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Abstract
The incidence of cardiovascular disease, including inflammatory heart diseases like myocarditis, is
increased in men. Similarly, male BALB/c mice infected with coxsackievirus B3 (CVB3) develop
more severe acute inflammation in the heart compared to females. To better understand the effect
of male sex hormones on cardiac inflammation, we gonadectomized (Gdx) male BALB/c mice
and examined acute CVB3-induced myocarditis compared to sham controls. Viral replication in
the heart was not significantly altered between Gdx and sham mice. However, gonadectomy
significantly reduced testosterone levels and inflammation in the heart. FACS analysis of cell
populations isolated from the heart revealed that CD11b+ cells were significantly reduced in Gdx
males. However, a GR1+F4/80+ subset of CD11b+ cells was significantly increased. Because this
subset also expressed the interleukin (IL)-4R and IL-10, we refer to these cells as “alternatively
activated” or M2 macrophages. A greater percentage of M2 macrophages in Gdx males expressed
the inhibitory receptor Tim-3, while fewer expressed IL-1β and IL-10. Only M2 macrophages
upregulated TLR4 and Tim-3, whereas GR1−IL-4Rlo macrophages did not. Additionally,
IL-4+CD4+ Th2 cells, Foxp3+ regulatory T (Treg) cells and Tim-3+CD4+ T cells were
significantly increased in the heart following Gdx. Thus, we report for the first time that the
inhibitory receptor Tim-3 is expressed on M2 macrophages. Our findings show that sex hormones
and/ or other mediators released from the testes inhibit anti-inflammatory populations in the heart
including Tim-3+ M2, Tim-3+CD4+ T cells, Th2 and Treg resulting in more severe acute cardiac
inflammation in males following CVB3 infection.

© 2008 Elsevier Inc. All rights reserved
*Corresponding author. DeLisa Fairweather, PhD, Department of Environmental Health Sciences, Johns Hopkins University,
Bloomberg School of Public Health, 615 N. Wolfe Street, Rm. E7628, Baltimore, MD 21205. Ph: 410-955-4712; Fax: 410-955-0116;
dfairwea@jhsph.edu.
Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our
customers we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of
the resulting proof before it is published in its final citable form. Please note that during the production process errors may be
discovered which could affect the content, and all legal disclaimers that apply to the journal pertain.
The authors have no conflicting financial interests.

NIH Public Access
Author Manuscript
Brain Behav Immun. Author manuscript; available in PMC 2011 August 2.

Published in final edited form as:
Brain Behav Immun. 2009 July ; 23(5): 649–657. doi:10.1016/j.bbi.2008.12.002.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Keywords
Autoimmunity; Cytokines; Macrophages; Myocarditis; Sex differences; Th2; Tim-3; Tolerance;
Treg; Virus

1. Introduction
The incidence and severity of heart disease, including myocarditis, is higher among men
than women (Dec, 2003; Rosamond et al., 2008). Inflammation underlies the pathogenesis
of many common cardiovascular diseases, such as myocardial infarction, atherosclerosis,
myocarditis and congestive heart failure. Enteroviruses, like coxsackievirus B3 (CVB3),
infect vascular tissues in culture and have been detected in atherosclerotic plaques from
patients (Godeny et al., 1986; Kwon et al., 2004; Roivainen, 1999). CVB3 infection is
commonly associated with myocarditis, an autoimmune disease that may progress to dilated
cardiomyopathy (DCM) and congestive heart failure in susceptible individuals or mice
(Fairweather and Rose, 2007a; 2007b; Feldman and McNamara, 2000; Huber, 2005;
Woodruff, 1980). While most individuals recover from acute inflammation in the heart,
some go on to develop chronic inflammation associated with autoantibody deposition,
fibrosis, DCM and heart failure (Fairweather et al., 2004a; 2006). Although more men than
women develop myocarditis, rates of infection with CVB3 are similar between the sexes
worldwide (Dechkum et al., 1998; Khetsuriani et al., 2006; Schoub et al., 1985).

The lower incidence of heart disease in women has been attributed to the cardioprotective
effects of estrogen (Rossouw et al., 2002). In CVB3-induced myocarditis male BALB/c
mice develop significantly increased acute inflammation at day 8, 10 and 12 post infection
(pi) compared to females (Fairweather and Rose, 2007b; Frisancho-Kiss et al., 2006a; 2007),
yet there is no difference in viral replication in the heart indicating that the CVB3/ cardiac
myosin inoculum amplifies inflammation by acting as an adjuvant (Fairweather et al.,
2005a). Increased inflammation in males is associated with elevated levels of the
proinflammatory cytokines interleukin (IL)-1β, IL-18 and interferon (IFN)-γ, while females
have increased levels of IL-4 in the heart (Frisancho-Kiss et al., 2006a; Huber and Pfaeffle,
1994; Huber et al., 1999). IL-17 levels are not increased in male hearts during acute CVB3
myocarditis (Fairweather et al., 2008). We showed previously that more mast cells (MC)
and macrophages from males express the proinflammatory receptor Toll-like receptor 4
(TLR4) during innate immunity and acute myocarditis (Frisancho-Kiss et al., 2007;
Fairweather and Frisancho-Kiss, 2008). Male mice deficient in TLR4 signaling develop
significantly reduced CVB3-induced myocarditis that correlates with lower levels of IL-1β
and IL-18 in the heart (Fairweather et al., 2003). Thus, TLR4 signaling increases
proinflammatory cytokines and acute inflammation in males.

