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Abstract Adaptations in maternal systemic immunity are presumed to be responsible for observed alterations in disease

susceptibility and severity as pregnancy progresses. Epidemiological evidence as well as animal studies have shown that

influenza infections are more severe during the second and third trimesters of pregnancy, resulting in greater morbidity and

mortality, although the reason for this is still unclear. Our laboratory has taken advantage of 20 years of experience

studying the murine immune response to respiratory viruses to address questions of altered immunity during pregnancy.

With clinical studies and unique animal model systems, we are working to define the mechanisms responsible for altered

immune responses to influenza infection during pregnancy and what roles hormones such as estrogen or progesterone play

in these alterations.
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Reproductive hormones and immunity

Although the term ‘‘reproductive immunology’’ simply

refers to the interaction between the immune and repro-

ductive systems, it is often used to describe the role of the

immune system in reproduction. This is, admittedly, a very

exciting area of research with many important applications.

Infertility, pre-eclampsia, intrauterine growth restriction

and pre-term labor all appear to have significant immune

components [1, 2].

From the immunologist’s point of view, the interplay

between steroid hormones and the immune system is

intriguing. The systemic expression level of sex hormones

differs according to age, gender and pregnancy status in

women. Most if not all immune cells express receptors for

sex hormones. T cells, B cells, neutrophils, dendritic cells,

monocytes and natural killer (NK) cells all have been

shown to be transcriptionally regulated by estrogen [3–5].

The effect of steroid hormones on immune cells has been a

target of extensive study [6]. Although a number of labo-

ratories have reported on estrogen’s effects at the molec-

ular and cellular level, the role of hormones in a

systemically coordinated immune response has been diffi-

cult to ascertain, let alone in the complex milieu of preg-

nancy. As gestation progresses, estradiol levels in the

maternal serum can rise as much as 500-fold against a

backdrop of many maternal or placental-derived hormones

that also fluctuate in serum. It is clear, though, that the

influence of steroid hormones on immune cells occurs

throughout the body and affects various organ systems,

including the respiratory system during viral infection, and

the nervous system during autoimmune attack. Alterations

observed in some autoimmune disease states during preg-

nancy have been linked to estrogen signaling [7–9].

Relapse rates of multiple sclerosis decline during preg-

nancy and rheumatoid arthritis symptoms remit as preg-

nancy progresses, correlating strongly with estrogen levels
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[10, 11]. Due to the striking remission in autoimmune

symptoms, pregnancy is often described as a time of pure

immunosuppression.

Influenza infection during pregnancy

More evidence for the immunosuppressive hypothesis of

pregnancy is found in the increased disease severity to

some infectious pathogens. Increase risk of severe Varicella

zoster [12], SARS [13, 14], Listeria monocytogenes [15],

Plasmodium falciparum [16] infections have all been

observed during pregnancy. Since the 1918 influenza pan-

demic, it has been apparent that pregnant women suffer

more severe complications from influenza infections than

non-pregnant women (Fig. 1). In 1918, the death rate for

men and women of child-bearing age infected with influenza

climbed to about 1 % [17]. For pregnant women, the rate

was 27 %, and in cases complicated with pneumonia, over

50 % [18]. This pattern is borne out by every major pan-

demic of the last century, including the recent 2009 H1N1

pandemic [19–21]. Furthermore, women in the second and

third trimesters have higher mortality and morbidity rates

than first trimester women. Similar observations have been

made in response to seasonal strains, albeit to a lesser degree

[22].

As is the case for many illnesses that affect pregnant

women, the burden of an influenza infection is twofold,

with both fetal and maternal complications. Maternal

infections have been associated with spontaneous loss and

pre-term delivery [23, 24]. Epidemiological evidence as

well as animal model studies suggest that maternal influ-

enza infection may increase the risk schizophrenia and

autism in offspring [25–28]. These studies suggest that,

although the virus is restricted to the maternal lungs,

inflammatory cytokines such as IL-6 may compromise the

fetus. This is no small problem. There are six million

pregnant women per year in the United States and it is

estimated that *10 % will be infected by influenza [29]. In

pandemic years, the number will increase. Protecting both

the mother and the fetus has enormous public health

importance.

Theories of immune response during pregnancy

Because of the autoimmune alterations and changes in

infectious disease severity that occur during pregnancy,

two theories of immune alteration have become prevalent.

