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The Journal of Immunology

Pregnancy Suppresses Experimental Autoimmune
Encephalomyelitis through Immunoregulatory Cytokine
Production’

Melanie A. McClain, NaTosha N. Gatson, Nicole D. Powell, Tracey L. Papenfuss,
Ingrid E. Gienapp, Fei Song, Todd M. Shawler, Aaron Kithcart, and Caroline C. Whitacre?

Women with multiple sclerosis (MS) often experience a decrease in relapse rate during pregnancy, most notably during the third
trimester, with a flare of disease activity 3—6 mo postpartum. Studies in experimental autoimmune encephalomyelitis (EAE), an
animal model for MS, have shown that pregnancy delays the onset and decreases the incidence of disease. We investigated the effect
of pregnancy and the postpartum period in a remitting-relapsing model of murine EAE. When immunization occurs during
pregnancy, mice show a reduction in the incidence of EAE as well as a decrease in clinical severity, while mice immunized during
the postpartum period exhibit more severe disease. No differences in lymphocyte proliferation or expression of activation markers
were noted when immunization occurred during pregnancy as compared with the nonpregnant controls. Mice immunized during
pregnancy produced less TNF-« and IL-17, and showed an increased number of IL-10-secreting cells within the CD11b™*, CD11¢™,
CD19%, and CD4*/CD25" populations. No differences were noted in the production of IFN-v, IL-2, IL-4, and IL-5. These results
suggest that when an Ag is introduced during pregnancy, an immunoregulatory rather than an immunosuppressive or Th2

environment predominates. The Journal of Immunology, 2007, 179: 8146-8152.

ultiple sclerosis (MS)? is a chronic demyelinating dis-
ease of the CNS thought to involve an autoimmune
response directed against myelin Ags (1). MS typi-
cally presents during the reproductive years and shows a female
preponderance (3:1). The disease course has been observed to dif-
fer between men and women, with males typically showing a pri-
mary progressive course and females displaying a relapsing/remit-
ting form. These sex differences have been attributed to many
factors, the most prominent of which are sex hormones (2).
During pregnancy, women usually experience a decrease in MS
clinical disease activity (3—7). Confavreux et al. (8) observed that
the rate of MS relapse declines over the course of pregnancy, with
the fewest number of relapses occurring during the third trimester.
Following parturition, however, the rate of relapse increases
sharply before returning to prepregnancy levels 3—6 mo postpar-
tum. Because both disease amelioration and exacerbation occur
within a relatively short time frame, investigators have been par-
ticularly interested in the physiological and immunological
changes that occur between late pregnancy and the postpartum
period.

Department of Molecular Virology, Immunology and Medical Genetics, The Ohio
State University, Columbus, OH 43210

Received for publication October 4, 2006. Accepted for publication August 28, 2007.

The costs of publication of this article were defrayed in part by the payment of page
charges. This article must therefore be hereby marked advertisement in accordance
with 18 U.S.C. Section 1734 solely to indicate this fact.

! These studies were supported by grants from the National Institutes of Health
(AI43376 and T32 Al 55411).

2 Address correspondence and reprint requests to Dr. Caroline C. Whitacre, Depart-
ment of Molecular Virology, Immunology and Medical Genetics, College of Medi-
cine, The Ohio State University, 260 Meiling Hall, 370 W. 9th Avenue, Columbus,
OH 43210-1239. E-mail address: whitacre.3@osu.edu

3 Abbreviations used in this paper: MS, multiple sclerosis; EAE, experimental auto-
immune encephalomyelitis; PLP, proteolipid protein; pc, post conception; MOG, my-
elin oligodendrocyte glycoprotein.

Copyright © 2007 by The American Association of Immunologists, Inc. 0022-1767/07/$2.00

www.jimmunol.org

Experimental autoimmune encephalomyelitis (EAE), an animal
model of MS, is induced by neuroantigen injection and is mediated
by CD4" proinflammatory cells. In acute models of EAE using
rats, rabbits, and guinea pigs, pregnancy reduces the incidence of
disease and delays the day of onset (9-11). Pregnancy was ob-
served to reduce the incidence of relapsing/remitting EAE in the
SJL mouse (12). This protection was not associated with a de-
crease in CNS histopathological changes nor any change in cyto-
kine secretion relative to nonpregnant EAE controls, but rather the
presence of an immunosuppressive serum factor (12). Little is
known about the precise mechanism(s) by which pregnancy (and
its associated factors) suppress clinical disease. A particularly in-
triguing question which has not been explored is the cause for the
increase in disease activity during the postpartum period in EAE.

The purpose of this study was to examine the effect of different
gestational stages on EAE and to explore the immunological
mechanisms operative at each stage. Our investigations focused on
pregnancy (late stage) as well as the postpartum period, to deter-
mine why disease activity decreases most dramatically during the
third trimester and increases abruptly following parturition. We
also examined a number of immunological parameters to ascertain
whether disease suppression during pregnancy is due to general-
ized immune suppression, a Th2 bias, or the production of immu-
noregulatory cytokines. We found that each gestational stage re-
sults in a unique immunomodulatory environment that has specific
influences on EAE.

