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Siglec-H protects from virus-triggered severe systemic
autoimmunity
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It is controversial whether virus infections can contribute to the development of autoimmune diseases. Type | interferons (IFNs)
are critical antiviral cytokines during virus infections and have also been implicated in the pathogenesis of systemic lupus
erythematosus. Type | IFN is mainly produced by plasmacytoid dendritic cells (pDCs). The secretion of type | IFN of pDCs is
modulated by Siglec-H, a DAP12-associated receptor on pDCs. In this study, we show that Siglec-H-deficient pDCs produce
more of the type | IFN, IFN-q, in vitro and that Siglec-H knockout (KO) mice produce more IFN-o after murine cytomegalo-
virus (MCMV) infection in vivo. This did not impact control of viral replication. Remarkably, several weeks after a single mCMV
infection, Siglec-H KO mice developed a severe form of systemic lupus—like autoimmune disease with strong kidney nephritis.
In contrast, uninfected aging Siglec-H KO mice developed a mild form of systemic autoimmunity. The induction of systemic
autoimmune disease after virus infection in Siglec-H KO mice was accompanied by a type | IFN signature and fully dependent
on type | IFN signaling. These results show that Siglec-H normally serves as a modulator of type | IFN responses after infection
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with a persistent virus and thereby prevents induction of autoimmune disease.

Systemic lupus erythematosus (SLE) is a chronic autoimmune
inflammatory disorder with a complex multifactorial patho-
genesis. This systemic autoimmune disease is characterized by
the production of autoantibodies, immune complex deposi-
tion leading to tissue injury, and kidney nephritis (Jacobi and
Diamond, 2005; Rahman and Isenberg, 2008). Besides gen-
der bias with a higher prevalence in women, SLE has a high
heritability, and complex multigenetic factors have an impact
on the susceptibility of the disease. Different genome-wide
association studies revealed at least 25 loci that have been as-
sociated with susceptibility to SLE. Most of these loci affect
genes that are involved in immune complex processing, TLR
function, and type I IFN production as well as in lymphocyte
signaling (Cervino et al., 2007; Harley et al., 2009; Moser
et al., 2009). IFNs have been linked to SLE pathophysiol-
ogy since the 1970s (Hooks et al., 1979). Further studies
revealed a correlation between aberrant increased expression
of IFN-o and human SLE (Preble et al., 1982) as well as an
IFN signature in most patients with active SLE (Baechler et
al., 2003; Bennett et al., 2003).

Autoantibodies in SLE are often directed against DNA,
RNA, or nuclear complexes containing nucleic acids. There
is good evidence that TLRs like TLR7 or TLR9, which are
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pattern recognition receptors and bind single-stranded RINA
or DNA, respectively, can be activated not only by bacterial
or viral nucleic acids, but also by endogenous ligands in the
form of immune complexes (Marshak-R othstein, 2006; Mar-
shak-Rothstein and Riftkin, 2007). The activation of TLR7
and TLRY by immune complexes containing self-proteins
and nucleic acids leads to the production of type I IFN. These
immune complexes containing nucleic acids may originate
from dying cells. Defective clearance of dying cells has been
observed in SLE (Baumann et al., 2002). Furthermore, in-
tracellular cytoplasmic sensors of DNA and RNA, such as
stimulator of type I IFN genes, are also involved in type I
IFN production (Sharma et al., 2015). The innate immune
cells that generate most type I IFNs are plasmacytoid DCs
(pDCs). pDCs develop in the BM and can secrete rapidly
large amounts of type I IFNG, i.e., IFN-a or IFN-f, upon
stimulation of their endosomal TLR7 and TLR9 or cytoplas-
mic nucleic acid sensors (Colonna et al., 2004; Liu, 2005).

In both mice and humans, an efficient host defense
against virus depends on a robust IFN-a response, especially
early during virus infections (Zucchini et al., 2008; Swiecki et
al., 2010). As pDCs constitutively express TLR9, virus DNA
of DNA viruses such as CMV can bind to TLR9 and trigger
type I IFN production by these cells (Krug et al., 2004). pDCs
are critical for induction of early high type I IFN levels after
virus infection. However, pDC depletion experiments and
genetic mouse models showed that pDCs and TLR signaling
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are dispensable for type I IFN responses during a CMV infec-
tion (Swiecki et al., 2010; Cocita et al., 2015). These experi-
ments suggest that other cell types than pDCs contribute to
type I IFN production during viral infections. Similarly, type
I IFN responses in humans are crucial for antiviral defense,
but TLR signaling is not required (von Bernuth et al., 2012).

Because most SLE patients show a type I IFN signature,
it is a controversial matter whether release of type I IFN after
a virus infection may be involved in triggering this autoim-
mune disease. Acute viral infections such as EBV or hepatitis
B virus can induce transient production of autoantibodies
(McFarlane et al., 1995; Hansen et al., 1998; Harley and James,
2000), but it is unclear whether they can induce a systemic
autoimmune disease. The mechanisms discussed for this tran-
sient autoantibody production after viral infection are uncon-
trolled cellular release of type I IFN or molecular mimicry
of viral antigens with autoantigens (Bogdanos et al., 2000;
Sundar et al., 2004; Harley and James, 2006).

