectious diseases (e.g. HIV-1, sexually transmitted infections, 

malaria), maternal malnutrition, lack of access to family planning and antenatal care, and 

undiagnosed clinical conditions;8,9 however, a direct cause is not identified for up to 50% of all 

spontaneous PTB.2 Even when risk factors are identified, it is poorly understood how they 

contribute to PTB.  
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A detailed understanding of the mechanistic pathways underlying spontaneous PTB is necessary 

to reduce prematurity, especially in resource-constrained settings where the burden of disease is 

the greatest. Healthy birth outcomes require appropriate regulation of inflammatory and 

angiogenic pathways and several lines of evidence support a role for dysregulation of this axis in 

the pathobiology of PTB and other adverse birth outcomes.10–15 The development of a robust 

placental vascular network is necessary to support the rapidly growing fetus. Dysregulation of 

mediators of angiogenesis (e.g. soluble endoglin [sEng], placental growth factor [PlGF], soluble 

receptor soluble Fms-like tyrosine kinase-1 [sFlt-1]), have been associated with compromised 

placental vascular development and remodeling and adverse birth outcomes including PTB.10,14–

20 The immune system modulates angiogenesis and vice versa, via crosstalk between components 

of each system.21,22 In a case-control study of pregnant women in Malawi, structural equation 

modeling indicated a hierarchical relationship between immune activation, dysregulated 

angiogenesis, placental dysfunction, and adverse birth outcomes.19  However, that study was 

cross-sectional at delivery and could not assess temporal relationships.19 Collectively, these data 

support a mechanistic model of spontaneous PTB whereby maternal systemic inflammation alters 

closely regulated angiogenic pathways, leading to placental insufficiency and PTB. 

 

Understanding the longitudinal kinetics of mediators involved in the pathobiology of PTB could 

facilitate both risk-stratification of pregnant women and inform potential intervention strategies. 

Inflammation is a well-studied risk factor for PTB. Most studies have investigated pro-

inflammatory responses in the induction of preterm labour (i.e., at delivery);11,12 however, 

existing evidence suggests that inflammation could disrupt angiogenic mediators and placental 

vascular development earlier in gestation than typically studied.14,19 We hypothesize that 
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disruption of placental vascularization (via dysregulated angiogenesis) as a result of early 

pregnancy inflammation is a common pathway leading to PTB. Here we use mediation analysis 

to examine the longitudinal dynamics of inflammatory and angiogenic mediators in a large cohort 

of Malawian women in a setting with a high burden of PTB.  

 

Results 

Study Population 

Our study population consisted of 1462 pregnant women, with 286 (19.6%) preterm deliveries 

(Table 1; Figure 1). A total of 2392 plasma samples were analyzed (Figure 1). Of the preterm 

deliveries, 94.8% delivered moderate to late preterm (32 to <37 weeks gestation), and 5.2% 

delivered very preterm (< 32 weeks gestation) (Table 1). Women who delivered preterm had a 

later gestational age at enrollment in the trial (21.3 weeks vs. 19.7 weeks, p<0.001) and were 

more often primigravid (38.8% vs. 32.5%, p=0.050) than those who delivered at term (Table 1). 

There was no difference in small-for-gestational age outcome between preterm and term babies 

(8.2% vs. 11.6%, p=0.132); however, babies born preterm had a lower birth weight (2600g vs. 

3000g, p<0.001) than babies born at term in our cohort (Table 1). There was no difference in 

maternal age, BMI, hemoglobin, or blood pressure at enrollment, level of education, or 

socioeconomic status between term and preterm pregnancies.  

 

Women who delivered preterm had altered levels of angiogenic and inflammatory factors at 

each visit 

Compared to women who delivered at term, women who delivered preterm had elevated 

concentrations of PlGF, sTNFR2, and IL18BP at enrollment (p<0.001); and higher circulating 

sEng and sFlt-1, and reduced PlGF at Visit 2 (p<0.001; Table 2). At enrollment, women who 
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went on to deliver very preterm (<32 weeks) displayed different angiogenic and inflammatory 

profiles compared to women who delivered moderate to late PTB (32 to <37 weeks) or at term 

(Supplementary Table 4). Women who delivered very preterm had a higher median concentration 

of Angpt-2 (p=0.05; Supplementary Table 4) and lower concentrations of Angpt-1 (p<0.05; 

Supplementary Table 4) at enrollment than women who delivered moderate to late preterm or at 

term. Angiogenic and inflammatory factors did not vary by treatment arm at enrolment or Visit 2 

(Supplementary Table 5).  

