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Abstract

Regulatory T (Treg) cells dampen an exaggerated immune response to viral infections in

order to avoid immunopathology. Cytomegaloviruses (CMVs) are herpesviruses usually

causing asymptomatic infection in immunocompetent hosts and induce strong cellular

immunity which provides protection against CMV disease. It remains unclear how these per-

sistent viruses manage to avoid induction of immunopathology not only during the acute

infection but also during life-long persistence and virus reactivation. This may be due to

numerous viral immunoevasion strategies used to specifically modulate immune responses

but also induction of Treg cells by CMV infection. Here we demonstrate that liver Treg cells

are strongly induced in mice infected with murine CMV (MCMV). The depletion of Treg cells

results in severe hepatitis and liver damage without alterations in the virus load. Moreover,

liver Treg cells show a high expression of ST2, a cellular receptor for tissue alarmin IL-33,

which is strongly upregulated in the liver of infected mice. We demonstrated that IL-33 sig-

naling is crucial for Treg cell accumulation after MCMV infection and ST2-deficient mice

show a more pronounced liver pathology and higher mortality compared to infected control

mice. These results illustrate the importance of IL-33 in the suppressive function of liver

Treg cells during CMV infection.

Author summary

Treg cells are crucial for immune homeostasis and for dampening immune response to

several diseased conditions, including viral infections. Murine cytomegalovirus (MCMV)

is a herpesvirus with pathogenic potential, so that early immune mechanisms are essential
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in controlling virus and protecting from virus-induced pathology. Studies on Foxp3+ Treg

cells have revealed their inhibitory role on the early T cell response to MCMV infection

and have suggested Treg cells as a target of MCMV’s immunoevasion mechanisms. Here

we demonstrate that the number and activation status of liver Treg cells is strongly

induced upon MCMV infection in order to protect the host from severe liver damage.

They constitutively express high amounts of IL-33 receptor ST2 and their accumulation

depends on IL-33, which is released as a tissue alarmin after the cell damage. For the first

time, we show an immunoregulatory role of IL-33-dependent Treg cells in the liver of

MCMV infected mice and their suppression of MCMV-induced immunopathology.

Introduction

Regulatory CD4+Foxp3+ T (Treg) cells play an essential role in maintaining immune homeo-

stasis and suppressing an overwhelming immune response in several diseased conditions

including viral infections and cancer. The transcription factor Foxp3 is essential for Treg cell

differentiation and function, thus a mutation in the Foxp3 gene results in an immune-medi-

ated disorder affecting multiple organs in both mice and humans [1]. Beside the naturally

occurring Treg cells (nTreg) which mature in the thymus, a variety of induced Treg cells

(iTreg) arise from naive CD4+Foxp3− T cells in the periphery, under influence of tissue micro-

environment and cytokines [2]. Treg cells employ various immunoregulatory mechanisms

including the inhibition of antigen presenting cell function, a direct killing of effector cells, the

consumption of IL-2 and the production of immunosuppressive cytokines such as IL-10,

TGFβ and IL-35 or amphiregulin [3–5]. However, the phenotype of Treg cells and their sup-

pressive mechanisms differ depending on particular tissue and disease settings [3]. For exam-

ple, certain subsets of Treg cells, specifically those in adipose tissue and intestines, express high

amounts of the IL-33 receptor ST2, and require IL-33 for their maintenance and suppressive

function [6]. Tissue alarmin IL-33 has been associated with the differentiation and function of

various lymphocytes including Treg cells. In addition to T helper 2 (Th2) cells, Treg cells con-

stitutively express high amounts of ST2, unlike other CD4+ and CD8+ T cell subsets [7].

Several studies have described the involvement of Treg cells in the immune response to

viral infections [8]. For instance, Treg cells can modulate early T-cell trafficking to infected

nonlymphoid sites and facilitate protective responses against herpes simplex virus (HSV), lym-

phocytic choriomeningitis virus (LCMV) and respiratory syncytial virus (RSV) infection [9,

10]. On the other hand, Treg cells can reduce the effector T-cell response and inhibit anti-viral

cytokine production [8]. Although the suppression of an excessive immune response is benefi-

cial for the host since it limits immunopathology, the suppression of an early response could

adversely affect virus control. Thus, some viruses are able to expand activity and number of

Treg cells as a mechanism to escape from an effective immune response [11–13]. This has

been suggested also for cytomegalovirus (CMV) which is well known for developing different

immune evasion strategies aimed at avoiding immune cell recognition [14, 15]. The support

for this idea came from several previous studies, which demonstrated that murine cytomegalo-

virus (MCMV) infection induces both nTreg and iTreg cells [16–18]. The depletion of Treg

cells leads to an increased T cell response, major players in controlling an early MCMV infec-

tion [16, 17]. In addition, Treg depletion results in reduced viral titers in salivary glands of

BALB/c mice [16, 17] highlighting these cells as a target of immune evasion. However, recent

studies link human Treg expansion to a decreased vascular pathology in CMV infected elderly

individuals [19] and the depletion of mouse Treg cells in MCMV infected brain augmented

IL-33 and Treg cells prevent CMV hepatitis
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chronic gliosis [18]. Thus, it remains unclear whether Foxp3+ Treg cells function in a

positive way to limit an exaggerated immune activation and consequent CMV-induced

immunopathology.

Here we aimed to determine if the host benefits from an early induction of Foxp3+ Treg

cells upon MCMV infection. Particularly, we were interested to determine whether these cells

can counteract MCMV-induced liver damage. Our data demonstrate that MCMV infection

induces both splenic and liver Treg cells. However, the activation and proliferation of Treg

cells is much more pronounced in the liver compared to the spleen. In addition, Treg defi-

ciency results in severe liver pathology in infected mice. Similar results were obtained in mice

lacking the IL-33 receptor, with an impaired accumulation of Treg cells in the liver following

infection. Together, our data unveil the importance of IL-33-dependent Treg cells in prevent-

ing MCMV-induced liver damage.

Results

MCMV infection leads to the accumulation of activated Treg cells in the

liver

To assess the impact of acute MCMV infection on the Treg cell response we have characterized

in detail the kinetics and phenotype of Treg cells in the spleen and liver, two major target

organs for MCMV replication. For this, we have infected naive BALB/c mice intravenously

(i.v.) with WT MCMV and analyzed Treg cell responses in both spleen and liver at day 1.5, 4,

7, 14 and 21 post infection (p.i.). We have observed a significant increase in the absolute num-

bers of these cells in the acute phase of infection which peaked at day 7 p.i. in both organs (Fig

1A). A similar trend has been observed when percentages of Treg cells were assessed, particu-

larly in the liver (S1A Fig). The expansion was followed by a contraction phase in the liver sim-

ilar to MCMV specific non-inflationary CD8+ and CD4+ T cell responses [20], whereas splenic