Sialic acid-binding Ig-type lectin H (Siglec-H) is
expressed on mouse pDCs and is a commonly used pDC
marker (Blasius et al., 2006; Zhang et al., 2006). Siglec-H
is also expressed on a subset of DC precursors in the BM
(Schlitzer et al., 2015), a subset of marginal zone macrophages
in the spleen, medullary macrophages in lymph nodes (Zhang
et al., 2004), and microglia in the brain (Kopatz et al., 2013).
Although many Siglec receptors have immunoreceptor tyro-
sine-based inhibition motifs, Siglec-H lacks such a motif but
is associated with DAP12, which is necessary for its surface
expression on pDCs (Blasius et al., 2006). It was shown that
antibody-mediated cross-linking of Siglec-H reduces type I
IFN production by pDCs in response to CpG administra-
tion in vitro and in vivo (Blasius et al., 2004). Furthermore,
Siglec-H—deficient pDCs produce elevated levels of IFN-a
after TLR ligand stimulation in vitro (Takagi et al., 2011).
This was not confirmed by another study (Swiecki et al.,
2014). It was also shown that Siglec-H—deficient mice pro-
duce more [FN-a after murine CMV (mCMYV) infection in
vivo (Puttur et al., 2013). Here, we examined whether
Siglec-H deficiency has an influence on viral clearance after
mCMYV infection and whether this deficiency leads to devel-
opment of autoimmunity. We show that Siglec-H is respon-
sible for controlling the type I IFN response after mCMV
infection and for preventing the virus-induced development
of systemic autoimmune disease.

RESULTS

Siglec-H deficiency leads to increased IFN-o production
after TLR stimulation of pDCs in vitro and during the acute
phase of mCMV infection in vivo

The Siglec-H KO mouse line used in this study was obtained
from the Consortium for Functional Glycomics (Orr et al.,
2013). Because this mouse line has not been characterized
in detail, we confirmed via flow cytometry that pDCs from
Siglec-H KO mice do not express Siglec-H on their surface
(Fig. S1 A). Furthermore, the absence of Siglec-H does not
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alter the numbers of pDCs in different organs (Fig. S1 B).
As controversial results about IFN-a secretion after CpG or
mCMYV stimulation of Siglec-H™~ pDCs have been pub-
lished (Takagi et al., 2011; Swiecki et al., 2014), we analyzed
pDC stimulation in our independently generated Siglec-H—
deficient mouse line. In vitro—generated pDCs of Siglec-H
KO mice secreted increased IFN-a levels after stimulation
with CpG-A, whereas IFN-y was similarly induced in Siglec-H
and WT mice (Fig. 1 A). Similarly, when pDCs were stimu-
lated with mCMV in vitro, enhanced IFN-a secretion was
detected (Fig. 1 B). When Siglec-H KO mice were infected
with mCMYV, we observed that Siglec-H KO mice produce
significantly higher amounts of IFN-a on day 1 and day 2 of
peritoneal injection (p.i.) but not increased levels of IFN-y
(Fig. 1 C). Serum levels of IFN-a normalized 7 d after infec-
tion in both WT and Siglec-H KO mice.

mCMV-infected Siglec-H KO mice control virus replication
similarly to WT animals

As type I IFN is crucial for virus defense, we infected Siglec-H
KO and WT control mice with 5 X 10°> PFU of a Smith strain
of mCMV encoding luciferase and lacking the m157 gene
(MCMV157luc) and measured viral load by a luciferase assay in
samples of different organs. Siglec-H KO mice showed a slight
reduction of viral load in liver and lung at 2 d after p.i. with
mCMYV, but not in other organs, when compared with WT
mice. Overall control of viral load was similar at the later time
points day 5 and day 7 (Fig. 2 A). CD8" T cells (together with
NK cells) are the most important effector cells for mCMV con-
trol. Thus, we examined the intracellular IFN-y production by
mCMV-specific CD8" T cells after restimulation with a mix-
ture of mMCM V-specific peptides M33,M45,and M139 7 d and
10 wk after p.i. Our data indicate that the absence of Siglec-H
does not alter the number of mCMV-specific T cells generated
in response to infection (Fig. 2 B).Virus infection of Siglec-H
KO mice may also affect localization or numbers of pDCs.
Hence, we analyzed pDC numbers at 1, 10, and 26 wk after p.i.
with mCMYV in different organs of WT and Siglec-H KO mice
and could not detect any differences (unpublished data).

