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Toso regulates differentiation and activation of
inflammatory dendritic cells during persistence-prone
virus infection

PA Lang">'°, A Meryk®*'%, AA Pandyra®'°, D Brenner*®, A Briistle*, HC Xu'®, K Merches®®, F Lang®, V Khairnar®, P Sharma®,
P Funkner', M Recher’, N Shaabani®, GS Duncan®, V Duhan®, B Homey®, PS Ohashi*, D Haussinger', PA Knolle®, N Honke®'",
TW Mak**'" and KS Lang'*"!

During virus infection and autoimmune disease, inflammatory dendritic cells (iDCs) differentiate from blood monocytes and
infiltrate infected tissue. Following acute infection with hepatotropic viruses, iDCs are essential for re-stimulating virus-specific
CD8 " T cells and therefore contribute to virus control. Here we used the lymphocytic choriomeningitis virus (LCMV) model
system to identify novel signals, which influence the recruitment and activation of iDCs in the liver. We observed that intrinsic
expression of Toso (Faim3, FcuR) influenced the differentiation and activation of iDCs in vivo and DCs in vitro. Lack of iDCs in
Toso-deficient (Toso™) mice reduced CD8 * T-cell function in the liver and resulted in virus persistence. Furthermore, Toso™"
DCs failed to induce autoimmune diabetes in the rat insulin promoter-glycoprotein (RIP-GP) autoimmune diabetes model. In
conclusion, we found that Toso has an essential role in the differentiation and maturation of iDCs, a process that is required for
the control of persistence-prone virus infection.
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More than 500 million people worldwide suffer from chronic
infections with hepatitis B or hepatitis C viruses.! Although
both viruses are poorly cytopathic, persistence of either virus
can lead to chronic liver inflammation and potentially cause
liversteatosis, liver cirrhosis, end-stage liver failure or hepato-
cellular carcinoma. Virus-specific CD8* T cells are a major
determinant governing the outcome of viral hepatitis due to
their antiviral activity against virus-infected hepatocytes.>™
However, during prolonged infection, virus-specific CD8 " T
cells are exhausted, resulting in their loss of function and
consequently virus persistence."® Regulators influencing
CD8™* T-cell function during chronic virus infection still remain
ill defined.

Inflammatory dendritic cells (iDCs) can develop from a
subset of monocytes recruited to the site of inflammation.”:®
This monocyte subset is characterized by the expression of

CD115*/Ly6C"/CCR2" .7 iDCs express CD11¢, CD11b, and
Ly6C.%""" IDCs that exhibit tumor necrosis factor (TNF)-u
production and inducible nitric oxide synthase (iNOS) were
named TNF-2 and iNOS producing DCs (Tip-DCs). iDCs
contribute to the elimination of pathogens following bacterial
infection.’®'* During infection with influenza virus, iDCs
enhance CD8" T-cell immunopathology, but have limited
impact on viral replication.'"'® According to recent observa-
tions, chronic activation of toll-like receptor 9 leads to
intrahepatic myeloid-cell aggregates (IMATE).'® These
aggregates, which contain iDCs, are essential for T-cell
activation and therefore participate in virus control.'®
Co-stimulatory signals from either direct cell contact or from
cytokines in combination with continued antigen contact in
iIMATEsS lead to proliferation and activation of virus-specific T
cells."® These observations suggest that infiltration of

'Department of Gastroenterology, Hepatology and Infectious Diseases, Heinrich-Heine-University Diisseldorf, Universitatsstr. 1, Diisseldorf 40225, Germany;
2Department of Molecular Medicine I, Heinrich-Heine-University Diisseldorf, Universitétsstr. 1, Diisseldorf 40225, Germany; ®Institute of Immunology, Medical Faculty,
University of Duisburg-Essen, Hufelandstr. 55, Essen 45147, Germany; “Campbell Family Institute for Breast Cancer Research, Princess Margaret Cancer Centre, UHN,
620 University Avenue Toronto, Toronto, ON, Canada M5G 2C1; Institut fiir Klinische Chemie und Pathobiochemie, Klinikum rechts der Isar, Technische Universitat
Munich, Munich 81675, Germany; Department of Physiology I, University of Tuebingen, Gmelinstr. 5, Tuebingen 72076, Germany; ’Primary Immunodeficiency Clinic,
Medical Outpatient Division and Immunodeficiency Lab, Department of Biomedicine, University Hospital Basel, Basel, Switzerland; Department of Dermatology,
Heinrich-Heine-University Dusseldorf, Universitatsstr. 1, Disseldorf 40225, Germany and ®Institute of Molecular Immunology, Technische Universitat Munich, Munich
81675, Germany

