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Abstract

Regulatory T (Treg) cells are a specialized CD4+ T cell subpopulation that are essential for immune homeostasis, immune tolerance, and protec-
tion against autoimmunity. There is evidence that sex-steroid hormones estrogen and progesterone modulate Treg cell abundance and pheno-
type in women. Since natural oscillations in these hormones are modified by hormonal contraceptives, we examined whether oral contraception
(OC) use impacts Treg cells and related T cell populations. T cells were analyzed by multiparameter flow cytometry in peripheral blood collected
across the menstrual cycle from healthy women either using OC or without hormonal contraception and from age-matched men. Compared
to naturally cycling women, women using OC had fewer Treg cells and an altered Treg cell phenotype. Notably, Treg cells exhibiting a strongly
suppressive phenotype, defined by high FOXP3, CD25, Helios, HLADR, CTLA4, and Ki67 comprised a lower proportion of total Treg cells, par-
ticularly in the early- and mid-cycle phases. The changes were moderate compared to more substantial differences inTreg cells between women
and men, wherein women had fewer Treg cells—especially of the effector memory Treg cell subset—associated with more T helper type 1 (Th1)
cells and CD8* T cells and lower Treg:Th1 cell and Treg:CD8* T cell ratios than men. These findings imply that OC can modulate the number and
phenotype of peripheral blood Treg cells and raise the possibility that Treg cells contribute to the physiological changes and altered disease sus-
ceptibility linked with OC use.
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In reproductive-aged women, the sex-steroid hormones pro-
gesterone (P4) and estradiol [1,3,5(10)-estratriene-3,17[3-
diol; E2] are released by the ovary in a dynamic cyclic pattern
to regulate ovulation and prepare uterine receptivity for preg-
nancy. These hormones exert effects on the development,
maturation, and functional competence of immune cells of
both the innate and adaptive immune compartments to sup-
port their participation in homeostasis and function of repro-
ductive tissues, while maintaining defence against infectious
agents and tumour surveillance (1). There are cyclic variations
in activity and competence of the immune response associ-
ated with oscillating E2 and P4 levels (2, 3), reflected in small
but physiologically relevant fluctuations in peripheral blood
leukocyte numbers and phenotypes over the course of the
menstrual cycle (4, 5). This regulation by E2, P4, and other
sex hormones imparts sexual dimorphism in immune func-
tion that manifests as greater resistance to microbial infec-
tion and cancer—but, conversely, higher rates of autoimmune
disease—in women compared to men (6-8).

Immune regulation by sex hormones is an important en-
abler of viviparous reproduction in mammals. In the adaptive

immune compartment, sex hormones affect the balance of
effector vs regulatory T (Treg) cells that in turn underpins
uterine receptivity to embryo implantation and placental for-
mation (9). Of particular interest are effects of sex hormones
on FOXP3+*CD4* Treg cells. Treg cells are critical for maternal
fetal tolerance (10) and important modulators of many other
physiological processes through their potent anti-inflam-
matory, immune-regulatory, and vasoregulatory functions
(11-13). A reduced abundance and/or impaired function of
Treg cells in women is associated with recurrent miscarriage
(14) and development of pregnancy complications such as
preeclampsia (15, 16) and preterm labor (17). The Treg cell
pool has been reported to expand in response to E2 in the
proliferative phase of each cycle (18, 19), with an E2-driven
increase peaking at ovulation (4) to support uterine recep-
tivity for embryo implantation in the postovulatory, luteal
phase. Studies in mice indicate the modulating effects of sex
hormones on Treg cells are comparable across species (20, 21)
and likely helped propel the evolution of T cell-mediated im-
mune tolerance to mitigate maternal-fetal conflict in placental
mammals (22, 23).
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Sex hormones E2 and P4 appear to mediate direct and
indirect effects on immune cell development, proliferation,
homing, and function. E2 receptors are expressed by several
leukocyte lineages (24, 25), enabling direct E2 regulation of
proinflammatory CD4* Th1 and Th17 T cells, as well as regu-
latory CD4* Th2 and Treg cells (26-29), CD8* T cells (30), and
dendritic cells (31). P4 receptors are detectable in CD4* and
CD8* T cells, macrophages, and dendritic cells (32-34). P4
acts to skew T cells away from an inflammatory Th1 response
by repressing Ifng gene expression to elicit a protolerogenic or
regulatory Th2-like response (35-37). Notably, P4 promotes
generation of stable Treg cells (38-40) while suppressing de-
velopment of Th17 immunity (38, 39, 41).

Globally, 8% of women of reproductive age use oral
contraception (OC), with rates exceeding 30% in some coun-
tries (42). Monophasic and multiphasic combination OC
pill use overrides oscillating E2 levels, by suppressing en-
dogenous E2 across the cycle. Consistently high exogenous
progestin prevents the mid-cycle surge in luteinizing hormone
that stimulates ovulation, thus corpus lutea do not develop,
and endogenous P4 production is also suppressed. Given the
effects of sex hormones on T cells and that OC interferes
with endogenous sex hormone synthesis and bioavailability
(43), we reasoned that OC use may cause systemic changes
in T cell populations and that Treg cells may be particularly
vulnerable. Here, we report flow cytometry data indicating
that OC use is associated with altered Treg cells and notably
fewer highly suppressive Treg cells in the peripheral blood
of women.

Materials and Methods

Study Participants

Study participants were healthy adult women of repro-
ductive age (18-40 years) either not using OC (natural cyc-
ling, n = 23), or using a combined progestin and estrogen OC
with a 21/7 day cycle regimen (21 days of hormone pill and
7 days of placebo pill; n = 18). OC medications are listed in
Supplemental Table 1 (44). Healthy adult men (18-40 years,
n=17) were recruited as a comparison group. Descriptive
parameters were provided by participants including height,
weight, age, the type of OC pill used, and general health.
Mean and range of age and body mass index of the 3 study
groups are provided in Table 1. The study was approved by
the University of Adelaide Human Research Ethics Committee

Table 1. Clinical characteristics of study participants

Men Women

Naturally cycling ocC

Participants, n 17 23 17

Age, years 283 =17 28.0=1.4 26.0=1.2
(18.3-40.7) (18.9-40.4) (18.9-34.8)

BMI,? kg/m? 23.4+0.8 22.1+0.6 21.9+0.6
(20.1-33.1) (18.1-29.3) (17.7-27.3)

Unless otherwise noted, data are given as mean = SE of the mean (range).
Abbreviations: BMI, body mass index. OC, oral contraception.
“Differences in age and BMI were analyzed by 1-way analysis of variance
and post hoc Tukey test. There was no significant difference in age or BMI
observed between participant groups.
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(H-2013-037), and all participants provided written informed
consent.

Blood Collection

Venous peripheral blood samples (20 mL) were obtained at 3
time points across the menstrual or OC pill cycle. Time points
were identified as (1) early cycle (days 2 and 3 after the start
of menstruation for the naturally cycling group and days 2
and 3 after the start of withdrawal bleed for the OC group);
(2) mid-cycle [1 day after the luteinizing hormone surge (ovu-
lation) in the naturally cycling group and 14 days after the
start of withdrawal bleed in the OC group]; and (3) late cycle
[7 days after the luteinizing hormone surge in the natural
cycling group (mid-luteal phase) and 21 days after the start
of withdrawal bleed in the OC group]. The timing of the lu-
teinizing hormone surge was determined by participant self-
testing of urine samples using a First Response™ ovulation
test kit (Church & Dwight, Ewing, NJ, USA).

