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Maternal thyroid hormones are essential for proper fetal development. A deficit of these hormones
during gestation has enduring consequences in the central nervous system of the offspring, in-
cluding detrimental learning and impaired memory. Few studies have shown that thyroid hormone
deficiency has a transient effect in the number of T and B cells in the offspring gestated under
hypothyroidism; however, there are no studies showing whether maternal hypothyroidism during
gestation impacts the response of the offspring to infections. In this study, we have evaluated
whether adult mice gestated in hypothyroid mothers have an altered response to pneumococcal
pneumonia. We observed that female mice gestated in hypothyroidism have increased survival rate
and less bacterial dissemination to blood and brain after an intranasal challenge with Strepto-
coccus pneumoniae. Further, these mice had higher amounts of inflammatory cellsin the lungs and
reduced production of cytokines characteristic of sepsisin spleen, blood, and brain at 48 hours after
infection. Interestingly, mice gestated in hypothyroid mothers had basally increased vascular per-
meability in the lungs. These observations suggest that gestational hypothyroidism alters the
immune response and the physiology of lungs in the offspring, increasing the resistance to respi-
ratory bacterial infections. (Endocrinology 157: 2217-2228, 2016)

hyroid hormones (THs) T, and T are essential for the
Tnormal development of the central nervous system
(CNS), skeletal muscle, and lungs, as well as for neuronal
differentiation, metabolic regulation, and growth of mam-
mals (1, 2). T, is the main hormone secreted by the thyroid
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gland, it has a long half-life but poor biological activity. It
is considered a hormonal reservoir, because it is converted
to T; by deiodinases that act locally in TH-target tissues.
T, on the other hand, has a short half-life in comparison
with T,, but its biological activity is much higher (3).

Abbreviations: BAL, bronchoalveolar lavage; CCL, chemokine (C-C Motif) ligand; CFU,
colony forming unit; CNS, central nervous system; DC, dendritic cell; EAE, autoimmune
encephalomyelitis; EBD, Evans blue dye; HBSS, Hank’s balanced salt solution; hpi, hours
postinfection; IFN, interferon; IM, interstitial macrophage; i.n., intranasally; MMI, 2-mer-
capto-1-methylimidazole; P, postnatal day; PMN, polymorphonuclear cell; gPCR, quanti-
tative real-time PCR; TH, thyroid hormone; THYE, Todd-Hewitt broth supplemented with
0.5% yeast extract; WT, wild type.
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Hypothyroidism is a TH deficiency clinically character-
ized by low levels of T, and T; and high levels of TSH (4).
It has been estimated that 0.06%—1.2% of women develop
spontaneous hypothyroidism around the world (5). Dur-
ing pregnancy, the fetus depends on maternal THs until his
or her thyroid gland is mature (6). Maternal TH deficiency
is a highly frequent condition, which results in diverse
effects in the offspring such as mental retardation, lower
intellectual quotient, impaired motor development, atten-
tion deficit and hyperactivity disorder, and increased risk
of autism development (7-12). Rat and mouse models
have been used to study the imprints of maternal hypo-
thyroidism in the offspring. In these models, it has been
reported that maternal hypothyroidism causes impaired
neuronal migration in the offspring, altering the cytoarchi-
tecture of the somatosensory cortex and hippocampus
(13, 14). It has been also shown that it decreases the num-
ber of mature oligodendrocytes, affecting neuronal my-
elination (15), and that it impairs the synaptic function,
decreasing neuronal plasticity (16). Further, adult rats ges-
tated in mothers with TH deficiency show spatial learning
impairment and increased motor activity (17).

Although the effects of gestational hypothyroidism on
CNS development have been intensively studied, the ef-
fects on the immune system of the progeny have not been
totally elucidated, and only few studies have addressed
this question. Using a model of neonatal hypothyroidism
in rats, Rooney et al found that these animals had reduced
weight and decreased number of splenic and thymic B and
T cells, whereas relative values of T and NK cells were
increased. However, these effects were only transient, as
all values returned to normal at postnatal day (P)91 (18).
Nakamura et al (19) found transient changes in the total
cell numbers in the thymus of the offspring gestated under
TH deficiency, a decrease on B cells and an increase in the
frequency of inactive and regulatory T cells. Albornoz et
al (20) recently showed that adult female mice gestated in
maternal hypothyroidism develop a more severe disease
when induced with experimental autoimmune encepha-
lomyelitis (EAE). The authors found higher demyelination
in the spinal cord, increased CD4" and CD8" T-cell in-
filtration in the spinal cord, and increased oligodendro-
cyte death in the offspring gestated in hypothyroidism and
suffering EAE (20). This study showed that gestational
hypothyroidism has a long-lasting effect in the offspring,
which presented an exacerbated response upon an inflam-
matory stimulus. However, the exact mechanism that
links together this observation and the lack of THs during
gestation is unknown. Whether the immune alteration
produced by TH deficiency during gestation influences the
activation state, expression of surface markers, and/or the
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response of the different immune cell populations has not
been reported.

The fact that female mice gestated in hypothyroid
mothers reacted to EAE with higher inflammation (20),
prompted us to study whether gestational hypothyroidism
also makes the offspring respond different to an infection.
To address this question, we used the bacterial pathogen
Streptococcus pneuwmoniae (pneumococcus), one of the
major causative agents of pneumonia worldwide. This
bacterium is a frequent colonizer of the upper respiratory
tract of healthy children and adults (21), and although
pneumococcal infections can occur through life, popula-
tions at higher risk are children under 2 years old and the
elderly (22, 23). According to the World Health Organi-
zation, of the estimated 8.8 million global annual deaths
among children under 5 years old in 2008, 476 000 were
caused by pneumococcal infections (24).