*Corresponding author: TW Mak, Medical Biophysics and Immunology, The Campbell Family Institute for Breast Cancer Research at Princess Margaret Cancer Centre,
620 University Avenue, Suite 706, Toronto, Ontario, Canada M5G 2C1. Tel: 001 416 946 2234; Fax: 001 416 204 5300; E-mail: philipp.lang@gmx.net or
karlsebastian.lang @ uk-essen.de or tmak@uhnresearch.ca

"These authors share first authorship.

""These authors share last authorship.

Abbreviations: ALT, Alanine-amino transferase; f-ME, Beta-mercaptoethanol; BMDC, Bone marrow-derived dendritic cell; FACS, Fluorescence-activated cell sorting;
GM-CSF, Granulocyte macrophage colony-stimulating factor; GP, Glycoprotein; IL-6, Interleukin-6; iDC, inflammatory dendritic cell; iNOS, inducible nitric oxide
synthase; IFN-y, Interferon-gamma; IL7Ra, Interleukin-7 receptor alpha chain; IMATE, Intrahepatic myeloid cell aggregate; LPS, Lipopolysaccharide; LCMV,
Lymphocytic choriomeningitis virus; LCMV-GP, LCMV glycoprotein; LCMV-GP33, LCMV glycoprotein 33-41; MFI, Mean fluorescence intensity; MHC, Major
histocompatibility complex; NF-xB, Nuclear factor ‘kappa-light-chain-enhancer’ of activated B cells; PD-1, Programmed cell death-1; RIP, Rat insulin promoter;
PFU, Plaque-forming unit; TLR, Toll-like receptor; TNF-o., Tumor necrosis factor alpha; Tip-DCs, TNF-x and iNOS producing DCs; WT, Wild type

Received 16.12.13; revised 27.6.14; accepted 07.7.14; Edited by RA Knight; published online 26 September 2014


http://dx.doi.org/10.1038/cdd.2014.138
mailto:philipp.lang@gmx.net
mailto:karlsebastian.lang@uk-essen.de
mailto:tmak@uhnresearch.ca
http://www.nature.com/cdd

professional antigen-presenting cells into target organs is
important for the maintenance of strong antiviral cytotoxic
CD8™ T-cell activity. Factors regulating iDC infiltration into the
liver remain poorly understood.

Toso is a membrane protein whose extracellular domain has
homology to the immunoglobulin variable (IgV) domains.
The cytoplasmic region has partial homology to the FAST
kinase (Fas-activated serine/threonine kinase).'” Toso is
expressed on B cells and activated T cells'” and is over-
expressed in B-cell lymphomas.'®'® Expression of Toso can
influence survival of macrophages.?® Originally, Toso was
described as an inhibitor of FAS signaling.'”?' More recently,
a role of Toso in IgM binding and TNFR signaling was also
demonstrated®®* and consistently, Toso-deficient animals
are protected from lipopolysaccharide (LPS)-induced septic
shock.?*25 Recently, we identified a role of Toso in the
activation of granulocytes, monocytes, and DCs.?®® During
infection with Listeria, the expression of Toso regulated
granulocyte function.?®” The role of Toso in the function of
monocytes and other myeloid cells still remains to be further
elucidated.

In this study, we investigated the role of Toso during chronic
viral infection by using the murine lymphocytic choriomenin-
gitis virus (LCMV). We report that Toso promotes the
differentiation and maturation of iDCs at virus-infected sites,
which were essential for effector CD8* T-cell function and in
accelerating the control of the virus. We further tested the role
of Toso in the rat insulin promoter-glycoprotein (RIP-GP)
autoimmune diabetes model and found that Toso was
required to trigger diabetes in RIP-GP mice. Taken together,
we have identified an essential role of Toso in the differentia-
tion and maturation of iDCs, which is essential for the control
of persistence-prone virus infection and triggering of auto-
immune disease.

