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Abstract

Obijective: To determine whether fluctuations in functional T-cell subsets can explain why
multiple sclerosis (MS) relapses decline during pregnancy and increase in the postpartum period.

Design: Case-control study.
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Setting: Kaiser Permanente Northern California and Stanford University.
Participants: Twenty-six pregnant women with MS and 24 age-matched, pregnant controls.

Intervention: We prospectively followed up the pregnant women with MS and the age-matched,
pregnant controls; conducted structured interviews; and collected peripheral blood mononuclear
cells during each trimester and 2, 4, 6, 9, and 12 months post partum.

Main Outcome Measures: Sixteen functional cell types, including interferon-y(IFN-y)-and
tumor necrosis factor—producing T-cell subsets, were measured using multicolor flow cytometry.
Since these cell types may also fluctuate with pregnancy, lactational amenorrhea, or MS treatment,
the data were analyzed taking into account these factors.

Results: Fifteen women with MS (58%) had relapses during the postpartum year. CD4*IFN-y—
producing cells fluctuated with MS relapses, declining during pregnancy in women with MS
(P<.001) and continuing to decline after parturition in women with relapses (P=.001), yet rising
or remaining stable in women with nonrelapsing MS or healthy pregnant women. Lactational
amenorrhea was associated with a rise in CD4*IFN-y—producing cells in women with MS
(P=.009). In contrast, CD4* tumor necrosis factor—producing cells decreased during lactational
amenorrhea in all groups of women and, once this was taken into account, obscured any
relationship to MS relapses. CD8*IFN-y—producing cells were elevated in women with MS
throughout the study (A<.001) but did not fluctuate with relapses.

Conclusions: Our findings suggest that a decline in circulating CD4*1FN-y—producing cells
leads to postpartum MS relapses. Our findings also suggest that the decline in these cells may
begin during late pregnancy and that lactational amenorrhea induced by exclusive breastfeeding
may be able to interrupt this process.

Multiple Sclerosis (MS) is a chronic T cell-mediated inflammatory illness that usually
begins in young adulthood. Clinically, MS is characterized by relapses and, over time,
variable degrees of neurological disability. It is well known that relatively few women with
MS have relapses during pregnancy and a large proportion of women with MS experience
relapses in the early postpartum period.! This pattern of pregnancy-associated remission
and postpartum flares is shared with other chronic T cell-mediated inflammatory diseases?
(rheumatoid arthritis, Hashimoto thyroiditis), yet the immunological basis is unclear.

One popular hypothesis is that suppression of the principal proinflammatory T cells in MS
and rheumatoid arthritis (CD4" cells that produce interferon-y [IFN-y], tumor necrosis
factor [TNF], or interleukin 2 [IL-2]; helper T subtype 1 [TH1] cells) occurs during
pregnancy through augmentation of their mutual inhibitors: CD4 cells that produce IL-10 or
IL-4.2 Support for this hypothesis is largely based on data from healthy women3-% and only
4 studies have examined changes in cytokines during pregnancy and the postpartum period
in women with MS.”10 These studies have significant methodological limitations, most
importantly that none examined the relationship of immunological changes to postpartum
relapses or other factors.”-10 In addition, these studies did not identify which T-cell subset
was producing the cytokines of interest. Thus, it is unclear if the immunological changes
they observed are best explained by pregnancy, MS, MS disease activity, or other factors,
such as lactational amenorrhea.
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Based on work we have done previously in the animal model of MS,11 we hypothesized

that pregnancy-related relapse protection would be due to suppression of Tyl cells,
presumably due to a circulating suppressive serum factor. Although in our previous study
the animal model did not reflect an increased risk of postpartum flares, we hypothesized that
postpartum flares would be accompanied by a rebound in the levels of circulating Tyl cells
preceding or around the time of relapses.

We recently reported that prolonged lactational amenorrhea resulting from exclusive
breastfeeding is associated with a significantly decreased risk of postpartum MS relapses.1?
While the immunological mechanism is unknown, other studies have shown fluctuations in
TNF with menstrual status and sex.13

Thus, our goal for this study was to determine whether changes in T-cell subsets that secrete
IFN-y, TNF, IL-2, IL-4, or IL-10 could account for pregnancy-associated relapse protection,
postpartum flares of MS, or the protective effects of exclusive breastfeeding. To accomplish
this goal, it was essential that we consider the possibility that fluctuations in these cell types
might be better explained by pregnancy state or lactational amenorrhea alone. Our study fills
a significant gap in knowledge about the relationship between various cytokine-producing
T-cell subsets and postpartum MS relapses, pregnancy, and lactational amenorrhea and may
also shed light on MS relapse pathophysiology in general.