Materials and Methods
Mice

Age-matched timed pregnant and non-pregnant female SJL/J and C57BL/6
mice were purchased from The Jackson Laboratory. The mid-pregnancy
gestational stage mice were obtained on days 9—11 post conception (pc),
allowed to acclimate for 2 days, and then immunized on days 11-13 pc.
Late-pregnancy mice were obtained on days 13—15 pc, allowed to accli-
mate for 2-3 days, and then immunized on days 15-18 pc. Postpartum
mice were obtained before parturition on days 13-15 pc, allowed to accli-
mate and give birth followed by immunization on 22-25 days pc. Mice
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were used at 6—10 wk of age. Mice were maintained on a 12-h light/dark
cycle and given food and water ad libitum.

Ags

Peptides were purchased from Sigma-Genosys and Princeton Biomolecules
and were purified by HPLC. Peptides used in this study were: PLP 139—
151 (HCLGKWLGHPDKEF), PLP 178-191 (NTWTTCQSIAFPSK), PLP
258-273 (IAATVNFAVLKMGRG), MOG 35-55 (MEVGWYRSPFSRV-
VHLYRNGK), MBP 87-99 (VHFFKNIVTPRTP), and MBP 84-104
(VHFFKNIVTPRTPPPSQGKGR). All peptides had a purity >90%.

EAE immunization

SJL mice were immunized subcutaneously over four sites on the flank with
0.2 ml of an emulsion containing 150 ug of PLP 139151 in PBS mixed
with an equal volume of CFA containing 200 ug of heat-killed Mycobac-
terium tuberculosis, Jamaica strain. C57BL/6 mice received 200 ug of
MOG 35-55 in PBS together with CFA, given in two separate immuniza-
tions at the base of the tail, 7 days apart. No pertussis toxin was used in
either immunization scheme because of the risk of spontaneous abortion.
Mice were monitored daily for clinical signs of disease and were scored as
follows: 0, no signs; 1, limp tail or mild ataxia; 2, complete ataxia; 3,
paralysis of one hindlimb; 4, complete hindlimb paralysis, 5, moribund or
death.

Histopathology

Spinal cords and brains were removed from mice in all groups (control,
pregnant and postpartum) at varying times after immunization, including
day 15 for all groups, day 25 for control and pregnant mice, and day 35 for
control and postpartum mice. Tissues were fixed in 10% phosphate-buff-
ered formalin and then dissected and embedded in paraffin. Sections were
then processed for H&E staining. Sections were scored as follows: 0, ab-
sence of infiltrates; 1, small rare perivascular lesions; 2, small numerous
perivascular lesions; 3, numerous perivascular lesions and parenchymal
infiltration; and 4, severe confluent lesions.

Proliferation analysis

Peripheral lymph nodes (inguinal, axillary, brachial, cervical, popliteal, and
periaortic) and spleens were removed from mice on days 15, 25, and 35
post immunization. Single cell suspensions were prepared and suspended
in RPMI 1640 containing 10% FBS, 25 mM HEPES, 2 mM L-glutamine,
50 U/ml penicillin, 50 pg/ml streptomycin, and 5 X 107> M 2-ME in
round-bottom 96-well plates (4 X 10° cells/well). Cells were cultured with
medium alone or with PLP 139-151 (30 pug/ml), PLP 178191 (15 ug/ml),
PLP 258-273 (15 pg/ml), MBP 87-99 (15 pg/ml), MBP 84-104 (15
pg/ml), or anti-CD3 (2 pg/ml). Cultures were incubated for 72 h at 37°C
and 7% CO,, including an 18 h pulse with [*H]thymidine (1 uCi per well).
Cultures were harvested onto glass-fiber filter mats using a Skatron har-
vester and were counted by liquid scintillation on a Wallac betaplate (LKB,
Wallac). Results are expressed as cpm = SEM.

ELISPOT analysis for cytokine-producing cells

Frequencies of cytokine-secreting cells were determined for IL-10 (R&D
Systems). In brief, microtiter plates with nitrocellulose bottoms (Millipore
Corporation) were coated overnight at 4°C with capture Ab. After washing,
plates were blocked with 1% BSA (Sigma-Aldrich) for 2 h at room tem-
perature. Spleen cells were resuspended in HL-1 medium and then cultured
in triplicate with medium alone or with the following stimulants (15-30
mg/ml): PLP 139-151, PLP 178191, PLP 258-273, MBP 87-99, MBP
84104, or anti-CD3 (2 pg/ml). Cultures were maintained at 37°C for 72 h.
Plates were washed and cytokine-specific biotinylated Abs were added.
After overnight incubation, streptavidin-alkaline phosphatase was added to

Table I. Pregnancy suppresses EAE and prevents disease relapse
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the plates for 2 h. After a final wash, plates were developed with BCIP/
NBT chromogen. Image analysis of ELISPOT plates was performed using
the KS ELISPOT system (Zeiss). Data are expressed as the mean number
of cytokine-producing cells per million = SEM for all animals in a group.

