

[image: image]





Frontiers eBook Copyright Statement

The copyright in the text of individual articles in this eBook is the property of their respective authors or their respective institutions or funders. The copyright in graphics and images within each article may be subject to copyright of other parties. In both cases this is subject to a license granted to Frontiers.

The compilation of articles constituting this eBook is the property of Frontiers.

Each article within this eBook, and the eBook itself, are published under the most recent version of the Creative Commons CC-BY licence. The version current at the date of publication of this eBook is CC-BY 4.0. If the CC-BY licence is updated, the licence granted by Frontiers is automatically updated to the new version.

When exercising any right under the CC-BY licence, Frontiers must be attributed as the original publisher of the article or eBook, as applicable.

Authors have the responsibility of ensuring that any graphics or other materials which are the property of others may be included in the CC-BY licence, but this should be checked before relying on the CC-BY licence to reproduce those materials. Any copyright notices relating to those materials must be complied with.

Copyright and source acknowledgement notices may not be removed and must be displayed in any copy, derivative work or partial copy which includes the elements in question.

All copyright, and all rights therein, are protected by national and international copyright laws. The above represents a summary only. For further information please read Frontiers’ Conditions for Website Use and Copyright Statement, and the applicable CC-BY licence.



ISSN 1664-8714
ISBN 978-2-88974-073-4
DOI 10.3389/978-2-88974-073-4

About Frontiers

Frontiers is more than just an open-access publisher of scholarly articles: it is a pioneering approach to the world of academia, radically improving the way scholarly research is managed. The grand vision of Frontiers is a world where all people have an equal opportunity to seek, share and generate knowledge. Frontiers provides immediate and permanent online open access to all its publications, but this alone is not enough to realize our grand goals.

Frontiers Journal Series

The Frontiers Journal Series is a multi-tier and interdisciplinary set of open-access, online journals, promising a paradigm shift from the current review, selection and dissemination processes in academic publishing. All Frontiers journals are driven by researchers for researchers; therefore, they constitute a service to the scholarly community. At the same time, the Frontiers Journal Series operates on a revolutionary invention, the tiered publishing system, initially addressing specific communities of scholars, and gradually climbing up to broader public understanding, thus serving the interests of the lay society, too.

Dedication to Quality

Each Frontiers article is a landmark of the highest quality, thanks to genuinely collaborative interactions between authors and review editors, who include some of the world’s best academicians. Research must be certified by peers before entering a stream of knowledge that may eventually reach the public - and shape society; therefore, Frontiers only applies the most rigorous and unbiased reviews. 

Frontiers revolutionizes research publishing by freely delivering the most outstanding research, evaluated with no bias from both the academic and social point of view.

By applying the most advanced information technologies, Frontiers is catapulting scholarly publishing into a new generation.

What are Frontiers Research Topics?

Frontiers Research Topics are very popular trademarks of the Frontiers Journals Series: they are collections of at least ten articles, all centered on a particular subject. With their unique mix of varied contributions from Original Research to Review Articles, Frontiers Research Topics unify the most influential researchers, the latest key findings and historical advances in a hot research area! Find out more on how to host your own Frontiers Research Topic or contribute to one as an author by contacting the Frontiers Editorial Office: frontiersin.org/about/contact



		REVIEW
published: 11 November 2020
doi: 10.3389/fphar.2020.594042


[image: image2]
Regulating Gut Microbiome: Therapeutic Strategy for Rheumatoid Arthritis During Pregnancy and Lactation
Yao Yao1*†, Xiaoyu Cai2†, Weidong Fei1, Fujia Ren3, Fengmei Wang1, Xiaofei Luan1, Fengying Chen1 and Caihong Zheng1*
1Department of Pharmacy, Women’s Hospital, School of Medicine, Zhejiang University, Hangzhou, China
2Department of Pharmacy, Hangzhou First People’s Hospital, Hangzhou, China
3Department of Pharmacy, Hangzhou Women’s Hospital, Hangzhou, China
Edited by:
Maria Gerosa, University of Milan, Italy
Reviewed by:
Caren Lee Hughes, Mayo Clinic Florida, United StatesSílvia M. Illamola, University of Minnesota Twin Cities, United States
* Correspondence: Yao Yao, yaoyaofb@zju.edu.cn Caihong Zheng, chzheng@zju.edu.cn
† These authors have contributed equally to this work and share first authorship.
Specialty section: This article was submitted to Obstetric and Pediatric Pharmacology, a section of the journal Frontiers in Pharmacology
Abbreviations: CIA, collagen-induced arthritis; DMARDs, disease-modifying antirheumatic drugs; FMT, fecal microbiota transplantation; GDM, gestational diabetes mellitus; MTX, methotrexate; NLRs, Nod-like receptors; RA, rheumatoid arthritis; SCFAs, short-chain fatty acids; SFB, segmented filamentous bacteria; SGA, small for gestational age; SSZ, sulfasalazine; Th1/Th2/Th17, T helper cell 1/2/17; TLRs, Toll-like receptors; TTP, time to pregnancy.
Received: 12 August 2020
Accepted: 05 October 2020
Published: 11 November 2020
Citation: Yao Y, Cai X, Fei W, Ren F, Wang F, Luan X, Chen F and Zheng C (2020) Regulating Gut Microbiome: Therapeutic Strategy for Rheumatoid Arthritis During Pregnancy and Lactation. Front. Pharmacol. 11:594042. doi: 10.3389/fphar.2020.594042

Rheumatoid arthritis (RA) is an autoimmune disease characterized by synovial inflammation and bone destruction. Microbial infection is considered to be the most important inducement of RA. The pregnancy planning of women in childbearing age is seriously affected by the disease activity of RA. Gut microbiome, related to immunity and inflammatory response of the host. At present, emerging evidence suggested there are significant differences in the diversity and abundance of gut microbiome during pregnancy and lactation, which may be associated with the fluctuation of RA disease activity. Based on these research foundations, we pioneer the idea of regulating gut microbiome for the treatment of RA during pregnancy and lactation. In this review, we mainly introduce the potential treatment strategies for controlling the disease activity of RA based on gut microbiome during pregnancy and lactation. Besides, we also briefly generalize the effects of conventional anti-rheumatic drugs on gut microbiome, the effects of metabolic changes during pregnancy on gut microbiome, alteration of gut microbiome during pregnancy and lactation, and the effects of anti-rheumatic drugs commonly used during pregnancy and lactation on gut microbiome. These will provide a clear knowledge framework for researchers in immune-related diseases during pregnancy. Regulating gut microbiome may be a potential and effective treatment to control the disease activity of RA during pregnancy and lactation.
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INTRODUCTION
Rheumatoid arthritis (RA) is an inflammatory autoimmune disease characterized by synovitis and bone destruction (Cai et al., 2020). The pathogenesis of RA is not clear, but it is generally considered to be related to the interactions between genetic and environmental factors (Scherer et al., 2020). And at present, microbial infection is considered to be the most important inducement of RA (Li et al., 2013). RA is prevalent among women, the ratio of males to females is about 1:3, and it mostly occurs between 20 and 55 years old (Croia et al., 2019). In the past decades, the exploration between RA and women indicated that the disease activity of RA fluctuate apparently during pregnancy and lactation. The disease activity of some patients with RA decreased during pregnancy, and some increased during lactation (de Man et al., 2008; Jethwa et al., 2019; Chen et al., 2020). These conditions seriously affect family planning and the health management of women in childbearing age.
Pregnancy is a complicated and delicate process, in which the maternal hormone levels, immunity and metabolism change conspicuously to ensure the normal growth and development of the fetus (Mu et al., 2019). As early as 1931, scholars began to study the relationship between RA disease activity and pregnancy or lactation. Here, a retrospective analysis based on objective markers of RA disease activity and related scores in 2019 showed that the disease activity of 60.3% of pregnant women with RA is improved during pregnancy and that of 46.7% is increased during lactation (Jethwa et al., 2019). What causes this phenomenon? Currently, it is generally believed that this is mainly associated with hormone levels of mother. Briefly, the level of estrogen with the anti-inflammatory effect increased significantly during pregnancy and decreased rapidly during lactation (Ince-Askan et al., 2017), which might be one of the important factors that cause the fluctuation in RA disease activity during pregnancy and lactation (de Jong and Dolhain, 2017). But this cannot explain the fact that many women are still having active disease activity during pregnancy and the proportion of improvement during pregnancy has gradually decreased for decades. The disease activity of RA during pregnancy and lactation severely affects the outcome of mother and fetus and postpartum health management (Bermas, 2017). However, apart from hormonal effects, the current understanding of the relationship between pregnancy or lactation and RA is very limited. Therefore, a clear demonstration of the impact of pregnancy and lactation on RA disease activity and its mechanisms is particularly important for managing the health of pregnant women with RA.
In recent years, the role of gut microbiome in the host health during pregnancy and lactation has received widespread attention. The maternal gut microbiome undergoes tremendous changes throughout pregnancy and lactation (Gomez-Arango et al., 2016b; Mutic et al., 2017; Stanislawski et al., 2017). This provides a novel idea for exploring the relationship between pregnancy or lactation and RA disease activity. During pregnancy and lactation, there are significant changes in the diversity, species richness, and composition of the maternal gut microbiome (Nuriel-Ohayon et al., 2016; Mu et al., 2019). The human gut microbiome is complex and composed of more than 500–1,500 different bacteria, archaea, fungi and viruses (de Brito Alves et al., 2019; DeMartino and Cockburn, 2020; Weersma et al., 2020). They are not only participating in the digestion and absorption of food but also play an important role in regulating immunity and metabolism of the host (Guerreiro et al., 2018; Peterson et al., 2020; Singh, 2020). Gut microbiome disorder leads to changes in microbial metabolites and increased permeability of the intestinal mucosa. These usually disrupt the balance between non-self antigen tolerance and immunity, which may promote antigen absorption and increase the persistence or worsening of immune-mediated diseases like RA (Morrison and Preston, 2016; Guerreiro et al., 2018; Picchianti-Diamanti et al., 2018).
More and more evidence showed that gut microbiome is involved in the formation of adaptive immunity and autoimmunity (Van de Wiele et al., 2016; Agorastos and Bozikas, 2019). The balance between helper T cell subsets and regulatory T cells is to be influenced by specific gut microbiome (Wu et al., 2010). For example, the colonization of segmental filamentous bacteria in mice can induce the production of Th17 cells. In contrast, Clostridia can induce the production of regulatory T cells, thereby suppressing the autoimmune response (Lee and Kim, 2017). Additionally, gut microbiome can directly or indirectly bind NOD-like receptors (Nod-like receptors) and/or Toll-like receptors (TLRs) to activate the immune system and produce metabolites of short-chain fatty acids (Short-chain fatty acids) (Hasegawa et al., 2006; Reichardt et al., 2014). Moreover, based on the study of gut microbiome at present, probiotics and specific gut microbiome metabolites are applicable in the treatment of various autoimmune diseases (Weis, 2018; Marietta et al., 2019).
In this review, we outline the role of gut microbiome in RA, specific changes in gut microbiome during pregnancy or lactation in recent years and the possibility of improving RA disease activity during pregnancy or lactation by regulating gut microbiome. Besides, we also briefly generalize the impacts of conventional anti-rheumatic drugs on gut microbiome, the effects of metabolic changes during pregnancy on gut microbiome, the outcome of mothers and fetuses in pregnant women with RA (Preterm delivery, Cesarean section, small for gestational age), and the anti-rheumatic drugs commonly used during pregnancy and lactation. This review will provide a clear knowledge framework for researchers in the field of pregnancy-related immune diseases. Regulating gut microbiome might be a potential and effective treatment to control the disease activity of RA during pregnancy and lactation.
THE ROLE OF GUT MICROBIOME IN RHEUMATOID ARTHRITIS
Gut Microbiome in the Etiology of Rheumatoid Arthritis
RA is an inflammatory autoimmune disease characterized by synovial inflammation and bone destruction (Yao et al., 2018; Yao et al., 2019). The pathogenesis of RA is complicated, including the interaction between innate immune response and acquired immune response, which involves the formation of self-reactive T cells, antigen presentation and the formation of autoantibodies. These autoantibodies may come from various parts of the body, such as the gastrointestinal tract, and eventually enter the blood circulation, causing systemic joint inflammation (Malmstrom et al., 2017; Favalli et al., 2019).
The studies showed that the development of RA is based on heredity and epigenetics, but environmental factors also play an important role, such as cigarette smoke and dust contact, especially the microbiome representing the “internal” environment (Figure 1) (Amariuta et al., 2020; Scherer et al., 2020). And the susceptibility of RA is related to environmental factors, such as smoking and infection, which may be mediated by gut microbiome (Klareskog et al., 2006; Luckey et al., 2013). In particular, genotype and sex are strong determinants of gut microbiome, although gut microbiome changes dynamically with age (Gomez et al., 2012; Morgan et al., 2012). In humans, age-related alterations of gut microbial composition are associated with enrichment of pathobionts (Yatsunenko et al., 2012; Rampelli et al., 2013). These changes may cause an increase or loss of intestinal metabolic function, leading to disorders of gut microbiome. Additionally, smoking has been shown to affect the diversity of gut microbiome and quitting smoking will increase the diversity of gut microbiome (Biedermann et al., 2013; Savin et al., 2018). These findings indicate that the decrease in the diversity of gut microbiome is one of the reasons for the development of RA.
[image: Figure 1]FIGURE 1 | Gut microbiome in the etiology of Rheumatoid arthritis (RA). The etiology of RA is mainly related to environmental factors and genetic factors. Among the environmental factors, smoking, infection and dust can affect the structure of gut microbiome to participate in the occurrence and development of RA. Among genetic factors, the composition of gut microbiome is associated with genotype and sex, which is linked to the occurrence and development of RA. Therefore, gut microbiome play an important role in the etiology of RA.
With the increased understanding of gut microbiome, there has been a wide area of related researches, especially in autoimmune diseases. The evidence supporting the association of gut microbiome with RA is as follows: 1) Compared with the control group, the composition of gut microbiome changed in early RA patients, the abundance of certain bacteria in the genus Bifidobacterium and Bacteroides decreased, and genus Prevotella increased significantly (Vaahtovuo et al., 2008; Bernard, 2014; Jeong et al., 2019). 2) In the germ-free model, parenteral injection of cell wall fragments of exogenous intestinal bacteria can induce arthritis (Scher et al., 2013; Bernard, 2014). 3) Partial gut microbiome of clinical RA patients restored to normality after antirheumatic treatment (Zhang et al., 2015; Bodkhe et al., 2019). 4) Existing reports have shown that diet could affect the activity of inflammation, and high-fat diet has a negative effect on intestinal permeability (Skoldstam et al., 2003; Rohr et al., 2020). 5) Many drugs for the treatment of RA have antibacterial properties, such as minocycline, chloroquine, roxithromycin and sulfadiazine (Ogrendik, 2009; Ogrendik and Karagoz, 2011). 6) The alpha diversity index of gut microbiome in the feces of RA patients is significantly lower than that of healthy people. The bacterial genera Bacteroides and Escherichia-Shigella were more abundant in RA patients. In contrast, Lactobacillus, Odoribacter, Enterobacter, and Alloprevotella were less abundant in RA patients than that in healthy people (Drago, 2019; Sun et al., 2019). Based on the above facts, we conclude that gut microbiome may be closely related to RA, and the imbalance of gut microbiome may be one of the causes of RA.
The Mechanism of Gut Microbiome in Rheumatoid Arthritis
The studies of gut microbiome in animal models, the effects of diet and probiotics on the extent of inflammatory activity support the potential role of gut microbiome in the pathogenesis of RA (Badsha, 2018; Jubair et al., 2018). Researches in RA patients or animal models indicated that the abundance of many genera of gut microbiome increased or decreased significantly compared with the control group (healthy people or animal). The influence mechanism of gut microbiome on the pathophysiology of RA may be multifactorial, and it mainly includes the following aspects: the ability to produce citrullinization of peptides by enzymatic action, activation of antigen-presenting cells through an effect on TLRs or NLRs, antigenic mimicry, control of host immune system (triggering T cell differentiation), alterations in permeability of intestinal mucosal, and increase of T helper type 17-mediated mucosal inflammation [Table 1 (Round et al., 2011; Marietta et al., 2016; Teng et al., 2016; Pahari et al., 2017; Guo et al., 2019; Li et al., 2020; McHugh, 2020; Tajik et al., 2020)].
TABLE 1 | The mechanism of gut microbiome in RA (animal experiment).
[image: Table 1]The evidence related to gut microbiome participating in the pathogenesis of RA all came from animal experiments based on the current research. In humans, it is only proven that there is a difference in gut microbiome between RA patients and healthy people, which cannot clarify the causal relationship between RA and gut microbiome. To predict the role of gut microbiome in the pathogenesis of RA, an improved understanding related to gut microbiome of the ecology and interactions with other microorganisms and hosts is still needed. Furthermore, the interaction between gut microbiome and the immune system might be the most likely influencing factor for gut microbiome to participate in the pathogenesis of RA, especially the influence of gut microbiome on Th17 cells. And the in-depth study of animal experiments will lay a solid foundation for clinical research.
Rheumatoid Arthritis Treatment Based on Gut Microbiome
The pathogenesis of RA is considered to be the result of the interaction between genetics and the environment. The drugs used to treat RA are mainly disease-modifying antirheumatic drugs (DMARDs), which play an important role in controlling the symptoms and progression of the disease (Burmester and Pope, 2017). Recently, more and more evidence showed that gut microbiome regulates the host immune system directly or indirectly, for example, some gut microbiome in RA patients returned to normal after treatment with DMARDs (Bodkhe et al., 2019). Microbiome refers to a collection of genomes within an ecological community of microorganisms (Boon et al., 2014). It is difficult to clarify the role and mechanism of gut microbiome in human diseases due to only about 1% of microbes are culturable (Prakash et al., 2013). Fortunately, the development of DNA sequencing technology has made it possible to study unculturable microbes (The Human Microbiome Project Consortium, 2012; Ranjan et al., 2016). Gut microbiome has a strong metabolic potential and an important influence on the stability and activity of drugs that enter the intestine (Vande Voorde et al., 2014; Lehouritis et al., 2015). For example, the action of sulfasalazine (SSZ, a drug used to treat RA) must depend on anaerobic bacteria in the colon (Sousa et al., 2014). Moreover, drug treatment also has a significant effect on the composition of gut microbiome in the host (Sousa et al., 2008; Maier et al., 2018). Therefore, alterations of gut microbiome caused by drug affect the therapeutic effect and the host’s immune response [Table 2 (West et al., 1974; Kanerud et al., 1994; Angelakis et al., 2014; Zhang et al., 2015; Chen et al., 2016; Picchianti-Diamanti et al., 2018; Zhou et al., 2018)].
TABLE 2 | The effect of some DMARDs on gut microbiome.
[image: Table 2]The drugs currently used to treat RA mainly include traditional DMARDs, biologic DMARDs, biologics, and alternative medicines such as herbs and probiotics (Demoruelle and Deane, 2012). Traditional DMARDs such as leflunomide, methotrexate (MTX), SSZ and hydroxychloroquine are essential in the treatment of RA (Scher et al., 2013). Compared with the control group, the gut microbiome diversity of RA patients increased and the disease activity of RA decreased after receiving these drugs (Zhang et al., 2015; Chen et al., 2016). Table 2 summarizes the effects of some DMARDs on gut microbiome (West et al., 1974; Kanerud et al., 1994; Angelakis et al., 2014; Zhang et al., 2015; Chen et al., 2016; Picchianti-Diamanti et al., 2018; Zhou et al., 2018). In general, biologic DMARDs (bDMARDs) will be considered when RA patients are not effective in the treatment of traditional DMARDs. As with traditional DMARDs, treatment with bDMARDs also causes changes in the abundance of gut microbiome (Picchianti-Diamanti et al., 2018). For example, with the treatment of etanercept (belongs to bDMARDs), the abundance of Cyanobacteria in the intestine increased significantly compared with untreated patients (Bodkhe et al., 2019). Chinese herbal medicine has been used to treat various incurable diseases since ancient times (Rigau-Perez, 2016). In recent years, a relationship between the therapeutic effect of Chinese herbal medicine and gut microbiome has been proved by researchers. Xiao M et al. found that the diversity of gut microbiome increased in collagen-induced arthritis mice treated with Paederia scandens (Chinese herbal medicine) (Xiao et al., 2018). In addition, the therapeutic effect of another Chinese herbal medicine, Tripterygium wilfordii (Chinese herbal medicine), used to treat RA has also been shown to be related to gut microbiome (Miao et al., 2015). After receiving the treatment of Tripterygium wilfordii, the abundance of Prevotella intermedia in the intestine of RA patients was increased (Zhang et al., 2015). What’s more, the direct application of probiotics proves the importance of regulating gut microbiome to RA (Pineda Mde et al., 2011; Vaghef-Mehrabany et al., 2014). Therefore, the treatment of RA based on gut microbiome may be a potential and effective strategy.
GUT MICROBIOME IN PREGNANCY AND LACTATION
Alterations of Gut Microbiome During Pregnancy
Pregnancy is a complex and delicate process with remarkable changes in the hormone level, immunity and metabolism of the mother to ensure the successful growth and development of the fetus (Pazos et al., 2012; Fejzo et al., 2019). The immune system and some complications during pregnancy are related to gut microbiome (Nyangahu et al., 2018; de Brito Alves et al., 2019). Several studies have proved that microbial infections such as bacteria, fungi or viruses during pregnancy are important risk factors for adverse pregnancy outcomes, including eclampsia, premature rupture of membranes, recurrent miscarriage, intrauterine growth retardation and premature delivery (Lamont, 2015; Young et al., 2015). Notably, there is a conspicuous change in the diversity of gut microbiome during the process of pregnancy (Chen et al., 2017). The whole microbial community undergoes an amazing rearrangement related to the host’s physiology and immunity (Koren et al., 2012; Paysour et al., 2019). Recently, some scholars suggested that gut microbiome remodeling during pregnancy is a positive reaction of the mother and necessary for a successful pregnancy, which may contribute to the state of the immunity and metabolism (Konstantinov et al., 2013). However, more researchers believe that changes in gut microbiome during pregnancy are harmful to pregnant women and will cause related complications (Morffy Smith et al., 2019).
The physiological changes of pregnant women are accompanied by the alteration of microbes, especially gut microbiome (Koren et al., 2012; Edwards et al., 2017). The gut microbiome of first trimester is similar in many aspects to that of healthy nonpregnant male and female controls. However, by the third trimester, the structure and composition of the community resemble a disease-associated dysbiosis that differs among women (Koren et al., 2012). Generally, pregnancy is characterized by increased bacterial load and profound changes in the composition of intestinal microorganisms (Nuriel-Ohayon et al., 2016; Smid et al., 2018). During pregnancy, the changes of gut microbiome mainly include the decrease of individual richness (α diversity), the change of specific species richness and the increase of between-subject diversity (β diversity) (Koren et al., 2012; Chen et al., 2017). Table 3 summarizes alterations of gut microbiome during pregnancy (Koren et al., 2012; Gohir et al., 2015; Smid et al., 2018; Chen Y. et al., 2019; Ji et al., 2019; Liu et al., 2019).
TABLE 3 | Alteration of gut microbiome during pregnancy.
[image: Table 3]Factors Affecting Gut Microbiome During Pregnancy
The initial changes in the mother during pregnancy are hormone levels. Progesterone and estrogen levels rise sharply, which cause many physiological effects (Di Renzo et al., 2016; Hudon Thibeault et al., 2019). On the one hand, these hormone levels are likely to affect the structure of gut microbiome because it has been proven that the composition of microorganisms is involved in responding and regulating host hormone levels, and host hormone levels affect bacterial growth (Gomez-Arango et al., 2016a). On the other hand, microorganisms can also secrete or produce hormones. Therefore, the interaction between hormones and microorganisms is bidirectional, and the two interact with each other (Neuman et al., 2015). However, there is a lack of direct evidence for the effect of gut microbiome on these hormones and the effect of estrogen or progesterone on gut microbiome. Further research is necessary. Besides, the immune system of mothers changes during pregnancy to support the successful growth of the fetus. Many studies have proven that gut microbiome participates in the regulation of the immune system, and the possible mechanism is antigen simulation or change in intestinal permeability (Rooks and Garrett, 2016; Neuman and Koren, 2017).
Apart from hormones, the relationship between metabolic changes during pregnancy and gut microbiome has received widespread attention at present. Metabolic changes during pregnancy are very similar to those in metabolic syndrome, including changes in metabolic hormone levels, weight gain, glucose intolerance, elevated fasting blood glucose levels, low-grade inflammation, and insulin resistance (Meo and Hassain, 2016; Nuriel-Ohayon et al., 2016; Zeng et al., 2017). These changes are closely connected with the composition of gut microbiome. Table 4 summarizes the effects of different metabolic changes during pregnancy on gut microbiome (Collado et al., 2008; Santacruz et al., 2010; Gohir et al., 2015; Kuang et al., 2017; Crusell et al., 2018).
TABLE 4 | Effects of different metabolic changes during pregnancy on gut microbiome.
[image: Table 4]Alterations of Gut Microbiome During Lactation
Lactation refers to the period from a mother secretes milk from her mammary glands to the stop of breastfeeding, which generally lasts for 10–12 months. The level of prolactin in postpartum mothers increased significantly, while the level of progesterone decreased rapidly (Vieira Borba and Shoenfeld, 2019). As mentioned above, changes in hormones affect the structure of gut microbiome. At present, the study of gut microbiome in lactation is less than that in pregnancy. Unlike the fluctuations observed during gestation, the bacterial composition appeared to be relatively stable over different stages of lactation (Liu et al., 2019). Liu et al. found that Christensenellaceae, Lachnospiraceae, and Escherichia coli are enriched during lactation in sows (Liu et al., 2019). Besides, another analysis of gut microbiome of the sow from pregnancy to weaning showed that the abundance of Tenericutes during lactation is significantly increased while Bacteroidetes and Fibrobacteres are decreased (Ji et al., 2019). These studies indicate that the gut microbiome during lactation is also in a state of disorder and continues the characteristics of pregnancy. The diversity of gut microbiome during lactation is similar to that in late pregnancy, and there was no significant change over time (Jost et al., 2014). However, we need more evidence to demonstrate the characteristic of gut microbiome in lactation. The difference between gut microbiome in lactation and normal women needs to be clarified to explore the specific genus of gut microbiome during lactation. This may help us to further study the role and mechanism of gut microbiome in disease states and to manage the health of lactating women.
In addition to lactation, there are also significant differences in the composition of gut microbiome in postpartum women. Operational taxonomic units richness and Shannon index decreased from late pregnancy to postpartum regardless of metabolic status (Crusell et al., 2018; Hasan et al., 2018). However, it lack of evidence to demonstrate the difference between breastfeeding and non-breastfeeding women, and further researches are needed.
THE TREATMENT OF RHEUMATOID ARTHRITIS DURING PREGNANCY AND LACTATION BASED ON GUT MICROBIOME
Fluctuation of Disease Activity During Pregnancy and Lactation, and Feasibility of the Treatment Based on Gut Microbiome
RA is common among women, and the ratio of men to women is close to 1:3. In women with RA, it seems to be more difficult to conceive, and the disease activity affects the mother and fetal outcome (Wallenius et al., 2011; Wallenius et al., 2012; Yao et al., 2020). For example, RA patients have a longer time to pregnancy (TTP). Table 5 summarizes some studies on pregnancy outcomes of RA patients (Nelson et al., 1992; Skomsvoll et al., 1999; Reed et al., 2006; de Man et al., 2009; Lin et al., 2010; Norgaard et al., 2010; Brouwer et al., 2015b). The disease activity of some patients usually improves during pregnancy. However, a large number of RA patients (>50%) still suffer from active diseases during pregnancy. Thus, clinical treatment is necessary, especially considering the negative correlation between active diseases and pregnancy outcomes (de Jong and Dolhain, 2017). At present, during pregnancy and lactation, antirheumatic drugs are mainly used to control disease activities. The main side effect of the approved antirheumatic drugs could increase TTP, including nonsteroidal anti-inflammatory drugs (NSAIDs) and prednisone (in a dose >7.5 mg daily) (Brouwer et al., 2015a). In addition, the use of MTX may damage fertility (Provost et al., 2014). Therefore, a treat-to-target strategy aiming for low disease activity is recommended for RA patients with the plan of conceive.
TABLE 5 | Some studies on pregnancy outcomes of RA patients.
[image: Table 5]RA improves during pregnancy and relapses during lactation, but the improvement effect is not as previously thought (Gerosa et al., 2016). This results in a substantial number of RA patients with moderate to high disease activity during pregnancy (Ince-Askan and Dolhain, 2015). Therefore, how to take a scientific and reasonable plan to improve the maternal and infant outcomes and improve or control the condition of these patients has become the focus of clinical research in the field of rheumatism. The causes of the disease activity in pregnancy and lactation are still unclear at present. Through the study of pregnancy and RA and reviewing the relevant reports at home and abroad in recent years, we summarized the possible mechanisms as follows: 1) After pregnancy, the increase in progesterone and estrogen causes the level of glucocorticoid to rise, and estrogen itself also has anti-inflammatory effects. 2) The conversion of hormone secretion after pregnancy, the balance of Thl/Th2 type immune response and the activity of T cells can be indirectly regulated and suppressed by higher levels of estrogen. 3) Changes in regulatory T cell subsets can reduce the immune response to inflammation, which not only makes the mother immune tolerance to the fetus but also reduces the immune response to RA. 4) The conversion of postpartum hormone secretion makes the level of hormones with anti-inflammatory effect drop rapidly so that the pro-inflammatory effect of Th1-related cytokines is dominant. 5) Prolactin influences the negative selection of autoreactive B cells, promoting their proliferation, survival, and antibody production.
However, mechanisms of the fluctuation of RA disease activity during pregnancy and lactation are mainly based on the level of hormones. These cannot explain the decrease in improvement rate of RA during pregnancy in recent years. The improvement of RA during pregnancy can be attributed to not just a single mechanism but most likely several different pathogenic mechanisms (Ince-Askan and Dolhain, 2015; Murakawa, 2016). Controlling RA disease activity during pregnancy and lactation is challenging, especially because several antirheumatic drugs are contraindicated in pregnancy (Forger and Villiger, 2016; Ngian et al., 2016). Extensive studies on gut microbiome in RA and pregnancy revealed that gut microbiome might play an important role in pregnancy with RA. Changes in the diversity of gut microbiome during pregnancy and lactation may be one of the key factors in the fluctuation of RA disease activity. Moreover, compared with anti-rheumatic drugs, regulating the gut microbiome to control the disease activity of RA may be safer for pregnant women and fetuses. Based on the recent studies of gut microbiome between RA and pregnancy or lactation, we propose a new treatment strategy: regulating gut microbiome. Here, we summarize several methods for the treatment of RA during pregnancy and lactation based on gut microbiome.
Therapeutic Method Based on Gut Microbiome
Fecal Microbiota Transplantation
Fecal microbiota transplantation (FMT) therapy refers to the transfer of fecal microbial extracts from healthy donors to diseased recipients through colonoscopy, oral, nasogastric tube, nasal duodenum, or enema, to reconstruct the complete intestinal microbial community and reverse the imbalance of microecology (Vindigni and Surawicz, 2017; Wang et al., 2019). The research on FMT could be traced back to 1958. Four patients with pseudomembranous colitis survived through FMT (Eiseman et al., 1958). At present, FMT is mainly used to combat Clostridium difficile infectious colitis, and the cure rate can reach 90% (Vindigni and Surawicz, 2017). Additionally, FMT is also used in other diseases, such as Parkinson’s disease, obesity and metabolic syndrome, cancer, and multiple sclerosis (Choi and Cho, 2016; Chen D. et al., 2019; Zhou et al., 2019). FMT has not been used in patients with RA. However, when discussing the potential application of this method in inflammatory arthritis, some scholars suggested that the research results of FMT in inflammatory bowel disease are related to inflammatory arthritis. Especially compared with ulcerative colitis, there is a stronger association between spinal arthritis and Crohn’s disease (Abdollahi-Roodsaz et al., 2016). Therefore, FMT may be a therapeutic method for improving RA disease activity during pregnancy after the mechanism of gut microbiome in pregnancy with RA has been elucidated.
Prebiotics or Probiotics Supplementation
Prebiotics is an indigestible food ingredient that selectively stimulates the growth and activity of probiotics in the intestine, thereby improving host health (Naseer et al., 2020; Ricke et al., 2020). It is currently defined as “a substrate that is selectively utilized by host microorganisms endowed with health benefits,” and its “selectivity” mainly refers to Lactobacillus and Bifidobacterium (da Silva et al., 2020). Oral prebiotics supplements, especially those added with plant polysaccharides, are effective to improve gut microbiome (Roberfroid et al., 2010). Probiotics are beneficial to human health, such as Bifidobacterium, Lactobacillus and Yeast (Morovic and Budinoff, 2020). Probiotics/prebiotics is widely used in the medical field to prevent or treat some diseases, and their therapeutic effect on RA has been confirmed in animals and humans (Mohammed et al., 2017). Probiotics/prebiotics intervention may be a safe and effective method to regulate gut microbiome.
Reasonable Use of Antibiotics
The treatment of gut microbiome also includes the use and management of antibiotics (Iizumi et al., 2017). Different kinds of antibiotics have different effects on gut microbiome (Lange et al., 2016). A study showed that the delayed onset of RA flares after the use of specific antibiotics might be mediated through the gut microbiome (Nagra et al., 2019). However, the use of antibiotics during pregnancy could affect the health of infant and the exposure of the breastfed infant to antibiotics is related to bacterial resistance and the development of gut microbiome (van Wattum et al., 2019; Zimmermann and Curtis, 2020). Therefore, the use of antibiotics to regulate gut microbiome during pregnancy should be carefully considered. And reasonable use of antibiotics can effectively control the disease activity of RA during pregnancy or lactation.
Gut Pharmacomicrobiomics
The ability of gut microbiome to metabolize drugs is comparable to that of the liver (Enright et al., 2016). Gut pharmacomicrobiomics reflects the influence of changes in gut microbiome on drug pharmacokinetics and pharmacodynamics (Saad et al., 2012; Doestzada et al., 2018). Most drugs have little contact with gut microbiome because they are rapidly and completely absorbed by the upper gastrointestinal tract (Kim, 2015). However, some drugs are converted into active, inactive or toxic metabolites by gut microbiome located in the ileum and colon (Wilson and Nicholson, 2017). For example, the antirheumatic drug sulfasalazine is broken down into sulfapyridine and 5-aminosalicylic acid by the bacterial azoreductase in the colon, which is not metabolized when antibiotics are given (Peppercorn and Goldman, 1972). Pharmacomicrobiomics based on gut microbiome may be a potential treatment for RA during pregnancy or lactation. Current research needs to further clarify the mechanism of interaction between gut microbiome and drugs. The intervention of enzymes produced by specific bacteria may be of great significance for the treatment of RA during pregnancy or lactation.
Diet Regulation
Gut microbiome could be involved in energy balance by affecting the efficiency of energy harvesting from the diet and the expression of host genes related to the regulation of energy storage and expenditure (Guo et al., 2018). It is well known that diet is closely related to obesity and hyperlipidemia. Obesity and hyperlipidemia have a great influence on gut microbiome during pregnancy. The abundance of the phylum Firmicutes was lower and Bacteroidetes was higher in strict vegetarians, with the genus Prevotella being increased among other changes (Franco-de-Moraes et al., 2017). A randomized controlled trial showed that differences exited in the relative abundance of several genera in pregnancy women on a vegetarian diet, specifically a reduction in Collinsella, Holdemania, and increases in the relative abundances of Roseburia and Lachnospiraceae (Barrett et al., 2018). Therefore, diet control may be an effective treatment method for RA during pregnancy or lactation.
DISCUSSION
Presently, there is limited knowledge about the fluctuation of RA activity during pregnancy or lactation in addition to hormonal effects. We speculate that the changes of gut microbiome during pregnancy are harmful to the disease activity of RA based on current studies. The improvement of the disease activity of RA during pregnancy may be the result of neutralization between the harmful effects of gut microbiome and the beneficial effects of estrogen and progesterone. From late pregnancy to lactation, the levels of estrogen and progesterone decreased rapidly, and the leading role of gut microbiome appeared, showing the recurrence of RA at this time. Therefore, regulation of gut microbiome may be a potential strategy for the treatment of RA during pregnancy and lactation. Combined with domestic and foreign literature reports, the treatment of RA based on gut microbiome mainly includes fecal microbiota transplantation, prebiotics or probiotics supplementation, reasonable use of antibiotics, gut pharmacomicrobiomics and diet regulation.
However, current knowledge in this field is limited. Most studies related to gut microbiome during pregnancy or lactation are animal experiments. Therefore, there is a long journey before conclusion, the first step is to clarify the difference of gut microbiome between pregnant women with RA and healthy pregnant women. Then the specific bacteria associated with pregnancy with RA and its mechanism should be demonstrated. Finally, the method based on regulating gut microbiome to improve the disease activity of RA during pregnancy or lactation should be explored. The mechanisms of gut microbiome in RA during pregnancy and lactation may be (Figure 2): 1) The ability to produce citrullinization of peptides by enzymatic action. 2) Activation of antigenpresenting cells through an effect on TLRs or NLRs. 3) Antigenic mimicry 4) Control of the host immune system (triggering T cell differentiation). 5) Alterations in the permeability of intestinal mucosal. 6) Increase of T helper type 17-mediated mucosal inflammation.
[image: Figure 2]FIGURE 2 | Possible mechanisms of gut microbiome in Rheumatoid arthritis (RA) during pregnancy and lactation. The fluctuation of disease activity of RA during pregnancy and lactation may be affected by gut microbiome. The possible mechanisms are as follows: 1) The ability to produce citrullinization of peptides by enzymatic action. 2) Activation of antigenpresenting cells through an effect on Toll-like receptors or Nod-like receptors. 3) Antigenic mimicry 4) Control of host immune system (triggering T cell differentiation). 5) Alterations in permeability of intestinal mucosal. 6) Increase of T helper type 17-mediated mucosal inflammation.
In general, gut microbiome is a double-edged sword. Understanding the mechanism of gut microbiome in RA during pregnancy and lactation will provide potential and effective ideas for controlling the disease activity of RA. Mastering it will be beneficial to the treatment of RA during pregnancy or lactation.
CONCLUSION
In summary, the conclusions of this paper are as follows: 1) Gut microbiome participates in the pathogenesis of RA and plays an important role in the development of RA. 2) There are significant differences in the diversity and abundance of gut microbiome during pregnancy and lactation compared with healthy women. 3) The disease activity of RA fluctuates abnormally during pregnancy or lactation, and the overall manifestation is aggravated, which affects the pregnancy plan. 4) Regulation of gut microbiome during pregnancy or lactation may be an effective treatment for RA. 5) Mechanisms of gut microbiome affecting the disease activity of RA during pregnancy or lactation may be related to the immune system, citrullinization of peptides and permeability of intestinal mucosal.
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Antiphospholipid syndrome (APS) is a rare condition in childhood, but even more in the neonatal age. Most neonatal cases are considered a passively acquired autoimmune disease, due to a transplacental passage of maternal antiphospholipid antibodies (aPL) from mothers with primary or secondary APS or, more often, from asymptomatic aPL carriers. Exceedingly unusual is the neonatal de novo production of aPL. We present four infants with presumed perinatal stroke in presence of increased and persistent aPL levels, even after 6 months of life, opening the window on a gray zone related to the origin of these antibodies (maternal or neonatal) and on their role in the pathogenesis of stroke.

