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Abstract

Pregnancy requires physiologic adaptations in all maternal systems, including the immune system. This process is complex and include
modifications at different levels and compartments of the maternal immune system. Although many of these changes are only partially
explored and understood, recent investigations have showed that during pregnancy maternal circulating immune cells undergo modificatior
in cell counts, phenotypes, functions and ability to produce soluble factors, such as cytokines. The ultimate goal is to establish and maintain
successful pregnancy, which involves a state of selective immune tolerance, immunosuppression and immunomodulation in the presence
a strong anti-microbial immunity. The mammalian immune system has evolved to coexist with these needs by down-regulating potentially
dangerous T-cell-mediated immune responses, while activating certain components of the innate immune system, such as monocytes a
neutrophils. This unique dysregulation between different components of the immune system plays a central role in the maternal adaptatio
to pregnancy.
© 2003 Elsevier Science Ltd. All rights reserved.
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1. Pregnancy as an immunologic par adox demonstrated in the pregnant rod¢nt9]. In these mod-
els, fetal-specific maternal T-cells are in a state of func-

The concept that pregnancy is an immunosuppressivetional unresponsiveness or are tolerized by deletional or
state permitting the fetal allograft to implant and grow non-deletional processgs-9]. In humans, lack of maternal
has held center stage for years. In fact, the placenta isimmune reactivity to the fetus is thought to be a consequence
not a cell-impermeable barrier preventing exposure of fe- of a decrease of cytotoxic (CD$ T-cells during pregnancy
tal alloantigens to maternal T-cells, as was suggested by[10]. To date, the mechanisms by which peripheral toler-
Medawar[1]; rather, maternal and fetal cells are reciprocally ance to fetal antigens is achieved and maintained in humans
transported across the placenta during gestation. Indeedare poorly understood. The current view contemplates that
whole cells of fetal originj2—4] and fetal DNA[5] have several adaptations may occur in parallel in different com-
immediate access to maternal venous blood, where they carpartments of the maternal immune systefig( 1).
persist long after deliverf8,5]. These findings indicate that
one area of potential maternal-fetal immunological inter-
action is represented by the maternal peripheral circulation 2. Effect of pregnancy on the numbers of the different
and that mechanisms that block immune responsivenesssubsets of circulating leukocytes
against fetal alloantigens must take place.

It has been shown that approximately 30% of women de-  Several studies have focused on the changes in the total
velop IgG antibodies against the inherited paternal human number and percentage distribution of the different subsets
leukocyte antigen (HLA) of the fetus along with the pres- of maternal peripheral blood leukocytes, often with contra-
ence of cytotoxic T lymphocytes specific for these HLA dicting results. For example, within the literature, there are
antigens[6]. The role of these antibodies is not clear and reports that pregnancy is associated with a decrgkle
there is no evidence of attack to the fetus during gestation. no changg12] or increasg13] in CD8" T-cells. Discrep-
Maternal T-cell awareness to fetal alloantigens has also beerancies also exist for the CD4(helper) T-cell subset, as

there is evidence of no chanffe3,14] or decreasgl0] dur-
* Tel.: +1-412-692-5298: fax:+1-412-692-5809. ing pregnancy. We have found that pregnancy is associated
E-mail address: luppip+@pitt.edu (P. Luppi). with a significant decrease in the frequency of CD#cells
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ulations during pregnancy. Frequency and counts of B-cells
also appear to be undeviated during pregngiéy13,15]

I\G/[:anno:fof;es T and B cells Absolute numbers of natural killer (NK) cells increases in

Mast cells early pregnancy and decreases in late pregngi@ 3]

NK cells One of the most substantial immunologic deviations oc-
. curring in pregnancy is an increase in the proportion and

Complement Ankitiody absolute numbers of granulocytid$]. By following preg-

3:;:;:511& nant women longitudinally during gestation, we found that

this increase was evident as early as 3 weeks of gesta-
tion, reaching significance at 13—28 weeks as compared to
non-pregnant womefi6] (Fig. 2). After this stage, the pro-

Fig. 1. The two arms of the immune system. The body is composed by Portion of granulocytes remained significantly higher com-
two immune systems: the innate and the adaptive immune system, eachpared to non-pregnant women. The percentage of monocytes
of them including a cellular and a humoral component. The innate im- did not show any significant changes throughout pregnancy

mune system represents the more primitive arm of the immune system and was similar to non-pregnant controls (m 2)
and is designed to mount an immediate, antigen-non-specific, response ’

after exposure to an invading microorganism. Innate defense mechanisms

are mostly represented by phagocytosis and killing of the microorgan-

ism. Recognition of an antigen by the innate immune system is mediated 3. Effect of pregnancy on the phenotype of
by pattern-recognition receptors, which recognize highly conserved struc- Circulating immune cdlls

tures present in many different microorganisms. The innate immune sys-

tem involves phagocytic cells (neutrophils and monocytes/macrophages), .
mast-cells, natural killer cells and humoral proteins, such as complement Our Iaboratory[16], together with Sacks et Eill?]* has

and acute phase proteins. The adaptive immune response, instead, referl§ShOWN that normal pregnancy is characterized by a general-
to antigen-specific defense mechanisms that take several days to becomézed activation of circulating granulocytes and monocytes.
protective as they are designed to remove a specific antigen. It involves aThis result was demonstrated by the presence of modifica-