Cytometric bead array (CBA)

IFN-y TNF-«, IL-2, IL-4, and IL-5 were detected using the mouse Thl/
Th2 cytokine CBA detection system (BD Biosciences) according to man-
ufacturer’s instructions. Standard curves were generated for each cytokine
and the concentration of cytokine in the cell supernatant was determined by
interpolation from the appropriate standard curve. All samples were ana-
lyzed by flow cytometry (FACSCalibur; BD Biosciences).

IL-17 ELISA

SJL/J mice were immunized for EAE during late pregnancy and observed
for 27 days post immunization. Age matched nonpregnant SJL/J mice were
included as EAE immunized controls. Splenocytes were cultured (4 X
10°cells/well) with PLP (30 ug/ml), anti-CD3 (2 wg/ml) or medium alone
and supernatants were collected after 72 h for ELISA. DuoSet ELISA kits
(R&D Systems) were used to determine the levels of IL-17 cytokine pro-
duction. The OD was determined using SpectraMax Plus384 high through-
put microplate spectrophotometer and analyzed using SoftMax Pro soft-
ware (Molecular Devices).

Intracellular cytokine staining

Spleens were removed from pregnant and nonpregnant control mice on
day15 post immunization. Single cell suspensions were prepared and sus-
pended in complete RPMI 1640 medium containing 10% FBS in round-
bottom 6-well plates (20 X 10° cells/well). Cells were cultured with
PLP139-151 (30 wg/ml) for 48 h, including exposure to the Golgi inhib-
itor, monensin, for the last five hours. Intracellular cytokine staining for
IL-10 was performed following manufacturer’s instructions (EBioscience)
and analyzed using flow cytometry.

Flow cytometric analysis

Single cell suspensions derived from lymph nodes and spleens were stained
for CD4, CD8, CD11b and CD1 Ic using FITC-conjugated mAb and CD25,
CD28, CD44, CD62L, CD69, CD80, CD86, PD-1, PD-L1, PD-L2, ICOS,
ICOS-L with PE-conjugated mAb. Isotype control mAbs (Pharmingen)
were matched for fluorochrome and used for cursor placement. Lympho-
cytes were gated based on forward vs side scatter and a total of 10,000
events were analyzed by three color flow cytometry (FACSCalibur).

Statistical Analysis

A two-tailed Student’s 7 test was used to determine statistical differences
when comparing two groups with parametric data as in the ELISA, EliS-
POT and proliferation assays. A one-way ANOVA was used for the per-
cent expression assays. x> analysis was used for determining differences in
disease incidence.

Results

Pregnancy prevents the development of EAE while disease
induction during the postpartum period increases relapse
severity

To determine the effect of pregnancy on the induction of EAE, we
immunized SJL mice with PLP peptide during late pregnancy
(15-18 days pc), with nonpregnant female mice serving as con-
trols. When EAE was induced during pregnancy, few mice devel-
oped clinical signs of EAE (Table I). Specifically, 89% of the

Day of Onset CcDI* Max Score”
Incidence +SEM +SEM +SEM Relapse®
Control 89%(63/71) 16.1 £ 1.8 220*52 25+02 38%
Late pregnancy 13% (3/24)" 285+ 05" 6.0+ 1.0 2.0 £0.0 0%

¢ Cumulative Disease Index (mean sum of clinical scores over the entire observation period).

» Mean maximum score obtained for the group over the entire observation period.

“ The percentage of mice exhibiting a relapse (=1 increase in clinical score for =2 days) after the initial bout of disease.

*p < 0.05 when compared with control; student’s ¢ test.
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immunized nonpregnant mice showed clinical signs of disease,
while only 13% of the mice immunized during late pregnancy
developed EAE. Of the few mice that did develop EAE, the day of
disease onset was markedly delayed (Fig. 1). Interestingly, no re-
lapses were observed when mice were immunized during late
pregnancy (Table I and Fig. 1). We also examined the effect of
EAE induced during mid-pregnancy (11-13 days pc) and found
that there was some reduction in disease incidence and severity
(data not shown). However, EAE induced during mid-pregnancy
resulted in a large number of resorptions or aborted pregnancies.
To explore the effect of EAE induction during the postpartum pe-
riod, we immunized mice 2-3 days following parturition. Both
postpartum and control groups showed comparable clinical disease
during the acute phase of EAE, with no difference observed in the
day of disease onset (Table II and Fig. 2). Mice immunized during
the postpartum period, however, showed increased relapse severity
(Fig. 2). These results indicate that EAE induction during late
pregnancy results in protection from disease, while EAE induction
during the postpartum period causes exacerbation of clinical signs.