 

Inflammation early in pregnancy and an anti-angiogenic profile later in pregnancy are 

associated with an increased risk of PTB 

We examined the association between angiogenic and inflammatory analytes and PTB by 

multivariate analysis at each gestational visit (Figure 2). At enrollment (13 to 23 weeks 

gestation), women in the highest quartile for pro-inflammatory markers had an increased relative 

risk of PTB compared to women in the lowest quartile for sTNFR2 [adjusted relative risk (aRR) 

= 1.60 (95% CI: 1.14, 2.27), p=0.007], IL18BP [aRR=1.58 (95% CI: 1.12, 2.25), p=0.010], and 

CHI3L1 [aRR=1.42 (95% CI: 1.05, 1.93), p=0.025] (Figure 2). In early third trimester (28 to 33 

weeks gestation), women with concentrations of anti-angiogenic mediators in the highest 

quartile, had an increased relative risk of PTB for the ratio of sFlt-1/PlGF [aRR=3.10 (95% CI: 

1.97, 5.08), p<0.001] and sEng [aRR=2.17 (95% CI: 1.45, 3.42), p<0.001] (Figure 2). The study 

was underpowered to analyze the relative risk of very early (n=15) versus moderate-late preterm 

birth by analyte. 

 

Women in the highest quartile of pro-inflammatory markers at enrolment (13 to 23 weeks’ 

gestation) who were also in the highest quartile of anti-angiogenic markers at a subsequent visit 
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(visit 2: 28 to 33 weeks’ gestation) accounted for up to 16% of preterm pregnancies and under 

7% of term pregnancies (Supplementary Figure 1). 

 

Angiogenic factors mediate the relationship between early inflammation and gestational age 

at delivery 

Given the temporal link between early inflammation (enrollment), subsequent dysregulation of 

angiogenic factors important for placental vascular development (visit 2), and risk of PTB, we 

used mediation analysis to statistically assess a causal link (Figure 3, Supplementary Table 2 and 

3). Path diagrams and regression estimates (with 95% CI) for each section of the path are 

presented in Figure 3. Regression analyses showed that one unit increases in log-transformed 

enrolment concentrations of the inflammatory analytes sTNFR2 (a1: 0.17 [0.07, 0.27], p<0.001; 

Figure 3A)  and CHI3L1 (a1: 0.14 [0.06, 0.22], p<0.001; Figure 3B), but not IL18BP (Figure 3C) 

were significantly associated with an increased (anti-angiogenic) ratio of sFlt1/PlGF. sTNFR2 at 

enrolment was also associated with increased sEng at visit 2 (a2: 0.06 [0.01, 0.11], p<0.05; Figure 

3A). In concordance with the relative risk analysis, increasing concentrations of both sFlt1/PlGF 

and sEndoglin were associated with earlier gestational age at delivery, after controlling for 

inflammation (b1 and b2, p<0.001; Figure 3A-C). 

 

Mediation analysis showed that the effect of sTNFR2 at enrolment on gestational age at delivery 

was mediated through both sFlt1/PlGF (a1b1: mean gestation age at delivery = -0.051 [-0.10, -

0.02], p<0.01) and sEng (a2b2: -0.03 [-0.07, -0.01], p<0.05). Together the indirect effects of 

sTNFR2 through angiogenic mediators accounted for 43.1% of the total effect of sTNFR2 on 

gestational age at delivery (Figure 3A). sFlt1/PlGF at visit 2 also mediated the effect of CHI3L1 

at enrolment on gestational age at delivery (a1b1: -0.04 [-0.09, -0.02], p<0.01); this indirect effect 
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through sFlt-1/PlGF accounted for 50.6% of the total effect of CHI3L1 on gestational age at 

delivery (Figure 3B). The negative mediation effects indicate that gestational age at delivery is 

reduced as a result of sTNFR2 and CHI3L1’s effect on angiogenic mediators. IL18BP at 

enrolment had a significant direct effect on gestational age at delivery (c’: -0.28 [-0.46, -0.12], 

p<0.01; Figure 3C), but its effect was not mediated through sFlt1/PlGF or sEng. A sensitivity 

analysis of our mediation approach indicated that those excluded from our cohort (Figure 1) did 

not significantly affect our findings (Supplementary Table 3).  