Treg cells were maintained at high numbers even 3 weeks after infection. To determine the

proliferative capacity of naive Treg cells from either the spleen or the liver, we have measured

the expression of proliferation-associated nuclear antigen Ki-67. A significantly higher per-

centage of liver Treg cells expressed Ki-67 with a higher median fluorescence intensity (MFI)

compared to splenic Treg cells (Fig 1B–1D). In line with a higher Ki-67 expression, liver Treg

cells exhibited a significantly higher incorporation of BrdU than splenic Treg cells in naive but

also MCMV infected mice confirming their enhanced proliferation (Fig 1E). In contrast, splenic

Treg cells expressed significantly higher levels of the anti-apoptotic protein Bcl-2 than did liver

Treg cells (Fig 1F). Notably, an inverse correlation between expression of Bcl-2 and Ki-67 by

liver and splenic Treg cells was observed. The large majority of Ki-67 positive Treg cells were

also positive for Helios, i.e. belong to nTreg subset (S1B Fig). We have further characterized

splenic and liver Treg cells in MCMV infected mice and assessed the expression of several cell

surface molecules. Based on an elevated expression of activation markers on Treg cells, such as

CD69, GITR, CTLA-4 and OX-40, Treg cells from 7-days infected mice showed an activated

phenotype (Fig 1G). Interestingly, the difference in activation between naive and MCMV-

induced Treg cells was even more pronounced in the liver than in the spleen of the same mice,

with a corresponding very low expression of the homing receptor L-selectin (CD62L). The

secretion of immunosuppressive cytokines and cytolytic granzyme B is a well described mecha-

nism by which Treg cells exert their suppressive activity [21]. To characterize their production

by Treg cells in MCMV infected mice, we have determined the frequency of Treg cells express-

ing IL-10, the latency associated protein (LAP), a part of TGFβ precursor, its cell surface recep-

tor GARP, and granzyme B in spleen and liver. The expression of IL-10, LAP/TGFβ, GARP and

cytolytic granyzme B by Treg cells was induced after MCMV infection. While IL-10 production

IL-33 and Treg cells prevent CMV hepatitis
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Fig 1. Treg cells show an activated phenotype after MCMV infection. BALB/c mice were i.v. injected with 2x105 PFU of WT MCMV (clone

MW97.01) or left uninfected. (A) Absolute number of Treg cells in spleen and liver is shown. (B) Representative FACS plots and (C) graphs showing

percentages and (D) median fluorescence intensity (MFI) of Ki-67 expression by naive Treg cells. (F) Bcl-2 expression by naive Treg cells. (E) Mice

were treated with BrdU in drinking water for 6 days starting at the day of infection. Percentage of BrdU positive Treg cells on day 7 was determined.

(G) Histograms show a representative expression of different markers by Treg cells from uninfected and 7 days infected mice. (H) Representative

FACS plots and (I) graphs showing percentages and (J) median fluorescence intensity (MFI) of ST2 expression by Treg cells isolated from the

spleen and liver of naive BALB/c and ST2-/- mice. Data are shown as mean ± SEM of n = 3–5 mice from one representative experiment out of three.

*p<0.05; ** p<0.01; ***p<0.001 from two tailed, unpaired Student’s t-test.

https://doi.org/10.1371/journal.ppat.1006345.g001

IL-33 and Treg cells prevent CMV hepatitis

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1006345 April 27, 2017 4 / 23

https://doi.org/10.1371/journal.ppat.1006345.g001
https://doi.org/10.1371/journal.ppat.1006345


was detected only in Foxp3 negative CD4+ cells, LAP/TGFβ and GARP were predominantly

expressed by CD4+Foxp3+ cells (S1C Fig). Unlike IL-10 and TGFβ, granzyme B was expressed

in a proportion of both subsets. Altogether, MCMV infection results in expansion of Treg cells

with a more activated phenotype in the liver compared to the spleen.

Enrichment of ST2+ Treg cells in liver

Previous studies have shown the importance of IL-33 in Treg cell induction and tissue-depen-

dent expression of IL-33 receptor ST2 by Treg cells [6]. Using flow-cytometric analysis of

splenic and liver Treg cells from BALB/c and ST2-/- mice we have shown an enrichment of

ST2-expressing Treg cells in the liver compared to the spleen of BALB/c mice, measured as

either the fraction of ST2+ cells or ST2 MFI (Fig 1H–1J). Next, we have determined the kinetics

of ST2+ Treg cells after MCMV infection and showed an increase of ST2+ Treg cells upon

infection in both organs (S1D Fig). To determine ST2-related effects on Treg cell proliferation,

we have measured Ki-67 expression and the incorporation of BrdU by ST2+ and ST2- Treg

cells. The proliferation of ST2+ Treg cells was clearly upregulated compared to ST2- Treg cells,

with a reduced Bcl-2 expression (S2A and S2B Fig). The majority of ST2+ Treg cells were thy-

mus derived and expressed Helios and Neuropilin-1 (S2C Fig). Next, we further compared the

phenotypic characteristics of ST2+ and ST2- Treg cells (S2D Fig) from the liver of naive BALB/

c mice and this revealed that ST2+ Treg cells, while sharing the expression of classical Treg

markers, are distinct from their ST2- counterparts. Namely, ST2+ Treg cells were mostly

CD62Llo and exhibited an elevated expression of CD103, KLRG1, CTLA-4, GITR and PD-1

compared to their ST2 negative counterparts, resembling a previously described phenotype of

splenic ST2+ Treg cells [22, 23]. A differential expression of these markers on ST2+ Treg cells

was also observed (maintained) during MCMV infection (S2E Fig). Our data point to a consti-

tutively higher frequency of Treg cells expressing ST2 in the liver with a distinct phenotype

from ST2 negative Treg cells.

Treg cells prevent severe liver damage upon MCMV infection

Treg cell activation and expansion has been proposed as a viral immune evasion strategy to

avoid immune cell control [13]. However, Treg cells are also crucial for the maintenance of

peripheral tolerance and prevention of autoimmunity; therefore, their role during viral infec-

tion is also beneficial for the host. To investigate the possible beneficial role of Treg cells during

the acute phase of CMV infection, we have assessed the functional and histological parameters

of liver damage following infection. Liver is one of the organs strongly affected with CMV

infection where human cytomegalovirus (HCMV) can cause clinically relevant damage, lead-

ing to chronic hepatitis, cirrhosis and possible death in neonates or immunocompromised

patients [24, 25]. MCMV causes liver damage in mice which is comparable to the damage in

HCMV infected individuals including elevated liver enzymes, hepatitis and hepatocellular

necrosis [26]. To assess the role of Treg cells in the liver, we have carried out the depletion of

Treg cells in BALB/c mice by administration of anti-CD25 antibody 2 days prior to infection.

This administration of anti-CD25 resulted in a significant elevation of aspartate aminotrans-

ferase (AST) and a modest increase in alanine aminotransferase (ALT) levels in the serum of

treated mice compared to untreated, with no difference in virus titers (S3A and S3B Fig). How-

ever, the effects of anti-CD25 treatment can be misleading because despite the depletion of

CD25high cells a significant number of Foxp3+ cells remains [27]. In addition, activated effector

T cells may transiently express CD25 and are thus potential targets for anti-CD25 antibodies

[28]. Therefore, we have used BALB/c DEREG mice [29], which express the diphtheria toxin

receptor under control of the Foxp3 locus, allowing for a selective depletion of Foxp3+ Treg

IL-33 and Treg cells prevent CMV hepatitis
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cells by Diphtheria toxin (DT) administration. Mice were infected with MCMV and treated

with DT on the day of infection and 1 day later, or left untreated, and analyzed 5 days p.i. Lit-

termate controls treated with DT were used to exclude possible toxic and unspecific DT effects.

