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Abstract

Pregnancy parallels an elaborate assortment of dynamic changes allowing intimate approximation 

of genetically discordant maternal and fetal tissues. Although the cellular and molecular details for 

how this works remains largely undefined, important clues arise from evaluating how prior 

pregnancy influences the outcome of future pregnancy. Risk of complications is consistently 

increased with complication in prior pregnancy. Reciprocally, prior successful pregnancy protects 

against complications in future pregnancy. Here we summarize immunological perturbations 

associated with fetal loss, with particular focus on how these harmful and protective adaptations 

may persist in mothers. Immunological aberrancy as a root cause of pregnancy complications is 

also considered given their shared overlapping risk factors and the sustained requirement for 

averting maternal-fetal conflict throughout pregnancy. Understanding pregnancy induced 

immunological changes can not only expose new therapeutic strategies for improving pregnancy 

outcomes, but also new facets on how immune tolerance works applicable in other physiological 

and pathological contexts.
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INTRODUCTION

Discrimination between “self” compared with “non-self”, activation of adaptive immune 

components upon exposure to genetically foreign non-self antigens, and the ability to 

“remember” these prior antigenic encounters are each interrelated hallmark features of the 

mammalian immune system. Almost every facet of how we evaluate immunological 

responses, generate new hypotheses to investigate the inter-workings of the immune system 

in health and disease, and the design immune-based therapeutic strategies is based on these 

foundational immunological pillars. For example, vaccines work because they stimulate in 

individuals the expansion and long-term persistence of adaptive immune components with 
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specificity to genetically foreign microbe-expressed antigens. In turn, these memory 

adaptive immune components capable of more robust and efficient activation with 

subsequent microbial antigen encounter confer protection against future infection. 

Reciprocally, these same adaptive immune components that protect against microbial 

infection are also the major obstacles in transplantation where donor tissues are attacked 

with similar vigor until all genetically foreign cells are rejected.

Importantly however, there remain major shortcomings regarding how immunology works 

under this framework when applied to reproduction and pregnancy. To the extent that 

pregnancy health and reproductive success are dominant factors driving trait selection – 

refining how our immune systems optimally work, these shortcomings should not be viewed 

as curious exceptions to traditional immunological rules. Instead, pregnancy and 

reproduction likely hold important immunological secrets, that if more comprehensively 

understood, has enormous applicability on how immune tolerance is achieved in many other 

physiological and pathological contexts. With these fundamental gaps in knowledge 

unresolved, it should be no surprise that pregnancy complications remain the leading cause 

of under-age five childhood mortality, and that therapies for unfortunately common human 

disorders such as infertility, spontaneous abortion, stillbirth, preeclampsia and prematurity 

remain non-existent or at best rudimentary.

With regards to “self” versus “non-self” antigen distinction, accumulating evidence already 

shows many examples where immunological tolerance is naturally expanded to encompass a 

variety of genetically foreign “extended-self” antigens. Along with the expanded tolerance 

of mothers to fetal-expressed paternal antigens, another prominent example of tolerance to 

extended self antigens include those expressed by commensal microbes that also reside in 

close approximation within our tissues (1). Given the primitive ancestral origins whereby 

symbiosis between commensal microbes and larger multicellular organisms is predicted to 

have evolved, that predates viviparity and genetic heterogeneity amongst individuals that 

gives rise to the conundrum of maternal-fetal immunological conflict (2), it is not surprising 

to find many commonalities in how tolerance to commensal microbes and tolerance to fetal 

expressed antigens is achieved during pregnancy – both require expanded peripheral immune 

tolerance to genetically foreign non-self antigens.

Here, we evaluate reproduction and pregnancy from the other related immunological 

hallmark feature of “memory”. In particular, available human epidemiological data 

comparing the risk of complications for women during a first pregnancy compared with 

subsequent pregnancies, and the partner specificity of these effects is highlighted. Results 

from complementary animal models tracking maternal adaptive immune components during 

pregnancy, their disposition after parturition, and their response to stimulation in future 

pregnancies is also summarized, together with what we view as important priorities and 

questions for future research.

Pregnancy induced immunological shifts.

The relationship between mother and fetus during pregnancy remains an immunological 

marvel and enigma. The fetus is semi-allogeneic, containing equal genetic contributions 

from the mother and father. Under the classical immunological tenets of “self” versus “non-
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self” antigenic distinction (3, 4), fetal tissues should prime robust activation of maternal 

adaptive immune components that leads to the rejection of all antigenically foreign fetal 

cells. Why does this not occur during pregnancy?

Sir Peter Medawar posited three theoretical explanations on this immunological paradox (5). 

The first considered anatomical separation of the fetus from the mother, or the placenta as a 

physical barrier separating genetically discordant maternal and fetal tissues. While there are 

indeed unique immunological facets at the maternal-fetal interface that could create a 

functional barrier including entrapment of decidual antigen presenting cells (6), local 

exclusion of effector T cells through chemokine gene silencing (7), and reduced complement 

deposition (8), this explanation does not account for how nutrients and waste products are 

exchanged, and the increasing appreciation for the highly conserved bi-directional systemic 

transfer of intact cells between mother and fetal offspring during pregnancy (9, 10).

Another consideration focused on antigenic immaturity of the fetus, that allow fetal cells to 

evade recognition and rejection by maternal immune components. This is best illustrated by 

reduced trophoblast cell expression of classical human leukocyte antigens (HLA) that 

defines the unique immunological identity of individuals (11). Instead, trophoblast cells 

selectively express other non-polymorphic HLA subsets (e.g. HLA-G), that simultaneously 

allows evasion of “missing self” recognition and rejection by natural killer cells (12, 13). 

However, with the development of antibodies with increased specificity to HLA antigens, 

individual trophoblast cell subsets have since been shown to express classical HLA-A, HLA-

B or HLA-C antigens, albeit at somewhat reduced levels (14-16). Likewise, normal fertility 

and pregnancy outcomes have been shown for HLA-G null individuals and non-human 

primate species with predicted non-functional HLA-G variants (17, 18). Together, these 

results highlight the existence of additional, and likely more dominant mechanisms, whereby 

fetal tolerance is universally maintained. This could involve the third of Medawar’s 

postulates considering the immunological inertness of the mother, and in particular, 

pregnancy induced shifts in responsiveness of systemic and local maternal immune 

components with fetal specificity.

Classical examples demonstrating dampened systemic responsiveness of mothers come from 

animal pregnancy showing selectively reduced numbers of peripheral maternal T cells with 

fetal MHC allo-specificity, and selective acceptance of tumor allografts bearing genetically 

foreign fetal-expressed MHC haplotypes during pregnancy (19). Using more refined 

immunological tools to track maternal T cells with surrogate fetal specificity, maternal CD8+ 

T cells were shown to readily proliferate in an antigen-specific fashion in response to fetal 

antigen stimulation, but these proliferating cells quickly undergo clonal deletion without 

priming for cytolytic effector function (20). Interestingly, pregnancy induced tolerance is 

likely not restricted only to genetically foreign fetal-expressed paternal antigens, but can 

extend to self-antigens driving autoimmune disorders as well. For example, sharp reductions 

in disease severity or remission in symptoms are observed during pregnancy for women with 

various autoimmune disorders that affect non-reproductive tissues such as multiple sclerosis, 

rheumatoid arthritis, autoimmune hepatitis and thyroiditis (21-24). Similarly, in mouse 

models of autoimmunity, inflammatory arthritis and ascending paralysis caused by activated 

T cells with specificity to defined neuronal antigens are each alleviated during pregnancy 
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(25-27). However, these findings do not imply pregnancy-induced global immunological 

suppression since there are clearly other instances where maternal immunity remains robust 

and effective. These include the protective response to intrapartum maternal immunization 

against influenza A or tetanus infection, that is not only effective in improving the health of 

mothers, but also immunity in offspring through passively transferred antibodies (28, 29). 