Venipuncture was performed on the median cubital vein
between 10 am and 2 pm, with blood collected in EDTA
Vacutainer® tubes (BD Biosciences, Franklin Lakes, NJ,
USA). Within 4 hours of sample collection, blood was centri-
fuged at 2000 x g for 10 minutes at room temperature, with
the top plasma layer removed in 1 mL aliquots and stored
at -80°C. Dulbecco’s modified phosphate-buffered saline
(DPBS, Sigma-Aldrich, St. Louis MO, USA) was added to the
blood sample in a volume equal to the plasma removed, and
then further DPBS was added to the sample to double the
volume, before layering over Lympholyte-H cell separation
media (Cedarlane Laboratories, Burlington, Canada) and
centrifugation at 600 x g for 30 minutes at room tempera-
ture without brake. The peripheral blood mononuclear cell
layer, containing T cells, was removed by pipette, and then
cells were washed in DPBS containing 2% heat-inactivated
fetal calf serum (HI-FCS) and counted using a hemocyt-
ometer (Hawksley, London, UK) following trypan blue
(Sigma-Aldrich) staining. Cells were resuspended in ice cold
RPMI-1640 medium + 10% HI-FCS (both Thermo Fisher,
Waltham, MA, USA) before adding cold freezing media [20%
dimethyl sulfoxide (Sigma-Aldrich) + 80% HI-FCS] drop-
wise until the volume was doubled. Cells were aliquoted into
1 mL cryopreservation tubes at a density of 2-6 x 10° cells/
mL and then placed into a Mr Frosty™ (Thermo Fisher)
controlled-rate freezing container filled with isopropanol
(Sigma-Aldrich) and stored at -80°C for 24 hours before
transfer into vapor-phase liquid nitrogen storage.

Plasma Sex Steroid Hormones

Plasma P4 and E2 were analyzed at the Adelaide Research
Assay Facility. P4 was measured by coated-tube radio-
immunoassay (IM1188, Beckman Coulter, Brea, CA, USA)
[Supplemental Table 2 (44)], according to the manufacturer’s
instructions. This assay detects P4 with an analytical sensi-
tivity of 40 pg/mL. The lowest detection limit of the assay
was 110 pg/mL. The intra-assay coefficient of variation of the
assay was 3.8%. The assay is highly specific for P4, with low
cross-reactivity for 17a-hydroxy P4 (1.15%), 6b-hydroxy
P4 (5.1%), 16a-hydroxy P4 (1.82%), Sa-pregnanedione
(15.2%), and 5b-pregnanedione (8.12%) but does not detect
synthetic progestins.

E2 was measured by enzyme-linked immunosorbent
assay (cat no. E-2000, LDN GmbH, Nordhorn, Germany)
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[Supplemental Table 2 (44)] in duplicate according to the
manufacturer’s instructions. This assay detects E2 with an
analytical sensitivity of 10.6 pg/mL. The lowest detection
limit of the assay was 20 pg/mL. The intra-assay coefficient of
variation of the assay was 3.0%. The interassay coefficient of
variation of the assay was 5.0%. The assay is highly specific
for E2 and has low cross-reactivity with estriol (2.27%), es-
trone (6.86%) but does not detect synthetic estrogens.

Flow Cytometry

To reduce intersample variation, blood samples were thawed
and analyzed in batches of 10 to 15. Frozen vials of per-
ipheral blood mononuclear cells were transferred from li-
quid nitrogen storage into a 37°C water bath to thaw.
Warm RPMI-1640 medium containing 10% FCS was added
drop-wise to double the volume. The cell suspension was
transferred to a new tube and washed in 10 mL media by
centrifugation at 300 x g for 7 minutes at room temperature,
and then cells were resuspended in flow cytometry staining
(FACS) buffer (1 x phosphate-buffered saline/0.1% bovine
serum albumin/0.5% sodium azide) and counted. Staining
of 1x10° cells per sample was performed in a U-bottom
96-well plate (Corning). First, cells were incubated with
50 puL of a 1:1000 dilution of fixable viability dye FVS575
(BD Biosciences) for 20 minutes in the dark at room tem-
perature. Cells were then washed twice in FACS buffer and
resuspended in 50 uL of a 1:100 dilution of human Fc block
(BD Biosciences) in FACS buffer at room temperature for 15
minutes. For staining, 10 pL/well of Brilliant Stain Buffer Plus
(BD Biosciences) was added to each well, followed by 50 uL
antibody cocktail containing CCR7-BUV395, CD3-APCH?7,
CD4-BUV496, CD8-BUV737, HLADR-V500, CD25-BV786,
and CD45RA-BB515 (all BD Biosciences) and CD127-PECy7
and Helios-APC (both BioLegend, San Diego, CA, USA) [see
Supplemental Table 2 (44)]. Cells were incubated for 25 min-
utes in the dark at 4°C, washed twice in ice-cold FACS buffer,
and fixed and permeabilized using the Foxp3 Staining Buffer
Set (Thermo Fisher) according to the manufacturer’s instruc-
tions. Cells were washed in ice cold 1x permeabilization
wash and then resuspended in 50 pL of antibody cocktail
for intracellular markers, including Tbet-BV421, RORyt-PE,
FOXP3-PECF594, and CTLA4-PECyS5 (all BD Biosciences)
and Ki67-APCR700 (Thermo Fisher) [see Supplemental Table
2 (44)]. Samples were incubated in the dark at 4°C for 30
minutes, washed twice, and resuspended in permeabilization
wash. Data were acquired on a BD LSR Fortessa X-20, using
FACS Diva Software. In each experiment, single-color con-
trols were run to enable compensation, and fluorescence
minus one and unlabeled controls were run to assist with
gating positive and negative populations.

Flow Cytometry Data Analysis

All flow cytometry data were analyzed using Flow]Jo soft-
ware (Treestar, Ashland, OR, USA). Gates were estab-
lished to identify viable single lymphocytes and to exclude
debris, dead cells, and doublets. Plots were used to identify
CD3+*CD4* and CD3*CD8* T cells. Tbet and RORyt were
used to identify Th1 and Th17 T cells, respectively. Treg cells
defined as CD3*CD4+*CD25*FOXP3*CD127- were further
assessed for phenotype, using Helios, CTLA4, HLADR, and
CD45RA, surrogate markers for Treg cell functional cap-
acity, and using Ki67 as a marker of proliferation. Within all

T cell compartments, CCR7 and CD45RA expression was
analyzed to determine the memory/naive status of cells. Data
are presented as the percentage of cells expressing specific
markers or the geometric mean fluorescence intensity (MFI)
of an individual marker within a specified population.

Flow cytometry data were also analyzed using the
nonbiased, nonlinear dimensionality reducing t-distributed
stochastic neighbor embedding (tSNE) algorithm as previ-
ously described (45). Briefly, for the CD3* T cell tSNE ana-
lysis, compensated .fcs files were exported from FACSDiva
software, and gates were established to exclude dead cells,
debris, and doublets using physical parameters (FSC-H, -W,
-A and SSC-H, -W, -A) and gated to include events that were
viable T cells, defined as FVS575-negative and CD3-positive,
and any off-scale (0.5% high and low fluorescent) events were
gated out. From each data file 11 437 random events were
concatenated within Flow]Jo. A subsample of 200 000 events
from the concatenated file was assessed by the clustering al-
gorithm X-Shift (version 1.3) (46), using the markers CD4,
CD8, FOXP3, CD25, Helios, CD127, HLADR, CD45RA,
CCR7, CTLAA4, Tbet, RORYyt, and Ki67. X-Shift defined 14
unique clusters. The concatenated file was transformed using
the tSNE algorithm with Barns-Hut approximation, 1000 it-
erations, and a perplexity of 30 in Flow]Jo. The clusters de-
fined by X-Shift were applied to the tSNE plot. The MFI of
each cell marker in each cluster was acquired from Flow]o
and used to generate a heat map in GraphPad Prism version
8.0.0 for Windows (GraphPad Software, www.graphpad.
com). The proportion of cells within each of the 14 clusters
was assessed for each individual sample.