Results

LCMV infection induces iDCs in the liver. To investigate
signals important for iDCs generation in the liver, we first
infected wild-type (WT) mice with 2x10° plaque-forming units
(PFU) of LCMV strain WE. In confirmation of previous
reports, we found that MHC-II" CD45 " cells infiltrate the
liver between days 4 and 6 (Figure 1a). MHC-II* cells
expressed CD11c (Figure 1a). Some of the CD11c™ cells
expressed iNOS (Figure 1b). This suggests that iDCs
infiltrate the liver during LCMV infection. Using flow cyto-
metric analysis, we found that in addition to CD8" T cells,
CD11b™* myeloid cells also infiltrated the liver following
LCMV infection. Most of those cells expressed Ly6C, and a
subpopulation expressed CD11c (Figure 1c). Quantification
of the fluorescence-activated cell sorting (FACS) data
showed that on day 6, a time point when CD8™ T cells
infiltrate the liver, iDCs also infiltrated the liver (Figure 1d).
Furthermore, inflammatory signals derived by CD8" T cells
were responsible for infiliration of iDCs because lack of
CD8™ T cells limited recruitment of iDCs (Figure 1d). Taken
together, these data suggest that inflammatory signals in the
liver recruit and activate CD11c™ cells during LCMV
infection.
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Toso is necessary for the development of iDCs in the
liver. Next, we explored whether Toso influences the
recruitment and differentiation of CD11c ™ cells. We infected
WT mice and Toso”~ mice with 2 x 10° PFU of LCMV-WE
and analyzed the livers 6 days later. The infected hepato-
cytes in WT animals were surrounded by T cells (CD90.27)
and iDCs (Figure 2a). Toso™~ mice showed similar numbers
of infected hepatocytes and CD8" T cells (Figure 2a). In
contrast to WT mice however, numbers of CD11c™" iDCs
were limited in Toso”~ mice (Figure 2a). Using flow
cytometric analysis we observed that iDCs were reduced in
liver tissue of Toso™”~ mice when compared with WT animals
(Figures 2b and c), whereas CD8 " T cells on day 6 were
comparable between WT and Toso™~ mice (Figure 2c). Toso
was previously shown to influence signaling of IgM and
CD95.77232% Tg explore whether either of the signal was
responsible for the lack of iDCs observed in the liver of
Toso™~ mice, we analyzed mice that were deficient in soluble
IgM (sIlgM™~ mice) and Fas (Fas®”*" mice). We did not
observe reduced numbers of iDCs in slgM™" or Fas®”*" mice
(Supplementary Figure 1), suggesting that Toso influenced
iDC generation independently of both signals. Taken
together, these data indicate that iDCs infiltrate LCMV-
infected liver tissue and this is dependent on the expression
of the membrane protein Toso.

Intrinsic Toso expression regulates the differentiation of
iDCs. Next, we wondered whether cell intrinsic expression
of Toso was critical for iDC infiltration into liver tissue. We
generated mixed bone marrow chimeras by lethally irradiat-
ing recipient WT mice followed by reconstitution with either
WT, Toso™", or a 1:1 mixture of WT and Toso™ bone
marrow. Cells derived from WT bone marrow were identified
using the CD45.1 congenic marker. Cells derived from
Toso”~ bone marrow were identified with CD45.2. Fifty days
after bone marrow transplantation, mice were infected with
2x10° PFU of LCMV. On day 6 following infection, the
number of iDCs of WT or Toso™" origin in liver tissue was
determined. As expected, iDCs in mice that received WT
bone marrow were all of CD45.1 origin, whereas iDCs in
mice which received Toso™~ bone marrow were all of CD45.2
origin (Figure 3a). Numbers of iDCs were reduced in mice
reconstituted with Toso™~ bone marrow when compared with
mice reconstituted with WT bone marrow (Figure 3b). Mixed
bone marrow chimeras, which received a 1:1 ratio of WT
and Toso™~ bone marrow, showed a reduced proportion of
iDCs of Toso™~ (CD45.2) origin (Figures 3a and b). This was
not due to a difference in hematopoietic cell development as
no difference was observed in numbers of blood monocytes
of WT (CD45.1) or Toso”~ (CD45.2) origin (Figure 3c).
These data indicate that cell intrinsic Toso expression is
critical for infiltration and differentiation of iDCs into the target
tissue during LCMV infection.

