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The Contraceptive Depot Medroxyprogesterone Acetate Impairs
Mycobacterial Control and Inhibits Cytokine Secretion in Mice
Infected with Mycobacterium tuberculosis
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The contraceptive depot medroxyprogesterone acetate (DMPA), with progestin as the single active compound, possesses selec-
tive glucocorticoid activity and can alter the expression of glucocorticoid receptor-regulated genes. We therefore propose that
pharmacological doses of DMPA used for endocrine therapy could have significant immune modulatory effects and impact on
susceptibility to, as well as clinical manifestation and outcome of, infectious diseases. We investigated the effect of contraceptive
doses of DMPA in two different murine Mycobacterium tuberculosis models. Multiplex bead array analysis revealed that DMPA
altered serum cytokine levels of tumor necrosis factor alpha (TNF-a), granulocyte colony-stimulating factor (G-CSF), and inter-
leukin 10 (IL-10) in C57BL/6 mice and gamma interferon (IFN-v) in BALB/c mice. DMPA also suppressed antigen-specific pro-
duction of TNF-a, G-CSF, IL-10, and IL-6 and induced the production of IP-10 in C57BL/6 mice. In BALB/c mice, DMPA altered
the antigen-specific secretion of IFN-v, IL-17, granulocyte-macrophage colony-stimulating factor (GM-CSF), IL-6, and mono-
cyte chemotactic protein 1 (MCP-1). Furthermore, we show that C57BL/6 mice treated with doses of DMPA, which result in se-
rum concentrations similar to those observed in contraceptive users, have a significantly higher bacterial load in their lungs. Our
data show for the first time that DMPA impacts tuberculosis (TB) disease severity in a mouse model and that the effects of this
contraceptive are not confined to infections of the genital tract. This could have major implications for the contraceptive policies

not only in developing countries like South Africa but also worldwide.

epot medroxyprogesterone acetate (DMPA), also known as

Depo-Provera or Petogen, is the most commonly used con-
traceptive in developing countries, including South Africa (1).
Some recent publications suggest that DMPA use is associated
with a significantly higher risk of acquiring HIV (2—4), although
other studies did not find this association (5, 6). Use of DMPA has
previously also been linked to increased risk of acquisition of other
sexually transmitted diseases, such as Trichomonas vaginalis, Neis-
seria gonorrhoeae, and Chlamydia trachomatis (7). DMPA is a con-
traceptive administered to women as an intramuscular injection
once every 3 months. Some synthetic progestins bind with a high
affinity not only to the progesterone receptor but also to the an-
drogen receptor (8). Upon ligand binding, these receptors subse-
quently bind to a consensus sequence called the hormone re-
sponse elements (HRE) in the promoter regions of their target
genes (9, 10). DMPA, however, is pharmacologically unique to
other synthetic progestins, including the 2-month injectable con-
traceptive norethisterone (NET), as it also binds with high affinity
to the glucocorticoid receptor (11). DMPA has been shown by
many, including us, to have partial GR agonist activity and has
been shown to alter the expression of glucocorticoid receptor-
regulated genes (12). However, DMPA is probably better referred
to as a selective GR modulator, as it can act as an agonist as well as
an antagonist depending on the cellular milieu (13).

Activation of the hypothalamus-pituitary-adrenal axis (HPA)
has been implicated in the increased risk of developing tubercu-
losis (TB) (14-17). Furthermore, administration of synthetic glu-
cocorticoids causes reactivation of TB in humans and animals (14,
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15, 17). Due to its selective glucocorticoid properties, we hypoth-
esize that DMPA would mimic the effects of cortisol during
Mpycobacterium tuberculosis infections. We have previously shown
that DMPA mimics cortisol and not progesterone in human pe-
ripheral blood mononuclear cells (PBMCs) and suppresses Myco-
bacterium bovis bacillus Calmette-Guérin (BCG)-induced secre-
tion of gamma interferon (IFN-v), tumor necrosis factor alpha
(TNF-a), interleukin 1 (IL-1at), IL-1@, IL-1ra, IL-2, IL-5, IL-6,
IL-12p40, IL-13, IL-17, sCD40L, granulocyte-macrophage colo-
ny-stimulating factor (GM-CSF), and macrophage inflammatory
protein 1B (MIP-1B) (1). Cortisol and DMPA, but not progester-
one, also upregulated the production of IP-10 and granulocyte
colony-stimulating factor (G-CSF). Furthermore, PBMCs from
healthy women using DMPA as a contraceptive produced signif-
icantly less IL-1a, IL-12p40, G-CSF, IL-10, and IL-13 when chal-
lenged with BCG compared to women not using contraceptives.
Most interestingly, we showed that women using DMPA had sig-
nificantly lower numbers of circulating monocytes. It is therefore
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possible that DMPA could alter susceptibility to TB and severity of
active TB disease. This is of concern, as DMPA is currently the
recommended contraceptive for patients with TB, as its efficacy is
not diminished by liver enzyme induction due to TB drugs (18).