Similarly, for the Treg cell tSNE analysis, gates were estab-
lished to exclude dead cells, debris, doublets, and off-scale
events, while capturing CD3+*CD4*FOXP3+*CD25*CD127-
Treg cells. From each data file 619 random Treg cell events
were concatenated and transformed using the tSNE algorithm
with Barns-Hut approximation, 1000 iterations, and a per-
plexity of 30 in Flow]Jo by assessing expression of FOXP3,
CD235, Helios, HLADR, CD45RA, CCR7, CTLA4, and Ki67.
X-Shift defined 12 unique clusters. MFI data were used to
generate a heat map, and the proportion of cells within each
of the 12 clusters was assessed as described in the previous
discussion.

Statistical Analysis

IBM SPSS Statistics for Windows, version 20.0 (IBM Corp.,
Armonk, NY, USA) was used for all data analysis. Data sets
were tested for normality of distribution by Shapiro-Wilk and
Kolmogorov-Smirnov tests. A small number of data points
(<3 per parameter), defined as definitive outliers by both
ROUT test (Q=0.1%) and Grubb’s test (P <0.01), were
excluded from the analysis. A linear mixed model analysis
was used to evaluate the relative effects of sex, cycle phase,
OC, and OC x cycle interaction (Table 2). Two models were
tested. In Model 1 (male and female participants), effects of
sex (male, female) and group (men, naturally cycling women,
and women taking OC) were evaluated. In Model 2 (female
participants), effects of OC, cycle phase, and OC x cycle inter-
action were evaluated. When OC, cycle, and/or OC x cycle
interaction were identified as relevant factors in Model 2
(P < 0.1), specific effects of OC on T cell parameters at dif-
ferent cycle phases were identified by pairwise comparisons
with OC and cycle phase as factors, and adjustment for
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Table 2. Effect of sex, oral contraception (OC), and cycle phase onT cell parameters (reanalysis, OL removed)
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Model 1° Model 2>
Parameter Female sex OC use OC use Cycle OC x Cycle
phase interaction
T cells NS NS NS NS NS
CD4* (%CD3") NS NS NS NS NS
CD8* (%CD3") NS NS NS NS NS
CD8-CD4 (%CD3") NS NS NS NS NS
CD8*CD4* (%CD3*) 1P =0.009 TP =0.006 TP =0.012 NS NS
Treg cells
CD4+*CD25*FOXP3*CD127(%CD4*) (Treg cells) 1P =0.019 NS NS NS P =0.065
Ki67* (%Treg) NS NS NS NS NS
FOXP3 MFI NS NS NS NS NS
Helios* (% Treg) NS P =0.024 P =0.055 NS NS
Helios MFI NS NS NS NS NS
CTLA4* (%Treg) NS NS NS NS NS
CTLA4 MFI NS NS NS NS NS
HLADRNCD4SRA- (%Treg) NS 1P =0.021 1P =0.035 NS NS
HLADRCD4SRA- (%Treg) NS 1P =0.029 1P =0.052 NS NS
HLADR" CD45RA- (%Treg) NS NS NS NS NS
HLADR-CD45RA* (%Treg) NS NS NS NS NS
CD45RA*CCR7* (%Treg) (naive) NS NS NS NS NS
CD45RACCR7* (%Treg) (CM) NS NS NS NS NS
CD4SRA-CCR7- (%Treg) (EM) IP=0.035 NS NS NS NS
CD4SRA*CCR7- (%Treg) (EMRA) NS 1P =0.015 1P = 0.033 NS NS
CD4+T cells
Ratio Treg:CD4* P =0.074 NS NS P=0.055 P=0.031
Ki67+ (% CD4*) P =0.097 P =0.021 1P =0.032 NS NS
Thet* (%CD4*) (Th1 cells) P = 0.011 NS NS NS NS
ratio Treg: Tbet*CD4* 1P =0.026 NS NS P =0.062 NS
RORyt* (%CD4*) (Th17 cells) NS NS NS NS NS
Ratio Treg:RORyt*CD4+ NS NS NS P=0.017 NS
CD45RA*CCR7*(%CD4") (naive) NS NS NS P=0.017 P=0.083
CD45RA-CCR7* (%CD4+*) (CM) NS NS NS NS P =0.000
CD45RA-CCR7-(%CD4*) (EM) NS NS NS P=0.063 NS
CD45RA*CCR7- (%CD4+*) (EMRA) NS NS NS NS NS
CD8* T cells
Ratio Treg:CD8* P =0.096 NS NS NS P =0.080
Ki67+ (%CD8*) NS NS NS NS NS
Tbet* (%CD8*) TP =0.005 NS NS NS NS
Ratio Treg:Tbet* CD8* 1P =0.000 NS NS NS NS
RORyt* (%CD8*) 1 (P = 0.090) NS NS NS NS
Ratio Treg:RORyt*CDS* 1LP = 0.000 NS NS NS NS
CD45RA*CCR7* (%CD8*) (naive) TP =0.033 NS NS NS NS
CD45RA-CCR7* (%CD8*) (CM) NS NS NS NS NS
CD4SRA-CCR7- (%CDS8*) (EM) P =0.005 NS NS NS NS
CD45RA* CCR7- (%CD8") (EMRA) NS NS NS NS NS

Data were analyzed by linear mixed model analysis for all participants (Model 1, to determine effect of sex) or for women (Model 2, to determine effect of
OC, cycle phase, and the interaction between OC and cycle phase).
Abbreviations: CM, central memory T cells; EM, effector memory T cells; EMRA, CD45RA* effector memory T cells; naive, naive T cells; Treg cells,

regulatory T cells.

“Model 1: male and female participants, 3 groups, effects of sex and group.
"Model 2: female participants, 6 groups, effects of OC and cycle phase.
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multiple comparisons [Figs. 1-5; Supplemental Figures 1 and
2 (44)]. For all statistical tests, differences between groups
were considered significant when P < 0.05.

Results

Oral Contraception Alters CD4*CD8*T Cells but Not
CD4* or CD8*T Cells

Peripheral blood from naturally cycling women, women using
OC, and men was analyzed by multicolor flow cytometry to
assess the lineage and phenotype composition of the T cell
population, using an antibody panel designed to comprehen-
sively characterize Treg cells. A linear mixed model analysis
was used to evaluate the relative effects of sex, cycle phase,
OC, and OC x cycle interaction. Neither the percentage of
CD4* T cells or CD8* T cells within the viable CD3* T cell
pool (Fig. 1A and 1B) nor the ratio between them (data not
shown) were impacted by sex or OC use. CD4-CD8- double-
negative T cells were also unaffected by sex or OC use (Table
2, Fig. 1C). In contrast, sex and OC use were both identi-
fied as determinants of the rare double positive CD4*CD8* T
cell population (Table 2). CD4*CD8* T cells were increased
in women taking OC compared to naturally cycling women,
particularly in the mid-cycle phase when the mean was ele-
vated by 35% (P =0.023) (Fig. 1D). CD4*CD8* T cells were
also increased in women taking OC compared to men but
were similar in naturally cycling women and men.

Oral Contraception Alters Abundance and
Suppressive Phenotype of CD4+*Treg Cells

Treg cells, defined as CD25*FOXP3+*CD127- cells within the
CD3* CD4* T cell population, were then assessed. Sex and
OC x cycle interaction were identified as determinants of
the proportion of Treg cells among CD3*CD4* T cells (Table
2). Women taking OC had 28% fewer Treg cells (P = 0.009)
compared to men (Fig. 2A and 2B), but numbers in naturally
cycling women were not different to men. When individual
cycle phases were considered, a difference between women
using OC and naturally cycling women was evident, such that
women using OC had 37% fewer Treg cells (P = 0.011) in the
early-cycle phase. Analysis of the proliferative marker Ki67
did not reveal significant effects of OC use or sex (Table 2,
Fig. 2C).