Analysis of liver enzymes revealed significantly higher levels of AST and ALT in the serum of

Treg-depleted mice compared to untreated mice, indicating a more severe liver damage in the

absence of Treg cells in MCMV infected mice (Fig 2A). The uninfected DEREG mice did not

develop any signs of liver pathology resulting from Treg ablation (S3C Fig). In addition,

changes in body weight were monitored daily in DT-treated and control mice. Following

MCMV infection, all groups of mice displayed a marked reduction in body weight, with high-

est loss observed in mice depleted of Treg cells (Fig 2B). Furthermore, histopathological analy-

sis revealed a markedly increased severity and extent of overall tissue damage in the absence of

Treg cells characterized by confluent areas of hepatocellular necrosis with mononuclear infil-

trates and extravasation of erythrocytes (Fig 2C and 2D). To test whether this Treg effect is

mediated by TGFβ secretion, we have injected BALB/c mice with TGFβ neutralizing antibod-

ies prior to infection. Neutralization of TGFβ resulted in a 1.5-2-fold increase in liver enzymes

at day 5 p.i. (Fig 2G) and histological analysis revealed a strongly induced liver pathology

in treated mice (Fig 2E and 2F). Taken together, these data demonstrate that Treg cells and

TGFβ can inhibit the development of severe liver damage during the acute phase of MCMV

infection.

To assess whether TGFβ and Treg cells have overlapping influence on virus-induced liver

pathology we have treated DEREG mice with TGFβ neutralizing antibodies prior to infection

and DT injections. As expected, liver enzyme levels and weight loss on day 4 p.i. were similar

in both groups of mice, indicating a Treg/TGFβ protecting axis during MCMV infection (S4A

and S4B Fig). In the same experiment, we have treated mice with CD8 and CD4 depleting anti-

bodies to show their putative role in liver damage. Mice depleted of either CD4+ or CD8+ T

cells had similar levels of liver enzymes and weight loss as Treg-sufficient mice, although this

was slightly more pronounced in animals depleted of CD8+ T cells. We have also measured the

viral titers and CD8+ T cell response after re-stimulation with immunodominant viral peptides

IE1 (immediate-early 1) and m164 [30, 31] in the liver and spleen of Treg depleted and nonde-

pleted DEREG mice. Depletion of Treg cells resulted in a minor or no difference in viral loads

(Fig 3B) but higher frequencies of IFNγ and granzyme B producing CD8+ T cells on day 5 p.i.

in both organs (Fig 3A). Thus, Treg cells inhibit the MCMV-specific CD8+ T cell response

in both the liver and spleen. To further determine the contribution of conventional T and

Treg cells to liver damage, we have isolated splenocytes from naive BALB/c mice, pretreated

with anti-CD25 antibody, and transferred them alone or together with purified Treg cells, to

infected SCID mice. Mice that received only conventional T cells had 2-fold higher ALT and

AST serum levels than untreated SCID mice. However, co-transfer of Treg cells rescued liver

from MCMV induced damage to the same levels as in untreated SCID mice (Fig 3C). We have

also adoptively transferred BALB/c CD8+ T cells alone or together with Treg cells to infected

SCID mice. Transfer of only CD8+ T cells has induced a significant release of ALT, which was

not the case in mice which have received Treg cells in combination with CD8+ T cells (S4C

Fig). Altogether, these data demonstrate a protective role of Treg cells against T cell mediated

MCMV-induced liver pathology.

Increased IL-33 production in the liver of MCMV infected mice

It has been well established that some viruses alter the expression of IL-33 during infection

[32, 33]. Our goal was to assess the impact of MCMV infection on IL-33 expression and the

consequent regulation of Treg cells. First, we have measured the expression of IL-33 by three

IL-33 and Treg cells prevent CMV hepatitis
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different cell lines: B12 (SV40-transformed BALB/c fibroblasts), RAW 264.7 (A-MuLV-

transformed BALB/c macrophages) and BALB/c LSEC (SV40-transformed liver sinusoidal

endothelial cells). Cells were infected with virus lacking the m138 gene in order to avoid un-

specific interactions of the viral Fc receptor (encoded by m138 gene) with the Fc portion of

Fig 2. Depletion of Treg cells results in severe liver damage upon MCMV infection. (A-D) BALB/c DEREG mice were i.v.

injected with 106 WT MCMV (pSM3fr-MCK-2fl clone 3.3) and treated i.p. with DT on day 0 and 1 or left untreated. Mice were analyzed

on day 5 p.i. (A) AST and ALT levels were determined in the serum (B) Changes in the body weight were monitored daily and plotted

as percent of weight at the date of infection. (C) Scores of cumulative liver pathology for apoptosis, intranuclear inclusion bodies

(INIBs), inflammation, and necrosis. Bars correspond to the mean score for each parameter. The height of each bar represents the

mean of the total histological score (out of 12). (D) Representative H&E staining of paraffin embedded liver sections. Arrows highlight

necrotic areas, and asterisks indicate hepatocytes with large nuclear inclusions. (E-G) BALB/c mice were i.p. injected with anti-TGFβ
antibody 3 hours prior to i.v. infection with 106 WT MCMV (pSM3fr-MCK-2fl clone 3.3) and analyzed on day 5 p.i. (E) Histology score

and (F) representative H&E staining of liver sections. (G) AST and ALT levels in the serum. Data are shown as mean ± SEM of

n = 3–5 mice from one representative experiment out of three. *p<0.05 from one-way ANOVA with Bonferroni correction and two

tailed, unpaired Student’s t-test.

https://doi.org/10.1371/journal.ppat.1006345.g002
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immunoglobulins. The expression of IL-33 was detected under normal conditions in all of the

tested cell lines and increased 24 h post MCMV infection with the highest difference between

uninfected and infected cells observed in LSECs (S5 Fig). In order to dissect the in vivo impact

of MCMV infection on IL-33 expression, we have measured IL-33 mRNA levels at day 1.5, 4, 7

and 10 post infection in the liver of BALB/c mice. IL-33 mRNA expression peaked at day 4

post infection in the liver (Fig 4A) and correlated well with the kinetics of viral replication in

Fig 3. Depletion of Treg cells results in enhanced virus-specific CD8+ T cell response. BALB/c DEREG mice were i.v. injected with 106 WT