Females respond to CVB3 infection by upregulating not only TLR4, but also the inhibitory
receptor T cell immunoglobulin mucin (Tim)-3 on MCs, macrophages and T cells during
innate immunity and acute myocarditis (Frisancho-Kiss et al., 2007; Fairweather and
Frisancho-Kiss, 2008). The sex difference in the percentage of MCs and macrophages
expressing TLR4 and Tim-3 is not observed for dendritic cells (DC) or B cells. The family
of genes encoding Tim proteins has been linked to susceptibility to allergy and autoimmune
diseases (Meyers et al., 2005). Tim-3 is expressed on T helper-type 1 (Th1) CD4+ T cells,
Th17 cells, regulatory T (Treg) cell populations, monocyte/macrophages, natural killer cells,
DCs and MCs (Frisancho-Kiss et al., 2006b; Monney et al., 2002; Su et al., 2008).
Treatment of male mice with antibodies to block Tim-3 receptor signaling increases
experimental autoimmune encephalomyelitis (EAE) and CVB3-induced myocarditis
(Frisancho-Kiss et al., 2006b; Monney et al., 2002). We found that blocking Tim-3 signaling
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during the innate immune response to CVB3 infection increases the number of CD11b+ cells
and reduces Tim-3+CD4+ and forkhead box p3 (Foxp3)+ Treg populations in the heart
during acute myocarditis (Frisancho-Kiss et al., 2006b). Tim-3 expression may be elevated
in females due to the location of Tim genes in the IL-4 gene complex (estrogen increases
IL-4 in females) (Fairweather et al., 2008; Lang, 2004; Meyers et al., 2005). Estrogen can
exert either pro- or anti-inflammatory affects on NF-κB transcription depending largely on
the cell type being examined (De Bosscher et al., 2006; Straub, 2007). Estrogen, via
estrogen receptor (ER)-α, has been shown to directly down-regulate NF-κB and Th1
responses in various human and murine cell types (Evans et al., 2001; Demyanets et al.,
2006; Feldman et al., 2007; Wang et al., 2007). Estrogen is particularly potent at inhibiting
lipopolysaccharide (LPS)/TLR4-induced proinflammatory pathways and is effective at
inhibiting Th1 responses in both male and female mice (Demyanets et al., 2006; Paimela et
al., 2007). We have shown that males have more CD11b+/ F4/80+ macrophages and CD117+

MCs in the heart than females during acute myocarditis (Frisancho-Kiss et al., 2007).
Previous studies reported that estrogen decreases whereas testosterone increases MCs and
macrophages (Cutolo et al., 1996; Fairweather et al., 2008; Lima et al., 2000; Mahoney et
al., 2003; Mayo et al., 1997).

Thus, sex hormones alter expression of pro- and anti-inflammatory signaling pathways that
determine the severity of acute inflammation. Yet, the effect of sex hormones on acute
myocarditis is largely unknown. In this study, we examined the role of gonadectomy on the
development of acute CVB3-induced myocarditis. Male BALB/c mice underwent
gonadectomy, and then myocarditis and viral replication were compared to mice that
received a sham operation, leaving the testes intact. Additionally, we characterized changes
in the immunologic phenotype of infiltrating cells in the heart by FACS analysis and ELISA
following gonadectomy. Findings from this study enhance our understanding of the role of
sex hormones in regulating inflammation in the heart following infection.

2. Materials and methods
2.1 Mice

Male BALB/cJ (BALB/c) mice (6 weeks of age) were obtained from the Jackson Laboratory
(Bar Harbor, ME). Mice were maintained under pathogen-free conditions in the animal
facility at the Johns Hopkins School of Medicine, and approval was obtained from the
Animal Care and Use Committee of the Johns Hopkins University for all procedures.

2.2 Gonadectomy
At 6 to 7 weeks of age, male BALB/c mice were bilaterally gonadectomized (Gdx) or
received a sham operation under a Ketamine (50mg/ kg)/ xylazine (5mg/ kg) anesthesia
(Phoenex Pharmaceutical, St. Joseph, MO), as previously (Cernetich et al., 2006; Hannah et
al., 2008). Mice were allowed two weeks to recover from the operations before they were
infected with CVB3 at around 8 weeks of age. Individual experiments were repeated at least
three times, providing consistent findings.