In this study, we examined the outcome of invasive
pneumococcal pneumonia in adult mice gestated in hypo-
thyroidism and strikingly found that these mice are more
resistant to die from this infection. Although mice gestated
in hypothyroidism had similar bacterial load in the lungs
than mice gestated in euthyroid conditions, they had lower
bacterial load in blood and brain, suggesting a reduced
dissemination of bacteria from the respiratory tract. Ac-
cordingly, several cytokines characteristic of sepsis were
less produced by these mice, supporting the notion that S.
pneumoniae resistance in mice gestated in hypothyroidism
is due to a restriction of bacteria within the lungs. Inter-
estingly, mice gestated in hypothyroidism had basally in-
creased vascular permeability in the lungs and higher in-
filtration of inflammatory cells at 48 hours after infection,
suggesting that important alterations in the lungs of these
animals, in terms of immune response and physiology,
occur due to gestation in hypothyroidism, which keep the
infection restricted to the lungs and limit bacterial dissem-
ination to other tissues. These results are highly novel and
contribute to understand the impact of maternal THs over
the response of the offspring to infections.

Materials and Methods

Animals

C57BL/6] mice were originally purchased from The Jackson
Laboratory and were maintained in a specific pathogen-free an-
imal facility at the Facultad de Ciencias Bioldgicas, Pontificia
Universidad Catélica de Chile. All experimental procedures per-
formed in this study were revised and approved by the Bioethics
and Biosafety Committee of the Facultad de Ciencias Bioldgicas,
Pontificia Universidad Catélica de Chile. All animal work was
performed according to the Guide for Care and Use of Labora-
tory Animals (National Institutes of Health) and institutional
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guidelines. All mice were fed with Prolab Rat/mouse/Hamster
3000, with an iodine content of 0.97 parts per million. Mice used
in all experiments were 7-8 weeks old and were overseen daily
by a veterinarian.

Induction of gestational hypothyroidism

Female adult C57BL/6] mice were maintained at 22°C in a
room with automatic 12-hour light, 12-hour dark cycles. These
mice were mated, and 1 day after mating was referred to as
embryonic day 0. Pregnant mice were randomly separated in 2
groups. One group was transiently treated with 0.02% 2-mer-
capto-1-methylimidazole (MMI), which was added to the drink-
ing water from embryonic day 10 to birthday. Control animals
received the same drinking water but without MMI. After MMI
treatment, blood samples were collected from the superficial
temporal vein of the mothers, and sera were analyzed for TH
levels. The day of birth was referred to as PO. The offspring from
MMI-treated mothers was designated as “hypo” mice, and the
offspring from control animals was designated as “untreated.”
Hypo and untreated mice were weaned at P30 and culled at 7-8
weeks old to perform the experiments.

Pneumococcal infection

S. pneumoniae strain D39 (NCTC 7466; National Collection
of Type Cultures) was used in all infection assays. Pneumococci
were grown in Todd-Hewitt broth supplemented with 0.5%
yeast extract (THYE) to midlog phase at 37°C in 5% CO,. Ali-
quots were frozenin THYE 15 % glycerol at —80°C until needed.
For infection studies in mice, aliquots were thawed, concentrated
by centrifugation at 7700g, and resuspended in THYE to obtain
an infective dose of 3 X 107 colony forming units (CFUs) in 50
L. Mice were anesthetized with a mixture of ketamine (80 mg/
kg) and xylazine (4 mg/kg), and intranasally (i.n.) inoculated
with the bacterial dose described above. To confirm the amount
of bacteria administered, the inoculum was serially diluted,
plated in trypticase soy agar plates with 5% sheep’s blood (BD
Pharmingen), incubated overnight at 37°C in 5% CO,, and the
number of CFUs was counted. For survival studies, mice were
infected as described, and weight changes and clinical symptoms
were daily monitored for 10 days. A clinical score was deter-
mined for each mouse using a modified version of the table pub-
lished by Mook-Kanamori et al (25) (Supplemental Table 1).

Bacterial load determination

Mice were anesthetized with a mixture of ketamine (100 mg/
kg) and xylazine (10 mg/kg) and then euthanized by cervical
dislocation 24 or 48 hours after infection with S. prneumoniae
D39. Blood was obtained by puncture of the superficial temporal
vein. Bronchoalveolar lavage (BAL) was obtained by instillation
of 0.5 mL of PBS into the trachea using a syringe, for a total of
1.5 mL. Lungs, spleen, and brain were removed aseptically and
homogenized using a syringe plunger and a 70-um cell strainer
with PBS without calcium, magnesium, or phenol red. Blood,
BAL and homogenized lungs, spleen, and brain were serially
diluted in PBS and plated onto trypticase soy agar with 5%
sheep’s blood plates (BD Pharmingen). The plates were incu-
bated overnight at 37°C in 5% CO,, and the number of CFUs
was counted.
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Histology

Whole lungs were removed aseptically and fixed for at least
24 hours in 4% paraformaldehyde (Merck) in PBS, embedded in
paraffin, cut with a microtome into 5-pum-thick sections, and
adhered to slides. Staining was performed with Harris Hema-
toxylin (Leyca Biosystems) and Aqueous Eosin Y (Thermo Sci-
entific) (hematoxylin and eosin staining), and images were
captured on an Olympus BX51 light microscope at X40 mag-
nification. Images were evaluated and scored by a pathologist.