 

Discussion 

A comprehensive understanding of the pathobiology of PTB may help inform the development of 

risk stratification tools and more effective interventions. Here we longitudinally assess 

angiogenic and inflammatory markers that are essential for placental development and function in 

2392 plasma samples collected from a cohort of 1462 Malawian women. Women with a pro-

inflammatory profile at enrollment (13 to 24 weeks gestation), or an anti-angiogenic profile 

between 28 and 33 weeks gestation had an increased relative risk of preterm delivery. Mediation 

analysis supported a putative causal link between early inflammation and subsequent 

dysregulation of angiogenesis. These findings provide temporal and mechanistic insights into the 

relationship between inflammation and angiogenesis in pregnancy, and suggest that the 

pathobiology of PTB may begin early in pregnancy. 

 

Our data confirm, in a large longitudinal cohort with a high burden of PTB, that the critical 

balance between pro- and anti-angiogenic factors and inflammatory biomarkers is disrupted in 

women who deliver preterm. Placental vascular development and function, essential to support 

oxygen and nutrient requirements of the growing fetus, relies on the co-ordinated and dynamic 
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regulation of angiogenic and inflammatory pathways throughout pregnancy.23 Abnormal 

placental function is a shared hallmark of pregnancy pathologies characterized by inflammation 

and/or dysregulated angiogenesis including preeclampsia, PTB, fetal growth restriction, and 

stillbirth.19,23–31 However, few studies have investigated inflammation, angiogenesis, and the 

temporal and mechanistic relationship between these pathways in a single cohort.  

 

Inflammation is closely tied to pregnancy and PTB.11 A large body of evidence has confirmed the 

role of cytokines in the induction of term and preterm labor, including decidual and cervical 

maturation, myometrial contractions, and preterm premature rupture of membranes (PPROM) 

(reviewed in 11,32–34). Its dual role in both term and preterm labor has led to a concentration of 

research investigating inflammation late in pregnancy. In an effort to achieve early identification 

of at-risk pregnancies, some research has linked inflammatory proteins early in pregnancy, 

including TNF and sTNFRs, IFN-γ, CHI3L1, IL18BP, IL-6, and CRP, with PTB.14,35–38 

However, these studies were cross-sectional and despite some evidence for early inflammation in 

pregnancies at risk for PTB, the mechanism by which it may drive PTB is not well-established.  

 

One way by which early maternal systemic inflammation could lead to PTB is via disruption of 

placental vasculogenesis and angiogenesis at critical points in placental vascular development 

and re-modeling. Inflammatory and angiogenic pathways display considerable crosstalk and co-

regulation.21,22 The three inflammatory markers we observed associated with PTB in this study, 

IL18BP, sTNFR2, and CHI3L1,  have all previously been implicated in the regulation of 

angiogenesis. At enrolment, all three were associated with an increased relative risk of preterm 

delivery, and all modulate angiogenesis in part by regulating expression of angiogenic factors 

including the VEGF and the angiopoietin-Tie2 families of proteins and their receptors.21,39–41  
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Disruption to angiogenic factors during pregnancy is strongly associated with adverse birth 

outcomes. Cross-sectional and longitudinal profiling of pathological pregnancy states including 

preeclampsia, fetal growth restriction, PTB, and fetal death have reported a common theme of 

imbalanced pro-angiogenic (i.e. PlGF) and anti-angiogenic (i.e. sFlt-1, sEndoglin) mediators.10,14–

16,20,42–47 In particular, longitudinal studies demonstrate a shift to an anti-angiogenic profile 

consisting of increased sEndoglin and sFlt-1, and decreased PlGF during the second and third 

trimester of pathologic pregnancies including spontaneous PTB.10,20,46  Dysregulated 

angiogenesis has been linked to compromised placental function and inadequate placental 

vascular development required to support the rapidly growing fetus and leading to adverse birth 

outcomes.19,48,49 Therefore, downstream disruption of angiogenesis is a biologically plausible 

mechanism by which early inflammation could contribute to placental insufficiency and PTB. 

 

In our cohort, we observed a longitudinal progression from inflammation to dysregulated 

angiogenesis supporting the hypothesis that early maternal inflammation may impair placental 

vascular development in the pathobiology of PTB. Specifically, inflammatory markers (IL18BP, 