Keywords: APS—antiphospholipid antibody syndrome, perinatal stroke, brain damage, autoimmune disorders, transplacental passage autoantibodies


INTRODUCTION

Anti-phospholipid syndrome (APS), first described in 1986, is an autoimmune disorder characterized by a history of venous or arterial thrombosis and/or of pregnancy morbidity in the presence of persistent anti-phospholipid antibodies (aPL) (1, 2). aPL are a heterogeneous family of autoantibodies including lupus anti-coagulant (LA), anti-cardiolipin antibodies (aCL), and anti-β2-glycoprotein I antibodies (β2GPI) (3). APS can be associated with other autoimmune diseases, mainly with systemic lupus erythematosus, but in many cases can be found in isolation as a primary syndrome (4).

APS commonly develops in adults, especially in young women, while in children it is an unusual condition accounting for < 3% of the cases (5). In the neonatal age APS is exceedingly rare. Most of the cases are considered a passively acquired autoimmune disease (6). Maternal IgG isotype aPL from mothers with primary or secondary APS or, more often, from asymptomatic aPL carriers can pass into the fetal circulation, actively transported through the placenta (7).

Only few cases have been described in literature of de novo aPL production in neonatal age. A negative maternal aPL profile, a prolonged persistence of aPL in offspring, IgM isotypes may help in distinguishing between de novo and acquired autoimmunity, which would be useful for prognostic evaluation and supporting the treatment choice.

Maternal APS is known to predispose to prematurity, and intrauterine growth restriction, and to increase the risk of thrombosis, thrombocytopenia, and developmental delay in neonates (8).

Acute ischemic stroke, arterial and venous thrombosis have been observed in neonatal APS, but additional prothrombotic risk factors may be crucial to trigger the final pathological event in these situations (9).

We present four infants with persistent levels of aPL, even after 6 months of life, who developed brain stroke, and discuss the possible origin of aPL, and their role in early ischemic stroke.

Table 1 summarizes the main features of these four cases, which are described in detail below.


Table 1. Clinical and laboratory data of the 4 infants.
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CASE 1

A baby boy was born at 38 weeks of gestational age via normal vaginal delivery. The mother, a 25-year-old healthy woman, without previous history of miscarriages, had suffered from mild abruptio placentae at 11 weeks of gestation and premature uterine contractions at the 30th week. Routine blood tests during pregnancy were normal, and routine ultrasound scans, the last of which performed 6 weeks before delivery, did not reveal fetal complications. There was no family history for coagulation disorders or vascular events.

Newborn appeared in good general conditions, with APGAR score 9/10 at first and fifth minute, respectively, and weight of 3,450 kg. He was discharged at 48 h of life.

At 10 days of life the baby showed a poor feeding, an asymmetry in the movements and posture with a weak use of his right side, and a preferential attitude of the head to be rotated to the left. At 6 weeks of age the child was brought to the emergency room because of jerking movements of his arms and legs lasting 5–10 min. He appeared hypotonic, with asymmetric Moro reflexes, absence of spontaneous movements of the right limbs, and poor visual alertness. During hospitalization he presented a divergent strabismus, and partial seizures lasting 5–10 min. Results from blood samples, including immune and infection profiles and a routine coagulation study, electrocardiography, and echocardiography were normal. A video-electroencephalogram showed continuous background activity with seizure activity mainly on the left hemisphere.

Magnetic resonance imaging (MRI) of the brain documented in the fronto-parietal-temporal left regions a large pluri-cystic area with altered intensity of signal involving the cortico-subcortical tissues, and extending in depth until the wall of the lateral ventricle, and extensive damages at caudate, striatum, internal and external capsule, thalamus, cerebral peduncle of the midbrain and left hemipons, and bulbar pyramid. The angio-MR revealed a narrowing of the left middle cerebral artery.

A neonatal hypoxic ischemic syndrome was postulated, and an antiepileptic treatment was started with seizure control. At 5 months of age an extensive investigation of prothrombotic risk factors was performed, revealing aCL IgG 45 U/ml (n.v. <12) with negative IgM, anti-β2GPI IgG 60 U/ml (n.v. <12) with negative IgM, and homocysteine level of 19 μmol/L (<15). Furthermore, the child resulted heterozygous for factor V Leiden (FVL) mutation, like his father, while his mother was negative.

A neonatal APS related to possible transplacental passage of maternal IgG antibodies was hypothesized, and low dose aspirin was prescribed.

Antibody testing for autoimmune disorders, and thrombophilia panel including aPL were obtained in his mother 6 months after delivery and resulted all negative or normal, except for a positive ANA result (1:160, speckled).

At 9 months of age the aPL were absent in the child, and aspirin prophylaxis was interrupted.

At last follow-up, at 13 months of age, the patient still appeared hypotonic, with an insufficient head control, a right hemiplegia and a global delay in his psychomotor development.



CASE 2

A female was born at 38 weeks of gestation via normal vaginal delivery from a 34-year-old woman, at her first pregnancy. APGAR score was 10/10 at first and fifth minute, respectively, and birth weight was 2,770 kg. She was discharged 48 h later in good general conditions. The pregnancy was complicated by insulin-controlled maternal gestational diabetes. There was no history of miscarriages or family history of coagulation disorders or vascular events.

When she was 5 months old her parents observed a progressive reduction in the use of their child's left arm. On clinical examination hemiparesis of upper and lower left limbs, and microcephaly were noticed. Electroencephalogram showed an extensively unstructured right rhythm, without clear signs of epilepsy. Cerebral MRI and MR angiography, performed at 6 months of life, revealed a right atrophy of the white matter, basal and thalamic ganglia, and encephalic trunk, with wallerian degeneration of corticospinal bundle, evocating an ischemic event involving the right middle cerebral artery territory supposed to have occurred several months before, presumably during the perinatal period.

At 6 months of age routine laboratory tests were repeated including a thrombophilia risk screen. Increased values of anti-β2GPI IgG (120 U/ml), with negative IgM, and of aCL IgG (20 U/ml), with negative IgM were documented.

Autoimmune panel and thrombophilia panel including aPL were also performed in her mother when the child was 10 months old and all resulted negative except for the presence of low titer ANA (1:80).

Three months later the patient's anti-β2GPI IgG were still present at 118 U/ml, while aCL were absent. IgG β2GPI progressively reduced and disappeared by the age of 16 month.

Being aPL persistently negative in the absence of other prothrombotic risks factors no treatment was started. One year later, following a regular rehabilitation program, the patient's neurologic status showed a satisfactory functional recovery.



CASE 3

A female baby was born at term by elective cesarean section for previous cesarean, without prenatal complications or abnormalities. No postnatal resuscitation was required, APGAR score was 9 /9 at first and fifth minute, respectively, and birth weight 3,600 kg.

The mother, a 30-year-old woman with vitiligo, reported 2 previous miscarriages: the first at 9 weeks of gestation, the second at 12 weeks. In this last occasion a screening for aPL was performed revealing aCL IgM 38 U/ml, IgG 30 U/ml, anti-β2GPI IgM 20 U/ml, and IgG 20 U/ml. She denied any previous thrombotic events.

At 5 months of age her parents began to notice a reduced use of her right arm. A neurological evaluation confirmed a right-side hemiparesis.

Blood tests and coagulation studies were ordered including full blood count, urea and electrolytes, liver function tests, coagulation profile, and D-dimer and all resulted within the normal limits.

The EEG recorded abnormal left hemisphere electrogenesis. The CT scan identified a cortico-subcortical left fronto-parietal extended malacic area. MR imaging showed ex-vacuo left ventricular dilatation and a cortico-subcortical fronto-temporal-parietal left malacia extending to the ipsilateral capsular regions and to the basal ganglia, without the involvement of the head of the caudate nucleus or the thalamus (Figure 1). A perinatal hypoxic-ischemic damage was supposed, and a physiotherapy treatment was started to promote recovery.
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FIGURE 1. MR imaging (coronal and axial sections) showed ex-vacuo left ventricular dilatation and a cortico-subcortical fronto-temporal-parietal left malacia extending to the ipsilateral capsular regions and to the basal ganglia, without the involvement of the head of the caudate nucleus or the thalamus.


At 9 months of age the child was referred to our hospital for a second opinion. On physical examination, a mild right hemiparesis with decreased muscle strength was observed. A full thrombophilia screen was required and laboratory tests resulted in normal range/negative except for: D-Dimer (314 ng/ml, normal range <250), protein C (53%, normal range 70–140), protein S (39%, normal range 54–124), plasminogen (67%, normal range 80–120), aCL IgG 101 U/ml, IgM negative, anti-β2GPI IgG >100 U/ml, and IgM negative. A compound heterozygosis for the C677T and A1298C mutations of the methylenetetrahydrofolate reductase (MTHFR) gene was detected. Mother's serological examinations, performed when the child was 10 months old, showed aCL IgG 40 U/ml, IgM 46 U/ml, and anti-β2GPI IgG 10 U/ml, IgM 15 U/ml.

Treatment with baby aspirin was prescribed, and a physical and occupational therapy program were recommended. aPL were periodically checked and disappeared after 20 months of age. At last follow-up, at the age of 3 years, the child appeared in good general conditions with persistent, mild neurologic outcome.



CASE 4

A 22-month-old female infant presented to our attention for a 1-month history of skin color changes. The distal extremities of her hands, sometimes also of her feet and tongue, dramatically changed from white to blue discoloration upon exposure to cold.

The baby was born from a dichorionic-diamniotic twin pregnancy complicated at the 25th week with gestational diabetes. The mother was a previously healthy 39-year-old primigravida. She was the first-born twin after an emergency cesarean section, required at the 31st week due to uterine contractions and rupture of membranes. The APGAR score was 6 and 7 at first and fifth minutes, respectively; birth weight was 1,350 g. She received resuscitation procedures, including intubation because of respiratory distress and bradycardia. She was admitted to the neonatal intensive care unit where she received surfactant, and mechanical ventilation, then needed oxygen for 21 days.

She was discharged about 3 months later, but despite a normal neurological exam and an adequate psychomotor development she underwent several cerebral echographies in the first year of life due to her prematurity. White matter hyperechogenicity in the periventricular and subcortical area of the right parietal lobe, and bilateral periventricular hyperechoic zones at the occipital lobe were detected.

When she came to our attention she appeared in good general conditions with a normal neurological exam. A white pitting scar over the tip of the second finger of the right hand was observed (Figure 2). Screening investigations for inherited thrombophilia revealed anti-β2GPI IgG 70 U/ml, and IgM 35 U/ml.
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FIGURE 2. White scar over the tip of the second finger of the right hand derived from a long-lasting ulcerative lesion.


MRI showed a cystic encephalomalacia at the right frontal circumference of the cortical-subcortical site with cortical thinning, mild ventricular dilatation, mild white matter damage near the corona radiata and in the periventricular frontal area.

Mother was promptly tested for autoimmunity, with negative results including aPL. We followed the baby for 2 years. Acrocyanosis gradually resolved within 6 months from the first visit, and anti-β2GPI antibodies disappeared, at 26 months of age.



DISCUSSION

Ischemic stroke has been reported to be the presenting condition in more than a quarter of pediatric patients with APS, as resulted from a multi-national childhood APS registry comprising 121 subjects, including both primary and secondary forms. However, the real impact of APS in the neonatal stroke is unclear (5).

On the other hand, cerebral stroke in neonatal-perinatal period encompasses heterogeneous conditions leading to focal neurological injuries (10). Perinatal arterial ischemic stroke (PAS) is defined as a focal (or multifocal) cerebral ischemic infarction, confirmed by radiological or pathological assessment, due to an arterial event, and occurring between 28 weeks' gestation and 28 days of postnatal age. The incidence of perinatal stroke has been estimated at about 1:3,000–4,000 live births (11).

Perinatal stroke may present acutely in the first week of life with clear neurological symptoms such as seizures, lethargy, apnea and/or poor feeding. However, around 40% of cases are clinically asymptomatic until several months of age, the so called “presumed perinatal strokes” (12–14).

Almost half of perinatal strokes cause a neurological deficit. PAS is the main event responsible for severe outcomes such as neurological disabilities, epilepsy, cognitive impairment (15).

The pathophysiology of perinatal stroke is complex and includes different, possible causes. Risk factors may be related both to maternal and placental conditions, as well as to fetal and neonatal disorders. Maternal preeclampsia, chorioamnionitis, fetal cardiac anomalies, polycythemia, birth asphyxia, and systemic infection are typically described in PAS.

The way genetic and acquired thrombophilic factors act in causing PAS is quite controversial and not completely understood (16).

Simchen et al. (17) investigated the role of maternal and infant prothrombotic factors in a cohort of infants with a history of PAS and their mothers, concluding that both maternal and infant thrombophilia may predispose to PAS. In this study at least one thrombophilic marker was documented in 64% of children, and among 68% of mothers. FVL, protein C deficiency, and aPL prevailed among infants, in particular, more than one-fifth of PAS infants resulted positive for aPL, compared to 5.4% of controls. Almost one-third of mothers resulted positive for FVL, and 18.2% them had aPL (vs. 4.7% of control mothers) (17).

Only part of newborns born to aPL-positive women really acquire aPL antibodies. Data from the European neonatal registry regarding 141 babies born to aPL-positive mothers revealed a low transmission rate (20, 25 and 43%, respectively, for LA, aCL and anti-β2GP1) and no cases of PAS This is in part linked to a filtering effect exerted by placenta through the β2GP1 on trophoblasts membrane, that significantly reduces maternal antibodies transfer (18).

After birth, transmitted antibodies usually disappear within the first months of life (19).

However, also in presence of neonatal antibodies the related manifestations are exceedingly rare, being aPL unable to induce a thrombotic process in the absence of an additional thrombophilic factors (20). Hereditary and/or acquired prothrombotic conditions such as asphyxia, sepsis, dehydration, arterial and venous catheters may contribute to trigger the ischemic event. Therefore, aPL act as a predisposing factor for PAS, in presence of which a thrombophilic screening should be considered (21).

We described four cases of presumed perinatal strokes, as all babies seemed neurologically normal in the neonatal period and up to 28 days post-partum.

Three out of the four children we described (cases 1, 2, and 3) had aPL IgG isotypes, but only one of the paired mothers tested positive (for both aCL and anti-β2GP1). The other two women resulted negative but were tested 6 months after birth, so a transient aPL positivity during pregnancy cannot be excluded. In these children aPL disappeared within 2 years of life (at 6, 16 e 20 months, respectively); we hypothesize an acquired APS due to transplacental autoantibody passage on the basis of the depletion of IgG aPL, and the absence of IgM antibodies. In two of these subjects a predisposing prothrombotic risk factor, as the heterozygosity for factor V Leiden in case 1, and low levels of protein C and S combined to the compound heterozygosity for MTHFR in case 3, had been identified. The exact timing of the ischemic event, as well as the significance of abruptio placentae and preterm contractions as predisposing prothrombotic conditions in case 1 remains uncertain.

Case 4 clearly shows a predisposing condition for PAS, being a preterm twin with a perinatal history of resuscitation and ventilation. This baby presented IgM isotypes of anti-β2GP1 antibodies, and her mother tested negative for aPL suggesting a de novo APS type. Distinguishing maternally transmitted from de novo neonatal APS may be helpful to define the prognosis and to manage the treatment and the follow-up. De novo APS may be associated with signs and symptoms (22), such as thrombocytopenia and skin manifestations (i.e., livedo reticularis and Raynaud's phenomenon), which we observed in our case 4. We think that also peripheral ischemia and ulcerative lesions were favored by the thrombophilia due to the presence of aPL, and indeed with the disappearance of these antibodies skin manifestations did not recur.

Most of the neonatal de novo APS cases present a multiple aPL positivity, and have a prolonged persistence of antibody titers, while in the acquired type antibodies decline and disappear by 6–12 months (23–25).

Diagnosis of de novo neonatal APS is often delayed with a mean time of 4.7 months, probably due to a low awareness of this condition among clinicians, while maternally transmitted APS has been shown to be identified earlier (26).

At the present time, it is still unclear whether outcomes for de novo and transmitted neonatal APS are different, and whether the de novo APS may precede other autoimmune diseases, such as systemic lupus erythematosus (26–34).

Being a retrospective case series, our report has some limitations: the timing of aPL testing in mother and infant varied and was not followed at same intervals; moreover, none of the children had testing completed at the time of the stroke since they became symptomatic several months after the event. However, pediatric APS is rare and data is lacking in neonatal APS, particularly in cases that may represent primary APS. Our paper is unique in that these infants' mothers were otherwise healthy without known APS or rheumatologic disease and we found elevated antiphospholipid antibodies in the children only since we looked for them.