Protein content in BAL

BAL was centrifuged at 100g for 20 minutes, and the super-
natant was collected and stored at —80°C until used. A total of
20 pL of direct or PBS-diluted BAL supernatant were mixed with
980 uL of Bradford reagent (Sigma), read in a Biomater 3 spec-
trophotometer, and interpolated to a standard curve made with
BSA.

Quantitative real-time PCR (qPCR)

Total RNA was isolated from lungs using the SV Total
RNA Isolation System (Promega), and RNA was deoxyribo-
nuclease treated using a TURBO DNA-Free kit (Ambion).
RNA was reverse transcribed using the Improm-II Reverse
Transcription System (Promega). qPCR was performed on a
AB One-Step Plus real-time PCR machine (Applied Biosystems)
using a TagMan gene expression Fast Master Mix (Applied Bio-
systems) and one of the following TagMan Probes from Applied
Biosystems: B-2-microglobulin (Mm00437762_m1), interfer-
on-vy (IFN-y) (Mm01168134_m1), IL-10 (Mm00439614_m1),
IL-6 (Mm00439653_m1), TGF-B (Mm01178820_m1), and
TNF-a (Mm00443260_g1). One microliter of the cDNA reac-
tion was used as a template. For control reactions, nucleic acid-
free water was added instead of the cDNA. qPCR was performed
with a holding stage of 95°C for 20 seconds, and a cycling stage
of 40 cycles of 95°C for 1 second and 60°C for 20 seconds.
Relative expression was calculated using B-2-microglobulin as
the reference gene, and fold change was calculated normalizing
the values to the average of the untreated uninfected group.

Multiplex cytokine assay

Blood obtained from the superficial temporal vein was mixed
with 50 uL of 0.25M EDTA, centrifuged at 400g for 20 minutes,
and the resulting plasma was collected and stored at —80°C until
used. Levels of IL-18, IL-6, IL-10, IFN-v, and TNF-«a were de-
termined on a Luminex 200 using a Milliplex MAP Mouse mag-
netic bead kit (Merck Millipore), following manufacturer in-
structions. Serum matrix was added to the standard curve.

Flow cytometry

Lungs were removed aseptically and homogenized using a
syringe plunger and a 70-pm cell strainer with PBS without cal-
cium, magnesium, or phenol red. Red blood cells were lysed
using Ammonium-Chloride-Potassium lysis buffer. Cells were
stained for surface markers using the following antibodies from
BD Pharmingen: anti-CD3e (phycoerythrin) clone 145-2¢11,
anti-CD4 (allophycocyanin) clone RM4-5, anti-CD69 (peri-
dinin chlorophyll-cyanine5.5) clone H1.2F3, anti-CD19 (phy-
coerythrin-cyanine 7) clone 1D3, anti-CD11c (allophycocyanin)
clone HL3, anti-Gr1 (phycoerythrin) clone RB6-8C5, and anti-
MHC-II (fluorescein isothiocyanate) clone 2G9; from Biolegend:
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anti-CD8a (fluorescein isothiocyanate) clone 53-6.7 and anti-
CD11b (phycoerythrin-cyanine 7), clone M1/70. Cells were in-
cubated with the antibodies for 30 minutes at 4°C, after which
they were washed and resuspended in 100 L of staining buffer.
CountBright absolute counting beads (Life Technologies) were
added to quantify cell numbers. Flow cytometry data were ac-
quired on a BD Fluorescence-activated cell sorting Canto II flow
cytometer and analyzed using Flowjo Software (TreeStar). Sin-
glets were selected from total forward scatter/side scatter events;
then the following combinations of antibodies were used to dis-
criminate between cell types: CD3"CD4" (CD4™ T cells),
CD3"CD4*CD69* (activated CD4" T cells), CD3*CDS8™
(CD8™ T cells), CD3"CD8"CD69™ (activated CD8™ T cells),
CD19* (B cells), MHC-II"*8Gr1"#"CD11b* (polymorphonu-
clear cells [PMNs]), and Gr1™#CD11b"CD11c*MHC-II"
(CD11b™ dendritic cells [DCs] and interstitial macrophages
[IMs]).

Isolation of murine neutrophils from bone marrow

Mice were euthanized as previously described and femur and
tibia from both hind legs were removed. Muscular tissue was
completely detached from the bones, and the distal tip of each
extremity was cut off. Hank’s balanced salt solution (HBSS)
without calcium and magnesium with 0.1% gelatin was forced
several times through the bone with an insulin syringe to obtain
the bone marrow, which was passed through the syringe to dis-
perse cell clumps. The cell suspension was centrifuged at 300g,
10 minutes, 4°C, and red blood cells were lysed using Ammo-
nium-Chloride-Potassium lysis buffer. Cells were washed, resus-
pended in PEB buffer (PBS [pH 7.2], 0.5% BSA, and 2mM
EDTA), and counted by trypan blue staining. Neutrophils were
isolated by negative selection using the Neutrophil Isolation kit
from Miltenyi Biotec. Finally, cells were counted by trypan blue
staining and resuspended in HBSS with calcium and magnesium
with 0.1% gelatin to a concentration of 2.5 X 10 cells/mL. An
aliquot from this cell suspension was used to verify purity by flow
cytometry, using antibodies against CD11b and Ly6G. In all our
assays purity was more than 98%.

