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Abstract

About 12.5% of all maternal deaths in the United States are due to infectious causes. This proportion, although stable
during the past three decades, represents an increase in infectious causes of mortality, as the overall mortality rate in
U.S. pregnant women had increased steadily during that same period. During healthy pregnancies, a delicate im-
munological balance—in which a mother’s immune system tolerates the semi-allogeneic fetus yet maintains immune
competency against infectious agents—is achieved and maintained. This immunological paradigm, however, results
in increased susceptibility to infectious diseases during pregnancy, particularly in later stages and during the early
postpartum period. The inflammatory process induced by these infectious insults, as well as some noninfectious
insults, occurring during pregnancy can disrupt this carefully achieved balance and, in turn, lead to a state of rampant
inflammation, immune activation, and dysregulation with deleterious health outcomes for the mother and fetus.
Elucidating mechanisms contributing to the disruption of this immunologic homeostasis, and its disruption by
infectious pathogens, might offer opportunities for interventions to reduce maternal and fetal morbidity and mortality.
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Immune Landscape in Preghancy

MULTIPLE INNATE AND adaptive immune mechanisms
coordinate and regulate the balance during placentation,
pregnancy maintenance, and parturition. A successful preg-
nancy depends on the ability of the maternal immune system to
adapt to each developmental stage. Mor and colleagues'*
proposed (i) a pro-inflammatory stage associated with im-
plantation, (ii) a second anti-inflammatory stage associated
with fetal growth, and (iii) another pro-inflammatory stage that
is responsible for initiating parturition. The stages of preg-
nancy from implantation to parturition are vulnerable to
complications that result from host intrinsic or extrinsic con-
ditions that might have negative consequences for the pregnant
woman, fetus, or both. Insufficient maternal artery remodeling
could lead to preeclampsia (PE), intrauterine growth restric-
tion, and recurrent pregnancy loss.>* On the contrary, exces-
sive placental invasion can result in maternal anemia and
postpartum hemorrhage. We discuss the role of immune cells

and effectors in regulating processes during pregnancy and
how inflammatory perturbations, such as infections, can affect
placental development. Responses to multiple antigens, in-
cluding fetal and paternal antigens, noninherited maternal
antigens, commensals, or infectious agents, are constantly
being regulated to ensure successful pregnancy outcomes.

The placenta forms the primary barrier between the fetal
and maternal compartments throughout pregnancy. In hu-
mans, it forms within 5-6 days post-fertilization. By 10-12
weeks of gestation, remodeling of the maternal circulation
occurs by the formation of spiral arteries, and maternal blood
is now in contact with the placenta.” Extravillous tropho-
blasts invade the decidua basalis, anchoring the placenta into
the uterine implantation site, where they are in juxtaposition
to maternal immune cells. Approximately 40% of the decidua
is composed of maternal leukocytes. In the first trimester,
decidual natural killer (ANK) cells compose the majority
(around 70%) of immune cells, macr%phages compose 20%—
25%, and T cells compose 3%—10%. 7
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Macrophages

Decidual macrophages are differentiated from bone marrow-
derived macrophages that migrate from the bloodstream
to the uterus during the pre-implantation period and differen-
tiate into decidua-specific macrophages on exposure to the
local microenvironment.®® They serve as the primary antigen-
presenting cells in early pregnancy and have been reported to
play a regulatory, homeostatic, and anti-inflammatory role.®
Functions of decidual macrophages include the remodeling
of spiral arteries and trophoblast invasion; phagocytosis
of apoptotic trophoblasts to prevent the activation of pro-
inflammatory pathways in the decidua; the production of in-
doleamine 2,3-dioxygenase, which catabolizes tryptophan and
hinders T cell activation; and protection of the fetus against
infections as demonstrated by the expression of pattern rec-
ognition receptors, including CD163, CD206, and CD209.°
Macrophages also support the vascular network needed for
corpus luteum integrity and the production of progesterone,
which is essential for establishing a pregnancy.'® Zhang et al.®
recently demonstrated that soluble PD-L.1 produced by tro-
phoblasts contributes to macrophage polarization toward the
M2 regulatory phenotype, decreasing inflammation.