Thus, the response of mothers during pregnancy is dampened against some antigens (fetal 

expressed or genetically encoded self antigens), but remains intact against others such as 

microbe specific antigens. Here, it may be important to highlight that while the response to 

genetically foreign fetal-expressed antigens have appropriately been the focus on studies 

investigating maternal-fetal immunological conflict, fetal cells also likely express nearly all 

maternal self antigens that are the targets for autoimmunity. Thus, an interesting 

commonality between the remission of autoimmunity and expanded fetal tolerance that 

simultaneously occurs during pregnancy is the enhanced tolerance that occurs to fetal-

expressed antigens, regardless of whether they are genetically foreign to the mother or 

maternally self-encoded.

Treg cells and expanded fetal tolerance.

One of the main functions of immune system is to discriminate between self and non-self, 

and exclusively maintain self-tolerance. These tolerogenic mechanisms actively suppress the 

activation of immune components with self-specificity to protect against autoimmunity (3, 

4). By extension, suppressed activation of immune components with commensal microbe 

extended-self specificity protects against auto-inflammatory disorders in mucosal barrier 

tissues (1). Peripheral tolerance to self and extended-self antigens are primarily maintained 

by a dedicated immune suppressive subset of CD4+ T cells, called regulatory T (Treg) cells 

(30, 31). Treg cells usually constitute 5-15% of peripheral CD4+ T cells in both humans and 

mice. The appreciation of Treg cells a separate functional CD4+ T cell subset were 

spearheaded by finding expression of the IL-2 receptor, CD25, marks cells with unique 

suppressive capacity (32), and later identification of forkhead box P3 (FOXP3) as the master 

transcriptional regulator and lineage defining marker for Treg cells (33). Humans with 

FOXP3 mutations develop multi-organ systemic autoimmunity characterized as the immune 

dysregulation polyendocrinopathy X-linked (IPEX) syndrome (34). A similar phenotype 

occurs in mice with either spontaneous null FOXP3 mutations, targeted foxp3 gene deletion 

or after selective depletion of FOXP3+ cells (35, 36).

Most Treg cells are self-reactive and acquire FOXP3 expression during thymic maturation 

and suppress other self-reactive immune components that escape central tolerance (30, 31, 

37). However, FOXP3 expression can also be induced amongst peripheral non-Treg effector 

CD4+ T cells. Induced FOXP3 expression and conversion into Treg cells occurs for 

peripheral CD4+ T cells after high-affinity cognate TCR stimulation in the presence of TGF-

β (38), plus a potentially wide variety of other tolerogenic cytokines or tissue specific 

environmental cues. This capacity for induced conversion of peripheral CD4+ T cells with 

specificity for a near infinite array of genetically foreign antigens into Treg cells creates an 

adaptable arsenal of immune suppressive cells capable of responding to fluctuating 

environmental conditions, such as pregnancy, when expanded immunological tolerance is 

required. It is now clear from the analysis of human pregnancy and complementary animal 
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studies that maternal FOXP3 Treg cells expand locally at the maternal fetal interface and 

systemically during pregnancy, and that the sustained expansion of these cells is required for 

maintaining fetal tolerance [Reviewed in (39-42)]. However, additional investigation is 

needed to establish the origin of these cells, how they work, and their requirements for fetal-

specificity.

Decidual Treg cells can be derived from either the induced differentiation of systemically 

recruited fetal-specific CD4+ T cells or proliferation of thymus derived Treg cells. Before 

implantation, Treg cells accumulate in the uterine lymph nodes in response to hormonal and 

paternal antigen stimulation (43, 44). Treg cells expand and traffic to the pregnant uterus by 

human chorionic gonadotropin-induced chemoattractant mechanisms and establish residency 

in the decidua (45). Human chorionic gonadotropin also augments the suppressive potency 

of Treg cells and primes a tolerogenic phenotype amongst antigen presenting cells (46). 

Paternal antigens present in the seminal fluid further drive the expansion of Treg cells from 

naive CD4+ T cells (47). Saito et al proposed that dendritic cells detect paternal antigens 

from the seminal plasma after coitus and present them to locally recruited CD4+ T cells (48). 

In turn, hormone conditioned antigen presenting cells prime Treg cell differentiation and 

tolerogenic, as opposed to activated effector T cell phenotypes (6, 49). Thymic stromal 

lymphopoietin produced by trophoblast cells further augments the capacity of dendritic cells 

to induce FOXP3 and CD25 expression among decidual human CD4+ T cells (50). Together, 

these interactions promote the selective accumulation of Treg cells at the maternal fetal 

interface beginning from the earliest stages of pregnancy.

Despite an increasing wide variety of Treg cell associated or secreted molecules having been 

shown to mediate the suppressive function of these cells [Reviewed in (51, 52)], how they 

mediate context specific immune suppression remains largely undefined. Decidual Treg cells 

secrete inhibitory cytokines, such as transforming growth factor (TGF)-β, IL-10 and IL-35 

to suppress the activation of non-Treg effector cells and inhibit their proliferation and 

production of proinflammatory cytokines [Reviewed in (53)]. Expanded decidual Treg cells 

in human pregnancy express high levels of cytotoxic T lymphocyte antigen-4 (CTLA-4) 

(54). In turn, CTLA-4 functionally sequesters the expression of CD80/CD86 costimulatory 

molecules, and induces expression of the tryptophan-degrading enzyme indoleamine 2,3-

dioxygenase (IDO) in decidual dendritic cells (54, 55). IDO mediated tryptophan catabolism 

efficiently inhibits the proliferation and activation of non-Treg effector cells, whereas IDO 

inhibition during pregnancy results in rapid T cell induced wastage of allogeneic concepti in 

mice (56). Galectin-1 and programmed death ligand-1 (PDL-1) have each also 

independently been shown to promotes apoptosis of potentially harmful activated maternal T 

cells during pregnancy (57, 58). Expanded fetal tolerance may also be aided by non-Treg T 

cell subsets since decidual CD8+ T cells have recently been shown to adopt cell intrinsic 

dysfunctional phenotypes (59). Thus, considering the overall necessity of expanded maternal 

tolerance in sustaining healthy pregnancy (39, 40), prioritizing and establishing how 

maternal Treg cells work, and work together with other leukocyte subsets, during the 

progression of pregnancy represent important areas for future investigation.
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Partner-specific immunological tolerance prior to pregnancy.