Neutrophil bacterial killing assays

An aliquot of a midlog culture of S. preumoniae D39 stored
at —80°C was thawed and washed with HBSS with calcium and
magnesium with 0.1% gelatin; 10 bacterial cells (in 10 uL) were
preopsonized with mouse serum obtained from 6-week-old
C57BL/6 mice (40 pL) for 30 minutes at 37°C. Neutrophils pu-
rified from bone marrow were then added to the bacterial sus-
pension (107 cells per reaction in 40 uL) and 110 uL of HBSS
with calcium and magnesium with 0.1% gelatin were added to
complete a final volume of 200 pL. Reactions were incubated for
45 minutes at 37°C with end-to-end rotation and were stopped
by incubation at 4°C. Viable counts of bacteria were determined
by plating in trypticase soy agar plates with 5% sheep’s blood
(BD Pharmingen). Percent survival was determined relative to
control reactions lacking neutrophils.

Lungs permeability assay

Mice were i.n. infected with S. preumoniae D39 as described
previously. Evans blue dye (EBD) (30 mg/kg; Sigma) was ad-
ministered by lateral tail vein injection 1 hour before the end of
the experiment. One hour later (48 h postinfection [hpi]), mice
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were euthanized and bled by cardiac puncture. Lungs were per-
fused by right ventricle puncture with 30 mL of PBS to remove
EBD from the vascular spaces. Lungs were removed, homoge-
nized in PBS, incubated with 2 volumes of formamide (18 h,
60°C), and centrifuged at 5000g for 30 minutes. The extrava-
sated EBD in lungs was quantified spectrophotometrically mea-
suring optical density at 620 and 740 nm, which allows for cor-
rection of contaminating heme pigments by using the formula
OD.,o(EBD) = OD,, — (1.426 X OD-,, + 0.030). EBD con-
centration was calculated using a standard curve made with BSA.

Statistics

Survival curves were compared using a Kaplan Meier plotand
log-rank test. Comparisons of mice groups at different time
points (ie, hypo uninfected mice vs hypo infected mice) were
made using two-way ANOVA. Sidak or Tukey post hoc tests
were used for multiple comparisons, results are indicated by the
letters “a” and “b” for untreated mice; and by the Greek letters

«

a” and “B” for hypo mice. Groups with letters in common are
notsignificantly different from each other. Mann-Whitney U test
was used to compare different mice groups in the same time point
(ie, hypo infected mice vs untreated infected mice) and Wilcoxon
test was used to compare paired samples in different time points.
Adjusted P values for multiple hypothesis testing were calculated
by the Hommel method (26) and are shown in Supplemental
Table 2 (which includes the effect size and 95% confidence in-
tervals, as well as nonadjusted P values). P < .05 was considered
significant. Analyses were performed using Prismé6 (GraphPad),
IBM SPSS v.17.0, and R Project for Statistical Computing.

Results

Female hypo mice are more resistant to
pneumococcal pneumonia

The administration of MMI during gestation resulted
in decreased levels of maternal T, and T5, and increased
levels of TSH, indicating that pregnant mice suffered hy-
pothyroidism as it has been previously reported (20). Mice
gestated in hypothyroid mothers (hereinafter hypo mice)
and mice gestated in euthyroid mothers (hereinafter un-
treated mice) were i.n. infected with 3 X 107 CFUs of S.
pneumoniae D39, and weight loss and physical signs of
illness were monitored for 10 days. Male untreated and
hypo mice had similar average survival, close to 50% (Fig-
ure 1A). In contrast, female hypo mice had significant
more survival rate than female untreated mice (50% vs
10%, respectively; P = .0011) (Figure 1B). Given these
results, all of the following experiments were performed
only with female mice.

Next, we calculated a clinical score for each female
mouse, based on the table developed by Mook-Kanamori
et al (25) (Supplemental Table 1). Mice were infected and
the score was measured 24 and 48 hpi. The score was
similar for untreated and hypo mice at 24 hpi; however, it
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Figure 1. Female hypo mice are more resistant to die due to pneumococcal pneumonia. Untreated and hypo mice were i.n. infected with 3 X
107 CFUs of S. pneumoniae, and survival, weight, and clinical symptoms were daily monitored for a total of 10 days. Bacterial load was measured
in lungs at 24 and 48 hpi. A, Survival curve for male mice. B, Survival curve for female mice. Combined data from 7 independent experiments are
shown; total number of mice is indicated in parenthesis; **, P = .0011 indicates curves are significantly different by log-rank test. C, Clinical score
calculated for female mice at 24 and 48 hpi. Combined data from 4 independent experiments (total n = 12 mice per group) are shown. D,
Bacterial load in lungs at 24 and 48 hpi. Combined data from 3 independent experiments (total n = 8—12 mice per group) are shown. Bars
represent the median. Comparisons between groups were made with Mann-Whitney U test; *, P < .05 indicates means are significantly different.
Comparisons for the same group at different time points were made using a two-way ANOVA followed by Sidak test, except for clinical score
values (C), in which the comparison was made using Wilcoxon test. Groups not sharing a common letter are significantly different (P < .0001).

was significantly lower for hypo mice at 48 hpi in com-
parison with untreated mice (P = .036) (Figure 1C).