Innate Adaptive

Immediate response Slow but highly specific response

specific process of antigen recognition mediated by high affinity receptors
localized on T and B-cells leading to clonal expansion of cells with high
affinity, very specific antigen-receptors and antibodies. The effect of preg-

tions in surface expression of adhesion molecules (increase
in CD11a, CD11b, CD54 and decrease in CD62L), which

nancy is on both the innate and the adaptive maternal immune systems.@re molecules playing an important role in mediating leuko-

and with an increase in CO8T-cells, the latter especially
during labor[15]. Overall, there is no uniformity between

cyte responses to inflammatory stimuli and cell-cell or
cell-matrix interactions. The most marked modifications in
terms of number and degree occurred in monocytes. These
latter cells also showed an increased expression of the high

these studies to show that there is a consistent deviation inaffinity receptor for the Fc portion of the immunoglobulin G

the number or percentage of T-cells and/or T-cell subpop-

(FcyR-1, CD64), which mediates phagocytosis, intracellular
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Fig. 2. Percentage distribution of circulating leukocytes throughout pregnancy. Shown is the proportion of lympHf@gytgsariulocytes l), and
monocytes A) in peripheral blood of women in the non-pregnant state, at 1-12, 13-28 and 29-36 weeks of gestation as determined by flow cytometry.
Data are expressed as mean percentagE.M. in the different groups. The percentage distribution of the different subsets of leukocytes was calculated
by setting gates around the different circulating elements based on their side-light-scatter (SSC) and forward-light-scatter (FSC) icsaesctstribed

[16]. Statistically significant differences for each leukocyte population between non-pregnant and pregnant women are marke#. with an
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Fig. 3. Increased expression of CD1la (A), CD64 (B), and CD54 antigens (C) on monocytes during pregnancy. The results show changes in mear
fluorescence for CD11a (A), CD64 (B), and CD54 antigen (C) on monocytes in the non-pregnant state, at 1-12, 13-28 and 29-36 weeks of gestation. Th
analysis of the expression of the different surface markers on monocytes {CB&4 performed by setting specific gates for the monocyte population
based on dot-plot graphs of SSC vs. CD1dells, a monocyte specific marker, as descrifieg]. Data are expressed as geometric mean fluorescence
values+ S.E.M. for each marker in the different groups of women. Statistically significant differences for each surface marker between non-pregnant
and pregnant women are marked with #n
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killing of microorganisms, and display accessory and im- ity and production of cytokineR7]. Normal pregnancy has
munoregulatory activities to T-cellgl6]. Data on preg- long been described as a state characterized by the presence
nant women followed longitudinally at different time-points of a type 2 immune response bias, with preferential pro-
during gestation showed a progressive increase in mono-duction of IL-4, IL-5 and IL-10, cytokines that strengthen
cyte activation as pregnancy progressed, as evidenced byhumoral immunity. Type 1 cytokines, such as IRNtu-
significant up-regulation of the CD11la, CD54 and CD64 mor necrosis factor (TNR}and IL-2 are, on the contrary,
antigens, reaching the highest level of expression at 29-36down-regulated. This shift from a type 1 to a type 2 reactiv-
weeks of gestation (16){g. 3). A further increase of ad- ity would lead to suppression of cell-mediated immune re-
hesion molecule expression was observed during labour atsponses that are potentially detrimental to the f§2#s28].
term (Luppi et al., unpublished data). Additional evidence of And, in fact, several groups have shown that in both rodent
monocyte activation during pregnancy is the progressive in- models and humans, disruption of the cytokine balance, at
crease in plasma concentration of one cytokine of the BGF- least at the maternal-fetal interface, can lead to activated
family, called macrophage inhibitory cytokine-1 (MIC-1) leukocyted28,29]and causes pregnancy faily&9]. While
[18] and of neopterin, a product of the guanosine pathway there is little doubt that there can be down-regulation, dele-
in monocyteg19]. These molecules are considered mark- tion or anergy of T-cells in the pregnant rod¢Rit9], new
ers of monocyte activation. Moreover, there also appears todata shed doubt on the type 1l/type 2 immune response
be activation of the transcription factor NéB at the level paradigm by demonstrating how IFN-but not IL-4 and
of DNA binding (Luppi, unpublished data). Conversely, T 1L-10 is crucial for a successful pregnancy. In fact, breed-
lymphocytes do not show any significant evidence of mod- ing experiments with IL-4 and IL-10 double-deficient mice
ification in the expression of surface antigens throughout have indicated that neither maternal nor feto-placental de-
pregnancy{16]. ficiency of these cytokines is crucial for fetal or neonatal
survival [31]. IFN-y, instead, appears to be essential to ini-
tiate the pregnancy-induced remodeling of decidual arteries