Aging Siglec-H KO mice develop mild signs

of an autoimmune disease

To address the question of whether Siglec-H deficiency can
lead to a spontaneous systemic autoimmunity caused by
higher levels of IFN-a, we analyzed aging WT and Siglec-H
KO mice for typical signs of autoimmunity. Indeed, 60-wk-
old Siglec-H KO mice showed a significant increase of anti—
double-stranded DNA (dsDNA) IgG antibodies (Fig. 3 A),
antinuclear antibodies (ANAs; Fig. 3 B), and proteinuria
(Fig. 3 C). However, we could not detect severe changes in
kidney histology (unpublished data). The autoimmune phe-
notype was observed in 60-wk-old mice but absent in 12-
and 36-wk-old mice (unpublished data). Our results indicate
that the absence of Siglec-H triggers the development of a
mild lupus-like disease in aging Siglec-H KO mice.

mCMV infection in Siglec-H KO mice induces lupus | Schmitt et al.
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mCMV infection causes a severe lupus-like

phenotype in Siglec-H KO mice

Viral infections have been shown to induce a transient gen-
eration of autoantibodies (McFarlane et al., 1995; Hansen et
al., 1998; Harley and James, 2006). As we observed higher
levels of IFN-« in vitro and in vivo and signs of autoimmu-
nity in aging Siglec-H KO mice, we next wanted to inves-
tigate whether a virus infection of Siglec-H KO mice can
trigger systemic autoimmunity. To this end, we infected WT
and Siglec-H KO mice once with 5 X 10° PFU mCMYV and
monitored typical signs of autoimmunity for a time period
of 26 wk after virus infection. Uninfected WT and Siglec-H
KO mice served as the control group. Just 8 wk after infec-
tion, significantly elevated ANA titers developed in Siglec-H
KO mice, which increased gradually (Fig. 4 A, left). Infected
WT control mice also showed a rise of ANAs, but delayed
and significantly less than Siglec-H KO mice. Importantly,
uninfected WT and Siglec-H KO control mice, which were
observed for the same time period, did not develop ANAs
(Fig. 4 A, right). Furthermore, infected Siglec-H KO mice
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days after mCMYV infection

generated elevated titers of anti-dsDNA IgG antibodies just
4 wk after infection that were significantly higher than
anti-dsDINA titers of infected WT mice (Fig. 4 B, left). Again,
anti-dsDNA antibodies were not detected in noninfected
mice of the same age (Fig. 4 B, right). To screen for autoan-
tibodies typical for SLE or related diseases, ELISAs for IgG
autoantibodies against histones, nRINP (nuclear ribonucleo-
protein), Sm (Smith antigen), SS-A (Sjorgen’s syndrome—
related antigen A; Ro), SS-B (S§jorgen’s syndrome-related
antigen B; La), and Scl-70 (scleroderma extractable immuno-
reactive fragment of 70 kD) were performed at the endpoint
of the experiment, 26 wk after mCMYV infection. Although
no IgG antibodies were detected against SS-A, SS-B, or Scl-
70, which are rare in SLE, or against nRINP, which is only
found in a fraction of SLE patients (Rahman and Isenberg,
2008; unpublished data), antihistone and anti-Sm IgG were
found in high levels only in infected Siglec-H KO mice but
not in infected WT mice (Fig. 5).

The severity of glomerular nephritis can be determined
by blood urea nitrogen (BUN) levels. BUN levels started to
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Figure 2. Siglec-H KO mice show an overall normal virus control and no difference in the frequency of mCMV-specific CD8* T lymphocytes.
(A and B) WT (wt) and Siglec-H KO (ko) mice were infected with 5 x 10° PFU MCMV157luc. (A) Different organs were collected after 2, 5, and 7 d to deter-
mine viral burden with a luciferase assay. Each symbol represents a single mouse. Median values are indicated by a line. Data are representative of three
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rise in Siglec-H KO mice from 8 wk on after mCMYV infec-
tion (Fig. 4 C, left). Infected WT mice also showed elevated
BUN levels, but only to a moderate extent. At the end point
(26 wk after infection), Siglec-H KO mice reached mean
BUN levels of 72 mg/dl, almost the BUN level of 20—22-wk-
old lupus MRL/Ipr mice. In contrast, the mean BUN level
of infected WT mice only reached 44 mg/dl (Fig. 4 C, left),
whereas all uninfected WT and Siglec-H KO control mice
had a normal range of 25-28 mg/dLl.

Strong kidney damage and immune complex deposition

in mCMV-infected Siglec-H KO mice

We next performed kidney histological studies to detect
potential pathological alterations in the kidney morphol-
ogy. Histopathological evaluation of kidneys from WT and
Siglec-H KO mice 26 wk after mCMYV infection revealed
strong renal injury of infected Siglec-H KO mice typical for
experimental lupus nephritis. Thus, we detected severe glo-
merular (Fig. 6, top), tubulointerstitial (Fig. 6, middle), and
vascular (Fig. 6, bottom) alterations, including matrix expan-
sion, abnormal glomerular basement membrane, thrombus
formation, mesangial cell proliferation, and increased renal
inflammation. These alterations were generally not found in
WT infected mice or in uninfected mice at the same time
point. In addition to renal alterations, we could detect IgG
immune complex depositions in glomeruli of Siglec-H KO
mice 26 wk after mCMYV infection, which were significantly
increased compared with infected WT mice (Fig. 7). Unin-
fected WT and Siglec-H KO control mice did not show any
signs of immune complex deposition (Fig. 7). Hence, nCMV
infection induces a severe lupus-like autoimmune disease
with nephritis in Siglec-H KO mice.