Hypo mice show higher amounts of innate
immune cells infiltrating lungs 48 hours after S.
pneumoniae infection

To address the cause of the reduced clinical symptom-
atology in infected hypo mice, bacterial load, numbers of
inflammatory cells, and levels of cytokine mRNA in lungs
were evaluated at 24 and 48 hpi. As shown in Figure 1D,
both groups had similar amounts of CFUs in lungs at 24
and 48 hpi. Further, uninfected untreated and hypo
mice had similar levels of PMNs in lungs (MHC-
I1"¢Gr1"CD11b™ cells, Supplemental Figure 1), and as
expected, both infected groups of mice had a significant
increase in the amount of PMNs at 24 hpi (Figure 2A). At
48 hpi, untreated mice showed an important decrease in
the amount of PMNGs in lungs, which is in agreement with
previous reports (26). However, hypo mice had a lesser
reduction of PMNs in lungs, which resulted in signifi-
cantly more PMNs than untreated mice at 48 hpi (P =
.012) (Figure 2A). Both infected groups had no significant

differences in the numbers of PMNs in BAL at 24 and 48
hpi (Figure 2B). CD11b" DCs and IMs were also charac-
terized in lungs and BAL. These cells were selected as
Gr1™¢CD11b*CD11c* MHC-II* (Supplemental
Figure 2). The numbers of DCs/IMs in lungs were similar

cells

in uninfected untreated and hypo mice, and at 24 hpi;
however, they were significantly higher in hypo mice at 48
hpi (P = .006) (Figure 2A). In BAL, DCs/IMs were similar
in uninfected animals and at 48 hpi, but they were signif-
icantly lower in hypo mice at 24 hpi (P = .041) (Figure 2B).
CD4" and CD8™ T cells were also identified in lungs, and
no differences were found between groups at any time point
analyzed, neither in their numbers or in their activation state,
measured by the expression of the activation marker CD69
(Supplemental Figures 3 and 4). This observation suggests
that inflammatory cells reside longer in lungs of infected
hypo mice than in lungs of infected untreated mice.

The cytokines IFN-vy, IL-6, IL-10, TNF-a, and TGF-8,
all secreted during pneumonia, were measured in lungs of
both groups of animals by real-time qPCR, at 48 hpi. As
shown in Figure 3, all of the cytokine mRNAs evaluated
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Figure 2. Hypo mice have more PMNs and CD11b* DCs/IMs in lungs at 48 hpi. Mice were i.n. infected with 3 X 107 CFUs of S. pneumoniae
D39, and at 24 and 48 hpi, organs were harvested. Cells were analyzed by FACS, and total cell numbers were calculated using quantification
beads. A, PMNs and CD11b™ DCs/IMs in lungs. B, PMNs CD11b™ DCs/IMs in BAL. Combined data from 2 independent experiments (total n = 6—
11 mice per group) are shown. Bars represent the median. Comparisons between groups were made with Mann-Whitney U test; *, P < .05 and
** P < .01 indicate means are significantly different. Comparisons for the same group at different time points were made using a two-way
ANOVA followed by Tukey test, groups not sharing a common letter are significantly different (P < .05).

were present at similar levels in uninfected untreated and
hypo mice, except for IFN-y, which was significantly
higher in uninfected hypo mice (P = .033). In infected
animals, however, only IL-6 mRNA was significantly
lower in hypo mice (P = .016). Although no other signif-
icant differences were found between untreated and hypo
mice, only infected untreated mice showed a significant
increase in IFN-y, TNF-a, and IL-10 mRNAs (a vs b) when
compared with their uninfected control. TGF-B was the
only cytokine mRNA less expressed in infected mice, at
similar levels in both untreated and hypo.

In summary, these results suggest that hypo mice have
an alteration in the recruitment/migration of inflamma-
tory innate cells to lungs after infection with S. pneu-
moniae, and a differential expression of cytokines at 48
hpi in lungs, which correlate with the lower clinical score
and mortality observed for these mice.

Hypo mice are more resistant to S. pneumoniae
dissemination and sepsis

Given that S. preumoniae D39 is an invasive strain
capable of causing systemic infection, bacterial load was

measured in blood and brain of untreated and hypo mice
at 24 and 48 hpi. The bacterial load was significantly lower
in blood (P = .002) and brain (P = .008) of hypo mice at 48
hpi (Figure 4). Furthermore, some hypo mice did not have
any CFU in blood and brain at this time point. Untreated
mice had an significant increase of approximately 10* times
CFUs in blood and brain (a vs b) from 24 to 48 hpi, whereas
in hypo mice, this increase was only of 10 times.

The same cytokines measured in lungs by qPCR were
measured in spleen (Figure SA) and brain (Figure 5B). In
spleen, all mRNAs were found at similar levels in unin-
fected untreated and hypo mice, except for TNF-a, which
was significantly higher in uninfected hypo mice (P =
.032). In infected animals, IFN-vy, IL-6, and IL-10 mRNAs
were significantly lower in infected hypo mice as com-
pared with infected untreated mice (P = .029, P = .008,
and P = .008, respectively). Instead, TGF-B mRNA was
higher in infected hypo mice (P = .008). Additionally, only
infected untreated mice showed a significant increase in
IFN-y, IL-6, and TNF-a mRNAs (a vs b) when compared
with their uninfected control. TGF-f also only decreased
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Figure 3. Uninfected hypo mice have higher expression of IFN-y mRNA in lungs, and infected
hypo mice have lower expression of IL.-6 mRNA in lungs. Mice were i.n. infected with 3 x 107
CFUs of S. pneumoniae D39, and lungs were harvested at 24 and 48 hpi. Cytokine mRNA
expression was measured by real-time qPCR. Values are relative to the average of the uninfected
untreated group. Combined data from 2 independent experiments at 24 hpi (total n = 4-8 mice
per group) and 3 at 48 hpi (total n = 7-11 mice per group) are shown. Data represent mean =+
SEM. Comparisons between groups were made with Mann-Whitney U test; *, P < .05 indicates
means are significantly different. Comparisons for the same group at different time points were
made using a two-way ANOVA followed by Tukey test, means not sharing a common letter are

significantly different (P < .05).

significantly in untreated mice with respect to the unin-
fected control. In the brain, TGF-8 mRNA was the only
cytokine that showed a significant difference between
both infected groups, being higher in infected hypo mice
(P = .041). Only infected untreated mice showed a sig-
nificant increase in IL-10 mRNA (a vs b) when compared
with their uninfected control, and again TGF-8 mRNA
only decreased significantly in untreated mice with respect
to the uninfected control.