Toso is critical for maturation of functional DCs
in vitro. Next, we determined whether our in vivo phenotype
was reproducible in vitro. We treated bone marrow cells with
granulocyte macrophage colony-stimulating factor (GM-
CSF) and measured expression of Ly6C and CD11c 6 days
later. We found that cultures from WT cells showed a
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Figure 1

LCMV infection induces iDCs in the liver. C57BL/6 mice were infected with 2 x 108 PFU of LCMV-WE on day 0. (a) After 0, 4 and 6 days, the livers were removed

and analyzed using histology for expression of LCMV-NP, the pan leukocyte marker CD45, MHC-Il and CD11c (one representative of n= 5 is shown). (b) On day 0, 4 and 6,
livers were analyzed using histology for expression of CD11c and iNOS (one representative of n= 5 is shown). (¢) Livers from uninfected (naive) mice and day 6 infected mice
were digested and cell suspensions were stained for CD8, CD11b, Ly6C and CD11c. Top panel: Dot plots show expression of CD11b and CD8. Lower panel: expression of
Ly6C and CD11c for cells gated on CD11b. Gate indicates iDCs. One of three representative dot plots is shown. (d) Livers from uninfected (naive) WT mice and day 6 infected
WT and CD8a™~ mice were digested and cell suspension was stained for CD8, CD11b, Ly6C and CD11c. The Graph shows the number of CD8 ™ T cells and iDCs (CD11b ™

Ly6C* CD11c ™, n=6). Scale bars, 25 um (main image and inset)

significantly higher percentage of CD11c™ cells when
compared with bone marrow cultures from Toso™~ mice
(Figures 4a and b). We did not detect a significant difference
in total numbers of WT and Toso”~ CD11c " cells/well on our
day 6 DC cultures, although there is a trend of higher

numbers of CD11ct WT cells (Figure 4b). Co-staining
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revealed that the Ly6C-positive cells were Gr1™ CD11b™
CD80 ~ cells (data not shown). To test the effect of Toso on
the activation of DCs, we generated bone marrow DCs
in vitro and activated them 9 days later with LPS. In WT mice
we found that DCs expressed CD80 and CD86 and produced
interleukin-6 (IL-6) after LPS challenge, whereas Toso™~
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Figure 2 Toso is necessary for development of iDCs in the liver. Toso™~ mice and corresponding WT control mice were infected with 2 x 10% PFU of LCMV-WE. (a) On
day 6, livers were analyzed for T cells (CD90.2), dendritic cells (CD11¢ ™) and virus-infected cells (NP ) by immunofluorescence (one representative slide of n= 6 is shown).
Scale bars, 20 um. (b and ¢) On day 6, livers were examined for CD8 ™ T cells and iDCs (CD11b* Ly6C ™" CD11c ™). Dot plots show expression of CD11b and CD8
(top panel), and expression of Ly6C and CD11c for cells gated on CD11b (lower panel). Statistical analysis of total CD8 * T cells and inflammatory DCs (CD11b ™ Ly6C

CD11c ™) is shown (c), n=6, pooled from two independent experiments)

DCs displayed limited expression of CD80 and CD86 and
limited production of IL-6 (Figures 4c and d). To validate the
capacity of Toso”~ DCs to activate CD8 ™" T cells and induce
co-stimulatory signals in vivo, we injected in vitro-generated
bone marrow-derived dendritic cells of WT and Toso™~ mice
into RIP-GP animals after pulsing with the LCMV peptides
(GP33, GP276, and GP61).2° Induction of diabetes in this
model depends on the induction of auto-reactive CD8 " T
cells, which infiltrate the pancreas.®°~3> WT DCs induced
auto-reactive CD8*1 T cells and mice developed diabetes
(Figure 4e). In contrast, Toso”~ DCs could not induce
diabetes in RIP-GP mice (Figure 4e). Next, we wanted to
gain insights into the mechanism of reduced activation of
Toso”~ DCs. Previously, we identified that Toso can
influence nuclear factor ‘kappa-light-chain-enhancer of
activated B cells (NF-xB) signaling.?® Indeed, we found that
after activation with LPS, Toso”~ DCs showed reduced
phosphorylation of NF-xB p65 (Figure 4f), whereas phos-
phorylation of p38 and ERK was not affected by the absence
of Toso (Figure 4f). In conclusion, we found that the absence
of Toso on DCs resulted in reduced activation of DCs, an

effect that was correlated with reduced phosphorylation of
NF-xB.