To assess whether this contraceptive can affect TB disease severity
and immune responses to M. tuberculosis, we set up an MPA mouse
model. The TB-resistant C57BL/6 and TB-susceptible BALB/c strains
were included, as they also have different sensitivities to glucocorti-
coids (19). The aim, therefore, was to compare these two strains to
our previously published human work and determine which strain is
a suitable model to study the effect of DMPA in the context of TB. In
this study, we highlight the similarities of the C57BL/6 mouse strain
to that of our human data and we show that DMPA inhibits cytokine
secretion in these mice similarly to that in women using DMPA as
contraceptive. Most importantly DMPA increases the bacterial bur-
den in the lungs of C57BL/6 mice, which warrants further investiga-
tion in contraceptive users.

MATERIALS AND METHODS

Ethics statement. Ethical approval was obtained from the Animal Re-
search Ethics Committee of the University of Cape Town (project number
009/054) and the Research Ethics Committee: Animal Care and Use of the
University of Stellenbosch (project number 10NN_KLEO1 and project
number P09/10/014).

Mice. Adult, 8- to 12-week-old female C57BL/6 and BALB/c mice
were bred and housed under specific pathogen-free conditions at the an-
imal facility of the University of Cape Town. Mice were allowed to accli-
matize in the biosafety level 3 facility for 6 days before being used for any
experimental procedures.

Hormone therapy. Clinical-grade DMPA (Depo-Provera [150 mg/
ml]; Pfizer, NY) was diluted to 20 mg/ml in sterile phosphate-buffered
saline (PBS; Lonza, MA). Once a week, mice were injected intramuscu-
larly into the right thigh with 1 mg of DMPA in 50 wl, and control mice
were injected with the same volume of saline. Intramuscular injections of
DMPA commenced 1 week before M. tuberculosis infection (week —1).

Mycobacterium tuberculosis infection. M. tuberculosis H37Rv was
obtained from the Trudeau Mycobacterial Culture Collection (Trudeau
Institute, NY). M. tuberculosis was grown in Difco Middlebrook 7H9
broth (Becton, Dickinson [BD], San Diego, CA), supplemented with
0.05% Tween 80 (Sigma) and 10% Middlebrook oleic acid-albumin-dex-
trose-catalase (OADC) enrichment (BBL; BD) at 37°C until the mycobac-
teria reached mid-log phase. Mycobacterial viability and concentrations
were determined by thawing an M. tuberculosis aliquot, disrupting the
mycobacterial clumps by aspirating through a 29-gauge needle (Omni-
can; B. Braun, Melsungen, Germany) 30 times and plating 10-fold serial
dilutions onto Difco Middlebrook 7H10 agar plates (BD) supplemented
with 10% OADC (BD) and 0.5% glycerol (Sigma). A Glass-Col inhalation
exposure system (model A4224; Glas-Col, Indiana) was used to deliver a
low dose of approximately 30 CFU, as previously described (20), to the
lungs of mice via aerosol inhalation 1 week after initiation of DMPA
treatment (week 0). The infection dose was confirmed by enumeration of
bacteria 1 day postinfection. Bacterial loads were assessed in the lungs and
spleens of infected mice 3 and 8 weeks postinfection (10 mice/group) after
euthanasia. An additional 16-week time point was, however, included in
the BALB/c experiments, as this strain is known to be less sensitive to the
effects of glucocorticoids (19). Lungs and spleens were weighed and homog-
enized in sterile PBS (Lonza) containing 0.04% Tween 20 (Sigma). Tenfold
serial dilutions were plated in duplicate on Difco Middlebrook 7H11 agar
(BD) plates supplemented with 0.5% glycerol (Sigma) and 10% OADC (BD).
Plates were incubated for 18 to 21 days at 37°C, after which the colonies were
enumerated and bacterial load per organ was determined.