In conclusion, neonatal APS is a rare hypercoagulation disorder that can predispose to early acute ischemic stroke. The detection of aPL has to be included in the thrombophilic screening in infants who experience a cerebral event, especially when the timing of the stroke is not known like in our cases, even in the absence of a maternal history suggestive for APS or autoimmune disorders. Screening for additional congenital and acquired prothrombotic risk factors should also always be performed in such cases as recommended in the last guidelines for the management of stroke in children (35). The absence of antibodies in the mothers does not rule out the diagnosis of APS in a newborn, since even if rare a de novo production of autoantibodies cannot be excluded.
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Fertility issues are common amongst women with rheumatoid arthritis (RA). Interleukin 6 (IL-6) and tumor necrosis factor alpha (TNFα), known key players in RA pathogenesis, have been associated with reproductive disorders. This study investigates the role of these cytokines in decreased fertility in women with active RA. Preconception cytokine measurements of 61 patients from the PARA-cohort, a prospective study on RA and pregnancy, were studied in relation to time to pregnancy as a measure for fertility. IL-6 levels were higher in patients with a time to pregnancy longer than 1 year (p = 0.016). Survival analysis of patients stratified by high or low serum IL-6 levels, shows a prolonged time to pregnancy in the high IL-6 group (p = 0.045). Univariate cox regression analysis of IL-6 in relation to time to pregnancy as well as multivariate cox regression analysis correcting for age, disease activity, nulliparity, NSAID use and prednisone use were performed, with hazards ratios for log transformed IL-6 of 0.68 (95% CI: 0.51–0.93, p = 0.015) and 0.66 (95% CI: 0.43–0.99, p = 0.044), respectively. For TNFα, no association with time to pregnancy was found. This study shows that high IL-6, but not TNFα, is associated with decreased fertility in women with RA. This finding provides a rationale to therapeutically target the IL-6 pathway in the time period before pregnancy. More research in the form of large cohort studies on drug safety and the effect of bDMARDS on fertility is needed for implementation of treatment strategies directed at fertility issues in women with RA.
Keywords: rheumatoid arthritis, interleukin 6, pregnancy, fertility, BDMARDs (biologic agents)
INTRODUCTION
During reproductive age, rheumatoid arthritis (RA) is one of the most common chronic diseases. Female patients with RA have more difficulty conceiving a child, reflected by higher subfertility rates, longer time to pregnancy and decreased family size (Smeele and Dolhain, 2019). Subfertility, defined as a time to pregnancy of greater than 12 months, is related to disease activity in RA patients (Brouwer et al., 2015). Therefore, underlying immunological pathogenic factors associated with active disease are thought to be involved. To date, immunologic mechanisms causing subfertility in RA patients remain unresolved. Identifying which factors influence fertility may have implications on how to optimally treat women with RA and a wish to conceive.
Two well-known factors contributing to RA pathogenesis are interleukin 6 (IL-6) and tumor necrosis factor alpha (TNFα) (Yoshida and Tanaka, 2014; Smolen et al., 2016). In normal physiology, IL-6 and TNFα both act as mediators of the acute phase response. In RA, persistent expression of IL-6 contributes to synovial inflammation and damage and is involved in T-cell migration and activation (Tanaka et al., 2014; McInnes and Schett, 2017). Dysregulation of TNFα in RA plays a major role in synovial proliferation and the pro-inflammatory signaling cascade in the joint. Therapies targeting the IL-6 receptor and TNFα are effective treatment options for RA patients (Taylor and Feldmann, 2009; Kang et al., 2019).
Next to their roles in RA pathogenesis, IL-6 and TNFα play a role in reproduction physiology. Dysregulation of IL-6, up or down, may impair fertility and harm pregnancy (Markert et al., 2011). IL-6 has been described to play a role in several inflammatory disorders of the female reproductive organs. For example in endometriosis, serum IL-6 levels are increased in patients and high levels of IL-6 in peritoneal fluid are linked to infertility (Wang F. et al., 2018; Wang X. M. et al., 2018). Likewise, in polycystic ovary syndrome (PCOS), IL-6 levels are higher than in matched controls and a positive correlation between high circulating IL-6 levels and androgen status was described (Peng et al., 2016). Moreover, serum IL-6 levels are higher in women with unexplained infertility (Demir et al., 2009). To a lesser extent, similar associations for TNFα and reproductive disorders are reported: like IL-6, TNFα is increased in endometriosis and PCOS patients (Iwabe et al., 2002; Wu and Ho, 2003; Ebejer and Calleja-Agius, 2013).
The roles of IL-6 and TNFα in subfertility of RA patients are yet unknown. Unraveling the role of these cytokines in subfertile RA patients might open the door to new treatment strategies. Taking above-stated information into account, we hypothesize that high levels of circulating IL-6 and TNFα in women with active RA contribute to subfertility in these patients.
METHODS
Study Population
This study is embedded in the Pregnancy-induced Amelioration of RA (PARA) study, a prospective nationwide cohort of pregnant women with RA in the Netherlands (2002–2010) that previously has been extensively described in literature (de Man et al., 2008). Patients fulfilling the 1987 American College of Rheumatology criteria for RA (Arnett et al., 1988) with a wish to conceive or who were already pregnant were included. After completion of the PARA study, patients who gave permission to be contacted for future research were approached to participate in a follow-up study. In this follow-up study, patients filled in questionnaires including inquiries on their reproductive history, mode of conception for each pregnancy, visits to a gynecologist, fertility assessments and fertility treatments. These studies were approved by the Erasmus MC medical ethics review board and was executed in compliance with the Helsinki Declaration. All patients were above 18 years of age and gave a written informed consent.
Data Collection
In the PARA study, home visits were performed before, three times during and three times after pregnancy. The visit before conception took place if the patient had a desire to conceive and she and her partner did not use any contraceptives. If a patient did not conceive within a year after the first visit, another visit took place. At first visit, data on patient and disease characteristics were collected, as well as medical and obstetric history. At each visit, a physical exam was performed and disease activity was scored using the 28-joint disease Activity Score with three variables based on the C-reactive protein (CRP) level (DAS28-CRP) according to literature (Fransen and van Riel, 2009). CRP was determined using the Tina-Quant CRP Immunological Test System (Roche Diagnostics, Almere, The Netherlands).
Additionally, blood samples were collected and serum was stored at −80°C until use. IL-6 and TNFα serum levels were measured using the IMMULITE 1000 (Siemens Healthcare Diagnostics, Breda, The Netherlands). The intra-run/inter-run mean ± variation coefficient was 105.6 ± 4.9%/87.67 ± 6.1% for IL-6 and 105.6 ± 4.9%/89.5 ± 3.8% for TNFα, with a detection threshold of 2.0 pg/ml. All cytokine levels are presented in pg/ml. Cytokine levels represent the same data as previously described by de Steenwinkel et al. (2013). In that study, the effect of circulating maternal cytokines on birth weight of children was studied at several time points during pregnancy. Measurements were performed on serum taken at the preconception visit as an estimate for cytokine levels during early pregnancy. In this paper, preconception cytokine levels were re-analyzed in relation to time to pregnancy. Therefore, the patients studied represent a subgroup of the patients in the PARA-study: a pre-pregnancy serum should be available and the patients should have given birth during the follow-up period of the study.
Time to Pregnancy Calculation
Time to pregnancy was calculated as described by Brouwer et al. (2015). At the preconception visit, the date the patient first began trying to conceive actively was noted. Time to pregnancy was calculated as the time elapsed between the first attempt to conceive and the first day of the last menstrual period before pregnancy. If the date of the last menstrual period was not known by the patient, this date was calculated by subtracting 280 days (40 weeks) from the due date based on sonographic examination during early pregnancy. Because in several cases the couple succeeded within the first month of trying to conceive, we calculated a fictitious date by adding 28 days to the start of the last menstrual period for all patients to avoid negative time to pregnancy values.
Statistical Analysis
Descriptive statistics are presented as mean (SD), number (percentage) or median [interquartile range (IQR)]. Characteristics of study population subgroups stratified by time to pregnancy longer or shorter than 1 year were compared using two-sample t tests, Wilcoxon rank-sum test and two-sample tests of proportions as appropriate. Differences between subgroups in levels of either IL-6 or TNFα were analyzed using Wilcoxon rank-sum tests. Next, patients were stratified in either high or low IL-6 or TNFα based on the median. Study population characteristic differences between high and low cytokine level subgroups were analyzed using two-sample t tests, Wilcoxon rank-sum test and two-sample tests of proportions as appropriate. Differences in time to pregnancy between high and low level cytokine categories were studied using Kaplan–Meier survival curves. Significance between curves was determined using a Gehan–Breslow–Wilcoxon test. Furthermore, cox regression analyses were performed. First, univariate cox regression analyses for time to pregnancy and IL-6 or TNFα were performed. This was followed by multivariable cox regression analyses with variables DAS28-CRP and IL-6 or TNFα. Next, multivariable cox regression analyses were executed including variables age, disease activity, nulliparity, non-steroidal anti-inflammatory drug (NSAID) use and prednisone use next to IL-6 or TNFα. These variables were chosen in line with literature (Brouwer et al., 2015). Since in literature some reproduction disorders have been shown to be associated with increased IL-6 and TNFα levels, also a subgroup analysis was performed excluding all patients who had been diagnosed with a disorder leading to decreased fertility. In addition, those patients with a partner with a known male cause for subfertility were excluded. As CRP is strongly associated with IL-6 in literature (Tanaka et al., 2014), it was investigated whether for daily clinical practice IL-6 could be replaced by CRP in the analyses. For this purpose, Spearman’s correlation of IL-6 and CRP was executed and the same cox regression analyses were performed with CRP levels instead of IL-6 levels to investigate if outcomes are similar. Statistical analyses were two-tailed and results were considered significant if p < 0.05. All analyses were performed using Stata 15 (StataCorp LLC).
RESULTS
Study Population
We included 61 out of 373 RA patients with a wish to conceive from the PARA cohort. These patients had IL-6 and TNFα levels determined at their preconception visit as well as clinical data available. For three patients, IL-6 and TNFα levels were measured at the second preconception visit, when they had been actively trying to conceive for 1 year. The mean age (SD) of the study population was 31.1 (3.5) years, duration of disease (IQR) was 6.0 (1.7–10.9) years and mean disease activity (DAS28-CRP) prior to conception (SD) was 3.76 (0.97). Of all included patients, 31 (51%) were anti-citrullinated peptide antibodies (ACPA) positive, 35 (57%) were rheumatoid factor positive, 34 (56%) had erosive disease, 35 (57%) were nulliparous and 19 (31%) had a time to pregnancy >12 months. The following medication was used: sulfasalazine by 19 (31%) patients, hydroxychloroquine by 2 (3%), prednisone by 26 (43%), azathioprine by 1 (2%) patient, etanercept by 1 (2%) patient and gold therapy by 2 (3%) patients. Subgroup analysis showed higher prednisone use in patients with a time to pregnancy longer than 12 months. Described characteristics can be found in Table 1.
TABLE 1 | Clinical and demographic features of the complete study population of 61 patients with rheumatoid arthritis and a wish to conceive, and subgroups divided by a time to pregnancy (TTP) shorter or longer than 1 year.
[image: Table 1]Fourty six out of all 61 (75.4%) patients responded to the invite for follow-up study for investigation of reproduction and fertility. Of this population, eight patients (17.4%) were diagnosed with a reproductive disorder: four patients out of 46 (8.7%) were diagnosed with anovulation, 1 (2.2%) with endometriosis, 1 (2.2%) with early menopause, 1 (2.2%) with blockage of fallopian tubes, 1 (2.2%) patient with a male factor influencing fertility and 1 (2.2%) patient with anovulation as well as a male factor.
Serum Interleukin 6 and Tumor Necrosis Factor Alpha Levels
In 14 out of 61 (23.0%) observations, IL-6 measurements were below the detection limit. Therefore, for all measurements below the detection limit, the IL-6 level was defined at the threshold value of 2.0 pg/ml. IL-6 medians (IQR) were 3.44 (2.0–6.77) and 11.7 (2.67–21.4) pg/ml for patients with a time to pregnancy <12 months (n = 42) and patients with a time to pregnancy >12 months (n = 19), respectively. IL-6 levels were significantly higher in patients with a time to pregnancy longer than 1 year (p = 0.016).
For TNFα, all measurements were above the detection limit. TNFα median serum levels (IQR) were 9.76 (8.78–11.1) pg/ml for patients with a time to pregnancy <12 months and 10.75 (8.72–13.0) pg/ml for patients with a time to pregnancy >12 months. There was no significant difference between these groups (p = 0.33). Boxplots depicting IL-6 and TNFα distributions categorized by time to pregnancy are shown in Figures 1A,B, respectively.
[image: Figure 1]FIGURE 1 | Boxplots showing interleukin 6 (IL-6) and tumor necrosis factor alpha distributions with median and interquartile range stratified by time to pregnancy (A,B, respectively). The y-axis represents serum cytokine levels of Rheumatoid Arthritis patients with a wish to conceive (pg/ml), the x-axis shows patient groups stratified for time to pregnancy. IL-6 levels were statistically significant higher in patients with a time to pregnancy >12 months compared to patients with a time to pregnancy <12 months (p = 0.016) (A). * = p < 0.05.
Interleukin 6 and Time to Pregnancy
Patients were stratified in IL-6 low and IL-6 high categories based on the median IL-6 level of the complete study population (median = 4.75 pg/ml). In the IL-6 high subgroup, disease activity (DAS28-CRP) was higher, patients used more NSAIDs and medication use in general was more frequent than in the IL-6 low group (p = 0.0005, p = 0.0364 and p = 0.0022, respectively). Kaplan–Meier survival analysis (n = 61) shows a different time to pregnancy between the groups with either high or low IL-6. The group with high IL-6 shows a prolonged time to pregnancy compared to the group with low levels of serum IL-6 (p = 0.045). This survival curve is shown in Figure 2.
[image: Figure 2]FIGURE 2 | Kaplan-Meier survival curves showing time to pregnancy in interleukin 6 (IL-6) high (n = 31) vs. IL-6 low (n = 30) patients. The y‐axis shows the proportion of patients who are not yet pregnant, the x‐axis shows the analysis time (years). The survival curve shows that time to pregnancy is longer for patients with high levels of IL-6 (p = 0.045).
IL-6 levels were logarithmically transformed before being imputed in the regression analysis. Univariate cox regression analysis showed that IL-6 is associated with time to pregnancy: hazard ratio (HR) 0.68 (95% CI: 0.51–0.93, p = 0.015). Cox regression analysis with the variables IL-6 and DAS28-CRP showed that higher IL-6 scores were associated with a reduced chance of pregnancy, corrected for disease activity: HR for IL-6 0.66 (95% CI: 0.46–0.94, p = 0.022). The multivariate cox regression, with variables IL-6, age, disease activity, nulliparity, NSAID use and prednisone use showed a significant association between IL-6 and time to pregnancy with a HR 0.66 (95% CI: 0.43–0.99, p = 0.044).
Furthermore, using the data from the follow-up study (n = 46), all patients with a diagnosis of a reproductive disorder that could explain decreased fertility (n = 8) were excluded in a subgroup analysis. Seven out of eight exclusions belonged to the subfertile group with a time to pregnancy longer than 12 months. Their median (IQR) IL-6 level was 7.86 (1.34–27.35) pg/ml. Univariate analysis of IL-6 (n = 38) showed a significant association of IL-6 levels with time to pregnancy: HR 0.69 (95% CI: 0.48–0.99, p = 0.046). Next, multivariate analysis with variables IL-6, age, disease activity, nulliparity, NSAID use and prednisone in relation to time to pregnancy was performed on the same subgroup (n = 38) and showed a significant association between IL-6 and time to pregnancy: HR 0.54 (95% CI: 0.32–0.92, p = 0.023).
Tumor Necrosis Factor Alpha and Time to Pregnancy
After stratification of patients in TNFα low and high categories by the median of 9.76 pg/ml, patients in the TNFα high subgroup had longer duration of disease (p = 0.0182). Survival analysis for TNFα stratified by high and low serum levels did not show the same pattern as IL-6. Kaplan Meier survival (n = 61) showed that having high or low serum TNFα did not have an effect on time to pregnancy (p = 0.62). Levels of TNFα were logarithmically transformed before being imputed into the models. Univariate cox regression analysis showed that TNFα is not associated with time to pregnancy: HR 1.41 (95% CI: 0.88–2.24, p = 0.15). Cox regression analysis with the variables TNFα and DAS28-CRP and analysis with variables TNFα, age, disease activity, nulliparity, NSAID use and prednisone use did not show an effect of TNFα on the probability of pregnancy: HR 1.41 (95% CI: 0.90–2.25, p = 0.14) and HR 1.34 (95% CI: 0.75–2.39, p = 0.33), respectively. Univariate analysis of the subgroup excluding all patients with a reproductive disorder or a male factor [median (IQR) TNFα level of excluded patients: 8.62 (8.10–9.29) pg/ml] that could explain decreased fertility (n = 38) showed no association of TNFα with time to pregnancy: HR 1.12 (95% CI: 0.63–1.98, p = 0.69). Lastly, multivariate analysis on the same subgroup including TNFα, age, disease activity, nulliparity, NSAID use and prednisone in relation to time to pregnancy did not show an association between TNFα levels and time to pregnancy: HR 1.41 (95% CI: 0.71–2.78, p = 0.31).
C-Reactive Protein and Time to Pregnancy
IL-6 and CRP levels are strongly correlated in our study population (Spearman’s rank correlation, rs = 0.71). CRP values were log transformed for cox regression analyses. Univariate analysis of CRP in relation to time to pregnancy showed a significant effect on time to pregnancy: HR 0.81 (95% CI: 0.65–1.00, p = 0.048). Multivariate cox regression analysis with the variables CRP and DAS28-CRP and analysis with variables CRP, age, disease activity, nulliparity, NSAID use and prednisone use both showed an association between CRP levels and time to pregnancy: HR 0.76 (95% CI: 0.59–0.99, p = 0.044) and HR 0.76 (95% CI: 0.59–0.98, p = 0.036), respectively. No significant association between CRP and time to pregnancy was found in the subgroup analyses excluding patients with a reproductive disorder or a male factor that could explain decreased fertility (n = 38) (univariate analysis HR 0.83 (95% CI: 0.64–1.06, p = 0.137); multivariate analysis with variables CRP, age, disease activity, nulliparity, NSAID use and prednisone use HR 0.74 (95% CI: 0.53–1.03, p = 0.075).
DISCUSSION
Our study is the first to evaluate IL-6 and TNFα as potential influencing factors of subfertility in RA patients. We showed that IL-6 is increased in RA patients with a time to pregnancy longer than 12 months. High IL-6 levels are associated with a prolonged time to pregnancy, even when corrected for potential confounders, like disease activity, medication and diagnosis of reproductive disorders, in a large cohort of RA patients with a wish to conceive. For TNFα levels, no association with fertility was found.
This report, combined with previous studies on the link between IL-6 and reproductive disorders and fertility (Demir et al., 2009; Peng et al., 2016; Wang F. et al., 2018; Wang X. M. et al., 2018), provides an indication that high levels of circulating IL-6 hamper fertility. However, the biological mechanisms behind this phenomenon are not known. A possible explanation could be the role of IL-6 in T cell differentiation. IL-6 is a known influencer thereof, driving follicular helper T cell differentiation and enabling T helper 17 cell over regulatory T cell differentiation (Schinnerling et al., 2017). A disturbed T helper 17 and regulatory T cell balance has been associated with fertility and pregnancy disorders through lack of immunologic tolerance, which is pivotal for implantation and pregnancy maintenance (Jasper et al., 2006; Figueiredo and Schumacher, 2016).
Despite the association between IL-6 and fertility, IL-6 might not directly be involved in subfertility pathogenesis. It is possible IL-6 is a proxy for something else, such as a disease related factor. For example, IL-6 levels are known to be associated with disease activity (Madhok et al., 1993). Therefore, in our analyses, a correction was made for disease activity score and other possible confounders based on literature. Another possibility is that IL-6 could be a proxy for other factors in the same inflammatory cascade. Fertility immunology is an upcoming field and exact mechanisms surrounding conception and implantation, certainly within RA patients, are yet to be resolved. More research on fertility biology is needed to elucidate the exact role of IL-6 as well as T helper subset balance in this matter.
Within the subgroup with a time to pregnancy shorter than 1 year, some patients with high IL-6 levels are present (Figure 1A). However, since there is only one cytokine measurement available representing the complete preconception time period, it is unclear if cytokines levels were stable in these patients. A possible explanation for these outliers, next to chance, is temporarily high IL-6 levels in the context of infection.
Since decreased fertility is an important issue in women with RA during reproductive age, treatment of patients with a wish to conceive should not only target the immune system in a way that controls maternal disease activity, but also take into account how therapy could affect fertility. Based on this study, the IL-6 pathway might be considered as a therapeutic target in patients with RA and a wish to conceive. Therapies directed at the IL-6 receptor, such as tocilizumab, could be a promising option for those patients. However, for these therapeutic agents, little is known about drug safety during pregnancy. Due to lack of safety data, current guidelines state that tocilizumab should be stopped in RA patients with a wish to conceive (Götestam Skorpen et al., 2016). Small studies report no adverse pregnancy outcomes in patients exposed to tocilizumab, but numbers are too limited to be conclusive on the matter (Nakajima et al., 2016). Consequently, to this date, tocilizumab is not an appropriate therapeutic option for RA patients in the time period before pregnancy, but could be seriously considered in the future, when there is more clarity on teratogenicity.
Meanwhile, TNFα inhibition (TNFi) is a widely used treatment option for RA and current guidelines state that TNFα inhibitors are appropriate therapeutic agents for patients with a wish to conceive (Götestam Skorpen et al., 2016; Sammaritano et al., 2020). Although our analyses show no correlation of circulating TNFα-levels with fertility, TNFα is a driver of IL-6 and use of TNFi has been shown to decrease circulating IL-6 levels (Charles et al., 1999). Moreover, TNFi has been reported to expand regulatory T cells (Nguyen and Ehrenstein, 2016). Therefore, treatment with TNFi could be a potential option to increase fertility in women with active RA. In a small study, it was indeed reported that TNFi decreases time to pregnancy in RA patients with a wish to conceive (Shimada et al., 2019). Potential effects of TNFi on pregnancy outcomes should be considered. Increased risks associated with TNFi of preterm birth, caesarean section and small for gestational age children have been previously reported (Bröms et al., 2020). However, given the study design and the fact that high disease activity is known to negatively influence pregnancy outcomes (Smeele and Dolhain, 2019), these effects might not be drug-derived, but due to confounding by indication.
Given the fact that IL-6 serum levels are correlated to disease activity (Madhok et al., 1993), as also displayed by our results, effective treatment of RA patients with other DMARDs such as sulfasalazine presumably decrease IL-6 levels and possibly enhance fertility as well. More evidence on the effect of different DMARDs on fertility from large cohort studies is needed to confirm this effect and to further elucidate the mechanisms behind it.
In daily clinical practice, IL-6 levels are not routinely measured. This makes the possibility to use IL-6 levels as a potential biomarker for fertility in RA patients with a wish to conceive less practical. However, IL-6 is a strong driver of CRP and high CRP levels are predictive for high IL-6 (Tanaka et al., 2014). For that reason all analyses were performed with CRP instead of IL-6 and for the main analyses similar results were found. Therefore, in daily practice, when no IL-6 levels are available, also CRP is a potential indicator for time to pregnancy in RA-patients with a wish to conceive. Analysis of a larger patient population would give more insight into the value of CRP as a clinical biomarker for fertility.
No association of TNFα levels with fertility was found. This raises the question whether our study is adequately powered to show the potential influence of TNFα on fertility. A post-hoc power calculation shows that, based on the data in this study, over 1,300 patient inclusions are needed to demonstrate a statistically significant difference. This is an indication that a potential difference in TNFα levels is probably not clinically relevant.
Previous reports have shown the PARA cohort to be a representative study population. However, cytokine levels were only determined in samples of patients who had serum from the preconception time point available and who had eventually successfully achieved pregnancy and delivered a child, because of previous research purposes (de Steenwinkel et al., 2013). This led to inclusion of 61 out of 373 total patients in the PARA cohort. Nevertheless, we do not expect that this causes the results to be invalid. Our study population is skewed to a relatively more fertile subgroup of the complete PARA cohort and the results still show an association between IL-6 and time to pregnancy. Although it is presumable that IL-6 levels are high in infertile RA patients as well, this group is not represented in the study population and should be further investigated.
In conclusion, this study shows that high IL-6 levels, but not TNFα, are associated with decreased fertility in women with RA and a wish to conceive. This finding provides a rationale to therapeutically target the IL-6 pathway in the time period before pregnancy.
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Objective: The long-term outcome of children born to SLE mothers still represents a controversial topic in literature, with some studies reporting a possible increased prevalence of different neurologic and psychiatric diseases (NPD), including neurodevelopmental disorders (ND), and in particular learning disorders (LD). Different risk factors have been advocated, such as the in utero exposure to auto-antibodies and drugs, particularly Azathioprine (AZA).
Methods: A case-control study was designed to compare pregnancies treated with AZA (cases) with those not treated with AZA (controls). All the pregnancies had been prospectively followed in two Italian centers. The match was based upon renal involvement, antiphospholipid (aPL) status, maternal age at pregnancy (±5 years) and child’s age at the time of the study (±2 years). SLE mothers were interviewed by a telephone survey, particularly focused on the presence of a certified NPD in their children ≥6 years of age.
Results: Twenty-seven cases and 65 controls were similar in terms of demographic, immunological and clinical features, except for a higher rate of SLE flares during pregnancy in cases (22.2% vs. 10.8%, p:0.191). The 92 children had a mean age of 14.0 years at the time of the survey; 11 had at least one NPD (12.0%). The frequency of each single NPD was similar to that of the general pediatric population and no association was found with either the in utero exposure to AZA, or other specific factors (auto-antibodies, disease activity, obstetric complications, prematurity).
Conclusion: The long-term neuropsychiatric outcome of the children born to SLE mothers did not show neither an increased frequency of NPD as compared to the general pediatric population nor a specific pattern of NPD. The in utero exposure to AZA was not associated with the development of NPD in this case-control study of prospectively-followed pregnancies. NPD are complex conditions and large prospective studies are needed to capture the wide range of variables that may contribute to their development in the offspring of SLE women.
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INTRODUCTION
Systemic Lupus Erythematosus (SLE) is an autoimmune disease mostly affecting women of childbearing age (Gergianaki et al., 2018). In the last decades, the rate of successful pregnancies for these women has greatly increased, thanks to the general improvement in SLE management, but also to the availability of drugs compatible with pregnancy and lactation (Lazzaroni et al., 2016). Pregnancy in SLE requires a multidisciplinary approach, with an accurate preconception counseling and a close monitoring, helping to reduce maternal flares and obstetric and neonatal complications (Andreoli et al., 2017). Besides the impact of the disease on pregnancy outcome, another topic is of utmost interest for patients who wish to become mothers: the short- and the long-term outcome of their children.
A recent large multicentre Italian survey, focused on the impact of SLE and other rheumatic diseases on family planning, revealed that most of these women were concerned about the impact of their disease on parenting capacity, but also the possible harmful effects of drugs assumed during pregnancy and lactation on the growth of their offspring (Andreoli et al., 2019). These concerns were often the reason why these women had fewer children than desired. The same study also revealed that patients had poor knowledge about reproductive issues, mainly because of the lack of discussion with health care providers.
Altogether, these data highlight the urgent need of an informative and exhaustive preconception counseling and a close monitoring during pregnancy by a multidisciplinary team, also encompassing the topic of “children’s health”.
Reassuring data about the short-term outcome of these children, in terms of neonatal complications and possible teratogenic effects of the drugs, have become available in the past few years. It is now needed to clarify the long-term outcome of the offspring of SLE mothers (Yengej et al., 2017). In fact, some studies raised the possibility of an increased frequency of different neuro-psychiatric disorders (NPD), including neurodevelopmental disorders (ND), such as learning disabilities (LD) and autism spectrum disorders (ASD), even if a normal intelligence level was reported (Urowitz et al., 2008; Nalli et al., 2020). Specifically, two case-control studies highlighted an increased frequency of LD in the offspring of SLE patients, particularly regarding male children (McAllister et al., 1997; Ross et al., 2003). More recently, a large population study based on the OSLER registry (Offspring of SLE Mothers Registry) found an increased risk of ASD, even though the overall prevalence was very low in absolute terms (Vinet et al., 2015).
In order to explain this increased frequency of NPD, different potential risk factors have been advocated. Apart from general social and familiar risk factors, such as coping with a mother affected by a chronic disease, specific SLE-related factors have been considered. In particular, the transplacental passage of maternal autoantibodies and/or drugs could be responsible for NPD by crossing the incomplete blood-brain barrier and binding to neuronal cells in the developing central nervous system of the fetus (Nalli et al., 2020).
The presence of anti-Ro/SSA antibodies was reported to be associated with an increased risk of LD in children of SLE patients (Ross et al., 2003; Urowitz et al., 2008). However, a study evaluating the neurodevelopmental outcome in 13 children born with congenital heart block, a disease which is strongly associated with these antibodies, found a normal intelligence quotient and only one case of a mild LD (Brucato et al., 2006). Antiphospholipid antibodies (aPL) have been associated with NPD (Motta et al., 2006), including ND and behavioral disorders, but also with increased usage of special educational services (Abisror et al., 2013; Mekinian et al., 2013; Marder et al., 2014).
Regarding the potential role of drugs commonly prescribed in SLE pregnancies, special attention was raised on Azathioprine (AZA) and its metabolites (Belizna et al., 2020). AZA is an immunosuppressive drug widely used in SLE patients, especially to maintain remission, and is considered safe during pregnancy as supported by international guidelines (Skorpen et al., 2016; Andreoli et al., 2017).
As maternal treatment is crucial for keeping the disease under control and favoring a good pregnancy outcome, it is important to achieve the patient’s compliance by providing reassuring data about the use of drugs during pregnancy. Therefore, we designed a case-control study to elucidate the effects of in utero exposure to AZA in children born to women with SLE.
MATERIALS AND METHODS
Study Design
The present study was designed as a retrospective case-control study including pregnancies of SLE patients prospectively followed in two Italian centers (Brescia, Milano). SLE pregnancies treated with AZA formed the group of cases, while SLE pregnancies not treated with AZA formed the control group. The match between one case with two or, if possible three controls, was based on the subsequent characteristics: renal involvement (present/absent); aPL status at the beginning of pregnancy (positive/negative); age of the mother at the beginning of pregnancy (±5 years); age of the child at the time of the study (±2 years).
The study was performed according to the principles of the Declaration of Helsinki and was approved by all the Local Ethic Committees (approval number 2917 in the Promoting Center). All patients signed a written informed consent.
Inclusion and Exclusion Criteria
Women with SLE diagnosis fulfilling the 1997 ACR classification criteria (Hochberg, 1997) were considered if they had a singleton pregnancy yielding a live birth. Only children of school age (≥6 years) at the time of interview were included in the study.
Twin Pregnancies and pregnancy losses defined as spontaneous abortion (<10th gestational weeks) or intrauterine fetal death (≥10th gestational weeks) were excluded.
Clinical and Immunological Features of Mothers and Children
Data regarding clinical and laboratory features were retrospectively retrieved from medical charts from the two centers and collected in a common database.
The following maternal features were collected: age at disease onset, age at the beginning of pregnancy; disease duration at the beginning of pregnancy; presence of SLE renal involvement; occurrence and type of disease flare during pregnancy; therapy prescribed during pregnancy, including Hydroxychloroquine (HCQ), AZA, Cyclosporine or other immunosuppressants, corticosteroids as mean weekly dosage of prednisone equivalent; occurrence of pregnancy complications.
Neonatal Features Collected Were Gestational Week at Birth, Birth Weight and Sex
The immunological tests were performed during pregnancy in each of the two participating centers, by certified laboratories fulfilling European quality standards. Antinuclear antibodies (ANA), antibodies to extractable nuclear antigens (anti-ENA) and aPL were detected as for clinical practice. A complete aPL profile composed by the three criteria assays was available for each subject; each assay was considered positive if confirmed at least 12 weeks apart.
Long-Term Neuropsychiatric Outcome of Children
The long-term neuropsychiatric outcome of the children was assessed through a specifically designed telephone interview in a time interval comprised between May 2019 and May 2020. Questions concerned the presence of different neurologic and psychiatric disorders (NPD) and included the subsequent diagnosis:
- Neurodevelopmental Disorders (ND): Attention-Deficit/Hyperactive Disorder (ADHD), Learning Disabilities (LD) including dyslexia, dysgraphia, dyscalculia, dysorthography, Communication Disorders, Autism Spectrum Disorder (ASD);
- Psychomotor delay;
- Behavioral disorders including aggressiveness, depression/anxiety, hyperactivity;
- Other neurological disorders: epilepsy; migraine.
Only disorders which had been certified by a child neurologist or psychiatrist were considered. Information regarding the repetition of school years was also collected.
Statistical Analysis
Continuous variables were reported as mean value and standard deviation, whereas categorical variables as proportion and/or percentage. T-student’s test for continuous variables and Fisher’s exact test or Chi-square test for categorical variables were applied as appropriate. p values < 0.05 were considered significant.
RESULTS
Description of the Cohort
Pregnancies Characteristics
The study included 92 singleton pregnancies resulted in live births of 76 SLE patients from two Italian referral centers (Brescia n = 43, Milano n = 33) in a period comprised between 1987 and 2014. Fourteen patients had two pregnancies and one patient had three pregnancies. Most of the patients was Caucasian (97.4%), while the remaining two patients were Asian (2.6%). Mean age at the onset of SLE was 23.1 ± 6.5 years and mean disease duration at the beginning of pregnancy was 9.2 ± 6.0 years; renal involvement was present in 50/76 (65.8%). An associated antiphospholipid syndrome (APS) was detected in 11/76 (14.5%) patients and autoimmune thyroiditis in 7.9%.
At the beginning of pregnancy, the mean age of the mothers was 32.3 ± 4.9 years. A SLE flare during pregnancy occurred in 13/92 (14.1%): nine of 13 total flares were renal (9.8%), three were cutaneous (3.3%), one neurologic and one articular.
Regarding the immunological profile, anti-ENA antibodies were positive in 54 pregnancies (58.7%) and 27 of them were positive for anti-Ro/SSA antibodies (29.3%). aPL positivity was detected in 26.1% of pregnancies: 6.5% had a triple aPL positivity (LAC plus aCL IgG/IgM plus aB2GPI IgG/IgM), 7.6% had double aPL positivity and 11.9% had a single positivity. Only two patients with two pregnancies each had an aPL profile modification between the first and the second pregnancy: in one patient a double positivity turned into negative, while the other patient who was previously aPL negative displayed a single positivity.
Preterm delivery <37th weeks was recorded in 25/92 pregnancies (27.2%), including six preterm deliveries <34th weeks. Pre-eclampsia occurred in 8/92 (9.7%) of pregnancies, while HELLP in 1/92 (1.1%).
Most of the patients were treated with corticosteroids during pregnancy (78.2%), with a mean weekly prednisone dosage of 31.5 mg, while hydroxychloroquine (HCQ) was prescribed in half of the pregnancies (51.1%).
Children’s Characteristics
The mean age of the 92 children was 14.0 ± 6.2 years (range: 6–33 years); 47.8% were males. Mean gestational age at birth was 37.0 ± 2.1 weeks and mean birth weight was 2865.3 ± 540.2 g. Small for Gestational Age (SGA) babies were 7/89 (7.9%).
On the basis of the telephone survey, we were able to identify 11 out of 92 children (12.0%) with at least one diagnosis of NPD, as certified by a specialist. One child had epilepsy, one had psychomotor delay, while the other nine had at least one diagnosis of ND; three children had more than one type of NPD. Overall, 11 different diagnosis of ND were recorded: three communication disorders (expressive language delay, 3.3%), two ADHD (2.2%) and six LD (6.5%). Among LD, the most frequent diagnosis was dyslexia, reported in five children (5.4%), including one child with concomitant dyscalculia, dysgraphia and dysorthography (1.1%). The only LD child without dyslexia had dyscalculia and dysgraphia. No cases of ASD were found.
Two cases of behavioral disorders were collected: 1 case of hyperactivity and 1 case of aggressiveness, together with psychomotor delay. The other two children with multiple NPD had expressive language disorder with dyslexia.
Moreover, we recorded two children with migraine (all the 3 with other concomitant ND or LD).
Case-Control Study
A univariate analysis was performed to compare 27 pregnancies of 22 patients treated with AZA (cases) with 65 matched pregnancies of 56 patients not treated with AZA during pregnancy (controls) (Table 1). Two patients had two pregnancies each, one treated with AZA and one not treated with AZA; therefore, the apparent total number of patients is 78.
TABLE 1 | Univariate analysis of the case-control study comparing SLE pregnancies treated with AZA (cases; n patients = 22, n pregnancies = 27) and not treated with AZA (controls, n patients = 56, n pregnancies = 65).