STUDY SUBJECTS

STUDY DESI

We recruited 26 women with clinically definite MS and 24 healthy pregnant controls
matched on age and parity from Kaiser Permanente Northern California and Stanford
University between 2003 and 2005. Subjects were eligible if they were less than 35 weeks
pregnant or planning to become pregnant. Details of the study and testing procedures were
explained to each subject, and a written informed consent was obtained. This study was
approved by the institutional review boards at Stanford University and Kaiser Foundation
Research Institute.

GN

Study subjects donated blood and completed a structured, interviewer-administered
questionnaire within 24 hours on entry into the study and during the remaining trimesters
of pregnancy as well as at 2, 4, 6, 9, and 12 months post partum. The study entry
questionnaire captured detailed medical and reproductive history and the follow-up
questionnaires collected information about changes in neurological, reproductive, and/or
medical history; medication use; breastfeeding; and menstrual status. Blood draws and
follow-up questionnaires were obtained outside of the regularly scheduled visits if women
had a relapse or prior to restarting immunomodulatory medications.

A relapse was defined as the occurrence, reappearance, or worsening of symptoms of
neurological dysfunction that lasted for more than 48 hours. Transient, fever-related
worsening of symptoms or fatigue alone were not considered relapses. Symptoms that
occurred within 1 month of each other were considered to be part of the same attack. For
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women who reported worsening MS on questionnaire, the medical records were abstracted
for documentation of relapses and progression of disability.

FLOW CYTOMETRY STAINING AND ANALYSIS

Peripheral blood mononuclear cells were isolated and viably frozen. Peripheral blood
mononuclear cells were resuspended and stimulated with anti-CD3 and anti-CD28, and
surface and intracellular cytokine staining were done according to the manufacturer’s
instructions using Cytofix/Cytoperm (BD Biosciences, San Jose, California).

Cells were analyzed on a FACSAria Cell Sorter (BD Biosciences). A minimum of 200

000 events was collected for each sample. Data were compensated, analyzed, and presented
using FlowJo software (Tree Star, Inc, Ashland, Oregon). To identify fine T-cell subsets,
dead cells (EMA™) and CD14" cells were removed; subsequently, lymphocytes were
selected based on their forward and side scatter profile; then CD19* B cells were excluded
and CD3"* cells were selected; and finally, CD4* and CD8* subgroups were identified and
analyzed for expression of simultaneous IFN-y and CD45RA, IL-2 and CD45RA, TNF
and CD45RA, IL-4, or IL-10. Several steps were taken to minimize error that could be
introduced by variations in flow cytometric staining.

STATISTICAL ANALYSES

The data were analyzed using longitudinal data methods aimed at identifying patterns

over time while accounting for interindividual and intraindividual variation. To determine
whether lymphocyte subsets changed during pregnancy and the postpartum period or in
relationship to the onset of relapse symptoms or return of menses, piecewise linear mixed
models were used. The models were hypothesis driven and included each immunologic
measurement as the dependent variable and time in days relative to the onset of relapse
symptoms (or day of delivery), disease status (MS; yes/no), postpartum relapse (yes/no),
concomitant breastfeeding (yes/no), return of menses (yes/no), and/or use of MS treatments
within 6 months of the blood draw (corticosteroids, interferon beta, or glatiramer acetate;
yes/no) as the independent variables. Immunologic measurements were not normally
distributed, so we used square root or log transformations as appropriate. To identify
breakpoints in the data, a nonparametric method for estimating local regression (loess) of the
immunologic parameters was used.

To graphically depict the differences in absolute and relative values of immunological
parameters, we compared the mean (SD) of the normally transformed values at each point
between women with MS (with and without relapses within the first 4 months post partum)
and healthy pregnant women.

All of these analyses were designed to identify group-level changes. To determine how often
the pattern of changes identified in these analyses described what happens on an individual
level, we plotted the relative and absolute values for each individual and reported how many
subjects displayed the pattern of change identified by the group-level data.