Semen plays a critical role in conditioning female reproductive tissues for expanded 

tolerance. Although sperm is MHC negative, paternal antigens expressed by epithelial cells 

and cellular particles in seminal fluid represents the first exposure of female immune 

components to paternal allo-antigens. Seminal fluid contains steroid hormones, including 

estrogen, testosterone and prostaglandins (60), all potent modulators of myeloid antigen 

presenting cells and lymphocyte development. TGF-β in seminal fluid stimulates production 

of granulocyte macrophage colony stimulating factor that synergizes in promoting 

immunological tolerance (61,62). Seminal fluid also induces expression of the chemokine 

CCL19, that promotes uterine recruitment of Treg cells (44). In humans, seminal fluid 

further promotes the recruitment of T cells with a memory phenotype into the cervix within 

12 hours after coitus (63); however, whether these memory T cells then differentiate into 

Treg cells or help recruit circulating Treg cells remains undefined.

Preeclampsia is an idiopathic disorder clinically characterized by high maternal blood 

pressure and proteinuria. Severe cases are associated with hemolysis, low platelet count, plus 

liver and kidney dysfunction. Left untreated, it can progress to eclampsia, defined by the 

presence of maternal seizures. Circulating levels of proinflammatory cytokines including 

TNF-α and IL-6 are each significantly increased in women with preeclampsia compared 

with gestational age matched healthy pregnancy (64, 65). Although preeclampsia has been 

widely attributed to abnormal trophoblastic invasion and placentation (66), that in turn drives 

endothelial cell dysfunction, oxidative stress and ensuing vasoconstriction that results in 

end-organ damage, multiple independent lines of evidence suggest maternal-fetal 

immunological conflict likely play important causative roles (67, 68). In the early stages of 

pregnancy, perturbations in tolerance to invasive fetal trophoblast cells may lead to 

inadequately remodeled spiral arteries and shallow implantation. In the second half of 

pregnancy when preeclampsia occurs, the only definitive treatment is delivery of the fetus 

and all products of conception.

In humans, there are provocative data highlighting the positive association between duration 

of sexual cohabitation (prolonged semen exposure prior to conception) and protection 

against preeclampsia, pregnancy-induced hypertension and fetal growth restriction (69-71). 

There is also interesting partner specificity to these protective benefits [Reviewed in (72)]. 

Amongst nulliparous women with history of prior spontaneous abortion, the risk of 

preeclampsia is reduced by nearly 50% in subsequent pregnancies with the same partner, but 

these protective effects are eliminated amongst women who conceived with a new partner 

(73). Preeclampsia is more common in women who conceived following the use of 

contraceptives (e.g. condoms, diaphragms, spermicides) which prevents exposure to seminal 

fluid (74). Oral sex, with tolerogenic exposure to fetal expressed paternal antigens in non-

reproductive mucosal tissues, is also protective against preeclampsia that occurs in a partner-

specific fashion (75). The incidence of preeclampsia is significantly reduced in pregnancies 

initiated by artificial intrauterine insemination with partner sperm compared with sperm 

from non-partner donors (76), and a recent meta-analysis of seven randomized controlled 

trials show significant improvement in clinical pregnancy rate amongst women with natural 

exposure to seminal plasma around the time of embryo transfer (77).
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Dendritic cells in the cervix respond to paternal antigens in seminal fluid, including HLA in 

seminal plasma, and induce paternal MHC class I specific tolerance along with the 

expansion of paternal-antigen specific Treg cells [Reviewed in (78, 79)]. This, in turn, 

promotes tolerance to paternal antigens expressed by sperm and suppresses anti-sperm 

immunity, which could otherwise cause infertility. Repeated exposure to seminal fluid drives 

enhanced accumulation of maternal Treg cells with paternal HLA specificity that facilitates 

optimal implantation and development of embryos conceived by the same male partner. 

Reciprocally, reduced Treg cell frequencies in the decidual CD4+ T cell pool and peripheral 

blood for women with recurrent fetal loss suggest that absent or reduced pre-exposure to 

paternal antigens negatively impacts pregnancy outcomes (80, 81). Thus, the mechanism 

linking seminal fluid with protection against pregnancy complications is likely to involve 

early recruitment of protective immune cells to female reproductive tissues even prior to 

conception, particularly expansion of Treg cells with partner-specificity, that promotes 

optimal trophoblast cell implantation and placentation when pregnancy eventually occurs.

Further evidence of partner specificity and the cumulative benefit of semen exposure on 

protective partner-specific immunological tolerance is derived from animal pregnancy 

models. Seminal fluid expands the pool of Treg cells in the para-aortic lymph nodes draining 

the uterus, and promotes accumulation of Treg cells in the uterus of mice even prior to 

embryo implantation (44). In turn, paternal HLA contained in semen primes in mice 

expansion of maternal Treg cells with paternal HLA specificity (47). Treg cells are essential 

for the maintenance of allogeneic pregnancy since reconstituting T cell deficient mice with 

non-Treg effector cells alone selectively causes resorption of allogeneic, but not syngeneic 

fetal offspring (82). Fetal wastage occurring after depletion of Treg cells during mouse 

allogeneic pregnancies using either anti-CD25 antibodies or transgenic mice that co-express 

with FOXP3 the human high affinity receptor for diphtheria toxin further re-enforce the 

necessity for these cells in healthy pregnancy (83-85).

Paternal antigen in the acellular fraction of the ejaculate presented in the context of immune-

modulating signals, such as TGF-β, likely drive expansion of Treg cells in an antigen-

specific manner after mating (61). Maternal antigen presenting cells cross-present antigens 

from the ejaculate in the para-aortic lymph nodes (47), facilitated in part by seminal fluid 

contained TGF-β, that initiates functional tolerance of maternal T cells even prior to embryo 

implantation (19, 44). Strain-specific tolerance of tumor cells conferred by mating with 

intact, but not vasectomized males, even in the absence of ensuing pregnancy further 

supports the notion that exposure to seminal fluid is sufficient for activating expansion of 

maternal Treg cells (62). Studies tracking donor cells from T cell receptor transgenic mice 

with fixed specificity to model antigens (e.g. ovalbumin) during pregnancies sired by male 

mice that ubiquitously express ovalbumin in all cells, further demonstrate that exposure to 

seminal fluid primes maternal T cell awareness of fetal-expressed antigens beginning prior 

to embryo implantation (47). Ovalbumin reactive T cells with surrogate paternal specificity 

adoptively transferred into female mice proliferate and become activated within 3 days post-

coitum in the para-aortic lymph nodes, despite embryo implantation not occurring until the 

4th day after mating in this species (47). Together, these observations of male partner 

specificity and the protective benefits of seminal fluid exposure on susceptibility to 

complications in future pregnancy suggest that immunological tolerance of a partner's 
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antigenic repertoire is programmed and boosted by each round of insemination before 

embryo implantation, regardless of whether pregnancy occurs.

Immune pathogenesis of recurrent fetal loss and other pregnancy complications.

Circulating Treg cell frequencies in women undergo profound changes during the menstrual 

cycle, with expansion in the late follicular phase followed by a dramatic decrease in the 

luteal phase (86). Female reproductive hormones, including estrogen (87, 88) and 

progesterone (89), likely play dominant roles driving these dynamic Treg cells shifts. 