MCMV (pSM3fr-MCK-2fl clone 3.3) and treated i.p. with DT on day 0 and 1 or left untreated. Mice were analyzed on day 5 p.i. (A) Lymphocytes

from spleen and liver were re-stimulated with IE1 or m164 peptides and frequency of CD8+ T cells expressing IFNγ, granzyme B, or both (double

positive, DP), was determined. Data are shown as mean ± SEM of n = 3 mice from one representative experiment. *p<0.05; ** p < 0.01 from two

tailed, unpaired Student’s t-test. (B) Viral titers in the spleen and liver were determined by the plaque assay. A circle depicts the titer for each

individual mouse; a small horizontal line indicates the median. n = 5 (C) BALB/c SCID mice were i.v. injected with 106 WT MCMV (pSM3fr-MCK-

2fl clone 3.3) and at the same day of infection received 1x107 splenocytes from naive BALB/c mice (anti-CD25 treated) alone or together with

1x106 Treg cells. AST and ALT levels were determined in the serum on day 5 p.i. Data are shown as mean ± SEM of n = 5 mice from one

representative experiment. *p<0.05 from one-way ANOVA with Bonferroni correction.

https://doi.org/10.1371/journal.ppat.1006345.g003

Fig 4. IL-33 expression is increased during MCMV infection. BALB/c mice were injected i.v. with 2x105 PFU of WT MCMV (MW97.01) and liver

tissue was harvested on indicated time points. (A) Kinetic analysis of IL-33 mRNA expression, relative to GAPDH mRNA, performed by real-time

PCR. (B) Representative IL-33 (black) and MCMV IE1 (red) co-staining of paraffin embedded liver sections on day 5 p.i.

https://doi.org/10.1371/journal.ppat.1006345.g004

IL-33 and Treg cells prevent CMV hepatitis

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1006345 April 27, 2017 8 / 23

https://doi.org/10.1371/journal.ppat.1006345.g003
https://doi.org/10.1371/journal.ppat.1006345.g004
https://doi.org/10.1371/journal.ppat.1006345


this organ and subsequent hepatic inflammation [34, 35], confirming its role as an alarmin. In

an attempt to characterize the cellular source of IL-33 we performed immunohistological co-

staining of IL-33 and MCMV IE1 in liver tissue from uninfected and infected BALB/c mice. In

livers of uninfected mice, IL-33 has been demonstrated in a small number of sinusoidal endo-

thelial cells, but not in hepatocytes. In MCMV infected livers, IL-33 was found to be concen-

trated in a large number of cells that form focal infiltrates by selectively surrounding the foci of

infection (Fig 4B). To identify cell type that produces IL-33 in these inflammatory foci of liver

tissue, 2-color immunohistochemical (2C-IHC) staining was performed using antibodies to

CD31 for endothelial cells (EC), CD3ε for T and NKT cells, or F4/80 (Ly71) for macrophages

(Mø). As shown in Fig 5, only cells expressing F4/80 co-localized with IL-33 (Fig 5A) and

indeed co-expressed IL-33 (Fig 5B), thus demonstrating that macrophages are the major IL-33

producing cells in the liver of MCMV infected mice.

ST2 signaling is essential for Treg accumulation and the prevention of

liver damage during MCMV infection

To further test whether IL-33 is important for the Treg cell response during MCMV infection

we have used ST2-deficient (ST2-/-) mice. WT and ST2-/- mice were infected with MCMV and

analyzed on day 7 p.i. The accumulation of Treg cells in the liver of ST2-/- mice was signifi-

cantly impaired during the peak of the Treg cell response, compared to their WT counterparts

(Fig 6A). In line with a reduction in the accumulation of liver Treg cells in ST2-/- mice, we

have detected 2-3-fold higher AST and ALT levels in ST2-/- mice compared to WT mice in-

fected with MCMV (Fig 6B). Similar to finding in Treg depleted MCMV infected mice, a num-

ber of distinct presentations of liver pathology were observed histologically in liver of ST2-/-

mice characterized by confluent areas of hepatocellular necrosis, mononuclear infiltrates and

extravasation of erythrocytes (Fig 6C and 6D). In Con A induced hepatitis, IL-33 has been

reported to suppress the expression of active caspase-3 in the liver parenchyma leading to

cell apoptosis [36]. We have also investigated whether IL-33 affects the level of expression of

caspase-3 in the liver of MCMV infected mice. The number of caspase-3 positive cells was

remarkably higher in the liver of MCMV infected ST2-/- mice compared to WT mice, indicat-

ing a protective role of IL-33/ST2 signaling in MCMV induced apoptosis and liver injury (Fig

6E). Next, we have studied whether the differences in liver damage could influence the survival

rate of ST2-/- mice after the infection with a highly virulent salivary gland-derived MCMV

(SGV). All of the BALB/c mice survived infection with 2.5x104 PFU of the SGV and resisted a

dose of 5x104 PFU of the SGV better than ST2-/- mice (Fig 6F). Thus, the absence of IL-33 sig-

naling leads to a reduced accumulation of Treg cells in the liver and consequently a more

severe liver pathology in MCMV infected mice.

We next assessed the impact of ST2 deficiency on CD8+ T cell responses to MCMV. We

analyzed these effector cells in the spleen and liver of WT and ST2-/- mice. In agreement with a

previously published study [32] the absence of ST2 affected the antiviral CD8+ T cell response.

Specifically, ST2-/- mice showed a reduced frequency of CD8+ T cells directed to the immuno-

dominant MCMV epitopes IE1/m123 and m164 in spleen. However, ST2-/- mice had a compa-

rable frequency of virus-specific CD8+ T cells in the liver as their WT counterparts, suggesting

that the accumulation of these cells in the liver is taking place in spite of their lower frequency

in lymphoid organs (Fig 7A). Thus, the impaired CD8+ T cell response is likely an intrinsic

function of ST2 deficiency rather than effect of this pathway on Treg cells. Notably, the differ-

ence in CD8+ T cell response in the spleen did not affect the virus control, as ST2-deficient

mice were able to control MCMV with the same efficiency as WT mice (Fig 7B). Similarly to

the above, infection of mice with SGV resulted in no difference between WT and ST2-deficient
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Fig 5. Identification of the cell type that expresses IL-33 in inflammatory foci in infected liver tissue as F4/80+

macrophages. BALB/c mice were injected i.v. with 5x105 PFU of WT MCMV (MW97.01) and liver tissue was

harvested on day 5 p.i. (A) Consecutive serial 1-μm sections of liver tissue focusing on an infected hepatocyte (Hc)

that is delimited from uninfected tissue by a sheath made up by a mononuclear cell infiltrate. The expression of the

indicated marker molecules was tested in a two-color IHC (2C-IHC) staining. (a-d) Identification of the infected Hc by

red staining of the intranuclear viral IE1 protein. (a) Focus-forming mononuclear cells are not CD31+ black-stained

endothelial cells (EC). (b) Focus-forming mononuclear cells are not CD3ε+ black-stained cells, thus excluding α/ß

and γ/δ T cells as well as NKT cells. (c) Identification of focus-forming mononuclear cells as black-stained F4/80+

macrophages (Mø). (d) IL33-expressing cells stained in turquoise-green color colocalize with focus-forming F4/80

macrophages in the neighboring section of image c. Counterstaining with hematoxylin. Arrows point to the indicated

cell types exemplarily. The bar markers represent 50 μm throughout. (B) 2C-IHC verifying colocalization of F4/80 and

IL33 on the cellular level. (a) Higher resolution image of an advanced, aged focus consisting of a cluster of dual-

stained F4/80+ (red) IL33+ (turquoise-green) macrophages (Mø) surrounding an infected hepatocyte (Hc) that is

identified by an intranuclear inclusion body. Note that dually-expressing macrophages localize also to liver tissue
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mice (S6 Fig). This is in line with our earlier studies which have shown that even a complete

lack of CD8+ T cells did not impair the kinetics of virus clearance during primary infection

[37].