[image: Table 1]The two groups did not differ in terms of frequency of renal involvement, aPL positivity, maternal age at the beginning of pregnancy and children age at the time of the interview. These were the characteristics a priori selected for matching the two groups. The distribution of aPL profiles (single, double, triple aPL profile according to the number of positive tests) was also homogenous in the two groups. Other clinical and laboratory features were also similar between cases and controls: age at SLE onset and disease duration at the beginning of pregnancy, prevalence of Caucasian ethnicity and other concomitant autoimmune disorders (especially autoimmune thyroiditis) and rate of anti-Ro/SSA positivity.
The frequency of disease flare was higher in cases than in controls, although not statistically significant (22.2% vs. 10.8%, p:0.191); flares were mostly renal in both groups (7.4% vs. 10.8%; p:1.000). Three cutaneous, one neurologic and one articular flare were also observed in the AZA group, while none in the control group.
Regarding therapy during pregnancy, corticosteroids use was more frequent in the AZA group (96.3% vs. 72.3% p: 0.010), with a higher mean weekly prednisone-equivalent dosage as compared to controls, although not statistically significant (39.7 ± 37.3 vs. 26.9 ± 27.2 mg, p: 0.128). Hydroxychloroquine was prescribed to half of the patients during pregnancy in both groups (51.9% vs. 50.8%; p: 1.000).
Among pregnancies not treated with AZA, 9 (13.9%) were treated with Cyclosporine (including 3 with concomitant HCQ), while 30 only with HCQ (46.2%) and 15 only with corticosteroids (23.1%). Eleven patients (16.9%) were not taking any immunosuppressive drugs or corticosteroids during pregnancy.
Considering the 92 children born to the above described 92 pregnancies from 76 SLE mothers (Table 2), the mean age at the time of the interview was 12.3 ± 4.9 years in cases and 14.7 ± 6.6 in controls (p: 0.165). Male/female ratio, birth weight and gestational age at birth were also similar in the two groups, as well as the rate of prematurity (<37th weeks) or severe prematurity (<34th weeks).
TABLE 2 | Univariate analysis of the case-control study comparing the outcome of children born to SLE pregnancies included in the study and exposed in utero to AZA (n children = 27) vs. not-exposed in utero to AZA (n children = 65).
[image: Table 2]There was no difference in terms of prevalence of NPD, both considering the global prevalence of all the diseases and the single diagnosis. The frequency of ND, in particular LD, and the repetition of school years, was lower in children exposed in utero to AZA, although without a statistically significant difference.
Comparison of Children With and Without Neurodevelopmental Disorders/Learning Disorders
An additional univariate analysis was performed to compare children with at least one diagnosis of NPD (n = 11) and children without any diagnosis of NPD (n = 81) (Table 3), in order to identify possible factors associated with these disorders.
TABLE 3 | Univariate analysis comparing children with NPD (n = 11) to children without NPD (n = 81), born to the 92 SLE pregnancies included.
[image: Table 3]The two groups did not significantly differ in terms of maternal disease characteristics or pregnancy features, including specific drugs or maternal autoantibodies exposure during pregnancy. The neonatal features were also similar in the two groups, including weight and gestational age at birth.
DISCUSSION
Systemic Lupus Erythematosus (SLE) is a systemic autoimmune disorder, more frequently affecting women in their childbearing age and consequently having a significant impact on family planning and reproductive aspects (Gergianaki et al., 2018). The modifications of their health status determined by pregnancy, the increased risk of obstetric complications, as well as the children outcome are topic of crucial interest for these patients (Andreoli et al., 2017).
The long-term outcome of children born to SLE mothers still represents a controversial topic in literature, with some studies reporting a possible increased prevalence of different neurologic and psychiatric diseases (NPD), including neurodevelopmental disorders (ND), and in particular learning disorders (LD) (Yengej et al., 2017; Nalli et al., 2020). In order to explain this possible increased frequency of NPD in these children, different possible risk factors have been implicated, such as auto-antibodies and drugs assumed during pregnancy and Azathioprine (AZA). A recent literature review regarding therapy with AZA during pregnancy concluded that it does not seem to increase the risk of congenital abnormalities in the offspring, but more long-term studies are needed to analyze the association with NPD in children exposed in utero, while considering all the potential confounding factors including maternal disease and familiar, social and economic context (Belizna et al., 2020).
In particular, one study involving 60 children (age range: 3.4–9.2 years) born to 38 SLE mothers found an association between AZA treatment during pregnancy and special education requirement in the offspring: seven out of 13 children exposed in utero to AZA required special educational services. This support was requested mainly for language delays (23.3%), dyslexia (5%) and ADHD (5%) (Marder et al., 2013). Another study showed normal intelligence levels and neurological physical examination in a cohort of 40 children born to mothers with positive aPL and a diagnosis of SLE and/or APS, systematically evaluated by a child neurology-psychiatrist (Nalli et al., 2017). A diagnosis of LD was present in 19% of school-aged children, all born to mothers with positive aPL with three positive tests (triple aPL profile); none of seven children exposed in utero to AZA had ND or LD. Moreover, in a recent multicentre Italian survey involving women in reproductive age with different rheumatic diseases, no association was found between the reported presence of children NPD and in utero exposure to maternal auto-antibodies or drugs, including AZA (Lazzaroni et al., 2017).
The present study was designed as case-control and the instrument to collect data concerning the long-term neuropsychiatric outcome of the children was a telephone survey, in which SLE mothers were asked to report diagnosis of NPD only when certified by a pediatric neurology or psychiatrist. The two groups of pregnancies were matched in terms of renal involvement, immunologic profile (especially aPL), maternal age at pregnancy and age of the children at the time of the study. Considering the possible influence of all these factors on the gestational outcome and health status of the children born from these pregnancies, the homogeneity of these two groups allowed to evaluate the effects of in utero exposure to AZA as an independent factor.
Moreover, the mean age of the 92 children at the time of the study was 14.0 ± 6.20 years, significantly higher as compared to previous studies. This is very relevant to the correct estimation of the frequency of NPD and in particular LD, that can be diagnosed with certainty only during school years (Association, 2013).
In our cohort of 92 children, 11 cases of NPD were observed: 3/27 among those exposed to AZA and 8/65 among those not exposed to AZA, without any significant difference between the two groups (11.1% vs. 12.3%; p-value: 1.000). The frequency of ND and particularly LD, was higher in children not exposed to AZA, although without statistically significant difference.
Pregnancies in the group of cases and controls were comparable in terms of different characteristics, including the frequency of obstetric complications and particularly of preterm birth (<37th weeks) and severe preterm birth (<34th weeks), as well as the immunological profile (rate of anti-Ro/SSA and aPL positivity) and frequency of total flares, including renal flares. Only the frequency of cutaneous flares and corticosteroids use was higher in pregnancies treated with AZA as compared to controls, with a higher mean corticosteroid dosage, although not statistically significant (39.7 vs. 26.9 mg of weekly prednisone-equivalent dosage, p: 0.128).
By comparing the 11 children with NPD with the other 81 without, we did not observe any difference in terms of maternal disease, pregnancy complication or treatment, nor the neonatal outcome of the children. Importantly, we did not observe an association between prematurity and NPD and the rate of preterm delivery reported in our cohort (27.2%) reflects what previously reported by literature on SLE pregnancies (23–28%) (Lazzaroni et al., 2016).
Regarding the specific diagnosis of NPD, none of the children included in the study showed the presence of autism spectrum disorders (ASD), although a previous study large reported a higher prevalence in 719 SLE offspring as compared to 8,493 matched controls (1.4% [95% confidence interval (95% CI) 0.8–2.5] vs. 0.6% [95% CI 0.5–0.8]) (Vinet et al., 2015).
In our cohort the frequency of ADHD (2/92, 2.17%) was similar to that previously reported in a systematic review (1–5%) (Yengej et al., 2017), and even lower than that reported in general pediatric population (7.2% according to a recent meta-analysis) (Thomas et al., 2015). Concerning the language delay, the frequency was also lower than that reported in the general pediatric population in Italy (3–4%) (Cipriani et al., 2002), while previous data in children born to SLE mothers are lacking.
The frequency of LD certified by children neurologists and psychiatrist is 6.52% in this study, that is only slightly higher than that estimated in the general pediatric population (around 4.5% in children in scholar age), and lower than that previously reported in the offspring of SLE mothers (21.4–26%) (Yengej et al., 2017). Dyslexia was the most frequent LD, with a frequency similar to the general population (2.5–5%) and inferior to what previously reported for SLE offspring (14.3–21.6%) (Yengej et al., 2017). No cases of LD were observed in the group of children exposed in utero to AZA.
Epilepsy was also less frequent (1/92, 1.1%) then previously reported in children born to SLE and/or APS patients in a multidisciplinary study (10%) (Nalli et al., 2017), and similar to general Italian pediatric population in which it was estimated around 3% (Banerjee et al., 2009), although the relatively small sample size in our study does not allow to adequately compare this prevalence.
Altogether, these data suggest that the long-term neuropsychiatric outcome of the children born to SLE mothers seems to be reassuring, with an estimated frequency of NPD (certified by expert clinicians) similar to the general pediatric population. Only LD showed a slightly increased frequency as compared to general pediatric population. Importantly, in utero exposure to AZA does not seem to be associated with the development of NPD. Moreover, no other specific risk factors associated with these pathological outcomes emerged from this study, including autoantibodies, disease activity during pregnancy, obstetric complications or prematurity.
Regarding the role of autoantibodies, particularly aPL, fetal brain was suggested to be one of the main target organs of aPL in APS-mice (Bertolaccini et al., 2016). In our cohort the presence of aPL was relatively low (26.1%), even if equally distributed between cases and controls. Moreover, when we compared the two groups of children with NPD to those without NPD, we found no significant difference in terms of aPL exposure, even if a slightly increased frequency of triple aPL positivity was present in the group of affected children.
The limitations of the present study are: 1) the relatively small sample size, although derived from the historical cohorts of two referral centers for SLE; 2) a wide time interval (1987–2014) during which the management of SLE pregnancies has evolved and improved; on the other hand, we should consider that this factor was normalized by the match of cases and controls by children’s age; 3) the use of a telephone survey, implying the possibility of a recall bias especially for older pregnancies, even if only diagnosis certified by neuropsychiatrists were considered.
Moreover, it should be underlined that is difficult to demonstrate the association of one single drug with the development of NPD, which are very complex conditions with a multifactorial pathogenesis. Particularly, we cannot exclude that other factors not considered in our analysis cohort could have contributed to NPD, such as socio-demographic and educational levels or the exposure to other medications not specifically related to SLE. This is the case for example of acetaminophen, a drug that has been traditionally considered as safe during pregnancy, so that pregnant patients may miss to report its use to their Physicians. However, a study published in 2016 highlighted the possibility that children exposed to acetaminophen prenatally could be at increased risk of multiple behavioral difficulties (Stergiakouli et al., 2016). In our cohort, even if the use of acetaminophen was not systematically recorded, we can assume that the chance for a continuous use of this drug is rather low, since only one patient had an articular flare during pregnancy and was treated with corticosteroids.
In conclusion, this case-control study of children born to SLE patients, who had been prospectively followed during pregnancy, did not highlight any specific pattern of NPD, both in children exposed and not exposed to AZA. The practical message is very relevant to the clinicians who take care of SLE patients during childbearing age. At this moment, there are no solid data supporting an association between the use of AZA during pregnancy and the development of NPD in exposed children. Therefore, there is no need to give up AZA as therapeutic choice during pregnancy, as there are, on the other hand, data supporting it as a key-drug in the management of SLE pregnancies of patients with previous severe organ involvement (e.g., renal, neurologic) to minimize the risk of flare (Skorpen et al., 2016; Andreoli et al., 2017; Sammaritano et al., 2020). Large multicentre prospective studies are needed to confirm these findings and to explore other factors contributing to NPD, particularly those not specifically related to SLE.
Anyway, it is important to inform SLE mothers about possible symptoms of NPD in their children, and in particular LD, and to invite them to seek for a specialist evaluation in case of doubts. A chronic disabling condition during childhood and/or youth can have a major impact on family life and global children’s health, therefore early diagnosis and treatment are crucial. The inclusion of a child Psychiatrist-Neurologist in the multidisciplinary team dedicated to SLE patients and their families could be proposed as a future perspective for the holistic management of these young women.
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The published experience with biologics in childbearing age with autoimmune and inflammatory diseases mainly deals with the use of TNFα inhibitors (TNFα-i). Limited data are available for biologics targeting other cytokines or immunocompetent cells, especially for the inflammasome targeted therapy including IL-1 inhibitors and colchicine. We conducted a nested case-control study by using the US Food and Drug Administration Adverse Event Reporting System database aimed at quantifying the association between the use of IL-1 inhibitors/colchicine in pregnant women and the occurrence of maternal/fetal adverse effects. The reporting odds ratio was used as a measure of disproportional reporting. From the total cohort (40,033 pregnant women), we retrieved 7,620 reports related to neonatal AEs, 2,889 to fetal disorders, 8,364 to abortion, 8,787 to congenital disorders, and 7,937 to labor/delivery complications. Inflammasome-targeted drugs did not present any disproportionate reporting for all these clusters of AEs. TNFα-i confirmed their safety during pregnancy with aROR < 1 for all clusters of AEs except for labor complications. Finally, we performed a systematic review of the current literature. Data from the eligible studies (12 observational studies and 6 case reports; yielding a total of 2,075 patients) were reassuring. We found no major safety issues on malformations risk of inflammasome targeted therapies in pregnancy. However, due to limited data, the routine use of these agents should be considered in pregnancy only if risk benefit assessment justifies the potential risk to the fetus.
Keywords: pregnancy, pharmacovigilance, inflammasome targeted therapy, IL-inhibitors, colchicine, pharmacovgilance
INTRODUCTION
In the past 2 decades, the number of women in childbearing age with autoimmune and inflammatory diseases has significantly increased, in parallel with some concerns on the safety of biological drugs used to treat these clinical conditions. A huge number of therapeutic options have become available, which may ensure optimal control of disease activity and markedly ameliorate patients’ quality of life. Despite the therapeutic armamentarium to manage pregnant women with systemic autoimmune rheumatic diseases (SARDs) includes a variety of biological agents, scant data are available concerning their use during reproduction and pregnancy, especially in long-term studies (Østensen et al., 2008; Østensen et al., 2015).
Biologics have firstly become available about 20 years ago. Since then, the published experience with biologics during pregnancy mainly deals with the use of TNFα inhibitors (TNFα-i) (Flint et al., 2016; Skorpen et al., 2016; Østensen, 2017); data from a growing number of publications on the use of TNFα-i pregnant women with most autoimmune diseases is reassuring (Smeele and Dolhain, 2019).
In contrast, pregnancy experience of exposure to other monoclonal antibodies targeting cytokines or immunocompetent including CD20 (rituximab), interleukin (IL)-6 receptors (tocilizumab), IL-17A (secukinumab) and nucleotide-binding domain (NOD)-like receptor protein 3 (NLRP3) inflammasome, has been limited to conference abstracts or simple case reports (Komaki et al., 2017). With regard to therapy of NLRP3-associated diseases, three biologic agents blocking IL-1 are available such as the neutralizing IL-1β antibody canakinumab, the recombinant IL-1 receptor antagonist anakinra, and the soluble decoy IL-1 receptor rilonacept (Dinarello and van der Meer, 2013; Zahid et al., 2019; Klein et al., 2020).
These agents have been used during pregnancy only recently, starting from mothers that required maintenance of biologic therapy to control the undelaying condition. However, the need of a prolonged drug administration during gestation raises many controversial issues about the effects of in utero exposure to these agents on the fetus/maternal health. Biologic agents are increasingly used and thus long-term data on the effect of these therapies on fetus development and maternal outcomes would be highly necessary. Prospective registries, some of which are already in place, are intended to serve at the purpose but their data are not available yet. Alternatively, spontaneous reporting systems represent a valuable source of information in frail populations, such as pregnant women. Despite the intrinsic limitations, data-mining of adverse drug reaction (ADR) reports allow to obtain real word data about the safety/efficacy profile of specific drugs, to compare therapeutic options, and gain insight on potential mechanisms of ADRs (Gentili et al., 2018; Perrotta et al., 2019).
In the past decades, no pharmacovigilance studies using spontaneous reporting system database specifically address the inflammasome targeted therapy potential risk of harm in pregnant women or the outcomes in their infants. We thus conducted a case-control study by using the US Food and Drug Administration Adverse Event Reporting System (FAERS) database aimed at quantifying the association between the use of inhibitors of the NLRP3 inflammasome in pregnant women and the occurrence of maternal and fetal adverse effects. Finally, in view of the growing number of studies on this issue, we performed a systematic review of the current literature to include and discuss real-world data, thus contributing to fill the knowledge gaps regarding safe and effective use of new biological drugs in pregnancy.
MATERIALS AND METHODS
US Food and Drug Administration Adverse Event Reporting System Analysis: Data Source and Study Design
In order to appropriately estimate the incidence of pregnancy and neonatal adverse events (AEs) after the administration of inflammasome-targeted drugs, an analysis of the FAERS® has been conducted. FAERS® is an online database maintained by FDA that collects every adverse drug reaction (ADR) report submitted in the US territory and every serious ADR report filed in all 150 countries enrolled in the Program for International Drug Monitoring (PIDM) established by the World Health Organization (WHO).
In FAERS®, healthcare professionals, patients and marketing authorization holders may submit ADR reports in the form of Individual Case Safety Reports (ICSRs). FAERS® employs the latest version of the Medical Dictionary for Regulatory Activities (MedDRA®) in order to properly encode every ADR and WHO Anatomical Therapeutic Chemical (ATC) codes to standardize drug nomenclature.
ICSRs provide administrative information (country, type of report, qualification of the reporter), patient demographics (gender, age, weight), adverse events (seriousness of the ADR, date of onset reaction, outcome), information about drug therapy (drug name, drug start and stop dates, time to onset, dose, indication, dechallenge and rechallenge), but the level of completeness of information varies from case to case (Sakaeda et al., 2013). As the number of safety reports sent to the FDA annually is continuously expanding, the database is largely used to detect novel drug-related safety events (Carnovale et al., 2019a; Carnovale et al., 2019b; Mazhar et al., 2019; Pozzi et al., 2019).
Data Acquisition and Data Processing
This study was designed as a nested case-control study and data were downloaded from the FAERS Public Dashboard (FDA Public Dashboard, 2020). The base cohort consisted of all cases involving any AEs occurred during pregnancy (search terms: “complication of pregnancy”; “Exposure during pregnancy”; “Fetal exposure during pregnancy”; “Maternal exposure during pregnancy”).
The study period covered the first quarter of 2010 to the first quarter of 2020.
Duplicate records were detected and deleted accordingly as previously described (Carnovale et al., 2019; Mazhar et al., 2019). In order to reduce the risk of a misleading relationship between drugs and AEs, only reports entered by healthcare professionals were eligible for the final cohort.
Definition of Cases and Controls
Cases were defined as all Individual Case Safety Reports (ICSRs) where inflammasome-targeted drugs were reported as suspect drug. We then used the Standardized MedDRA Queries (SMQ) related to the group “Pregnancy and neonatal topics” to identify the risk of particular clusters of AEs in our cases. To find ICSRs of interest (i.e., cases reporting any maternal and/or fetal outcome following the use anti-IL drugs/colchicine) in FAERS database, we used the following SMQs: congenital, familial and genetic disorders; fetal disorders; neonatal disorders; termination of pregnancy and risk of abortion; pregnancy, labor and delivery complications and risk factors (excl. abortions and stillbirth) (Introductory Guide for Standardised MedDRA Queries, 2020).
Statistical Analyses
Descriptive analysis was performed for cases and non-cases, in terms of age, male sex (new-borns’ ICSR) and the presence of other co-suspect drugs.
To identify signals of disproportionate reporting (SDR) for pregnancy and neonatal outcomes in association with inflammasome-targeted drugs, we used the reporting odds ratio (ROR) as a measure of disproportional reporting, which estimates the frequency of an event of interest with the tested drugs compared with the other drugs. SDR were detected when the number of reports was higher than three and ROR–95% CI was greater than one. We calculated the adjusted ROR (aROR) by using multivariate logistic regression analysis adjusted for the presence of co-suspects, that was considered a potential confounding factor.
Sub-analysis was then performed to compare anti-IL1 agents and colchicine with TNFα-i, a well-known class of drugs used during pregnancy chronically and safely. We used R software for data tiding and statistical analysis (R core team, 2019).
Systematic Review
Literature Search
We followed the Preferred Reporting Items for Systematic Reviews and Meta-analysis (PRISMA) guidelines (Moher et al., 2009) (Supplementary Table S1). We searched PubMed/MEDLINE, EMBASE databases up to June 23rd, 2020 with no language restriction. We provided our search strategy for PubMed in the Supplementary material (Supplementary Material S1); the search strategy was adapted as needed for each database. In brief, we used two terms: Interleukin 1 Receptor Antagonist/colchicine, and Pregnancy. We combined terms with the Boolean operator “AND”.
Eligibility Criteria
Inclusion criteria for the qualitative analysis were: studies enrolling human subjects; studies enrolling pregnant women affected by any clinical conditions treated with any anti-IL drugs/colchicine; studies reporting any maternal and/or fetal outcome following the use anti-IL drugs/colchicine; any type of observational studies and clinical trials; case report/case series.
We excluded: literature reviews; conference proceedings/abstracts and unpublished thesis; studies that did not report outcomes of interest; studies that reported the effect of pregnancy on IL-1 Inhibitor therapies/colchicine rather than vice versa.
We identified additional articles potentially eligible through the reference lists of articles included in our systematic review. We did not contact authors for missing data.
Study Selection
We imported into EndNote all the retrieved references from the final search in order to eliminate duplicate records. We screened the titles and abstracts of potentially eligible papers; whereas, we disregarded the papers deemed highly unlikely to be relevant. Finally, we assessed for eligibility all full-text versions of the remaining articles based on our pre-specified eligibility criteria as previously described. Two independent reviewers (CC and VB) conducted the entire search process. Discrepancies between review authors were resolved by discussion with a third review author (ET) to achieve a decision.
Data Extraction and Synthesis
Data from all included studies were extracted using pre-specified forms. The following relevant information was extracted: study type, study duration, number of subjects, number of women treated with biological agents, number of pregnancies, maternal diagnosis, mean age at conception, drug of interest, dose/scheme, concomitant treatment, any maternal and/or fetal outcome following the use of Interleukin 1 Receptor Antagonists/colchicine (including live birth, miscarriages, early/late/voluntary abortion, fetal death, small for gestation age-SGA, congenital malformation and stillbirth) in pregnant women, type of delivery, week at delivery, APGAR score, and duration of follow-up.
RESULTS
Pharmacovigilance Study
Study Population
Of 11,789,929 ICSRs we retrieved from the FAERS in our period of observation, 40,033 involved maternal, fetal and neonatal reactions. Of these, only 84 (0.2%) reported the drugs of interest as “suspect,” i.e., 69 for Anti-IL1 and 15 for colchicine; no reports involved both drugs as “suspect.” The mean age between cases and non-cases was similar in the pregnant women (29 ± 6 vs. 31 ± 7 years old) with a range between 15 and 68 years old. Among the 84 cases, 24 ICSRs reported AEs for newborns and the maternal diagnoses mostly reported were “Familial Mediterranean Fever” (11 ICSRs) and “Rheumatological diseases” (14 ICSRs). In 59.5% of cases, more than one suspect drug was reported; 48.5% of non-cases reported co-suspect drugs.
Disproportionality Analysis
The number of cases, the crude and adjusted ROR for each cluster of AEs are presented in Table 1. From the total cohort, we retrieved 7,620 reports related to neonatal AEs, 2,889 to fetal disorders, 8,364 to abortion, 8,787 to congenital disorders, and 7,937 to labor/delivery complications.
TABLE 1 | Disproportionality analysis of adverse drug reactions spontaneous reporting database FAERS for the identification of Pregnancy and neonatal disorders.
[image: Table 1]According to the aROR and 95% CI, inflammasome-targeted drugs did not present any disproportionate reporting for all these clusters of AEs. Next, we performed a sub-analysis for individual drugs, including IL-1 inhibitors and colchicine and using TNFα-i as a better-characterized reference. No disproportionate reporting was identified for IL-1 inhibitors and colchicine. TNFα-inhibitors confirmed their safety during pregnancy with aROR <1 for all clusters of AEs except for labor complications.
Systematic Review
Characteristics of the Reviewed Studies
The study selection and screening are presented in the PRISMA flow-chart (Figure 1). Of the 1,419 articles retrieved (624 results were from PubMed, and 795 from EMBASE), 18 met the inclusion criteria.
[image: Figure 1]FIGURE 1 | PRISMA (Preferred Reporting Items for Systematic Reviews and Meta-analyses) flow diagram of process of study selection.
Twelve observational studies and 6 case report/series were eligible for the inclusion in our systematic review (Table 2), yielding a total of 2,075 patients. No clinical trials reporting maternal and/or fetal outcome following the use of Interleukin 1 Receptor Antagonists/colchicine in pregnant women were found.
TABLE 2 | Detailed overview of published data on Inflammosome target therapies and evidence for their use during pregnancy.
[image: Table 2]The average maternal age at conception ranges from 20 to 36 years. Of the 553 women treated with drugs of interest during pregnancy, 236 (42.6%) had a diagnosis of Familiar Mediterranean Fever (FMF); 3 (0.5%) of adult-onset Still’s disease (AOSD), 7 (1.2%) of Cryopyrin Associated Periodic Syndrome (CAPS), 3 (0.5%) of idiopathic recurrent pericarditis (IRP), and in the remaining cases a mixed cohort of women had various rheumatological diseases (FMF, CAPS, AOSD, Behcet’s disease, pericarditis, Cogan Syndrome, Juvenile idiopathic arthritis).
With respect to the type of medication used, 10 studies reported data on colchicine, 6 on anakinra, and 2 on canakinumab. The period from the baseline to the last follow-up varied considerably among the studies with a range from the first trimester to 10 years.
Data on the Use of anti-IL1 Drugs During Pregnancy
No studies reporting maternal and/or fetal outcome following the use of rilonacept were found.
Only a retrospective cohort study (Youngstein et al., 2017) and a case report (Egawa et al., 2017) provided data on the use of canakinumab during pregnancy (Table 2); in total, data were available for nine pregnancies; of these, eight completed pregnancies resulted in the normal development of the fetus; only 1 miscarriage in Cogan Syndrome patient was found.
Seven studies reported data on the use of anakinra in pregnant women (in total, data were available for 57 pregnancies).
In the prospective cohort study by Bazzani et al. (2015), only one woman took anakinra during a peri-conception period and gestation; the pregnancy resulted in a voluntary abortion. Data on case report/series (Fischer-Betz et al., 2011; Berger et al., 2009; İlgen and Küçükşahin, 2017) reported no pregnancy complications or fetal disorders in mothers with AOSD and FMF treated with anakinra (100 mg daily; 1–2 years prior to and through pregnancy and delivery). All pregnancies resulted in the normal development of a fetus.
Five pregnancies with anakinra exposure identified in the study by Smith and Chambers (2018) resulted in full-term singleton live births with no major or long-term complications. Two subjects developed oligohydramnios for unclear reasons.
Of twenty-three anakinra-exposed pregnancies in the retrospective study by Youngstein et al. (2017), 21 resulted in the birth of healthy infants (with follow-up of up to 10 years); one baby with unilateral renal agenesis and ectopic neurohypophysis was also reported. There were no serious neonatal infections.
In the prospective study by Chang et al. (2014) 6 women with CAPS were treated with anakinra throughout the pregnancy; no preterm births or serious pregnancy complications were reported and the miscarriage rates for pregnancies without and with anakinra treatment were 27% and 11%, respectively. One fetus of the twin pregnancy had renal agenesis and died in utero.
Despite reassuring findings, the lack of well-controlled studies make data on the use of anakinra in pregnancy difficult to interpret (Table 3).
TABLE 3 | Findings of systematic reviews on anakinra and colchicine for each outcome included in the analysis.
[image: Table 3]Data on the Use of Colchicine
Of 10 studies involving patients exposed to colchicine for any duration during pregnancy, eight were observational [of these, four were cohort studies (Ehrenfeld et al., 1987; Diav-Citrin et al., 2010; Yazicioğlu et al., 2014; Brucato et al., 2019); 3 case-control (Ben-Chetrit et al., 2010; Dağlar et al., 2016; Iskender et al., 2020); and 1 cross-sectional (Bodur et al., 2020)] and 2 were case report (Tutuncu et al., 2006; Orabona et al., 2020). Except for the study by Ehrenfeld et al, the remaining studies have been published recently (range: 2020–2006). Colchicine doses between 1 and 2 mg daily were reported. Two studies included healthy patients in their control groups (n = 116 women) (Ben-Chetrit et al., 2010; Dağlar et al., 2016).
In total, data were available for 1,155 pregnancies exposed to colchicine for any duration during pregnancy.
Of 1,152 pregnancies in women with FMF, 31% resulted in abortions, 14% in miscarriages, 16% in fetal/congenital anomalies, eight in stillbirth, 60 pre-term delivery; nine SGA and 3 preeclampsia.
There were three completed pregnancies in IRP patients, with good maternal/fetal outcomes (Orabona et al., 2020; Brucato et al., 2019). As reported in Table 3, findings from studies with control or comparator group reported no difference between the group of women treated with colchicine throughout all pregnancies and healthy women, in terms of miscarriages, early/late abortions, still-birth, fetal/congenital malformations, SGA, pre-term deliveries, and preeclampsia (Ehrenfeld et al., 1987; Ben-Chetrit et al., 2010; Diav-Citrin et al., 2010; Yazicioğlu et al., 2014; Dağlar et al., 2016; Iskender et al., 2020; Bodur et al., 2020). However, the robustness of uncontrolled evidence was poor in the reviewed studies.
Table 4 reported a summary of evidence on the use of Inflammasome target therapies in pregnancy.
TABLE 4 | Brief summary of evidence on or Inflammosome target therapies use in pregnancy.
[image: Table 4]DISCUSSION
Available data assessed from the published literature shows that the rates of major congenital deformities and miscarriages for investigated inflammasome target therapies do not differ considerably from those rates in the general population. It should be stressed that from the published evidence, despite their heterogeneousness, no new safety concerns were identified from a total of 18 reports regarding the use of inflammasomes inhibitors during pregnancy. This has been further supported by the analysis of one of the largest spontaneous reporting system databases where we systematically examined the association for all currently clinically approved IL-1 inhibitors with an enormously higher number of reports representing pregnant population (40,033), strengthening the statistical power of the analyses.
Although there is little definitive evidence for the safety of IL-1 targeted therapies in pregnancy, emerging data from prospective birth cohort studies should help inform their use in pregnancy when no other suitable alternative available that can effectively control the maternal disease. Small scale clinical studies are not robust enough to answer safety concerns. In real-world, pregnant women take drugs either intentionally or unintentionally. Intentionally because some conditions require treatment during pregnancy, whilst a large proportion of pregnancies are unplanned entails unintentional drugs (Sheffield et al., 2014). Therefore, a constant vigilance of spontaneous reporting systems is essential to guarantee the safety profile of novel or repurposed treatment options. Findings obtained from case/non-case analyses of FAERS showed no potential safety signals for maternal and fetal AEs. These results are in accordance with the emerging evidence from small scale studies assessed in the present review. In FAERS, AEs related to pregnancy and neonatal outcomes are reported more frequently for anti-TNFα than treatments targeting IL-1. This could be explained by the fact that anti-TNFα drugs are the most prescribed treatment in pregnancy because of their safety evidence has already been translated into clinical practice (Flint et al., 2016; Skorpen et al., 2016). Like any epidemiology studies, valid results from case/non-case analyses depends on the classification of events and exposure. Underreporting of ADRs due to “misclassification bias” may explain a smaller number of reports for the comparator drug in case/non-case analyses, and henceforth direction and magnitude of the effect (Carnovale et al., 2019; Mazhar et al., 2019).
Our findings expand on Nguyen et al. (Nguyen at al., 2020) systematic review of 11 studies that investigated the risk of adverse pregnancy and neonatal outcomes associated with non-TNFα inhibitors and disease-modifying anti-rheumatic drugs (DMARDs) in pregnancy. Their findings do not suggest an increased risk associated with non-TNF α inhibitors and DMARDs in pregnancy. Nevertheless, the methods in the two studies are different. We have investigated a range of studies focused on IL-1 inhibitors only and have summed up data on congenital malformation/miscarriages. We have also summarized the pattern of reported major congenital malformations. In the present review, each IL-1 inhibitor was considered separately that can be of additional value if one is interested in specific IL-1 inhibitor drug. Moreover, data on maternal baseline characteristics are also detailed as the underlying maternal conditions are essential factors to be considered as a potential confounder for the pregnancy-related outcomes.
According to EMA guidelines, to rule out a ≥2-fold or ≥10-fold risk of major congenital malformations for medicine use during pregnancy, there is a need of moderate amount of data on pregnant women (between 300 and 1,000 pregnancy outcomes) collected prospectively (EMEA, 2008). This information should be collected from exposed pregnancies to that particular drug during the first trimester. Under this recommendation, the ascertainment of risk on summed up data remains unclear for most of the IL-1 antagonist because of the limited total number of exposures. Although for colchicine it can be concluded that it does not carry a ≥2-fold increased risk of combined major congenital malformations as compared to this risk in the general population which was estimated as 2–5.5% (Egbe et al., 2015). Over the past few years, the approach toward the use of colchicine throughout pregnancy has changed. Older reports and the 2015 ESC Guidelines (Adler et al., 2015) recommended against the use of colchicine during pregnancy due to limited information, while available data suggest that did not raise any concern about the teratogenicity of the drug. No association between an increased rate of adverse maternal/fetal outcomes with the colchicine throughout pregnancy was found in a recent systematic review of the literature (Indraratna et al., 2018).
A recent retrospective review of 34 exposed pregnancies to colchicine (Duman et al., 2019) reported the birth of 23 healthy infants and seven with several problems. Of seven infants with problems, four had congenital heart disease, one had nephrolithiasis, one had an inguinal hernia and one had mortality secondary to respiratory distress. The investigator acknowledged that the causality between colchicine use and the reported malformations was not adequately ascertained. These findings indicate that the influence of colchicine cannot be ruled out completely and should be beard in mind in cases of colchicine use for indications other than FMF or Behcet’s disease.
Safety data on IL-1 inhibitors anakinra and canakinumab remain very limited. Reviewed real-word data appear reassuring. In a retrospective study by the International Society for Systemic Auto-inflammatory diseases, 43 pregnancies exposed to IL-1 therapies (canakinumab, n = 14 and anakinra n = 29) from seven countries (Youngstein et al., 2017), were identified. There were no developmental abnormalities with a median follow-up of 18 months. They also reported the outcome of 14 neonates breastfed by mothers taking anakinra (n = 10) or canakinumab (n = 4) for up to 10 months, with no reported serious infections.
Largely reassuring outcomes was also reported in a small case series of seven pregnant women with AOSD treated with anakinra (Fischer-Betz et al., 2011; Smith and Chambers, 2018). Of seven pregnant women, two developed oligo-hydramnios, and one developed pregnancy-induced hypertension while taking anakinra. All the infants were born full-term (range: 36–40 weeks of gestation) and there were no adverse outcomes or major complications. Of the seven mothers, three breastfed their newborns successfully, where two mothers chose to breastfeed while continuing anakinra treatment with no reported adverse outcomes. Chang et al. (2014) described 24 pregnancies in patients with CAPS, reporting a lower miscarriage rate in women on anakinra than in those treated with other drugs (10% vs. 30%) suggesting anakinra use may have a protective effect on pregnancy outcomes for patients with IL-1-driven disease. Due to the scantiness of available data on the safety of IL-1 antagonists during conception, until additional information is available, these agents are not currently recommended during pregnancy and their discontinuation should be considered once pregnancy is confirmed (Sammaritano et al., 2020).
For several reasons, it is difficult to determine the impact of medications on obstetric and neonatal outcomes. In prospective studies, early miscarriages are missed because women are only included when they are pregnant and not in the pre-conception period. Whilst retrospective studies are endangered by publication bias because only women with an abnormal pregnancy are reported (Mitchell et al., 2011; Thorpe et al., 2013). Prospective studies that enroll the women from the phase they actively try to become pregnant would cover the pre-conception phase and provide reliable data. Furthermore, confounding by indication (some diseases cause more miscarriages) and by concomitant drugs can also affect the results.