Pregnancy does not offer protection from EAE through
generalized immune suppression or by interfering with
lymphocyte trafficking

Delayed type hypersensitivity (DTH) responses, mixed lympho-
cyte reactions and the expression of immune system related tran-
scription factors are all suppressed during pregnancy (13-15). We
therefore sought to determine whether immunization during preg-
nancy suppressed EAE as a result of a global decrease in lympho-
cyte activation. We first examined the levels of activation and co-
stimulatory marker expression on the surface of T lymphocytes
and APCs because these molecules have been shown to be re-
quired for T cell activation. No differences between the pregnant
and nonpregnant groups were noted in the expression of CD28,
CTLA-4, ICOS or PD-1 on the surface of CD4™" T cells, or in the
expression of CD80, CD86, ICOS-L, PDL-1 or PDL-2 on the sur-
face of macrophages or dendritic cells (data not shown). These
results indicate that leukocytes from mice immunized during preg-
nancy express cell surface markers necessary for T cell activation.
We next examined the total number of cells present in the lym-
phoid organs during pregnancy and ascertained whether these cells
could proliferate in response to the immunizing Ag. The total num-
ber of cells present in the peripheral lymph nodes was similar
between groups. Mice immunized during pregnancy, however, ex-
hibited nearly a 2-fold increase in the number of splenocytes rel-
ative to control animals (Fig. 3). Interestingly, lymphocytes from
mice immunized during late pregnancy showed no reduction in

—=— Control

w
)

O Late pregnany (d 15-18)

S
I

Mean Clinical Score .
.

Days post immunization

FIGURE 1. Animals immunized for EAE during pregnancy show a de-
layed onset of disease and no relapses. SJL mice were immunized with PLP
139-151 and CFA during late pregnancy (15-18 days post conception),
with nonpregnant mice serving as controls. Animals were monitored for 60
days for clinical signs of disease. Data is representative of three experi-
ments (control n = 24; late pregnancy n = 11).

proliferative response to PLP 139-151 relative to controls (Fig. 4).
There was also no significant difference in the proliferative re-
sponse to the next epitope in the inflammatory spreading cascade,
PLP 178-191. Taken together, this data shows that lymphocyte
activation does occur in mice immunized for EAE during preg-
nancy. Although leukocytes from animals immunized during preg-
nancy clearly recognized and responded to the immunizing Ag, the
possibility existed that the inflammatory cells were not reaching
their target organ. All CD4 " T cells examined, however, expressed
CDl1la (LFA-1) and most expressed CD44, CCRS5, CD49d
(VLA4) and CD54 (ICAM) on their surface in both the nonpreg-
nancy and the late pregnancy groups (data not shown). Moreover,
inflammatory infiltrates were present in the CNS of both control
mice and those immunized during pregnancy. Both control and
pregnancy-immunized groups of mice showed similar levels of
infiltration with a mean inflammatory score of 2 (small, numerous
perivascular lesions), in agreement with the previous report by
Langer-Gould et al. (12). Thus, lymphocytes from animals immu-
nized during pregnancy show evidence of activation and can traffic
to the CNS.

Pregnancy reduces TNF-a and IL-17 production and increases
the frequency of IL-10-secreting cells

Even though lymphocytes from mice immunized during pregnancy
become activated and traffic to the CNS, clinical signs of EAE are
rarely observed in these animals. Several lines of evidence suggest
that Th1 cytokine production is reduced during pregnancy while
Th2 cytokine secretion is increased (15). We therefore examined
the ability of lymphocytes from control and pregnant mice to pro-
duce Thl, Th2 and Th17 cytokines in response to the immunizing
Ag. We found that the nonpregnant mice and those immunized
during pregnancy produced a similar level of IFN-y and IL-2 in
response to the immunizing Ag (Fig. 5, A and C). A similar but
minimal production of the Th2 cytokines, IL-4 and IL-5, were also
observed in both groups (data not shown). Lymphocytes from mice
immunized for EAE during late pregnancy, however, produced
significantly less TNF-« and IL-17 relative to control mice in re-
sponse to PLP 139-151 (Fig. 5, B and D). We also determined the
frequency of lymphocytes secreting IL-10 and found that mice
immunized during pregnancy had a three-fold increase in these
cells (Fig. 6).

We also examined the activation state and cytokine production
of lymphocytes from mice immunized during the postpartum pe-
riod. No differences were noted in the ability of these cells to
proliferate in response to the immunizing Ag or any other epitopes
in the inflammatory spreading cascade. Lymphocytes from mice
immunized during the postpartum period also produced similar
levels of the Thl cytokines IFN-y and IL-2 as well as the Th2
cytokines, IL-4 and IL-5 (data not shown). Mice immunized dur-
ing the postpartum period, however, produced less IL-10 (Fig. 7).
Thus, increased IL-10 production was observed in the animals im-
munized during pregnancy and decreased IL-10 production was
observed in the animals immunized postpartum.