The means and standard deviations of normally distributed variables were compared using
2-sample ttests; for variables with nonparametric distributions, Wilcoxon rank sum test
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was used; and for binary or categorical variables, XZ with Fisher exact test. Statistical
significance was set at P=.05. To adjust for multiple comparisons, a was set at .01. All
statistical analyses were performed using SAS version 9 (SAS Institute, Inc, Cary, North
Carolina).

CLINICAL CHARACTERISTICS OF STUDY SUBJECTS

Twenty-six pregnant women with clinically definite relapsing-remitting MS and 24 healthy
pregnant women were enrolled in this study. More women with MS joined the study by
their second trimester (n=22; 85%) compared with healthy, matched controls (n=12; 50%).
All available data were included from the 2 women who dropped out (both with MS; both
moved out of the study area after their first postpartum visit). Women with MS were similar
in age to healthy women but were less likely to breastfeed (Table). Among women with MS,
women who were relapse-free were 50% more likely to have breastfed than women who had
postpartum relapses.

Of the 15 women with relapses in the year post partum, the majority (67%) had 1 relapse.
Most women experienced their first relapse within 4 months post partum (n=12; median,
44.5 days), while 3 women did not have a relapse until after 9 months post partum (median,
316 days). After delivery, 6 women restarted their medication prior to the onset of relapse
symptoms and 4, thereafter. Of the 23 relapses observed in the study period, 10 women were
treated with corticosteroids for 10 relapses in the postpartum period. Only 2 women had
clinically significant disability prior to conception (defined as an Expanded Disability Status
Scale rating =4.0) and at 1 year post partum. Most women had no clinically significant
disability at study entry or exit (Expanded Disability Status Scale rating<2.0; n=20).

CIRCULATING IFN-y—PRODUCING CD4*CD45RA™ LYMPHOCYTES DURING PREGNANCY
AND THE POSTPARTUM PERIOD

During pregnancy (but not the postpartum period), the absolute proportion of the IFN-y—
producing CD4*CD45RA™ lymphocytes was higher in women with MS compared with
healthy pregnant women (~=.001) (Figure 1).

However, the pattern of change in the absolute proportion of IFN-y—producing
CD4*CD45RA™ lymphocytes from the second trimester of pregnancy to 4 months post
partum (Figure 2) differed significantly in women with MS relapses as compared with

the other 2 groups (~=.004 and .001 for absolute differences in the slope of women

with relapsing MS as compared with women with nonrelapsing MS or healthy pregnant
women, respectively), even after adjusting for postpartum treatment and breastfeeding.

In women with MS, IFN-y—producing CD4*CD45RA™ cells declined during pregnancy
(P<.001) regardless of whether the women went on to have postpartum relapses. However,
these cells continued to decline up to 4 months post partum in those women who went

on to have relapses (P=.009). In contrast, relapse-free women with MS demonstrated a non-
significant rise in IFN-y—producing CD4*CD45RA™ cells after parturition (A=.16) while
these lymphocytes did not change in healthy pregnant women (P=.70, third trimester to 4
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months post partum). Inspection of individual plots showed that this pattern of postpartum
decline in the proportion of IFN-y+-producing CD4*CD45RA™ lymphocytes was found in
80% (12 of 15) of the women with early postpartum relapses and only 18% (2 of 11) of the
women who were relapse-free throughout the study.

CIRCULATING IFN-y—PRODUCING CD4*CD45RA™ LYMPHOCYTES AND THE ONSET OF
RELAPSE SYMPTOMS

In women with relapses, the relative proportion of IFN-y*—producing CD4*CD45RA™
lymphocytes declined approximately 100 days prior to the onset of relapse symptoms
(P=.001) (Figure 2). This presymptomatic decline was not diminished after adjusting

for treatment or breastfeeding (P=.002). Inspection of individual plots showed that this
pattern of presymptomatic decline in the proportion of IFN-y*—producing CD4*CD45RA™
lymphocytes was found in 80% (12 of 15) of women with relapses 100 to 130 days prior to
symptom onset.