The first is that there is a general immune suppression that

reduces the likelihood of an antigen-specific response

against the semi-allogenic fetus. The origin of the theory

from the great transplant immunologist Peter Medawar,

actually predates the epidemiological data and much of

what we now know about immunology and placental

design. Although exact mechanisms of fetal tolerance are

still being uncovered, it is clear that the uterus/placenta

represents an immune privileged site and that there are

multiple mechanisms for keeping local inflammation and

specific T-cell response under control [30].

The second pervasive theory is that there is an extensive

Th2 bias that occurs and is vital to the success of the

pregnancy. This was first published 20 years ago and is

largely based upon evidence gathered from mouse experi-

mental data and, importantly, at the maternal/fetal inter-

face. Yet researchers have speculated that a shift to Th2

immunity is responsible for the altered responses in the

periphery to respiratory viral infections [31] or autoanti-

gens [32, 33]. Most evidence supporting a Th2 shifts

derives from studies of material/fetal interface rather than

systemic immunity. Although inflammatory events have

been shown to be important at critical times at the begin-

ning and end of gestation, for the most part, the uterine

environment is biased toward Th2 [34]. Arguments for a

Th2 bias in the periphery are much more contentious [35].

Is there a systemic immunosuppression

during pregnancy?

Alterations occur in the systemic immune system during

pregnancy that could explain both the reduction in auto-

immune attacks and the increased severity to influenza

infections. We have found a decrease in the total number of

CD3? T cells in blood. The surge in estrogen and pro-

gesterone at the end of the first trimester results in a

reversible thymic involution during pregnancy, which is

likely responsible for this decrease in both CD4 and CD8 T

cells [36, 37]. However, the T-cell defect is more than just

Fig. 1 Increased morbidity and mortality to influenza in pregnant

women compared to the general population. Statistics were taken

from refs. [18–23]
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a reduction in newly released thymocytes. TSST-stimu-

lated CD45RA? (naı̈ve) T cells isolated from the periphery

during pregnancy show a profound decrease in both Th1

and Th2 cytokines when compared to cells from the same

subjects collected in the post-partum period [38]. There-

fore, in addition to a reduction in T cell numbers in the

blood during pregnancy, the cells have broadly reduced

activity when stimulated without any apparent bias toward

a Th2 phenotype.

NK cells are critically important in early pregnancy.

Uterine NK (uNK) cells mediate trophoblast invasion and

placental redesign early in gestation [39]. Up to 70 % of

the decidual stromal leukocytes are NK cells, and depletion

studies have shown them to be vital to the pregnancy. The

current understanding is that after the placenta is estab-

lished, the role of NK cells is less important, and their

numbers in the decidua decrease [40]. Interestingly, in our

study, NK cells numbers in the periphery begin decrease as

well after 20-week gestation [38].

Peripheral NK cells make up about 10–15 % of the

circulating leukocytes; about 85 % are CD56dim CD16?.

Their primary function in immunity is to respond to

infection by secreting cytokines such as IFNc and poten-

tiating the adaptive response. These cells are also cyto-

toxic, and if stimulated with an activating ligand, will lyse

target cells. After 20 weeks of gestation, these cells

decrease in number in the maternal blood and similar to

what was observed in naı̈ve T cells, also have reduced

activity. Their secretion of cytokines, either in the

unstimulated state or when stimulated with either IL-2

(unpublished data) or a combination of IL-12 and IL-15, is

significantly impaired, impacting their ability to amplify

adaptive immune responses. All NK cell subsets have

activating and inhibitory receptors that bind to soluble

ligands, and although peripheral NK cells perform different

functions than uNK cells, their activity during pregnancy

might reflect the uterine environment.

B cells are also affected by pregnancy. Medina and

Kincade have shown convincingly that estrogen reduces

B-cell lymphopoiesis during pregnancy [41]. Grimaldi

et al. [42] have reported on the effects of estrogen on B-cell

activity. We reported that this reduction is reflected by

week 34 when peripheral CD19? cells are significantly

reduced in the blood. In mouse studies, it has been reported

that in response to influenza infection antibody titers are

lower in pregnant mice [43]. We have confirmed this in our

laboratory (Pazos unpublished data).

These observations may provide a more mechanistic

understanding of autoimmune remission and of increased

pathogenesis of influenza infections during pregnancy. The

decrease in T-cell activity is consistent with the reduced

flares in RA and MS. Even though we have not found a

Th2 bias in cytokine secretion in serum or in T-cell

supernatants, a profound reduction in the release of highly

inflammatory Th1 cytokines occurs during the later stages

of pregnancy. This could conceivably shift the antigen-

specific autoimmune response away from a pathogenic Th1

response. Although the role of NK cells in the immuno-

pathology of RA and MS is still unclear, the alteration in

function of NK cells during pregnancy could be an

intriguing component of the altered phenotype seen in

these diseases during pregnancy [44, 45].