No reactivation of mCMV virus but elevated

type | IFN response genes 26 wk after mCMV

infection in Siglec-H KO mice

Why do Siglec-H KO mice develop a severe autoimmune dis-
ease weeks after a single mCMV infection? First, we wanted
to exclude that mCMV might be less efficiently controlled
or is reactivated in Siglec-H KO mice at later time points
after infection. After infection with CMYV, the immune sys-
tem controls replication, but the virus usually remains latent
within the body throughout life and can be reactivated during
periods of immunosuppression (Boeckh et al., 2003; Kotton
et al., 2013; Lumbreras et al., 2014). To investigate whether
reactivation of mCMYV is involved in the severe lupus-like
phenotype observed in infected Siglec-H KO mice, we mea-
sured the viral burden of WT and Siglec-H KO mice 10 and
26 wk after a single mCMYV infection. We could not detect

reactivation 10 wk (Fig. 8 A, left) or 26 wk (Fig. 8 A, right)
after mCMYV infection by luciferase assay in any organ. Fur-
thermore, we performed a real-time PCR approach to detect
mCMV DNA copies in different organs 26 wk after infec-
tion. In spleen and liver, nCMV DNA copy numbers were
below or close to the detection limit (Fig. 8 B). In salivary
gland and lung, very low DNA copy numbers in the range
of 10-30 mCMYV DNA copies/pg DNA were found. Impor-
tantly, mCMV copy numbers were not increased in infected
Siglec-H KO mice (Fig. 8 B).Thus, we can exclude that virus
reactivation plays a role in the observed lupus-like phenotype
of infected Siglec-H KO mice. Because several studies have
identified a type I IFN gene expression signature in most
patients with active SLE (Baechler et al., 2003; Bennett et
al., 2003), we assumed that an increased, uncontrolled type I
IFN response in Siglec-H KO mice may trigger the devel-
opment of autoimmune disease. Thus, we measured mRNA
levels of typical type I IFN—inducible genes, namely IRF7
and CXCL10 (Baechler et al., 2003; Bennett et al., 2003), 10
and 26 wk after mCMYV infection and in uninfected control
mice. mCMV-infected Siglec-H KO mice showed a strong
up-regulation of IRF7 and CXCL10 10 and 26 wk (Fig. 9 A)
after mCMV infection when compared with infected WT
mice. At the end of the experiment (26 wk after mCMV
infection), IRF7 was 10-fold and CXCL10 was 20-fold in-
creased, showing a strong IFN signature in infected Siglec-H
KO mice. No up-regulation of these two genes was observed
in uninfected Siglec-H KO mice (Fig. 9 A).To get a more
global view, gene array analysis was done of mCM V-infected
or uninfected mice at the time point of 26 wk after infec-
tion. Fig. 9 B shows a hierarchical cluster analysis of 52 type I
IFN—induced genes, chosen as described in the literature for
induced genes in [FN-a—treated human PBMCs, which are
to a large extent also up-regulated in human SLE patients
(Baechler et al., 2003; Bennett et al., 2003). Almost one half
(20/52) of type I IFN-inducible genes were significantly
up-regulated in infected Siglec-H KO animals in comparison
to infected WT, as well as in comparison to uninfected WT or
to uninfected KO mice (Fig. 9 B).

mCMV-induced lupus-like phenotype of Siglec-H KO mice

is type | IFN dependent

To prove whether the mechanism for the development of
SLE-like autoimmunity triggered by mCMV is type I IFN
dependent, we crossed WT and Siglec-H KO mice with IFIN
-o/P receptor (IFNAR) KO mice. The type I IFN recep-
tor is broadly expressed on almost all cell types (Uzé et al.,
2007), and we hypothesized that if the virus-induced auto-
immunity depended on type I IFN, we would not observe

independent experiments (n = 6 for each experiment). **, P < 0.01. (B) 1.5 x 10° splenic cells/well (96-well plate, 200 ul of medium per well) were in vitro
restimulated for 72 h with 0.75 pg/ml of a pool of mCMV-specific peptides (M33, M45, and M139) 7 d or 10 wk after mCMV infection. Intracellular IFN-y
production by CD3*CD8" T cells was measured by flow cytometry. Data are representative of two independent experiments (n = 6 infected mice and n =3
uninfected mice for each experiment). A Mann-Whitney test was used. Bar graphs show mean values with SEM.
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Figure 3.