Treg cells were further evaluated for markers of Treg cell
suppressive function. The MFI of FOXP3 within Treg cells
correlates with Treg cell suppressive potential (47). There was
no difference according to sex in FOXP3 MFI and no effect
of OC use in women (Table 2, Fig. 2D). Helios is a marker
of Treg cell stability and suppressive capacity (48). The per-
centage of Treg cells expressing Helios was not affected by
sex (Table 2). However, a significant effect of OC use was
seen (P = 0.024), such that women taking OC had 7% fewer
Helios* Treg cells (Table 2, Fig. 2E). Helios MFI was not af-
fected by sex or OC use (Fig. 2F). CTLA4, a key marker of
Treg cell suppressive function, was also assessed. Neither the
proportion of Treg cells expressing CTLA4 (Fig. 2G) or the
MEFI of CTLA4 (Fig. 2H) were affected by sex or by OC use
in women.

HLADR and CD45RA are additional markers of Treg cell
suppressive capacity. HLADRMCD45RA- Treg cells have the
greatest suppressive capacity, followed by HLADR*CD45R A~
Treg cells, double-negative HLADR-CD45RA- Treg cells, and

finally HLADR'CD45RA* Treg cells (49, 50). The overall
balance of phenotypes of Treg cells expressing HLADR
and CD45RA was not affected by sex or OC use (Fig. 3A).
However, when considered separately, the HLADR"CD45R A~
subset of highly suppressive Treg cells was decreased in
women taking OC compared to naturally cycling women
(P =0.021) (Fig. 3B). HLADRMCD45RA- Treg cells were
45% fewer at both early- (P = 0.040) and mid-cycle phase
(P =0.042). Similar effects of OC were seen in the more
common HLADRPCD45RA- cells where naturally cycling
women had significantly higher HLADR"*CD45RA" cell num-
bers compared to the OC group (P = 0.029) (Fig. 3C). There
were nonsignificant trends toward fewer HLADR"CD45RA-
cells in the OC group in the early and mid-phases of the cycle
compared to the naturally cycling women. Similar trends were
also seen when total HLADR*CD45RA" Treg cells were con-
sidered (data not shown), although corresponding changes in
HLADR-CD45RA- Treg cells and HLADR-CD45RA* Treg
cells were not discernible (Fig. 3D and 3E).

Oral Contraception Alters the Memory Phenotype
of CD4*Treg Cells

The markers CCR7 and CD45RA are widely used to de-
fine the memory status of T cells (51-53), allowing classifi-
cation as naive (CD45RA*CCR7), central memory (CM;
CD45RA-CCR7"), effector memory (EM; CD45RA-CCR7-),
or terminally differentiated EM (EMRA; CD45RA*CCR7-)
cells. Within Treg cells, there was no difference in the overall
distribution of subsets according to subject sex or OC use
(Fig. 4A). When subsets were considered individually, sex
was identified as a determinant of EM cell number, and OC
was a determinant of EMRA number (Table 2). While nat-
urally cycling women had similar proportions of EM cells to
men, women taking OC had fewer EM Treg cells than men
(P =0.030) (Fig. 4D). Conversely, women taking OC had a
significantly higher proportion of EMRA Treg cells compared
to naturally cycling women (P = 0.015) (Fig. 4E).

Oral Contraception Alters CD4*Th1 andTh17 Cells

The abundance and phenotypes of subsets of CD4* T cells ex-
hibiting phenotypic features of conventional T cells (Tconv;
CD4*FOXP3") were then assessed, and the ratios of Treg cells
to Tconv cells, Th1, and Th17 cells calculated as a measure
of anti-inflammatory to proinflammatory CD4* T cell activity.
Linear modeling showed the ratio of Treg:CD4* Tconv cells
was impacted by OC x cycle phase interaction (P =0.031)
(Table 2), and this was most evident in the early-cycle phase
when a 40% lower ratio was seen in women taking OC
(P =0.007) (Fig. SA). When cycle phase was considered, the
ratio was higher mid-cycle than in late cycle, but this was in-
dependent of OC use (P = 0.017) (Fig. 5A).

The percentage of CD4* T cells expressing Ki67 was not
affected by sex, but within women a significant effect of OC
use was seen (P =0.032) (Fig. 5B). Notably, the proportion
of CD4* T cells expressing Ki67 was reduced by 38% in the
late-cycle phase in women taking OC (P = 0.011) (Fig. 5B),
compared to naturally cycling women, and a trend toward
a similar effect was seen in the early-cycle phase (P = 0.057).

Proinflammatory Th1 cells were defined as CD4*FOXP3-
Tconv expressing the transcription factor Tbet. There was a
significant impact of sex on the proportion of Th1 cells (Table
2), with a 95% and 134% increase in Th1 cells observed in
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Figure 1. Oral contraception increases CD4*CD8* T cells but does not alter CD4*, CD8*, or CD4-CD8-T cells in peripheral blood. The proportions of
CD3+*T cells classified as CD4+*CD8- (A), CD8*CD4- (B), CD4-CD8- (C), and CD4+*CD8* (D) were assessed by flow cytometry in peripheral blood drawn
at early-, mid-, and late-cycle phases from naturally cycling women (N), women using oral contraception (OC), and men. Data are shown as estimated
marginal means (left side, bar graphs) calculated by linear mixed model analysis (Model 1, all participants) with cycle phase as a covariate for women.
Individual data points are also shown for each woman at each cycle phase in the N and OC groups (right side), with mean + SE of the mean indicated.
The effects of participant group, female sex, OC use, and cycle phase were assessed by linear mixed model analysis and pairwise comparisons

(n = 10-17 participants/group). *><Different superscripts indicate differences between participant group (Model 1). +Significant effect of sex (Model 1).

*Significant effect of OC at specific cycle phases (Model 2). All Ps < 0.05.

naturally cycling and OC women, respectively (Fig. 5C).
To determine the balance between anti-inflammatory and
proinflammatory T cells, the Treg:Thl ratio was calcu-
lated (Fig. 5D). Naturally cycling women had a 46% lower
Treg:Th1 ratio compared to males (P = 0.036), and women
using OC had a 48% lower Treg:Th1l ratio compared to
males (P =0.042) (Fig. 5D). When the 2 groups of women
were compared, there was no discernable impact of OC.

Next, the expression of RORyt within the CD4*FOXP3-
Tconv cell population was investigated to define Th17 cells.
Neither the proportion of RORyt*CD4* Th17 cells (Fig. SE)
nor the Treg:Th17 ratio (Fig. SF) was affected by sex or by OC
use in women. Although the proportion of Th17 cells did not
vary, the Treg:Th17 ratio fluctuated according to cycle phase
(P =0.017) (Table 2). This was most notable in naturally cyc-
ling women, where a trend toward a lower Treg:Th17 ratio in
late cycle compared to early cycle was seen (P = 0.053).

Tbet and RORyt* CD8*T Cells Are Elevated in
Women but Unaffected by OC Use

Next, the abundance and phenotypes of subsets of CD8* T
cells were assessed, and the ratios of CD4* Treg cells to CD8*
T cell subsets were calculated as a measure of anti-inflam-
matory to proinflammatory CD8* T cell activity. The ratio
of Treg:CD8* T cells was not impacted by sex (Fig. 6A). In
women, OC use caused a significant reduction in Treg:CD8*
T cell ratio in the early phase of the cycle (P =0.048) (Fig.

6A). The percentage of CD8* T cells expressing Ki67 was not
affected by sex or by OC use in women (Fig. 6B).