CHI3L1, sTNFR2) were elevated early in pregnancy in women who delivered preterm (13 to 23 

weeks gestation), shifting to an anti-angiogenic profile (sEndoglin, sFlt1/PlGF) later in 

pregnancy (28 to 33 weeks gestation). Mediation analysis supported a putative causal relationship 

between CHI3L1 and sTNFR2 at enrolment, increased sFlt1/PlGF and sEndoglin at visit 2, and 

decreased gestational age at delivery. While 43% of the effect of sTNFR2 on gestational age at 

delivery was mediated through sFlt1/PlGF and sEndoglin, the effect of IL18BP on gestational 

age was not mediated through angiogenic factors at all. This indicates the likelihood of multiple 

etiologies of PTB, and supports the existence of additional, unmeasured mediators that are 

contributing to PTB.  
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Several risk factors for PTB are known to trigger systemic inflammation,11 supporting 

dysregulated inflammation and angiogenesis as a common pathway underlying PTB, regardless 

of precipitating event. Few studies have investigated pregnancy-related inflammation and 

angiogenesis in LMICs, where the burden of PTB is highest. In LMICs like Malawi, a major 

underlying driver of high PTB rates are maternal infections, of which malaria and HIV are two 

principal contributors.9,50–55 Malaria and HIV are both thought to cause PTB by inducing 

systemic inflammation and dysregulated angiogenesis.9,10,56 Our analysis was conducted in HIV-

negative women, and malaria status was controlled for in the multivariate analyses. Therefore, 

our results indicate that even after controlling for two important contributors to adverse birth 

outcomes in LMICs, dysregulated inflammation and angiogenesis across pregnancy were still 

associated with PTB.  

 

The strengths of this study include the large sample size, repeated sample collection across 

pregnancy, and the detailed tracking (e.g. ultrasound gestational dating) and follow-up of women 

enrolled in the parent trial. The size of the cohort and the high prevalence of preterm birth 

allowed the robust evaluation of both angiogenic and inflammatory pathways at multiple points 

in pregnancy in the pathobiology of PTB. Further, our analysis of both inflammatory and 

angiogenic proteins in a single large, repeated measures cohort gives preliminary insight into 

temporal relationships between inflammation and mediators of placental vasculature in preterm 

pregnancies. 

 

Here, we present findings from a large cohort of Malawian women with repeated samples 

collected across pregnancy, in a setting with the highest rates of PTB globally. Our findings 
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support the hypothesis that early dysregulation of inflammatory and angiogenic mediators of 

placental vascular development is associated with PTB. In particular, our data suggest that 

inflammation early in pregnancy, and a consequent shift to an anti-angiogenic profile later in 

pregnancy may lead to preterm delivery. Advancing mechanistic knowledge of PTB is necessary 

to inform strategies that prevent the devastating long-term and intergenerational effects 

associated with being born preterm. These findings provide mechanistic insight into the 

relationship of inflammation and angiogenesis in the pathobiology of PTB, and provide pathways 

that could be studied as putative targets early in pregnancy to help mitigate the global burden of 

PTB. 

 

Limitations of the study 

 Our study population was weighted towards moderate to late preterm birth (32 to <37 weeks 

gestation; n=271/286) and therefore our findings are limited in their applicability to the etiology 

of early preterm birth (< 32 weeks gestation; n=15). Although we considered covariates related to 

PTB such as maternal age, BMI, blood pressure at enrolment, education and socioeconomic 

status, gravidity, and malaria infection, our conclusions are limited by the observational nature of 

the study and the potential for residual confounding by unmeasured variables (e.g. intrauterine 

infection, etc.). Furthermore, the generalizability of our findings to populations with lower rates 

of maternal infections including malaria (for example, in high-income settings) may be limited 

and further studies in diverse populations are required to assess the commonality of this 

mechanism to the global burden of PTB. Future prospective studies are also needed to link the 

longitudinal dynamics of inflammatory and angiogenic factors across pregnancy with placental 

vascular structure and functional placental vascular read-outs such as vascular resistance.19,57 

While our data support one mechanism of moderate to late PTB, additional studies are required to 
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explore the implications of early inflammation (e.g. IL18BP) whose effects do not appear to be 

mediated through angiogenic dysregulation, an expanded panel of inflammatory mediators that 

could represent alternate therapeutically targetable pathways (e.g., IL-1, IFN- , C5a, etc.),19,21 

and the generalizability of our findings to early PTB.  
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Figure Titles and Legends 

 

Figure 1. Flow chart of the patient population. Breakdown of patients and samples included in 

the current study. aMadanitsa and colleagues [20]. bElphinstone and colleagues [7]. 

 

Figure 2. Forest plot of adjusted relative risk (and 95% confidence interval) for preterm 

birth at each visit, according to inflammatory and angiogenic mediator concentration. The 

adjusted relative risk for preterm birth for women in the highest quartile of each marker, relative 

to women in the lowest quartile, at each visit: enrollment (13 to 23 weeks gestation) or visit 2 (28 

to 33 weeks gestation). Models were adjusted for blood pressure (systolic) at enrollment, 

gestational age at plasma collection for each respective visit, treatment group, maternal gravidity 

(primigravid: yes/no), socioeconomic status, and malaria during pregnancy (yes/no by PCR). 