To evaluate whether cytokine mRNA levels in spleen
correlated to protein levels in blood, we measured some
of the same cytokines in plasma, using a Milliplex plat-
form. As shown in Figure 5C, IFN-y, IL-6, and TNF-«

b a [ Untreated, uninfected
[ Hypo, uninfected
[EA Untreated, infected
a o EZA Hypo, infected
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were significantly lower in hypo
mice at 48 hpi (P =.0113, P = .02,
and P = .0250). IL-18 was also
measured and no differences were
found between untreated and hypo
mice. These results correlate with
the mRNA quantification assays
performed in spleen and suggest
that hypo mice are able to restrict S.
pneumoniae dissemination, pre-
venting sepsis.

Because reduced amounts of pro-
inflammatory cytokines were ob-
served in hypo mice at 48 hpi, to-
gether with less bacterial load in
blood and brain, it is possible that
the amount of cytokines found in
plasma depends on the amount of
bacteria in blood. To address this
question, plasma levels of IFN-vy,
IL-6, TNF-a, and IL-10 from hypo and untreated mice at
48 hpi were plotted vs bacterial load. As shown in Sup-
plemental Figure 5, no difference in the amount of these
cytokines was observed between hypo and untreated mice
that had equivalent amounts of bacteria in blood. Impor-
tantly, only untreated infected mice had more than 10°
CFU/mL in blood (Figure 4 and Supplemental Figure 5),
supporting the hypothesis that untreated mice are more
susceptible than hypo mice to develop sepsis after i.n. in-
fection by S. pneumoniae, which results in increased pro-
duction of proinflammatory cytokines and death by
sepsis.

To rule out the possibility that re-
duced bacterial load in blood and

A Blood B Brain brain at 48 hpi is due to an enhanced
1010 - ; 1010 - i ability of immune cells from hypo
° i mice to clear bacteria, the ability of
[ J . .
10° 1 . 108 1 neutrophils to kill the pneumococ-
[ ) . .
" o i, ° cus was evaluated in vitro. To as-
= . _ 4 (] . . e
£ 10° . ¢ E® — o ® Untreated sess this, neutrophils were purified
& i) H .
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% "o D39, and bacterial CFUs were
100 . ~— 100 counted by plating the reaction.
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Figure 4. Hypo mice have lower bacterial load in blood and brain. Mice were i.n. infected with
3 X 107 CFUs of S. pneumoniae D39 and bacterial load was measured in blood and brain. A,
Bacterial load in blood at 24 and 48 hpi. B, Bacterial load in brain at 24 and 48 hpi. Combined
data from 3 independent experiments (total n = 8—12 mice per group) are shown. Bars
represent the median. Comparisons between groups were made with Mann-Whitney U test; **,
P < .01 indicates means are significantly different. Comparisons for the same group at different
time points were made using a two-way ANOVA followed by Sidak test, groups not sharing a

common letter are significantly different (P < .05).

Neutrophils derived from un-
treated and hypo mice were able to
kill, in similar degree, approxi-
mately 50% of the initial bacterial
cells (Supplemental Figure 6). This
result shows that gestation under
hypothyroidism does not affect the
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Lung vascular permeability is
higher in uninfected hypo mice
To address the mechanism ac-
counting for reduced dissemination
of S. pneumoniae from lungs to other
organs in hypo mice, we evaluated
whether lungs from hypo mice have
any alteration in terms of function-
ality or morphology, before and af-
ter infection. Lung histopathology
and total proteins in BAL superna-
tant were analyzed in uninfected
mice and at 24 and 48 hpi. As seen in
the representative X40 photographs
(Figure 6), untreated and hypo mice
had similar histopathology at 24 and
48 hpi. Both uninfected groups have
some cellular infiltrate, mainly com-
posed of lymphocytes and macro-
phages and some loss in the alveolar
structure in certain areas of the
lungs, probably as a result of the i.n.
inoculation with bacteria-free me-
dium. Both infected groups showed
marked cellular infiltration com-
posed mainly of PMNs, along with
abscesses, perivascular edema, hem-
orrhages, and a more pronounced
loss of alveolar structure in some ar-
eas. The amount of total proteins in
BAL, which gives an indication of
lung inflammation and tissue dam-
age, was similar in untreated and

Figure 5. Hypo mice show a different cytokine profile in spleen, brain, and blood at 48 hpi.
Mice were i.n. infected with 3 X 107 CFUs of S. pneumoniae D39, and spleen, brain, and blood
were harvested at 48 hpi. Cytokine mRNA expression was measured in spleen and brain by real-
time gPCR, and plasma samples were tested by multiplex analysis to calculate cytokine protein
levels. Values are relative to the average of the uninfected untreated group. Combined data from
3 independent experiments (total n = 5-12 mice per group) are shown. Data represent mean *+
SEM. Comparisons between groups were made with Mann-Whitney U test; *, P < .05 and **,

P < .01 indicate means are significantly different. Comparisons for the same group at different
time points were made using a two-way ANOVA followed by Sidak test, means not sharing a

hypo mice at 24 and 48 hpi (data not
shown). These results suggest that
lungs from untreated and hypo mice
do not have a different response in
terms of damage or morphology
upon infection.