The transcription factors Thet and RORyt were then as-
sessed in CD8* T cells. Women had significantly higher num-
bers of CD8*Tbet* T cells than men, with a 60% (P = 0.042)
and 64% (P =0.031) increase in naturally cycling and OC
women, respectively (Fig. 6C). There was no effect of sex or
OC use on the proportion of CD8*Tbet* cells in women (Fig.
6C). This resulted in a substantially greater Treg:CD8*Tbet*
cell ratio in men than either group of women (both Ps < 0.001)
(Fig. 6D).

Men had 70% fewer CD8*RORyt* T cells than naturally
cycling women (P = 0.043) (Fig. 6E), resulting in a 2.4-fold
and 3.6-fold greater Treg:CD8*RORYt* ratio than in naturally
cycling or OC women, respectively (Fig. 6F). There was no
effect of OC use on the proportion of CD8*RORyt* T cells or
Treg:CD8*RORyt* ratio in women, nor was there any impact
of cycle phase (Fig. 6E and 6F).

Oral Contraception Alters the Memory Phenotype
of CD4*Tconv but Not CD8*T Cells

Within CD4* Tconv cells, there was no difference in the dis-
tribution of naive and memory subsets according to subject
sex or OC use (Fig. 7A). When subsets were considered sep-
arately, interactions between OC and cycle phase were seen
to influence naive and CM CD4* Tconv cells (Table 2). In
women taking OC, CM Tconv cells were lower in the early
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Figure 2. Oral contraception alters the number of and Helios expression in CD4* Treg cells in peripheral blood. Peripheral blood drawn at early-, mid-,
and late-cycle phases from naturally cycling women (N), women using oral contraception (OC), and men was analyzed by flow cytometry to analyze
CD3*CD4+*CD25*FOXP3+CD 127 Treg cells (A). Panels show the number of Treg cells (B), the number of Ki67* Treg cells (C), the mean fluorescence
intensity of FOXP3 in Treg cells (D), the number of Helios* Treg cells (E), the mean fluorescence intensity of Helios in Helios* Treg cells (F), the number
of CTLA4* Treg cells (G), and the mean fluorescence intensity of CTLA4 in CTLA4* Treg cells (H). Data are shown by group as estimated marginal means
(left side, bar graphs) calculated by linear mixed model analysis (Model 1, all participants). Individual data points are also shown for each woman at
each cycle phase in the N and OC groups (right side), with mean + SE of the mean indicated. The effects of participant group, female sex, OC use, and
cycle phase were assessed by linear mixed model analysis and pairwise comparison (n = 10-17 participants/group). *®<Different superscripts indicate
differences between participant group (Model 1). #Significant effect of sex (Model 1). ®Significant effect of cycle phase (Model 2). *Significant effect of

OC at specific cycle phases (Model 2). All Ps < 0.05.
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Figure 3. Oral contraception alters HLADR/CD45RA suppressive marker expression in CD4+* Treg cells in peripheral blood. Peripheral blood drawn at
early-, mid-, and late-cycle phases from naturally cycling women (N), women using oral contraception (OC), and men was analyzed by flow cytometry
to assess HLADR and CD45RA expression in CD3*CD4+*CD25*FOXP3+*CD127-°Treg cells. Panels show the relative proportion of HLADR"CD45RA",
HLADR°CD45RA-, HLADR-CD45RA", and HLADR-CD45RA* cells among Treg cells (A), the number of HLADR"CD45RA" cells (B), the number of
HLADR°CD45RA- Treg cells (C), the number of HLADR-CD45RA-Treg cells (D), and the number of HLADR-CD45RA* Treg cells (E). Data are shown by
group as estimated marginal means (A and left side, bar graphs B-D) calculated by linear mixed model analysis (Model 1, all participants). Individual data
points are also shown for each woman at each cycle phase in the N and OC groups (right side, bar graphs B-D), with mean + SE of the mean indicated.
In (A), the effects of group were analyzed by Chi-square analysis. In (B) to (D), the effects of participant group, female sex, OC use, and cycle phase
were assessed by linear mixed model analysis and pairwise comparisons (n = 10-17 participants/group). *><Different superscripts indicate differences
between participant group (Model 1). $Significant effect of sex (Model 1). ¢Significant effect of cycle phase (Model 2). *Significant effect of OC at

specific cycle phases (Model 2). All Ps < 0.05.

cycle (P =0.013) but higher in mid-cycle (P =0.021), com-
pared to naturally cycling women [Supplemental Figure 2B
(44)]. This reflected a decline from early to mid-cycle in nat-
urally cycling women (P =0.036) that was not present in
women taking OC, who conversely showed an increase from
early to mid-cycle (P = 0.024) and then a decline from mid- to
late cycle (P = 0.015). This was associated with a decline from
early to mid-cycle in the number of naive CD4* Tconv cells in
women taking OC that was not evident in naturally cycling
women (Fig. 7A).

Finally, the naive and memory populations within CD8*
T cells were assessed. Within CD8* T cells, women had a

different phenotype distribution compared to men, particu-
larly in women using OC (Fig. 7B). In both groups of women,
a higher proportion of naive CD8" T cells was counterbal-
anced by a lower number of EM CD8* T cells [Table 2;
Supplemental Figure 3A and 3C (44)]. Sex and OC use did
not impact the relative numbers of CM or EMRA CD8* T cell
subtypes [Supplemental Figure 3B and 3D (44)].

tSNE Analysis of the Impact of Oral Contraception
onT Cell Subsets

T cells were also analyzed using the tSNE algorithm, an un-
biased assessment of all T cell markers in combination (45), as
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Figure 4. Oral contraception alters CD45RA/CCR7 memory phenotype marker expression in CD4* Treg cells. Peripheral blood drawn at early-, mid-,

and late-cycle stages from naturally cycling women (N), women using oral contraception (OC), and men was analyzed by flow cytometry to assess
CD45RA and CCR7 expression in CD3*CD4*CD25*FOXP3+*CD127/°Treg cells, allowing classification of cells into naive (CD45RA*CCR7+), central
memory (CM; CD45RA-CCR7+), effector memory (EM; CD45RA'CCR7-), or terminally differentiated effector memory (EMRA; CD45RA*CCR7-) subsets.
Panels show the relative proportion of naive, CM, EM, and EMRA cells among Treg cells (A), the number of naive cells (B), the number of CM Treg cells
(C), the number of EM Treg cells (D), and the number of EMRA Treg cells (E). Data are shown by group as estimated marginal means (A, and left side,
bar graphs B-D) calculated by linear mixed model analysis (Model 1, all participants). Individual data points are also shown for each woman at each

cycle phase in the N and OC groups (right side, bar graphs B-D), with mean + SE of the mean indicated. In (A), the effects of participant group were
analyzed by Chi-square analysis. In (B) to (D), the effects of participant group, female sex, OC use, and time of cycle were assessed by linear mixed
model analysis and pairwise comparisons (n = 10-17 participants/group). #>°Different superscripts indicate differences between participant group (Model
1). #Significant effect of sex (Model 1). *Significant effect of cycle stage (Model 2). *Significant effect of OC at specific cycle stages (Model 2). All

Ps < 0.05.

an alternative approach to investigate effects of sex and OC
use on T cell phenotypes. Within the CD3* T cell population,
tSNE analysis identified 14 separate clusters, within which
the MFI of each marker was determined (Fig. 8A). CD4* and
CD8* T cells were clearly distinguished on the tSNE plot and
contained identifiable memory and naive populations, as
well as 2 distinct clusters of CD4* Treg cells (Clusters 1 and
2) (Fig. 8A).