In influenza infection, the epidemiological data suggest

increased severity of infection, but an increase in suscep-

tibility to infection has not been documented. The data

suggest that once an infection is established, the risk of

increased severity of disease is high, especially in the

second and third trimesters.

This fits well with the decrease in adaptive immunity.

CD4 and CD8 cells are important for influenza viral

clearance, and the loss of function, along with the

decreased T cells in the periphery perhaps, could delay

recovery. NK cells have been shown to be important for

influenza virus response, mostly as cytokine secretors and

mediators of adaptive responses and not as cytotoxic cells

[46]. Therefore, the immune responses that are suppressed

are those involved in recovery as opposed to the prevention

of infection.

How do women survive pregnancy?

The evolutionary adaptation to vivipary would not have

been successful if it allowed the mother to be broadly

vulnerable to infectious disease. Along with the decrease in

T-cell and NK cell function and numbers, there is a con-

comitant increase in some aspects of innate immunity. An

increase in phagocytic immune cells, including monocytes,

dendritic cells and neutrophils, is observed in maternal

blood from as early as gestational week 20–week 36. [38]

Increased phagocytic activity, along with increases in

number of circulating PMNs, has been reported, (reviewed

in [47]). a-Defensins, which are polypeptides that can

inhibit microbes in a variety of ways [48], are increased in

the serum throughout pregnancy [38].

Pregnancy might further be a time of high IFN sensi-

tivity. We have found plasmacytoid DCs to be increased in

the periphery throughout our study. We noted increased

transcription of interferon-stimulated genes (ISGs) from

both TSST-stimulated T cells and monocytes during

pregnancy. While we have not found a significant increase

in type 1 IFN in the serum during pregnancy, we have

noted slight elevations up to 20-week gestation (unpub-

lished observations). One does not typically associate

pregnancy as a time of increased protection from viral

infection, but the bolstered immune surveillance associated
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with an increase in phagocytic cells, antimicrobial peptides

and enhanced ISG expression might diminish the proba-

bility of infection. This does not conflict with the epide-

miological data that merely suggest that after certain viral

infections are established, recovery might be hindered.

Taken together, these alterations are summarized in

Fig. 2. Immunity during pregnancy is altered but on the

whole does not leave the mother without defense against

pathogenic microbes. It is possible that pregnant women

survive by an increased emphasis on the prevention of

infection. Increases in monocytes, DCs, neutrophils, serum

defensins may offset the downregulation of T cells and NK

cells and B cells. We have hypothesized that maternal

immunity strives to decrease inflammatory events so as not

to expose the fetus to potentially dangerous inflammatory

signals. However, in exchange for the protection of the

fetus, the mother sacrifices efficient viral clearance, which

could prove tragic if the exposure level is too great to be

contained by the bolstered innate immune system. We have

called this a shift to defensive immunity to represent a bias

of the mother to defend herself and the fetus without the

full activity of responding T and NK cells. Inflammation is

decreased to protect the fetus from any untoward effects of

inflammatory cytokines in the blood.

Serum cytokine alterations during pregnancy

During an influenza infection, cytokines are released into

the blood starting on day 2 post-infection. This has been

reported in human experimental infections as well as in

mouse models. We have reported that these serum cyto-

kines play a large role in the immune responses [49]. But

these cytokines and chemokines are also present in the

serum when there is no active infection. There have been

reports of these cytokines being present at very stable

concentrations for over 2 years [50].

We performed a longitudinal pregnancy study and tracked

modulation of serum cytokines. By analyzing post-partum

samples as non-pregnant controls, we noted remarkable var-

iation in constitutively expressed cytokine levels between

individuals [51]. Despite the variation between women, most

cytokines were remarkably stable between samples collected

at 6 weeks and 6 months post-partum with an ICC value of

over 0.6, many over 0.8. Others have noted similar stability

[50, 52, 53]. The observation that individuals have different

but stable cytokine fingerprints is intriguing. Not only can

these patterns be used as possible biomarkers for disease

susceptibility but they might be able to predict the protein

content of immune cells. For example, NK cells have a well-

described IL-12/IFNc loop where IL-12 binding by NK cells

leads to enhanced secretion of IFNc from stimulated cells. In

our cohort, NK cells from subjects with the highest serum

concentrations of IL-12 showed a statistically significant

increase in IFNc, demonstrating that the IL-12 in serum was

active and influenced the activation status of the circulating

NK cells.