Then, lung vascular permeability

common letter are significantly different (P < .05).

functionality of neutrophils; therefore the reduced S.
pneumoniae load in organs different from lungs cannot
be explained by an increased bacterial clearance by neu-
trophils. In summary, these results suggest that neutro-
phils from hypo mice are able to respond to a bacterial
challenge similar to untreated mice, and support the
notion that resistance of hypo mice to S. pneumoniae
challenge is due to reduced bacterial dissemination from
lungs to other tissues.

was evaluated in untreated and hypo

mice (Figure 7). To measure this,

EBD was administered by lateral tail
vein injection 1 hour before the end of the 48 hours ex-
periment. This dye is used to measure endothelial perme-
ability; it binds to albumin in the blood, which in healthy
conditions does not diffuse to tissues. Unexpectedly, un-
infected hypo mice showed higher levels of EBD in lung
tissue than uninfected untreated mice (P = .04935) (Figure
7). Infected animals did not have a significant increase in
EBD lung concentration in comparison with uninfected
mice, indicating the infection did not alter the vascular
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Untreated

Uninfected

24 h pi

48 h pi

with 3 X 107 CFUs of S. pneumoniae D39, lungs were removed, fixed, embedded in paraffin,
cut into 5-um sections, and stained with hematoxylin and eosin. Images were taken in an

optical microscope at x40 magnification.

permeability at this experimental time point. Although
some infected untreated mice did have an increase in EBD
lung levels, they were not significantly different from hypo
mice at this point of study (Figure 7).

Discussion

This study is the first to report that gestational hypothy-
roidism imprints the female offspring with more resistance
to die after an infection with S. prneumoniae. Even though
female untreated and hypo mice showed similar response
at 24 hpi, female hypo mice survived longer than female
untreated mice (Figure 1B), and important differences
were observed at 48 hpi: hypo mice had lower clinical
score (Figure 1C), lower bacterial load in blood and brain
(Figure 4), higher levels of innate cells in lungs (Figure 2A).
These results and the fact that similar bacterial load was
found in lungs of female untreated and hypo mice (Figure
1D) suggest that hypo mice are more efficient to prevent
bacterial dissemination from lungs to other tissues.

The fact that the higher resistance to S. preumoniae was
only observed in females is in agreement with the work of
Albornoz et al, in which only female offspring gestated in

press.endocrine.org/journal/endo 2225

hypothyroidism had a higher disease
score after EAE induction (20). This
sex-dependent impact of gestational
hypothyroidism was also reported
by Bagheripuoretal (27), who found
that male offspring gestated in hypo-
thyroid rats had glucose intolerance,
whereas female offspring did not.
These findings suggest that the TH
deficiency suffered during preg-
nancy could have affected the levels
of female sex hormones of the prog-
eny. In fact, THs have influence on
sexual development; however, this
interaction has been mostly studied
in fish and frog species (28). In mam-
mals, studies performed in males
show that THs are important for the
differentiation of Leydig cells and for
the regulation of Sertoli cell develop-
ment in the testes (28). There are no
studies in mammals showing the ef-
fects of maternal THs in female sex-
ual development. Rats treated with
propylthiouracil to induce short-
term hypothyroidism develop ab-
normal sexual cycling and increased
levels of estradiol (29), suggesting
that the induction of hypothyroid-
ism during gestation using PTU or MMI could affect the
sex hormones levels in the mother. Maternal levels of es-
tradiol might affect the development of the progeny at
least in males, whose testes are very sensitive to estrogen
levels during fetal and neonatal development (30). Studies
in rats have measured estradiol in female adults gestated in
mothers with hypothyroidism, and they were found to be
normal (27).

In this work, untreated male mice were more resistant
to pneumococcal pneumonia than untreated female mice
(Figure 1, A and B). In contrast, Kadioglu et al (31) found
that male mice were more susceptible to this disease. How-
ever, the infective dose used in that study was lower, and
it cannot be ruled out that diet, housing or breeding con-
ditions influenced and changed the expected male/female
behavior. On the other hand, other studies support our
finding, showing that female mice are more susceptible to
respiratory infections (32, 33).

Untreated and hypo mice had similar amounts of innate
cells infiltrating the lungs at 24 hpi, but hypo mice had
significantly more at 48 hpi (Figure 2A). Different hypoth-
eses might explain this observation and need to be tested:
1) innate cells in hypo mice can normally reach the lungs,
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Figure 7. Hypo uninfected mice have higher basal lung permeability.
Mice were i.n. infected with 3 X 107 CFUs of S. pneumoniae D39 and
injected with 30 mg/kg weight of EBD through the tail vein 1 hour
before end of the experiment. Forty-eight hpi mice were perfused,
lungs were removed, homogenized, incubated in formamide, and the
amount of EBD was quantified by spectrophotometry. Combined data
from 2 independent experiments (total n = 5-7 mice per group) are
shown. Bars represent the median. Comparisons between groups were
made with Mann-Whitney U test; *, P < .05 indicates means are
significantly different. Comparisons for the same group at different
time points were made using a two-way ANOVA followed by Sidak
test; no significant differences were found.