Siglec-H ko

Aging Siglec-H KO mice develop mild signs of autoimmunity. (A) Anti-dsDNA in sera of 60-wk-old WT (wt) and Siglec-H KO (ko) mice was

measured by ELISA. Each symbol represents a single mouse (n =5 and n = 3 for MRL//pr for each experiment). Data are representative of three independent
experiments. AU, arbitrary units. (B) ANAs in sera of 60-wk-old WT and Siglec-H KO mice were semiquantitatively analyzed on HEp-2 slides. (Right) Example
of fluorescent lgG autoantibodies in sera of WT, Siglec-H KO, and MRL/Ipr mice on HEp-2 slides. (Left) The mean pixel intensity determined from 10 randomly
analyzed cells in a sample is shown. Each symbol represents the IgG serum ANA level of a single mouse. The graph shows the summary of two independent
experiments (n = 8 and n = 3 for MRL//pr). (C) Proteinuria score of 60-wk-old WT and Siglec-H KO mice. The graph shows the summary of three independent
experiments (n = 10-11 and n = 6 for MRL//pr). *, P < 0.05; **, P < 0.001; Mann-Whitney test. Sera of MRL//pr mice served as a positive control.

this phenotype in IFNAR KO mice. We infected Siglec-H X
IFNAR double KO, IFNAR KO, and as a control Siglec-H
KO mice once with a lower dose of mCMV (10* PFU) to
avoid lethality of acute mCMYV infection in the absence of
IFNAR signaling (Slavuljica et al., 2010). The typical signs
of autoimmunity were recorded for a time period of 26 wk.
In this experiment, we did not observe any autoimmunity
development in IFNAR KO or Siglec-H X IFNAR double
KO mice, whereas the control group of Siglec-H KO mice
had ANAs, anti-dsDINA antibodies, and increased BUN lev-
els starting after 8—12 wk (Fig. 10). This experiment clearly
shows that the induction of autoimmune disease in Siglec-H
KO mice by mCMYV infection is strictly dependent on type
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I IFN signaling. In addition, this shows that a single low-level
infection with 10* PFU mCMV was sufficient to induce
autoimmune disease in the absence of Siglec-H.

DISCUSSION

In this study, we showed that Siglec-H prevents an mCMV-
triggered autoimmunity in a type I IFN—dependent manner.
The absence of Siglec-H resulted in a severe autoimmune
disease in mCMV-infected Siglec-H KO mice. We demon-
strated that virus-infected Siglec-H KO mice develop a type
I IEN signature and also that Siglec-H—deficient pDCs pro-
duce higher IFN-a levels after TLR stimulation. One major
function of pDCs is an initial defense against viruses by pro-

mCMV infection in Siglec-H KO mice induces lupus | Schmitt et al.
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Figure 4. mCMV-infected Siglec-H KO mice develop a severe lupus-like phenotype. (A-C) WT (wt) and Siglec-H KO (ko) mice were once infected at
day 0 with 5 x 10° PFU MCMV157luc, and typical signs of autoimmunity were monitored for a time period of 26 wk. Uninfected WT and Siglec-H KO mice
served as the control group. (Left) mCMV-infected mice. (Right) Uninfected control mice. (A) ANAs in sera of mCMV-infected mice or uninfected control
mice were semiquantitatively analyzed at different time points after infection on HEp-2 slides. The mean pixel intensity determined from 10 randomly
analyzed cells in a sample is shown. Each symbol represents the IgG serum ANA level of a single mouse. (B) Anti-dsDNA in sera of mCMV-infected mice
or uninfected control mice was measured by ELISA. Each symbol represents a single mouse. AU, arbitrary units. (C) Urea nitrogen contents in the blood of
mCMV-infected mice or uninfected control mice were determined with an enzymatic BUN kit. The gray bars depict MRL//pr mice. Data are representative of
two independent experiments (n = 6 infected mice, n = 3 uninfected control mice, and n = 5-9 MRL//pr mice for each experiment). *, P < 0.05; **, P < 0.01;
Mann-Whitney test. Error bars are mean + SEM values. Sera of MRL//pr mice served as a positive control.

JEM Vol. 213, No. 8 1633



JEM

histones Sm
150 1 - 150 1 *x
=) — —
< o =) .
o0 @6

8 100- —— < 1004 —
] £
k7 @B s
o o =
= 504 & 501
o (O]
O] u o
o)) [ L] [}
- 0 —e w 0 —n, e —wi—

wt contr ko contr wtinf ko inf wt contr ko contr wtinf ko inf
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Figure 6. mCMV-infected Siglec-H KO mice show strong kidney damage 26 wk after infection. (Right) Shown are representative photomicro-
graphs of periodic acid-Schiff-stained renal biopsies of infected WT (wt) and Siglec-H KO (ko) mice. Bars: (top and middle) 100 um; (bottom) 50 um. (Left)
Kidneys from WT and Siglec-H KO mice were scored 26 wk after mCMV infection or for uninfected controls for typical changes observed in lupus nephritis.
Severe glomerular (top), tubulointerstitial (middle), and vascular (bottom) alterations were observed in mCMV-infected Siglec-H KO mice. Each symbol
represents a single mouse. Data are representative of two independent experiments (n = 6 for infected mice and n = 3 for uninfected controls for each
experiment). **, P < 0.01; Mann-Whitney test.
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Infected Siglec-H KO mice show increased immune complex depositions in the kidney 26 wk after mCMV infection. (Left) WT (wt) and