Large population-based cohort studies from routine healthcare settings are crucial for improving the evidence for the safety of IL-1 treatments during pregnancy. Use of growing number of available electronic health care databases may be valuable strategy to capture information on medicine utilization patterns, and medicine safety when used during pregnancy. However, for future non-RCT studies there is a need to overcome important methodological issues related to methods for quantifying exposures to these drugs and other confounders during the whole of pregnancy and for adjusting for the latter in analyses.
Limitations
The robustness of uncontrolled evidence was poor in the reviewed studies. IL-1/colchicine-exposed women are likely to have other factors at some point in pregnancy as poor pregnancy outcomes are multifactorial, generally, this was not measured and so, could not be adjusted for in uncontrolled studies, making interpretation of these studies’ findings difficult. Type of disease and disease activity during pregnancy, co-morbid conditions, and concomitant drug treatments could also have contributed to negative outcomes. In some cases, the information on other outcomes (such as previous births, previous miscarriages, preterm births, ADRs, etc.) was not available. Finally, the use of a pharmacovigilance database has some intrinsic limitations; reporting might be influenced by factors including the notoriety bias, selection bias and under-reporting, which precludes making causal inferences except in unusual circumstances (Faillie 2019).
CONCLUSION
Despite limitations, no major safety issues were reported and no increasing trend could be identified in the reported malformations risk of biological IL-1 therapies in pregnancy. Colchicine appears to be compatible with pregnancy. Though these provide no suggestion that biological IL-1 treatments might be harmful, however, due to limited total number of exposed pregnancies the use of these agents in the clinical practice should be considered in pregnancy only if the risk benefit assessment of maintaining disease control justifies the potential risk to the fetus. These findings contribute additional evidence to inform treatment decision making for patients with IRD during pregnancy.
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Females are generally more affected by autoimmune diseases, a fact that underlines the relationship with pregnancy and the safety of anti-rheumatic drugs in pregnancy and lactation. Biologic therapies are increasingly prescribed to treat and maintain remission in a significant number of systemic autoimmune rheumatic diseases. The experience with the use of biologics during gestation is extremely lacking because of the observational nature of the available studies and the difficulty in designing proper clinical trials in pregnancy. Among the studied biologics, more information was published on TNFα inhibitors and, in particular, on their potential passage through the placenta and impact on the fetus. Currently, a fragment of anti-TNFα monoclonal IgG, certolizumab pegol, is considered safe with almost no placental transfer. Subsequent observations are suggesting a comparable safety for the soluble TNFα receptor etanercept. Another biologic, eculizumab, the anti-C5a antibody used to treat complement-mediated microangiopathies, is also considered safe due to the unique engineered IgG2/4κ formulation that limits its passage through the placental barrier. Still, long-term data about children born to women treated with biologics in pregnancy are not attainable. Data on breastfeeding are currently available for several biologics. This article reviews the literature available about which drugs are considered safe during pregnancy and lactation, which are not, and on future prospects.
Keywords: biologics, conception, pregnancy, breastfeeding, rheumatic diseases
INTRODUCTION
Autoimmune diseases affect around 3%–5% of the population. The prevalence is high for some diseases like rheumatoid arthritis (RA) representing ≈0.5%–1% and low for other diseases like systemic sclerosis (≈0.04%) (Jacobson et al., 1997; Cooper and Stroehla, 2003; Gabriel and Michaud, 2009; Schirmer et al., 2012). Systemic autoimmune rheumatic diseases (SARD) are generally more common in women during reproductive age, with female to male ratio up to 13:1 in diseases like systemic lupus erythematosus (SLE) and Sjogren syndrome, making antirheumatic drug exposure during pregnancy and lactation a frequent issue (Jacobson et al., 1997; Petri, 2002; Fava and Petri, 2019).
Pregnancy and SARD are reciprocally related; a flare in disease activity can occur in pregnancy and disease activity negatively affects pregnancy course and outcome (Andreoli et al., 2019; Giles et al., 2019). Therefore, it is crucial to reach and maintain total or near total remission before and during pregnancy for good pregnancy outcomes. Conventional drugs sometimes do not to achieve this therapeutic target, and safe drug choices are limited in pregnancy (Kuriya et al., 2011; Götestam Skorpen et al., 2016; Ngian et al., 2016).
The management of SARD has changed significantly with the revolutionary advent of biological disease-modifying antirheumatic drugs (bDMARD). Prescription of biologics to millions of patients with SARD has surged remarkably over the last two decades. Common SARD treated with bDMARDs include RA, SLE, spondyloarthritidis (SpA), juvenile idiopathic arthritis (JIA), and autoinflammatory syndromes. Upgrading treatment to biologics led to better control of disease activity that was considered resistant, improved quality of life, and prevented long-term functional disabilities of many patients with SARD (Shadick et al., 2019).
It is not uncommon to encounter a woman who desires a pregnancy or has unplanned pregnancy while on treatment with biologic therapies. Hence, several queries arise about issues related to the gestational safety and efficacy of this particular treatment. The overall experience with the use of biologics and the quality of evidence is not as strong as it should be since most of the available studies are observational with limited capability to conduct experimental trials in pregnancy (Sammaritano et al., 2020). More knowledge about long-term outcomes of children born to mothers treated with biologics in pregnancy is still needed, and it is expected to grow with ongoing studies. In 2016, two sets of recommendations were issued guiding the use of conventional or biological DMARDs in pregnant females with rheumatic diseases with not much discrepancy between them except for addressing paternal use and specifying the timing for stoppage of some drugs before conception by the British Society of Rheumatology and British Health Professionals in Rheumatology (BSR-BHPR) guidelines (Flint et al., 2016; Götestam Skorpen et al., 2016; Wu and Ying, 2019). Updated recommendations were published early 2020 with more consistency and evidence for safety (Sammaritano et al., 2020).
In this article, we review the literature available concerning what is considered safe during pregnancy and lactation, what is not, and the future prospects.
GENERAL CONCEPTS
General Structure of Biologics
Currently, biologics employed for the treatment of SARD are either immunoglobulin G (IgG) full monoclonal antibodies (mAbs) or antibody fragments. IgG are generally characterized by high antigen affinity with less off-target activity (Strohl and Strohl, 2012). IgG1 is the most experimented and clinically used IgG subclass in biologics development, while very few types are constructed of other IgG isotypes (IgG2 and 4) (Ryman and Meibohm, 2017). The switch from chimeric to humanized to fully human antibodies improved the safety and tolerability of mAbs. Direct targets of mAbs are mostly inflammatory mediators such as tumor necrosis factor alpha (TNFα), interleukin 17 (IL-17), IL-6, IL-1, B-cell activating factor (BAFF), and less commonly cell markers (e.g., CD20) and cytokine receptors (e.g., IL-6R).
Although the functional part of the antibody is the antigen binding site, keeping the Fc portion intact preserves the molecule’s long half-life. On the other hand, using antibody fragments enables better distribution and tissue penetration but with a shorter half-life and less functional affinity to the target molecule. As an alternative, adding an attachment to the antibody fragment such as polyethylene glycol (PEG) moiety prevents proteolysis, decreases renal clearance, and maintains a reasonable drug half-life (Schmid and Neri, 2019).
Maternal-Fetal Transport of Immunoglobulins
IgG and low levels of IgA are the only antibodies transferred from the mother to the fetus. Early in pregnancy, insignificant amounts of IgG are slowly transported by passive diffusion. Only 5–10% of the maternal level was measured at the end of the first trimester in blood samples obtained by cordocentesis (Jauniaux et al., 1995; Malek et al., 1996). A significant spike in maternal IgG transfer to the fetus starts at weeks 17–22 and increases thereafter resulting in higher, or at least similar, IgG levels in cord blood than maternal circulation at term, providing the newborn with a temporary passive immunity (Jauniaux et al., 1995; Malek et al., 1996; Saji et al., 1999; Simister, 2003; Lozano et al., 2018). The transfer is supported by placental structures such as neonatal Fc receptors (FcRn) as well as other placental Fcγ receptors (FcγR) (Wood et al., 1982).
At the maternal-fetal interface, FcRn are expressed on the placenta together with the three types of FcγR. However, it has been demonstrated that FcRn promotes the most IgG transport via a process of binding at the syncytiotrophoblast layer, endocytosis, and release into the fetal circulation (Figure 1) (Firan et al., 2001). IgG1 are preferentially transported, followed by IgG4, IgG3, and IgG2 (Leach et al., 1996; Simister et al., 1996; Kane and Acquah, 2009; Lozano et al., 2018). On the other side, FcRn on maternal endothelial cells and liver are responsible for maintaining IgG half-life including therapeutic mAbs via endosomal recycling and re-expression to the cell surface and unbinding (Junghans and Anderson, 1996; Pyzik et al., 2019).
[image: Figure 1]FIGURE 1 | Placental transfer of IgG mAbs. IgG is the only antibody class that crosses the placenta through the syncytiotrophoblast layer. FcRn internalizes the maternal IgG in the endosome and releases it on the other side of the syncytiotrophoblast layer. IgG transmission significantly increases during the third trimester of pregnancy.
Based on these concepts, whole mAbs with the Fc domains, particularly IgG1, will be transferred at high levels to the fetus through placental FcRn. Antibody formulations lacking the Fc portion or less readily transferable IgG subclass like IgG2, will keep the fetus relatively safe from the effects of the biologic therapy. The main concern about the transfer of bDMARD to the fetus is their theoretical potential to disrupt children`s immunity and response to infections and vaccinations.
BIOLOGICAL DRUGS USED IN RHEUMATOLOGY
TNFα Inhibitors
Currently, five anti-TNFα agents are being used in patients with various SARD, notably RA, SpA, and JIA among others (Monaco et al., 2015). They are the most studied in relation to pregnancy. Treatment with anti-TNFα drugs is usually accompanied by co-prescription of methotrexate (MTX), which should be stopped 1–3 months prior to attempting conception or when pregnancy is confirmed. Interestingly, anti-TNFα drugs were recently proposed as a potential treatment for refractory obstetric antiphospholipid syndrome (APS) (Alijotas-Reig et al., 2019).
Most of the data available about TNFα inhibitors, in particular infliximab, use in pregnancy are from studies on inflammatory bowel disease (IBD) patients. Observations from animal studies simulated to an extent what is being observed in humans. Despite transfer of anti-TNFα mAbs during organogenesis, no changes in fetal immune responses were reported. Safety with exposure throughout pregnancy and lactation was also ensured despite persistence of the drug up to 6 months in the blood of the exposed offspring (Treacy, 2000; Martin et al., 2007; Martin et al., 2008; Arsenescu et al., 2011).
Outcomes of Human Pregnancies with TNFα Inhibitors
The first retrospective analysis, from Centocor’s infliximab safety database, included 96 pregnancies in women diagnosed mostly with RA and Crohn`s disease (CD) (94%) who were exposed early to infliximab. 67% of pregnancies resulted in a live birth, 14% spontaneous miscarriages, and 19% therapeutic miscarriages, which was comparable to pregnancy outcomes in CD without infliximab treatment (Katz et al., 2004). Similarly, Schnitzler et al. found that overall pregnancy outcomes, except for abortion, with infliximab and adalimumab treatment at conception or during pregnancy were not different from pregnancy outcomes before anti-TNFα therapy. The same was found for patients exposed for a long time before pregnancy, but the pregnancy outcomes were less favorable than those in pregnancies preceding IBD diagnosis (Schnitzler et al., 2011). Abortion rates were similar among all groups in this study; however, in another prospective study, the rate of miscarriages was higher in exposed mothers than in pre-conceptionally exposed or non-exposed women (Verstappen et al., 2011). Further data suggested that treatment with anti-TNFα drugs before or during pregnancy was not associated with poor global pregnancy outcomes based on the sum of obstetric and neonatal outcomes (Casanova et al., 2013). In addition, data from medical records concerning pregnant women exposed to immunosuppressive drugs included 56 womens with first trimester exposure to anti-TNFα who showed no significant increased risk in fetal adverse events or congenital malformations (Cooper et al., 2014). Similarly, outcomes after infliximab exposure were not different from non-exposure outcomes as indicated by data derived from the TREAT registry of CD patients (Lichtenstein et al., 2018). A recent publication from the extensive Janssen’s global safety surveillance database of infliximab exposed mothers revealed the outcomes of 1850 pregnancies. Spontaneous abortion, preterm labor, low birth weight rates were 12.1, 9.2, and 3.6% respectively, parallel to population rates. It provided valuable evidence for future recommendations about the continuation of infliximab late after the 30th week since they found no cumulative outcome difference between those exposed in the first and third trimesters (Geldhof et al., 2020).
Risk of Congenital Anomalies with Exposure to TNFα Inhibitors
TNFα has a role during embryo development; however, transfer of mAbs against TNFα at the beginning of organogenesis is trivial, leaving developmental impact unlikely.
Early observational data reported a reasonable safety profile. However, a causal relationship between TNFα inhibitors and the occurrence of VACTERL anomalies (V: vertebrae anomalies; A: anal anomalies; C: cardiac anomalies; T: tracheal problems; E: esophageal problems; R: renal defects; L: Limb defects) in a child born to a mother with psoriasis exposed to etanercept during pregnancy was reported (Carter et al., 2006). Consequently, scanning the FDA database from 1999 to 2005 of children born to mothers exposed to infliximab and etanercept revealed a surprisingly high number of congenital malformations, mostly cardiac with a high association of at least one of the anomalies of VACTREL group. However, when compared to a general population-based database of congenital anomalies (EUROCAT), there was no increase in VACTREL distribution among children exposed to TNFα blocker (Crijns et al., 2011).
A comparative prospective study of 492 pregnancies with SARD exposed mostly to adalimumab, infliximab, and etanercept at least in the first trimester and 1,532 non-exposed pregnancies revealed higher rates of major birth defects mostly cardiac anomalies even after adjustments to maternal differences. In addition, higher rates of preterm labor and low birth weights were reported in the exposed group. It was not clear whether these findings were related to drug exposure or insufficient disease control (Weber-Schoendorfer et al., 2015). Although not statistically significant, a higher risk was also reported in two other studies but with no increase in VACTERL incidence (Casanova et al., 2013; Bröms et al., 2016). Data of 154 womens from the OTIS registry found no increase in major or minor birth defects after in-utero exposure to adalimumab, including cases exposed throughout pregnancy (Burmester et al., 2017). Similar data were reported by a prospective study with exposure to infliximab, adalimumab, and etanercept (Diav-Citrin et al., 2014). The Janssen infliximab safety database has recently reported a 2% congenital anomaly rate which is not considered abnormal (Geldhof et al., 2020).
Although the etanercept structure preserves the Fc domain, lower deposition in the placenta and lower affinity to FcRn than infliximab and adalimumab were reported in ex vivo studies (Porter et al., 2016; Eliesen et al., 2020a). There was no evidence of poor pregnancy outcomes or major congenital anomalies in a large retrospective cohort from US health plan research database affiliated with Optum. The study had some limitations including the lack of data on the exact dose of the drug, timing, and total duration of administration (Carman et al., 2017).
A prospective Italian multi-center study endorsed the safety of anti-TNFα drugs given pre-conception or early in pregnancy for treating inflammatory arthritis (Bazzani et al., 2015). In addition, two consecutive meta-analyses in IBD patients found overall favorable pregnancy outcomes with no significant risk for miscarriages, preterm labor, low birth weight, or congenital anomalies (Narula et al., 2014; Shihab et al., 2016). Later, pooled data from a systematic literature review leading to the 2016 European League Against Rheumatism (EULAR) recommendations for use of antirheumatic drugs before and during pregnancy and lactation reported no increase in the frequency of miscarriages or congenital anomalies with the use of anti-TNFα during gestation (Götestam Skorpen et al., 2016).
The safety of certolizumab offers an alternative to rule out the uncertainties related to other anti-TNFα drugs. Unlike other drugs, an experimental study found no binding affinity between certolizumab and placental FcRn in vitro, clearly due to the absence of the Fc portion, and slight or no placental transfer of certolizumab in ex vivo model (Porter et al., 2016). In a case series of 13 womens with RA and SpA treated with certolizumab throughout pregnancy, the drug was not detected or detected at low levels in the cord blood (Förger et al., 2016). These results were in accordance with the previous study (Mahadevan et al., 2013). Using a highly sensitive assay for measuring certolizumab concentration, the CRIB study proved the lack of transfer of the drug from mothers exposed after the 30th gestational week to their children as the concentrations in cord blood were below measurement or trivial (Mariette et al., 2018).
International Guidelines
The EULAR recommendations considered the continuation of infliximab, adalimumab, and golimumab in the first part of pregnancy and certolizumab and etanercept till the end of pregnancy (Götestam Skorpen et al., 2016). In the same year, BSR-BHPR guidelines recommended safe continuation of infliximab till the 16th week, adalimumab and etanercept till the end of the second trimester, and certolizumab throughout pregnancy (Flint et al., 2016). The latest recommendations issued by the American College of Rheumatology (ACR) strongly considered the continuation of certolizumab at conception and during pregnancy. In the case of infliximab, golimumab, adalimumab, and etanercept, the ACR recommendations considered their continuation during first and second trimesters and discontinuation in the third trimester if the disease is well controlled. If the disease is active, the conditional continuation of these biological agents can be considered (Sammaritano et al., 2020).
Abatacept
Fewer safety data are available regarding biologics other than anti-TNFα. Abatacept is a recombinant selective fusion protein that modulates a co-stimulatory signal T-cell activation (Blair and Deeks, 2017) and approved for the treatment of RA, JIA, and Psoriatic arthritis (PsA) (US Food and Drug Administration, 2017a).
Administration of high doses of abatacept to animal models during organogenesis was not associated with congenital malformations. Like other IgG mAbs, placental transfer of abatacept was described resulted in disturbances in the immune functions of juvenile rats (Kumar et al., 2015; Bristol-Myers Squibb, 2017). Lower drug levels are reported in foetal than in maternal serum and abatacept can be detected in breast milk (Pham et al., 2012; Saito et al., 2019b).
A combined retrospective/prospective analysis estimated spontaneous abortion rates in abatacept-exposed women as 25.8%, comparable to rates in the general population. Half of them were also exposed to methotrexate early in pregnancy and the rate of congenital anomalies was increased in comparison with that reported in the general population (8.1% vs. 3–5%) (Kumar et al., 2015). Limitation of records about disease activity during pregnancy and comorbidities make such data less reliable. Current guidelines recommend stoppage of abatacept at conception and during pregnancy (Flint et al., 2016; Götestam Skorpen et al., 2016; Sammaritano et al., 2020). A running registry for pregnancies under abatacept treatment is still collecting additional safety data (Bristol-Myers Squibb, 2019).
Tocilizumab
Tocilizumab is another recombinant humanized IgG1 mAb that targets the receptors of the pleiotropic cytokine IL-6 (Nishimoto and Kishimoto, 2008). It is indicated for the treatment of RA unresponsive to DMARDs and/or anti-TNFα therapy, polyarticular and systemic JIA, and giant cell arteritis (US Food and Drug Administration, 2019b).
Tocilizumab safety was supported by animal studies showing normal fetal development, average postnatal development and satisfactory immunoglobulin production (Sakurai et al., 2012). Placental transfer and cord levels of tocilizumab are lower than those of anti-TNFα IgG1 and natural IgG (Saito et al., 2019a; Tada et al., 2019; Moriyama et al., 2020).
Outcomes of prospectively and retrospectively followed pregnancies from Roche safety database were published in 2016. Most of the patients were exposed pre-conceptionally or in the first trimester with only 17 patients being exposed during the second and third trimesters. Compared to population rates, higher incidence of preterm labor and low birth weight was reported although the limited data about disease activity after tocilizumab suspension hindered the explanation of the cause of these high rates. There was no increase in congenital birth defects. Despite the insufficient number of cases, pregnancies with exposure beyond the first trimester had very good outcomes (Hoeltzenbein et al., 2016). Conflicting results were published about rates of spontaneous abortions related to tocilizumab. While this database and a case series reported a high percentage of spontaneous abortions (Hoeltzenbein et al., 2016; Weber-Schoendorfer and Schaefer, 2016), data from a smaller Japanese safety study did not find an increase in abortion rates or birth defects (Nakajima et al., 2016). It is recommended, by the EULAR, BSR-BHPR and ACR guidelines, that tocilizumab should be stopped prior to conception and during pregnancy though harm to the fetus is unlikely with unintentional exposure.
Anti-B Cell Therapies (Rituximab, Belimumab)
Rituximab is a chimeric anti-CD20 mAb approved for the treatment of anti-TNFα non-responsive RA, Granulomatosis with Polyangiitis (GPA) and Microscopic Polyangiitis (MPA) (US Food and Drug Administration, 2012) and is used off-label in some situations such as refractory immune thrombocytopenia and lupus nephritis. Rituximab represents an attractive option to abort severe disease flares in pregnancy especially in SLE and for maintaining remission if received before conception since it continues to have a B cell modulating effect for a long duration beyond its half-life (approximately 110 days) (Breedveld et al., 2007). Giving rituximab to monkeys during organogenesis resulted in low B-cell count in their newborns. It was also shown to cross the placenta like other IgG mAbs and it was previously categorized as category C (US Food and Drug Administration, 2012).
Human pregnancy data about its safety are scanty. In a systematic review by Das et al., including studies on different diseases treated with rituximab around conception, rates of abortions and preterm labor were 12% and 47%, respectively. However, considering the retrospective nature of the studies included in that review, it is difficult to evaluate for confounding factors such as other medications, comorbidities, and disease activity status (Das et al., 2018).
Even when rituximab was administered near conception with persistence of maternal drug levels for weeks after the last infusion, most of the neonates born to mothers treated with rituximab had no congenital anomalies explained by minimal IgG transfer early during organogenesis (Thurlings et al., 2010; Das et al., 2018). Rituximab was considered only for emergency use in life threatening SLE disease activity during pregnancy and should be stopped at pre-conception (Götestam Skorpen et al., 2016; Sammaritano et al., 2020). The BSR-BHPR recommendations specified that rituximab should be stopped 6 months pre-conception (Flint et al., 2016).
Another anti-B cell therapy, belimumab, which is a fully human IgG1 mAb directed against the soluble form of the BAFF was approved by the FDA in 2011 for use in adult autoantibody-positive moderately active SLE (US Food and Drug Administration, 2019c).
Belimumab intravenously administered throughout pregnancy in animal studies was well tolerated by mothers and fetuses with no noticeable immunological or developmental adverse events except for a low B-cell population, which is expected (US Food and Drug Administration, 2019c). Although cumulative reports show some births with congenital anomalies, the data are insufficient to relate their occurrence to belimumab (Danve et al., 2014; Kumthekar et al., 2017; GlaxoSmithKline, 2020).
A registry is kept by GlaxoSmithKline to evaluate pregnancies and children born under belimumab exposure (GlaxoSmithKline, 2020). It would be important to confirm that anti-B cell therapy is a safe treatment option for SLE in pregnancy and breastfeeding since the disease has a serious potential for flaring up during pregnancy and postpartum period.
Recently, the ACR recommendations conditionally allowed the continuation of belimumab during conception which is a step forward from the earlier EULAR and BSR-BHPR recommendations that considered stopping it before conception. However, both still recommend against its continuation once pregnancy is confirmed (Flint et al., 2016; Götestam Skorpen et al., 2016; Sammaritano et al., 2020).
IL-17 Inhibitors
Secukinumab followed by ixekizumab were the two FDA-approved IL-17 inhibitors for the treatment of moderate-to-severe plaque psoriasis, psoriathic arthritis (PsA), and ankylosing spondylitis (AS). They interfere with the pro-inflammatory activity of IL-17 which has been recently considered a key pathogenic player (Koenders and van den Berg, 2016; Chandran et al., 2020; Genovese et al., 2020). Secukinumab is a recombinant human monoclonal IgG1/κ antibody while ixekizumab is a humanized IgG4 mAb. Both can block the IL-17/IL-17R interaction through selective IL-17A neutralization (Frieder et al., 2018). Like other IgG molecules, secukinumab transfer starts after the 17th week and moreover throughout pregnancy (Saji et al., 1999; Simister, 2003).
Whereas nearly all clinical trials consider gestation as exclusion criteria, pregnancy outcomes using these monoclonal antibodies is remains uncertain. According to Novartis global safety database about outcomes of pregnancies mostly exposed to secukinumab at conception before stopping the drug in pregnancy, secukinumab was not related to abnormal rates of miscarriage or congenital abnormalities among the 292 study participants (238 maternal exposure) (Porter et al., 2017; Warren et al., 2018; Puchner et al., 2019). There are no accessible data about exposure throughout pregnancy. Accordingly, it is still recommended against its use in pregnancy by the European Medicines Agency (Warren et al., 2018; European Medicines Agency, 2019).
Studies on animal models found no embryo-fetal toxicity or teratogenic effects of secukinumab or ixekizumab although an increase in neonatal losses was reported in monkeys after exposure to ixekizumab at the 20th week of gestation (Clarke et al., 2015; Novartis Pharmaceuticals Corp, 2020). Of the two IL-17 inhibitors, secukinumab was mentioned only in the relevant ACR guidelines that recommended its discontinuation before conception and during pregnancy (Sammaritano et al., 2020).
IL-12/IL-23 Pathway Blocker
Ustekinumab is a human IgG1/κ monoclonal antibody that blocks the p40 subunit of IL-12 and IL-23 cytokines (Benson et al., 2011). Ustekinumab has been introduced as an FDA approved bDMARD in the treatment of moderate to severe plaque psoriasis, active PsA, and IBD (US Food and Drug Administration, 2019a). Animal studies have reported no adverse effects on neonatal development during ustekinumab administration (Lund and Thomsen, 2017; US Food and Drug Administration, 2019a). Up to 2017, a total of 12 pregnancies in which ustekinumab was used has been reported by Venturin et al. Two out of 12 pregnancies have been aborted in the second and eighth weeks. However, the rest of the pregnancies were delivered uneventfully, and the babies were born without any anomalies (Venturin et al., 2017). According to a report on seven patients with psoriasis who were under ustekinumab treatment, 10 pregnancies resulted in eight healthy infants with no malformation (Watson et al., 2019). Maternal-fetal transfer of ustekinumab is assumed to be similar to other IgG1 mAbs. However, no new safety information was recorded by the most recent clinical reports. Therefore, they recommended that the final application be discontinued 8–12 weeks prior to parturition (Gisbert and Chaparro, 2020). According to both the EULAR and ACR statements, ustekinumab should be stopped before attempting conception and during pregnancy (Götestam Skorpen et al., 2016; Sammaritano et al., 2020).
IL-1 Inhibitors
Inhibitors of IL-1 have been recently employed in the treatment of systemic autoinflammatory syndromes. Experience with therapeutic agents like anakinra, canakinumab, and rilonacept is limited. Anakinra is a recombinant protein that blocks IL1 receptor. Canakinumab is a full mAb while rilonacept is a fusion protein including the IL-1 binding motifs of IL-1 receptors coupled to the Fc domain of human IgG1. Few publications exist regarding their safety in gestation. Anakinra and canakinumab were well tolerated and pregnancy outcomes in small studies were satisfactory including cases of paternal and late pregnancy exposures (Chang et al., 2014; Youngstein et al., 2017; Venhoff et al., 2018).
It is noteworthy that oligohydramnios was previously reported, and renal agenesis was observed in two of anakinra exposed children which is worrisome considering the small number of the published cases (Chang et al., 2014; Youngstein et al., 2017). For the time being, anakinra seems to be safer to be prescribed in pregnancy than canakinumab with more evidence published and shorter half-life (Youngstein et al., 2017). The official recommendations still indicate that anakinra should be stopped before conception (Flint et al., 2016; Götestam Skorpen et al., 2016; Sammaritano et al., 2020).
Rilonacept studies in humans are lacking but animal pregnancy studies have raised concern about a relation between the drug and skeletal anomalies and fetal deaths (US Food and Drug Administration, 2008).
Eculizumab
Eculizumab, the humanized anti-C5a antibody, was engineered as a unique IgG2/4κ formulation with weakened Fc functionality that limits its passage through the placental barrier and therefore theoretically renders it safer in pregnancy than other biologics (Hashira et al., 2000; Lozano et al., 2018; Sarno et al., 2019). It strongly binds C5 and interferes with its cleavage to the pro-inflammatory C5a and the terminal complement member C5b-9 (Schatz-Jakobsen et al., 2016). Eculizumab is approved by FDA in the treatment of atypical hemolytic uremic syndrome (aHUS), paroxysmal nocturnal hemoglobinuria (PNH), and generalized Myasthenia Gravis (gMG) (US Food and Drug Administration, 2017b).
It has also been shown to give good responses in refractory cases of catastrophic antiphospholipid syndrome (C-APS) and Hemolysis, Elevated Liver enzyme, and Low Platelet levels (HELLP) syndrome (Stefanovic, 2019). These all are serious conditions induced by complement activation that can be triggered by pregnancy, making the therapeutic use of eculizumab a possibility to be strongly considered. In the current literature, outcomes of only two triple antibody-positive APS patients treated with eculizumab during pregnancy were reported. Secondary thrombotic microangiopathy also complicated pregnancy in one of them. The two patients received eculizumab in the third trimester and delivered, prematurely by cesarean sections, healthy newborns (Gustavsen et al., 2017; Rovere-Querini et al., 2018).
Eculizumab was either not detected or detected at low ineffective titers in cord blood after administration in pregnancy including cases when mothers received it in late weeks. That is partially explained by its unique formulation and not by the strong binding between eculizumab and FcRn observed inin vitro studies. Poor pregnancy events were documented in some cases but attribution to the severity of the underlying condition as PNH or aHUS is more likely than to eculizumab itself (Kelly et al., 2010; Hallstensen et al., 2015; Miyasaka et al., 2016; Servais et al., 2016; Sarno et al., 2019). Eculizumab safety for use in pregnancy has not yet been addressed by the current rheumatology guidelines.
Denosumab
Denosumab is a fully human IgG2 which is the least IgG subclass to be transferred through the feto-maternal interface. Its use for the treatment of pregnancy and lactation-associated osteoporosis, which is a relatively underreported condition with no identifiable treatment consensus, was addressed in some case reports with good results (Sánchez et al., 2016; Ijuin et al., 2017). However, it is contraindicated in pregnancy and lactation following discouraging animal studies which showed high still-birth and newborn mortality rates (Bussiere et al., 2013; Okamatsu et al., 2017).
A summary of the characteristics of the common drugs used in SARD including the risk category according to Food and Drug Administration (FDA) and Therapeutics Good Administration (TGA) is reported in Tables 1, 2.
TABLE 1 | Common Biological Drugs in SARDs and their indications.
[image: Table 1]TABLE 2 | Risk categorization by FDA and TGA for use of drugs in pregnancy.
[image: Table 2]BIOLOGIC DRUG-INDUCED MATERNAL AND INFANT IMMUNOLOGICAL CHANGES
Complex immunological changes naturally occur in pregnancy. Pregnant women are generally considered immunocompromized with more susceptibility to various infections (Mor and Cardenas, 2010). Administration of biological drugs surely induces additional variations in the maternal immune responses.
An insufficiently studied aspect is how much the drug level and efficacy are affected by pregnancy status. By measuring maternal infliximab and adalimumab levels each trimester in 25 pregnancies with IBD, an increase in infliximab with the progress of pregnancy was unexpectedly found. Adalimumab showed steady drug levels, although infliximab was discontinued earlier than adalimumab (Seow et al., 2017). Such findings were considered as a possible explanation for the higher cord blood levels of infliximab, which inversely correlated with the interval between the last dose and birth date, and the more delayed infliximab clearance from infant blood in former studies (Mahadevan et al., 2013; Julsgaard et al., 2016). Therefore, the authors concluded that monitoring anti-TNFα drug level, particularly in the second trimester, may offer a guide for third trimester dosing to ensure safety of the baby and protection to the mother from intrapartum or postpartum disease activity.
The 2014 meta-analysis by Narula et al. concluded that the benefit from anti-TNFα therapy overweighs any possible poor outcomes to the fetus or the mother (Narula et al., 2014). However, as their use is becoming more common, there are reports of a higher incidence of maternal infections that might be related to the use of anti-TNFα treatment in pregnancy. A study reported the records of twenty-five children exposed during gestation to infliximab/adalimumab; 80% of them were also breastfed till the median age of 6 months. Seven children had a mild decrease in immunoglobulin levels (IgA and IgG) without relevant clinical signs, while lymphocytic subpopulation counts were normal. Infections, mostly mild upper respiratory tract infections, were recorded in 80% of the babies. However, the reported infections do not seem to be therapy-related since they occurred late after the drug clearance (Bortlik et al., 2014). In the case series of women treated with certolizumab throughout pregnancy, maternal infections developed in three out of 13 included women; however, two of them were on concomitant low dose steroid therapy (Förger et al., 2016). A large cohort of French IBD patients was retrospectively investigated; 1,457 anti-TNFα (mostly infliximab and adalimumab) exposed patients were compared with 9,818 non exposed patients. Maternal infection rate in the first group was significantly higher than in non-exposed patients (Luu et al., 2018).
Another example of confusing maternal responses to biologic therapy during pregnancy is the need to increase doses and frequencies of eculizumab and increase the need for red blood cell transfusions in a subset of pregnant patients with PNH which might be explained by increased lysosomal metabolism of eculizumab and physiologic dilutional pregnancy changes (Kelly et al., 2015). Following treatment of a pregnant APS patient with eculizumab infusions, complement regained normal activity soon after infusions earlier than expected (Gustavsen et al., 2017). For the infant, the cord blood levels of various biologic drugs at birth display different values. Cord blood levels were high for infliximab and adalimumab (≈2.6 and 1.5% fetal to maternal ratio, respectively) (Mahadevan et al., 2013; Kanis et al., 2018), and not detected or negligible in the case of certolizumab, etanercept, and eculizumab (Murashima et al., 2009; Mariette et al., 2018). Most drugs with high levels at birth persisted in fetal blood for 4–9 months (Julsgaard et al., 2016).
Reversible change in immune cell counts is a well-recognized side effect particularly with the anti B-cell therapy. Neutropenia with serious skin infections was reported after treatment with infliximab in some reports (Guiddir et al., 2014). Apparently harmless reversible low infant total and B cell lymphocyte count without a significant rise in infection rates or abnormal vaccination course was reported after exposure to rituximab (Azim et al., 2010; Chakravarty et al., 2011; Das et al., 2018). A similar effect was seen in one case report with belimumab exposure (Bitter et al., 2018). These cellular effects were mostly transient and reverted to normal within months. Following eculizumab exposure, assessment of infant complement revealed normal activity (Hallstensen et al., 2015).
Since patients on anti-TNFα therapy display more susceptibility to mycobacterial infections due to interference with the IL-12/IFN-γ pathway, this pathway was investigated in newborns exposed to infliximab/adalimumab throughout pregnancy. Seven exposed and eight non-exposed children were followed for 12 months. Apart from one child who had recurrent infections after the 6th month of age, all showed no increase in infection rates with good developmental milestones. Leucocyte and lymphocyte counts were normal. T-regulatory cell values were lower than average in exposed children and defects in IL-12/IFN-γ pathway led to subnormal response to mycobacterial challenge. B-cell development and maturity are also thought to be affected by TNFα inhibition. Although this study showed that the B-cell population was shifted more to the naïve cells in exposed children, immunoglobulin levels were normal and antibody responses to diphtheria, tetanus, and pneumococcal vaccines were average (Esteve-Solé et al., 2017).
BREASTFEEDING
The risk of transfer of biologics in breast milk is generally lower than that of placental transfer. Unlike IgA, overall secretion of IgG is scarce in breast milk. The preferential secretion of IgG subclasses is different from the placental one in which IgG3 and IgG4 are secreted more than IgG1 (Gasparoni et al., 1992). Transfer of the Fab fragment is even much lower than full IgG (Nesbitt et al., 2006). Moreover, mAb oral bioavailability is limited due to their large molecular size and the fact that degradation by proteolytic enzymes (Zelikin et al., 2016; Ryman and Meibohm, 2017). Nevertheless, FcRn are expressed at the intestinal mucosal surface of the newborn and can mediate the transfer of antibodies which escape proteolysis (Clowse et al., 2017; Pyzik et al., 2019).
Following these concepts, breast milk levels of almost all anti-TNFα and other mAb biologics are either very low or undetectable and mostly not be delivered to the nursing child’s circulation (Murashima et al., 2009; Ben-Horin et al., 2011; Clowse et al., 2017; Matro et al., 2018). Nevertheless, the reassurance of physicians for the use in clinical practice needs more studies reporting actual outcomes with breastfeeding.
The best evidence available is for certolizumab. It was not detected in the breast milk of nursing mothers following treatment with certolizumab (Mahadevan et al., 2013; Förger et al., 2016
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Patients with at least one flare, n (%) 25 (15.8)