No differences in cluster proportions between men, natur-
ally cycling women, and women taking OC were seen when
time points were combined (Fig. 8B). However, differences

between naturally cycling women and women taking OC
were evident when individual cycle phases were considered
(Fig. 8C-8E). At the early-cycle phase, 2 clusters were signifi-
cantly reduced in women taking OC—Cluster 2 (P = 0.025)
and Cluster 12 (P =0.002). Cluster 2 represents Treg cells
with strong expression of FOXP3, CD25, Helios, HLADR,
CTLA4, and Ki67 and low CD127, a phenotype associated
with strong suppressive potential and high proliferative ac-
tivity. Cluster 12 identifies RORyt*CD8* T cells. No effects of
OC use were seen on these or other clusters in mid- (Fig. 8D)
and late-cycle (Fig. 8E) phases.
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Figure 5. Oral contraception alters Ki67 expression but not other activation phenotype markers in CD4* Tconv cells. Peripheral blood drawn at early-,
mid-, and late-cycle phases from naturally cycling women (N), women using oral contraception (OC), and men was analyzed by flow cytometry to
analyze CD3*CD4*FOXP3-Tconv cells. Panels show the number of Tconv cells (A), the number of Ki67*Tconv cells (B), the number of Tbet* Tconv cells
(C), the ratio of Treg cells to Thet* Tconv cells (D), the number of RORyt* Tconv cells (E), and the ratio of Treg cells to RORyt* Tconv cells (F). Data are
shown by group as estimated marginal means (left side, bar graphs) calculated by linear mixed model analysis (Model 1, all participants). Individual
data points are also shown for each woman at each cycle phase in the N and OC groups (right side), with mean + SE of the mean indicated. The
effects of participant group, female sex, OC use, and cycle phase were assessed by linear mixed model analysis and pairwise comparisons (n = 10-17
participants/group). *><Different superscripts indicate differences between participant group (Model 1). +Significant effect of sex (Model 1). ¢Significant
effect of cycle phase (Model 2). *Significant effect of OC at specific cycle phases (Model 2). All Ps < 0.05.

Treg cell Clusters 1 and 2 could be clearly distinguished on
the tSNE plot (Fig. 8F). When “total” Treg cells were exam-
ined by combining Cluster 1 and Cluster 2 (Fig. 8G), signifi-
cant effects of sex and OC were not seen. The effect of OC on
Treg cells was evident only in “strong” Treg cells (P = 0.025)
(Fig. 8H). This is consistent with the finding of fewer highly
suppressive HLADRMCD45RA- Treg cells in women taking
OC seen by conventional flow cytometry analysis (Fig. 3B
and 3C).

Treg cells (CD25*FOXP3*CD127% cells within the
CD3*CD4* T cell population) were also analyzed by tSNE,
yielding 12 clusters that exhibited features of several distinct
Treg cell subsets (Fig. 9A-C). The low numbers of Treg cells

in samples limited the degree of subset resolution, so that
some subsets, such as naive and EMRA Treg cells and Helios*
and Helios- HLA-DRY Treg cells, could not be distinguished.
Nevertheless, differences in Treg cell phenotypes associated
with OC use were evident and were most prominent in the
early- and mid-cycle phases (Fig. 9D-9G). Notably, Treg cells
with strong expression of FOXP3, CD25, HLADR, CTLAA4,
and Ki67 (Cluster 3) comprised a smaller proportion of the
total Treg cell population in mid-cycle phase (P =0.001)
(Fig. 9F), and a similar trend was seen in early-cycle phase
(P =0.134) (Fig. 9E). Furthermore, Treg cells with an EMRA
and/or naive phenotype (CD45RA*, CCR7*-; Clusters 10
and 11) were elevated in the early-cycle phase (P < 0.05)
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Figure 6. Oral contraception does not alter CD8* T cell number or phenotype markers. Peripheral blood drawn at early-, mid-, and late-cycle phases
from naturally cycling women (N), women using oral contraception (OC), and men was analyzed by flow cytometry to analyze CD3*CD8*T cells. Panels

show the number of CD8* T cells (A), the number of Ki67*CD8* T cells (B), the

number of Thet*CD8* T cells (C), the ratio of Treg cells to Tbet*CD8* T

cells (D), the number of RORyt*CD8* T cells (E), and the ratio of Treg cells to RORyt*CD8* T cells (F). Data are shown by group as estimated marginal

means (left side, bar graphs) calculated by linear mixed model analysis (Model

1, all participants). Individual data points are also shown for each woman

at each cycle phase in the N and OC groups (right side), with mean + SE of the mean indicated. The effects of participant group, female sex, OC use,
and cycle phase were assessed by linear mixed model analysis and pairwise comparisons (n = 10-17 participants/group). #><Different superscripts

indicate differences between participant group (Model 1). #Significant effect of

sex (Model 1). ¢Significant effect of cycle phase (Model 2). Significant

effect of OC x cycle interaction (Model 2). *Significant effect of OC at specific cycle phases (Model 2). All Ps < 0.05.

(Fig. 9E). This aligns with the reduction in highly suppres-
sive HLADRMCD45RA- Treg cells (Fig. 3B and 3C) and the
shift toward a greater proportion of Treg cells with an EMRA
phenotype (Fig. 4E) seen by conventional analysis in women
taking OC.

Effects of Oral Contraception on Plasma Sex
Steroid Hormones

To examine effects of OC on endogenous sex steroid hor-
mones, we measured E2 and P4 by enzyme-linked immuno-
sorbent assay and radioimmunoassay in plasma of both
groups of participants at each cycle phase. As expected, in

naturally cycling women, plasma E2 was higher in the mid-
and late-cycle phases than in the early cycle, and plasma P4
was more variable between women but consistently higher in
the late-cycle phase than in the early or mid-cycle (Fig. 10A
and 10B). In women taking OC, the mid- and late-cycle rise
in E2 did not occur, and mean E2 levels were 60% and 63 %
lower, respectively, at these 2 phases (Fig. 10A). For P4, OC
caused levels to be undetectable or very low at every phase,
and mean levels were 25-fold lower in late-cycle phase in
women taking OC compared to the corresponding time in
naturally cycling women (Fig. 10B). These findings are con-
sistent with the expected pattern of E2 and P4 fluctuation
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Figure 7. Oral contraception has minor effects on CD45RA/CCR7 memory phenotype marker expression in CD4* Tconv cells and CD8* T cells.
Peripheral blood drawn at early-, mid-, and late-cycle stages from naturally cycling women (N), women using oral contraception (OC), and men was
analyzed by flow cytometry to assess CD45RA and CCR7 expression in CD4*FOXP3-Tconv cells and CD8* T cells, allowing classification of cells into
naive (CD45RA*CCR7+), central memory (CM, CD45RA-CCR7+), effector memory (EM; CD45RA'CCR7-), or terminally differentiated effector memory
(EMRA; CD45RA*CCR7-) subsets. Panels show the relative proportion of naive, CM, EM, and EMRA cells among Tconv cells (A) and CD8* T cells (B).
Data are shown by group as estimated marginal means calculated by linear mixed model analysis (Model 1, all participants). The effects of participant
group were analyzed by Chi-square analysis. Additional data showing individual subsets are provided in Supplemental Figures 2 and 3 (44). #><Different
superscripts indicate differences between participant group (Model 1; P < 0.05).

in healthy cycling women (54) and the suppression of en-
dogenous E2 and P4 production by OC (43, 55, 56).

Discussion

There is growing evidence that sex-steroid hormones E2 and
P4 exert systemic influence on T cell generation, phenotypes,
and function, modulating T cell subsets that affect immune de-
fense and control inflammation. In this study, we investigated
whether oral contraceptive medication, which suppresses
endogenous sex hormone synthesis, alters the size and com-
position of the anti-inflammatory Treg cell compartment in
peripheral blood in women. OC use was found to exert subtle
but likely biologically significant effects on specific subsets
within the T cell pool that varied in degree depending on cycle
phase. Collectively, the analysis showed that Treg cells of the
most strongly immune suppressive phenotype, defined by
high levels of FOXP3, CD25, Helios, HLADR, CTLA4, and
Ki67, were most affected. In women taking OC, these potent
anti-inflammatory immune regulators comprised a lower pro-
portion of the total Treg cell population, particularly in the
early and mid-cycle phases. A shift in the balance of Treg cell
memory phenotypes was also seen, such that women taking
OC had a greater proportion of mature EMRA Treg cells,
which suggests altered kinetics of Treg cell generation or mat-
uration (57). In addition, minor changes were also seen in the
memory phenotypes of CD4* Tconv cells and CD8* T cells in
the early- and mid-cycle phases, which may reflect a broader
impairment of sex hormone modulation of T cell generation
or maturation (58, 59).