Intrinsic requirement for ST2 expression in Treg cells

To test whether the requirement for ST2 expression in vivo was Treg cell intrinsic we

approached the model of mixed bone marrow chimeras generated from congenically marked

CD45.1+ WT and CD45.2+ ST2-/- hematopoietic cells. Chimeras were infected with Δm157

outside of a focus. (b) A young focus in which dual-stained F4/80+ (red) IL33+ (turquoise-green) macrophages cling

to an infected hepatocyte (Hc) that shows the pathocytomorphology of an owl’s eye cell with an intranuclear inclusion

body that indicates the late phase (L phase) in the viral gene expression program. Counterstaining with hematoxylin.

Arrows point to sites of interest. The bar markers represent 50 μm.

https://doi.org/10.1371/journal.ppat.1006345.g005

Fig 6. ST2-/- mice show increased liver damage and mortality rate after MCMV infection. (A) BALB/c and ST2-/- mice were i.v. injected with

2x105 PFU of WT MCMV (MW97.01) and lymphocytes from spleen and liver were analyzed on day 7 p.i. Absolute number of Treg cells is shown. (B-

E) BALB/c and ST2-/- mice were i.v. injected with 106 PFU of WT MCMV (pSM3fr-MCK-2fl clone 3.3) and analyzed on day 5 p.i. (B) AST and ALT

serum levels were determined. (C) Scores of cumulative liver pathology for apoptosis, intranuclear inclusion bodies (INIBs), inflammation, and

necrosis. Bars correspond to the mean score for each parameter. The height of each bar represents the mean of the total histological score (out of

12). (D) Representative H&E and (E) Caspase-3 staining of paraffin embedded liver sections. (F) BALB/c and ST2-/- mice were i.p. injected with

indicated doses of SGV MCMV. Survival rates were monitored daily. Data are shown as mean ± SEM of n = 3–5 mice from one representative

experiment out of three. For survival monitoring n = 7. *p <0.05 and **p<0.01 from two tailed, unpaired Student’s t-test.

https://doi.org/10.1371/journal.ppat.1006345.g006
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MCMV to avoid dominant NK cell recognition via Ly49H/m157 axis in mice on C57BL/6

genetic background. Analysis of splenic and liver Treg cells showed a reduction in the propor-

tion of ST2-deficient Treg cells in both naive and infected chimeric mice (Fig 8A). However,

the ratio between WT and ST2-/- Treg cells was significantly higher in the liver compared to

the spleen after the MCMV infection (Fig 8B). The Treg cell intrinsic effect of ST2 signaling

was also supported by a lower percentage of Ki-67 expression in ST2-deficient Treg cells com-

pared to WT Treg cells (Fig 8C).

Expansion of liver Treg cells by recombinant IL-33 administration

Next, we have analyzed whether the treatment of infected mice with recombinant IL-33 could

further boost liver Treg cells in MCMV infected mice. BALB/c mice were injected with IL-33

or vehicle (phosphate-buffered saline; PBS) on the day of the infection with MCMV and 2 days

later. On day 5 p.i. the percentage of liver Treg cells (Fig 9A), their expression of Ki-67 (Fig

9B), ST2 (Fig 9C) and Helios (Fig 9D) were all significantly increased following treatment with

IL-33 compared to PBS-treated mice. Moreover, the percentage of overall CD8+ T cell com-

partment was significantly decreased in the liver after IL-33 treatment (Fig 9E). No difference

was observed in the frequency of CD8+ T cells in spleen. These data demonstrate a strong

impact of IL-33 on the Treg cell population in the liver upon MCMV infection.

Fig 7. ST2 deficiency does not affect viral control. (A) WT and ST2-/- mice were injected i.v. with 2x105 PFU

of WT MCMV (MW97.01) and lymphocytes from the spleen and liver were isolated on day 4 p.i. The percentages

of IE1-specific and m164-specific CD8+ T are shown. Data are shown as mean ±SEM. (B) WT and ST2-/- mice

were injected i.v. with 106 PFU of WT MCMV (pSM3fr-MCK-2fl clone 3.3). Viral titers in indicated organs 5 days

post infection were determined by the plaque assay. A circle depicts the titer for each individual mouse; a small

horizontal line indicates the median. n = 4–5 mice from one representative experiment out of three. **p<0.01

from two tailed, unpaired Student’s t-test.

https://doi.org/10.1371/journal.ppat.1006345.g007
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Discussion

Treg cells control immune responses under both physiological and pathological conditions.

Although the role of Treg cells in homeostasis of immune response and the prevention of

immunopathology is well established in different disease models, less is known about their role

in the prevention of immunopathology during various viral infections. Many viruses, particu-

larly herpes viruses, encode numerous genes aimed at suppressing the immune response; by

doing so they may also prevent immunopathology [38]. CMV is widely spread among mam-

malian hosts and is usually well controlled by the immune system. However, CMVs establish

lifelong persistent (latent) infection from which reactivation can occur whenever the immune

response is compromised. Here we show that Treg cells are essential in limiting liver damage

during the immune response to primary CMV infection. Liver Treg cells expand 2-3-fold and

upregulate their activation markers upon MCMV infection. Ablation of Treg cells in MCMV

infected mice led to a significant increase in liver pathology and consequent body weight loss.

Fig 8. Intrinsic requirement for ST2 expression in Treg cells. Mixed bone marrow chimeras were generated by irradiation of C57BL/6

CD45.1+CD45.2+ mice followed by i.v. injection of 1:1 mixture of wild-type (WT; CD45.1+) and knockout (ST2-/-; CD45.2+) bone marrow cells. After

reconstitution, mixed chimeras were infected with 2x105 PFU of Δm157 MCMV and analyzed on day 7 p.i. (A) Percentage of donor WT and KO Treg

cells is shown. (B) The ratio between WT and KO Treg cells is shown. Dotted line represents initial ratio of transferred bone marrow cells. (C)

Percentage of Ki-67 expression by donor Treg cells is shown. Data are shown as mean ± SEM of n = 4–5 mice per group from one representative

experiment out of two. *p <0.05 and **p<0.01 from two tailed, unpaired Student’s t-test.

https://doi.org/10.1371/journal.ppat.1006345.g008
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Liver pathology in Treg depleted mice correlated with an enhanced CD8+ T cell response but

not with virus load. Similar to previous studies, no significant difference of virus titers was

observed between Treg depleted and non-depleted mice or mice in which Treg cells were

selectively expanded to avoid graft-versus-host disease [16, 39]. We have shown that CD8+ T

cells readily accumulate in liver of CMV infected mice and are heavily activated, and that a sig-

nificant proportion of them express granzyme B and IFNγ. It has been well established that the

T cell response to viral infections contributes not only to limit viral replication but can also

cause immunopathology if the response is not properly regulated [40]. Primary infection with

non-cytolytic viruses such as hepatitis C virus (HCV) and hepatitis B virus (HBV), results in T

cell mediated immunopathology in the liver [8, 41]. Being a cytolytic virus, CMV is not a pro-

totype of virus that induces immunopathology in the immunocompetent host. Yet, recently

evidence has been gathered pointing out that part of liver pathology after MCMV infection is a

consequence of the immune response rather than the virus infection itself [42, 43]. The

absence of liver pathology in MCMV infected SCID mice suggests the role of T cell immunity

in liver damage. Here we confirm these observations and provide evidence that Treg cells

dampen an exaggerated immune response and are crucial for the prevention of CMV-induced

immunopathology in the liver. This is further supported by our observation of a strong prolif-

erative capacity and activation status of liver Treg cells.

