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Abstract

The thyroid stimulating hormone beta-subunit (TSHpB) with TSHa form a glycoprotein hor-
mone that is produced by the anterior pituitary in the hypothalamus-pituitary-thyroid (HPT)
axis. Although TSHp has been known for many years to be made by cells of the immune
system, the role of immune system TSH has remained unclear. Recent studies demon-
strated that cells of the immune system produce a novel splice variant isoform of TSH3
(TSHBv), but little if any native TSHPB. Here, we show that within three days of systemic
infection of mice with Listeria monocytogenes, splenic leukocytes synthesized elevated lev-
els of TSHBv. This was accompanied by an influx of CD14", Ly6C*, Ly6G™* cells into the thy-
roid of infected mice, and increased levels of intrathyroidal TSHBv gene expression.
Adoptive transfer of carboxyfluorescein succinimidyl ester (CFSE)-labeled splenic leuko-
cytes from infected mice into non-infected mice migrated into the thyroid as early as forty-
eight hours post-cell transfer, whereas CFSE-labeled cells from non-infected mice failed to
traffic to the thyroid. These findings demonstrate for the first time that during bacterial infec-
tion peripheral leukocytes produce elevated levels of TSHBv, and that spleen cells traffic to
the thyroid where they produce TSHpv intrathyroidally.

Introduction

Thyroid stimulating hormone (TSH) is a heterodimer consisting of an o-subunit and a -sub-
unit. Hormone specificity is determined by the B-subunit. There is considerable homology at
the gene and protein levels between human and mouse TSHP [1]. The coding portions of the
TSHP gene are located in mouse exons 4 and 5 and in human exons 2 and 3. TSH, produced by
the anterior pituitary, is released into the circulation. Binding of TSH to the TSH receptor
(TSHR) in the thyroid triggers secretion of thyroxine (T4), which is converted by deiodinase
into trilodothyronine (T3), the more biologically active form of thyroid hormone. Thyroid hor-
mones are essential for maintaining basal metabolism, growth, development, mood, and
cognition.
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Although it has been known for over three decades that TSH is produced by cells of the
immune system [2, 3], the functional significance of that has remained elusive. Studies in our
laboratory demonstrated that whereas the full-length native form of TSHp (coded from mouse
exons 4 and 5) is produced by the anterior pituitary, cells of the mouse immune system make a
novel splice variant form of TSHB (TSHpv) using the 3’ portion of intron 4 and exon 5, with
the exclusion of exon 4 [4] TSHPv is expressed in bone marrow (BM) cells and the thyroid of
mice [4] and humans [5]. Studies from other laboratories have confirmed TSHpv synthesis in
macrophages [6]. TSHPv dimerizes with TSHo. [7], and is a secreted protein that delivers an
intracellular cAMP signal upon docking to the TSHR [4, 6]. Recent studies have linked the
TSHPv to Hashimoto’s thyroiditis [7].

Little is currently known about the role of immune system-derived TSHBv during infection.
To that end, we used a conventional model of systemic L. monocytogenes infection in mice.
Here, we demonstrate: (i) that TSHpv expression levels are increased in splenic leukocytes fol-
lowing L. monocytogenes infection, (ii) that CD14", Ly6C", Ly6G" cells infiltrate the thyroid of
infected mice, (iii) that TSHBv is produced at elevated levels in the thyroid during infection,
and (iv) that splenic leukocytes from infected mice migrate to the thyroid of non-infected
mice, thus demonstrating an active trafficking process of TSHBv-producing cells into the thy-
roid during infection. These findings provide new insights into the involvement of TSHpBv dur-
ing periods of immune stress due to bacterial infection.

Materials and Methods

Mice, bacteria, and infection

Adult female C57BL/6 mice, 6-8 weeks of age, were purchased from Harlan (Indianapolis, IN).
Animals were used in accordance with the University of Texas Health Science Center at Hous-
ton Institutional Animal Welfare Committee permit No. HSC-AWC-12-039, which specifically
pertains to this study. L. monocytogenes serotype 4b was obtained from American Type Culture
Collection, Manassas, VA. Bacteria were grown in brain heart infusion broth and titered by
serial dilution on brain heart infusion agar plates (Fisher Scientific, Pittsburgh, PA). Animals
were infected by i.p. injection of 1.79x10° CFU L. monocytogenes. That dose was selected
because C57BL/6 mice are more resistant to infection than most other strains [8], because
doses for i.p. infection range from 10°-10° CFU as reported by others [9, 10], and because of a
short duration of infection of 3 days was used. To alleviate pain from virus infection or adop-
tive cell transfer (below), mice were treated with Buprenorphine, 0.05-0.1 mg/kg body weight
given i.p. 2-3 times per day as needed.