Another surprising effect of OC use was to increase the
abundance of CD4*CD8* T cells, a subset of cells implicated
in pathogenic processes in cancer and chronic autoimmune
conditions (60, 61). CD4*CD8* T cells make up a small

proportion of T cells in healthy individuals. Their physio-
logical functions are not fully understood, although both
cytotoxic and suppressive capacities have been described (61).
The OC-associated increase in double-positive CD4*CD8* T
cells resulted in levels almost 2-fold those seen in men, while
no change was observed in double-negative CD4-CD8- T
cells. It is possible that OC causes changes to subpopulations
within the double-positive and double-negative T cell popu-
lations, but further detailed phenotypic analysis would be re-
quired to discern this.

Of the changes seen, the effects on Treg cells were of greatest
interest considering the major significance of these cells in
health and disease susceptibility. Both conventional analysis
and the unbiased tSNE analyses support the interpretation
that Treg cells with the most suppressive phenotype were
predominantly affected by OC. Conventional analysis re-
vealed that the phenotype markers most affected by OC were
HLADR and Helios. HLADRMCD45RA- Treg cells, which
comprise only around 3% of the total Treg cell pool, were
reduced by 45% in women taking OC compared to naturally
cycling women. Helios* Treg cells were reduced to a smaller
degree, while changes in FOXP3, CTLA4, and Ki67 were not
detected by conventional analysis. Greater insight was pro-
vided by the 2 tSNE analyses, which allows unbiased analysis
of all markers simultaneously, both of which supported the
interpretation that the subset of Treg cells most affected by
OC are those expressing high levels of all the key suppressive
markers—that is, the most potent immune regulatory subset.

Both analytical approaches pointed to the Treg cell changes
being most evident in the early-cycle phase (2-3 days after
commencement of menstruation or withdrawal bleeding),
which follows cessation of exogenous hormone intake (in
women taking OC) or the late luteal phase decline in en-
dogenous P4 and E2 (in naturally cycling women). The
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Figure 8. Dimensionality-reducing t-distributed stochastic neighbor embedding (tSNE)algorithm shows effects of oral contraception on peripheral blood
CD3*T cells. Peripheral blood drawn at early-, mid-, and late-cycle phases from naturally cycling women (N), women using oral contraception (OC), and
men. Data for flow cytometry phenotyping of CD3*T cells were concatenated into a single file and transformed by the tSNE algorithm. X-shift identified
14 unique cell clusters, and the relative expression intensity of each marker within each cluster was calculated using FlowJo software (A). The proportion
that each cluster contributes to total CD3* cells was calculated using linear mixed model analysis, and estimated marginal means were generated for
men, N, and OC groups (B). The mean + SE of the mean cluster proportions for N and OC groups are shown at the early- (C), mid- (D), and late-cycle

(E) phases. FOXP3*Treg cells within the concatenated file were manually gated to view their distribution (F). Two Treg cell populations were identified,
Cluster 1 and Cluster 2, with phenotypes typical of “mild” and "“strong” suppressive capability, respectively. Total Treg cells (Cluster 1 + Cluster 2) (G) and
strong Treg cells (Cluster 2) (H) are shown as estimated marginal means for men and the N and OC groups (bar graphs) and line graphs of mean + SE

of the mean for N and OC groups in early- (E), mid- (M) and late-cycle (L) phases. The effects of participant group, OC use, and cycle phase onTreg cell
clusters were assessed by 1-way analysis of variance and post hoc Tukey t-test (n = 8-17 participants/group; * P < 0.05).
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Figure 9. Plasma 173-estradiol (A) and progesterone (B) levels in naturally cycling women and women taking oral contraception. Peripheral blood was
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The effects of participant group, OC use, and cycle phase on Treg cell clusters were assessed by 1-way ANOVA and post hoc Tukey t-test (n = 8-15

participants/group; * P < 0.05).
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Figure 10. Plasma 173-estradiol (A) and progesterone (B) levels in
naturally cycling women and women taking OC. Plasma from venous
blood samples taken at early-, mid-, and late-cycle phases from naturally
cycling women (closed circles) or women using oral contraception (open
circles) was analyzed for 17f-estradiol (A) and progesterone (B) content.
Data were analyzed by 1-way analysis of variance with post hoc Sidak's
multiple comparisons test. #>*Different superscripts indicate difference
between cycle phases within a participant group. *Significant effect of
OC at specific cycle phase.

significance of this cycle phase and whether fewer circulating
Treg cells in women using OC reflects reduced generation or
increased uptake into peripheral tissues are unknown. Treg
cells are sequestered into the uterus under the influence of
P4 in the luteal phase of naturally cycling women to facili-
tate receptivity for embryo implantation (62, 63) and poten-
tially to modulate the inflammation and tissue remodeling
that accompanies menstruation (64). It is therefore possible
that greater Treg cell uptake into the uterus in response to
extended duration of progestin exposure contributes to fewer
peripheral blood Treg cells in women using OC.

An effect on Treg cell generation and/or maturation due to
altered E2 seems the most biologically plausible explanation
for the effect of OC on peripheral blood Treg cells. As reported
previously and confirmed here, OC overrides the E2-dominant
proliferative (or follicular) phase of the menstrual cycle (43).

15

We speculate that the consistently lower E2 levels across the
cycle and/or the absence of an E2-dominated phase may be
critical. Unopposed E2 is reported to promote Treg cell pro-
liferation (18, 19) and probably accounts for expansion of
the Treg pool in the proliferative phase (4). The nuclear E2
receptor estrogen receptor o is expressed in human Treg cells
and enables E2 binding to the promoter and the conserved
noncoding sequence 2 and 3 enhancer regions of the FOXP3
locus to promote FOXP3 expression and Treg cell function
(65). Estrogen receptor f3 likely also has a role since mice with
genetic deficiency in the nuclear receptor estrogen receptor 3
have impaired transforming growth factor f—dependent dif-
ferentiation of Treg cells and Foxp3 induction (66). In the
absence of E2 signaling, Treg cells fail to downregulate ex-
pression of GILZ, a glucocorticoid-responsive transcription
factor that is normally suppressed in mature Treg cells (66).
Impaired production of thymic Treg cells in the absence of
unopposed E2 would fit with the observed shift in phenotype
markers and the early cycle timing of the deficit.

The reduction in endogenous P4 that occurs with OC use
may also contribute to effects on Treg cells. P4 acts to skew
T cell differentiation away from proinflammatory Th1 and
Th17 and toward protolerogenic Th2 and Treg cell pheno-
types (39, 67, 68), promoting anti-inflammatory interleukin
(IL) 10 expression over proinflammatory cytokines tumor
necrosis factor, interferon-gamma (IFNG) and IL12 (36).
Elevated P4 in the luteal phase of natural cycles is thought to
embed Treg stability and promote uterine Treg cell accumu-
lation in readiness for potential pregnancy (16, 69) through
systemic effects reflected in peripheral blood (70, 71). There is
good evidence of nuclear P4 receptor expression in Treg cells
(72), suggesting direct effects of P4 on Treg cell differentiation
or function. P4 may also regulate Treg cells via membrane
P4 receptor o (73) and glucocorticoid receptors (74). The ex-
tent to which synthetic progestins override or recapitulate the
signaling effects of endogenous P4 is unclear.