2.3 Myocarditis
After recovering from the gonadectomy or sham operations, 7 to 10 mice/ group were
inoculated ip with a heart-passaged stock of CVB3 (containing CVB3 and cardiac myosin)
to assess myocarditis. CVB3 (Nancy strain) was originally obtained from the American
Type Culture Collection (ATCC, Manassas, VA) and grown in Vero cells (ATCC,
Manassas, VA) according to the method in Fairweather and Rose (2007b). CVB3 was
diluted in sterile saline and 103 PFU injected ip on day 0 and tissues and sera collected on
day 12 pi (acute myocarditis). Mice inoculated ip with PBS or uninfected heart homogenate
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did not develop myocarditis (data not shown). Hearts were cut longitudinally and fixed in
10% phosphate-buffered formalin and embedded in paraffin for histological analysis.
Sections 5μm thick were cut at various depths in the tissue section and stained with H&E to
determine the level of inflammation or toluidine blue to detect MC granules. The number of
MCs in 50 fields of view was counted with the aid of a microscope eyepiece grid
(Fairweather et al., 2004a; 2004b). Sections were examined by two independent
investigators and myocarditis assessed as the percentage of the heart section with
inflammation compared to the overall size of the heart section, with the aid of a microscope
eyepiece grid. Individual experiments using 7 to 10 mice/ group were conducted 3–4×,
providing consistent findings.

2.4 Cytokine and Testosterone Measurement
Blood was collected at day 12 pi by heart puncture, allowed to clot at room temperature,
centrifuged and sera collected and frozen at −80°C within 30 minutes. Hearts were collected
at day 12 pi, frozen in dry ice immediately and stored at −80°C until homogenized. Tissues
were homogenized at 10% weight/ volume in 2% MEM and supernatants were stored at
−80°C until used in ELISA (or plaque assay). Cytokines and testosterone were measured in
heart supernatants and/ or sera using Quantikine cytokine ELISA kits (R&D Systems,
Minneapolis, MN) according to manufacturer's instructions, as previously (Fairweather et
al., 2003). Cytokines were below detectable levels in the 2% MEM used to homogenize
samples (data not shown). Cytokines/ hormones were expressed as pg/ mL for sera or pg/ g
for heart tissue ±SEM.

2.5 Plaque Assay
The level of infectious virus was determined in heart homogenates (see Section 2.4) at day
12 pi by plaque assay, according to standard procedures (Fairweather et al., 2003;
Fairweather and Rose, 2007b). Dilutions of tissue supernatants were incubated on Vero cell
monolayers (ATCC, Manassas, VA) for 1h at 37°C and 5% CO2 to allow viral attachment
and then incubated for three days to allow plaque formation. Virus titers were expressed as
the mean PFU/ g tissue ±SEM and the limit of detection was 10 PFU/ g of tissue.

2.6 Heart Digestion and FACS Analysis
Male BALB/c mice (15 mice/ group) were infected with 103 PFU CVB3 ip after recovering
from gonadectomy or sham operations and leukocytes isolated from the heart on day 10 pi
during acute myocarditis. The heart was perfused at a constant flow of 14 mL/ min with cold
PBS (Biofluids, Rockville, MD) for 2 min, as previously (Fairweather et al., 2005b; Lenzo
et al., 2002). Briefly, immune cells were released from the myocardium by digestion with
collagenase II (1 mg/ mL, Sigma-Aldrich, St. Louis, MO) and protease XIV (0.5 mg/ mL,
Sigma-Aldrich, St. Louis, MO) in PBS for 7 min at 37°C, and single cell separation
completed using razor blades to dislodge immune cells from the tissue. The total number of
cells isolated after collagenase digestion of the heart was not significantly different between
Gdx and sham mice. Individual cell suspensions from 3 mice were pooled to form 5 samples
per group. A sample of cells from the digested heart was used to determine the percent
CD45+ cells from total live heart cells. Immune cells were then separated from heart cells
using a magnetic column and mouse panleukocyte CD45 MicroBeads (30F11.1; Miltenyi
Biotec, Auburn, CA), as previously (Fairweather et al., 2005b; Frisancho-Kiss et al., 2006b;
2007).

Immune cells were obtained from the heart and stained with the following fluorochrome
conjugated mAbs and corresponding isotype controls (BD Biosciences, San Diego, CA;
R&D Systems, Minneapolis, MN) diluted in 1% FBS in PBS (Invitrogen Life Technologies,
Carlesbad, CA): CD45 (30F11.1), CD11b (M1/70), F4/80 (BM8), GR-1 (RB6-8C5), B220
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(RA3-6B2), CD3e (145-2C11), CD4 (GK1.5), CD8 (53-6.7), CD117 (ACK2), TLR4
(MTS5510), Tim-3 (8B.2C12), IL-4R (mIL-4R-M1), CTLA-4 (CD152/FAB434F), Foxp3
(FJK-165), IL-4 (11B11), IFN-γ (XMG1.2), IL-17A (eBio TC11), IL-1β (polyclonal) and
IL-10 (JES5-16E3). For intracellular staining, cells were fixed and permeabilized using BD
Cytofix/ Cytoperm or an anti-mouse Foxp3 staining kit (BD Biosciences). To measure
intracellular cytokines, cells were stimulated for 4 hours in the presence of PMA/
Ionomycin/ Brefeldin A (Leukocyte Activation Cocktail, BD Biosciences, San Diego, CA)
at 37°C in a CO2 incubator. Cells were washed and stained for cell surface markers, then
fixed and permeabilized, as above, and stained with antibodies against cytokines. Cell
fluorescence was measured using a LSR flow cytometer (BD Biosciences, San Diego, CA)
and data analyzed using FlowJo (Tree Star Inc., Ashland, OR). Approximately 5,000 events/
cells were counted for each sample.