Natural Killer cells

Natural killer (NK) cells are the most abundant lymphocytes
(50%—70% of decidual lymphocytes) present in the uterus at the
maternal—fetal interface and have been reported to be involved
in spiral artery remodeling to keep up with the nutritional de-
mands of the fetus. dNK cells display limited cytotoxicity but
secrete cytokines, growth factors, and angiogenic factors re-
quired to remodel maternal spiral arteries, promote angiogen-
esis, and attract trophoblasts to invade the decidua. Interferon-
gamma (IFN-y) secreted by uterine NK cells act on endothelial
cells and decidual stromal cells; however, the pathway that
stimulates IFN-y production and other aspects of remodeling
have yet to be elucidated.'" One of the genes that is upregulated
in dNK cells is galectin-1, which induces apoptosis of activated
CD8 T cells and induces differentiation of helper T cells to a
Th2 cytokine profile.'”> A unique subset of dNK cells was
identified in repeated pregnancies and not in first pregnancies.
These dNK cells had a unique transcriptome and epigenetic
signature that might contribute to improved placentation in
pregnancies beyond the first pregnancy because of previous
priming and memory that aids in vascular remodeling. This
population was termed pregnancy-trained dNK cells.'?

T cells

In addition to dNK cells, decidual CD8 T (dCDS8T) cells
are important cytolytic effector cells present at the maternal—
fetal interface. These dCDS8T cells are present in a low
proportion (2%—7%) of leukocytes in first-trimester decidua;
however, their proportion increases to 30% in term preg-
nancy decidua. They have an effector-memory phenotype
but have reduced expression of perforin and granzyme B
proteins when compared with peripheral blood CD8 T
cells."* These dCDS8T cells might be specific for several
antigens, including major histocompatibility complex
(MHC) molecules of paternal origin (HLA-C expressed by
extravillous trophoblasts), minor histocompatibility anti-
gens, or pathogen-derived antigens. Despite specificity for
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paternal MHC and minor histocompatibility antigens, a
compromise in pregnancy outcome is not evident.'* The lack
of response to these disparate antigens might include the
presence of a high proportion of regulatory T cells (Tregs),
the contribution of cytokine-like transforming growth
factor-f and interleukin-10, and hormones such as proges-
terone that regulate T cell activation.'?

Ad(ditional factors

Additional avenues by which tolerance is promoted at the
maternal—fetal interface include the activation of an epigenetic
program that excludes immune cells through gene silencing of
key Thl-attracting chemokines, CXCL9, CXCL10, CXCLI1,
and CCL5 16; maintenance of low numbers of dendritic cells that
can migrate to uterine lymph nodes,'” minimizing potentially
immunogenic T cell responses to fetal and placental antigens;
reduction of complement deposition'®; and transfer of maternal
cells to the fetal thymus and peripheral lymphoid tissues to prime
tolerogenic responses. In early pregnancy, fetal cells are found in
maternal blood, and maternal cells are found in human fetal
tissues beginning in the second trimester of pregnancy and are
retained long term after pregnancy.'® Understanding and un-
covering the factors that instruct tissue-specific homing of these
cells, and the need for inflammatory mediators and/or growth
factors to proliferate and acquire tolerogenic properties, will
assist in establishing the role of microchimeric cells in driving
the expansion of Treg populations in pregnancy and beyond.

Inflammation and Infections During Preghancy
Complications of maternal respiratory infections

Pregnancy predisposes women to increased risk and cases of
respiratory infections and pneumonia, with the same pathogens
present in nonpregnant women.”’ Physiologic changes to ac-
commodate a growing fetus, changes in oxygen consumption,
reduced numbers of key immune cells, aspiration during deliv-
ery, and presence of other comorbidities were identified as risk
factors for pneumonia in pregnant women.>' Seasonal/pandemic
influenza and pandemic coronavirus infections are associated
with significant morbidity and mortality.*>**