Abbreviations: Adjusted relative risk (aRR), Angiopoietin-1 (Angpt-1), Angiopoietin-2 (Angpt-

2), Angiopoietin-Like 3 (Angptl3), Chitinase-3-Like Protein-1 (CHI3L1), C-reactive protein 

(CRP), Interleukin-18 Binding Protein (IL18BP), Placental Growth Factor (PlGF), soluble 

Endoglin (sEng), soluble Fms-like tyrosine kinase 1 (sFlt-1), soluble Tumor Necrosis Factor 

Receptor 2 (sTNFR2). 

 

Figure 3. Path diagrams for multiple mediator analysis of inflammatory analytes through 

angiogenic mediators. Regression coefficients with 95% bootstrapped confidence intervals for 

each path in the multiple mediator models. Indirect (mediation) effects were calculated using the 

product of coefficients method (a1b1 or a2b2). c’ represents the direct effect of the inflammatory 

analyte on gestational age at delivery, after controlling for mediators. Gestational age and blood 

pressure (systolic) at enrolment, as well as malaria during pregnancy (by PCR), were included as 
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covariates. Positive estimates indicate the increase in outcome with a one unit increase in 

predictor. Negative estimates indicate the decrease in outcome with a one unit increase in 

predictor. *p<0.05, **p<0.01, ***p<0.001.  
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Tables 

Table 1. Clinical characteristics of cohort 

 Birth Outcomea,b  

Variable Term (n = 1176) PTB (n = 286) p- valuea,b 

Treatment Group   >0.999 

    ISTp 582 (49.5) 142 (49.7)  

    IPTp 594 (50.5) 144 (50.3)  

Gestational age at enrollment (weeks) 19.7 (18.0, 21.6) 21.3 (19.7, 22.4) <0.001 

Gestational age at delivery (weeks) 38.9 (38.0, 39.9) 36.0 (35.1, 36.4) <0.001 

Maternal age (years) 21 (19, 25) 21 (18, 26) 0.283 

Body Mass Index (kg/m2) 22.8 (21.2, 24.8) 22.6 (21.2, 24.4) 0.228 

Hemoglobin at enrollment (g/dL) 11.2 (10.2, 12.1) 11.1 (9.8, 12.0) 0.096 

Blood pressure at enrollment (mmHg)    

Systolic 110 (104, 118) 110 (104, 119) 0.887 

Diastolic 66 (60, 72) 65.5 (60, 72) 0.832 

Blood pressure at delivery (mmHg)    

Systolic 111 (106, 118) 111 (106.25, 118) 0.921 

Diastolic 70 (62, 76) 66 (61, 75) 0.012 

Socioeconomic Status   0.768 

    Low 392 (33.4) 100 (35.0)  

    Middle 395 (33.7) 91 (31.8)  

    High 386 (32.9)  95 (33.2)  

Educational Status   0.174 

    Low 364 (31.0) 71 (24.8)  

    Medium 626 (53.4) 166 (58.0)  

    High 183 (15.6) 49 (17.1)  

Antenatal Malaria     

    Any PCR+ throughout pregnancy 727 (61.0) 193 (67.9) 0.074 

    PCR+ before 24 weeks gestation 457 (42.6) 136 (51.3) 0.013 

Primigravid 382 (32.5) 111 (38.8) 0.050 

Neonatal Sex (female) 589 (50.1) 150 (52.6) 0.095 

Birth Weight (g) 3000 (2785, 3200) 2600 (2400, 2900) <0.001 

Small-for-Gestational Aged 132 (11.6) 22 (8.2) 0.132 

Preterm birthe    

Moderate to late preterm (32 to < 37 weeks) - 271 (94.8)  

Very preterm (28 to < 32 weeks) - 13 (4.5)  