2.7 Statistical Analysis
Normally distributed data were analyzed by the Student's t test. The Mann-Whitney U test
was used to evaluate nonparametric data. Significant differences were obtained by
comparing CVB3-infected Gdx mice to infected sham controls. Test values with a p < 0.05
were considered significantly different from control values. *, p < 0.05; **, p < 0.01; ***, p
< 0.001.

3. Results
3.1 Gonadectomy decreases testosterone levels in the sera and hearts of male mice

The heart is a target organ for androgenic anabolic steroids and androgen receptors have
been detected in the heart of rats and other species (Melchert et al., 2001). Interestingly,
hearts from rats were found to accumulate testosterone to levels greater than other target
tissues like skeletal muscle or prostate tissue (Krieg et al., 1978). In order to assess whether
gonadectomy influenced systemic and local (i.e. heart) levels of testosterone, samples were
obtained during acute myocarditis (day 12 pi) and testosterone levels measured in the sera
and heart homogenates of individual mice by ELISA. Gonadectomy significantly reduced
the level of testosterone detected in the sera (p = 0.03; Fig. 1A) and heart (p = 0.04; Fig. 1B)
during acute CVB3-induced myocarditis. Yet even after gonadectomy, testosterone levels
remained relatively high in the heart compared to systemic levels by this detection method
(Fig. 1).

3.2 Gonadectomy reduces inflammation in the heart
Previously we found that male BALB/c mice develop more severe CVB3-induced
myocarditis at day 8, 10 or 12 pi compared to female mice (Frisancho-Kiss et al., 2006a;
2007), suggesting that sex hormones influence inflammation in the heart of males.
Following gonadectomy of male mice, the percent acute CVB3-induced myocarditis at day
12 pi was significantly decreased (n = 31/ group, p = 0.0003; Fig. 2). Thus, gonadectomy of
male mice resulted in low levels of cardiac inflammation of around 15% (Fig. 2A), levels
similar to those observed in intact female mice at day 12 pi in our previous studies.

3.3 Viral replication is not decreased following gonadectomy
Since reduced inflammation in the heart of Gdx males could be due to reduced viral
replication, we examined the level of viral replication in the heart of Gdx and sham mice at
day 12 pi. We found that viral replication was not significantly decreased in any of three
separate experiments (one representative experiment shown in Fig. 3, p = 0.57). Thus,
changes in viral replication are not responsible for the decreased inflammation observed in
Gdx males.
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3.4 FACS analysis of cell populations in the heart: CD45+ and CD11b+ cells decrease
We previously showed that CD11b+ cells, which represent macrophages, neutrophils, MCs
and DCs, are significantly increased in the hearts of males during acute CVB3-induced
myocarditis, whereas B cells, Tim-3+CD4+ T cells and Foxp3+ Treg are increased in
females (Frisancho-Kiss et al., 2007). To better understand the mechanisms involved in the
decrease in inflammation observed in Gdx males compared to sham controls, we examined
specific cell populations in the heart by FACS. Because more cells can be isolated from the
heart at day 10 pi, and some cells are lost in the isolation procedure, we isolated CD45+

leukocytes from the heart of Gdx or sham CVB3-infected males at day 10 pi. Confirming
the histological findings at day 12 pi (Fig. 2), the percentage of CD45+ leukocytes compared
to total heart cells was significantly decreased in Gdx males at day 10 pi (p = 0.005; Fig. 4A
and B). Comparing the relative proportion of CD11b+ cells, B cells (B220+), T cells (CD4+

or CD8+) and MCs (CD117+) in the CD45+ fraction, we found that only cells expressing
CD11b (Fig. 4C) were significantly decreased in Gdx males (n = 10/ group, p = 0.007, Fig.
4D). In the CD11b+ population, F4/80 expression was not altered by gonadectomy (sham
41.3% vs. Gdx 40.5%). Although CD11b can be expressed on MCs, the CD117-expressing
MCs from the CD45+ population were not significantly different in Gdx compared to sham
males by FACS analysis (Fig. 4D) or histology of toluidine blue-stained sections (total MC
number: Expt. 1 Sham 41.1 ±5.1 vs. Gdx 37.4 ±4.0, p = 0.58; Expt. 2 Sham 23.5 ±2.4 vs.
Gdx 28.5 ±2.5, p = 0.16; Expt. 3 Sham 22.6 ±4.1 vs. Gdx 29.1 ±3.8, p = 0.26). We did not
examine CD11b+CD11c+ DCs in this study because we showed previously that there were
no sex differences in TLR4 or Tim-3 expression on DCs (Frisancho-Kiss et al., 2007). We
also did not examine CD11b+GR1+F4/80− neutrophils in this study. Thus, gonadectomy
significantly decreases inflammation in the heart, specifically affecting immune cells
expressing CD11b.