Serum collection and ex vivo single-cell stimulation. Mice were hu-
manely euthanized by halothane exposure (5% in air) 3, 8, and 16 weeks
postinfection and their organs aseptically removed. Blood was collected
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by cardiac puncture and serum stored at —70°C until cytokine analysis by
Multiplex bead array assay. Single cells were prepared from the mediasti-
nal lymph nodes (MLNs), collected from each group, by passing the or-
gans through a 70-pm-pore-size nylon cell strainer (BD) in AIM-V me-
dium (BD). After removal of erythrocytes, cells were cultured at a density
of 2 X 10 cells/well in a total volume of 200 wl in 96-well cell culture
plates (Greiner Bio-one, North Carolina) and restimulated ex vivo with a
final concentration of 5 pg/ml of the M. tuberculosis antigens PPD (Stat-
ens Serum Institut, Copenhagen, Denmark) or ESAT-6 (Statens Serum
Institut, Copenhagen, Denmark) for 4 days at 37°C and 5% CO,. The
mitogen phytohemagglutinin (PHA; 5 pg/ml final concentration; Sigma)
was included as a positive control. Supernatants were harvested and
stored at —70°C until further analysis by Multiplex bead array analysis.
Histology. To standardize the histological scoring, the left lung lobes
were collected and fixed in 10% buffered formalin (Merck), processed,
and embedded into paraffin wax. Tissues were sectioned (3 to 5 pm) and
stained with hematoxylin and eosin and the lung pathology was semi-
quantitatively scored in a blinded manner from 0 to 4 according to the
inflammatory score assigned to the perivascular infiltrates described in
reference 21. A score of 0 indicated the absence of inflammation in the
peribronchiolar, perivascular, and intra-alveolar regions of the lungs.
Scores were assigned to the perivascular and peribronchiolar inflamma-
tion as follows: 1, minimal, few scattered areas of lymphocytic infiltrates
which involve less than 15% of the blood vessel or bronchiole with no
cuffing of lymphocytes; 2, mild, lymphocytic infiltration with formation
of cuffs consisting of fewer than 5 layers of cells, with 15 to 25% involve-
ment of blood vessel or bronchiole; 3, moderate, lymphocytic infiltration
with cuff formation consisting of 5 to 10 layers of cells, with 25 to 75%
involvement of blood vessel and bronchiole; and 4, severe, lymphocytic
infiltration with formation of cuff consisting of more than 10 layers of
cells, with 75% involvement of blood vessel and bronchiole. For the intra-
alveolar regions, the scores were assigned by determining the percentage
of area involved/inflamed in each scanned field of a specific lobe: 1, less
than 15% of field area involved; 2, 15 to 25% involvement; 3, 25 to 75% of
field involved; and 4, more than 75% of field involved in inflammation.
Scores were grouped and averaged according to treatment group.
Multiplex bead array assay. Cytokine analysis was done using mouse
7- and 21-plex Luminex assays (MPXMCYTO-70K-07, Merck-Millipore,
Missouri) to simultaneously quantify the concentrations of IL-1a, IL-6,
IL-10, IL-12p40, G-CSF, IFN-v, and TNF-a in the mouse sera and IL-1a,
IL-1B, IL-2, IL-4, IL-5, IL-6, IL-10, IL-12p40, IL-12p70, IL-13, IL-17,
eotaxin, G-CSF, GM-CSF, IEN-v, TNF-q, interferon-inducible protein
10 (IP-10), monocyte chemotactic protein 1 (MCP-1), MIP-1a, MIP-13,
and vascular endothelial growth factor (VEGF) in the MLN supernatants
obtained from the ex vivo restimulations. The assay was done according to
manufacturer’s instructions, and the samples were evaluated in duplicate.
Cytokine concentrations were measured on a Bio-Plex platform (Bio-
Plex, Bio-Rad Laboratories). Two quality controls were included in each
kit, and levels of all analytes were within the expected ranges. A standard
curve ranging from 3.2 pg/ml to 10,000 pg/ml was used for all analytes.
Bio-Plex Manager software (version 4.1.1) was used to analyze the data.
Determination of DMPA concentrations in mouse serum by LC-
MS/MS. Blood was collected from anesthetized mice by cardiac puncture,
and the serum samples were stored at —80°C. The mouse sera were
shipped to GBN Analytics in Mossel Bay, South Africa, where the concen-
trations of DMPA were measured using high-performance liquid chro-
matography (HPLC) with tandem mass spectrometry (LC-MS/MS) after
aliquid-liquid extraction. Chromatographic separation was achieved on a
Phenomenex Luna C, 4 (150- by 2.1-mm, 5-pm) analytical column using
methanol and 5 mM ammonium formate (80:20 [vol/vol]) as the mobile
phase under isocratic conditions. DMPA was detected with an Applied
Biosystems API 4000 mass spectrometer using electrospray ionization in a
positive and multiple reaction monitoring mode to monitor the precur-
sor-to-product ion transition of medroxyprogesterone-17-acetate (m/z
387.2—327.3). Calibration and quality control standards were prepared
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FIG 1 Mean serum concentration of DMPA in C57BL/6 mice after intra-
muscular administration. DMPA was administered to mice by means of
two regimens. Group A received a weekly injection of 1 mg DMPA, whereas
group B received a single injection with the same concentration of hor-
mone. Serum of 5 mice in each group was collected at the following time
points after initiation of DMPA treatment: day 1 and weeks 3, 8, and 16.
DMPA serum concentrations were measured by high-performance liquid
chromatography (HPLC) and tandem mass spectrometry (LC-MS/MS).
Data are represented as means * standard errors of the means (SEM).
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by adding known amounts of DMPA in methanol to normal blank mouse
serum to obtain the desired range. Standards were frozen at —80°C and
subsequently used to assess the intra- and interbatch accuracy and preci-
sion of the detection method. Detection of DMPA in mouse serum was
validated for the 0.165-t0-84.2-ng/ml calibration range.

Statistics. Data presented are of two independent experiments and were
analyzed using the data analysis software GraphPad Prism 5 and Statistica 10,
Statsoft (Ohio). P values of =0.05 were considered significantly different, and
values of =0.09 and >0.05 were considered a trend. The letters a, b, and ¢
were used to indicate statistical significance, with values with the same letter
not being significantly different from each other.