Quantitative real-time PCR (QRT-PCR)

qRT-PCR was done as previously reported by our laboratory [11, 12] using a StepOnePlus
real-time thermal cycler and software (Life Technologies, Applied Biosystems, Grand Island,

NY). Relative gene expression was normalized to GAPDH. Primers were:
TSHB native forward: 5 - AAGAGCTCGGGTTGTTCAAA -3’
TSHB native reverse: 5 — AACCAGATTGCACTGCTATTGAA-3
TSHBv forward: 5 - ATCATGTTAAGATCTCTTTTCTTT-3’
TSHRvV reverse: 5’ - AACCAGATTGCACTGCTATTGAA-3’
GAPDH forward: 5 -GTGTTCCTACCCCCAATGTGT-3'
GAPDH reverse: 5 —-ATTGTCATACCAGGAAATGAGCTT-3’

To visualize PCR products, samples from qRT-PCR reactions were run in a 2% agarose gel
as reported [4].
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Antibodies, flow cytometry, and immunofluorescence microscopy

Goat M-16 anti-TSHP antibody (Santa Cruz Biotechnology, sc-7815, Dallas, TX) to the C-ter-
minus region of the mouse TSHP polypeptide coded for by exon 5, the immunoreactive portion
of TSHPv, was used for intracellular staining of splenic leukocytes and in the enzyme-linked
assay (EIA). Monoclonal anti-mouse TSHf (1B11) antibody made in our laboratory to amino
acids 113-124 in the C-terminus region of mouse TSHf coded for by exon 5 [13], and a polyva-
lent rabbit antibody made for our laboratory (Thermo Scientific, Pierce Biotechnology, Rock-
ford, IL) to amino acids 25-35 in the N-terminus region of mouse TSHf polypeptide coded for
by exon 4 was used for intracellular staining of AM cells. Antibodies 25-35 and 113-124 were
biotinylated in our laboratory using a ProtOn Biotin Labeling Kit (Vector Laboratories, Burlin-
game, CA).

One-color surface staining of BM cells was done using FITC-anti-CD45-leukocyte common
antigen (CD45-LCA) antibody (RA3-6B2, eBioscience, San Diego, CA), or FITC-IgG control
antibody (eBM2a, eBioscience). For intracellular staining, membranes were permeabilized for
20 min at 4°C with cytofix/cytoperm (BD Bioscience, San Diego, CA), washed x2 with perm-
wash (BD Bioscience), reacted with M-16 anti-TSHp antibody or normal goat IgG control anti-
body (Santa Cruz, sc-2028) at 4°C for 30 min, washed x1 with permwash, and reacted at 4°C
for 15 min with FITC-donkey anti-goat antibody (Santa Cruz, sc-2024).

Two-color staining of splenic leukocytes was done using: PE-anti-CD14 (Sa2-8), PE-anti-
Ly6C (HK1.4), and PE-anti-F4/80 (BM8) (eBioscience, all reagents), PE-anti-CD11b (M1/70)
and PE-anti-CD11c (HL3) (BD Bioscience, all reagents), PE-anti-Ly6G (1A8) (BioLegend, San
Diego, CA), and PE IgG control antibody (eBRGI, eBioscience). Intracellular staining for
TSHP was done using M-16 anti-TSH antibody, and normal goat IgG control antibody (Santa
Cruz, sc-2028), followed by FITC-donkey anti-goat control antibody (Santa Cruz, sc-2024)
using the staining protocol described above.

AM cells were provided by Dr. Chinnaswamy Jagannath, Department of Pathology, the
University of Texas Health Science Center at Houston. One-color surface staining was done
using PE-anti-CD14 antibody, PE-anti-TLR2 antibody, or PE IgG control antibody. One-color
intracellular staining of permeabilized membranes, described above, was done for TSHfv by
reacting cells with biotinylated antibody 25-35, biotinylated antibody 113-124, or biotinylated
IgG control antibody (cat. No. 553273, BD Bioscience) followed by streptavidin-APC
(eBioscience). Cell fluorescence was determined on a FACSCalibur flow cytometer with Cell-
Quest software (BD Bioscience).

For tissue immunofluorescence microscopy, thyroids were snap frozen in liquid nitrogen,
mounted in Tissue-Tek® OCT Compound, and 4uM sections were cut on a Research Cryostat
(Leica CM30508S, Buffalo Grove, IL). Sections were fixed in acetone, hydrated in PBS, blocked
with 10% fetal bovine serum in PBS, incubated with FITC-labeled antibodies, washed in PBS,
and mounted onto slides using Fluoro Gel with DABCO (Electron Microscopy Diatome No.
17985-01). DAPI (Life Technologies) was added for a final concentration of 1:1000. Antibodies
used were FITC-IgG control antibody (eB149/10H5), FITC-anti-CD11b (M1/70), FITC-anti-
CDl11c (N418), FITC-anti-CD14 (Sa2-8), and FITC-anti-F4/80 (BMS8) (eBioscience, all
reagents), FITC-anti-Ly-6C (HK1.4) and FITC anti-Ly-6G (1A8) (BioLegend, all reagents).
Tissue sections were examined on a Nikon Eclipse E400 microscope for fluorescence imaging
using NIS Elements BR- 3.2 software.