CIRCULATING IFN-y—PRODUCING CD4*CD45RA™ LYMPHOCYTES AND LACTATIONAL
AMENORRHEA

In women with MS who breastfed, the proportion of circulating IFN-y—producing
CD4*CD45RA" cells following parturition increased during lactational amenorrhea and
declined following return of menses, even after taking into account postpartum relapses and
MS medication use (multivariate analysis, P=.009 for return of menstruation). Among the
women with MS who did not breastfeed (and therefore would not experience lactational
amenorrhea), changes in circulating IFN-y—producing CD4*CD45RA" cells following
parturition were associated only with postpartum relapses, as described earlier. In healthy
women, breastfeeding had no influence on this cell type.

IFN-y—PRODUCING CD8*CD45RA™ CELLS ARE HIGHER IN WOMEN WITH MS THAN
HEALTHY WOMEN

The absolute proportions of IFN-y*—producing CD8*CD45RA™ lymphocytes were higher
on average throughout the study period in women with MS, regardless of relapse, compared
with healthy women (A<.001) (Figure 3). These cells did not fluctuate with relapse or
pregnancy state in either women with MS or healthy pregnant women.

TNF-PRODUCING CD4* CELLS AND LACTATIONAL AMENORRHEA, MEDICATION USE,
AND RELAPSES

Tumor necrosis factor—producing CD4™ cells were most strongly associated with lactational
amenorrhea in both women with MS and healthy women. While unadjusted analysis and
visual inspection suggested a small apparent increase in TNF-a*CD4*CD45RA™ cells
around the time of relapse in women with MS (P=.007 unadjusted), this effect disappeared
once we adjusted for lactational amenorrhea and medication use (P=.17 after adjustment).

In women who breastfed, the proportion of circulating TNF-producing CD4*CD45RA"™ cells
was suppressed during lactational amenorrhea by 76% on average and rose once menses
returned in both women with MS and healthy women (P=.004). Among the women with

MS who did not breastfeed, both treatment and return of menses influenced the proportion
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of circulating TNF-producing CD4*CD45RA™ cells. When treatment was started before
return of menses, TNF-producing CD4*CD45RA™ cells increased significantly (A<.001 for
treatment), but when treatment was started after return of menses, these cells declined
(P<.001 for the interaction term). No significant changes in this cell type were seen during
pregnancy or the postpartum period in women with MS or healthy women.

The following lymphocyte subsets showed no significant fluctuations in relationship to
pregnancy state or the onset of relapse symptoms nor were the absolute proportion

or relative proportions different between the 3 groups of women: CD4*IL-10%,
CD4*IL-4*, CD4*CD45RA*IL-2*, CD4*CD45RA™IL-2*, CD4*CD45RA*IFN-v*,
CD8*CD45RA*IFN-y*, and CD8*CD45RA*IL-2* cells.

COMMENT

We, like others,! observed a decrease in relapse frequency during pregnancy and an increase
in relapses within the first 4 months post partum. We found that a decline in IFN-y—
producing CD4* lymphocytes was strongly associated with postpartum MS relapses and

that lactational amenorrhea was associated with an increase in these cells. In contrast,
CD4*TNF—-producing cells were strongly related to lactational amenorrhea but showed no
relationship with MS relapse after accounting for return of menses and MS medication use.
We found that IFN-y—producing CD8 cells were higher in women with MS compared with
healthy women but did not fluctuate significantly in relationship to pregnancy or relapse,
supporting the hypothesis that these cells are associated with disease but perhaps not relapse.
We found no significant measurable changes in CD4*IL-2, IL-4, or IL-10—producing subsets
in relationship with either pregnancy or MS relapses. Taken together, our study demonstrates
that to unravel the relationship between proinflammatory cytokines and MS or MS disease
activity it is critical to distinguish between the T-cell subsets producing the cytokine and to
examine potential confounders like menstrual status.