Acticular, n (%) 10 (6.3)
Mucocutaneous, 1 (%) 7(4.4)
Renal, n (%) 5(32)
Haematological, n (%) 3(19)
Serositis, n (%) 3(1.9
NPSLE, n (%) 0(00)
Patients with at least one APO, n (%) 19 (12.0
IUFD, n (%) 4(25)
Preterm delivery due to placental insufficiency, n (%) 13(8.2)
SGA, n (%) 3(20)
Neonatal deaths, n (%) 0(00)

SLE: Systemic Lupus Erythematosus; NSPLE: Neuropsychiatric SLE; APO: adverse
pregnacy outcome; IUFD: intra-uterine fetal death; SGA: smell for gestational age.
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Disease duration, median (IQR)
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Prednisone, n (%)
Prednisone dose, median (IQR), mg/day
Immunosuppressants, n (%)
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SLE-DAS, median (IQR)
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Age at pregnancy, mean + SD (years)
SLE characteristics
Associated APS, n (%)

Disease duration, median (IQR)
Previous renal manifestation, n (%)
Laboratory features in the st trimester

Positive anti-dsDNA, n (%)
Low G3/C4, n (%)
24 h-proteinuria > 0.5 g/day, n (%)
19G/igM anti-cardiolipin, n (%)
1gG/IgM anti-beta2GPl, n (%)
LAC, n (%)
Triple positive aPL, n (%)
Treatment in the 1st trimester
Prednisone, n (%)
Prednisone dose, median (IQR), mg/day
Immunosuppressants, n (%)
Hydroxychloroquine, n (%)
Low dose aspirin, (%)
Low molecular weight heparin, 1 (%)
Disease activity in the 1st trimester
SLEPDAI, median (IQR)
SLE-DAS, median (IQR)
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54 (34.2)
12(7.6)
22 (139)
12(7.6)
24 (15.2)
7 (4.4)

72 (45.6)
5(5.0-7.5)
44 (27.8)
149 (94.3)
88 (65.7)
35 (22.6)

2(0-4)
1.32 (0.37-2.08)

APO (N = 19)

314 +562

3(158)
12 (5.5-17)
947.4)

15 (78.9)
8 (42.1)
2(108)
3(158)
163
5(263)
163

11 (67.9)
5(0.0-6.8)
8 (42.1)
19 (100.0)
13 (68.4)
6(316)

2(2-6)
1.32 (1.32-2.08)

Non-APO (N = 139)

320+45

15 (10.8)
9(45-13)
50 (36.0)

65 (46.8)
46 (33.1)
10(7.2)
19 (13.7)
11(7.9
19 (13.7)
6(4.3)

61(439)
0(0.0-5.0)
36 (25.9)
130 (93.5)
75 (53.9)
29 (209)

2(04)
1.32 (0.37-2.08)

P Value

0.67

0.46
0.12
0.33

0.01
0.44
0.63
073
1.00
017
1.00

0.25
0.16
0.14
0.60
023
0.38

0.02
0.02

APO: adverse pregnancy outcome; SD: standard deviation; IQR: interquartile range; SLE: Systemic Lupus Erythematosus; APS: antiphospholipid syndrome; anti-dsDNA: anti-double
stranded DNA; 24 h: 24 h; LAC: Lupus anticoagulant; aPL: anti-phospholipid antibodies; SLEPDAI: Systemic Lupus Erythematosus Pregnancy disease Activity Index; SLE-DAS: Systemic

Lupus Erythematous disease activity score.
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Prenatal data

Perinatal data

Children

Age of the mother at
pregnancy

Previous pregnancy
related complications

Maternal aPL

Pregnancy risk factors.