Toso influences function of CD8 " T cells in the liver. To
further validate whether the lack of iDCs in Toso™ mice
results in attenuated CD8 " T-cell responses, we utilized the
P14 mouse that expresses a transgenic T-cell receptor
recognizing the LCMV epitope GP33.%% P14 TCR transgenic
splenocytes expressing the congenic marker (CD45.1) were
injected intravenously into naive CD45.2" WT and Toso”~
recipients. Recipient mice were infected with LCMV, and the
donor and host CD8* T-cell response was monitored. Till
day 6, the expansion of donor (CD45.1 positive) T cells was
similar between WT and Toso”~ mice (Figure 5a). As
expected, the numbers of iDCs in the liver were reduced in
Toso™" mice (Figure 5a). This strengthens our data that Toso
has intrinsic functions in iDCs. Adoptively transferred virus-
specific CD8™ T cells exhibited significantly reduced inter-
feron-gamma (IFN-y) production when transferred into
Toso™" recipients (Figure 5b). This indicates that reduced
numbers and function of iDCs in Toso™" recipient mice have

Cell Death and Differentiation
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Figure 3

Intrinsic Toso expression regulates iDCs differentiation. CD45.2 * WT mice were irradiated and reconstituted with bone marrow from either CD45.1 WT mice,

CD45.2" Toso™ mice or with a 1:1 mixture of WT and Toso™~ bone marrow. Fifty days after bone marrow transplantation, mice were infected with 2x10° PFU of LCMV
(a) representative FACS plots showing expression of CD45.2 and CD45.1 on iDCs (Ly6C ™ CD11c* cells) in the liver (n = 6). (b) The total number of inflammatory DCs from
the liver derived from CD45.1 " WT bone marrow and CD45.2* Toso™ bone marrow is shown from WT > WT chimeras (black), Toso™ >WT chimeras (white), and WT &
Toso™~>WT chimeras (gate CD45.1 = blue; gate CD45.2 = red) (n= 6, pooled from two independent experiments). (¢) The total number of monocytes (Ly6C™ CD11b+)
present per ul of blood derived from CD45.1* WT bone marrow and CD45.2* Toso™ bone marrow is shown from WT > WT chimeras (black), Toso™ >WT chimeras
(white) and WT and Toso™>WT chimeras (gate CD45.1 = blue; gate CD45.2 = red) (n= 6, pooled from two independent experiments)

an impact on CD8 " T-cell function in the liver. To analyze the
direct impact of DCs on CD8*" T cells in the liver, we

performed adoptive transfer experiments of WT and Toso™~

DCs into WT and Toso”~ mice. On day 6, we analyzed
frequencies of virus-specific CD8" T cells in the liver.
Transfer of WT DCs enhanced the frequency of LCMV
glycoprotein 33-41 (LCMV-GP33)-specific CD8" T cells in
WT mice (Figure 5c). In contrast, WT mice transferred with
Toso™~ DCs showed reduced frequencies of LCMV-GP33-
specific CD8* T cells (Figure 5c). Similarly, Toso™~ mice

Cell Death and Differentiation

showed increased LCMV-GP33-specific CD8 ™ T cells when
transferred with WT DCs (Figure 5c). Transfer of Toso™~
DCs resulted in limited increase of LCMV-GP33-specific
CD8™ T cells (Figure 5c). Collectively, these data demon-
strate that lack of Toso in DCs rather than in T cells

influences CD8 ™ T-cell function in the liver.

Toso deficiency alters CD8" T-cell-dependent virus
control and immunopathology. To investigate the impact
of Toso on the course of virus-induced hepatitis, virus
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Figure 4 Toso is critical for maturation of functional dendritic cells. (a and b) Bone marrow cells from Toso

™and corresponding WT control mice were cultured in the

presence of 40 ng/ml GM-CSF. Numbers of CD11¢ ™ cells were analyzed on day 6. Representative FACS plot (a) and quantification of CD11¢c ™ cells in percentage of living
cells (n = 8) and absolute numbers of CD11c ™ cells per well (b, n = 4-6) are shown. (¢ and d) DCs were generated from WT and Toso” bone marrows. On day 9, DCs were
stimulated with LPS. The MFI of CD80 and CD86 was analyzed on cells gated for CD11c at the indicated time points (¢, n= 6). Interleukin-6 was analyzed in the supernatant
following 20 h stimulation with the indicated concentrations of LPS (d, a representative of two independent experiments is shown with three technical replicates). (e) WT or
Toso™"dendritic cells were generated from bone marrow cells cultured with 400 ng/ml GM-CSF. Ten days later, dendritic cells were incubated with GP33, GP276 and GP61
with or without addition of CpG (5 M) and injected into RIP-GP mice. Induction of diabetes was analyzed (n=6). (f) Western blot of p-p65, p-p38, p-ERK and actin in bone
marrow-derived dendritic cells isolated from WT and Toso™ mice without or with stimulation with 50 ng/ml LPS at the indicated time points (one of two experiments is shown)