RESULTS

Attaining murine serum concentrations of DMPA correspond-
ing to human contraceptive levels. The aim of the study reported
here was to use a DMPA dosage that resulted in serum DMPA
concentrations in mice similar to those found in human contra-
ceptive users. In contraceptive users, the peak serum concentra-
tions of DMPA have been shown to vary widely ranging from 1
ng/ml to 23 * 6.90 ng/ml (18, 22-25). We therefore carried out a
regimen study to identify a DMPA dose which would be compa-
rable with the upper limit of peak serum concentrations observed
in contraceptive users (22). The DMPA regimen study compared
a weekly dose (Fig. 1, group A) to a single-dose (Fig. 1, group B)
administration of 1 mg DMPA. Blood was drawn from both
groups on day 1 and weeks 3, 8, and 16, and the DMPA serum
concentrations were measured by LC-MS/MS. Electrospray ion-
ization was used to produce ions, and DMPA showed a precursor
ion at m/z 387.2. The DMPA serum concentration was 21.26
ng/ml 1 day after initiation of DMPA regimens (Fig. 1). The
DMPA concentration thereafter increased in group A to 27.42
ng/ml after 3 weeks and remained high (31.6 ng/ml after 8 weeks
and 29.42 ng/ml after 16 weeks) (Fig. 1) for the duration of the
experiment. The serum concentration in group B, however, de-
creased to 6.05 ng/ml after 3 weeks and remained low (0.3 ng/ml
after 8 weeks and 0.19 ng/ml after 16 weeks) (Fig. 1). We therefore
decided to inject mice weekly with DMPA to achieve serum con-
centrations that are consistent with peak concentrations observed
in humans. We believe this DMPA mouse model will allow us to
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FIG 2 DMPA treatment results in enhanced body weight increases. Mice (n = 10
mice/group) from both the C57BL/6 (A) and BALB/c (B) strains received weekly
intramuscular injections of 1 mg DMPA, and the control mice received an equal
volume of saline (50 pl). DMPA injections commenced 1 week before (week —1)
aerosol infection with M. tuberculosis H37Rv (week 0). Differences in body weight
among the four groups were determined in two independent experiments by one-
way analysis of variance (ANOVA) with the Bonferroni post hoc test at each of the
time points, and the data are represented as means = SEM. From 1 week postin-
fection, DMPA-treated mice (DMPA and DMPA-M. tuberculosis groups) gained
significantly more weight than the untreated (naive and M. tuberculosis) groups
(0.001 < P < 0.05). No differences were found between naive and M. tuberculosis-
infected mice and between the two DMPA-treated groups. Each graph is a repre-
sentative of the two independent experiments.

gain insight into the immune modulatory effects of human con-
traceptive doses of DMPA.

Serum concentrations of DMPA resembling those observed in
contraceptive users resulted in increased body weights compared
to those of the appropriate control mice injected with saline. The
body weight of each mouse was measured on a weekly basis as a
determinant of their well-being. Mice from the C57BL/6 and
BALB/c strains treated with DMPA (DMPA and DMPA-M. tuber-
culosis) gained significantly more weight than the saline (naive and
M. tuberculosis)-treated groups (Fig. 2A and B), a well-described
side effect observed in women using DMPA as contraceptive (26).
No significant differences were found between the DMPA and
DMPA-M. tuberculosis groups and the naive and M. tuberculosis
groups, which is consistent with the low M. tuberculosis infection
dose. An additional 16-week time point was included in the
BALB/c experiments, as no differences in CFU were seen at the 3-
and 8-week postinfection time points for this particular strain.

DMPA-treated mice infected with M. tuberculosis have lower
serum levels of TNF-«, G-CSF, IL-10, and IFN-vy than untreated
M. tuberculosis-infected mice. We previously showed that PB-
MCs of women using DMPA produce significantly less IL-1a,
IL-12p40, IL-10, IL-13, and G-CSF in response to BCG, which
coincided with lower levels of circulating monocytes (1). These
results raised the question of whether DMPA users are more sus-
ceptible to TB and/or display more severe TB disease than non-
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FIG 3 Effects of DMPA treatment on serum cytokine concentrations in M. tuberculosis-infected C57BL/6 mice. Serum collected from C57BL/6 mice 3 and 8
weeks postinfection was subjected to cytokine measurement by Luminex analysis. DMPA-treated mice generally have lower levels of circulating cytokines than
untreated mice. Pooled data from two independent experiments are shown. For each experiment, the serum of five mice in each of the infected groups
(DMPA-M. tuberculosis and M. tuberculosis) and 3 of the naive and DMPA-only groups were included for Luminex analysis. The log-transformed data were
analyzed using a one-way ANOVA with a Fisher least significant difference (LSD) post hoc test and presented as least-squares means and 95% confidence intervals.