3.5 FACS analysis of CD4+ T cell populations in the heart: Tim-3 and Treg increase
Gonadectomy of male BALB/c mice significantly increased CD4+ T cells expressing Tim-3
(p = 0.04, Fig. 5A) or CTLA-4 (p = 0.03, Fig. 5A) and significantly increased the percentage
of Foxp3+ Treg (p = 0.003, Fig. 5A) in the heart during acute myocarditis at day 10 pi. Thus,
gonadectomy of males results in a regulatory CD4+ T cell phenotype resembling that of
intact females (Frisancho-Kiss et al., 2007; Huber, 2008).

3.6 FACS analysis of Th cell populations in the heart: Th2 cells increase
In this study, we examined the effect of gonadectomy on Th populations in the heart by
FACS analysis of intracellular cytokine levels at day 10 pi. We found that gonadectomy of
males significantly increased the percentage of CD4+ T cells expressing IL-4 (Th2 cells) (p
= 0.01, Fig. 5B), but did not alter CD4+ T cells expressing IFN-γ(Th1 cells) or IL-17 (Th17
cells) (Fig. 5B). Tim-3 has been reported to be expressed only on Th1 or Th17 cells, not Th2
cells (Nakae et al., 2008; Su et al., 2008). It is interesting to note that significantly more
CD4+ T cells expressed Tim-3 in Gdx males (Fig. 5A), yet the percentage of Th1 or Th17
cells was unchanged (Fig. 5B).

3.7 Cytokine profile in the heart following gonadectomy
Cytokine profiles detected in the heart homogenate reflect the influence of the inflammatory
infiltrate (i.e. increased inflammation in males directly correlates to IL-1β and IL-18 levels
in the heart). To better understand the mechanisms responsible for decreased inflammation
in Gdx males, we compared the cytokine profile of male mice that underwent gonadectomy
to sham controls by ELISA at day 12 pi. We found that Gdx males produced significantly
less IL-1β(p = 0.04, Fig. 6) and IL-10 (p = 0.004, Fig. 6) in the heart and significantly more
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IL-4 (p = 0.03, Fig. 6). The increased level of IL-4 by ELISA (Fig. 6) was consistent with
the significant increase in Th2 cells that we observed in the hearts of Gdx males (Fig. 5B).

3.8 Gonadectomy shifts macrophages to a GR1+F4/80+ M2 phenotype
Regulatory macrophages have been broadly characterized into two groups 1) as
CD11b+GR1+F4/80+ immature myeloid or myeloid-derived suppressor cells and 2) as
IL-4R+IL-10+F4/80+ macrophages termed alternatively activated or M2 macrophages
because of the requirement for IL-4 (instead of IFN-γ required by classically activated or
GR1− M1 macrophages) (Anthony et al., 2007; van Ginderachter et al., 2006; Martinez et
al., 2008; Sica and Bronte, 2007; Terrazas et al., 2001). We are calling the
CD11b+GR1+F4/80+ cells found in this study alternatively activated or M2 macrophages
because they express markers for immature myeloid suppressor cells i.e. CD11b and GR1
(Fig. 7) and IL-4R, IL-1β and IL-10 found on/ in M2 cells (Fig. 8).

Previously we showed that CD11b+, F4/80+ and GR1+ cell populations are increased in
males compared to females with acute CVB3-induced myocarditis (Frisancho-Kiss et al.,
2007). In this study, we observed a shift in the F4/80+ macrophage population from
significantly more GR1− (M1) macrophages in sham males (p = 0.02, Fig. 7A) to
significantly more GR1+ (M2) macrophages in Gdx males (p = 0.02, Fig. 7B and C). Note
that the F4/80+ macrophages within the CD11b+ population were not altered by
gonadectomy (sham 41.3% vs. Gdx 40.5%). Thus, gonadectomy decreases GR1−
macrophages while increasing GR1+ macrophages in the heart during acute CVB3-induced
myocarditis.