Multiple cell types up-regulate production of IL-10 in the mice
immunized during pregnancy

IL-10 is considered a Th2 cytokine as well as an immunoregula-
tory cytokine, and can be produced by a number of cell types,
including Th2 T cells, T regulatory cells, CD4*/CD25+ cells, B
cells, macrophages and dendritic cells (16). To further delineate
the type of environment induced when immunization occurs dur-
ing pregnancy, we used intracellular cytokine staining to determine
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Table II. Postpartum induction of EAE increases disease severity and the number of relapses

Day of
Incidence Onset CDI“ Relapse” Multiple Relapses®
Control 89%(63/71) 16.1 £ 1.8 22.0*5.2 38% 25%
Postpartum 48%(11/23) 185 1.8 364 £3.0 44% 100%*

¢ Cumulative Disease Index (mean sum of clinical scores over the entire observation period).
” The percentage of mice exhibiting a relapse (=1 increase in clinical score for =2 days) after the initial bout of disease.
“ The percentage of mice exhibiting more than one relapse (=1 increase in clinical score for =2 days) after the initial bout of disease.

#, p<0.05 when compared with controls; Student’s 7 test.

what cell type produced IL-10 in mice immunized during preg-
nancy. As shown in Fig. 8, several cell types significantly up-
regulate IL-10 production during pregnancy, including CD4*/
CD25+, CDllc+, CD11b+ and CD19+ cells. Interestingly, no
differences were observed in the ability of total CD4" cells to
produce IL-10.

Pregnancy Suppresses EAE during Pregnancy in the C57BL/6
Strain

To determine whether suppression of EAE during pregnancy is a
generalized phenomenon, we conducted similar experiments in the
CS57BL/6 mouse strain. Female C57BL/6 mice were immunized
for EAE using MOG 35-55 during late pregnancy (Fig. 9). Our
results show that C57BL/6 mice treated in this manner showed
suppression of disease activity when immunized during late preg-
nancy relative to virgin controls. Thus, both SJL and C57BL/6
mice, which differ in sex dimorphism effects on EAE, both exhibit
suppression of EAE clinical signs when immunized during late
pregnancy.

Discussion

MS disease activity undergoes dramatic changes over the course of
pregnancy and the postpartum period. During pregnancy, the rate
of relapse decreases, with the sharpest decline occurring during the
third trimester. Abruptly following parturition, disease activity
flares before returning to prepregnancy levels three to six months
later (8). Within this relatively short window of time, one can
observe opposing effects on disease. As a result, pregnancy and the
postpartum period offer a unique opportunity to study both disease
improvement and disease exacerbation.

Most experimental investigations addressing the effect of preg-
nancy on demyelinating disease have focused on EAE. These stud-
ies have found that pregnancy either prevents the development of
disease, delays disease onset, or reduces clinical severity (10—11).
The majority of work in this area, however, has been conducted in
acute models of EAE in guinea pigs, rats or rabbits. To date, only

-&- Control

= Post-partum

Mean Clinical Score

0 10 20 30 40 30

Days post imnumization

FIGURE 2. Immunization for EAE during the postpartum period results
in increased relapse severity. Nonpregnant and postpartum (days 22-25
post conception) SJIL mice were immunized with PLP 139-151 and CFA.
Animals were monitored for 50 days for clinical signs of disease. Data is
representative of two experiments (control n = 24, postpartum n = 11).

one report has examined the effect of pregnancy on relapsing/re-
mitting EAE, and no studies have addressed the effect of the post-
partum period on disease development. Consequently, little is
known about how these hormonally diverse gestational stages af-
fect chronic relapsing/remitting EAE in a comparative fashion.

To develop a thorough understanding of the effects of pregnancy
and the postpartum period on EAE, our investigations included
multiple gestational stages. We studied two timepoints during
pregnancy (mid and late) as well as one from the postpartum pe-
riod so that we could evaluate the degree of protection offered
throughout pregnancy. Nonoverlapping, discrete 3 day ranges
were chosen (e.g., mid pregnancy = days 11-13 post conception
and late pregnancy = days 15-18 post conception), allowing a
distinct characterization of each stage.

Our results showed that each gestational stage has its own
unique effect on disease. When mice were immunized during preg-
nancy, the incidence of EAE was reduced (Table I). This effect was
most pronounced when EAE induction occurred during the late
stage of pregnancy. These results agree with the findings of
Langer-Gould et al. (12) who reported that immunization during
the latter half of pregnancy is more protective than earlier in ges-
tation. Interestingly, of the few mice that did develop EAE, none
exhibited relapses (Fig. 1). When mice were immunized during the
postpartum period, however, the incidence of EAE remained sim-
ilar to nulliparous mice, but the animals exhibited increased re-
lapse severity (Fig. 2). These results suggest that both the inci-
dence of disease, as well as the clinical course of EAE can be
dramatically affected, depending upon the gestational stage in
which immunization occurs.