4, Effect of pregnancy on the functions of permitting vessel wall thinning and lumen incred8e].

circulating leukocytes Moreover, IFNy is a critical factor in conferring protection
against placental malaria, a condition characterized by ac-

4.1. T- and B-cell functions cumulation of malarial parasites in the intervillous spaces of

the placenta and leading to intrauterine growth retardation

The majority of studies on immune cell function during and low birth weight in the infanit33,34].
pregnancy have focused on T lymphocytes, and have demon- Overall, these data suggest that modulation of maternal
strated an impairment of proliferation and of IL-2 and IFN-  T-cell responsiveness is a complex phenomenon and numer-
secretion after in vitro stimulation with either concanavalin ous adaptations could operate in parallel to generate and
A (ConA), phytoemoagglutinin (PHA) or foreign antigens as maintain a state of immunosuppression. Recently, the pres-
compared to the non-pregnant stidté,20,21] When T-cells ence of immunosuppressive factors in the serum of pregnant
are stimulated with phorbol-myristate-acetate (PMA), which women has been demonstrat@f),25] One of these fac-
directly activates protein kinase C, a significant decrease intors is represented by the pregnancy-specific glycoprotein-1a
the potential of synthesizing IL-6 was also detecf2f]. (PSG1la), which is synthesized in large amounts by placental
Suppression of T-cell activity during pregnancy has been trophoblasts and is able to function as an important T-cell
suggested to be at the basis of the increased susceptibilimodulator agent at the systemic lej&b]. Another fac-
ity to viral infections[21,22] and to specific intracellular  tor with immunosuppressive properties is prostaglandin E
pathogens, such as Listeria, that also survive phagocytosifPGE,). PGE is a potent suppressor of both monocyte anti-
by monocyteg23]. Further evidence supporting T-cell sup- gen presenting function and T-cell expression of IL-2.
pression during pregnancy is the remission of rheumatoid
arthritis and multiple sclerosis, two T-cell-mediated autoim- 4.2, Monocytes, granulocytes and other components
mune disorders, in the majority of pregnant women who of the innate immune system
have arthritis or suffer from multiple sclerogi®t,25] Con-
versely, B-cell function and antibody production to vaccina-  Granulocytes and monocytes play a fundamental role in
tions are normal during pregnan{3?]. This suggests that the host's response to infection through the phagocytosis
the maternal immune system, when activated, is more likely and the killing of microorganisms. When activated, these
to respond with antibody and less likely to respond with ac- cells produce a series of products derived from the reduction
tivated T-cells. This increased B-cell activity is thought to of molecular oxygen. These products are known collectively
be responsible for the greater incidence of flare-ups of sys-as reactive oxygen species (ROS), and are required for mi-
temic lupus erythematosus during pregnafisj. crobicidal purposes. While there is general agreement on

A number of factors have been proposed to explain the the increased ROS production and enhanced phagocytosis
effects of pregnancy on T- and B-cell functions. Hormones, by monocytes[17], published data on pregnancy granu-
such as estrogen and progesteron, modulate T-cell reactiviocytes remain conflicting. Sacks et al. reported enhanced



3356 P. Luppi / Vaccine 21 (2003) 3352-3357

phagocytosis as compared to non-pregnant worigt. -
However, two other groups, working independently, reported S hd

. . o inflammatory
depressed granulocyte function, with reduced killing of response
bacteria and chemotaxi86,37], as well as decreased respi-
ratory burst activity and intracellular3®, production when Monocytes
challenged[38,39] Further studies are required to clarify  Granuloeytes