Influenza. Influenza infection during pregnancy is a risk
for acute respiratory distress syndrome (ARDS). In a study of
2,808 pregnant women who underwent mechanical ventila-
tion for ARDS, influenza was a risk factor for death, with a
9% mortality rate observed.”* Maternal vaccination also
protects the fetus/infant, as maternal antibodies can be passed
transplacentally and via breast milk,?> which protects infants
younger than 1 year, who are more susceptible to the virus
and are too young to be vaccinated.?®

MERS, SARS-CoV, and SARS-CoV-2. Increased sus-
ceptibility to infection during pregnancy puts women at risk
for rapid respiratory failure during coronavirus infection.
Outcomes analysis of cases of SARS-CoV, MERS, and
SARS-CoV2 indicated that all have a high risk of hospi-
talization, placement on mechanical ventilation, preterm
birth, and fetal complications.?”-*® Early analysis of 38
maternal cases of SARS-CoV2, however, indicates no
maternal deaths, unlike previous data on SARS-CoV and
MERS in pregnancy.*’
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Complications of maternal systemic, placental,
and urogenital infections

Maternal HIV infection is associated with unique pre-
natal and postnatal concerns.*® HIV infection is associated
with increased risk for cervical dysplasia and cancer, in-
dicating a need for regular screening in patients who are
HIV-positive.>! Monitoring and supporting adherence to
antiretroviral drugs to reduce transmission during preg-
nancy is also important in antenatal care. During preg-
nancy, HIV infection is associated with elevated blood
pressure and PE. Imbalance of two circulating factors as-
sociated with PE, follistatin and granulocyte-colony stim-
ulating factor, could serve as a possible biomarker for PE in
women with HIV.?*

The placenta plays a key role in vertical transmission from
mother to fetus, and infections are important causes of mor-
bidity and mortality, particularly for the fetus. Infections
include Toxoplasma gondii, syphilis, Listeria mono-
cytogenes, malaria, parvovirus B19, Zika virus, rubella virus,
human cytomegalovirus (HCMV), and herpes simplex virus
(HSV).** Ureaplasma in the family Mycoplasmataceae are
part of commensal bacteria in the urogenital tract flora. In-
fection with Ureaplasma, however, is a common cause of
culture-positive chorioamnionitis,>* a pro-inflammatory,
highly cellular infection associated with preterm birth and
poor fetal outcomes.>> Maternal infections can result in sepsis
with poor clinical outcomes. Escherichia coli, Streptococcus
pneumoniae, and Streptococcus pyogenes infections can re-
sult in sepsis and toxic shock in both the prenatal and ante-
natal period.*® S. pyogenes (Group A Streptococcus) sepsis
rates in the postpartum period are rising because of the
emergence of more virulent strains in the past two decades.’’

Toxoplasmosis. Toxoplasmosis is a protozoan infection
from feline hosts, common in underresourced settings.
Pregnant women are vulnerable to infection and often are
undiagnosed, because only 10%-20% of infected mothers
present with symptoms; this infection can cause severe
congenital defects if not treated.”® Toxoplasmosis can be
treated in pregnancy, but the aggressive treatment regimen is
performed after polymerase chain reaction confirmation of
fetal infection from amniotic fluid.*

Syphilis.  Syphilis caused by Treponema pallidum, a
spirochete, is the third most common sexually transmitted
disease. Treatment within 30 days of delivery eliminates
most cases of congenital syphilis infection. Despite highly
effective treatment, an estimated 2 million new cases of
congenital syphilis are reported annually worldwide.*°
Recent alarming increases in the United States are signifi-
cantly associated with stillborn deaths and other fetal
complications.*'*?