When we sampled serum throughout pregnancy, we

found that several cytokines had dramatically altered

expression levels. For most subjects, VEGF-A levels

decreased significantly, as did IFNc, MCP-1 and Eotaxin.

VEGF is associated with many inflammatory diseases such

as RA and MS, and it is interesting to note its decrease

during pregnancy correlates with the reduction in symp-

toms found in pregnant MS patients. IFNc is also reduced

in serum during pregnancy, as is MCP-1 and Eotaxin.

TNFa and G-CSF rise during pregnancy (Fig. 3). Gener-

ally, the serum alterations reflect our overall view of the

pregnant immune phenotype. IFNc and VEGF, inflamma-

tory cytokines, are reduced, while cytokines that induce

phagocytic cell recruitment or activity (TNFa, G-CSF)

increase. Alterations were consistent but did not follow a

Th1 or Th2 phenotype.

Vaccination responses during pregnancy

In order to protect pregnant women and their newborns,

routine vaccination of all pregnant women throughout

Fig. 2 Model of immune alterations during pregnancy. Strengthening

of immune barrier functions includes increased phagocytosis, PMN

activity, serum defensins and pDCs, while adaptive immunity,

including NK cell cytokine secretion, T-cell activity and possibly

B-cell activity, is weakened
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gestation with trivalent inactivated influenza vaccine (TIV)

has been recommended. Vaccination rates are improving

but suboptimal [54]. Although thorough clinical studies

have been few, maternal vaccination has been thought to be

a safe and effective tool in the effort to protect the mother

and child from severe influenza infections [55, 56].

In light of the alterations in systemic immunity during

pregnancy, we evaluated immunologic responses to inacti-

vated influenza vaccine in a cohort of antepartum and post-

partum women receiving an influenza vaccination as part of

their clinical care. The objective was to estimate the effects of

gestational age and other maternal factors on immunologic

responses to influenza vaccination. We recruited over 230

women over the 4-year study and measured the seroconver-

sion rate of each influenza A strain in the seasonal trivalent

inactivated influenza (TIV) vaccine. In 2009, we adapted our

protocol to include the measurement of the pandemic H1N1

response, which was administered in a separate vaccine. We

identified no statistically significant differences in

seroconversion rates according to trimester of vaccination.

However, we observed somewhat lower rates of seroconver-

sion for women vaccinated in the first trimester and for obese

women. In a multivariable model, higher baseline antibody

levels and prior year flu vaccination were both significantly

associated with reduced odds of seroconversion (Sperling

et al. in press). The downregulation of immunity that occurs

through thymic involution and B-cell lymphopoiesis appar-

ently does not hinder the antibody response to influenza vac-

cine. Whether this would be true for other vaccines that might

rely more on primary responses is not known and should be

explored (Fig. 4).

Murine models of influenza infection during pregnancy

Epidemiological studies of pregnant women exposed to

influenza have proven to be a useful source of information,

but in order to dissect the biological mechanisms at play,

the use of manipulable animal models is necessary. Murine

models of influenza virus infection are well established.

Our laboratory uses an aerosol infection chamber model to

study innate and adaptive immune responses to influenza

virus in mice. Aerosol inoculations result in highly repro-

ducible infections, which replicate clinical descriptions of

human influenza infection more closely than intranasal

inoculations [57, 58].

Using this system, we have made observations that have

shaped our understanding of DC responses to respiratory

viruses [57, 59] and the effects of antiviral immunity on

distal organs [49]. Recently, we extended these observa-

tions to show how type I interferon sensitivity differentially

impacts DC subsets that migrate from the lung to the lymph

nodes after infection [60].

In order to adapt this model to the study of influenza

during pregnancy, mice must demonstrate key clinical

correlates similar to what has been observed in studies of

human reproductive biology. Although biological differ-

ences exist in placentation between mice and human [61],

some early work in mouse models demonstrates that there

is reason to believe that mechanisms impacting immunity

in pregnancy are conserved. It has been demonstrated that

infection during pregnancy impacts litter size and health

[62]. Pregnant mice experience increased mortality that

correlates with late-term pregnancy [63], analogous to

observations in the final trimester of human pregnancy.