control, and the systemic antiviral T-cell response, we
infected WT and Toso™~ mice with 2 x 106 PFU LCMV-WE.
On day 6, we phenotyped CD8" T cells in the spleen and
liver. WT CD8" T cells of LCMV-infected mice showed
expression of programmed cell death-1 (PD-1), CXCR3 and
reduced expression of interleukin-7 receptor alpha chain
(IL7R2) when compared with CD8" T cells of naive mice
(Figure 6a). This suggests strong T-cell activation in WT
animals.3* In contrast, CD8* T cells in the spleen of Toso™~
mice showed reduced expression of PD-1, CXCR3 and

higher expression of IL7Ro (Figure 6a), suggesting reduced
activation of CD8" T cells in Toso”~ mice. Accordingly,
Toso”~ mice showed reduced numbers of virus-specific
CD8™* T cells after day 6 when compared with WT animals
(Figure 6b). This indicates that iDCs contribute to continuous
activation and expansion of antiviral T cells. Consequently,
Toso™~ mice failed to clear virus from blood, whereas WT
mice eliminated LCMV from circulating blood 3 weeks after
infection (Figure 6c). Next, we assessed liver cell damage by
measuring the alanine-amino transferase (ALT) activity in the

Cell Death and Differentiation
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Figure 5 Toso influences function of CD8 * T cells in the liver. 10* splenocytes from an LCMV-specific T-cell receptor transgenic mouse (P14 mouse expressing CD45.1)
were injected intravenously into CD45.2* WT and Toso™~ recipient mice on day — 1. On day 0, recipient mice were infected with 2 x 10° PFU of LCMV-WE. (a) On day 6,
following infection livers were analyzed for host CD8 " T cells, donor T cells (CD45.1 ") and iDCs (Ly6C * CD11c ™) (n=5, pooled from two independent experiments).
(b) Spleen lymphocytes were re-stimulated with LCMV-derived GP33 peptide and IFN-y produced by donor TCR transgenic CD8 © CD45.1 " cells was analyzed by
intracellular staining (c), n = 5, pooled from two independent experiments). (¢) WT and Toso™" mice were infected with 2 x 10° PFU of LCMV-WE. On day 3, WT and Toso™"
DCs (derived from the bone marrow) which were infected with LCMV 24 h earlier were transferred into infected mice. On day 6, frequencies of virus-specific CD8 * T cells were
analyzed in the liver by GP33 tetramer staining (n=5-9)

serum of LCMV-infected WT and Toso™ ™ mice. Consistent
with the reduced T-cell function, virus-induced liver cell

Toso-deficient mice when compared with WT controls
(Figure 6g). Taken together, these data indicate that Toso

damage was reduced in Toso-deficient mice (Figure 6d). We
speculated that the reduction in liver cell damage was due to
limited T-cell function. To gain further insights we used the
LCMV strain Docile, which also persists in WT mice. During
infection, antiviral CD8" T cells were again reduced in
Toso™~ mice when compared with WT animals (Figure 6e).
Nevertheless, LCMV established a persistent infection in WT
and Toso”~ mice (Figure 6f). Consistently, the reduced
CD8™" T-cell response corresponded to lower ALT levels in
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promotes long-term in vivo CD8* T-cell function and virus
persistence.

CD8™ T cells can be activated during bacterial infection
in Toso” mice. DCs are needed for the generation of
almost any CD8* T-cell response. In contrast, iDCs in the
liver impact the CD8 * T-cell response only under very specific
conditions. Next, we analyzed the impact of Toso during
subcutaneous bacterial infection. We infected WT and Toso ™~
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Figure 6 Toso deficiency alters CD8 * T-cell-dependent virus control and immunopathology. (a—c) Toso™ mice or WT mice were infected with 2 x 10° PFU of LCMV-
WE. The CD8 * T cells in the spleen and liver were analyzed by flow cytometry using the markers PD-1, CXCR3 and IL7R-c.. Black line shows expression in CD8 * T cells of
virus-infected WT and Toso™~ mice. Gray histograms show expression in CD8 * T cells of naive WT mice (a, n = 3-6). Virus-specific CD8 * T cells were analyzed in the blood
by GP33 tetramer staining (b, n=3-4). Titers of infectious virus were analyzed in the serum of LCMV-WE-infected mice (¢, n=4-8, * P<0.05). At the indicated time points,
serum ALT activity was analyzed (d, n= 3-8, *P<0.05). (e-g) WT or Toso™ mice were infected with 2x10° PFU of LCMV-Docile. Virus-specific CD8 ™ T cells were analyzed
inthe blood by GP33 tetramer staining (e, n = 4). Titers of infectious virus were analyzed over time in the serum of WT or Toso™~ mice (f, n = 3-4). At the indicated time points,