Listeria monocytogenes. Listeriosis results from severe
blood-borne infections with a rod-shaped gram-positive
bacterium in contaminated food. Infection in adults is mild
but can be debilitating in pregnant women, resulting in ma-
ternal mortality, fetal infection, and demise.*

Malaria and other vector-borne infections. Malaria is
caused by four protozoan parasites, and studies suggest that
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as many as 25% of maternal deaths in endemic areas are due
to severe malarial disease or co-infection with human im-
munodeficiency virus/acquired immunodeficiency syn-
drome.** Prevention strategies in endemic areas include bed
nets, insecticides, and prophylactic treatment with antima-
larial drugs, but adherence to these strategies is poor. Ma-
larial infection during pregnancy results in poor fetal
outcomes, risk of infant malaria, and potential multiorgan
failure in the mother.** Severe anemia and thrombocytopenia
are risks during pregnancy for women with malaria. PE with
hemolysis, elevated liver enzymes, and low platelet count
(HELLP) syndrome are common causes of thrombocytope-
nia in these cases.*

Parvovirus B19.  Although uncommon in pregnancy, the
single-stranded DNA virus parvovirus B19 causes the
childhood infection, erythema infectiosum, dubbed “‘fifth
disease.”” When maternal infection occurs, it increases the
risk of fetal loss and hydrops.*’ Large-scale screening for
immunity to parvovirus is not part of clinical guidelines,
because two-thirds of adults are immune.*®

Zikavirus. Zika virus is a positive-sense single-stranded
RNA virus that is antigenically similar to other members of
the family Flaviviridae, such as dengue, yellow fever, and
West Nile virus.*® Most patients infected with Zika virus are
asymptomatic, but maternal infection results in fetal
loss and neurological abnormalities.”® No treatment is
available, and given the severe fetal outcomes, vaccine
trials are underway.>!

Rubella virus. Rubella is a vaccine-preventable infection
resulting from RNA virus from the Togaviridae family. Un-
vaccinated mothers present with early, mild respiratory irri-
tation leading to widespread rash and joint pain.>* Infection
during pregnancy, up to 20 weeks, can result in fetal defects
in as many as 90% of cases, including defects in vision,
hearing, and heart, as well as cognitive deficits.>?

Human cytomegalovirus. Currently, no safe or effective
treatments exist for maternal HCMV infection to prevent
fetal transmission. Recommendations include universal
screening, prevention, hygiene education, and diagnosis of
maternal HCMYV infection to mitigate the significant conse-
quences for the fetus.”* Although no vaccines exist currently
for HCMV, modification of the most efficacious MF59-
adjuvanted glycoprotein B (gB) protein subunit vaccine
(gB/MF59) is underway in preclinical models.>

Herpes simplex virus. HSV neonatal infection is rare
but can result in fetal neurological impairment.>® Maternal
transfer of immunoglobuloin G antibodies crossing the
placenta offers a natural form of protection to the fetus; the
highest risk to the fetus occurs when maternal infection
and shedding are active close to delivery.®’ Clinical trials
for HSV vaccines have failed to meet their endpoint for
the prevention of adult-to-adult transmission,”® but evi-
dence suggests that maternal vaccination might protect
infants from infection. Studies in mice using a replication-
defective HSV-2 vaccine candidate, d15-29, protected pups
from infection after intranasal HSV challenge 1-2 days
postpartum.>”
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Ureaplasma. Potential causes for virulence and intra-
amniotic infection with Ureaplasma are changes in the li-
poprotein multiple-banded antigen isolates detected in
preterm birth.®® Imbalance of lactobacilli in the vaginal tract
increases vaginal pH, promoting infections from the vagina
into the amniotic cavity. Such isolates as Ureaplasma ur-
ealyticum with higher urease activity increase pH, causing
infections locally.®!

Infectious Complications Specific to Pregnancy
Septic abortion

Septic abortion is an infection of the products of concep-
tion (POC [e.g., fetus, placenta, membranes]) in early preg-
nancy, before fetal viability. It occurs most commonly after
the incomplete evacuation of a spontaneous or induced
abortion, in which some or all of the POC remain in the
uterine cavity and become infected by ascending poly-
microbial vaginal flora.®*® Clinical signs include high fever,
severe abdominal pain/cramping, and foul-smelling vaginal
discharge.®* Before legalized pregnancy termination, sep-
tic abortion was a frequently reported complication of unsafe
abortion with high rates of maternal mortality.> Septic
abortion is now rare in the developed world but continues to
be a major cause of maternal morbidity and mortality in de-
veloping countries.®®