Extremely preterm (< 28 weeks)  2 (0.7)  
aMedian [IQR], Mann-Whitney. bnumber (%), Pearson’s Chi-Squared. BMI and hemoglobin data available for 

n=1364 (missing 9%). Sex was undetermined for one neonate (0.07%).  Gestational age at enrollment (n=1416; 

missing 5.5%), PCR status (any, n=1456 [missing 0.4%]; < 24 weeks gestation, n = 1337 [missing 8.5%]), 

socioeconomic and education status (n=1459; missing 0.2%), blood pressure at delivery (n=1381; missing 5.5%), 

small-for-gestational age (n=1407; missing 3.8%), and birth weight (n=1407; missing 3.8%) are also missing data. 
dDefined according to parent trial [19]. eDefined according to current WHO guidelines [https://www.who.int/news-

room/fact-sheets/detail/preterm-birth]. The majority of preterm deliveries (n=250; 87%) occurred after visit 2 (34 

to <37 weeks).   
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Table 2. Median biomarker concentrations (ng/mL) at each visit in term ( 37 weeks 

gestation) and preterm (< 37 weeks gestation) pregnancies 

aAngiopoietin-1 (Angpt-1), Angiopoietin-2 (Angpt-2), Angiopoietin-Like 3 (Angptl3), soluble Endoglin (sEng), 

soluble Fms-like tyrosine kinase 1 (sFlt-1), Placental Growth Factor (PlGF), Chitinase-3-Like Protein-1 (CHI3L1), 

soluble Tumor Necrosis Factor Receptor 2 (sTNFR2), C-reactive protein (CRP), Interleukin-18 Binding Protein 

(IL18BP); bWilcoxon rank sum test with continuity correction, bolded p-values indicate p<0.003 after Bonferroni 

correction (p=0.05/20 comparisons); cGestational age in weeks at plasma collection (Median [IQR]). dpg/mL; eug/mL  

 Term Birth Preterm Birth 

Analytea n Median [IQR] n Median [IQR] p-valueb 

Enrolment (weeks)c 19.7 [18.0, 21.6] 21.3 [19.7, 22.4] <0.001 

Angpt-2 1087 14.60 [10.36, 21.39] 266 14.65 [10.18, 20.40] 0.735 

Angpt-1 1087 7.67 [3.65, 13.55] 266 6.61 [3.48, 13.26] 0.471 

Angptl3 1090 16.04 [9.70, 25.26] 266 17.43 [10.62, 26.25] 0.088 

sEng 1087 2.50 [1.85, 3.30] 266 2.53 [1.82, 3.70] 0.500 

sFlt-1 1087 2.01 [1.31, 2.99] 266 2.25 [1.40, 3.50] 0.011 

PlGFc 1087 45.98 [26.51, 77.95] 266 62.09 [32.65, 116.05] <0.001 

CRPd 1036 3.38 [1.56, 7.51] 249 4.03 [1.66, 11.15] 0.016 

CHI3L1 1090 17.68 [9.67, 35.00] 266 19.61 [11.42, 39.68] 0.018 

sTNFR2 1090 2.44 [1.57, 4.05] 266 2.83 [1.84, 4.74] 0.001 

IL18BP 1089 14.68 [10.37, 21.60] 266 16.56 [12.43, 23.90] <0.001 

Visit 2 (weeks)c 31.0 [30.3, 31.6] 31.6 [30.7, 32.0] <0.001 

Angpt-2 844 10.77 [7.14, 15.40] 195 9.79 [6.64, 14.16] 0.080 

Angpt-1 844 10.06 [5.27, 17.32] 195 10.77 [5.50, 18.72] 0.435 

Angptl3 844 20.38 [12.02, 30.81] 195 20.36 [11.92, 31.39] 0.966 

sEng 844 2.68 [2.06, 3.59] 195 3.34 [2.42, 4.80] <0.001 

sFlt-1 844 2.82 [1.92, 3.88] 195 3.32 [2.51, 4.63] <0.001 

PlGFd 844 159.50 [84.62, 270.77] 195 98.20 [46.22, 220.21] <0.001 

CRPe 812 2.50 [0.95, 5.20] 182 2.54 [1.23, 5.25] 0.594 

CHI3L1 844 17.42 [10.84, 34.06] 195 17.58 [10.53, 29.77] 0.729 

sTNFR2 844 2.46 [1.87, 3.36] 195 2.26 [1.68, 3.05] 0.018 

IL18BP 839 15.72 [12.47, 20.61] 194 17.25 [11.91, 22.12] 0.597 
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STAR Methods 

RESOURCE AVAILABILITY 

Lead contact 

Further information and requests for resources and reagents should be directed to and will be 

fulfilled by the lead contact, Kevin C. Kain (kevin.kain@uhn.ca). 

 

Materials availability 

This study did not generate any new unique reagents.  

 

Data and code availability 

• All analyte and clinical data (anonymized) from the parent analyte trial (a subset of which 

was used for the analyses presented in this paper) are publicly available and have been 

published at doi:10.1371/journal.pmed.1002914.  

• This paper does not report original code. Publicly available R software and packages used 

for statistical analysis in this paper have been listed and sourced in the key resources 

table. 