Interestingly, circulating Treg cells during mensuration are functionally diminished in 

women with recurrent spontaneous abortion (86), whereas endometrial FOXP3 mRNA 

levels are reduced in women with infertility (90). Sasaki and colleagues first described a 

significantly reduced frequency (by ~66%) of CD25bright CD4+ Treg cells in the decidual 

tissue of spontaneous abortion compared induced abortions cases (80), and this association 

between reduced accumulation of decidual maternal Treg cells and spontaneous abortion 

was later confirmed by analysis of FOXP3 expression (81). Women with history of recurrent 

fetal loss with decreased frequency of Treg cells in the first trimester have reduced fertility 

compared with those with higher Treg cell levels (91). Reciprocally, immunomodulatory 

therapies for infertility further support the need for expanded maternal Treg cells since 

lymphocyte immunization that boosts the number of maternal Treg cells results in successful 

delivery of a live infant in 80-90% of patients (92).

Along with reduced Treg cell numbers, qualitative reductions in their suppressive potency 

are also likely involved in pregnancy complications. Decreased efficiency whereby CD25+ 

FOXP3+ CD4+ Treg cells suppress the proliferation of responder T cells after stimulation 

with third-party allogeneic cells are found in women with recurrent fetal loss (93). Sperm 

specific Treg cells in women with recurrent fetal loss express less Ubc13, a ubiquitin-

conjugating enzyme essential for maintaining the suppressive function of Treg cells (94). 

Expression of intracellular TGF-β and IL-10 by maternal Treg cells is also reduced in 

pregnant women with recurrent fetal loss (93). Maternal serum levels of IL-35, a cytokine 

implicated in some aspects of immune suppression by Treg cells (51), are increased during 

healthy pregnancies, but reduced in women with recurrent spontaneous abortion (95). 

Expression of galectin-1, which promotes apoptosis of activated T cells, is reduced amongst 

Treg cells from women with recurrent fetal loss compared with healthy pregnant women 

(96).

This apparent necessity for functionally expanded accumulation of maternal Treg cells is not 

limited to infertility and spontaneous abortion, but has since been shown for a wide variety 

of complications in human pregnancy including those that primarily occur in the second half 

of pregnancy such as preeclampsia, prematurity and stillbirth [reviewed in (40)]. For 

example, the frequency of conventional Treg cells and activated CD4+ CD25high FOXP3high 

cells were lower in pregnant women with preeclampsia compared to non-pregnant controls 

(97). Circulating maternal Treg cells are significantly diminished in women with 

preeclampsia (98-100), and reduced maternal Treg cell levels are inversely correlated with 

increased numbers of activated non-Treg effector T cells in the decidua of women with 

preeclampsia (101). Treg cells likely suppress the activation of non-Treg effector Th1 and 
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Th17 CD4+ T cells with paternal specificity since accumulation of IFN-γ+ and IL-17+ CD4+ 

T cells with sperm specificity is reciprocally associated with dampened expansion of sperm-

specific Treg cells in the peripheral blood of women with recurrent miscarriage (94). 

Likewise, the number of IL-17+ T cells and ratio of IL-17+ T cells/Treg cells are 

significantly increased in the peripheral blood of women with recurrent spontaneous 

abortion or fetal loss (102, 103).

Despite these very compelling observations linking healthy pregnancy and expanded 

accumulation of maternal Treg cells, together with the reciprocal association between 

blunted maternal Treg cell expansion or their dampened suppressive potency in pregnancy 

complications, these human analyses without experimental manipulation cannot definitively 

establish the cause and effect relationship between these biological parameters. In this 

regard, the analysis of animal pregnancy, especially allogeneic pregnancies that recapitulate 

the natural heterogeneity between maternal and fetal-expressed paternal antigens, have been 

invaluable for not only validating the protective necessity for maternal Treg cells, but also 

exposing critical mechanistic insights on how these cells work to sustain healthy pregnancy. 

Circulating maternal Tregs cells expand significantly above background levels within two 

days after pregnancy, and reach peak ~2-fold expanded levels by midgestation (82, 84). 

Reciprocally in abortion prone mating between defined strains of inbred mice (e.g. DBA/2J 

[H2d] ♂ × CBA/J [H2k] ♀), the expansion of maternal Treg cells is dampened to levels 

comparable non-pregnant controls (104). Fetal wastage is caused by blunted maternal Treg 

cell expansion in this context since adoptive transfer of CD25+ CD4+ Treg cells from mice 

with healthy pregnancies prevents fetal rejection (105), whereas expansion of FOXP3+ Treg 

cells, either directly by low dose of IL-2 or indirectly by Fms-related tyrosine kinase 3 

ligand, led to normal pregnancy rates in abortion-prone mouse pregnancies (106). 

Interestingly, the degree of antigenic mis-match between maternal and fetal expressed 

paternal antigens also drives the magnitude of maternal Treg cell expansion. For example, 

pregnancy induced accumulation of maternal Treg cells becomes sharply reduced or 

eliminated during syngeneic matings amongst genetically homogenous mice where the only 

potential source of antigenic mismatch are those encoded by the Y chromosome, compared 

with allogeneic pregnancies using strains of mice with discordant MHC haplotype alleles 

(84, 107).

Importantly, sustained expansion of maternal Treg cells is essential for enforcing fetal 

tolerance because even partial transient depletion of these cells to pre-pregnancy levels 

causes fetal wastage that is associated with sharply increased activation and expansion of 

non-Treg effector CD4+ and CD8+ T cells with fetal specificity (84). Likewise, infection 

induced reductions in the suppressive potency of maternal Treg cells also cause placental 

inflammation and unleash the activation of harmful fetal-specific effector T cells (108, 109). 

With placental inflammation, the epigenetically silenced expression of Th1 chemokines (e.g. 

CXCL9, CXCL10, CXCL11) by decidual stromal cells is overcome by local recruitment of 

chemokine producing acute inflammatory neutrophil and macrophage cells (7, 108). In turn, 

fetal wastage is mediated by decidual infiltration and accumulation of activated maternal 

CD8+ T cells with fetal specificity since blocking their decidual infiltration using CXCR3 

deficient mice or the administration of CXCR3 neutralizing antibodies each efficiently 

protects against fetal wastage (108). Likewise, preventing fetal recognition by maternal 
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CD8+ T cells using TCR transgenic mice with a fixed monoclonal repertoire of these cells, 

but polyclonal repertoire of other adaptive immune cells, protects against fetal wastage 

(108). Thus, fetal wastage in mice is primarily mediated by maternal CD8+ T cells with fetal 

specificity that become unleashed for activation when Treg cells are depleted or their 

suppressive potency is diminished.