A P value of <0.05 was regarded as significantly different (ns, not significant).

contraceptive users. Addressing this question in humans proves
very difficult, as a large number of study participants not only
would have to be recruited but would also have to be followed up
over a long period of time. The aim of this study was therefore to
use a mouse model to better understand the overall immune reg-
ulatory properties of DMPA during M. tuberculosis infection. Se-
rum concentrations of IL-la, IL-6, IL-10, IL-12p40, G-CSF,
IFN-v, and TNF-a were measured by Luminex analysis in two
independent experiments in both strains. C57BL/6 mice treated
with DMPA and infected with M. tuberculosis had significantly
lower circulating concentrations of TNF-a (P = 0.027; Fig. 3A) 3
weeks postinfection and of G-CSF (P = 0.011; Fig. 3B) and IL-10
(P = 0.015; Fig. 3C) 8 weeks postinfection than untreated, M.
tuberculosis-infected mice. DMPA treatment had no effect on the
serum concentrations of IFN-y (Fig. 3D) and IL-1a (Fig. 3E) in
C57BL/6 mice. DMPA therefore differentially altered cytokine
production during the course of the infection. DMPA treatment
affected IFN-y concentrations in BALB/c mice infected with M.
tuberculosis 8 weeks postinfection, with DMPA-treated mice hav-
ing significantly lower circulating IFN-vy levels (P = 0.010;
Fig. 4A) than untreated M. tuberculosis-infected mice. The treat-
ment effect remained evident even 16 weeks postinfection (P =
0.025; Fig. 4A). No differences were observed in the serum con-
centrations of TNF-a, G-CSF, IL-1q, and IL-10 in BALB/c mice
between the DMPA-treated and untreated M. tuberculosis groups
(Fig. 4B to E). DMPA altered the concentrations of IL-10 and
G-CSF in our previously published human study (1) as well as in
the C57BL/6 DMPA mouse model. Although different antigens
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were used in these studies, both measure antimycobacterial re-
sponses, and the results suggest that the C57BL/6 strain is a good
model to study the effect of contraceptive doses of DMPA on
mycobacterial infections.

DMPA alters memory responses of mediastinal lymph node
cells to M. tuberculosis-specific antigens. To further explore the
effects of DMPA on the memory immune response of mice chal-
lenged with M. tuberculosis, the MLNs of each of the mice in the
four groups were isolated and stimulated with the M. tuberculosis
antigens purified protein derivative (PPD) and ESAT-6 for 4 days
in the absence of hormone. The lymph node supernatants were
also subjected to Luminex analysis, and the concentrations of IL-
la, IL-1B, IL-2, IL-4, IL-5, IL-6, IL-10, IL-12p40, IL-12p70, IL-13,
IL-17, eotaxin, G-CSF, GM-CSF, IFN-vy, TNF-«, IP-10, MCP-1,
MIP-1a, MIP-18, and VEGF were measured. MLN cells isolated
from DMPA-treated M. tuberculosis-infected C57BL/6 mice pro-
duced significantly less TNF-« (P = 0.026; Fig. 5A), G-CSF (P =
0.011; Fig. 5B), and IL-6 (P = 0.018; Fig. 5C) 3 weeks postinfection
in response to ESAT-6 compared to untreated M. tuberculosis-
infected mice. No differences were detected in the TNF-a and
G-CSF levels in the culture supernatants 8 weeks postinfection.
The effect of DMPA on IL-6 varied during the course of the infec-
tion, since the MLN cells of the DMPA-treated group produced
more IL-6 (P = 0.033; Fig. 5C) 8 weeks postinfection. DMPA
treatment, furthermore, resulted in increased production of IP-10
(P = 0.052; Fig. 5D) 3 weeks postinfection. Cells isolated from the
MLNs of C57BL/6 mice also produced less IL-10 (P = 0.006;
Fig. 5E) in response to PPD compared to the cells of untreated
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FIG 4 Effects of DMPA on serum cytokine concentrations in M. tuberculosis-infected BALB/c mice. Serum collected from BALB/c mice 3, 8, and 16 weeks
postinfection was subjected to cytokine measurement by Luminex analysis. DMPA treatment altered circulating concentrations of [IEN-y (A) but not TNF-a (B),
G-CSF (C), IL-1a (D), and IL-10 (E) in these mice. Pooled data from two independent experiments are shown. For each experiment, the serum of five mice in
each of the infected groups (DMPA-M. tuberculosis and M. tuberculosis) and 3 of the naive and DMPA-only groups were included for Luminex analysis. The
log-transformed data were analyzed using a one-way ANOVA with a Fisher LSD post hoc test and presented as least-squares means and 95% confidence intervals.

A P value of <0.05 was regarded as significantly different (ns, not significant).

mice infected with M. tuberculosis. The effect on both these cyto-
kines disappeared at 8 weeks. No differences were, however, ob-
served in the antigen-induced responses of IFN-y and MIP-1a
(Fig. 6A and B) 3 and 8 weeks postinfection.

MLN cells of DMPA-treated BALB/c mice produced signifi-
cantly less IFN-y (P < 0.001; Fig. 7A), IL-17 (P < 0.001; Fig. 7B),
GM-CSF (P < 0.001; Fig. 7C), IL-6 (P = 0.012; Fig. 7D), and
MCP-1 (P = 0.005; Fig. 7E) in response to PPD 16 weeks postin-
fection. For this particular strain, no differences were found in the
antigen-induced response of G-CSF, IP-10, and MIP-1a (Fig. 8A
to C). From the results, it is clear that DMPA has an overall sup-
pressive effect on cytokine production with the exception of IP-10
and IL-6 in the C57BL/6 strain. We have previously shown that
DMPA upregulated the production of IP-10 in vitro when human
PBMCs were stimulated with BCG for 3 and 6 days (1). PBMCs of
human MPA users also produce lower levels of IL-10 and G-CSF
upon BCG stimulation. The cytokine profile of the C57BL/6 strain
therefore corresponds to the results previously reported in our ex
vivo human experiments, although different mycobacterial anti-
gens were used (1).