Viruses use different mechanisms to induce Treg cells. Among these, the most well known

mechanisms are the ones induced via the ligation of various pathogen associated molecular

pattern (PAMP) receptors which are expressed on Treg cells [44]. There are many other factors

involved in triggering and expansion of Treg cells including various cytokines such as IL-2,

TNFα, TGFβ and galectin molecules [8]. Since CMV infection upregulates most of the factors

that can induce Treg cells, it is not unexpected that these cells are strongly expanded after

Fig 9. Administration of IL-33 induces liver Treg expansion. BALB/c mice were i.v. injected with 2x105

PFU of WT MCMV (MW97.01) and treated i.p. with recombinant IL-33 (or PBS) on day 0 and 2 and analyzed

5 days later. (A) Percentage of Treg cells was determined in the liver. Percentage of (B) Ki-67, (C) ST2 and

(D) Helios by liver Treg cells. (E) Percentage of CD8+ T cells (among live lymphocytes) was determined in the

spleen and liver. Data are shown as mean ± SEM of n = 5 mice from one representative experiment out of

three. *p <0.05 and ***p<0.001 from two tailed, unpaired Student’s t-test.

https://doi.org/10.1371/journal.ppat.1006345.g009
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infection. CMV is an ubiquitous virus which can infect almost all cell types and essentially all

tissues including mucosa and glands. One can predict that Treg cells play an important role in

homeostasis of the local immune response and prevention of immunopathology as has been

demonstrated here for the liver.

In addition to induction by pathogens, Treg cells can also be triggered by factors released

by tissue damage such as IL-33. Several studies have demonstrated that administration of IL-

33 both in vivo and in vitro can induce Treg cell expansion and have highlighted the impor-

tance of IL-33 signaling in Treg cells during inflammatory conditions such as obesity-induced

insulin resistance, chronic colitis, acutely injured muscles or graft-versus-host disease [22, 23,

45–48]. Here we show that liver Treg cells have a constitutively higher expression of IL-33

receptor ST2 compared to splenic Treg cells. Moreover, ST2+ Treg cells exhibited an increased

expression of Ki-67 and incorporation of BrdU compared to ST2- Treg subset, suggesting their

high proliferative capacity. Given that IL-33 functions as an endogenous danger signal or alar-

min in response to tissue damage [49], the upregulation of IL-33 expression after MCMV

infection indicates its importance in limiting virus-induced immunopathological liver damage.

A study by Nabekura et al. reported the upregulation of IL-33 mRNA in the splenic fibroblastic

reticular (FRC) and lymphatic endothelial cells (LEC) but not blood endothelial cells (BEC)

after MCMV infection [50]. Our results demonstrate upregulation of IL-33 mRNA in the liver

tissue upon MCMV infection. Moreover, here we demonstrated that the vast majority of IL-33

producing cells in the liver of MCMV infected mice are contained within the inflammatory

foci and represent F4/80+ macrophages. In line with this, the infection of ST2-deficient mice

resulted in a reduced accumulation of Treg cells in the liver, and the liver damage was similar

to the one after Treg cell depletion. Therefore, our results describe a previously unknown link

between IL-33 expression and Treg cell function in the context of a viral infection.

In addition to their role in the modulation of conventional immune responses, Treg cells are

important in nonimmunologic disease as tissue protective modulators of the inflammatory

response after tissue damage. For instance, endogenous Treg cells strongly impact the outcome

of ischemic stroke [51]. Their absence dramatically accelerates postischemic activation of inflam-

matory cells, and their secretion of TNFα and IFNγ is key pathogenetic factor in disease progres-

sion. Treg cells may act to dampen ischemic injury in other organs including the liver [52]. So

far, there is no strong evidence that Treg depletion can influence the outcome of ischemic liver

injury [53]. However, an increase in the proportion of intrahepatic Treg cells was observed in

rats after treatment with some immunosuppressive agents [54]. CMV infection is frequently

associated with ischemic injury most likely as a consequence of a cytokine storm [35]. This is

particularly obvious in case of mice infected with a highly virulent MCMV isolate derived from

salivary glands. In this and previous studies we have noticed that many lesions in liver of CMV

infected mice are located in the proximity of the central vein, resembling the lesions caused by

ischemic injury. Thus, it is likely that the Treg response in liver of CMV-infected mice is not

only induced by infection itself but also by tissue lesions that are indirect to infection.

In summary, our study demonstrates that Treg cells inhibit a severe MCMV-induced

immunopathological hepatitis. This function of Treg cells is largely dependent on IL-33-

induced accumulation of Treg cells. Overall, The IL-33/Treg axis seems to be a promising

route for the development of future therapies in viral infections.

Methods

Mice and viruses

BALB/c, DEREG BALB/c [29], ST2-/- BALB/c [55], ST2-/- C57BL/6 [55] kindly provided by

Daniel Pinschewer, CBySmn.CB17-Prkdcscid/J (SCID), C57BL/6 CD45.1+ and C57BL/6
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CD45.1+CD45.2+ mice were housed and bred under specific-pathogen-free conditions at the

Central Animal Facility of the Medical Faculty, University of Rijeka. For depletion of Foxp3+

Treg cells in DEREG mice, 25 ng/g body weight of DT (Merck) were injected i.p. on day of the

MCMV infection and the following one. Gender- and aged- matched littermates were used as

controls. To deplete Treg cells with antibodies, BALB/c mice were injected i.p. with 150 μg of

anti-CD25 antibody (PC-61.5.3; BioXCell) two days before infection. TGFβ blockade was per-

formed by i.p. injection of 500 μg of anti-TGFβ antibody (1D11.16.8; BioXCell) on the day of

infection. Depletion of CD4+ and CD8+ T cells was performed by i.p. injection of 150 μg of

anti-CD8 antibody (YTS 169.4) and anti-CD4 antibody (YTS 191.1), respectively, on the day

of infection. IL-33 treatments were performed by i.p. injection of recombinant mouse IL-33

(Biolegend). Mice received 2 μg IL-33 at day 0 and 2 after infection. Mice were inoculated i.v.

with 106 plaque-forming units (PFU) of tissue culture (TC)-grown virus, except for flow cyto-

metric and 2C-IHC analysis where the inoculum was reduced to 2x105 PFU and 5x105 PFU,

respectively. MCMV strain MW97.01 [56] and pSM3fr-MCK-2fl clone 3.3 [57] are referred to

as WT MCMV. In addition to tissue culture grown virus, for some experiments we have used

salivary gland derived virus (SGV), and mutant viruses lacking m157 [58] or m138 gene [59].