this controversy. We found that in late gestation granulo-
cytes have a greater ability to synthesize the cytokine IL-8
as compared to non-pregnant wonj&@]. Granulocytes are
not only producers, but also the primary targets for IL-8, re- Innate Adaptive
sponding to this mediator by chemotaxis, release of granule arm arm
e_nzymes, resplrator_y burst activity, up-regulation Of_adhe- Fig. 4. Pregnancy is associated with a generalized inflammatory response.
sion molecules and increased adherence to endothelial cellsy,"pregnancy, the innate immune system is activated, and the adaptive
Monocytes from pregnant women also show a greater immune system is suppressed. Monocytes and granulocytes appear to be
ability to produce the pro-inflammatory cytokines IL-12 and the cells most profoundly affected during gestation as shown by several
L-15 25 compared to the nonpregnent S This n- X Bampes e, Sy Ton i s
crease was S|gn|f|cgnt from 13 W_EEkS of gestation OIW\Iard'the innate and the adaptive arms of the immune sygtem is thought to be
However, the potential to synthesize TFwas decreased,  crycial for the maintenance of a successful pregnaaoy.
suggesting tight regulation in the production of inflammatory
cytokines. Hormones, such as progesterone and estradiomunomodulatory capability, appear to be key elements in
may modulate cytokine synthesis during pregnancy. Thesematernal homeostasis during pregnancy. These cells, besides
findings suggest concordance of monocyte phenotype withtheir role in host's defense, can participate in the mainte-
production of pro-inflammatory cytoking$6]. nance of peripheral tolerance to fetal alloantigens by dis-
Not all components of the innate immune system are ac- playing tolerogenic signals to T-cells. This can be achieved
tivated in the maternal circulation. For example, cytotoxic through modifications in surface expression of antigens and
activity and IFN+ production by NK cells are suppressed co-stimulatory molecules, secretion of soluble factors with
[40]. However, these cells represent the major leukocyte pop-immunosuppressive activifg1] and cytokines, or metabolic
ulation (~90%) at the maternal—fetal interface in the decid- effects (i.e. degradation of tryptophan by enhanced activity
uas[2]. Because these cells provide protection from viruses of the indoleamine dioxygenase enzyn3,43]
and perhaps from bacteria and parasites as well, their pres-
ence at the fetal-maternal interface may prevent pathogens
from going to the fetus. In addition, they may promote fetal
growth by secretion of cytokines. _ , , _
Another component of the innate immune system that 1] Medawar PB. Some immunological and endocrinological problems
e . . . raised by the evolution of viviparity in verterbrates. Symp Soc Exp
shows modifications during pregnancy is the complement Biol 1953:7:320~38.
system. This system is a protein cascade that circulates in [2] sargent IL. Maternal and fetal immune responses during pregnancy.
the bloodstream and culminates in the synthesis of power-  Exp Clin Inmunogenet 1993;10:85-102.
ful lytic complexes for the destruction of infectious agents. [3] E’/:Zlf;c?;t;’lwymzﬁﬁ‘i’;’gr'fcgﬁ V;’fs"lsffn nsqi't‘ée;:fblsdog‘?xa;?mA- <
Beginning at 1;]' weeks of gestation, maternal Sen.]m com- 27 years pcp)stp?artum. ProcpNatI Acad Sci USA 1996;93:705—8.g
plement elevations occur that enhance chemotaxis and Ig [4] Bonney EA, Matzinger P. The maternal immune system’s interaction

opsonization to improve maternal defense against bacterial  with circulating fetal cells. J Immunol 1997;158:40-7.

in\/asion[40]_ [5] Invernizzi P, Biondi L, Battezzati M, et al. Presence of fetal DNA in
maternal plasma decades after pregnancy. Hum Genet 2002;110:587—-
91.

[6] van Kampen CA, Versteeg-vd Voort Maarschalk MF, Langerak-
Langerak J, Roelen DL, Claas FH. Kinetics of the pregnancy-induced
humoral and cellular immune response against the paternal HLA
During a normal pregnancy, modifications occur in vir- class‘I antigens_ of the child. Hum Immunol ‘2002;63(6):452—8.

tually every facet of the immune response. Enhancement [7] Tafuri A, Alferink J, Moller P, Hammerling GJ, Arnold B.

. —— . . T-cell awareness of paternal alloantigens during pregnancy. Science
occurs in the numbers and activation state of circulating 1995:270-630-3 P g g pregnancy.

granulogytes _and mono_cytes, leading to more agg_ressive at- (8] zhou M, Mellor AL. Expanded cohorts of maternal CD&l-cells
tack on invading bacteria. T-cell and NK cell functions de- specific for paternal MHC class | accumulate during pregnancy. Am
pression and reduced secretion of type 1 cytokines protect J Reprod Immunol 1998;40:47-62. _ _

the fetus from destruction by maternal immune responses. [9] Jiang SP, Vacchio MS. Multiple mechanisms of peripheral T-cell

h | | h tolerance to the fetal allograft. J Immunol 1998;160:3086—90.
Thus, a general balance between enhancement and SUPPT€$g] watanabe M, Iwatani Y, Kaneda T, et al. Changes in T, B, and
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T cells
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