serum ALT activity was analyzed (g, n=3-4, *P<0.05)

mice subcutaneously with Listeria-GP33. Under these condi-
tions, Toso”~ mice generated a functional CD8" T-cell
response (Supplementary Figure 2) suggesting a specific role
for Toso on the immune response during LCMV infection.

Discussion

In this study, we report a novel role of Toso in promoting
effective immune responses during chronic virus infection
using the well-defined LCMV model system. Infection of
Toso” mice with LCMV led to reduced effector CD8 © T-cell
function, resulting in delayed virus clearance. This did not

result from an inherent defect in CD8 ™ T cells in the absence
of Toso, but rather correlated with the impaired functionality of
Toso™~ iDCs within infected liver and spleen.

iDCs in WT animals expressed high levels of CD11c, MHC-
[l and CD80. Some of these cells additionally expressed iNOS
and TNF-« (also called Tip-DCs). CCR2 is essential for the
exit of monocytes from the bone marrow into circulating
blood'®®® and thus is likely to impact iDC development.
However, while CCR2 is important for release of mature
monocytes from bone marrow, Toso appears to play a role in
the differentiation of these cells after their entry into infected
tissues. The differentiation of iDCs in lungs of influenza-
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infected mice has also been described." iDCs during
influenza infection may also contribute to the development
of fully functional effector CD8" T cells.'® Although the
absence of Toso may be expected to be disadvantageous for
the host following infection with a cytopathic virus-like
influenza, impaired function of Toso during infection with
non-cytopathic viruses such as LCMV and hepatitis viruses
may be beneficial for the host by preventing potentially
damaging immunopathology.'® Interestingly, the presence
or absence of virally induced pathology following infection with
persistent low cytopathic viruses such as HIV, Hepatitis B and
Hepatitis C virus,! and with cytopathic viruses such as severe
acute respiratory syndrome 378 and H5N1 influenza®® can
differ between individuals, and the underlying cause for such
differential outcomes remains unclear. We speculate that
differences in expression or function of Toso may contribute to
the inter-individual variability of disease outcome following
viral infections.

Toso” mice infected with LCMV exhibited reductions in
CD8™" T-cell activation as determined by decreased IFN-y
production. It remains unclear which signals contribute to the
different functions of CD8* T cells in Toso” mice. PD-1 is
known to promote T-cell exhaustion, whereas IL7R provides
essential survival signals to T cells.*® Thus, changes in the
expression of these molecules on T cells or the ligands on
antigen-presenting cells in Toso™ mice may alter the ability of
these cells to survive during chronic infection.*'~** However,
in the absence of Toso, the generation of memory T cells was
impaired, suggesting that Toso, in promoting DC-T-cell
interactions, impacts the generation and maintenance of
effector CD8™ T cells. In humans, chronic virus infection
enhances PD-1 expression and correlates with virus persis-
tence.***5 Based on those findings and our own observations,
we hypothesize that Toso, in addition to PD-1, may modulate
T-cell effector function.

The molecular mechanisms affected by Toso signaling in
DCs still remain elusive. While we identified NF-xB as an
important downstream transcription factor affected by Toso
expression, the upstream signaling remains unknown.
Recently, Toso was discovered to be a receptor for IgM®®
and while there is good evidence that IgM can activate
Tos0,®*” we also observed IgM-independent effects of Toso.
Indeed, Toso has been described as influencing very diverse
signaling events.'”2%21:2448 | yiew of the diverse signaling
pathways affected by Toso, we speculate that Toso might
interfere with several pathways eventually converging on the
downstream transcription factor NF-kB.

In conclusion, we have shown that Toso expression
promotes functional maturation and activation of iDCs within
virus-infected tissue. Impaired DC maturation resulted in
impaired expansion and effector function of CD8" T cells,
increased viral replication and reduced immunopathology.