3.9 Gonadectomy increases Tim-3+ M2 macrophages
Not only do females have significantly more Tim-3+CD4+ T cells and Foxp3+ Treg cells in
their hearts during acute CVB3-induced myocarditis, but they also have significantly more
macrophages and MCs expressing Tim-3 (Frisancho-Kiss et al., 2007). When we compared
receptor and cytokine expression between GR1− (M1) and GR1+ (M2) macrophage
populations by FACS at day 10 pi, we found that TLR4, Tim-3, IL-4R, IL-1β and IL-10
levels were expressed at relatively low levels on/ in GR1−F4/80+ M1 macrophages in both
sham and Gdx males (Fig. 8A). In contrast, these receptors and cytokines were expressed at
relatively high levels on GR1+F4/80+ M2 (Fig. 8B) compared to M1 macrophages (Fig. 8A),
similar to the expression levels we had observed on macrophages in previous studies
(Fairweather and Frisancho-Kiss, 2008; Frisancho-Kiss et al., 2007). Importantly, we found
that gonadectomy altered the phenotype of M2 macrophages in males during acute
myocarditis. Gdx males had significantly more GR1+ M2 macrophages expressing Tim-3 (p
= 0.03, Fig. 8B), and significantly fewer M2 expressing IL-1β (p = 0.04, Fig. 8B) or IL-10
(p = 0.04, Fig. 8B). These data indicate that the primary macrophage population expressing
TLR4 and Tim-3 in the heart of BALB/c sham and Gdx males is alternatively activated M2
macrophages. Additionally, these findings suggest that male sex hormones or other
mediators released from the testes induce more M2 macrophages to express IL-1β and IL-10
than Tim-3. The TLR4+IL-1β+ M2 macrophages (possibly the M2b population suggested by
Martinez et al., 2008) may function in a more proinflammatory/ profibrotic manner than
those expressing Tim-3 (possibly the M2a population suggested by Martinez et al., 2008).

4. Discussion
In this study we show that sex hormones or other mediators released from the testes increase
inflammation in the heart following CVB3 infection by inhibiting regulatory macrophages
and T cells (i.e. Tim-3, M2, Th2 and Treg) and by increasing proinflammatory/ profibrotic
macrophages (i.e. M1 and TLR4+IL-1β+ M2) (Fig. 9). Most of the macrophages in the heart
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of sham males were M1 (70% M1 to 30% M2), which shifted to roughly 50% M1 and 50%
M2 following gonadectomy (Fig. 7). These data suggest that a primary immunologic effect
of male sex hormones released from the testes is to increase proinflammatory M1 and
TLR4+IL-1β+IL-10+ alternatively activated M2 macrophages in the heart following CVB3
infection (Fig. 9). Although IL-10 released from M2 in males reduces acute inflammation in
the heart, IL-1β in the context of IL-4 (i.e. IL-4 is necessary for the development of M2) is
profibrotic further contributing to cardiac pathology (Fairweather et al., 2004a; 2004b).

Regulatory CD11b+GR1+F4/80+ macrophages have been referred to by various names in
different disease models such as immature myeloid cells, alternatively activated M2
macrophages (expressing IL-4R, IL-10, mannose receptor and/ or arginase), myeloid-
derived suppressor cells (MDSC) and tumor-associated macrophages (TAM) (Anthony et
al., 2007; van Ginderachter et al., 2006; Martinez et al., 2008; Sica and Bronte, 2007;
Terrazas et al., 2001). Although M1 macrophages are characterized as expressing high IL-12
and nitric oxide and low/ no IL-10, it is worth noting that LPS has been reported to activate
both arginase (associated with M2) and iNOS (associated with M1) (van Ginderachter et al.,
2006). LPS has also been shown to induce an M2-type cell in culture (M2b) that expresses
both IL-1β and IL-10 (Martinez et al., 2008). IL-4 and IL-13 are critical for the induction of
M2, and M2 cells are characterized by expression of the IL-4R (Cihakova et al., 2008;
Martinez et al., 2008; Sica and Bronte, 2007). The abundance of MCs and IL-4 in the
peritoneum, spleen and heart of male BALB/c mice may be responsible for promoting the
development of M2 following CVB3 infection (Fairweather et al., 2004b; Frisancho-Kiss et
al., 2006b).

An important finding from this study is that alternatively activated or M2 macrophages
express TLR4 and Tim-3, and are a primary source of IL-1β and IL-10 during acute
myocarditis (compare Fig. 6 and 8B). Our data suggest that the population of M2 expressing
Tim-3+ is regulatory (Frisancho-Kiss et al., 2006b; 2007). Although Zhu et al. (2007)
describe a regulatory CD11b+GR1+F4/80+ population that decreases EAE, they do not
identify whether the monocytes express Tim-3. Additionally, GR1+F4/80+ M2 monocytes
are known to play an important role in apoptosis, clearing damaged tissue and wound
healing, particularly in the heart (Martinez et al., 2008; Nahrendorf et al., 2007; Sica and
Bronte, 2007; van Ginderachter et al., 2006). A similar role has been proposed for Tim-3 (Su
et al., 2008). Thus, in this study we show that male sex hormones or other mediators from
the testes decrease Tim-3 expression on M2 and T cells resulting in increased acute cardiac
inflammation. These findings agree with our previous reports that Tim-3 regulates CD11b+

monocytes/ macrophages during acute CVB3-induced myocarditis in males (Frisancho-Kiss
et al., 2006b; 2007).