Type of delivery
Gestational Age

APGAR score at | and
V minute

Birth weight
Perinatal risk factors

Neonate gender

First PAS
manifestations

Timing of frst PAS
manifestations

Brain damage area

aPL profile

Age at testing

Additional
pro-thrombotic factors.

Timing of aPL.
disappearance

Treatment
Outcome

Case 1

25
Absent

Absent

Abruptio placentae
premature uterine
contractions
Vaginal

38+2w

9-10

34509
Absent

Male
Jerking movements,
hypotonia, partial seizures
poor spontaneous
movements, divergent
strabismus

10 days

Left middle cerebral artery
territory

Anti-B2GP! IgG/igM: 60
UlmV/absent

Anti-CL IgG/igM: 45
U/ml/absent

LAC gGrigh
absent/absent

5 months

Heterozygous for FVL
mutation

Homocysteine: 19 pmol/L

9 months.

Aspirn (4 mg/kg/c))
Hypotonia, right hemiplegia,
delay psychomotor
development

Case 2

34
Absent

Absent

Gestational diabetes

Vaginal
38w
10-10

2,770g
Absent

Female
Left hemiparesis

5 months

Right middle cerebral
artery tenitory
Anti-B2GPI IgG/IgM: 120
Ulml/absent

Anti-CL IgG/igM: 20
U/ml/absent

LAC IgG/igM:
absent/absent

6 months.

Absent

16 months

None
Mid neurological
impairment

Case 3

30
2 miscarriages

Anti-B2GPI IgG/igh: 10/15 U/ml
Anti-CL IgG/IgM: 40/46 U/ml
LAC IgG/IgM: absent/absent

Absent

Cesarean section
39w
9-9

3,600g
Absent

Female
Right hemiparesis

5 months

Fronto-temporal-parietal left
regions

Anti-B2GP1 IgG/igt: 100
U/ml/Absent

Anti-CL IgG/igM: 101
UimbAbsent

LAC IgG/igM: 525 U/mAbsent

9 months

D-dimer: 314 ng/ml

Protein C: 53%

Protein S: 39%
Plasminogen: 67%
Compound heterozygosis for
mutations of MTHFR gene

20 months

Aspirin (4 mg/kg/d)
Left hemiparesis

Case 4

39
Absent

Absent

Gestational diabetes

Cesarean section
3146w
6-7

1,350
Premature rupture of
membranes

Fomale

None

Radiological signs of
cerebral ischemia during
perinatal period
Fronto-parietal and occipital
right regions

Anti-2GPI IgG/IgM: 70/35
Urml

Anti-CL IgG/igM:
Absent/absent

LAC IgG/ig:
absent/absent

23 months

Absent

26 months

None
Complete recovery

aPL, antiphospholipid antibodies; LA, lupus anticoagulant; aCL, anti-cardiolipin antibodiies; p2GP), anti-p2-glycoprotein | antibodies; PAS, perinatal arterial ischemic stroke.
Normal values, nv; Anti-B2GPl, IgG<12U/ml: IgM <12 U/ml: Anti-CL, IgG <12 U/mli: IgM <10 U/mi: Homocysteine, <15 umol/L.
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Bacterial Taxa (| Research object Relevant conclusions Analytical method References
low, | enriched)

Proteobacteria 1, Actinobactera 1, Faecalbacterium | Normal women thic trimester VS. non-pregnant  Gut microbiomes are profoundly altered during 168 rRNA gene. (Koren et al, 2012)
wormen pregnancy sequencing
Clostriciales 1. Desultovibrio 1, Mogbacteriaceae 1. Normal pregrant sows VS, non-pregnant sows  Stages of pregnancy influence the gut microbiota 168 1RNA gene. Wietal, 2019; Lvet a,
Prevotella 1 diversiy and function in sows sequencing 2019)
Fimicutes 1, Bacteroidetes 1, Ruminococcaceae 1, Normal pregnant women, from 32 weeks of gestation The gut microbiota varied dusing the thid trimester 168 1RNA gene. (Ghen etal, 20190)
Akkemansia | o antepartum V. non-pregnant wormen sequencing
Proteobacteria (ET2) 1 Healhy women, early second trimester (ET2) VS, lte Materal microbiome biodiversity changes as 165 RNA gene (Smid et l, 2018)
second trmester pregnancy progresses sequencing
Akkermansia 1, Clostridium 1, Bacteroides 1. Normal pregnant mice VS, non-pregnant mice  Pregnancy-nduced changes in the female gut 165 RNA gene (Gohi et al, 2015)
Bifdobacterium T ‘microbiota occur immediately at the onsat of sequencing
pregnancy

The St of it imbrabions b Sannasiad willl srscrincy. THe Shardea of apeclils s #ha anabibul mathod Lsad shdl T losanish Ghbel o sinrrand i i s
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Bacterial Taxa (| Analytical method Research object information Relevant conclusions References
low, | enriched)

Actinobacteria phylum 1, Colinsell genus 1, Rothia 16 rRNA gene amplicon sequencing  Third trimester, gestational diabetes melitus GDM diagnosed in the third trimester of pregnancy is (Crusel et al, 2016)

genus 1, Desultovibrio genus T (GOM) associated with a disrupted gut microbiota
composition compared with normoglycaenmic
pregnant women
Bacteroides 1, Staphylococous FISH combined with flow cytometry and Overweight pregnant women Gut microbiota composition and weight are inked, ~ (Collado et al, 2008
GPCR and mothe's weight gain is affected by microbiota
Alobaculum 1, Sarcina 1, Biophia 1, Coprobacilss 1, 165 RNA gene sequencing Pregnant SC7BL/G mice with highfat diet it i the maternal gut microbiome have been (Gt et al, 2015)
Staphylococcus 1. Akkermansia 1, Bifidobacterium 1 impicated in metabolic adaptations 10 pregnancy
Parabacteroides distasons 1, Kiebsiela varicola 1, Whole-metageniome shotgun Pregnant women with gestational diabetes  The human gut microtiome can moduate metaboic (Kuang et al 2017)
Methanobrevibacter smithi . Alstipes sop. 1. sequencing melitus. health and affect insulin resistance, and it may play an
Bidobacterium sop. 1. Eubacterium spp. | important role n the etioogy of gestationa diabetes
melitus
Bifidobacterium |, Bacteroides 1, Staphylococcus 1, Quantiative real-time POR 24 weeks of pregnancy, overweight Gut microbiomes compositon is related to body  (Santacruz et al,
Enterobacteriaceae 1, Escherichia cof | pregnant women wegh, weight gain and metabolic biomarkers during 2010)
pregnancy

Compared with norma healhy women, the abundance and dversity of gut microbiome during pregnancy are signifcanty diflrent. This may be related to the mother's homione levels and metaboiism. The effects of metabolism on gut
microbiome during pregnancy are summarized in this table.
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Number of patients

4,716 female patients with inlammatory arthits (RA, juvenie RA,
ankylosing spondyits) vs. 1,645,029 unaffected female controls
243 female RA patients vs. 2,559 unaffected female controls
1,199 female RA patients vs. 870,380 unaffected female controls
144 female RA patients vs. 605 unaffected female controls
1,912 female RA patients vs. 9,560 matched controls

152 female RA patients vs. 175,498 unaffected female controls

162 female RA patients vs. general Dutch population

Increased risk

Preterm delvery (7.1 vs. 5.6%), SGA infants (9.9 vs. 8.7%)

Preterm defvery (13,6 vs. 7.2%), cesarean secton (34 vs. 19.5%)
Preterm defivery (9.2 v. 6.2%), SGA infants (6.9 vs. 3.8%)

No increased risk: spontaneous abortions, stlbiths

SGA infants (17.3 vs. 14.9%), cesarean section (42 vs. 37.7%),
preedampsia (27 vs. 1.2%)

Instrumental vaginal delivery (17 vs. 10%), Gesarean sections
group with DAS28-CRP 23.2 (22 vs. 10% i group wih
DAS2B-CRP <3.2%), SGA infants 3.3%

Noincreased risk: miscarriage

S ar R Sl s A SRR St Tho ncbts iinss: silas ch T Sk i e

Study type
Retrospective (dith registy)
Retrospective (dirth registy)
Relrospective (Bith registy)
Case-control

Retrospective (Dirth registy)

Prospective

Prospective

References
(Skomsvoll et al, 1999)

(Reed et al., 2006)
(Norgaard et al, 2010)
(Neison et al., 1992)
(Lin et al, 2010)

(de Man et al, 2009)

(Brouwer et al, 2015b)





OPS/images/fped-08-596386/crossmark.jpg
©

2

i

|





OPS/images/fphar-11-594042/fphar-11-594042-g002.gif
[y ——

O TR o b
[y sm——,

faciusion .mm..:‘
[y —

T —)
T ——

Rhcumatod arthrii






OPS/images/fphar-11-594042/fphar-11-594042-t001.jpg
Experimental model

K/BXN mice, induced artitis

Wistar femal rat, collagen-induced arthiits

Experimental arthiis

Female RA patients and colagen-induced
arthits mice

SD rat, collagenvinduced arthitis
Expert protein analysis system
Transgenic mice, collagen-induced arthritis

Different TLR-deficent mice

Bacteria involved

Segmented flamentous bacteria (SFB)

Rarefaction and a diversity of gut microbiome

Particular bacteria genera
Gut microbiota composition

Bacteroides and Bacills, « diversty of gut
‘microbiome

The microbial peplides.
Prevotela histicola

Bacteroices fragis

Analytical method

SFB-speciic 168 ANA quantitative PCR

165 rRNA gene sequencing

Not applcable

168 rANA microbiome analysis

163 rANA gene sequencing

Immunoinfommatics tools
Isolation of Prevotella species, and administered
enteraly

‘Bacteroides fragiis colonization

B Eoimidolt Al The Possllis mchanins of cil micchims 5 RA b il acarksad o ahowed s i latis:

Mechanism

SFB enhance autoimmune arthis, reflected by

elevated auto-ab, GC, and tih cell responses. SFB

induce Peyer's patch T folicuiar helper cel

differentiaion by imiting the access of L-2t0 Peyer's.

patch CD4" T cells

‘Saponins alleviation collagen-induced arthiits i rats.
oy reguiating metaboltes of gut microbiomes (short-

chain fatty acids, C,~Ce)
Microbiota-derived metaboites help reguiatory
B cells suppress arhiiis

Breach in intestinal permeabiity is mediated by the
microbiota. Reducing intestinal barrier permeabilty

attenuates eumatoid arthiitis
Gut microbiota reguiated the aryl hydrocarbon
receptor pathway through indole metabolism.
Reguiating host immunity

Molecular mimicry, antigenic mimicry

Enteral exposure to Prevotels histicola suppresses

anthvitis via mucosal reguiation

Tollke receptor 2 on CD4" T cels s required for
Bacteroides fragils colonization of a unique mucosal

niche in mice during homeostasis

References

(Teng et al, 2016)

(Guo et al, 2019)

(MeHugh, 2020)

(Tajik ot al., 2020)

(Lietal, 2020)

(Pahari et al, 2017)
(Marietta et al.,
2016)
(Roundetal., 2011)
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DMARDs.

Sufasalazine

Methotrexate

Hydroxychloroauine

Pharmacological mechanism

Interferes in the conversion of arachidonic acid to prostaglandins,
affects leukocyte function and production of cytokines

Interferes with the synthess of pyrimidine and purines, leadsto the
inhibition of ymphocyte profferation

Intereres with anigen processing in macrophages and its
presentation to MHC class Il proteins

Species studied

Human
Human

Balb/c mice
Human
Human
Human
Human

Effects.
on gut microbiome.

Significant increase in bacills and decrease in total erobic.
bacteria, Escherichia cofl and Bacteroides

Reduction in the numbers of total nonsporing anasrobes,
Enterobacteria and opalescentnegaive lostridia

Decrease in Bacteroides fiagiis post-treatment

Reduced abundance of Enterobacteriaceae

Partially restored the gut microbiota in patients

Increase in microbial species richness and diversity
Hydroxychloroquine plus doxycycine treatment led to the
reduction in abundance of phylum Bacteroidetes and Fimicutes.

References

(Kanerud et al, 1994)
(West et al., 1974)

@nou et al, 2018)
(Piochianti-Diamanti et al., 2018)
(Zhang et al, 2015; Chen et al, 2016)
(Chen et al., 2016)

(Angelaids et al 2014)

DMARD, dfsoase-modifying antiteumaic dug. The chugs used to treat RA are mainly DMARDS, which plays an important roe in controng the symptoms and progression of the discase. In DMARDS, Sullasalazine, Methotrexate and
Ecbeuaniinsciin: have i alel r it bbb
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Compiications.
of pregnancy

Gestaional
sabetos

Gestatonal

Diseaso of
sgesive tract

Increased abundance of
‘microorganisms

Fimiutes, Kebsiola varicos,
Actiobacter, Parabocteroides

ditasans, Desuloitrio
Bacteroids, Bitdobacterum

Butoidia moors, Costichum
Aciatobacter, Enterococci,

Fmicutes, Achoeplasmatats,

Decreased abundance of
microorganisms
Parabacterodes, Dialster, Avkeomarsa,
‘Roseburi, Methancbrovbacter smini,
Eubacteriam specie, Asstipes species,
‘Bacteraides Bifoobacteriun species
Enterobacteracese, Escherich ool

‘Coprococcus catus.
‘Bluti, Cotnsela

Veruoomirotia, Bacteroidaks,

Mechanisms. References

Intestinal pormeabity,  Bassols et a, 2016; Navab>
antiinfamvmatory  Moghadam ot al, 2017; Crusel
ofioknelovels otc. et a, 2018; Ferocno ot al, 2018

Nicrobial metaboltes,  Sartacruz ot a, 2010; Barow ot 3.
nfamematory 2015; Knan ot . 2016; Soderborg
u 6t o, 2017; Colado

Fusoreseachis Lot al, 2019

Fuvoreseachis  Jno1al, 2019

Aomimune response Pan et &, 2019
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Pregnancies Pregnancies not treated p-value

treated with AZA with AZA
Patients characteristics
Age at SLE onset (years), mean (SD) 237 (67) 229(6.4) 0610
Caucasian ethnicity 21/22 (95.5) 55/56 (98.2) 0.487
Renal involvement 15/22 (68.2) 37/56 (66.1) 1.000
Concomitant autoimmune diseases 11/22 (50.0) 22/56 (39.3) 0450
Antiphospholipid syndrome 5/22 (22.7) 6/56 (10.7) 0276
Sjégren’s syndrome 1/22 (4.6) 2/56 (3.6) 1.000
Rheumatoid arthritis 022 (0.0) 1/56 (1.8) 1.000
Autoimmune thyroiditis 1/22 (4.6) 5/56 (8.9) 0670
Pregnancies characteristics
Age at pregnancy (years), mean (SD) 327 (59) 32.1(4.4) 0565
Disease duration at the beginning of pregnancy (years), mean (SD) 907 (67) 92058 0719
Disease flare during pregnancy 6/27 (22.2) 7/65 (10.8) 0.191
Renal 2/27 (7.4) 7/65 (10.8) 1.000
Cutaneous 3/27 (11.1) 0/65 (0.0) 0.023
Neurologic 1127 3.7) 0/65 (0.0) 0.204
Aticular 1127 3.7) 0/65 (0.0) 0.294
Antiphospholipid antibodies positiity 9/27 (40.7) 15/65 (27.7) 0311
Triple positivity 1127 3.7) 5/65 (7.7) 0.667
Double positiity 4727 (14.8) 3/65 (4.6) 0.188
Single positivity 4/27 (14.8) 7/65 (10.8) 0725
ANti-ENA positivity 17/27 (63.0) 38/65 (58.5) 0816
Anti-Ro/SSA positivity 7/27 (25.9) 21/65 (32.3) 0.625
PPROM (<37th weeks) 1/27 3.7) 5/65 (7.7) 0.667
HELLP syndrome 0/27 (0.0) 1/65 (1.5) 1.000
Preeclampsia 2/27 (7.4) 6/65 (9.2) 1.000
Treatment during pregnancy
Corticosteroids 26/27 (96.9) 47/85 (72.3) 0010
Weekly dose of steroids in prednisone equivalent 39.7 (37.3) 26.9 (27.2) 0.128
Hydroxychloroquine 14/27 (51.9) 33/65 (50.8) 1.000
Cyclosporine-A 0/27 (0.0) 9/65 (13.9) 0054

HELLP, hemolysis, elevated liver enzymes, and low platelets; pPROM, preterm premature rupture of membranes. Two patients had two pregnancies each, one treated with AZA and one
not treated with AZA: therefore, the apparent total number of patients is 78. Results are presented as r/n available data (%), except otherwise indicated.
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Age at the time of the interview, mean (SD)
Male sex
Birth weight (g), mean (SD)
Gestational age at birth, mean (SD)
Small for gestational age
Preterm birth (<37th weeks)
Severe preterm birth (<34th weeks)
At least one NPD
ND
ADHD
Communication disorders
Learning disabiities
Dyslexia
Dyscalcuiia
Dysgraphia
Dysorthography
Behavioral disorders
Psychomotor delay
Epilepsy
Migraine
Repetition of school years

Children exposed to
AZA in utero

12.3 4.9)
14/27 (51.9)
2798.0 (550.2)
368 (2.5)
025 (0.0)
8/27 (29.6)
3/27 (11.1)
3/27 (11.1)
2/27 (7.4)
1/27 (3.7)
1/27 3.7)
027 (0.0)
027 (0.0)
027 (0.0)
027 (0.0)
027 (0.0)
1127 3.7)
027 (0.0)
1127 3.7)
027 (0.0)
1127 @.7)

Children not exposed
to AZA in utero

14.7 (6.6)
30/65 (46.2)
2891.6 (538.4)
37.1 (20)
7/64 (109)
17/65 (26.2)
3/65 (4.6)
8/65 (12.3)
12/65 (18.5)
1/65 (1.5)
2/65 (3.1)
6/65 (9.2)
5/65 (7.7)
2/65 (3.1)
2/65 (3.1)
1/65 (1.5)
1165 (1.6)
1/65 (1.5)
0/65 (0.0)
2/65 3.1)
4/65 (6.2)

p-value

0.165
0.653
0.304
0.904
0.101
0.799
0.354
1.000
0.219
0.503
1.000
0.175
0317
1.000
1.000
1.000
0.502
1.000
0.294
1.000
1.000

LD, Leaming Disabilities; ND, Neurodevelopmental Disorders; NPD, Neuro-Psychiatric Disorders. Results are presented as n/n available data (%), except otherwise indicated.
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Weight
status before
prognancy  Insufficient weight  Normal gain
gain during during
pregnancy (ko) pregnancy
(ko)
Thin <125 125-180
Normal <15 115-160
Overweight <70 70115
Fat <50 50-90

Weight gain during pregnancy

Overweight gain
during pregnancy
(Gestational obesity)
(ko)

>180
>160
>115

500
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Maternal characteristics
Age at SLE onset (years), mean (SD)
Gaucasian ethricity
Renal involvement
Goncomitant autoimmune diseases
Antiphospholipid syndrome
Sjégren’s syndrome
Rheumatoid arthriis
Autoimmune thyroiditis
Pregnancies characteristics
Age at pregnancy (years), mean (SD)

Disease duration at the beginning of pregnancy (years), mean (SD)

Disease flare during pregnancy
Renal

Cutaneous

Neurologic

Aticular

Antiphospholipid antibodies positity
Triple positivity

Double positivity

Single positiity

Anti-ENA positivity

Anti-Ro/SSA positivity

Maternal treatment during pregnancy

Corticosteroids
Azathioprine
Hydroxychloroquine
Cyclosporine-A

Children’s characteristics
Male sex
Birth weight (g). mean (SD)
Gestational age (weeks), mean (SD)
Small for gestational age
Preterm birth (<37th weeks)
Severe preterm birth (<34th weeks)

NPD present

221 (6.5)
11/11 (100.0)
7/11 (63.6)
7/11(63.6)
3/11 (36.4)
1711 0.1)
011 (0.0)
1711 9.1)

318(3.2)
93(5.6)
011 (0.0)
011 (0.0)
011 (0.0)
011 (0.0)
011 0.0)
3/11(36.4)
2/11 (182)
011 (0.0)
141 9.1)
8/11(72.7)
2/11 (182)

811 (72.7)
311 (36.4)
811 (72.7)
211 (182)

7/11 (63.6)
29727 (389.8)
37.92 (2.2)
2/10 (200)
0/11(0.0)
011 (0.0)

NPD, neuropsychiatric disorders. Results are presented as n/n available data (%), except otherwise indicated.

NPD absent

23.3 (6.5)
80/81 (93.8)
57/81 (70.4)
30/81 (37.0)
/81 (11.1)

8/81 (9.9)

1/81 (12)

7/81 ©6)

32.20 (5.0)
915 (6.1)
18/81 (16.0)
/81 (11.1)
3/81 (37)
1/81(1.2)
181 (1.2)
21/81 (25.9)
4/81 (4.9)
7/81 (86)
10/81 (12.3)
46/81 (56.8)
25/81 (30.9)

64/81 (79.0)
24/81 (29.6)
39/81 (48.1)
7/81 (8.74)

37/81 (45.7)
2850.1 (658.5)
36.84 (2.2)
5/79 (63)
26/81 (30.9)
6/81 (7.4)

p-value

0.745
1.000
0.730
0.110
0721
1.000
1.000
1.000

0.762
0.942
1.000
1.000
1.000
1.000
1.000
1.000
0.150
1.000
0.684
0.347
0.498

0.285
1.000
0511
0.333

0541
0.933
0.336
0.176
0.169
0.579
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Environmental factors.
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Variable

Age in years—mean (SD)
Duration of disease in years—median (IQR)
DAS28-CRP—mean (SD)
ACPA positive—n (%)
RF postive—n (%)
Erosive disease—n (%)
Nulliparity—n (%)
Medication preconception—n (%)
None
NSAIDs
Prednisone
Sulfasalazine
Hydroxychoroquine
Gold therapy
Azathioprine
Etanercept

Study
population n = 61

31.135)
60 (1.7-109)
376 (0.97)
31(51)

35 (57)

34 (56)

35 (57)

21 34)
20 (33)
26 (43)
19 (31)
2
23)
1@
1Q

TP < 1year n = 42

31.135)
55 (2.0-8.6)
3.74 (0.99)
19 45)

2 (52)

22 (52)
24 (57)

17 (40)
11 (26)
14 (33)
15 (36)
124)
2(48)
00
14

TTP > 1yearn =19

31.235)
9.0 (1.0-13.2)
3.80 (0.94)
12 (63)

13 (68)

12 (63)

11 (58)

4@1)
9(47)
12 (63)
41
163
0(0)

163
0(0)

0913
0.544
0.833
0.241
0.195
0.433
0.956

0.139
0.103
0.029*
0.2562
0.558
0.333
0.134
0.498

ACPA, anti-citrulinated peptide antibodies; RF, rheumatoid factor; DAS28-CRP, 28-joint disease Activity Score with three variables based on the C-reactive protein level; NSAIDs, non-

steroidal anti-nfiammatory druge. *= p < 0.05
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brug

infixime

Adalimumab

Golimumab

Etanercept

Certoizumab

Abatacept

Ritwimab

Beimumab

Secukinumab

iekizumab
Ustekinumab

Tociizumab

Anakinra

Ecuizumab

Denosumab

Placental transfer

Yes Juisgaard et al. (2016)

Yes Juisgaard et al. (2016)

Expected” Martin et al
(2007)

Low Berthelsen et al
(2010)

Amost no placental
transfer Maritte et al
(2018)

Expected” Bristol-Myers
Sauibb (2017)

Yes (US Food and Drug
Administ-ration, 2018)

Yes GaxoSmithKine,
(2020)

Expected” after 17th week
Waren et al. (2018)

Yes Carke et al. (2015)
Expected” (Gisbert and
Ghaparro (2020)

Yes, lower than other IgG
molecues Moriyama et al.
(2020)

NA

Yes, lower than
19G1 Eliesen et al. (20200)

Yes Bussiere et al. (2013)

Reported infant Persistence in
level at child blood
birth after birth.
High, up to 2.6 infant to Persist for mean duration of
matemal ratio Kanis et al 7.3 months Julsgaard et al.
(2018) (2016)
High, up to 1.5 infant to Persists for mean duration of
matemal rato Mahadevan 4 months Juisgaard et a.
etal 2013) (2016)
NA Persists unti 6 months in
animal studies. Martn et .
(2007)

Cord blood level is negigible. -In one case, persisted for 3
Infant to materal ratiois 0.04  months. Berthaisen et al.
Berthelsen et al. (2010) (2010)

Not detected/neglighle infant  No Mariette et al. (2018)

to matemal ratio s O Mariette

etal 2018)

NA NA

Higher than matemallevel  NA

Kink et al. (2008) “The biological effect persists
wpto6months duetoitslong
half-ife @stensen (2017)

NA NA

NA N

NA NA

High, infant to maternal ratio  NA

Up 10 1.4-2:1 Mahadevan

etal. 2017); Rowan et al.

(2018)

Lowdrug levels were detected  Persists untl 1-2 months.

in cord blood Saito et al Saito et al. (2019a)

(2019a).

NA

Not detected/very low cord
biood level Samo et al. (2019)

Detected in animal studies.  NA
Bussiere et al. (2013)

Transfer through
breastfeeding

Yes, at very lowlevels Matro
etal. 2018)

Yes, at very lowlevels Matro
etal. 2018)

Very low Matro et al. (2018)

Insignificant Murashima.
etal. (2009)

Minimal/not detected
Clowse et al. (2017)

Very low Saito et al. (20196)

Very low Bragnes et al.
(2017)

Very low Saito et dl. (2020)

NA

NA
Very low Matro et a. (2018)

Very low Saito etal. (20192)

High Buescher and
Malinowska, (1996).

Undetectable Saris et al
(2012

Yes, el low levels in
breast mik in animal
studies. Bussiere et a.
2013)

“A o of the vaccinaton reports i ot includo cta about v-attenualoc vaccines sinco they aro usuall dkyed aftr & monihs of age.
"Expectod based on the transfer of IgG1 molecuks through placenta.
ey

Reported child
immunological changes

In some cases, neutropenia, serious.
skin, bacterial and viralinfections
‘were reported Guiddr et al. (2014),
Altered T- and B-reguiatory
‘compartment, increased eosinophi
‘Gounts in cord blood Esteve-Solé
atal. (2017)

No reported immunological changes
Martin et al. (2007)

Noreported immunological changes.

No reported immunological changes

No reported immunological changes

Reversible decrease in infant total
‘and B-call ymphocytic counts Das
etal. 2018)

Reversible decrease in infant total
‘and B-cell ymphocytic counts Bitter
etal (2018)

NA

NA
No reported immunological changes

No reported immunological changes
or severe infections.

No reported immunological changes
or severe infections.

No reported immunological changes
normal infant complement activty

NA

Relevant outcomes
‘within the
first year
oflife
and vaccination
responses”

Overal, no serious adverse events
Beauleu et al. (2018).

Abnormal infant’s'immune response
to BCG vaceine in one case of
infisimab exposure Cheent et al.
(2010).

Adequate serological response
‘except for hemophiusinfiuenza Band
‘mumps vaccines after adaimurmab
exposure Duricova et &, (2019).
After rota virus vaccine, 17% of
vaccinated chidren had diarthea and
fever Boaulieu et al. (2018).

No reported abnomal growth or
developmental changes.

No adverse events were reported. No
reported abnormal growth or
developmental changes Saito et a.
(2019b).

Adequate antibody response o
vaccines except in one case report
with insuficient response after
diphtheria Diphtheria. No reported
‘abnormal growth or developmental
changes. Kimby et al. (2004).
‘Adequate responses vith no adverse
‘events. Noreported abnormal growth
or developmental changes Bitter et
(2018); Saito et al. (2020)

N

NA
NA on vaccine response No reported
‘abnormal growth or developmental
changes.

No aciverse events were reported. No
reported abnormal growth or
developmental changes Saio ot al.
(2019%).