To delineate the mechanism(s) by which the different gestational
stages mediated the observed effects on EAE, we explored three
alternatives. We first examined whether immunization during the
late stage of pregnancy resulted in leukocyte activation. Some ev-
idence has shown that certain aspects of immunity are suppressed

350 1
B Control *
3001 m Pregnant
250 4
200 -

150 4
100 A

Total cell number (x 106)

50 A

Lymph Nodes Spleen

FIGURE 3. Total splenocyte number increases in mice immunized for
EAE during pregnancy. SJIL mice were immunized with PLP 139-151 and
CFA during late pregnancy (15-18 days post conception), with nonpreg-
nant mice serving as controls. At day 15 post immunization, the spleen and
peripheral lymph nodes were removed and cells counted. Data is shown
from one representative experiment of five (n = 3 per group).
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FIGURE 4. Proliferation is not decreased in mice immunized for EAE
during pregnancy. SJIL mice were immunized with PLP 139-151 and CFA
during late pregnancy (15-18 days post conception), with nonpregnant
mice serving as controls. At dayl5 post immunization, lymph node cells
were cultured with PLP 139—-151 or PLP 178-191 for 72 h, including an
18 h pulse with [*H]thymidine. Data is representative of five experiments
(n = 3 per group).

during pregnancy. If insufficient activation of leukocytes were oc-
curring in mice immunized for EAE during pregnancy, we pre-
dicted that their lymphoid organs would have fewer cells and show
a decreased ability to proliferate. The total number of cells present
in the lymphoid organs was not reduced in the mice immunized
during pregnancy. In fact, the pregnancy group actually showed an
elevated number of splenocytes, likely due to increased hemato-
poiesis during pregnancy (Fig. 3). Leukocytes from animals im-
munized during pregnancy showed similar levels of activation
marker and costimulatory molecule expression compared with the
immunized nulliparous controls, and cells from both groups pro-
liferated similarly in response to the immunizing Ag (Fig. 4).
CD4™ T cells from the pregnancy group expressed similar levels
of adhesion molecules as the controls and were able to infiltrate the

A o B
227 mcontrol Lk
. B Late pregnancy .
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FIGURE 5. Mice immunized during pregnancy exhibit decreased
TNF-« and IL-17 production. Nonpregnant and late-stage pregnant mice
were immunized with PLP 139-151 and CFA. Mice were sacrificed and
lymph node cells were harvested for culture with PLP 139-151. A, IFN-y
production day 15 post immunization; B, TNF-« production day 25 postim-
munization; C, IL-2 production day 15 post immunization; D, IL-17 pro-
duction day 15 post immunization as measured from spleen cells after 72 h
culture with PLP 139-151. Cytokines were measured by CBA for IFN-vy,
TNF-« and IL-2. IL-17 was measured via ELISA. *, p < 0.05 compared
with nonpregnant controls (n = 3 per group).
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FIGURE 6. EAE induction during pregnancy results in an increased
frequency of IL-10-secreting cells. Nonpregnant and late-stage pregnant
mice were immunized with PLP 139-151 and CFA. On day 15 post im-
munization, mice were sacrificed and spleens were harvested. Splenocytes
were cultured with PLP 139-151 for 72 h. The frequency of IL-10-secret-
ing cells were measured via ELISPOT. *, p < 0.05 compared with non-
pregnant controls. Graph is representative of three experiments. (n = 3 per
group)

CNS. Thus, leukocyte activation in response to neuroantigen im-
munization clearly does occur when EAE is induced during
pregnancy.

We also explored the alternative that when EAE induction oc-
curs during pregnancy, there is a shift in cytokine production away
from proinflammatory Th1l cytokines and toward Th2 cytokines.
Increased levels of Th2 cytokines have been found at the maternal/
fetal interface and pregnant animals have a decreased ability to
clear intracellular infections that require a Thl response (1-3).
Because EAE is predominantly a Th1 driven disease and Th2 type
responses are associated with protection, a shift in cytokine pro-
duction toward Th2 could prevent mice from displaying clinical
signs. To determine whether a Th2 shift occurred, we compared
the production of proinflammatory cytokines (IFN-vy, IL-2, TNF-«
and IL-17) and Th2 cytokines (IL-4 and IL-5) between nonpreg-
nant immunized mice and those immunized during pregnancy. The
two groups exhibited similar levels of IFN-y and IL-2 and both
displayed minimal secretion of IL-4 and IL-5. Thus, no differences
were observed in the typical Thl and Th2 cytokine profiles. Lym-
phocytes from mice immunized during pregnancy, however, pro-
duced significantly less TNF-a and IL-17, while displaying an
increased frequency of IL-10-secreting cells when compared with
control mice. TNF-« is frequently characterized as a Thl cytokine
(17), while IL-17 is considered to be the product of a newly de-
scribed lineage of CD4+-effector cells. Therefore, an increase in
IL-10 with concurrent decreases in TNF-a and IL-17 could poten-
tially be classified as a Th2 shift in the mice immunized during
pregnancy. Yet, IL-10 also has roles independent of the Th cell
developmental pathway. IL-10 inhibits the synthesis of IFN-y and
suppresses the maturation and activation of APCs. Although Th2
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FIGURE 7. Decreased IL-10 production when EAE is induced postpar-
tum. Nonpregnant and postpartum (days 22—25 post conception) SJL mice
were immunized with PLP and CFA. Animals were sacrificed on day 35
and lymph nodes were harvested. Cells were placed into culture for 72 h
then supernatants were collected. IL-10 was measured by ELISA. *, p <
0.05 when compared with the nulliparous controls (n = 3 per group).
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FIGURE 8. Multiple cell types increase production of IL-10 when im-
munization occurs during pregnancy. Nonpregnant and late-stage pregnant
mice were immunized with PLP 139-151 and CFA. On day 15 post im-
munization, mice were sacrificed and spleens were harvested. Splenocytes
were cultured with PLP 139151 for 72 h, in the presence of monensin for
the last 4 h. Percentage of cells expressing IL-10 was measured by intra-
cellular cytokine staining. Histograms show percent expression of IL-10 on
isotype control (solid line) and percent IL-10 expression on specific cell
type (dashed line). A, CD4; B, CD4/CD25; C,CDl11c; D, CD11b; E, CDI19.
The bar graph shows percentage of IL-10 expression on different cell types
quantitatively (F). *, p < 0.05 compared with nonpregnant controls (n =
3 per group).