Cell culture and EIA

1x10® AM/ml were cultured in 24 well cell culture plates (Genesee Scientific, San Diego, CA)
at 37°C in 5% CO, in RPMI-1640 media with 10% FBS, penicillin/streptomycin, and 2uM
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L-glutamine. For determination of secreted TSHf, AM cells were cultured with 100, 50, 25,
12.5 pg/ml zymosan (ICN Pharmaceuticals, Aurora, OH), 100 ng/ml E. coli LPS (Sigma-
Aldrich Chemicals, St. Louis, MO) [14], or with soluble anti-CD14 or anti-TLR2 antibody.
Following 1 week in vitro culture with zymosan, cells were fixed in ice cold 90% MEOH for
30 min, washed x3 with PBS, reacted with 1:100 M-16 anti-TSH antibody at 4°C for 30 min,
washed x3 with PBS, and reacted with donkey anti-goat Texas Red (Santa Cruz, sc-2783) at
4°C for 30 min, washed x3 with PBS, and reacted with DAPI. Cells were examined using a
Nikon Eclipse T'1 inverted microscope.

A mouse TSHp EIA was used in which dilutions of culture supernatants, or dilutions of
recombinant TSHP [4], were coated overnight at 4°C onto Costar EIA/RIA stripwell high-
binding polystyrene plates (Corning, Corning, NY), washed x3 in PBS with 0.05% tween with a
Multi-Wash Advantage Microtiter Plate Washer (TriContinent Scientific, Grass Valley, CA),
blocked for 1 hr at room temperature with 2% BSA/PBS, washed x3, incubated at room tem-
perature for 1 hr with 1:100 of M-16 anti-TSHP antibody, washed x3, incubated at room tem-
perature for 30 min with HRP-donkey anti-goat antibody (Santa Cruz, sc-2020), washed x4,
reacted for 15 min with TMB substrate (eBioscience). The reaction was stopped with 1 M phos-
phoric acid; the optical density was determined using a Vmax Kinetic Microplate Reader
(Molecular Devices, Sunnyvale, CA). The concentration of TSHp was predicted from a stan-
dard curve generated using recombinant mouse TSHP [4].

CFSE labeling and adoptive cell transfer

Spleen cells were recovered from euthanized C57BL/6 mice 3 days post-L. monocytogenes
infection or injection with PBS. Erythrocytes were lysed and cells were stained with 10 uM
CESE (Invitrogen; Carlsbad, CA, USA) prepared in DMSO. Cells were incubated for 15 min at
37°C in 5% CO, environment, washed in PBS, and pelleted. 9x10° cells suspended in 100 pl
physiological saline and injected retro-orbitally [15] into isoflurane-anesthetized non-infected
normal C57BL/6 mice. Eyes were treated with a neomycin and polymyxin B sulfates, bacitracin
zinc, and hydrocortisone ophthalmic ointment USP. 24 and 48 hr post-transfer, animals were
euthanized, the thyroid was recovered, sectioned, and examined by immunofluorescence
microscopy for CESE" cells.

Statistical analyses

A two-tailed Student’s t-test was used for determination of statistical significance.

Results

Bone marrow cells in normal and L. monocytogenes-infected mice
produce TSHBv

BM cells from normal mice were defined according to forward scatter (FSC) and side scatter
(SSC) and by expression of the CD45 leukocyte common antigen (LCA). This consisted of
CD45" typical of lymphocyte precursors (Fig 1A gate 1, Fig 1B), CD45" typical of monocyte/
macrophage precursors (Fig 1 A gate 2, Fig 1C), and CD45™ typical of granulocyte precursors
(Fig 1A gate 3, Fig 1D). We previously reported gene expression of TSHBv but not native TSHf
in BM cells [4]. Similar findings were obtained in the present study as seen by gene expression
of TSHPv but not native TSH in normal BM cells (Fig 1E). Those findings are important
because they confirm that intracellular staining of BM cells using antibody M-16, which is reac-
tive with the C terminus region of the TSHP polypeptide coded for by exon 5, but does not
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Fig 1. The TSHPv is produced by BM cells in normal and L. monocytogenes-infected mice. (A)
Characterization of BM cells from normal non-infected mice according to FSC (cell size) and SSC
(granularity). Percentage of CD45-LCA* cells in (B) gate 1, (C) gate 2, and (D) gate 3. (E) gRT-PCR analysis
of normal BM cells for TSHRv and native TSH gene expression. 1, 2, 3 are BM cells from each of 3 mice.
Intracellular TSHB M-16 staining of BM cells from normal non-infected mice in (F) gate 1, (G) gate 2, and (H)
gate 3 in histogram A. (I) Characterization of BM cells from mice 3 days post-i.p. infection according to FSC
and SSC. Intracellular TSHB M-16 staining of BM cells from infected mice in (J) gate 1, (K) gate 2, and (L)
gate 3 in histogram in I. Histogram data are representative of three independent experiments. Background
staining (unfilled) in overlaid histograms is the reactivity of IgG control antibody.

doi:10.1371/journal.pone.0146111.g001

react with the TSHP polypeptide region coded for by exon 4, reflects the selective expression of
TSHpv in BM cells.