Fetal tolerance maintained by maternal Treg cells is further reinforced by the presence of 

evolutionarily conserved genetic elements that drive induced FOXP3 expression in humans 

and other eutherian placental mammals, which are conspicuously absent in marsupials and 

egg-laying mammalian species (2, 110). This includes the Foxp3 intronic enhancer element, 

conserved non-coding sequence 1 (CNS1), which is required for peripheral induced 

differentiation of naive CD4+ T cells into FOXP3+ Treg cells (111). Interestingly, allogeneic 

pregnancies in mice with targeted defects in Cns1, thus selectively lacking peripheral 

induced Treg cells show increased rates of fetal resorption with more pronounced decidual 

inflammation and abnormal spiral artery remodeling similar to the pathological features of 

preeclampsia in human pregnancy (2). Together with the aforementioned discussion on 

expansion of maternal FOXP3+ Tregs with fetal specificity prior to and during pregnancy, 

these results highlight the importance of maternal Treg cells with fetal specificity in 

sustaining maternal-fetal tolerance. On the other hand, peripheral induction does not imply 

exclusive specificity to fetal-expressed paternal antigens since pre-eliminating FOXP3+ cells 

amongst a polyclonal repertoire of donor CD4+ T cells transferred into virgin female mice 

prior to allogeneic pregnancy only suppressed expansion of fetal-specific Treg cell by ~50% 

(112). Similarly, others have shown optimal pregnancy induced expansion of maternal Treg 

cells with other surrogate fetal specificities (e.g. hemagglutinin) occurs optimally when 

recombinant strains of male and female mice that each express these antigens are used for 

mating (106). This potential overlap in protective functional roles between peripherally 

induced maternal Treg cells and pregnancy induced expansion of thymus derived Treg cells 

responsive to fetal antigen stimulation may explain the more modest levels of fetal loss that 

occurs when induced Treg cells are eliminated based on Cns1 deficiency or preconceptual 

stable differentiation of maternal CD4+ T cells with fetal specificity into the Th1 effector 

lineage, compared with the depletion of bulk Treg cells based on FOXP3 expression (2, 84, 

113).

Pregnancy complications: discrete entities or a pathological continuum?

Despite rapidly approaching a population of 8 billion individuals, human reproduction is 

arguably still a relatively inefficient process. Extraordinarily high rates of implantation 

failure, spontaneous abortion and stillbirth occur, and 30 - 60% of human pregnancies do not 

achieve offspring viability (114, 115). Among pregnancies that survive to the later stages, 

10% are affected by preeclampsia-eclampsia (116), another 10% suffer from prematurity 

(117) making offspring susceptible to ensuing sequelae such infection, blindness, neuro-

developmental disorders, chronic lung disease and mortality. Barker’s theory posits that 

babies born from pregnancies affected by these syndromes also have high risk for diabetes, 

chronic inflammatory disorders and cardiovascular disease later in life (118). Therefore, 

complications in pregnancy, and their long-term sequelae in surviving offspring, remain 

important unresolved causes of economic, social and emotional human suffering.
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While these complications in human pregnancy each have strict defining parameters based 

on primarily on in utero offspring viability, gestational age and maternal clinical parameters, 

they also share many key overlapping features, risk factors, and frequently occur in the same 

pregnancy. For example, an estimated 15% of premature births are caused by preeclampsia-

eclampsia, whereas mild maternal hypertension alone is associated with an ~25% incidence 

of preterm birth (119). Maternal diabetes, cigarette smoking, hypertension and infection 

during pregnancy are each also independent dominant risk factors for spontaneous abortion, 

stillbirth, preeclampsia and prematurity (120-122). Importantly, women with a history of 

these complications are also at high risk for recurrence of these complications in future 

pregnancies. The risk of preeclampsia is consistently increased for women with 

preeclampsia in a prior pregnancy compared with nulliparous women undergoing a first 

pregnancy (123-126). A prospective analysis of over 700,000 first time mothers from the 

Swedish birth register showed the 4.1% risk of preeclampsia in a first pregnancy was 

increased to 14.7% during a second pregnancy, and 31.9% in women with preeclampsia in 

two previous pregnancies (127). Women with history of stillbirth have significantly higher 

(up to 5.7-fold) risk of stillbirth in subsequent pregnancies (128-130). The risk of preterm 

birth is also consistently increased in women with preterm birth in prior pregnancy 

(131-133), and best illustrated by greater than 5-fold increased risk of preterm birth amongst 

women with prior preterm birth in a retrospective analysis of over 1 million deliveries from 

the Danish Family Relations database (134).

Interestingly, having prior pregnancy affected by these complications not only predispose 

women to the same complication, but also increases susceptibility to other complications in 

future pregnancies (135). For example, the risk of fetal demise is increased 1.5-fold in 

women with history of preeclampsia in prior pregnancy (136) and the risk of preterm birth is 

increased ~ 3-fold in women with a history of stillbirth in prior pregnancy (137, 138). 

Likewise, the risk preeclampsia is significantly increased in women with a history of 

preterm birth without preeclampsia in the first pregnancy (126), and prematurity in a first 

pregnancy increased the risk of stillbirth in a second pregnancy (139). In the aforementioned 

prospective analysis of over 700,000 mothers in the Swedish birth register, prematurity 

(birth before 34 gestational weeks) occurred with ~15 and 30-fold increased frequency 

amongst women with preeclampsia in one and two prior pregnancies, respectively (127). 

With these stark associations that span and bypass the boundaries of how individual 

pregnancy complications are traditionally defined, it may be instructive to consider 

commonalities in their pathophysiology, and unifying mechanistic and pathological root 

causes.

A striking commonality highlighted in the aforementioned discussion is the association 

between reduced numerical and/or functional suppressive potency by maternal Treg cells 

and susceptibility to pregnancy complications such spontaneous abortion, stillbirth, 

preeclampsia and prematurity that each may stem from maternal-fetal immunological 

conflict (Figure 1). Given the continuous need for expanded tolerance to fetal-expressed 

paternal antigens that span the earliest stages of pregnancy through parturition, fractured 

fetal tolerance at any time during pregnancy would be expected to trigger complications 

associated with pathological activation of maternal immune components, immune-mediated 

fetal injury and/or premature fetal rejection. When during pregnancy disruptions in fetal 
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tolerance occur, together with the tempo and severity whereby known (e.g. prenatal 

infection) or idiopathic instigators that disrupt fetal tolerance likely cause differences in the 

clinical presentation and range of maternal symptomatology that eventually terminate with 

delivery of the fetus and all macroscopic products of conception.

It can be further hypothesized that if aberrantly activated maternal T cells cause pregnancy 

complications, then persistence of these cells in women may predispose them to 

complications associated with disrupted fetal tolerance in future pregnancies with the same 

partner (Figure 2). On the other hand, if protective maternal Treg cells primed by prior 

pregnancy persist in women after parturition, then enforced fetal tolerance and reduced 

susceptibility to complications caused by disruptions in fetal tolerance is expected. Answers 

to these questions as to whether protective or harmful maternal immune components are 

retained in mothers after pregnancy, and how they potentially work together in influencing 

the outcomes of future pregnancy require more comprehensive and dedicated analysis of 

complication incidence in humans during a first pregnancy compared with future 

pregnancies, and the partner specificity for these potential shifts in susceptibility to 

pregnancy complications. However, considering the inherent wide variability of humans and 

their unpredictability in mating and partner selection, together with the aforementioned 

immunological impacts of intercourse without pregnancy and differences in penetrance of 

other non-immune genetic elements that influence birth timing (140), animal pregnancy 

models that limit these experimental variables are likely to be more practical in testing these 

hypotheses.