DMPA inhibits mycobacterial clearance in the lungs of
C57BL/6 mice. After showing that DMPA treatment resulted in
significant changes in the serum cytokine levels and altered the
ability of MLN cells to produce cytokines in response to PPD and
ESAT-6, we investigated whether DMPA influences the ability of
mice to control M. tuberculosis replication. Ten mice in each
group were killed at the time points indicated, and their lungs and
spleens were aseptically removed and weighed. Organ weights
were analyzed as a marker of inflammation. No differences were
observed in the lung weights of infected C57BL/6 mice at any of
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the time points (data not shown); however, in the BALB/c strain,
the lungs of infected mice treated with DMPA weighed signifi-
cantly less than the lungs of untreated mice infected with M. tu-
berculosis 8 weeks postinfection (P < 0.05; data not shown). This
effect, however, appeared to be transient, as no difference in organ
weight was observed 16 weeks postinfection (data not shown).
Similar to the lung weights, the spleens of the infected mice
weighed more than the spleens of the uninfected (naive and
DMPA treatment only) mice, but no difference was observed in
the spleen weights of DMPA-treated C57BL/6 and BALB/c mice
compared to untreated mice (data not shown). Histopathological
scoring was further done to determine the extent of perivascular,
peribronchiolar, and intra-alveolar lymphocytic infiltration, as
glucocorticoids are known to differentially alter the accumulation
of inflammatory cells in the airways (27). DMPA treatment re-
sulted in significantly decreased inflammation in the peribron-
chiolar regions 16 weeks postinfection (P = 0.037; Fig. 9A) and
significantly increased inflammation in the intra-alveolar regions
8 weeks postinfection (P = 0.0002; Fig. 9B) in BALB/c mice. No
difference in inflammatory score was observed in the perivascular
region of BALB/c mice (data not shown) or in any of the 3 param-
eters in the C57BL/6 mouse strain (data not shown).
Glucocorticoids are known to induce reactivation of TB in
mice (15), and since DMPA possesses selective glucocorticoid ac-
tivity, we wanted to determine the effect of this contraceptive on
the bacterial burden of M. tuberculosis-infected mice. Enumera-
tion of the lung CFU of the C57BL/6 mice revealed that the
DMPA-treated mice (DMPA-M. tuberculosis group) had signifi-
cantly more bacteria in their lungs at 3 weeks (P = 0.021) and 8
weeks (P = 0.0002; Fig. 10A) postinfection than untreated mice
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FIG 5 DMPA treatment alters cytokine and chemokine secretion of PPD- and ESAT-6-stimulated MLN cells of C57BL/6 mice. C57BL/6 mice were injected
intramuscularly with DMPA or saline weekly. Single cells were obtained from MLNs collected 3 (n = 5 mice/group) and 8 (n = 5 mice/group) weeks
postinfection. Stimulations were done in triplicate in two independent experiments, and the cytokine levels were measured in the culture supernatant by Luminex
analysis. DMPA treatment altered the ESAT-6 (A to D)- and PPD (E)-induced cytokine responses of the isolated MLN cells. Log-transformed data of two
experiments were pooled and analyzed using a one-way ANOVA with a Fisher LSD post hoc test and presented as least-squares means and 95% confidence
intervals. A P value of <0.05 was regarded as significantly different (ns, not significant).

(M. tuberculosis group). Dambuza et al. demonstrated that clear-
ance of M. tuberculosis is dependent on TNF-« and that TNF '~
mice displayed high bacterial loads and succumb to the infection
(28). The increase in lung CFU in this particular strain in DMPA-

differences in CFU were found at any of the 3 time points for
BALB/c mice (Fig. 10B). This again highlights the fact that these
two strains have different sensitivities to glucocorticoid-induced
immune regulation. Increases in the spleen weights between the

infected and uninfected animals suggest that the infection spread
to this organ; however, spleen weights were similar in DMPA-

treated mice is therefore possibly attributable to the decreased
TNF-a serum concentrations observed 3 weeks postinfection. No
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FIG 6 DMPA treatment does not alter the PPD-induced secretion of IFN-y and MIP-1a by MLN cells of C57BL/6 mice. C57BL/6 mice were injected
intramuscularly with DMPA or saline weekly. Single cells were obtained from MLNs collected 3 (n = 5 mice/group) and 8 (n = 5 mice/group) weeks
postinfection. Stimulations were done in triplicate in two independent experiments, and the cytokine levels were measured in the culture supernatant by Luminex
analysis. DMPA treatment did not alter the PPD-induced IFN-y (A) and MIP-1a (B) responses of the isolated MLN cells. Log-transformed data from the two
experiments were pooled and analyzed using a one-way ANOVA with a Fisher LSD post hoc test and presented as least-squares means and 95% confidence
intervals. A P value of <0.05 was regarded as significantly different (ns, not significant).
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FIG 7 DMPA treatment alters cytokine and chemokine secretion of PPD-stimulated MLN cells of BALB/c mice. BALB/c mice were injected intramuscularly with
DMPA or saline weekly. Single cells were obtained from MLNs collected 3, 8, and 16 weeks postinfection of 5 mice/group. Stimulations were done in triplicate
in two independent experiments, and cytokine levels were measured in the culture supernatants by Luminex analysis. DMPA treatment altered the PPD-induced
cytokine responses of IFN-y (A), IL-17 (B), GM-CSF (C), IL-6 (D), and MCP-1 (E) 16 weeks postinfection. Log-transformed data of two experiments were
pooled and analyzed using a one-way ANOVA with a Fisher LSD post hoc test and presented as least-squares means and 95% confidence intervals. A P value of