Staining of BM cells from normal non-infected mice revealed that TSHfv is not associated
with the lymphocyte precursor population (Fig 1F), that is heavily associated with the mono-
cyte/macrophage precursor population (Fig 1G), and that it is minimally associated with the
granulocyte precursor population (Fig 1H). Mice were infected i.p. with L. monocytogenes as
described in the Materijals and Methods. Three days after infection, TSHpBv expression in lym-
phocyte precursors remained negative (Fig 1]), although there was a modest increases in
TSHBv" in monocyte precursors (Fig 1K) and granulocyte precursors (Fig 1L) compared to
non-infected mice. Those findings identify differential expression patterns of TSHfv in BM
cells, which is principally linked to the monocyte/macrophage precursor population.

TSHBv expression increases in splenic leukocytes during L.
monocytogenes infection

To assess the changes that occur in the expression of TSHpv in peripheral leukocytes of L.
monocytogenes-infected mice, spleen cells were stained for six markers commonly expressed
on myeloid cells (CD11b, CD11c, CD14, Ly6C, Ly6G, and F4/80). Two-color staining was
done as described in the Materials and Methods in conjunction with anti-TSHB M-16
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Fig 2. L. monocytogenes infection results in increased TSHBv production in splenic leukocytes. Immunoreactivity of M-16 for TSHBv expression in
CD11b*, CD11c*, CD14", Ly6C*, Ly6G*, and F4/80* spleen cells from (A) normal non-infected mice and (B) L. monocytogenes—infected mice. (C) MFI of
TSHBv of intracellular staining of cells from PBS-injected or L. monocytogenes-infected mice. (D) Percent splenic monocytes (gates 2 in Fig 1A and 11) from
PBS-injected and L. monocytogenes-infected mice. TSHPBv intracellular staining of splenic lymphocytes from (E) normal PBS-infected and (F) L.
monocytogenes-infected mice. 2—3 mice were used per experimental set. Infected mice were used 3 days post-infection. Background staining (unfilled) in
overlaid histograms is the reactivity of IgG control antibody.

doi:10.1371/journal.pone.0146111.g002

antibody. Spleen cells were analyzed 3 days post-infection by flow cytometry in cells in gates 2
(shown in Fig 1). There was an increase in TSHv expression in all six phenotypic populations
of infected mice (Fig 2 panel B) compared to PBS-injected control mice (Fig 2 panel A). This
was particularly evident for CD14™ Ly6G", and F4/80" cells as seen by higher mean fluores-
cence intensity (MFI) (Fig 2C). Additionally, there was an overall increase in the total percent
of splenic mononuclear cells in infected mice (Fig 2D). TSHpv expression was not detected in
splenic lymphocytes in either PBS-injected (Fig 2E) or L. monocytogenes-infected animals

(Fig 2F).

The mouse AM macrophage cell line was used to study inductive requirements of TSHfv
synthesis. AM cells are CD14" (Fig 3A) and TLR2" (Fig 3B) and did not produce native TSHp
(Fig 3C) but did produce TSHPv (Fig 3D). When stimulated with LPS, or with anti-CD14 or
anti-TLR2 antibodies, TSHPv secretion increased in AM cells compared to non-stimulated
cells as determined by EIA (Fig 3E). Induction of phagocytosis in AM cells by zymosan resulted
in increased secretion of TSHfv in a dose dependent manner (Fig 3F). Zymosan-stimulated
AM cells were TSHPBv" for one week post-stimulation (Fig 1G and 1H). Those findings collec-
tively indicate that the peripheral immune response of splenic leukocytes to L. monocytogenes
infection is accompanied by increased TSHpv synthesis, and that multiple immune stimuli can
induce TSHfv synthesis in mouse monocytes.
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el e
@ ' PLOS ‘ ONE Immune-Endocrine Interactions in L. monocytogenes Infection

A. Cs E®
= 2 G
34 89%| <1% _ 20 Ounstimulated
aon A £ 15 mLPs
i g Es
881 § < 10 maCD14
3 =)
23 5 3 maTlR2
o - § T 20 Y T T = 0
100 1! 102 103 104 10® 10! 102 10d 10f
B CD14 D TSHP 25-35 F s H
g7 96% & 98% 20 O unstimulated
E = @ zymosan 100
§ E £ > 15 O zymosan 50
S S ;:5 10 @ zymosan 25
7 § 5 @ zymosan 12.5 TSHB 400x
2 249 T Ry rrrY
00l a2 nd and 100 0! 102 10° 104 0