The viral titers in organs were quantified by the standard plaque assay, as described previously

[60]. Eight- to 12-week-old mice were used in all experiments. All animal experiments

described in this paper were performed in accordance with the guidelines contained in the

International Guiding Principles for Biomedical Research Involving Animals and approved by

the Animal Welfare Committee at the University of Rijeka.

Flow cytometry and intracellular cytokine staining

Single-cell suspensions of spleen and liver were prepared according to standard protocols.

Flow cytometric analysis were performed by using anti-mouse CD4 (GK1.5), Foxp3 (FJK-

16a), CD25 (PC61.5), ST2 (RMST2-2), Ki-67 (SolA15), Bcl-2 (10C4), CD69 (H1.2F3), GITR

(DTA-1), CTLA-4 (UC10-4F10-11), OX40 (OX-86), CD62L (MEL-14), CD103 (2E7), LAP

(TW7-16B4), GARP (YGIC86), IL-10 (JES5-16E3), granzyme B (NGZB), CD8 (53–6.7),

IFNγ (XMG1.2), KLRG1 (2F1), PD-1 (J43), Helios (22F6), Neuropilin-1 (3DS304M), IL-33

(396118), CD45.1 (A20) and CD45.2 (104) purchased from eBioscience or R&D Systems.

Intracellular staining for Foxp3, IL-10, IFNγ, IL-33, Ki-67, Bcl-2 and granzyme B was per-

formed with the Foxp3 staining kit from eBioscience according to the manufacturer’s recom-

mendations. For the cell proliferation assay, mice were provided for 6 days with 0.8 mg/ml

BrdU in the drinking water starting on the day of infection (BrdU; Sigma) To detect incorpo-

rated BrdU, cells were stained according to the manufacturer’s protocol (BrdU flow kit; BD

Pharmingen). Fixable Viability Dye from eBioscience was used to stain dead cells. For intra-

cellular cytokine staining, cells were re-stimulated with plate-bound anti-CD3 (5 μg/ml per

well; 145-2C11; eBioscience) and anti-CD28 (2 μg/ml per well; 37.51; eBioscience) for 4h

in the presence of Brefeldin A (10 μg/ml; eBioscience). For IFNγ staining, cells were re-stimu-

lated with 1 μg of peptides IE1/m123 (168–176 YPHFMPTNL176) or m164 (257–265 AGP-

PRYSRI265) for 4h in the presence of Brefeldin A (10 μg/ml; eBioscience). H-2L(d)/IE-1 (168–

176 YPHFMPTNL) and H-2D(d)/m164 (257–265 AGPPRYSRI) tetramers were provided by

NIH tetramer core facility. All data were acquired using FACSAria or FACSVerse (BD Biosci-

ences) and analyzed using FlowJo software (Tree Star).

Adoptive transfer

Single-cell suspensions of spleen used in adoptive transfers were prepared according to stan-

dard protocols. Splenic Treg cells were isolated using CD4+CD25+ Regulatory T Cell Isolation
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Kit (Miltenyi Biotec). Splenic CD8+ T cells were isolated using CD8a+ T cell isolation kit (Mil-

tenyi Biotec). A total of 1x107 conventional T cells or 2x106 CD8+ T cells and 1x106 Treg cells

in a total volume of 500μl of DMEM were injected into tail veins of SCID mice. Mice were

injected with MCMV 8 hours before the adoptive transfer.

Immunohistochemical (IHC) analyses of viral and cellular protein

expression

Formalin-fixed, paraffin-embedded liver sections were used for hematoxylin and eosin stain-

ing and Caspase-3 (Asp175; Cell Signaling Technology) immunohistochemical staining. For

the identification of the IL33-expressing mononuclear infiltrate cell type that surrounds

infected hepatocytes, thus forming foci, 2-color immunohistochemical (2C-IHC) analyses

were performed on paraffin-embedded liver tissue specimens. Consecutive serial 1-μm sec-

tions were prepared for combining intranuclear IE1-specific IHC labeling of infected cells [61,

62] with the detection of cell type-specific markers, which were alternatively CD31 for endo-

thelial cells (EC), CD3ε for T and NKT cells, and F4/80 (Ly71) for macrophages (Mø) [63], as

well as with the detection of IL33. For demasking antigens, the method of heat-induced epi-

tope retrieval (HIER) [61] was employed for CD31 and CD3ε IHCs with EDTA buffer (10

mM; pH 8.0) or for the IL33 IHC with tri-sodium-citrate-dihydrate buffer (10 mM; pH 6.0).

F4/80 IHC does not require HIER. In the first step, specific labeling was performed alterna-

tively with antibodies directed against CD31 (dianova, clone SZ31), CD3ε (BioRad, clone

CD3-12), F4/80 (eBioscience, clone BM8), or IL33 (Bioss Antibodies, polyclonal rabbit antise-

rum). For CD31, CD3ε, and F4/80 IHCs, biotin-conjugated polyclonal anti-rat Ig antibody

(BD Biosciences) was used as the secondary antibody, and black staining was achieved with

peroxidase-coupled avidin biotin complex (Vectastain Elite ABC Kit) using DAB as the sub-

strate and ammonium nickel sulfate hexahydrate for color enhancement [61]. In the case of

IL33 IHC, the secondary antibody was biotin-conjugated polyclonal goat aniserum anti-rab-

bit-IgG (Sigma-Aldrich), and turquoise-green staining was achieved with peroxidase-coupled

avidin biotin complex (Vectastain Elite ABC Kit) as described above, except that substrate and

chromogen were provided by the HRP-Green Solution Set (42 life sciences). Alternatively,

black staining was achieved with DAB as the substrate followed by color-enhancement as

described above. Finally, viral IE1 protein in the nuclei of infected cells, (of infected hepato-

cytes in the specific case) has been labeled with monoclonal antibody CROMA 101 [35], and

red staining was achieved with alkaline phosphatase-conjugated polyclonal goat anti-mouse

IgG (BioRad) and the Fuchsin+ substrate-chromogen system (Dako). For 2C-IHC of macro-

phages coexpressing F4/80 and IL33, HIER was performed for demasking IL33 epitopes, fol-

lowed by turquoise-green staining as described above. After this, the macrophage marker

F4/80 was stained in red after specific labeling with monoclonal rat antibody anti-F4/80

(eBioscience, clone BM8), followed by alkaline phosphatase-conjugated anti-rat Ig antibodies

(BioRad, polyclonal goat serum) and the Fuchsin+ substrate-chromogen system.

Slides were analyzed on a Zeiss Axiophot 1 or Olympus BX51 microscope, and digital

images were acquired by the VisiCAM-100 Imaging System (Visitron) using a CCD camera

(Basler) or Olympus camera (DP71).