• Any additional information required to reanalyze the data reported in this paper is 

available from the lead contact upon request. 

 

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS 

Human Studies 

This was a secondary analysis of previously collected samples. The samples tested in this study 

were prospectively collected as part of a larger randomized-controlled trial (RCT) of malaria 
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prevention strategies in pregnant women.58 Briefly, HIV-negative women attending their first 

antenatal visit were randomized to receive either 3-4 doses of intermittent preventative therapy in 

pregnancy with sulfadoxine-pyrimethamine (IPTp-SP), or intermittent screening with malaria 

rapid diagnostic tests (RDT) and treatment with dihydroartemisinin-piperaquine (ISTp-DP). 

Women in the ISTp-DP group with a positive RDT (First Response Malaria pLDH/HRP2 Combo 

Test, Premier Medical Corporation) received a standard 3-day course of DP.58 Follow-up 

included 3-4 scheduled visits every 4-6 weeks until delivery. Women who felt ill or had concerns 

about their pregnancy were encouraged to make unscheduled visits. Malaria was assessed at each 

visit by RDT (ISTp-DP group), microscopy, and real-time polymerase chain reaction (PCR). 

Women in the ISTp-SP group with uncomplicated clinical malaria (fever or history of fever and 

positive RDT) received artemether lumefantrine (AL); in the ISTp-DP group, women with 

uncomplicated malaria received DP, or AL if they had received DP within the preceding 4 

weeks.58 Venous blood samples for analyte measurement were collected at each visit (same day), 

processed, and stored at -80C until shipping. Plasma samples were shipped on dry ice and stored 

at -80C until analysis. Gestational age was determined by ultrasound at enrollment in the trial.58   

Ultrasound images were obtained using a portable Sonosite™ S180 machine (SonoSite, Inc, 

Bothell, Washington, USA). Trained research staff obtained ultrasound images of three biometric 

parameters (biparietal diameter, femur length, and abdominal circumference), and the Hadlock 

formula was used to calculate gestational age. 

 

The sample size was determined based on availability of plasma samples from the parent trial 

from women meeting our inclusion criteria. Inclusion criteria from the parent RCT for the present 

secondary observational cohort study included: enrollment in the parent trial before 24 weeks 

gestation; availability of a plasma sample from their enrollment visit (13 to 23 weeks) and/or a 
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second visit (28 to 33 weeks);9 live birth; and a recorded gestational age at delivery (Figure 1). 

We focused on these two visits to study the early pathobiology of preterm birth and avoid 

sampling bias due to delivery before a third visit (34 to 37 weeks gestation). In this cohort, 

maternal and/or fetal indicated preterm deliveries were carried out via cesarean section; women 

who delivered preterm by cesarean section (n=8) were excluded from our analysis (Figure 1). All 

preterm deliveries included in this cohort were spontaneous and therefore PTB refers to 

spontaneous preterm labour and delivery throughout the manuscript. There were no documented 

cases of preterm premature rupture of membranes (PPROM); however, preeclampsia or 

eclampsia were reported as serious adverse events in five cases (n=5/1475; 0.3%). These cases 

were also excluded from our analysis (Figure 1). Clinical characteristics for those included versus 

excluded from the larger analyte cohort9 for the reasons outlined above are outlined in 

Supplementary Table 1.    

 

All study participants provided written informed consent. This study protocol was reviewed and 

approved by ethical review boards at the Liverpool School of Tropical Medicine, the Malawian 

Health Science Research Committee, and the University of Toronto-UHN.  

 

METHOD DETAILS 

Inflammatory and Angiogenic Analyte Measurement 

Analyte data were derived as previously described (also presented below) and reanalyzed for this 

study.9  While the relationship of these biomarker data with malaria in pregnancy has been 

reported previously,9 their temporal relationship to each other, upstream of preterm birth, has not 

been reported. Briefly, EDTA plasma samples were analyzed for angiogenic and inflammatory 

factors previously implicated in the pathogenesis of adverse pregnancy outcomes.14,15,42 Samples 
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were analyzed by multi-analyte Luminex assays (R&D Systems, Minneapolis, MN) for: 

Angiopoietin-1 (Angpt-1), Angiopoietin-2 (Angpt-2), sEng, sFlt-1, and PlGF (all at 1:2 dilution); 

Angiopoietin-like protein-3 (Angptl3), soluble Tumor Necrosis Factor Receptor 2 (sTNFR2), and 

Chitinase-3-like protein-1 (CHI3L1) (all at 1:25 dilution). Samples were also analyzed for C-

reactive protein (CRP; 1:50,000 dilution) and Interleukin-18 binding protein (IL18BP; 1:20 

dilution) using commercially available enzyme-linked immunosorbent assay (ELISA) kits 

(DuoSet, R&D Systems, Minneapolis, MN). Assay characteristics (i.e., % coefficient of variance, 

range of detection) have been previously reported.9 All laboratory personnel were blinded to the 

outcome. 