TLR2 TSHP 113-124

Fig 3. Multiple stiumlatory signals induce TSHBv synthesis in mouse monocyte/macrophage cells. Expression of (A) CD14 and (B) TLR2 on mouse
AM cells. Staining of AM cells with (C) antibody to TSHR peptide 25-35 in the N-terminus region of mouse TSHp, and (D) antibody to TSHBv peptide 113—
124 in the C-terminus region of mouse TSHp. (E) Quantification of TSH in cell culture supernatants of AM cells cultured for 24 hr with LPS, anti-CD14
antibody, or anti-TLR2 antibody, or with (F) graded doses of zymosan as determined by EIA. (G) DAPI and (H) M-16 TSHp staining of AM cells 1 week post-
culture with zymosan as determined by immunofluorescence microscopy. 2—-3 mice were used per experimental set. Infected mice were used 3 days post-
infection. Background staining (unfilled) in overlaid histograms is the reactivity of IgG control antibody.
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Splenic leukocytes in L. monocytogenes-infected mice traffic to the
thyroid and produce TSHpv intrathyroidally

Mice were infected with L. monocytogenes or injected with PBS. Three days later, thyroids were
recovered, snap frozen, stained for expression of CD11b, CD11¢, CD14, Ly6C, Ly6G, and F4/
80, and examined by fluorescence microscopy. Compared to thyroid tissues from PBS-injected
mice (Fig 4 panel A, and Fig 4C), there was a significant increase in the influx of CD14",
Ly6C*, and Ly6G" cells into the thyroid of infected mice (Fig 4 panel B, and Fig 4C). This was
accompanied by an increase in TSHBv gene expression in the thyroid (Fig 4D).

To determine if splenic leukocytes from L. monocytogenes-infected mice actively traffic to
the thyroid, spleen cells were collected from mice infected for three days with L. monocyto-
genes. Erythrocytes were lysed, cells were labeled with carboxyfluorescein succinimidyl ester
(CFSE), and 9x10° cells were transferred by retro-orbital injection [15] into normal non-
infected mice. Recipient animals were euthanized 24 and 48 hr post-cell transfer, the thyroid
was removed and examined by fluorescence microscopy for evidence of cell trafficking based
on the presence of intrathyroidal CFSE" cells. 24 hr post-transfer, CFSE" cells were sparsely
dispersed throughout the thyroid (Fig 5A) and pericapsular lymph nodes (Fig 5B) of recipient
mice. Notably, the thyroid of mice that had been injected with spleen cells from L. monocyto-
genes-infected mice animals heavily infiltrated with CFSE" cells 48 hr post-cell transfer; nearly
all thyroid follicles were surrounded by at least one and in many cases 3-4, CFSE" cells (Fig
5C-5E). In contrast, CFSE-labeled cells from normal non-infected donor mice did not traffic
to the thyroid (Fig 5F). These findings provide strong evidence of an active trafficking process
of peripheral leukocytes into the thyroid during acute L. monocytogenes infection.

Discussion

Despite longstanding evidence linking TSH production to cells of the immune system, the sig-
nificance of that has remained elusive. Yet, it is interesting that both the endocrine system and
the immune system share a number of common features. Both are broadly dispersed through-
out the body, consisting of receptors and ligands used in positive and negative regulation. A
hallmark of both immune and endocrine responses is communication with the external
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Fig 4. Influx of CD14*, Ly6C"*, Ly6G"* cells into the thyroid of mice following L. monocytogenes infection with elevated TSHRv expression in the
thyroid. Thyroid tissue frozen sections from (A) PBS-injected mice were and (B) L. monocytogenes-infected mice stained with antibody to CD11b, CD11c,
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doi:10.1371/journal.pone.0146111.g004

environment, such as situations that detect and respond to metabolic stress in the case of the
endocrine system, and foreign antigen exposure in the case of the immune system. It is thus
not surprising that reciprocal immune-endocrine communication networks exist that serve to
enhance the functionality of each other. The identification of a TSHf splice variant adds a level
of complexity and intrigue to those activities, in particular because of the findings that TSHRv
is the exclusive form of TSHB made by the immune system, and because of its potential link to
thyroid disease such as Hashimoto’s thyroiditis [4, 6, 7, 16].

In extending those studies, we sought to determine the extent to which the responses of
immune system-derived TSHPv are altered during acute exposure to pathogenic bacteria.
Here, we formally demonstrate that challenge with L. monocytogenes induces increased levels
of TSHPv synthesis across a range of splenic leukocyte subsets, although the cells that trafficked
to the thyroid during infection favored CD14", Ly6C", Ly6G" cells. These may represent dis-
crete subsets bearing those markers, or may be select groups, some of which have yet to be
defined phenotypically. One possible distinction pertains to the classification of peripheral
monocytes as classical vs. non-classical cells based on the expression of CD14 and selected che-
mokines and their receptors [17]. Interestingly, CD14" non-classical monocytes can be acti-
vated by TLR2 stimulation [18], a finding consistent with the observation of TLR2-induced