cells can secrete IL-10, other cell types including macrophages,
dendritic cells and B cells can produce IL-10 as well (16). As a
result of these pleiotropic effects, IL-10 is considered to have a role
broader than just a Th1 or Th2 cytokine. Some investigators regard
IL-10 as immunoregulatory.

Changes in TNF-« and IL-10 are frequently observed in MS and
EAE during pregnancy or with estriol treatment. For instance, T
cell clones isolated from MS patients and stimulated with PLP
show increased IL-10 production and decreased TNF-a secretion
when cultured in the presence of high dose estrogen (18). Similar
results have been observed in PBMC from MS patients receiving
oral estriol (19). Kim et al. (20) reported that implantation of es-
triol pellets in mice with EAE resulted in elevated levels of IL-10
derived from T cells. Moreover, a reduction in TNF-a production
in the CNS as well as upon ex vivo stimulation with Ag has been
observed with estrogen treatment in EAE (21, 22). Pregnancy and
its associated hormone environment, therefore, seem to result in
consistent alterations in the cytokine milieu.

To explore whether these changes in cytokine production rep-
resented an immunoregulatory or a Th2 type environment, we used
intracellular cytokine staining to determine which cells were pro-
ducing the IL-10. We reasoned that if the elevated IL-10 was the
result of a Th2 response, we would observe an increase in this
cytokine in the CD4™ cells of the mice immunized during preg-
nancy. We found that B cells, macrophages, dendritic cells and
CD47"/CD25+ T cells all up-regulated their production of IL-10 in
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FIGURE 9. Late pregnancy suppresses EAE development in the
C57BL/6 mouse. C57BL/6 mice were immunized with MOG 35-55 and
CFA during late pregnancy (16—18 days pc), with nonpregnant mice serv-
ing as controls. Animals were monitored for clinical signs for a period of
40 days (control n = 5; pregnant n = 7).

mice immunized for EAE during pregnancy. Similar numbers of
total CD4™ cells produced IL-10 between control mice and those
immunized for EAE during pregnancy. These results, coupled with
the lack of IL-4 and IL-5 production, suggest that when an animal
is immunized during pregnancy, an immunoregulatory rather than
a Th2 environment predominates.

Langer-Gould et al. (12) first reported that relapsing-remitting
EAE in the SJL mouse was maximally suppressed during late
pregnancy. We have confirmed these results and extended the ob-
servations into the postpartum period. Similar to the results of
Langer-Gould (12), we found little evidence for a Th2 shift.
Rather, pregnancy seems to result in an immunoregulatory envi-
ronment, with increased production of IL-10. The prior study at-
tributed the protective effect of pregnancy to an unidentified serum
factor. We reasoned that the serum factor could indeed be IL-10
contained in the circulation. We measured the level of IL-10 in the
serum of late pregnant mice, and found that it was below the limits
of detection (unpublished observation). Thus, the protective factor
identified by Langer-Gould is unlikely to be IL-10.

IL-10, however, has been found in many studies examining
pregnancy and hormones, including investigations examining the
protective effects of estrogen therapy on EAE (23). Similar to the
findings in MS, we observed the later stage of pregnancy to be the
most protective, while the postpartum period was disease enhanc-
ing. Interestingly, we observed a decrease in IL-17 when EAE is
induced during pregnancy. Harnessing the immune environment
associated with the late stage of pregnancy will likely be of great
therapeutic benefit for women with MS, as it represents an immune
competent environment with unique regulatory properties.

Disclosures
The authors have no financial conflict of interest.

References

1. Wingerchuk, D. M., C. F. Lucchinetti, and J. H. Noseworthy. 2001. Multiple
sclerosis: current pathophysiological concepts. Lab. Invest. 81: 263-281.

2. Whitacre, C. C., S. C. Reingold, and P. A. O’Looney. 1999. A gender gap in
autoimmunity. Science 283: 1277-1278.

3. Runmarker, B., and O. Andersen. 1995. Pregnancy is associated with a lower risk
of onset and a better prognosis in multiple sclerosis. Brain 118: 253-261.