Fate of maternal immune components with fetal specificity after parturition.

Given maternal immunological awareness of genetically foreign fetal-expressed antigens, 

and pregnancy-induced expansion of maternal adaptive immune components with these 

specificities, important questions for consideration include their disposition after parturition 

and their potential impacts on the outcomes of future pregnancy. Human pregnancy is known 

to efficiently sensitize mothers with antibodies to genetically foreign fetal-expressed 

paternal antigens. Using a more sensitive luminex based platform for analysis, nearly 50% of 

mothers without a prior history of transfusion or transplantation were found to contained 

antibodies with paternal HLA allo-specificity (141). Several other studies have found a 

positive correlation between increased HLA sensitization in women and the number of prior 

pregnancies (142, 143). Importantly, how these antibodies impact the outcomes of future 

pregnancies remains incompletely defined, and likely depends on the target antigen, their 

pattern of expression in fetal tissues, the antibody isotype and affinity, and when during 

gestation these antibodies are generated. For example, sensitization of rhesus (Rh) factor 

negative women during pregnancy with an Rh+ partner (and Rh+ concepti) primes anti-Rh 

antibodies in mothers that persist after pregnancy (144). In future pregnancies bearing Rh+ 

concepti, these vertically transferred antibodies cause destruction of fetal red blood cells, 

and in severe cases fatal hemolytic disease of the newborn. Paradoxically however, the 

presence of anti-paternal cytotoxic antibodies is associated with sharply reduced 

susceptibility to spontaneous abortion since anti-paternal antibodies are found in 32% of 

women with normal term pregnancies, whereas anti-paternal antibodies were present in only 

Deshmukh and Way Page 12

Annu Rev Pathol. Author manuscript; available in PMC 2019 June 14.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



10% of women with pregnancies that terminated in spontaneous abortion when sampled 

after parturition (142).

In mice, maternal CD8+ T cells with pre-existing fetal specificity were recently shown to 

persist after parturition, and adopt a dysfunctional phenotype characterized by expression of 

the T cell exhaustion marker, programmed death (PD)-1, and diminished production of the 

canonical effector cytokine IFN-γ (145). These cells fail to undergo secondary expansion 

with fetal antigen re-stimulation, and their presence did not negatively (or positively) impact 

the outcome of secondary pregnancy. Interestingly however, pregnancy-induced maternal 

sensitization in this context did cause accelerated rejection of skin allografts that express the 

same repertoire of genetically foreign allo-antigens encountered in prior pregnancy (145). In 

humans, pregnancy induced allo-sensitization also negatively impacts donor selection 

resulting in an estimated 30% reduced rate of kidney allo-transplantation in women (146). 

Thus, the long-term impacts of pregnancy induced immunological shifts are not limited only 

to the outcomes of future pregnancies, but can extend to other physiological contexts when 

the need for expanded peripheral tolerance arises. Therefore, one important area for future 

investigation is dissecting the key context specific differences between pregnancy and 

allograft tolerance that with secondary antigen stimulation either reinforces tolerance or 

enhanced sensitization.

Persistence of maternal Treg cells with pre-existing fetal specificity was found in the spleen 

and peripheral lymph nodes of mice in the first 100 days after parturition (112). With fetal 

antigen restimulation in secondary pregnancy, these cells re-expand with sharply more 

accelerated kinetics and tempo reminiscent of true memory cells primed in other contexts 

(147). In turn, this more expanded pool of fetal-specific Treg cells in secondary compared 

with primary pregnancy was associated with sharply increased resiliency against fetal 

wastage caused by partial depletion of bulk maternal FOXP3+ cells, presumably because 

maternal Treg cells with fetal specificity more efficiently enforce fetal tolerance overriding 

the need for expanded Treg cells of other specificities (112). Preeclampsia is more common 

during first pregnancies, and a healthy prior pregnancy protects against preeclampsia in 

subsequent pregnancies. For example, a prospective analysis of over 700,000 primiparous 

mothers showed the overall 4.1% rate of preeclampsia in a first pregnancy was reduced to 

1.7% in subsequent pregnancies (127). These results may provide critical mechanistic 

insights as to how prior successful pregnancy protects against preeclampsia and other 

complications which are associated with fractured fetal tolerance in subsequent pregnancies 

(123-127), and the partner specificity of these protective benefits (73, 148-152).

However, these findings also raise new questions with regards to the durability of memory 

maternal Treg cells with pre-existing fetal specificity and whether they require ongoing 

antigenic “reminders” similar to that described for non-Treg effector CD4+ T cell memory 

subsets (153, 154). An interesting explanation may entail trans-placentally transferred fetal 

cells that persist in mothers at very rare “microchimeric” levels (9, 10). In this case, 

pregnancy induced expansion of peripheral immune tolerance in mothers does not cease 

with parturition, but persists indefinitely with the long-term retention of these genetically 

foreign fetal microchimeric cells. Provocative new questions based on this reasoning is the 

potential interactions between each wave of genetically foreign fetal microchimeric cells that 
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seed maternal tissues in each successive pregnancy – whether new cells functionally displace 

old ones, are agnostic, or synergize their tolerogenic or sensitization properties.

Reciprocal fetal-maternal immunological tolerance.

The semi-allogeneic fetus expresses paternal derived traits that make it genetically foreign to 

the mother. However, since individual offspring only contain traits encoded by half of 

homologous chromosomes from their mothers through Mendelian inheritance, mothers are 

equally foreign (genetically and immunologically) to their offspring. Given the need for 

expanded tolerance of mothers to foreign paternal antigens expressed by the developing 

fetus, healthy pregnancies likely also require tolerance of the fetus to an equally vast array of 

non-inherited maternal antigens (NIMA). This consideration would be especially prominent 

for humans and other species where fetal adaptive immune components mature and are 

functional beginning in utero prior to term parturition.

T cells seed human fetal lymphoid tissue as early as gestational week 10, and fetal T cells 

isolated from gestational week 20 fetuses are capable of vigorous alloantigen-induced 

proliferation (155). Interestingly, this proliferative response of human fetal CD4+ and CD8+ 

T cells can extend to maternal alloantigens, but the presence of expanded fetal Treg cells 

likely suppresses this type of fetal-maternal allo-reactivity during in utero development 

(156). Fetal compared with adult T cells preferentially undergo differentiation into Treg cells 

in response to alloantigen stimulation. In turn, this expanded pool of fetal Treg cells is 

thought to avert fetal-maternal conflict by suppressing the activation of NIMA-specific 

effector T cells since their depletion selectively unleashes the proliferative response of fetal 

effector T cells responsive to stimulation by maternal antigen presenting cells, but not cells 

from unrelated individuals (156). These findings demonstrating fetal immune cells coopt a 

similar mechanism for achieving tolerance during unavoidable exposure to extended-self 

maternal antigens to protect against anti-maternal “rejection” during in utero development 

highlight the likely dual importance of Treg cells operating on both sides of the placenta for 

sustaining human pregnancy.