PLOS ONE | DOI:10.1371/journal.pone.0146111 January 15, 2016 8/11



el e
@ ' PLOS ‘ ONE Immune-Endocrine Interactions in L. monocytogenes Infection

thyroid

Fig 5. Splenic leukocytes from L. monocytogenes-infected mice, but not normal mice, traffic to the
thyroid. Immunofluorescence analysis of (A) the thyroid and (B) a thyroid perivascular lymph node from a
non-infected mouse 24 hr post-cell transfer of CFSE-labeled splenic leukocytes from a L. monocytogenes-
infected mouse. Thyroid of a non-infected mouse 48 hr post-transfer of CFSE-labeled spleen cells froma L.
monocytogenes-infected mouse (C) 200x, (D) 400x, (E) 800x, boxed area in D. (F) Thyroid of a non-infected
mouse injected with CFSE-labeled spleen cells from a non-infected mouse.

doi:10.1371/journal.pone.0146111.g005

TSHPv synthesis from AM cells as described here. Additionally, non-classical monocytes traffic
to non-inflamed peripheral sites such as the spleen, liver, and lungs [19, 20], and thus may be
candidates for the cells that homed to the thyroid in the present study. Although it also has
been shown that non-classical monocytes increase more slowly in the circulation during
chronic infection [19, 21, 22], the reverse occurred for L. monocytogenes infection [20]. These
findings collectively point to a dynamic process of cell trafficking into and through non-lym-
phoid tissues.

Studies from other laboratories have linked TSHPv synthesis to F4/80" macrophages, partic-
ularly M2 macrophages generated from BM cells [6]. Although TSHpv was also produced by
splenic F4/807 cells in our study (Fig 2, panel B), few F4/80™ cells were present in the thyroid of
either normal or infected mice. It has been reported that F4/80 antibodies may be unreliable
for flow cytometric identification of macrophages, and that combinations of Ly6C and Ly6G
are more suitable indicators of those cells [23], a property that would be consistent with the
increase in Ly6C" Ly6G" cells in the thyroid as reported here.

That infection induced an active process of intrathyroidal cell trafficking was confirmed by
adoptive transfer of spleen cells from infected mice into non-infected animals in which there
was a marked influx of cells into the thyroid 48 hr post-transfer. The fact that spleen cells from
non-infected animals did not traffic to the thyroid indicates that a regulated mechanism exists
for directing TSHBv-producing cells into the thyroid. Moreover, given that in these experi-
ments trafficking occurred by spleen cells from infected mice independent of the infection sta-
tus of recipient animals, the signal necessary to drive the response must be at the level of the
TSHPv-producing cells, possibly due to the upregulation of a receptor for a ligand expressed in
the thyroid. Potential migration-inducing markers on spleen cells include chemokines and che-
mokine ligands and receptors such as CCR2 on spleen cells and CCL2 on thyrocytes [24].
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Other possible monocyte molecules that may facilitate migration would be CX3CL1 [25] and
CXCL12 [26], both of which may facilitate transendothelial migration of cells. Studies are cur-
rently underway to explore those and other possible mechanisms associated with TSHpv cell
migratory responses.

Although the functional role of TSHfv synthesis in the thyroid remains to be determined,
we have proposed that the contribution of immune system TSHBv may be to micro-regulate
thyroid hormone output during times of immune stress [27-30]. Accordingly, local intrathyr-
oidal production of TSHPv by splenic leukocytes would compete with native TSH for binding
to the TSHR, resulting in a weakened signal for thyroid hormone synthesis. The net effect of
this would be to curtail host metabolic responses, leading to energy conservation during the
recovery phase of infection. The findings reported lend credence to this scenario during bacte-
rial infection.

Author Contributions

Conceived and designed the experiments: JRK. Performed the experiments: DMS JRK. Ana-
lyzed the data: JRK. Contributed reagents/materials/analysis tools: JRK DMS. Wrote the paper:
JRK.

References

1. Gordon DF, Wood WM, Ridgway EC. Organization and nucleotide sequence of the gene encoding the
beta-subunit of murine thyrotropin. DNA. 1988; 7(1):17-26. PMID: 3349902

2. Smith EM, Phan M, Kruger TE, Coppenhaver DH, Blalock JE. Human lymphocyte production of immu-
noreactive thyrotropin. Proc Natl Acad Sci U S A. 1983; 80(19):6010-3. PMID: 6351072

3. Kruger TE, Smith LR, Harbour DV, Blalock JE. Thyrotropin: an endogenous regulator of the in vitro
immune response. J Immunol. 1989; 142(3):744—7. PMID: 2492328

4. Vincent BH, Montufar-Solis D, Teng BB, Amendt BA, Schaefer J, Klein JR. Bone marrow cells produce
a novel TSH splice variant that is upregulated in the thyroid following systemic virus infection. Genes
Immun. 2009; 10(1):18-26. doi: 10.1038/gene.2008.69 PMID: 18754015

5. Schaefer JS, Klein JR. A novel thyroid stimulating hormone B-subunit isoform in human pituitary,
peripheral blood leukocytes, and thyroid. Gen Comp Endocrinol. 2009; 162(3):241—4. doi: 10.1016/j.
ygcen.2009.04.006 PMID: 19364510