4. Davis, R. K., and A. S. Maslow. 1992. Multiple sclerosis in pregnancy: a review.
Obstet. Gynecol. Surv. 47: 290-296.

5. Damek, D. M., and E. A. Shuster. 1997. Pregnancy and multiple sclerosis. Mayo
Clin. Proc. 72: 977-989.

6. Birk, K., C. Ford, S. Smeltzer, D. Ryan, R. Miller, and R. A. Rudick. 1990. The
clinical course of multiple sclerosis during pregnancy and the puerperium. Arch.
Neurol. 47: 738-742.

7. Bernardi, S., M. G. Grasso, R. Bertollini, F. Orzi, and C. Fieschi. 1991. The
influence of pregnancy on relapses in multiple sclerosis: a cohort study. Acta
Neurol. Scand. 84: 403—406.

8. Confavreux, C., M. Hutchinson, M. M. Hours, P. Cortinovis-Tourniaire, and
T. Moreau. 1998. Rate of pregnancy-related relapse in multiple sclerosis: preg-
nancy in Multiple Sclerosis Group. N. Engl. J. Med. 339: 285-291.

9. Mertin, L. A., and V. M. Rumjanek. 1985. Pregnancy and the susceptibility of
Lewis rats to experimental allergic encephalomyelitis. J. Neurol. Sci. 68: 15-24.

2202 ‘S Yase |\ uo 1senb Ag /6.0 jounwiwi i - mammy/:dny wioly pepeojumoq


http://www.jimmunol.org/

8152

10.

11.

12.

13.

14.

Keith, A. B. 1978. Effect of pregnancy on experimental allergic encephalomy-
elitis in guinea pigs and rats. J. Neurol. Sci. 38: 317-326.

Brenner, T., S. Evron, and O. Abramsky. 1991. Effect of experimental autoim-
mune encephalomyelitis on pregnancy: studies in rabbits and rats. Isr. J. Med.
Sci. 27: 181-185.

Langer-Gould, A., H. Garren, A. Slansky, P. J. Ruiz, and L. Steinman. 2002. Late
pregnancy suppresses relapses in experimental autoimmune encephalomyelitis:
evidence for a suppressive pregnancy-related serum factor. J. Immunol. 169:
1084-1091.

Nicholas, N. S., and G. S. Panayi. 1986. Immunosuppressive properties of preg-
nancy serum on the mixed lymphocyte reaction. Br. J. Obstet Gynaecol. 93:
251-255.

McCracken, S. A., C. L. Drury, H. S. Lee, and J. M. Morris. 2003. Pregnancy is
associated with suppression of the nuclear factor kB/I kB activation pathway in
peripheral blood mononuclear cells. J. Reprod. Immunol. 58(1): 27-47.

. Raghupathy, R. 1997. Thl-type immunity is incompatible with successful preg-

nancy. Immunol. Today 18: 478—482.

. Mocellin, S., M. C. Panelli, E. Wang, D Nagerson, and F. M. Marincola. 2003.

The dual role of IL-10. Trends Immunol. 24: 36—43.

. Beutler, B. 1995. TNF, immunity and inflammatory disease: lessons of the past

decade. J. Invest. Med. 43: 227-235.

18.

19.

20.

21.

22.

EAE DISEASE ACTIVITY DURING PREGNANCY AND POSTPARTUM

Gilmore, W., L. P. Weiner, and J. Correale. 1997. The effect of estradiol on
cytokine secretion by PLP specific T cell clones isolated from MS patients and
normal control subjects. J. Immunol. 158: 446-451.

Soldan, S. S., A. I. Alvarez-Retuerto, N. L. Sicotte, R. R. Voskuhl. 2003. Immune
modulation in multiple sclerosis patients treated with the pregnancy hormone
estriol. J. Immunol. 171: 6267-6274.

Kim, S., S. M. Liva, M. A. Dahal, M. A. Verity, and R. R. Voskuhl. 1999.
Estriol ameliorates autoimmune demyelinating disease: implications for mul-
tiple sclerosis. Neurology 52: 1230-1238.

Ito, A., A. C. Buenafe, A. Matejuk, A. Zamora, M. Silverman, J. Dwyer,
A. A. Vandenbark, and H. Offner. 2002. Estrogen inhibits systemic T cell ex-
pression of TNF-« and recruitment of TNF-a T cells and macrophages into the
CNS of mice developing experimental autoimmune encephalomyelitis. Clin. Im-
munol. 102: 275-282

Matejuk, A., K. Adlard, A. Zamora, M. Silverman, A. A. Vandenbark, and
H. Offner. 2001. 17 B-estradiol inhibits cytokine, chemokine, and chemokine
receptor mRNA expression in the central nervous system of female mice with
experimental autoimmune encephalomyelitis. J. Neurosci. Res. 65: 529-542.

. Bebo, B. F., Jr., A. Fyfe-Johnson, K. Adlard, A. G. Beam, A. A. Vandenbark, and

H. Offner. 2001. Low-dose estrogen therapy ameliorates experimental autoim-
mune encephalomyelitis in two different inbred mouse strains. J. Immunol. 166:
2080-2090.

2202 ‘S Yase |\ uo 1senb Ag /6.0 jounwiwi i - mammy/:dny wioly pepeojumoq


http://www.jimmunol.org/