Macrophages and MCs are known to express estrogen and androgen receptors (Cutolo et al.,
1996; Mayo et al., 1997; Zhao et al., 2001). Testosterone has been shown to increase the
number of MCs and macrophages, histamine and cytokine release (Cutolo et al., 1996;
Frisancho-Kiss et al., 2007; Lima et al., 2000; Mayo et al., 1997; Zhao et al., 2001).
Although males have increased numbers of CD11b+ monocytes/ macrophages and MCs
during acute CVB3-induced myocarditis compared to females (Frisancho-Kiss et al., 2007),
only CD11b+F4/80+GR1− M1 macrophages were decreased by gonadectomy in males while
MCs were not altered. Thus, findings from this study suggest that sex hormones released
from the testes increase macrophages in the heart, but not MCs. This may be due to the fact
that monocytes/ macrophages are recruited to the heart during the inflammatory response
whereas MCs reside in the heart (Fairweather and Frisancho-Kiss, 2008; Galli et al., 2005;
Sica and Bronte, 2007) and although testosterone was significantly reduced following Gdx,
testosterone levels remained relatively high in the heart (Fig. 1B). Thus, male sex hormones
may increase inflammation by amplifying the number of macrophages (i.e. M1 and
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TLR4+IL-1β+ M2) and/ or by transcriptionally upregulating the proinflammatory effects of
TLR4 signaling by macrophages. We are currently replacing testosterone levels in Gdx
males to determine whether the changes in the immune response following gonadectomy are
due to testosterone.

Interestingly, several aspects of the proinflammatory response were not affected by
gonadectomy in males. IFN-β and IL-17, cytokines associated with proinflammatory
responses in experimental models of autoimmune disease (Cihakova et al., 2008; Dardalhon
et al., 2008), were not altered by gonadectomy in males as assessed in whole heart
homogenates (Fig. 6) or Th1/ Th17 cells (Fig. 5B). We have shown previously that IL-17
levels are not increased in the heart of males compared to females (Fairweather et al., 2008).
This contrasts with results from experimental autoimmune myocarditis (EAM), where the
Th17 response has been reported to be involved in the development of disease in mice
(Chang et al., 2008; Rangachari et al., 2006; Sonderegger et al., 2006; Valaperti et al.,
2008). Although CVB3 infection leads to a predominant Th1 response due to TLR4-induced
IL-18 (Frisancho-Kiss et al., 2006a), autoimmune disease models using complete Freund's
adjuvant (CFA) most likely generate a dominant Th17 response due to the Mycobacterium
component of the adjuvant (Fairweather et al., 2008; Steinman, 2008; Stockinger et al.,
2007). CFA is used to induce autoimmunity in several models including EAE, collagen-
induced arthritis, experimental autoimmune uveitis and EAM (Cihakova et al., 2004; 2008;
Kaya et al., 2001; Steinman, 2008). However, Tim-3 signaling and CD11b+GR1+

monocytes have been shown to decrease Th1 and Th17 responses (Ehirchiou et al., 2007;
Martinez et al., 2008; Su et al., 2008; Valperti et al., 2008).