That IFN-y—producing CD4* lymphocytes are somehow involved in MS pathogenesis is
consistent with many previously published works in the animal model of MS, experimental
allergic encephalomyelitis, and humans.14-16 However, the relationship between circulating
IFN-y—producing T cells and MS relapses is unclear. Only a few longitudinal studies have
examined changes in proinflammatory or anti-inflammatory cytokine secretion associated
with relapses, none of which measured cytokine-producing T-cell subsets.17-19 These
studies had somewnhat conflicting results and reported an increase in IFN-y18 and TNF 2
weeks before relapsel’; no change in IFN-y 1 month prior to relapsel?; an increase in TNF
1 month before relapse®; and a decrease in TNF prior to and during relapse.29 All studies
had important methodological limitations, including short periods of observation prior to
onset of relapses, and none considered the potential for confounding by other factors, such
as sex or menstrual status. Cross-sectional studies comparing pregnant/postpartum subjects
with relapsing and nonrelapsing MS have reported differences in immunological biomarkers
in the peripheral circulation, including IFN-y, TNF, IL-4, and IL-10. However, these studies
had poorly defined control groups and it is unclear if the results of these studies could be
better explained by the well-known interindividual variations in cytokines or could be due to
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other factors that vary between the groups, such as age, sex, or time since the most recent
MS relapse.?1-23

In this study, IFN-y—producing CD4"* cells were elevated during pregnancy in women

with MS compared with healthy women. During pregnancy, IFN-y—producing CD4" cells
declined in all women with MS. But after parturition, this cell type diverged among

the women with MS who had a relapse and those who did not. These lymphocytes
continued to decline in the group of women who went on to have relapses and increased

or remained stable in the group of women who were relapse-free. Among the women who
had relapses, this decline in IFN-y—producing CD4* cells began during late pregnancy, 2 to
3 months before the onset of relapse symptoms. Among the women with MS who breastfed,
prolonged lactational amenorrhea was associated with a rise in IFN-y—producing CD4*
cells.

One interpretation of these findings is that a decline in circulating IFN-y—producing CD4*
cells leads to postpartum MS relapses. This would indicate that the pathophysiological
process leading to postpartum relapses is initiated during pregnancy in all women with

MS but that factors associated with parturition (such as exclusive breastfeeding) are able

to successfully interrupt this process. This interpretation is consistent with our previous
report that exclusive breastfeeding for at least the first 2 months (and associated lactational
amenorrhea) protects against postpartum relapses.12 This idea that pregnancy may actually
be initiating relapses could explain why Achiron et al24 found that prophylactic treatment
with intravenous immunoglobulin to prevent postpartum relapses was significantly effective
if started during pregnancy but only marginally effective if started shortly after delivery.

In contrast, we found that TNF-producing CD4* cells appear to fluctuate in response to a
combination of factors in unadjusted analyses but once these factors (relapses, lactational
amenorrhea, and medication use) were considered in combination, lactational amenorrhea
was the most important determinant of variations in this cell type. These findings suggest
that TNF-producing CD4™ cells do not have a strong relationship with relapse activity

or relapse protection and may help explain why previous unadjusted estimates of the
relationship between TNF-producing CD4* cells and MS produced conflicting results.
Future studies of TNF-producing CD4* cells in MS should include measures of menstrual
status, medication use, and breastfeeding and address the role of these factors as potential
confounders and effect modifiers.

To our knowledge, this is the first study to examine longitudinal changes in CD8* cells

in relationship to MS relapses. There is emerging evidence that CD8* lymphocytes play
an extensive role in MS immunopathogenesis.?> Studies have shown that more CD8" than
CD4* lymphocytes are found in MS lesions?®; at the site of lesions, CD8" cells undergo
greater clonal expansion than CD4* cells?’; and CD8* cells may be the principal drivers
of axonal damage leading to disability.28:2° Qur findings support a role for CD8" T cells
in MS pathophysiology independent of relapse. It is possible that IFN-y—producing CD8*
cells, while not involved in relapses, are contributing to ongoing axonal damage that may
eventually lead to disability.
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Our findings are not consistent with the hypothesis? that suppression of IFN-y—, TNF-, or
IL-2—producing T cells is responsible for pregnancy-associated relapse protection in MS and
suggest that pregnancy is influencing MS disease activity through other mechanisms.

Other possible explanations for how pregnancy protects against MS relapses include a
direct neuroprotective effect of estrogen3C or progesterone3!; decreased permeability of
the blood-brain barrier through direct effects of estradiol32; or intralesional suppression
of inflammation by one of the many uncharacterized pregnancy-related serum proteins or
glycoproteins.11

Alternatively, pregnancy-related protection may be related to other changes in systemic
autoimmunity that have been implicated in the experimental allergic encephalomyelitis
model, such as enhancement of CD4*CD25™ or other regulatory T cells,33 diminished

Tw17 cells,34 or impairment of antigen-presenting cells by estrogen or pregnancy-specific
glycoproteins.3® In addition, it is possible that the T cells in women with MS do not respond
to the pregnancy milieu in the same way as healthy women.