<<0.05 was regarded as significantly different (ns, not significant).

treated and untreated mice (data not shown). DMPA treatment
did not affect the bacterial load in the spleens of either mouse
strain.

DISCUSSION

Several effects and possible mechanisms of DMPA on infections of
the genital tract have been documented (29-31). It was shown that
the use of DMPA as a contraceptive causes a significant increase
in the shedding of HIV-1 DNA in humans (31) and the adminis-
tration of contraceptive doses of DMPA to rhesus macaques
causes thinning of the vaginal epithelium (30). In a herpes simplex
virus 2 (HSV-2) mouse model, DMPA causes a 10-fold increase in
susceptibility to this sexually transmitted disease (29). DMPA also
inhibits the effector function of CD8 T cells, including IFN-vy pro-
duction, and induces reactivation of HSV-1 in mice (32, 33). A
significant association was also found between the use of DMPA
and the acquisition of sexually transmitted diseases other than
HIV (7). Whether DMPA use increases the risk of acquiring HIV
has been a matter of dispute, but recent reports by Morrison et al.
and Heffron et al. supported this concept (2, 3). The effects of
DMPA on infections outside the genital tract have not been inves-
tigated until recently, when we reported for the first time that
DMPA acts similarly to cortisol and influences BCG-induced cy-
tokine responses in PBMCs of noncontraceptive users and that
PBMCs of DMPA users produce less IL-1a, IL-12p40, IL-10, IL-
13, and G-CSF (1). Importantly, we also showed that DMPA users
have significantly less circulating monocytes (1), a phenomenon
also observed for low-dose glucocorticoid therapy (34).
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Our goal was to determine the effects of DMPA in a model system
which would have clinical relevance. Various DMPA regimens have
been described in animal models in an attempt to achieve DMPA
serum concentrations similar to either endogenous progesterone lev-
els or DMPA levels observed in humans (35-37). One such study
established an intramuscular DMPA regimen for mice which would
achieve similar DMPA plasma concentrations observed in women
who use this hormone as breast cancer therapy (37). Our pharmaco-
kinetic study in mice identified an intramuscular DMPA regimen
with serum concentrations comparable with the highest peak serum
concentrations observed in women using it as injectable contracep-
tive. We are aware that the serum concentrations in women vary
widely and do not remain at this level throughout the 3-month period
until follow-up injection. Therefore, the timing after DMPA admin-
istration might be critical in inhibiting immune responses to M. tu-
berculosis in humans.

In the C57BL/6 model, DMPA-treated mice had lower serum
levels of TNF-a 3 weeks and lower levels of G-CSF and IL-10 8
weeks after infection. Furthermore, cells isolated from the MLNs
of DMPA-treated C57BL/6 mice also produced less TNF-«, G-
CSF, and IL-6 and more IP-10 in response to ESAT-6 and less
IL-10 in response to PPD. The production of IFN-y and MIP-1a
was not affected by DMPA in this model. BALB/c mice, on the
other hand, had lower serum IFN-v levels 8 and 16 weeks postin-
fection. Due to limited changes observed in the BALB/c strain at
the earlier time points, a 16-week time point was included based
on the findings of Hernandez-Pando et al. (38). Changes in the
PPD-induced cytokine responses of the MLN cells were detected
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intramuscularly with DMPA or saline weekly. Single cells were obtained from MLNs collected 3, 8, and 16 weeks postinfection from 5 mice/group. Stimulations
were done in triplicate in two independent experiments, and cytokine levels were measured in the culture supernatants by Luminex analysis. DMPA treatment
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<0.05 was regarded as significantly different (ns, not significant).
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at this late time point, with MLN cells of DMPA-treated BALB/c
mice producing less IFN-y, IL-17, GM-CSF, IL-6, and MCP-1. In
contrast to the C57BL/6 strain, the production of G-CSF and
TNEF-a was not affected by DMPA in BALB/c mice.