Interestingly, tolerance of human offspring to NIMA does not cease with parturition, and the 

postnatal persistence of NIMA-specific tolerance is highlighted by some remarkable 

immunological phenotypes. For example, before the availability of purified erythropoietin, 

transfusion dependent individuals that were broadly exposed to allogeneic HLA were found 

to selective lack antibodies against one or more NIMA HLA haplotypes compared to the 

response of these individuals to noninherited paternal HLA (157). Similarly, before the 

widespread use of more potent immune suppressive therapies in organ transplantation, long-

term survival of kidney allografts was shown to be significantly improved in sibling donor 

recipient pairings if matched for noninherited maternal compared with the noninherited 

paternal HLA haplotype alleles (158). Reciprocally, the severity of graft-versus-host disease 

(GVHD) after bone marrow transplantation is reduced in recipients of NIMA-matched donor 

stem cells (159, 160).

Curiously, postnatal persistence of NIMA-specific tolerance is not unique to humans, but 

also found in animals. For example, long-term survival of cardiac H-2d allografts selectively 

occurs in recipient mice developmentally exposed to H-2d as a NIMA compared with the 
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rapid rejection of these grafts in genetically identical recipient mice without such H-2d 

developmental exposure (161). Likewise, the incidence and severity of GVHD is sharply 

reduced in mice after engraftment of allogeneic stem cells from donor mice with 

developmental exposure to NIMAs that overlap with foreign antigens in recipient mice 

(162). However, these findings demonstrating that developmental exposure to NIMAs can 

dominantly shape the reactivity of adaptive immune components in offspring also highlight 

new gaps in knowledge with regards to how such postnatal tolerance is immunologically 

achieved and sustained.

The aforementioned selective lack of antibodies with NIMA-HLA specificity in transfusion 

dependent adult individuals would suggest some form of sustained antigen-specific B cell 

anergy (157). On the other hand, Treg cells with NIMA-specificity primed during in utero 

development that persist postnatally in individuals may also sustain NIMA-specific 

tolerance. The importance of Treg cells in maintaining postnatal persistence of NIMA-

specific tolerance is supported by the observation that depletion of CD25+ Treg cells 

selectively unleashes the proliferation of effector T cells after stimulation by maternal 

antigen presenting cells in children up to 17 years of age (156). Reciprocally, adoptively 

transferred CD4+ CD25+ Treg cells from NIMA-exposed mice suppress the rejection of 

NIMA allografts in recipient mice (163). More recently by transforming model antigens into 

surrogate NIMA, the selective accumulation and long-term postnatal persistence of FOXP3+ 

Treg cells with NIMA-specificity was shown in NIMA-exposed rodent offspring (164). 

However, similar to the aforementioned discussion on durability for memory CD4+ T cells 

after infection or in mothers after parturition (153, 154, 165), prolonged postnatal retention 

of Treg cells in offspring with NIMA specificity raise new questions with regards to 

potential sources of postnatal maternal antigen exposure. Cells in breast milk are likely 

important since the survival of maternal kidney allografts is significantly improved in 

children that were breast-fed compared with non-breast fed recipients (166). Similarly, in 

animal cross-fostering studies, significantly reduced accumulation of Treg cells with NIMA 

specificity and loss of tolerance to NIMA matched donor allograft tissue occurs in NIMA 

recipients when exposure to maternal breast milk is eliminated (161, 164).

The porous placental interface allows bi-directional transfer of fetal cells into mothers, as 

well as maternal cells into offspring. Curiously, these genetically foreign cells also persist at 

very low microchimeric levels in both individuals after parturition (9, 10). In adult humans 

and mice, microchimeric maternal cells have been shown to be distributed across a range of 

tissues (167, 168), and this persistence parallels the systemic postnatal retention of NIMA-

specific Treg cells (156, 164, 169). Reciprocally, a rapid decline in NIMA-specific FOXP3+ 

CD4+ Treg cells occurs following the depletion of maternal microchimeric cells which 

demonstrates ongoing postnatal NIMA exposure maintains the expanded accumulation of 

NIMA-specific memory Treg cells in offspring (164).

Perhaps a more fundamental issue raised by these findings of persistent NIMA specific 

tolerance is what teleological advantage may promote the conserved postnatal persistence of 

maternal microchimeric cells and this immunological phenotype in offspring. Importantly 

since NIMA-specific tolerance initially described in humans is readily found in mice where 

fetal adaptive immune components do not functionally mature until after birth (155), there 
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are likely to be more dominant factors driving such conservation beyond the need for 

averting fetal rejection of mothers during in utero development. An interesting clue comes 

from the persistence of maternal microchimeric cells in female reproductive tissues (e.g. 

uterus, ovaries), but their absence in analogous male tissues (e.g. prostate and testes) (164). 

Considering the importance whereby genetic fitness promotes trait selection, and the need 

for expanded tolerance during pregnancy in each successive generation, one possibility is 

enhanced fetal tolerance during next-generation pregnancies recently shown by sharply 

increased resiliency against fetal wastage in mice during allogeneic pregnancies sired by 

males that express NIMA-matched MHC haplotypes compared with pregnancies sired by 

mismatched males (164). Depletion of microchimeric maternal cells prior to mating that 

eliminates the expanded accumulation of NIMA-specific Treg cells also overrides this 

resiliency against fetal wastage during allogeneic pregnancies sired by males that express 

NIMA-matched MHC haplotypes (164).

These cross-generational reproductive benefits shown in mice are consistent with classical 

observations of reduced susceptibility to Rh sensitization among Rh− women born to 

mothers that are Rh+ compared with Rh− negative mothers (144). Reduced Rh sensitization 

in mothers would be predicted to promote the survival of next generation Rh+ offspring 

through protection against neonatal Rh hemolytic disease. In other words, the antigenic 

composition of maternal grandmothers may dominantly shape the outcomes of next-

generation pregnancies through vertically transferred microchimeric maternal cells that 

functionally expand tolerance in female offspring. Interestingly and despite significantly 

reduced Rh sensitization, the incidence of hemolytic disease of newborn remained similar 

among Rh-tolerant and Rh-intolerant mothers (144), suggesting NIMA-specific tolerance to 

this single alloantigen alone may not be sufficient to confer survival benefits to next-

generation offspring or that other influences (e.g. medical interventions) dilute the protective 

benefits of this biologically engrained pathway. It may also be interesting to consider that 

the transfer of cells from mother to offspring may not be limited only to genetically encoded 

maternal cells. If transfer and persistence of these cells is indeed purposeful (and not 

accidental), then the possibility that offspring could be transferred cells retained in mothers 

from prior pregnancies (older siblings) and their own mothers (maternal grandmothers) are 

each intriguing consideration, with immunological implications that need to be evaluated (9, 

10). Together, these provocative observations in human and animal pregnancy suggest that in 

addition to the transfer of genetic traits from one generation to the next through Mendelian 

inheritance, the vertical transfer of genetically foreign maternal cells and their postnatal 

retention in offspring can promote the maintenance of non-inherited hereditary traits that 

span multiple generations.