Evaluation of liver pathology

Scores of cumulative liver pathology for apoptosis, intranuclear inclusion bodies (INIBs),

inflammation, and necrosis were determined using the following scoring system: 0, normal

(no pathology); 1, mild (1–3 abnormal areas); 2, moderate (3 to 5 abnormal areas); 3, severe

(>5 abnormal areas) [42, 64]. Histological samples were blinded prior to evaluation. The
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presence of aspartate aminotransferase (AST) and alanine aminotransferase (ALT) in previ-

ously frozen serum samples was determined by standard enzymological methods in the Clini-

cal Institute of Laboratory Diagnostics, Rijeka Clinical Hospital Center or LABOKLIN

GmbH&Co.KG, Linz.

Cell lines

B12 and RAW 264.7 cells were grown in DMEM supplemented with 10% FCS. BALB/c LSECs

were grown in RPMI supplemented with 10% FCS. Cell were infected with 3 PFU/cell of

Δm138 MCMV, harvested 24 hours later and stained for intracellular IL-33 expression.

RNA extraction and real-time quantitative PCR

Total RNA was isolated from liver tissue with High Pure RNA Tissue Kit (Roche) and reversely

transcribed to cDNA with High-Capacity cDNA Reverse Transcription Kit (Applied Biosys-

tems). Real-time PCR was performed using TaqMan assay (Mm00505403_m1; Applied Bio-

systems). Values were normalized to mouse GAPDH (Mm99999915_g1).

Bone marrow chimeras

Mixed bone marrow chimeras were generated by lethal irradiation (9.5 Gy) of C57BL/6 CD45.1+

CD45.2+ mice followed by i.v. injection of 5x106 wild-type (WT; CD45.1+) and 5x106 ST2-/-

(CD45.2+) bone marrow cells. Mice were allowed 8 weeks to reconstitute. After reconstitution,

mixed chimeras were i.v. injected with Δm157 MCMV. The analysis was performed 7 days later.

Statistical analyses

Unless otherwise noted, data are presented as mean ± SEM. Statistical significance was deter-

mined by either two-tailed unpaired Student’s t test or one-way ANOVA with Bonferroni cor-

rection. Differences in viral titers between experimental groups were determined by the

unpaired two-tailed Mann-Whitney u test using GraphPad Prism 5. A value of p>0.05 was

deemed not statistically significant (ns); �p<0.05, ��p<0.01 and ���p<0.001.
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Supporting information

S1 Fig. MCMV infection induces liver Treg cells. BALB/c mice were i.v. injected with 2x105

PFU of WT MCMV (clone MW97.01) or left uninfected. (A) Percentage of Treg cells (among

live lymphocytes) in spleen and liver is shown. (B) Graphs show expression of Helios by Ki-

67+ Treg cells from uninfected and 7 days infected mice. (C) Representative FACS plots show-

ing the surface LAP and GARP expression or intracellular IL-10 and granzyme B (Gzm B)

expression of live CD4+ T cells after CD3/CD28 ex vivo restimulation. (D) Absolute number of

ST2+ Treg cells in spleen and liver is shown.

(TIF)

S2 Fig. ST2+ Treg cells in the liver exhibit an activated phenotype. (A) The histograms

represent the intracellular expression of Ki-67 and Bcl-2 by splenic ST2+ (red) and ST2-

(blue) Treg cells (B) BALB/c mice were i.v. injected with 2x105 PFU of WT MCMV (clone

MW97.01) or left uninfected. Mice were treated with BrdU in drinking water for 6 days start-

ing at the day of infection. Percentage of BrdU incorporation by ST2+ (red) and ST2- (blue)
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Treg cells on day 7 was determined. (C) Representative FACS plots showing the intracellular

expression of Helios and surface expression of Neuropilin-1 on Treg cells. (D) Histograms

show representative expression of different markers by ST2+ and ST2- liver Treg cells. (E)

BALB/c mice were i.v. injected with 2x105 PFU of WT MCMV (clone MW97.01) or left unin-

fected and analyzed 7 days later. Graphs show the median fluorescence intensity (MFI) of

expression of different markers by liver ST2+ and ST2- Treg cells. Data are shown as mean ±
SEM of n = 3–5 mice from one representative experiment out of three. �p<0.05; ��p<0.01;
���p<0.001 from two tailed, unpaired Student’s t-test.

(TIF)

S3 Fig. Anti-CD25 treatment results in liver damage upon MCMV infection. BALB/c mice

were infected with 106 PFU of WT MCMV and treated with anti-CD25. (A) Mice were ana-

lyzed on day 5 p.i. and serum AST and ALT were determined. (B) Viral titers in indicated

organs on day 5 p.i. (C) Naive BALB/c DEREG mice were treated i.p. with DT on day 0 and 1

or left untreated. AST and ALT levels were determined in the serum 5 days later. Data are shown

as mean ± SEM of n = 4–5 mice from one representative experiment out of two. �p<0.05 from

two tailed, unpaired Student’s t-test.

(TIF)

S4 Fig. Treg depletion results in liver immunopathology mediated by CD4+ and CD8+ T

cells in MCMV infected mice. BALB/c DEREG mice were i.p. injected with either anti-TGFβ,

anti-CD8 or anti-CD4 antibody 3 hours prior to infection. Mice were i.v. injected with 106 WT

MCMV (pSM3fr-MCK-2fl clone 3.3) and treated i.p. with DT on day 0 and 1 or left untreated.

Mice were analyzed on day 5 p.i. (A) AST and ALT levels were determined in the serum.

Pooled data from 2 independent experiments are shown as mean ± SEM of n = 8–9 mice (B)

Changes in the body weight on day 4 p.i. were determined as a percent of weight at the date of

infection. Data are shown as mean ± SEM of n = 5–6 mice from one representative experi-

ment. (C) BALB/c SCID mice were i.v. injected with 106 WT MCMV (pSM3fr-MCK-2fl clone

3.3) and at the same day of infection received 2x106 CD8+ T cells from naive BALB/c mice

alone or together with 1x106 Treg cells. ALT levels were determined in the serum on day 5 p.i.

Data are shown as mean ± SEM of n = 3–4 mice from one representative experiment. �p<0.05;
��p<0.01; ���p<0.001 from two tailed, unpaired Student’s t-test.

(TIF)

S5 Fig. IL-33 expression is increased during MCMV infection in vitro. B12, RAW 264.7 and

LSEC cells were infected with Δm138 MCMV or left uninfected. Cells were harvested 24 hours

p.i. and stained for intracellular IL-33. Data are representative of three independent experiments.

(TIF)

S6 Fig. Viral titers in the spleen and liver of BALB/c and ST2-/- mice after SGV infection.

BALB/c and ST2-/- mice were i.p. injected with 5x104 PFU of SGV MCMV. Viral titers in indi-

cated organs 6 days post infection were determined by the plaque assay. A circle depicts the

titer for each individual mouse; a small horizontal line indicates the median. n = 5 mice from

one representative experiment out of two.

(TIF)
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