The clinical importance of TNF-a in responses against M. tu-
berculosishas been highlighted in patients receiving TNF-a-block-
ing therapies for other inflammatory diseases, as many of these
patients experience relapse of TB (39). TNF-«, together with
IFN-v, mediates the activation of macrophages, which is required
to control the growth of M. tuberculosis, and it was shown that
TNF~'~ mice have significantly more CFU in their lungs than

wild-type mice and succumb during early stages of disease (28).
Mice deficient in IL-10 generally have an enhanced ability to con-
trol M. tuberculosis; however, it was shown that these mice suc-
cumb to the disease due to severe immunopathology (40). Mice
deficient in IL-6 are able to initiate the formation of granulomas
but fail to maintain them and have a decreased ability to produce
proinflammatory mediators during the early stages of the infec-
tion (41). IL-17 contributes to immune responses to M. tubercu-
losis in TB patients as well as latently infected individuals and
possibly plays a role in granuloma formation and protective im-
munity (42, 43). G-CSF and IP-10 have also been implicated in
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FIG 9 DMPA alters lymphocytic infiltration in lungs of M. tuberculosis-infected BALB/c mice. Mice were injected weekly with MPA or saline and infected with a low
aerosol dose of H37Rv 1 week after initiation of DMPA injections. Histopathological scoring was done on the left lung lobes in a blinded fashion in two independent
experiments, and tissue was scored from 0 to 4 for the extent of inflammatory cell infiltration. Perivascular, peribronchiolar, and alveolar infiltrates were scored
separately. Zero to 1 represented no or little inflammation, whereas 4 signified severe inflammation. Data are expressed as mean inflammatory scores with 95%
confidence intervals (CI), and the differences were determined with one-way ANOVA. Data shown are the pooled results from two the experiments, with each having
5 mice per group. The letters a, b, and c indicate statistical significance, where values with the same letter are not significantly different from each other. A Pvalue of <0.05
was regarded as significantly different.
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FIG 10 DMPA alters the bacterial burden in the lungs of M. tuberculosis-infected C57BL/6 mice. C57BL/6 (A) and BALB/c (B) mice were infected with ~30 CFU
by aerosol inhalation 1 week after commencement of intramuscular DMPA injections into the right thigh. Mice were treated with 50 pl containing 1 mg DMPA
weekly, whereas control mice were injected with the same volume of saline. Bacterial load (CFU) was determined in the lungs 3, 8, and 16 weeks postinfection in
two independent experiments, of which each had 10 mice/group. Data shown are the pooled results of the two experiments and expressed as means with 95% CI,
and the differences were determined with one-way ANOVA. The letters a, b, and c indicate statistical significance, where values with the same letter are not
significantly different from each other. A P value of <0.05 was regarded as significantly different.

inflammatory cytokine responses during active TB (44). By alter-
ing the production of these cytokines involved in the complex
immune responses against M. tuberculosis, it is possible that MPA
might affect disease progression and severity.

Contraceptive doses of DMPA also influenced the recruitment
and accumulation of inflammatory cells to and at the site of dis-
ease. Glucocorticoid therapies are known to deplete monocyte
populations in humans (34) and limit the recruitment of eosino-
phils and T lymphocytes but not neutrophils in the airways of
mice (27). DMPA treatment furthermore resulted in an increased
bacterial burden in C57BL/6 mice infected with M. tuberculosis
compared to that of untreated mice. The increase in the bacterial
load is likely due to the selective glucocorticoid properties of
DMPA. Glucocorticoid treatment is known to induce a Th2 re-
sponse in individuals receiving anti-inflammatory therapies (45).
In a model of latent tuberculosis infection, glucocorticoid admin-
istration resulted in immunosuppression and the subsequent re-
activation of the disease (14). The increase in bacterial load could
also be explained by the reduction in serum TNF-a concentration
and the inability of the MLNs to produce this particular cytokine,
as this cytokine is known to play an important role in the confine-
ment of mycobacteria (46).

Interstrain variations have been described for mice with re-
gard to inflammatory and immunological functions (19, 47).
Macrophages from different mouse strains also exhibit different
sensitivities to the glucocorticoid dexamethasone (19). Dexa-
methasone treatment, for example, differentially inhibits the li-
popolysaccharide-induced IL-1p and TNF-«a production of bone
morrow-derived macrophages of C57BL/6 and BALB/c mice (19).
C57BL/6 mice were more sensitive to dexamethasone-mediated
inhibition of cytokine production compared to BALB/c mice. The
delay in treatment response in BALB/c mice is therefore possibly
attributable to the fact that this strain is less sensitive to glucocor-
ticoid-mediated effects (19). In keeping with the cytokine data,
DMPA affected CFU counts in the lungs of C57BL/6 but not
BALB/c mice.

In our human study, we found that DMPA treatment inhibited
the BCG-induced production of a number of cytokines, including
TNE-q, IL-6, IEN-y, IL-17, and GM-CSF, and increased the BCG-
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induced production of IP-10 in PBMC:s in vitro (1). However, BCG-
stimulated PBMCs of DMPA users produced significantly less IL-10
and G-CSF in response to BCG than PBMCs from noncontraceptive
users. Due to the similarities between the human study and the
C57BL/6 model despite different mycobacterial antigenic stimulation
in these studies, this strain serves as a good model to investigate the
immune modulatory properties and mechanisms of action of DMPA
in the context of TB.

These results show for the first time that DMPA impacts TB
disease severity in a murine model and that the effects of this
contraceptive are not confined to infections of the genital tract.
We believe these findings could have major implications for the
contraceptive policies not only in developing countries like South
Africa but worldwide.
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