Important limitations of this study include the relatively small sample of women, particularly
of relapse-free subjects; the well-recognized error rate of flow cytometry; and the lack of
brain magnetic resonance imaging data to examine subclinical disease activity. Some of
these could have limited our ability to observe real changes in T-cell subsets, particularly

if the magnitude of change was small or the subpopulation was present in extremely low
numbers. Thus, our findings should be confirmed in a larger longitudinal study, preferably
one that includes magnetic resonance imaging data. Additionally, it is unclear whether our
findings can be extrapolated to relapses in honpregnant/postpartum patients because we did
not collect longitudinal data from this group.

Strengths of this study are the importance of the question, the rigorous methods that we
used, and the novelty of our findings. We prospectively enrolled a cohort of pregnant
women with MS and a control group of matched, healthy pregnant women, studied

them longitudinally through their pregnancies and for 1 year post partum, and applied
state-of-the-art immunological and statistical methods to generate and analyze data. Our
findings that IFN-y—producing CD4" cells are strongly associated with MS relapses, yet
IFN-y—producing CD8* cells are associated only with having MS, and fluctuations in TNF-
producing CD4" cells are best explained by lactational amenorrhea and not MS relapses are
novel and have important implications for the design of future MS immunological studies.
They highlight the need to carefully define functional T-cell subsets and to examine potential
confounders like menstrual status in the quest to understand the complex immunological
phenotype of MS.

Finally, our finding that a pregnancy-related decline in IFN-y—producing CD4* cells is
strongly associated with postpartum relapses and that this decline can be interrupted
peripartum by prolonged lactational amenorrhea induced by exclusive breastfeeding and
possibly other factors is intriguing and may shed light on the pathogenesis of relapses in
both pregnant and nonpregnant patients with MS.
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Figure 1.
Interferon-y (IFN-y)—producing CD4*CD45RA™ lymphocytes declined during pregnancy

and following parturition in women with postpartum multiple sclerosis (MS) relapses.
Depicted is the mean (SD) in the absolute proportion of CD4*CD45RA™IFN-y*lymphocytes
in the normal transformation (square root [sr]) in women with MS who were relapse-free
throughout the study (n=11), women with MS who had relapses within the first 4 months
post partum (n=12), and healthy women (n=24) during the 3 trimesters of pregnancy and

the postpartum period in months (2, 4, 6, 9, and 12). Interferon-y*CD4*CD45RA" cells
declined during pregnancy in women with MS regardless of relapse (/A<.001), continued

to decline post partum in those women who went on to have relapses (P=.009), and either
increased or remained stable in women with relapse-free MS (P=.16). Fewer healthy women
had joined the study by the second trimester (n=12) than women with MS (n=22).
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Figure 2.
Interferon-y (IFN-y)—producing CD4*CD45RA™ lymphocytes declined prior to the onset

of multiple sclerosis relapse symptoms. The x-axis represents time in days relative to the
onset of relapse symptoms (#0). The day indicated represents the midpoint of that category
(eg, 50 days encompasses values from days 1-100). For women who had more than 1
relapse, this represents the first relapse. The y-axis represents the change in the proportion of
IFN-y—producing CD4*CD45RA™ cells relative to each individual’s cross-study mean in the
normal transformation (square root [sr]). Mean (SD) is depicted at each point. Only values
from women who had relapses during the study period are included (n=15). The decline

in IFN-y—producing CD4*CD45RAcells about 100 days prior to the onset of relapse
symptoms is highly significant (P=.001 by repeated-measures linear mixed model).
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Figure 3.

Interferon-y (IFN-vy)-producing CD8* cells were higher in women with multiple sclerosis
(MS) (regardless of relapse) compared with healthy women. The mean (SD) of the change in
absolute proportions of IFN-y—producing CD8* lymphocytes in the normal transformation
(square root [sr]) was higher in women with MS regardless of relapses (n=26) compared
with healthy women (n=24) during the 3 trimesters of pregnancy and the postpartum period
in months (2, 4, 6, 9, and 12) (A<.001). No significant fluctuations in these cells were
observed during pregnancy or the postpartum period in women with MS or healthy women.
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