Septic abortion is diagnosed based on fever and uterine
tenderness and is treated by prompt removal of any remaining
POC and administration of broad-spectrum antibiotics.®*%*
The uterus might be softened by the infection, increasing the
risk of uterine perforation or uterine atony, which might re-
quire a hysterectomy. Pelvic abscess formation is also a risk
and could result in hysterectomy and, potentially, sal-
pingectomy and oophorectomy.®’

A less common cause of intrauterine infection very early in
pregnancy (before complete occlusion of the uterine cavity)
is ascending infection (Neisseria gonorrhoeae, Chlamydia
trachomatis, or other organisms) resulting in pelvic inflam-
matory disease (PID). Inpatient treatment is recommended
for pregnant women with PID, and ectopic pregnancy must
be ruled out.®®

Intraamniotic infection

Intraamniotic infection (IAI, chorioamnionitis) involves
inflammation of amniotic fluid, placenta, fetus, membranes,
or decidua.%” It is typically polymicrobial and occurs after
rupture of membranes due to ascending vaginal bacteria,®®
but it can infrequently occur with intact membranes via as-
cending infection (mycoplasmas) or hematogenous spread
(L. monocytogenes).”” Organisms might or might not be de-
tected in the amniotic fluid.”® Pathologic examination of
placenta and membranes identifies cases with histologic in-
flammation, which could occur without clinical disease.®’

The IAI is a common complication of prolonged rup-
ture of membranes before or during labor at term (2%—5%
of deliveries)®” and is very frequent (up to 70%) with
preterm premature rupture of membranes.®® Prolonged la-
bor, particularly in the second stage, is also strongly as-
sociated with TAL®

The diagnosis of IAI was recently updated to include three
categories.”! Category 1 (isolated maternal fever) is defined
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as a single oral temperature of >39°C or persistent 38°C—
38.9°C continuing for 30 minutes. Category 2 (suspected IAI)
is maternal intrapartum fever (Category 1) with maternal
leukocytosis (>15,000/mm3), purulent cervical discharge, or
fetal tachycardia. Category 3 (confirmed IAI) is a positive
amniotic fluid test result (gram stain, glucose level, or culture
results consistent with infection) or placental pathology
demonstrating histologic placental infection or inflammation.
Treatment is recommended for Categories 2 and 3 plus Ca-
tegory 1 with fever >39°C and should be considered for
38°C-38.9°C with no other obvious cause.®’

The IAI typically responds well to prompt antibiotic
treatment and fever reduction but might contribute to uterine
atony, resulting in failure to progress in labor (requiring labor
augmentation and potentially cesarean delivery) and post-
partum hemorrhage after delivery.®® Antibiotics usually are
discontinued at the time of delivery unless risk factors for
postpartum endometritis (PPE) are present—most notably
cesarean delivery, when at least one postpartum dose is re-
commended.®’ Infants also are typically assessed for neonatal
sepsis after delivery.

Postpartum endometritis

PPE is intrauterine infection with onset after delivery. It is
typically polymicrobial and might progress to sepsis and
maternal death. PPE occurs more frequently after cesarean
delivery (>20-fold increased risk), particularly after pro-
longed labor or ruptured membranes (historical rates
>25%).°*7>  Antibiotic prophylaxis after cord clampin%
(avoiding infant exposure) reduced PPE by 60% to 70%,’
and preoperative antibiotic prophylaxis (before skin incision)
reduced rates by an additional 40%-50%.">7* Vaginal
cleansing in addition to surgical skin Spreparation might also
reduce postoperative infection rates.”” The diagnosis of PPE
is clinical, based on fever together with uterine tenderness or
hypotonia and foul vaginal discharge.®* Broad-spectrum
antibiotic treatment is typically effective.’®

Wound infections

Wound infections after cesarean delivery are also com-
mon, particularly after prolonged labor and/or IAI In the
absence of antibiotic prophylaxis, rates exceeded 10% but
have been reduced to 2%—3% with current prophylaxis pro-
cedures.”*"* In addition to antibiotic prophylaxis, preopera-
tive vaginal cleansing, use of subcuticular sutures instead of
staples, and negative pressure dressings might further reduce
cesarean wound complications.”” Episiotomy/perineal lac-
eration infections were diagnosed in 5% of primiparas in a
recent cohort study with focused examination 2—3 weeks post
partum, with risks increased by obesity and reduced by an-
tibiotics in labor or postpartum.78 A rare, but more serious,
form of postpartum wound infection is necrotizing fasciitis,
which has been reported after cesarean section, episiotomy,
and even postpartum tubal ligation procedures.