Siglec-H KO (ko) mice were infected once with 5 x 10° PFUMCMV157luc or left untreated, and immune complex depositions were analyzed on cryosections.
Kidney sections were stained with fluorescence-conjugated antibodies against total IgG. Examples of stainings are shown for WT and Siglec-H KO mice,
uninfected (=) or 26 wk after mCMV infection (+mCMV). (Right) Fluorescence intensity of immune complex depositions was quantified with ImageJ64. Each
symbol represents the mean fluorescence intensity (MFI) of IgG depositions of a single kidney. Data are representative of two independent experiments
(n = 6 infected mice and n = 3 uninfected mice for each experiment). *, P < 0.05; Mann-Whitney test.

ducing high type I IFN by TLR-dependent mechanisms.
DNA viruses like CMV can enter pDCs via endocytosis and
stimulate TLR9 in endosomes leading to IRF7-dependent
stimulation of type I IFN genes (Swiecki and Colonna, 2015).
Zhang et al. (2006) showed that Siglec-H can function as an
endocytic receptor, but whether Siglec-H can capture and
endocytose viruses or other pathogens for their delivery to
TLR-containing endosomal compartments is unknown. Our
results show that Siglec-H is not necessary for this function,
as Siglec-H—deficient pDCs produce even more type I IFN
in response to mCMYV, and the infection rate of pDCs is not
influenced by the loss of Siglec-H (Puttur et al., 2013). Even
it Siglec-H is not directly involved in CMV internalization,
Siglec-H might restrict the delivery of virus particles to the
TLRY endosomal compartment, thereby leading to mod-
ulated TLR 9 stimulation.

Siglec-H itself does not contain signaling motifs in the
cytoplasmic tail but can interact via its lysine residue in the
transmembrane domain with the transmembrane adapter
DAP12. DAP12 has two activatory immunoreceptor tyro-
sine-based activation motifs in its intracellular tail and can
recruit Syk but paradoxically inhibits TLR-induced signal-
ing in macrophages and pDCs (Sjolin et al., 2006; Turnbull
and Colonna, 2007). DAP12-deficient pDCs lack Siglec-H
surface expression and produce higher amounts of IFN-a
and IL-12 after stimulation with CpG (Blasius and Colonna,
2006). Furthermore, DAP12-deficient macrophages secrete
increased levels of proinflammatory cytokines, underlining
the inhibitory role of DAP12 in these cells (Hamerman et al.,
2005). DAP12 inhibits the response to TLR ligands through
a so far unknown mechanism (Hamerman and Lanier, 2006),
raising the possibility that the absence of Siglec-H impacts
TLR signaling in a similar way as the absence of DAP12
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does. It was shown that immunoreceptor tyrosine-based
activation motif-coupled receptors in macrophages can in-
hibit type I IFN signaling and TLR signaling in a DAP12/
Syk- and Pyk2-dependent way (Wang et al., 2010). Several
other models have been discussed of how DAP12 might in-
hibit TLR signaling (Turnbull and Colonna, 2007), but fur-
ther experiments are needed to study their potential role in
the context of Siglec-H.

Most Siglecs recognize sialic acids in forms and link-
ages that are commonly found on cell surfaces and in the
extracellular environment (Varki and Angata, 2006; Crocker
et al.,2007). Although all necessary conserved amino acids for
binding sialic acids are present within the N-terminal V-set Ig
domain of Siglec-H, no binding to any sialic acids could so
far be detected in a variety of attempts (Zhang et al., 2006). In
contrast to other Siglecs, Siglec-H has two unpaired cysteines
in domain 1 that could potentially form an intersheet disul-
fide bond. This might change the distance between the two
B sheets, resulting in inhibition of sialic acid binding. These
unusual cysteines can also be found in rat Siglec-H, which
contain, in contrast to mouse Siglec-H, a serine instead of the
conserved arginine in the N-terminal Ig domain (Zhang et al.,
2006). It was hypothesized that Siglec-H might have evolved
in rodents to act as a pattern recognition molecule, binding
viral or other pathogen ligands similar to receptors of NK
cells and myeloid cells (Arase et al., 2002; Zhang et al., 2006).
So far, the natural ligand of Siglec-H still remains elusive.