but once there they are prone to reside for a longer time due
to altered expression of adhesion molecules in their sur-
face; 2) innate cells of hypo mice have a longer half-life and
are more resistant to die; or 3) the environment generated
in lungs of infected hypo mice favors the permanence of
innate cells in this tissue, due to different levels of chemo-
kines or adhesion molecules expressed by lung parenchy-
mal cells. A recent study from our group showed that IL-
10™/~ mice infected with pneumococcus have a similar
profile, with higher numbers of neutrophils in lungs at 48
hpi, as compared with wild-type (WT) mice. However,
these IL-10 '~ mice had lower bacterial load in lungs than
WT mice (34). A study with aged and young mice infected
with pneumococcus showed that aged mice had more neu-
trophils in lungs due to a lower production of IL-10 and a
concomitant increase in chemokines, such as Chemokine
(C-CMotif) Ligand (CCL) 3, CCL4,and CCL5 (35). In the
present study, we did not find a difference in IL-10 mRNA
production between infected untreated and hypo mice;
however, infected untreated mice had a significant in-
crease in this mRNA in lungs in comparison with the un-
infected untreated group (Figure 3). Therefore, it would be
worthwhile to evaluate IL-10 and chemokine protein lev-
els in lungs of untreated and hypo mice to see whether this
is the cause of the higher numbers of innate cells in lungs
at 48 hpi.

The lower bacterial load in blood and brain of hypo
mice could be due to a higher bactericidal activity of innate
cells in these mice. But the fact that PMNs from uninfected
untreated and hypo mice killed the pneumococcus to a
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similar degree (Supplemental Figure 6) indicates that these
cells per se do not have a difference in their ability to kill
pathogens. In addition, with higher levels of innate cells at
48 hpi in lungs of hypo mice, it would be expected to find
lower bacterial load, as in blood and brain. We cannot rule
out that the conditions encountered in vivo during the
infection promote a different phenotype of these cells in
blood and brain and need to test this in the future.

Uninfected hypo mice had higher vascular permeability
in the lungs in comparison with untreated mice (Figure 7),
a difference that is lost under infection, at least at 48 hpi.
This basal difference does not necessarily mean that bac-
teria will disseminate more easily from lungs to blood in
infected hypo mice. The permeability was measured using
EBD, which binds to albumin, and it is transported
through endothelial cells by caveolin vacuoles (36). In in-
flamed and injured tissues, this transport also occurs in a
paracellular manner, due to loss of cell-to-cell contact. On
the other hand, bacteria can travel in the opposite direc-
tion through a variety of mechanisms, using paracellular
and transcellular pathways. The pneumococcus can trans-
locate endothelial cells with the aid of receptors such as the
human polymeric Ig-receptor (37) and the platelet-acti-
vating factor receptor (38). Also, the pneumococcus has
been shown to take advantage of the Toll-like receptor-
mediated down-regulation of claudins, proteins that form
tight junctions between adjacent cells, to translocate
across the epithelium (39). Not directly involved in trans-
port but in tissue damage instead, DCs have been shown
to help S. pneumoniae dissemination from lungs to blood
through the secretion of metalloproteinases (40). In an-
other model of pneumococcal pneumonia, mice that over-
expressed activated protein C showed similar bacterial
load and tissue damage in lungs than WT mice, but less
bacterial load in spleen and liver, a scenario that is similar
to ours (although higher expression of activated protein C
occurred along with less PMN recruitment into the lungs
and BAL) (41). APC has agonistic effects on the bioactive
lipid sphingosin-1-phosphatase, which plays an impor-
tant role in the protection of endothelium integrity (42).
Additional experiments must be conducted to explain the
cause of higher basal permeability and to elucidate
whether this phenomenon is related to bacterial
dissemination.

Sepsis is an uncontrolled systemic response to an infec-
tion, in which both pro- and antiinflammatory mediators
are released (43, 44). IFN-v, IL-6, TNF-q, IL-18, and
IL-10 have been simultaneously detected in patients with
septic shock (43, 45). We found lower expression of
IFN-y, IL-6, and IL-10 mRNAs in spleen of hypo mice
(Figure 5A), with also lower levels of IFN-vy, IL-6, and
TNF-« in plasma (Figure 5C). Our finding clearly indi-
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cates that untreated mice are dying of septic shock,
whereas hypo mice are able to recover from sepsis or
maybe never develop it. TGF-g was the only cytokine an-
alyzed that showed higher levels of mRNA in spleen and
brain of hypo mice at 48 hpi (Figure 5). This cytokine,
which is produced by almost all cells, has a potent sup-
pressive action on T and B cells and its effects reduce the
inflammatory damage in tissues after colonization with S.
pneumoniae (46). We think this cytokine is increased in
hypo mice because they are recovering from sepsis, and
TGF-B is helping in the suppression of the immune re-
sponse, along with IL-10.

Given that multiple parameters among untreated and
hypo mice were compared in this study, a supplemental
table that includes the effect size and 95% confidence in-
tervals was generated (Supplemental Table 2). Based in the
study by Blakesley et al (26), a multiple hypothesis testing
has been performed to adjust the P values, using the Hom-
mel method. However, in our study we considered the P
values obtained before the adjustment, because there is
agreement that the methodologies of P value adjustment
are conservative and could lead to P values higher that
0.05, although there are in fact differences among the
groups analyzed (47).

In conclusion, this work is the first evidence that a TH
deficiency during gestation affects the immune response
against a bacterial infection in the adult progeny. This fact
adds to the already demonstrated effects of TH deficiency
on CNS development and leads to think that many other
processes might be affected in the progeny. The mecha-
nisms that link TH deficiency during gestation and a better
survival against a bacterial infection remain to be eluci-
dated. The results shown in this work suggest that there
might be a difference in the functionality of innate cells or
in the composition of endothelial barriers. An overall as-
sessment of the epigenetic, transcriptional and/or transla-
tional profile of mice gestated under TH deficiency would
provide a broader picture and clues about which genetic
pathways are affected.
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