Septic pelvic thrombophlebitis

Septic pelvic thrombophlebitis is an uncommon postpar-
tum complication (<0.1%) that typically occurs in women
with chorioamnionitis or endometritis, particularly after ce-
sarean delivery (6- to 10-fold higher than vaginal delivery).*°
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Septic pelvic thrombophlebitis is often a diagnosis of ex-
clusion typically associated with prolonged febrile illness (>3
days) that is unresponsive to broad-spectrum antibiotics with
no other obvious source, but it can be confirmed by visuali-
zation of a thrombus in pelvic veins by computed tomogra-
phy or magnetic resonance imaging. Septic pelvic
thrombophlebitis is treated with prolonged broad-spectrum
antibiotic coverage with or without the addition of antic-
oagulation.®! Thrombophilia might play a role, because a
recent cohort study reported an association with deep venous
thrombosis (9%) and pulmonary emboli (7%).%° Mortality,
which once exceeded 50%, is now rare, with none reported in
recent case series and cohort studies.®*®!

Vaccination Against Maternal and Fetal Infections

Studies in mice show that the gene signatures of innate
immune responses to vaccination in pregnant and non-
pregnant mice were not affected by pregnancy, suggesting
that boosting immune responses through adjuvants is safe
and effective.®? The World Health Organization’s Global
Advisory Committee on Vaccine Safety found no adverse
pregnancy outcomes associated with common vaccines.®?
Systematic barriers, however, prevent implementation
of vaccination programs and compliance with prenatal
vaccination recommendations.®** Maternal preference for
certain vaccines is a factor in adherence to recommenda-
tions during prenatal care. A large cross-sectional study
designed to monitor rates of prenatal vaccination found
higher rates of pertussis vaccination when compared with
influenza.®® Maternal preference to select vaccinations
with a perceived benefit to their child, versus one that
confers a benefit to themselves in addition to negative
perceptions for the influenza vaccine, might contribute to
lower adherence rates when compared with pertussis and
combination Tdap vaccination.®®%’

Gains, Gaps, Challenges, and the Future

Since the concept of general maternal immune suppres-
sion during pregnancy as a means of immune tolerance to-
ward the fetus was first postulated more than 50 years ago,*®
an impressive body of knowledge has accumulated, and the
field has seen major advances in elucidating immune pro-
cesses at play in maintaining maternal tolerance of fetal
antigens and immune homeostasis, their disturbances, and
resulting inflammation and immune dysregulation. This has
paved the way for such interventions as low-dose aspirin to
improve health outcomes for mother and fetus.®° Sig-
nificant gaps in our understanding, however, persist, and
renewed research efforts are needed. Recent advances in
molecular and other research tools provide powerful means
to bring new insights into these complex processes that could
have predictive value in early identification of pregnancies at
risk for adverse outcomes and open the door to potential
preventive and therapeutic approaches.”’”> Because 12.5%
of the estimated 700 maternal deaths occurring yearly in the
United States are due to infectious causes, and a greater
number of deaths and other adverse maternal and fetal out-
comes are due to noninfectious conditions caused by in-
flammation,”°* gaining such an understanding will be
critical in generating countermeasures and reversing this
increasing mortality trend.
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Conclusion

Aberration of immune responses during pregnancy could
lead to pregnancy complications and congenital abnormali-
ties, as well as an increased propensity for infections. Mul-
tiple developmental programs facilitate and coordinate
immune responses during pregnancy. The molecular com-
ponents yet to be elucidated could uncover (i) novel insights
into the immunological properties of the decidua and inter-
actions between the fetus and pregnant woman, (ii) an im-
proved understanding of the pathogenesis of pregnancy
complications, and (iii) how such interactions determine
maternal and child health.
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