Siglec-H was first described as a pDC-specific recep-
tor (Blasius et al., 2006), but studies revealed that it is also
expressed on a subset of marginal zone macrophages in the
spleen, medullary macrophages in lymph nodes, and on mi-
croglia in the brain (Zhang et al., 2006; Kopatz et al., 2013).
Because it was shown that MyD88 deficiency and depletion
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of pDCs early during an mCMYV infection both do not sub-
stantially reduce type I IFN response gene expression (Cocita
et al., 2015), it is likely that additional cell types other than
pDCs are responsible for the type I IFN response. These other
cell types may be Siglec-H—positive tissue macrophages that
contribute to the protection from virus-induced autoimmu-
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nity. Two previous Siglec-H knock-in mice with disrupted
Siglec-H reading frames led to controversial results regard-
ing the contribution of Siglec-H on pDCs in type I IFN
regulation. In one study, Siglec-HP™/P™ mice were pro-
duced, and the resulting Siglec-H—deficient pDCs showed
increased IFN-a levels after CpG stimulation in vitro (Tak-
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agi et al., 2011). Controversially, in another study, pDCs of
Siglec-H“"<“*F knock-in mice showed normal IFN-o re-
sponses after CpG or in vitro mCMV stimulation (Swiecki
et al., 2014). These differences may be explained by different
pDC preparation protocols. The latter Siglec-H—deficient
mice showed enhanced IFN-a after HSV-1 infection, regard-
less of whether pDCs were depleted or not (Swiecki et al.,
2014). The data from this mouse line suggest that other cell
types like marginal zone macrophages or medullary macro-
phages are responsible for the enhanced type I IFN responses
in vivo. Marginal zone macrophages were reported to be
the main producers of type I IFN during HSV-1 infection
(Eloranta and Alm, 1999). Therefore, the loss of Siglec-H on
spleen or lymph node tissue macrophages in Siglec-H KO
mice may contribute, in addition to pDCs, to the hyperpro-
duction of type I IFN after mCMYV infection.

We and others (Puttur et al., 2013; Swiecki et al., 2014)
showed that the absence of Siglec-H resulted in an increase
of IFN-a during the acute phase of mCMYV infection. This
elevated type I IFN response apparently triggers the develop-
ment of a severe autoimmune disease in Siglec-H—deficient
mice, as IFNAR KO mice did not show this phenotype.
Siglec-H seems to be crucial to shut down type I IFN after
persistent virus infections. Although we did not find an in-
dication of higher viral DNA copies in Siglec-H KO mice
several weeks after mCMV infection, we cannot exclude
transient and promptly controlled events of virus reactiva-
tion occurring more frequently in the absence of Siglec-H.
These events could constantly trigger low-level type I IFN
responses. An inadequate control of type I IFN—inducible
genes in infected Siglec-H KO mice could lead step by step
to a hyperactivated milieu during the latent phase of mCMV
infection, resulting in a severe lupus-like phenotype after 26
wk. Marshak-Rothstein (2006) proposed that virus-induced
IFN-a initiates a self-perpetuating feedforward loop in which
TLRSs are up-regulated in B cells and cell death is promoted,
which leads to increased release of intracellular autoantigens
containing nucleic acids. The immune complexes formed
with autoantibodies are internalized in pDCs and engage
TLR7 or TLRY, which causes increased IFN-o production
by pDCs (Marshak-Rothstein, 20006). As expected from this
model, murine lupus—prone mouse strains, such as New Zea-
land mixed or Ipr (Braun et al., 2003; Agrawal et al., 2009),
showed a much milder lupus-like disease when crossed with
IFNAR KO mice. In contrast, MRL/Ipr mice unexpect-
edly showed a worse disease when crossed to IFNAR KO
mice (Hron and Peng, 2004).

Despite one early observation of mild autoimmu-
nity developing after mCMYV infection in C57 Br/cd] mice
(Olding et al., 1976) and transient autoantibody productions
against multiple organ-specific autoantigens, (Bartholomaeus
et al., 1988) mCMYV infections of laboratory mice have not
been associated with any SLE-like disease so far. Our findings
that antinuclear autoantibodies were developing over time to
some extent in WT C57BL/6 mice are in line with these
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early observations. However, clinical signs for SLE-like auto-
immunity were very mild in WT C57BL/6 mice previously
infected with mCMYV, in contrast to Siglec-H—deficient mice.

A correlation of CMV infection and development or
exacerbation of SLE in humans has been discussed and is
controversial (Halenius and Hengel, 2014). Also, infections
with other persistent viruses like EBV and hepatitis C virus
can lead to the production of transient ANAs in humans (Mc-
Farlane et al., 1995; Hansen et al., 1998; Harley and James,
2006). However, strong evidence for the link of virus infec-
tion to autoimmune disease is missing so far, mostly because
of the lack of population-based prospective studies. One pos-
sible mechanism for the induction of autoimmunity by viral
infection is molecular mimicry, when virus antigens share se-
quence or structural similarities with self-antigens (Oldstone,
1987). Because of the strong dependence of the CMV-in-
duced autoimmune disease of Siglec-H—deficient mice on
type I IFN, we consider molecular mimicry of CMV epitopes
with self-antigens an unlikely explanation for our findings.