 

QUANTIFICATION AND STATISTICAL ANALYSIS 

Statistical analysis was performed using R version 4.0.3 (R Core Team 2020, The R Foundation 

for Statistical Computing, Vienna, Austria). Population baseline characteristics were compared 

between women who delivered preterm and at term by Pearson Chi-square or Wilcoxon rank-sum 

test. Relative risk (with 95% confidence intervals [CI]) of PTB for women in the highest quartile 

of each analyte (with the lowest quartile as a reference category) was calculated using log-

binomial regression. In cases where the model did not converge, a log-Poisson regression was 

used. The regression models were adjusted for baseline variables associated with PTB, including 

blood pressure (systolic) at enrollment, gestational age at plasma collection for each respective 

visit, primigravidity (yes/no), socioeconomic status (as a continuous variable), and malaria during 

pregnancy (by PCR). Treatment group was included as a covariate in all models to account for 

parent trial study design. Due to their agonist/antagonist relationship and evidence that their ratio 

may be a stronger predictor of adverse pregnancy outcomes than either marker alone,59 sFlt1 and 

PlGF (sFlt1/PlGF) were presented as a ratio for multivariate and mediation analysis.  
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We conducted multiple mediator analyses to test the potential for causal relationships between 

inflammation, subsequent dysregulation of angiogenesis, and preterm birth. The predictors were 

inflammatory analytes at enrolment (13-23 weeks’ gestation), the mediators were angiogenic 

analytes at a subsequent visit (visit 2; 28-33 weeks’ gestation), and the outcome was gestational 

age at delivery. We focused on inflammatory and angiogenic analytes that were associated with 

increased risk for preterm birth by log-binomial regression. We used the lavaan package in R to 

run the mediation analyses.60 To handle missing data, we used full-information maximum 

likelihood (FIML) estimation. Multiple imputation for missing data (with 10 iterations), using the 

mice package in R,61 delivered similar results. To estimate mediation (indirect) effects, we fitted 

two models per inflammatory marker: (1) regressing both mediators (a1 and a2) on each 

inflammatory marker, and (2) regressing gestational age at delivery on the mediators (b1 and b2) 

and each inflammatory marker (c’, which represents the direct effect of inflammation on 

gestational age at delivery). We investigated interactions between exposure (inflammatory 

analyte) and mediator (angiogenic analyte) by testing exposure-mediator interaction terms in 

equation (2).62 An interaction term was considered nonzero and added to the final model if its p-

value was < 0.05, as previously described.63 Mediation (indirect) effects of inflammation on 

gestational age at delivery via angiogenic mediators were estimated using the product of 

coefficients approach (a1b1 and a2b2) with 95% bootstrapped confidence intervals. The proportion 

of total effect accounted for by the indirect effects of inflammatory mediators through angiogenic 

mediators was calculated as ab/(ab+c’). In the case of inconsistent mediation (ab and c’ with 

opposite signs), absolute values were used to calculate the proportion of total effect, as previously 

suggested.64 We included gestational age and blood pressure (systolic) at enrolment, as well as 

malaria infection during pregnancy (by PCR) as covariates. Indices of model fit are presented in 
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the supplementary (Supplementary Table 2). Analyte data were log-transformed. We performed a 

sensitivity analysis of our mediation, using the same analysis on the larger parent analyte cohort 

(n=1628) to assess whether those excluded from our final cohort (n=1462) significantly 

influenced the results (Supplementary Table 3). Statistical significance was defined as p-value < 

0.05. Exact p-values have been presented everywhere except in Figure 3 (due to space 

constraints), which uses asterisks as follows: *p<0.05, **p<0.01, ***p<0.001. 

 

Statistical details for each experiment can also be found in the Table and Figure legends.  

 

ADDITIONAL RESOURCES 

The parent malaria prevention trial was registered in the Pan African Clinical Trials Registry 

PACTR201103000280319 and ISRCTN: ISRCTN69800930. 
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Highlights 

 

• Inflammatory and angiogenic pathways were evaluated across pregnancy 

• Early inflammation and subsequent angiogenic dysregulation were linked to preterm birth 

• The pathobiology of preterm birth may be triggered early in pregnancy  
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