Materials and Methods

Virus, bacteria and mice. Toso’mice were used as previously
described.® slgM™~ mice, lacking soluble IgM and Fas””P" mice, lacking FAS
signaling, were kept on C57BL/6 background. P14 mice that express LCMV-
GP33-specific T-cell receptor as a transgene were used. For adoptive transfer
experiments, mice congenic for CD45 (CD45.1) were used to distinguish between
transferred cells and endogenous (CD45.2) cells. All experiments were performed
in single ventilated cages. Animal experiments were carried out with authorization
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of the Veterindramt of Nordrhein Westfalen, Germany and in accordance with the
German law for animal protection and in accordance to the institutional guidelines
at the Ontario Cancer Institute. LCMV strain WE was originally obtained from F.
Lehmann-Grube (Heinrich Pette Institute, Hamburg, Germany) and was
propagated in L929 cells. Virus titers were measured using focus-forming assays
as previously described.*® Mice were infected with 2 x 10° PFUs LCMV-WE. For
bacterial infections, recombinant Listeria expressing the LCMV-GP33 epitope was
used. This recombinant strain of Listeria is highly attenuated compared with WT
Listeria strains. For experiments with mixed chimeras, C57BL/6 mice were
irradiated with 10.5Gy. The next day, mice were reconstituted with either WT
(CD45.1) bone marrow, Toso'/‘(CD45.2) bone marrow or with a 1:1 mixture of
WT (CD45.1) and Toso”(CD45.2) bone marrow. After 50 days, mice were
infected with LCMV and analyzed 6 days post-infection.

DC cultures. To generate conventional DCs, we isolated bone marrow taken
from femurs and tibias of mice. Following erythrocyte elimination, we cultured bone
marrow cells in very low endotoxin Dulbecco’s modified Eagle medium
supplemented with 10% fetal calf serum and 0.1% f-mercaptoethanol (f-ME)
in the presence of GM-CSF. On day 3 of differentiation, an equal volume of growth
medium was added. Growth medium was exchanged on day 6 of differentiation,
and differentiation status was checked by FACS. On day 9 of differentiation, cells
were harvested for use in stimulation experiments with LPS and for immunization
of RIP-GP mice.

Histology. Histological analysis was performed on snap-frozen or formalin-
fixed tissue as previously described®" using anti-LCMV-NP antibody generated
in-house (clone VL4, clone KL53). Antibodies against CD11b, CD11c, CD90.2 and
F4/80 were purchased from eBiosciences (San Diego, CA, USA). Anti-NOS
antibody was purchased from AnaSpec (Fremont, CA, USA).

ALT. ALT levels were measured using a serum multiple biochemical analyzer
(Ektachem DTSCII, Johnson & Johnson Inc., Rochester, NY, USA).

Western blot and ELISA. Proteins were isolated with trizol and solubilized
with 10M urea/50mM DTT. Protein lysates were normalized for total protein
(Bio-Rad). Proteins were analyzed by electrophoresis under denaturating
conditions using 4-20% SDS Clear-PAGE and blotted onto nitrocellulose
membranes (Whatman, Buckinghamshire, UK). The membranes were stained
with antibodies against p-p65, p-p38, p-ERK and actin (Cell Signaling, Danvers,
MA, USA). IL-6 in the serum of cultured DCs was detected using the mouse IL-6
Elisa kit (eBiosciences).

Flow cytometric analysis. Tetramers were kindly proved by the NIH.
Surface and intracellular FACS staining was performed as previously described."
For liver FACS the upper right liver lobe (lobus, representing 20% of the total liver)
was digested with Liberase, DNAse (Roche, Basel, Switzerland) for 30 min at
37°C and then smashed. Spleens were smashed without digestion. Anti-CD8a
(BD Biosciences, San Jose, CA, USA), anti-PD1, anti-CXCR8, anti-IL-7 Re, anti-
CD11c, anti-CD11b, anti-Ly6C, anti-CD80, anti-CD86, anti-MHC-II (eBioscience)
were used. For quantification of total cell numbers in the liver and spleen,
calibrating beads were added to the cell suspensions and total numbers calculated
back accordingly.

Statistical analysis. Data are expressed as mean+ S.E.M. Statistically
significant differences between two different groups were analyzed using Student's
ttest. Analyses with several groups were tested using a one-way ANOVA with
post-testing according to Bonferroni or Dunnett. Statistically significant differences
between treatment groups in experiments involving more than one analysis time
point were calculated using two-way ANOVA (repeated measurements). P-values
<0.05 were considered statistically significant.
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