In the broader context, these additional clues gained from reproduction and pregnancy 

highlighting individuals as being constitutively chimeric – with a potentially wide 

assortment of genetically foreign cells that are each programmed to persist, can 

fundamentally change how we view immunological identity. Can autoimmunity instead 

represent cases where NIMA-specific tolerance is perturbed, and instead be caused by 

alloimmunity to genetically foreign maternal cells purposefully retained in the tissue of 

offspring? Reciprocally, if fetal microchimeric cells persist in mothers to enforce fetal 

tolerance during future pregnancy with genetically similar younger siblings, could 
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autoimmunity represent alloimmunity of mothers to microchimeric fetal cells or 

immunological intolerance between multiple subsets of genetically foreign cells within the 

same individual? Despite some supporting evidence for these provocative hypotheses that 

include the sharp gender disparity of autoimmune disorders in women and enriched levels of 

microchimeric cells in diseased tissue of individuals with autoimmunity (9, 10), more 

focused investigation based on the experimental manipulation of these cells is needed. 

Nonetheless, these findings suggest the temporal events occurring during pregnancy can 

have long lasting implications not restricted only to that offspring during in utero 

development, but also for the outcomes of future and next-generation pregnancies, along 

with shaping susceptibility to health and disease for the life of mother and offspring.

Summary and perspectives.

Reproduction and pregnancy are fundamental to life and lie at the core of our existence as 

individuals and as a species. However, we still know so very little about how these basic 

biological processes work. Traditionally, many foundational concepts in immunology were 

based on observations and experimental perturbations during pregnancy and early life 

development. However, after recognizing some key differences in the anatomy of cells at the 

maternal-fetal interface and tempo of fetal-neonatal immune cell maturation between 

humans compared with animals, reproductive immunology and early life development has 

become more a “niche” field amongst more prominently expanding areas such as 

autoimmunity, transplantation, cancer, commensal tolerance and dysbiosis, vaccinology and 

antimicrobial host defense. This is unfortunate, and in many ways represents an important 

missed scientific opportunity.

As immunologists, it can be argued that pregnancy remains our best and most relevant 

model for investigating how immune tolerance naturally works. These analyses would 

pertain not only to improving the outcomes of pregnancy, but likely have wide applicability 

to many other immunological disciplines. For example, regarding the pathogenesis of 

autoimmunity, important clues are likely garnered by understanding how pregnancy 

efficiently causes clinical improvement and often disease remission (21-24, 170, 171). In 

transplantation, can understanding how the fetal allograft averts rejection be used for 

designing improved antigen-specific therapies for protecting donor allografts? A provocative 

recent review highlighted how immune tolerance to the first cells of the genetically foreign 

fetal conceptus is more analogous to how the immune system would respond to genetically 

aberrant malignant cells that eventually develops into cancerous tumors (172). Regarding 

how the immunological identity of individuals is defined, the ubiquitous presence of 

genetically discordant microchimeric cells, and potentially from a wide variety of hereditary 

relevant source individuals, further blurs the distinction between self and non-self.

We have conveniently assigned these antigens to the nebulous expanding bucket of 

“extended self” antigens as a basis for their discussion in the current immunological 

framework of self versus non-self antigen distinction. However, it may be worthwhile to 

consider how the purposeful presence of genetically foreign microchimeric cells inside us 

and commensal microbes at mucosal barriers fit with alternative ways to conceptually frame 

immunological identity, tolerance, and how the response to infection-immunization can be 
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so divergent even in genetically identical individuals (173). One prominent alternative is the 

danger model that posits the initial event activating immunity is tissue damage and cellular 

stress, instead of non-self recognition (174, 175). In this case, genetically foreign fetal cells 

and tissues may not provoke as much “danger” compared with infection or other 

inflammatory insults. However, given the substantial tissue remodeling that occurs with 

trophoblast invasion of the uterine mucosa even in healthy pregnancy, it would be hard to 

image that some sort of danger is not activated. Given the dominant impacts reproductive 

and pregnancy health have in trait selection, it may be worthwhile to place observations 

based on reproduction as the centerpiece in refining old or creating more comprehensive 

new theories on how immunology works.

Pregnancy complications remain the largest single cause of infant and childhood mortality. 

Individuals are the most vulnerable when they are first born – when the denominator is live 

births. However, one could argue vulnerability is equally high in utero when offspring need 

to simultaneously navigate the development of vital organs, grow exponentially, ward off 

infection, and avoid “rejection” by maternal immune cells. As fathers (each of us have two 

healthy children) we marvel with amazement that everything went right. As pediatricians 

tasked with care of sick infants and children, and being constantly reminded of the sobering 

realities of neonatal mortality, we are grateful for this forum allowing us to highlight mostly 

what we still do not know and the need for additional research in these impactful, but often 

forgotten areas.
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SUMMARY POINTS

1. Common pregnancy complications such as infertility, spontaneous abortion, 

stillbirth, preeclampsia-eclampsia and prematurity share many overlapping 

risk factors, dominantly influence susceptibility to the same and other 

complications in future pregnancy, and therefore likely share the same or 

overlapping pathological roots.

2. Expanded immunological tolerance during pregnancy is associated with 

sustained expansion of maternal immune suppressive regulatory T cells. 

Diminished regulatory T cell expansion occurs in a wide variety of human 

pregnancy complications, whereas depletion of these cells in animals causes 

fetal wastage and pathological activation of maternal immune components 

with fetal specificity.

3. Maternal immune components with fetal specificity persist after parturition, 

raising the possibility that aberrantly activated components causing 

complications in prior pregnancy increase the risk of complications in future 

pregnancy. Reciprocally, postpartum persistence of protective maternal 

immune cells may reduce susceptibility to complications in future pregnancy.

4. Bi-directional transfer of microchimeric cells between mothers and offspring, 

and the persistence of these cells in both individuals suggest temporal events 

occurring during pregnancy have durable implications not restricted only to 

that offspring during in utero development, but also on the outcomes of future 

and next-generation pregnancies, and the immunological identity for the life 

of mother and offspring.

5. Given the dominant role pregnancy health and reproductive fitness play in 

trait selection, refining how our immune systems optimally work, more 

comprehensive analysis of pregnancy induced immunological changes can 

expose new therapeutic strategies for improving the outcomes of pregnancy, 

and fundamental new insights on how immune tolerance naturally works with 

applicability to many other physiological and pathological contexts.
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Figure 1. Expanded maternal tolerance to fetal expressed antigens is essential for averting 
complications throughout pregnancy.
Peripheral immune tolerance expands to encompass fetal expressed paternal antigens during 

uncomplicated healthy pregnancy. Fractured fetal tolerance at any time during pregnancy 

can cause gestational time specific complications such as spontaneous abortion, stillbirth, 

preeclampsia and prematurity.
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Figure 2. Fetal specific adaptive immune components retained in mothers after pregnancy 
influence susceptibility to complications in future pregnancies.
Harmful adaptive immune components with fetal specificity primed with pregnancy 

complications are retained in mothers after parturition, and cause increased partner-specific 

risk of complications in subsequent pregnancies (top). Protective fetal specific adaptive 

immune components retained in mothers after healthy pregnancy enforce fetal tolerance and 

confer partner-specific protection against complications in subsequent pregnancies (bottom).
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