No adverse events were reported
Duman et al. (2019). No reported
abnormal growth or developmental
changes up 10 10 years.

No adiverse events were reported. No
feported abnormal growth or
Gevelopmental changes.

NA
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Biologic name
(Trade name)

Infliximab
(remicade)

Adalimumab
(humira)

Golimumab

(simponi)

Etanercept
(enbrel)

Certolizumab
(cimzia)

Abatacept
(orencia)

Rituximab (iituxan)

Beimumab
(oenlysta)

Secukinumab
(cosentyx)

Ixekizumab (taltz)

Ustekinumab
(stelara)

Toclizumab
(actemra)

Anakinra (kineret)

Canakinumab
(LARIS)

Rionacept
(arcalyst)

Eculizumab
(soliris)

Denosumab
(prolia/Xgeva)

Target

TNFa

CD8o
CDg6

CD20

BAFF

IL-17

IL-12/

IL-23

G5

IL-1R

IL-1

L1

IL-6

RANKL

Type

Schmid
and Neri (2019)

Chimeric mAb

Fully human mAb

Fully human mAb

Recombinant TNFa
receptor added to Foy

Humanized fab fragment

and PEG

Extracelular region of
CTLA-4 added to Foy

Chimeric mAb

Fully human mAb

Humanized mAb

Fully human mAb

Fully human mAb

Humanized mAb

Recombinant non-
glycosylated protein

Fully human mAb

IL-1R binding motifs
coupled to the Fc
domain

Humanized mAb

Fully human mAb

IgG

subclass

19G1

IgG1

IgG1

IgG1

IgG1

19G1

19G1

19G1

19G4

IgG1

IgG1

19G1

19G1

19G2/4 ﬁ (

1gG2

Structure

Y

Risk category
FDA

NA

FDA approved
e indication

Ngian
etal.
(2016)

c -AS
-RA
-Pediatric and adult
CD and UG
-PsA and plaque
Psoriasis
[ As
RA
-JIA
-Pediatric and adult
OD and UC
-PsA and plaque
psoriasis
~Ureitis
C -As
PSA
RA-
uc

82 -As
-RA
~Polyarticular JIA
-PsA and plaque
psoriasis
[ -RA
-As
-Non-radiographic
axial SpA
-cD

c -Active,
autoantibody
positive SLE

C -As
-PsA and plaque
psoriasis

c -As
-PsA and plaque
psoriasis

B1 PsA
-CD and UC

c RA
-GCA
-Polyarticular and
systemic JIA
CRS
B RA

-CAPS

DX -FCAS
-MWS

NA -CAPS
-FCAS
-MWS

B2 -aHUS
gMG
-PNH

NA Postmeno-pausal
osteoporosis

Common off label
andinvestigatory indications
in theumatology

BD Hatemi et al. (2018)
Sarcoidosis Loza et al. (2011).
Refractory OAPS Alijotas-Reig
etal. (2019

Pyoderma gangrenosum.
Maverakis et al. (2020)

RA-ILD Feméndez-Diaz et al.
(2020)

Refractory LN Stolyar et al.
(2020)

Refractory NPSLE Pamfil et al.
(2015)

Refractory IHA and thrombo-
cytopenia Fanouriakis et al.
(2019)

ANCA assodiated vasculitis
Yates et al. (2016)

DM Oddis et al. (2013)

S Ramos-Casals et al. (2020)
RA-ILD Dai et . (2020)
1gG4-RD Brito-Zeron et al.
(2016)

Add-on therapy in LN Ward and
Tektonidou (2020)

NA

NA

NA

Castleman’s disease
PMR

Uveitis Rubbert-Roth et al.
(2018)

AOSD
BD

FMF

Systemic JA

RA Vitale et al. (2016)
Gout So et al. (2018)

Gout So et al. (2018)

HELLP
C-APS Stefanovic (2019)

PLO Sénchez et al. (2016)

NA, no available data; ACR, american college of rheumatology; aHUS, atypical hemolytic uremic syndrome; ANCA, anti-neutrophil cytoplasmic antibodies; AOSD, adult onset stil's
disease; AS, ankylosing spondyitis; BAFF, B~cellactivating factor; BD, behcet's disease; C, complement; C-APS, catastrophic antiohospholipid syndrome; GAPS, cryopyrin-associated
periodic syncromes; CD, crohn’s disease; CRS, cytokine release syndrome; DM, dermatomyositis; EULAR, european league against heumatism; Fab, fragment antigen-binding Fc,
fragment crystallzable; FCAS, familial cold autoinflammatory synarome; FDA, US food and drug administration; FMF, familial mediterranean fever; GCA, giant cell arterits; MG,

generaiized myasthenia gravis; I9G, immunoglobuin G; IHA, immune hemolytic anemia; IL, interleukin; ILD, interstital lung disease; IgG4-RD, immunogiobutiin G4 related disease; JIA,
juvenile iclopathic arthits; LN, lupus nephiits; mAb, monocional antibody; MWS, muckle-wels syndrome; NPSLE, neuropsychiatric systemic lupus erythematosus; OAPS, obstetric anti-
phospholipid syndrome; PEG, poly-ethylene glycol; PMR, poly-myalgia theumatica; PNH, paroxysmal nocturnal hemoglobinuria; PLO, pregnancy and lactation associated 0steoporosis;
PSA, psoriatic arthits; RA, rheumatoid arthitis; RANKL, receptor activator of nuclear factor kappa-B ligand; SARD, systemic autoimmune rheumatic diseases; SS, sidgren syndrome;
TGA therapeutic goods administration; TNFa, fumor necrosis factor a: UC, ulberative colitis.
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Category

FDA

Adequate and well-controlled studies have failed to demonstrate  isk to the
fetus in the first trimester of pregnancy (and there is no evidence of risk in later
trimesters).

Animal reproduction studies have failed to demonstrate  isk to the fetus and
there are no adequate and well-controlled studies in pregnant women

Animal reproduction studies have shown an adverse effect on the fetus and
there are no adequate and well-controlled studies in humans, but potential

benefits may warrant use of the drug in pregnant women despite potential

risks.

Animal reproduction studies have shown an adverse effect on the fetus and
there are no adequate and wel-controlled studies in humans, but potential

benefits may warrant use of the drug in pregnant women despite potential

risks

Studies in animals or humans have demonstrated fetal abnormaities and/or
there s positive evidence of human fetal risk based on adverse reaction data
from investigational or marketing experience, and the risks involved in use of
the drug in pregnant women clearly outweigh potential benefits.

TGA

Drugs which have been taken by a large number of pregnant women and
women of childbearing age without any proven increase in the frequency of
malformations or other direct or indirect harmful effects on the fetus having been
observed.

B1

Drugs which have been taken by only a limited number of pregnant women and
women of childbearing age, without an increase in the frequency of
malformation or other direct o indirect harmful effects on the human fetus
having been observed.

Studies in animals have not shown evidence of an increased occurrence of fetal
damage.

B2

Drugs which have been taken by only a limited number of pregnant women and
women of childbearing age, without an increase in the frequency of
malformation or other direct or indirect hamful effects on the human fetus
having been observed.

Studies in animls areinadequate or may belacking, but available data show o
evidence of an increased occurrence of fetal damage.

B3

Drugs which have been taken by only a limited number of pregnant women and
women of childbearing age, without an increase in the frequency of
malformation or other direct or indirect harmful effects on the human fetus
having been observed.

Studies in animals have shown evidence of an increased ocourrence of fetal
damage, the significance of which is considered uncertain in humans.

Drugs which, owing to their pharmacological effects, have caused or may be
suspected of causing, harmful effects on the human fetus or neonate without
causing mafformations. These effects may be reversible.

Drugs which have caused, are suspected to have caused or may be expected
to cause, an increased incidence of human fetal malformations or ireversible
damage. These drugs may also have adverse pharmacological effects.

Drugs which have such a high risk of causing permanent damage to the fetus
that they should not be used in pregnancy or when there is a possibilty of

pregnancy.
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Outcomes of pregnancy
animal studies®

Infiximab

Infliimab analogue did not result in fetal
malformations or developmental effects in mice
offspring.

Exposing cynomolgus monkeys to doses higher than
the MHRD did not result in fetal malformations or
harms.

No neonatal or postatal developmental harm with
pregnancy and breastfeeding in mornkeys.

No evidence of mal-formations in rats and rabbits
exposed to etanercept during embryogenesis.
Normal post-natal development of rats exposed to
doses 48 times the human dose.

Studies in rats using antimurine analogue resulted in
no fetal harms or malformations

In-utero and juvenile exposure of rats to doses

11 times the MHRD resulted in disturbance in fetal
immune response.

Animal exposure showed no teratogenic effect but
decrease in B-cell lymphoid tissue and reversible
decline in B-cell population.

Exposure of monkeys throughout pregnancies to
high doses resulted in no fetal malformations. Fetal
decrease in peripheral and lymphoid tissue B-cell
population, increase in total IgG and decrease in IgM
were reported. All changes recovered within the first
year of life.

No fetal toxicity or malformations on exposure tohigh
doses.

Secukinumab analogue did not lead to abnormal
morphological or immunological effects In a pre- and
post-natal developmental study.

No fetal toxicity or malformations was observed on
exposure to high doses

In pre and post-natal developmental studies, no
abnormal morphological or immunological effects.
However, early neonatal deaths were reported,
unlikely due to ixekizumab.

In embryofetal and developmental studies, exposure
>100 times higher than the human SC exposure
resulted in no fetal toxicities, malformations,
developmental, morphological or immunological
effects. Unexplained 2 neonatal deaths were
reported.

No fetal toxicity, malformations, developmental or
immunological abnormalities were reported.
Increasein rate of abortions was reported in monkeys
at doses 1.25 higher than the MRHD.

Studies on rabbits and mice at doses 25 times the
MRHD resuited in no fetal harm.

Studies on monkeys at doses 11 times the MRHD
showed no malformations. Rate of skeletal
developmental delay due to incomplete ossification
was increased.

Study on monkeys reported rib and vertebral
abnormalities. There was also increase in rate of
stilbirths and neonatal deaths.

Exposure of mice to doses up to 8 times the MRHD
early in pregnancy resulted in no abnormality.
Exposure during organogenesis resulted in 2/230
neonates with retinal dysplasia. Exposure from
implantation to weaning was associated with higher
death rate among pups. Al live births showed normal
development.

In monkeys, high still-birth and newborn mortality
rates due to intrinsic fetal defects such as increased
bone mass, insufiicient hematopoiesis,
hypoglycemia, and hypocalcemia.

Abrormal bone growth with decreased strength,
absence of ymph-node groups, dental dysplasia and
reduced neonatal growth were reported in the
offspring.

*Animal experimental data were extracted from FDA labes of each drug.
“Stop before third trimester.

“Discontinue except if no pregnancy compatible altemative to control activity.
“Consider use in organ/life threatening conditions.

“Limited available data but expected minimal transfer in breast milk

NA: No available recommendation due to limited published data.

Adalimumab

Golimumab

Etanercept

Certolizumab

Abatacept

Rituximab

Belimumab

Secukinumab

Ixekizumab

Ustekinumab

Tocilizumab

Anakinra

Canakinumab

Rilonacept

Eculizumab

Denosumab

ACR EULAR BSR/BHPR
Pregnancy/Breastfeeding/  Pregnancy/Breastfeeding/ Pregnancy/
Paternal Sammaritano et al. ~ Paternal Gotestam Skorpen  Breastfeeding/Paternal
(2020) etal. (2016) Flint et al.
(2016)
Conditional®/Continue/ Stop at week 20/Continue/-  Stop at week 16/Continue/

Continue

Continue/Continue/Continue

Discontinue/Conditional/NA

Conditional?/Conditional”/
Continue

Discontinue/Conditional®/NA

Discontinue/Conditional®/NA

Discontinue/Conditional®/NA

Discontinue/Conditional®/NA

Discontinue/Conditional®/
Conditional

Stop at week 20/Continue/-

Conditional®/NA/-

Continue/Continue/-

Continue/Continue/-

Discontinue®/Discontinue®/-

Discontinue®/Discontinue®/-

Discontinue®/Discontinue®/-

Discontinue®/Discontinue®/-

Discontinue®/Discontinue®/-

Discontinue®/Discontinue®/-

Not mentioned in the guidelines. MHRD, maximum human recommended dose.

Continue

Conditional®/Continue/
Continue

NA/NA/NA
Conditional®/Continue/

Continue

Continue/Continue/
Continue
Discontinue/NA/NA

Discontinue 6 mths pre-

conception/NA/Continue

Discontinue/NA/NA

Discontinue 3 mths pre-
conception/NA/NA

Discontinue/NA/NA
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Maternal characteristics

Disease duration at conception (median years; IQR)
Active disease during pregnancy (n, %)

Active disease in the post-partum period (1, %)
Severe disease activity in the post-partum period (0, %)
Positive antiphosholipid antibodies (n, %)

Positive rheumatoid factor (n, %)

Positive anti-citrulinated peptides (1, %)
Employment (1, %)

Positive EPDS questionnaire (depression) (n, %)
Post-partum depression reported by mothers (1, %)
Positive STAI questionnaire (anxiety) (7, %)

Anxiety reported by mothers (n, %)

Psychological support received during the post-partum period (1, %)

Diffculty in caregiving, as rated by the patient (1, %)
Duration of Breastieeding (months median, IQR)
Breastfeeding for less than 6 months (1, %)

STOP Breastieeding because of the need of taking drugs (1, %)

Child personality (n = 18)

Not at risk of
neuro-developmental problems
(h=7)

225
1(14%)
5(71%)
3(43%)
2(29%)
2 (29%)
0(0%)
7 (100%)
2(29%)
2 (20%)
2 (29%)
3(43%)
1(14%)
3(43%)
6(6,8.5)
1 (14%)
3(43%)

At risk of
neuro-developmental problems
(n=11)

10 (7.5; 13)
6 (55%)
8(73%)
8(73%)
2(18%)
3 (27%)

1(9%)
7 (64%)
5 (45%)
5 (45%)
6 (55%)
5 (45%)
4 (36%)
6 (55%)
1(0;4.5)
9 (82%)
5 (45%)

Abbreviations: EPDS, Edinburgh Postnatal Depression Scale: IOR, interquartie range; ns, not significant: STAL, State-Trait Anxiely iventory.

p value

<0.05
ns
ns
ns
ns
ns
ns
ns
ns
ns
ns
ns
ns
ns

<0.05

<0.05
ns
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design
Brucato et al.  Retrospective/
(2019) prospective

cohort
Ben-Chetit  Case control
etal. (2010)

Bodur et al Cross-sectional
(2020)

Daglar et al. Prospective
(2016) case control
DavGitin  Prospective
etal. 2010 comparative
conort
Evenleld  Prospective
etal. (1967)  cohort
iskender et al.  Prospective
(2020) case-control
Orabona etal. ~ Case report
(2020)
Tutuncu et al.  Case report
(2006)
Yazidoglu  Retrospective
etal (2014)  cohort
Bazzani etal.  Prospective
2015) cohort
Bergeretdl.  Case report
(2009)
Fischer-Betz  Case series
etal (2011)
Changetal.  Prospective
(2014) conort
igenand  Gase report
Kigiksahin
(2017)
Smithand  Prospective
Chambers  cohort
018)
Youngsten  Retrospective
etal (2017)  cohort
Egawaeta.  Case report
2017)

Maternal
diagnosis

IRP.

Healthy women

FMF

FMF

Healthy pregnant

FMF (87.3%)
Bechet disease
(7.5% or

other (5.2%)

I

FMF

Healthy women

IRP

FMF

Rheumatological
diseases

AOSD

AOSD

AOSD (60%)
JA
(40%)

CAPS (66.6%)
FMF (33.3%)
Inflammatory il
ness (16.6%)
CAPS (52.1%)
AOSD (17.4%)

FMF (13%)
TRAPS (8.6%)
Pericardits (4.3%)
Cogan

Syndrome (4.3%)
cAPS

Pregnant treated
with drugs of in-
terest/total co-
hort (no. total
pregnancies)

2714 21)

Group 1: 61/
132 (179)

Group 2: 22/
132 (104)

Group 3: 49/
182 (197)

Control group:

84312)

Group 1: 62/

401 (585)

Group 2: 339/
401 (585)

Group 1: 33
pregnancies.

Control group 2:
32 pregnancies
Group 1: 238
pregnancies
Group 2: 964
pregnancies
Group 1: 10/

23(28)

Group 2: 17/
25(24)

Group 1:55/66 ()

Group 2: 11/66 )

1 pregnancy

1 pregnancy

42/50 (50)

8/50 (50)

1467 (79)

1 pregnancy

Gase 1:1
pregnancy

Case 2: 1
pregnancy

69 (24)

1 pregnancy

5 pregnancies

7 e

23123 (29)

1 pregnancy

Dose

Colehicine 1 mg
5 daysiweekduring
allthe pregnancy
Colchicine 1 mg/
daly during all the
pregnancy
Calchicine

1.0-1.5 mg daly
(throughout al
pregnancies)
Calchicine

1.0-1.5 mg daily
(during some
pregnancies)

Golchicine
1.0-1.5 mg daly
(no during
pregnancies)

na

Colchicine nr
(during pregnancy)

Colchicine free

Colchicine 1.52 g

Colehicine 1 mg
daily (97%: atleast
in o the fist
rimester)
Counseed ~for
non-eratogenic
exposure
Coleticine
(throughout the
enire period of
pregnancy)
Colehicine discon-
tinved before
attempting to
conceive
‘Coleticine (during
pregnancy)

Patients non using
colenicine
Colchicine 1.6 mg
daly (during
pregancy)
Colchicine 1.6 mg
daiy (throughout
pregnancy)
Colchicine

Colchicine free

Anakinranr (during
peri-conception
period and/or dur-
ing gestation)
Andkinia 100 mg
daily (2 years prior
to and through
pregnancy  and
delivery)

Andkinia 100 mg
dally (1 year prior
to pregnancy and
throughout)
Andkinia 100 mg
daly (1240
onwards)
Anakinra range:
100-300 mg daily
(during pregnancy)

Anckinra
daly
pregnancy)
Anckina
daly
pregnancy)

100 mg
(during

100 mg
(during

Canakinumaty
(during pregnancy)

Anainra (during
pregnancy)

Canakinumab
150 mg every

8 weeks

(during pregnancy)

Mean age at Weeks
conception  of gestation; no.

(vears)  of pregnancies:
delivery type
2 Al wesk 40
£ At weok 38
204237 17:08
23143 508
282+48
408+ 11 s
na o
na o
25+ 463 1D
12:CS
25272 1D
cs
29" (median) o
30" (median) I
o o
o o
260456
292:62° acs
a0 8 at 38/
40 weeks
20° o8 at 38/
40 weeks
295251 361+ 40wesks
3781+ 1.7 wesks
315 na
S Dt 41/
40 weeks
27 Dt 39/
40 weeks
2 o8 at 36/
40 weeks
%4 (ange:  7:VD2:CS
19-35°
o7 o8 at 38/
40 weeks
306 range: 3D
21.0-0687 2.8
24151 308
range: 2V
16-32) 2w
29 range: 7w
2008 408
2
2 cs

APGAR
Score

s

o

o

o

o

o

o

o

o

o

o

o

o

o

o

na

789

o110

o

910

o

Range:
9-10

Range:
7-10

No. Pregnancy
outcome in
‘women treated
‘with drugs of inter-
est/control group.

2: good matemal
autcome

2 live birth

16: early abortions.
2: late abortions,
1: VSD/ASD

25: eary abortions
late abortions

died

: ccenter ip
hydronephrosis

*+ eary abortions
late abortions
Falot's

ccenter ip

46: early abortions

6: late abortions,

2 major congenital
maformations
1 mid
weakness

12: pre-term delvery.
: abortus

stlbith

1: fetal anomaly
pre-term delivery

3
1
1
1
2
p
1
1

muscle

9: fetal anomaly
7: preterm delivery

1: bith weight <10th
percentie

4: NICU admission

1: preeciampsia

7: preterm defvery

1: bith weight <10th
percentie

3: NICU admission

12: miscarriage
10: major anomalies®
32: preterm deivery

55: miscarriage.
35: major anomalies
51: preterm delvery
2: miscarriage

9 live birth

2: miscarriage
22: ive birth

3: preeclampsia
8:5GA

9: preterm defvery

3: fetal anomaly’
1:SGA

1: preterm delivery

1 good matemal
outcome

1: live birth

1: good matemal
outcome

1:live bith

1: thanatophoric:
dysplasia

1: open type neural
tube defect

1: voluntary abortion

1: lve birth

1: good matemal
autcome

1: vebirth 1: goodma-
temal outcome

1:ive bith
1: good matemal
autcome

1: miscarriage

1:fetal demise of 1 fo-
us with renal agenesis
in twin dichorionic-
diamniotc pregnancy
1: e bith

1: good matemal
autcome

2: olgonycramnios”
3:jaundce

1: tongue tied

T2 right  hyrocek,
heart murmur resolved
1: miscarriage®

7: Ive birth

1: miscariage’

1: ectopic
neurohypophysis;
center renal agenesis
22: ve birth

1: live birth

Additional Follow-up
relevant
data
e 1 year after
delivery

The numoer of ey 10 years
and ate abortons,
congenital malformatons
were figher in
groups 2 and 3 compared
with group 1 but did not
reach the level of stafst-
cal signficance
Pregnant/nonatel o
disorders were simiar
among FMF patients
regardiess of
colchicine use
No significant differences ~ From the first
in preterm delvery b = trimester to
0.73), preeclampsia (0 the end of
1) low Apgar scores (o = the
1) and NICU admission ~pregnancies

0= 1) between the
groups. No cases of fetal
chvomosomal anomaly or
perinatal mortaty in ether

of the groups

The rate of major anoma- e
lles, after_fsttrimester
exposure was compara-

ble between the 2 groups

p=00288
na Upto

12 years
na

Rates of preeciampsia, nr
preterm defivery, SGA ne-
onates and primary cae-
savean: simiar between
groups

Healthy male baby of ad-

equate weight

Healthy female newbom

without congenital

anomaly

Preterm defivery (p = Unti delivery

0.058), low birth weight

(p=0.416) and congenital

anomalies (p = 0451)

were not signifiantly

associated with colchicine

therapy

na & months af-
ter
pregnancy

This is the fist report of - 4 months

treatment of AOSD with
anakinra during
pregnancy

There were no pathologi-
cal findings on pedatric
examination at discharge

o nr
o nr

o 13 months
Previous exposure r
throughout her pregnancy

to celecox®

Both canakinumab and  Upto
anakinra. Normal 10 years
development?

o

1 month after
delvery

First report of the admin-
istration of canakinumab
during pregnancy in a
GAPS patient

AOSD, adult-onset S’ afsease: CAPS, Cryopyrin Associated Perodic Syndrome; CS, cesaroean section; FMF, Faikar Mediterranean Fever; 1D, nduced delivery: IRP, idopalic recurrent pericardis; IVF, n vito fertizaton; nia, not
appicable; MUWS, muckio-Wels Syndtome; o, not raported; SGA, Small or gostational age; VD, vaginal delvery; VSOYASD, venticutr septal dofoct, atal soptal Gefoct

“Age at frst pregnancy.
“Matomal age.

“Muscular ventricular soptal defoct, Gupiex collecting kidney and supraventiicular tachycarda.
“Craniosynostosis; corebral palsy: VSD:; congenital hypothyroidism; uriary reflx; clubloot; clubleot; omphalocel; severe microcephaly
"Provious expasure throughout her pregnancy to colecoxb a drug in the NSAID ciass hat has been previousy associated with the devebopment of low ammidli iud levels.
Rt Wb et S CrROCIIEE T A s R DRSS S nanilh Tal faibic i .
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Drugs to be
stopped before pregnancy

Methotrexate (stop at least 3 months
before a planned pregnancy),
Cyclophosphamide (stop at least 3
months before a planned pregnancy),
Mycophenolate Mofetil (stop at least 6
weeks before a planned pregnancy),
Warfarin/acenocumarol

(discontinuation at positive pregnancy test).

Drugs
with insufficient data

Leflunomide,

Mepacrine,

Biologic agents other than anti-TNF alfa
inhibitors (e.g., rituximab, anakinra, tocilizumab,
abatacept, belimumab, ustekinumab),

JAK inhibitors,

Selective COX-2 infibitors.

Abbreviations: anti TNF, anti-tumor necrosis factor; NSAIDs, nonsteroidal anti-inflammatory drug.

“For severe organ involvament.

Drugs that can
be used in

pregnancy

Steroids (oral, intra-articular and
intravenous pulses?),
Hydroxychloroquine,
Chloroquine,

NSAIDs (until 32 weeks of gestation),
Azathioprine,

Cyclosporine,

Tacrolimus,

Sulfasalazine,

Colchicine,

Intravenous immunoglobuiins?,
anti-TNF alfa inhibitors.
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OUTCOME

Miscarriages

Abortions
Fetal/congenital anomaly
SGA

Stilbirth

Pre-term delivery
Voluntary abortion
Pre-eclampsia

No. of cases

in women exposed
to Anakinra (%

of total pregnancies?)

3(5.3)

363

1(1.7)

No. of cases

in the control
group (% of

total pregnancies)

No. of cases

in women exposed
to Colchicine (%

of total pregnancies?)

14(1.2)
317
16 (1.4)
908
8(0.7)
60 (5.2)

309

No. of cases

in the control
group (% of

total pregnancies)

57 (2.9)
145 (7.3)
48 (2.4)
2(0.1)

24(1.2)
88 (4.5)

1(008)

"Total of pregnancies in women treated with drugs of interest (n = 57 and n = 1,155, for anakinra and colchicine group, respectively). For two studies (Bodur et al,, 2020; Yazicioglu et al.,
2014), the total number of pregnancies we considered includes women that did not receive the drug therapy; for the study by Iskender et al., as the total number of pregnancies was not
avaiable, we considered the total number of pregnant women treated with the drug of interest.
bTotal of pregnancies in the control group (n = 1978).





OPS/images/fphar-11-612259/fphar-11-612259-t004.jpg
IL-1 Antagonist

Anakinra recombinant human IL-1 receptor antagonist

Canakinumab human IgG kappa monoclonal antibody to IL-1Beta

Colchicine Alkaloid extracted from plants of the genus Colchicum (autumn crocus)

Rilonacept Dimeric, glycosylated fusion protein composed of the extracellular do-
mains of the interleukin 1 receptor and an accessory protein IL-1-RACP fused to the
Fc domain of human IgG1

Human data: drug
use throughout pregnancy

10 completed pregnancies in AOSD (Berger et al., 2009; Fischer-Betz et al., 2011;
Youngstein et al., 2017; Smith and Chambers, 2018) —1 left renal agenesis; 2
jaundice and 1 tongue tied

36 pregnancies in CAPS (Chang et al2014; Youngstein etal., 2017) — 1 fetal demise
of 1 fetus with renal agenesis in twin pregnancy; 1 miscarriage

4 completed pregnancies in FMF (Youngstein et al., 2017; ligen and Kiigiksahin,
2017) - normal development

2 completed pregnancies in JIA (Smith and Chambers, 2018) — 2 oligohydramnios, 1
jaundice, 1 right hydrocele

1 voluntary abortion in unspecified rheumatological disease (Bazzani et al., 2015)

1 completed pregnancy in IRP (Youngstein et al., 2017) — normal development

2 completed pregnancies in TRAPS (Youngstein et al., 2017) — normal development
1 miscarriage in Cogan Syndrome (Youngstein et al., 2017)

5 completed pregnancies in CAPS (Youngstein et al., 2017; Egawa et al., 2017) —
normal development

2 completed pregnancies in FVF (Youngstein et al., 2017) — normal development
1 miscarriage in Cogan Syndrome (Youngstein et al,, 2017)

1 completed pregnancy in Un-SAID (Youngstein et al., 2017) — normal development
1152° pregnancies in FIVF (Ehrenfeld et al., 1987; Tutuncu et al., 2006; Ben-Chetri
etal., 2010; Bodur et al., 2020; Diav-Gitrin et al., 2010; Yazicioglu et al., 2014; Daglar
etal,, 2016; Iskender et al., 2020) — 31 abortions; 14 miscarriages; 16 fetal/congenital
anomalies; 8 stilbirth; 60 pre-term deiivery; 9 SGA; 3 preeclampsia

3 completed pregnancy in AP (Brucato et