These observations have recently been confirmed using the

2009 pandemic H1N1 Influenza A strain [43]. Pregnant

mice have altered or delayed cytokine production similar to

observations in pregnant women [43]. Even though these

models have been used for at least 50 years, the mechanism

of increased morbidity and mortality in pregnant mice

remains unclear.

Fig. 3 Cytokine alterations during pregnancy. Cytokines were mea-

sured by multiplex ELISA three times during pregnancy and

compared to 6th month post-partum. Data were first published in

ref. [50]

Fig. 4 Experimental schema. Non-pregnant mice are implanted with

hormone or placebo pellet. Five days later, mice are infected with

influenza X31 or mock infected. (Top) Pregnant mice are infected

with X31 on E10 (Bottom). Starting at three days post-infection, mice

are analyzed for cytokine and chemokine production and cell

migration

258 Immunology Institute at the Mount Sinai School of Medicine (2012) 54:254–261

123



To help answer this question, we adapted our aerosol-

based model to study influenza virus infection during

pregnancy. Because gestation in mice is short, very strict

timing must be used to reproduce infection during late-term

pregnancy. Animals are infected at E10 and analyzed

throughout infection to the end of term.

Animal models also afford additional flexibility to

thoroughly investigate the various contributors to altered

immune responses during pregnancy. Hormone and hor-

mone inhibitor treatments in animal models have success-

fully been used to describe the role estrogens play in

modulating Multiple Sclerosis [9, 64], a phenomenon

originally observed in pregnant women with the disease.

We established a second parallel model in non-pregnant

mice implanted with hormone pellets. The biodegradable

pellets are implanted under the skin and release a steady

stream of sex hormone for 21 days. While pregnancy is a

complicated process with regularly fluctuating hormone

levels, using this model, we are able to control a single

variable and contrast these observations with analogous

results in the pregnancy model. Using these two models,

we found that high expression of estrogen appears to play a

significant role during influenza infection. It appears to

have protective effects by suppressing inflammatory

responses [65], and weight loss is reduced in the estrogen-

pelleted mice compared to placebo. However, estrogen also

reduces CD8 T-cell cytotoxic activity both directly and as a

result of less efficient APC activation. Since CD8 T cells

function to kill virus-infected cells, this is likely to be

responsible for the delayed viral clearance found during

pregnancy. NK cell responses are also reduced during

influenza infection, which likely contributes to the delay of

adaptive immunity (Pazos et al. manuscript under review).

The potential for pregnancy models in mice is very

exciting when considering the tools available for continued

study. Transgenic mice knocked out for components of

hormone signaling pathways or immune responses are

available. ERbKO mice have been studied in MS models

[66], yielding detailed mechanisms that provide opportu-

nity for targeted therapeutics. Depletion studies have

demonstrated the critical role for regulatory T cells in

pregnancy [67]. Additionally, syngeneic and allogeneic

matings can be used to investigate the regulation of anti-

gen-specific responses during pregnancy [68, 69]. There is

no shortage of tools in the mouse to be leveraged that can

identify critical mechanisms of immune modulation during

pregnancy.

Future directions

As we learn more about the immune alterations occurring

during pregnancy, it becomes clear that pregnancy

represents more than a systemic immune suppression.

There does exist strong evidence that adaptive immune

responses are weakened during pregnancy, potentially

explaining reduced viral clearance, and alleviated symp-

toms in some autoimmune diseases. While a strong innate

immune response seems at odds with late-term pregnancy,

our data suggest that boosted defensive immune mecha-

nisms such as increased numbers of phagocytes and ele-

vated defensin levels may represent a compensatory

immune mechanism to protect the pregnant mother and

child. This may imply reduced susceptibility to initial

infection and represents an interesting avenue for future

research.

Mechanisms of estrogen and progesterone modulation

on individual immune components have been extensively

studied in vitro, but it is still unclear how these pieces

integrate in a live host. A detailed understanding of the

mechanisms and contributions of individual steroid hor-

mones to the modulation observed during pregnancy would

be of overwhelming clinical value. Animals models pro-

vide the controlled experimental conditions and detailed

sample collection that is impossible in epidemiological

studies.

A full understanding of the contribution of steroid hor-

mones to immunity may yield novel targeted therapeutic

options for pregnant women and their children that may be

suffering from significant pregnancy-associated morbidi-

ties. It may also yield novel therapeutic avenues of immune

modulation for the treatment for various diseases in non-

pregnant individuals. At the intersection of reproductive

endocrinology and immunology, there exist a series of

testable hypotheses regarding the manipulation of human

immunity that may provide significant clinical value.
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