We showed previously that significantly more macrophages from males express TLR4
compared to females following CVB3 infection (Frisancho-Kiss et al., 2007). Here we found
that gonadectomy did not alter the percentage of macrophages expressing TLR4 in the heart
(Fig. 8). Surprisingly, the primary macrophage subtype expressing TLR4 during acute
myocarditis was not M1 macrophages but IL-4R+IL-1β+IL-10+ M2 macrophages that
expressed GR1 (Fig. 8). Both sham and Gdx males expressed TLR4 and Tim-3 receptors on
M2 cells at levels comparable to those we reported previously (Fig. 8B) (Frisancho-Kiss et
al., 2007), suggesting that the inflammatory cells expressing TLR4 and IL-1β in males are
M2 rather than M1 macrophages and that cross-regulation of TLR4 and Tim-3 signaling
occurs on M2. Findings from this study provide a fresh understanding of why men and male
mice respond to CVB3 infection with increased cardiac inflammation compared to females.
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Fig. 1.
Gonadectomy decreases testosterone levels during acute CVB3-induced myocarditis. Male
BALB/c mice were infected with 103 PFU CVB3 ip on day 0, after recovery from
gonadectomy (Gdx) or sham operation, and testosterone levels in the sera (A) or heart (B)
were measured by ELISA at day 12 pi. Similar results were obtained in 3 separate
experiments. Data show the mean ±SEM of 7 to 10 mice/ group. *, p < 0.05.
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Fig. 2.
Gonadectomy decreases acute inflammation in the heart. Male BALB/c mice were infected
with 103 PFU CVB3 ip on day 0, after recovery from gonadectomy (Gdx) or sham
operation, and hearts collected on day 12 pi during acute myocarditis. Myocardial sections
were stained with H&E to detect inflammation and assessed as the percentage of the heart
section with inflammation compared to the overall size of the heart section (A).
Representative histology sections are shown for sham (B) and Gdx (C) males (original
magnification ×64). Data show the mean ±SEM of 31 mice/ group combining 4 separate
experiments. Myocarditis was decreased in all 4 independent experiments, using 7 to 10
mice/ group. *** p <0.001.
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Fig. 3.
Viral replication is not decreased by gonadectomy. Sham or gonadectomized (Gdx) males
were infected with 103 PFU CVB3 ip on day 0 and compared for the level of viral
replication in the heart at day 12 pi, during acute myocarditis. Data are presented as the
mean PFU/ g heart ±SEM of 7 to 10 mice/ group. One representative example of three
separate experiments is shown, p = 0.57.
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Fig. 4.
Males develop significantly reduced CD45+ and CD11b+ inflammation in the heart
following gonadectomy. Sham or gonadectomized (Gdx) males were infected with 103 PFU
CVB3 ip on day 0 and compared by FACS analysis on day 10 pi during acute myocarditis
for the percentage of CD45+ leukocytes compared to total heart cells (A and B) or the
relative proportion of individual immune cells (C and D). The following cell types were
evaluated by FACS (D): macrophages/ neutrophils/ MCs/ DCs (CD11b), B cells (B220),
CD4+ T cells (CD4), CD8+ T cells (CD8), and MCs (CD117). One representative sham
(light line/ red) and Gdx (heavy line/ blue) are compared by FACS for CD45 (B) or CD11b
(C) expression within the gated region. Isotype controls are depicted as shaded grey (B and
C). Similar results were obtained in 2 separate experiments. Data show the mean ±SEM of
10 pooled samples/ group. Each pooled sample consists of cells from 3 mice for a total of 30
mice/ group. **, p < 0.01.
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Fig. 5.
Gonadectomy increases Th2, Tim-3+ and CTLA-4+ T cells in the heart of males. Mice
received 103 PFU CVB3 ip on day 0 after recovery from operations and CD45+ immune
cells were isolated from the heart on day 10 pi, during acute myocarditis. FACS analysis
depicts expression of Tim-3, CTLA-4 (intracellular) or Foxp3 (intracellular) on/ in CD4+ T
cells (A). Intracellular levels of IL-4 (Th2), IFN-γ (Th1) or IL-17 (Th17) were assessed in
CD4+ T cells after stimulation for 4 hours with a leukocyte activation cocktail of PMA,
Ionomycin and Brefeldin A (B). Similar results were obtained in 2 separate experiments.
Data show the mean ±SEM of 5 pooled samples/ group. Each pooled sample consists of
cells from 3 mice for a total of 15 mice/ group. *, p < 0.05; **, p ≤ 0.01.
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Fig. 6.
Gonadectomy reduces IL-1β and IL-10 levels in the heart while increasing IL-4 during acute
myocarditis. Sham or gonadectomized (Gdx) males were infected with 103 PFU CVB3 ip on
day 0 and compared for cytokines levels in the heart at day 12 pi by ELISA. Data are
presented as the mean pg cytokines/ g heart ±SEM of 7 to 10 mice/ group. One
representative example of four separate experiments is shown. *, p < 0.05; **, p < 0.01.
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Fig. 7.
Gonadectomy decreases GR1−F4/80+ M1 macrophages (A) and increases GR1+F4/80+ M2
macrophages (B and C) in the heart of males. Mice received 103 PFU CVB3 ip on day 0 and
CD45+ immune cells were isolated from the heart on day 10 pi, during acute myocarditis.
An example of the shift in M2 population in sham (middle) vs. Gdx (right) and isotype
control (left) is shown in (C). Similar results were obtained in 2 separate experiments. Data
show the mean ±SEM of 5 pooled samples/ group. Each pooled sample consists of cells
from 3 mice for a total of 15 mice/ group. *, p < 0.05.
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Fig. 8.
Gonadectomy increases Tim-3 expression and decreases IL-1β/ IL-10 expression on/ in
GR1+F4/80+ M2 macrophages during acute myocarditis. Mice received 103 PFU CVB3 ip
on day 0 and CD45+ immune cells were isolated from the heart on day 10 pi, during acute
myocarditis. Expression levels of TLR4, Tim-3, IL-4R, IL-1β and IL-10 are shown for
GR1−F4/80+ M1 (A) and GR1+F4/80+ M2 (B) macrophages. Similar results were obtained
in 2 separate experiments. Data show the mean ±SEM of 5 pooled samples/ group. Each
pooled sample consists of cells from 3 mice for a total of 15 mice/group. *, p < 0.05.
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Fig. 9.
Sex hormones or other mediators released from the testes (male gonads) increase
inflammation in the heart following CVB3 infection by increasing proinflammatory
GR1−F4/80+ M1 and IL-1β+IL-10+ M2 macrophage populations, and by inhibiting
regulatory populations like Tim-3+ M2 macrophages, Tim-3+ T cells, Th2 cells and Treg
during acute CVB3-induced myocarditis.
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