Thus, in natural menstrual cycles, the sequence of un-
opposed E2 followed by elevated P4 may exert a sequence of
regulatory actions, promoting Treg cell proliferation followed
by Treg cell maturation. We speculate that OC use interferes
with both the generation and maturation of Treg cells by sub-
verting this dynamic cycle.

Our findings are consistent with a previous study indicating
an effect of OC on Treg cell numbers in US women (735).
This cross-sectional study showed that previous use of OC
is a negative predictor of Treg cell levels, with a 22% reduc-
tion in mean Treg cell values for women who reported pre-
vious or current OC use (75). However, the study did not
distinguish previous from current OC use, indicate the type
of OC, or evaluate effects on Treg cell phenotype. In contrast
with another earlier study (4), we did not observe menstrual
cycle—associated changes in the proportion of Treg cells in
peripheral blood, perhaps due to the smaller sample size and
different timing of sampling, as well as inclusion of CD127 as
a lineage-defining Treg cell marker, in the current study.

We included a comparison group of men to evaluate how
the effects of OC on immune phenotype in women com-
pare to the sexually dimorphic differences between men and
women. Treg cells and ratios of Treg cells to effector T cells
were found to be substantially higher in men than in women.
This is consistent with a previous report that men have
15% more CD4*CD25" Treg cells than women (76). Other
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studies indicate the effect of sex on Treg cells is diminished
after menopause (75, 77), implying a significant role for sex
hormones as opposed to genetic differences. In comparison
to sex, the effects of OC were relatively minor, although for
some parameters OC use amplified a sex-associated differ-
ence. For example, OC use in women caused their total Treg
cells, Helios* Treg cells, and EM Treg cells to be more dis-
tinctly different from those of men.

Treg cells are key regulators of immune balance, critical
in the prevention of autoimmunity, limiting and resolving in-
flammation, and establishing immune tolerance, especially
tolerance to the fetus during pregnancy (9, 78, 79). Reduced
abundance or dysfunction of Treg cells is associated with
many autoimmune diseases including type 1 diabetes (80),
systemic lupus erythematosus (81), multiple sclerosis (82),
and rheumatoid arthritis (83). A lower Treg cell prevalence
and reduced ratio of Treg to effector T cells in women is
thought to render them more susceptible to inflammatory ac-
tivation and to explain the clear skewing toward higher inci-
dence of autoimmune diseases in women compared to men
(84, 85).

The physiological significance of the changes in Treg cell
phenotype due to OC use for women’s health is unclear. We
did not have sufficient cells to measure immune suppressive
function, but the shift to fewer HLADRMCD45RA- Treg cell
phenotype we report is expected to result in lower suppressive
capability (49, 50). Consistent with this, we saw a decrease in
the ratio of Treg cells to both CD4* Tconv cells and CD8* T
cells in the early-cycle phase, suggesting lower Treg cell sup-
pressive activity may result in higher effector T cell activity
for at least a number of days each month.

Interestingly, the nature and scale of the difference in Treg
cells associated with OC use are reminiscent of differences
reported for several autoimmune diseases (86, 87), although
direct comparisons are difficult as patient sex and hormone
status are often not provided, and many older studies use a
limited range of lineage and phenotype markers. Treg cells
expressing Helios are thought to be particularly susceptible
due to impaired thymic output and greater phenotypic in-
stability (86, 88). For example, patients with multiple scler-
osis have fewer naive thymus-derived Treg cells and higher
memory Treg cells in peripheral blood (57), associated with
reduced suppressive competence in both immature HLADR-
and mature HLADR* subsets (89). Patients with sarcoidosis
or systemic lupus erythematosus are also reported to have
altered maturation (memory) subsets (90). There is clear evi-
dence from animal studies that Treg cell impairments cause
elevated susceptibility to autoimmune disease (86, 87), but
whether small changes similar to those reported herein are
sufficient to have a substantial pathophysiological role is un-
clear. It is important to consider that many other factors im-
pact Treg cell parameters in healthy individuals, including
age, genetics, and a range of environmental and lifestyle fac-
tors (57,75, 88).

Several studies have investigated whether OC use is causally
linked to autoimmune or inflammatory disorders in women.
Two large prospective studies provide compelling evidence
that Crohn’s disease and ulcerative colitis are more prevalent
in women using OC (91, 92). Two studies have reported an
increased risk of multiple sclerosis with OC use (93, 94), but
this was contradicted by a large cohort study that concluded
no change (95). Two separate meta-analyses demonstrate that
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OC use has no impact on the risk of rheumatoid arthritis (96,
97), a finding confirmed in another recent cohort study (98).

In addition to autoimmune disorders, alterations in Treg
cell populations are implicated in unexplained infertility and
obstetric disorders. Treg cell deficiency causes pregnancy loss
in animals models (10, 99), and in women, aberrant Treg cell
populations are linked to pregnancy pathologies including
preterm labor (17), preeclampsia (15, 16), and miscarriage
(14). It is well-established that prior OC use does not impair
capacity to later conceive a healthy pregnancy (100), but a
short-term delay of 2 to 6 months in the return of fertility
after OC use has been reported (101). Other studies suggest
that OC use prior to pregnancy can elevate the risk of preg-
nancy complications (102, 103), and there is conflicting evi-
dence on links between OC use and miscarriage (104-106).
Whether any effects of OC on maternal Treg cells could carry
through into pregnancy remains to be investigated.

There are considerable health benefits of OC for contracep-
tion and protection from abnormal uterine bleeding, with de-
creased rates of uterine and ovarian cancer in OC users (107).
Counterbalancing these benefits are well-documented side ef-
fects including breast tenderness, nausea, weight gain, head-
aches, and decreased libido (108, 109). A serious, although
rare, side effect is the increased risk of cardiovascular patholo-
gies including venous thromboembolism, thrombotic stroke,
and myocardial infarction (110-112). Whether any of these
effects involve Treg cells is not clear but is biologically plaus-
ible given the central roles for Treg cells in tissue homeostasis
through their potent anti-inflammatory, immune-regulatory
and vasoregulatory functions (11-13). OC use has also been
linked with depression and use of antidepressant medica-
tion (113-115). It will be important to investigate whether
this is associated with altered Treg cell parameters, given the
emerging association between mental health and immune and
inflammatory status (116, 117).

A limitation of this study is that women in the OC
group used several different OC formulations, with varying
content of synthetic E2 ethinylestradiol and progestins
[Supplemental Table 1 (44)]. Whether formulation affects
the degree of impact is not possible to discern in this small
data set. Our findings also raise the question of how T
cell populations may be altered in women with constant
hormone delivery, such as those utilizing OC without a
monthly break for withdrawal bleed or women using a
progestin-releasing intrauterine device or contraceptive im-
plant (eg, Implanon).

In summary, this study reports a previously undescribed
link between OC use and perturbations in Treg cells in per-
ipheral blood of women. By overriding fluctuations in E2 and
P4 that in natural cycles facilitate immune tolerance for re-
productive success, OC use may alter the dynamics of Treg
cell generation and maturation. However, given the critical
importance of OC in women’s reproductive planning, it is
essential to emphasize that further studies, ideally using a
placebo case-control design, are necessary to confirm the
immune changes we report and to elucidate the underlying
mechanisms. Determining whether effects of OC mediated via
Treg cells or other immune cells may be involved in altered
autoimmune, reproductive, or cardiovascular disease risks
and whether and, if so, how this might interact with other
predisposing or causal factors will require detailed investiga-
tion. Evaluation of the relationship between prior OC use and
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Treg cells in reproductive tissues is particularly warranted,
given the clear links between Treg cell insufficiency and infer-
tility and adverse pregnancy outcomes in women.
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