6. Baliram R, Chow A, Huber AK, Collier L, Ali MR, Morshed SA, et al. Thyroid and Bone: Macrophage-
Derived TSH-beta Splice Variant Increases Murine Osteoblastogenesis. Endocrinology. 2013; 154
(12):4919-26. doi: 10.1210/en.2012-2234 PMID: 24140716

7. LiuGC,LiL,YingF, XuC, Zang X, Gao Z. A newly identified TSHbeta splice variant is involved in the
pathology of Hashimoto's thyroiditis. Molecular biology reports. 2012; 39(12):10019-30. doi: 10.1007/
511033-012-1871-x PMID: 22752807

8. Cheers C, McKenzie IF. Resistance and susceptibility of mice to bacterial infection: genetics of listerio-
sis. Infection and immunity. 1978; 19(3):755-62. PMID: 305895

9. Kernbauer E, Maier V, Rauch |, Muller M, Decker T. Route of Infection Determines the Impact of Type |
Interferons on Innate Immunity to. PloS one. 2013; 8(6):e65007. PMID: 23840314

10. Lindback T, Secic |, Rorvik LM. A contingency locus in prfA in a Listeria monocytogenes subgroup
allows reactivation of the PrfA virulence regulator during infection in mice. Applied and environmental
microbiology. 2011; 77(10):3478-83. doi: 10.1128/AEM.02708-10 PMID: 21460116

11.  Schaefer JS, Montufar-Solis D, Vigneswaran N, Klein JR. Selective upregulation of microRNA expres-
sion in peripheral blood leukocytes in IL-10-/- mice precedes expression in the colon. J Immunol. 2011;
187(11):5834—41. doi: 10.4049/jimmunol.1100922 PMID: 22043014

12. Schaefer JS, Montufar-Solis D, Nakra N, Vigneswaran N, Klein JR. Small intestine inflammation in
Roquin-mutant and Roquin-deficient mice. PloS one. 2013; 8(2):e56436. doi: 10.1371/journal.pone.
0056436 PMID: 23451046

13. Zhou Q, Wang HC, Klein JR. Characterization of novel anti-mouse thyrotropin monoclonal antibodies.
Hybridoma and hybridomics. 2002; 21(1):75-9. PMID: 11991820

PLOS ONE | DOI:10.1371/journal.pone.0146111 January 15, 2016 10/ 11


http://www.ncbi.nlm.nih.gov/pubmed/3349902
http://www.ncbi.nlm.nih.gov/pubmed/6351072
http://www.ncbi.nlm.nih.gov/pubmed/2492328
http://dx.doi.org/10.1038/gene.2008.69
http://www.ncbi.nlm.nih.gov/pubmed/18754015
http://dx.doi.org/10.1016/j.ygcen.2009.04.006
http://dx.doi.org/10.1016/j.ygcen.2009.04.006
http://www.ncbi.nlm.nih.gov/pubmed/19364510
http://dx.doi.org/10.1210/en.2012-2234
http://www.ncbi.nlm.nih.gov/pubmed/24140716
http://dx.doi.org/10.1007/s11033-012-1871-x
http://dx.doi.org/10.1007/s11033-012-1871-x
http://www.ncbi.nlm.nih.gov/pubmed/22752807
http://www.ncbi.nlm.nih.gov/pubmed/305895
http://www.ncbi.nlm.nih.gov/pubmed/23840314
http://dx.doi.org/10.1128/AEM.02708-10
http://www.ncbi.nlm.nih.gov/pubmed/21460116
http://dx.doi.org/10.4049/jimmunol.1100922
http://www.ncbi.nlm.nih.gov/pubmed/22043014
http://dx.doi.org/10.1371/journal.pone.0056436
http://dx.doi.org/10.1371/journal.pone.0056436
http://www.ncbi.nlm.nih.gov/pubmed/23451046
http://www.ncbi.nlm.nih.gov/pubmed/11991820

@’PLOS ‘ ONE

Immune-Endocrine Interactions in L. monocytogenes Infection

14.

15.

16.

17.

18.

19.

20.

21.

22,

23.

24.

25.

26.

27.

28.

29.

30.

Song JS, Kim YJ, Han KU, Yoon BD, Kim JW. Zymosan and PMA activate the immune responses of
Mutz3-derived dendritic cells synergistically. Immunol Lett. 2015; 167(1):41-6. doi: 10.1016/j.imlet.
2015.07.002 PMID: 26183538

Yardeni T, Eckhaus M, Morris HD, Huizing M, Hoogstraten-Miller S. Retro-orbital injections in mice.
Lab animal. 2011; 40(5):155—-60. doi: 10.1038/laban0511-155 PMID: 21508954

Schaefer JS, Klein JR. A novel thyroid stimulating hormone beta-subunit isoform in human pituitary,
peripheral blood leukocytes, and thyroid. Gen Comp Endocrinol. 2009; 162(3):241-4. doi: 10.1016/j.
ygcen.2009.04.006 PMID: 19364510

Ingersoll MA, Platt AM, Potteaux S, Randolph GJ. Monocyte trafficking in acute and chronic inflamma-
tion. Trends in immunology. 2011; 32(10):470-7. doi: 10.1016/}.it.2011.05.001 PMID: 21664185

Ingersoll MA, Spanbroek R, Lottaz C, Gautier EL, Frankenberger M, Hoffmann R, et al. Comparison of
gene expression profiles between human and mouse monocyte subsets. Blood. 2010; 115(3):e10-9.
doi: 10.1182/blood-2009-07-235028 PMID: 19965649

Geissmann F, Jung S, Littman DR. Blood monocytes consist of two principal subsets with distinct
migratory properties. Immunity. 2003; 19(1):71-82. PMID: 12871640

Auffray C, Fogg D, Garfa M, Elain G, Join-Lambert O, Kayal S, et al. Monitoring of blood vessels and tis-
sues by a population of monocytes with patrolling behavior. Science. 2007; 317(5838):666—70. PMID:
17673663

Drevets DA, Dillon MJ, Schawang JS, Van Rooijen N, Ehrchen J, Sunderkotter C, et al. The Ly-6Chigh
monocyte subpopulation transports Listeria monocytogenes into the brain during systemic infection of
mice. J Immunol. 2004; 172(7):4418-24. PMID: 15034057

Sunderkotter C, Nikolic T, Dillon MJ, Van Rooijen N, Stehling M, Drevets DA, et al. Subpopulations of
mouse blood monocytes differ in maturation stage and inflammatory response. J Immunol. 2004; 172
(7):4410-7. PMID: 15034056

Rose S, Misharin A, Periman H. A novel Ly6C/Ly6G-based strategy to analyze the mouse splenic mye-
loid compartment. Cytometry Part A: the journal of the International Society for Analytical Cytology.
2012; 81(4):343-50. doi: 10.1002/cyto.a.22012 PMID: 22213571

Gordon S, Taylor PR. Monocyte and macrophage heterogeneity. Nat Rev Immunol. 2005; 5(12):953—
64. PMID: 16322748

Palframan RT, Jung S, Cheng G, Weninger W, Luo Y, Dorf M, et al. Inflammatory chemokine transport
and presentation in HEV: a remote control mechanism for monocyte recruitment to lymph nodes in
inflamed tissues. J Exp Med. 2001; 194(9):1361-73. PMID: 11696600

Ancuta P, Rao R, Moses A, Mehle A, Shaw SK, Luscinskas FW, et al. Fractalkine preferentially medi-
ates arrest and migration of CD16+ monocytes. J Exp Med. 2003; 197(12):1701-7. PMID: 12810688

Wang HC, Klein JR. Immune function of thyroid stimulating hormone and receptor. Critical reviews in
immunology. 2001; 21(4):323-37. PMID: 11922077

Klein JR. The immune system as a regulator of thyroid hormone activity. Exp Biol Med. 2006; 231
(3):229-36.

Schaefer JS, Klein JR. Immunological regulation of metabolism—a novel quintessential role for the
immune system in health and disease. FASEB journal: official publication of the Federation of American
Societies for Experimental Biology. 2011; 25(1):29-34.

Klein JR. Biological Impact of the TSHbeta Splice Variant in Health and Disease. Frontiers in immunol-
ogy. 2014; 5:155. doi: 10.3389/fimmu.2014.00155 PMID: 24778635

PLOS ONE | DOI:10.1371/journal.pone.0146111

January 15,2016 11/11


http://dx.doi.org/10.1016/j.imlet.2015.07.002
http://dx.doi.org/10.1016/j.imlet.2015.07.002
http://www.ncbi.nlm.nih.gov/pubmed/26183538
http://dx.doi.org/10.1038/laban0511-155
http://www.ncbi.nlm.nih.gov/pubmed/21508954
http://dx.doi.org/10.1016/j.ygcen.2009.04.006
http://dx.doi.org/10.1016/j.ygcen.2009.04.006
http://www.ncbi.nlm.nih.gov/pubmed/19364510
http://dx.doi.org/10.1016/j.it.2011.05.001
http://www.ncbi.nlm.nih.gov/pubmed/21664185
http://dx.doi.org/10.1182/blood-2009-07-235028
http://www.ncbi.nlm.nih.gov/pubmed/19965649
http://www.ncbi.nlm.nih.gov/pubmed/12871640
http://www.ncbi.nlm.nih.gov/pubmed/17673663
http://www.ncbi.nlm.nih.gov/pubmed/15034057
http://www.ncbi.nlm.nih.gov/pubmed/15034056
http://dx.doi.org/10.1002/cyto.a.22012
http://www.ncbi.nlm.nih.gov/pubmed/22213571
http://www.ncbi.nlm.nih.gov/pubmed/16322748
http://www.ncbi.nlm.nih.gov/pubmed/11696600
http://www.ncbi.nlm.nih.gov/pubmed/12810688
http://www.ncbi.nlm.nih.gov/pubmed/11922077
http://dx.doi.org/10.3389/fimmu.2014.00155
http://www.ncbi.nlm.nih.gov/pubmed/24778635