The severe autoimmune disease of Siglec-H—deficient
mice was characterized by kidney pathology as indicated by
severe glomerular, tubulointerstitial, and vascular changes, as
well as by strongly increased BUN levels. This suggests that
a certain threshold of type I IFN levels induced by virus in-
fection is pathological and that this threshold is controlled by
Siglec-H. So far, the impact of the loss of Siglec-H responses
on the induction of autoimmune disease after virus infection
has only been studied using mCMYV. Also, the mCMYV strain
used here lacks the m157 protein and therefore escapes the
efficient Ly49H"* NK cell responses in C57BL/6 mice (Arase
et al., 2002), which is, however, infrequently found in wild
mice (Scalzo et al., 2005). In the future, it will be examined
whether efficient antiviral NK cell responses might influence
the autoimmune disease developing in Siglec-H KO mice
upon mCMYV infection. Furthermore, infections with other
viruses will show whether these findings can be transferred
to other viruses. It has been described that infection with
another herpes virus, HSV-1, yielded to elevated IFN-a levels
in Siglec-H mice as well (Takagi et al., 2011).

As CMVs extensively manipulate the innate as well
as the adaptive immune system (Loewendorf and Benedict,
2010), the loss of self-tolerance and the induction of auto-
immunity could be anticipated as a frequent event after in-
fection. However, the long coevolution and cospeciation of
CMVs with their hosts must have led to adaptation of the
host and maybe also the virus to avoid clinical signs of auto-
immunity (Halenius and Hengel, 2014). This appears par-
ticularly important for a pathogen that has a seroprevalence
of 75-100% in natural wild populations, as described for
mCMV (Smith et al., 1993; Gotiy de Bellocq et al., 2015) as
well as for human CMV (Cannon et al., 2011). It is evident
that a critical balance of the innate and adaptive constitu-
ents of the immune system is necessary to provide sufficient
power of the host defense mechanisms and at the same time
to avoid loss of self-tolerance. Our studies described here sug-
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gest that Siglec-H is part of such a delicate balance operating
as a rheostat of type I IFN—driven autoimmunity after virus
infection (Sharma et al., 2015).

Can these findings of Siglec-H KO mice be transferred
to humans? Siglec-H is a mouse-specific Siglec and has no
clear orthologue in humans (Crocker et al., 2007; Crocker
and Redelinghuys, 2008). Nevertheless, there are other
Siglecs that are mouse or human specific but share similar
functions. For example, Siglec-8 on human eosinophils and
mast cells and Siglec-F on murine eosinophils share similar
expression patterns and are functionally related inhibitory re-
ceptors (Bochner, 2009). Even though Siglec-H has no clear
orthologue in humans, there are potential functional homo-
logues like the human Siglec-14 or Siglec-16. Both Siglecs
are more broadly expressed on several myeloid cell types, but
like Siglec-H, both interact with DAP12, which is crucial for
their surface expression (Cao et al., 2008; Bochner, 2009).
Interestingly, both the SIGLEC-14 as well as the SIGLEC-
16 locus show widely spread polymorphisms in the human
population. These polymorphic variants lead to the deletion
of the DAP12-binding domain and replacement by another
cytoplasmic Siglec domain (in the case of Siglec-14) or to
a mutation of the coding region (in the case of Siglec-16),
suggesting an ongoing evolution triggered by pathogens
(Yamanaka et al., 2009; Wang et al., 2012). Furthermore, po-
tential functional homologues to Siglec-H, which do not be-
long to the Siglec family, have been found on human pDCs.
Both BDCA-2 and IL-T7 were shown to inhibit TLR-7/9—
induced type I IFN production on human pDCs (Dzionek et
al., 2001; Cao et al., 2006; Crozat et al., 2010).

To our knowledge, this is the first report of a surface
receptor down-modulating immune responses to virus in-
fection and thereby controlling autoimmunity. Because anti—
Siglec-H antibodies have been shown to inhibit type I IFN
production by pDCs (Blasius et al., 2004), this has a potential
therapeutic application in the future.

MATERIALS AND METHODS

Mice. Siglec-H KO mice on a B6 background were obtained
from the Consortium for Functional Glycomics by a gift
from J. Paulson (Scripps Research Institute, La Jolla, CA). WT
and Siglec-H KO mice were littermates of heterozygous
breeding pairs. IFNAR KO mice were provided by U. Schle-
icher (University of Erlangen, Erlangen, Germany), originally
a gift from U. Kalinke (Twincore, Hannover, Germany).
Animal experiments were performed in accordance with the
German law for protection of animals, after approval by the
animal welfare committee (Regierung von Unterfranken).

mCMV strain and infection. The luciferase-encoding mCMV
strain MCMV 157luc was described previously (Klenovsek et
al., 2007).To determine the virus titer by end-point titration,
an indirect immunofluorescence on mouse embryonic fibro-
blasts was used as described previously (Klenovsek et al.,
2007). Siglec-H mice were infected i.v. with 10* or 5 x 10°

1640

PFU of MCMV 157luc. Measurement of virus titers in differ-
ent organs (luciferase activity) was performed exactly as de-
scribed previously (Klenovsek et al., 2007).

Detection of mCMV DNA by real-time PCR. Quantification of
mCMV DNA copy numbers was performed on DNA iso-
lated from the indicated organs by real-time PCR exactly as
described by Klenovsek et al. (2007).

Generation of BM-derived pDCs. BM cells were isolated from
femur and tibia. After red blood cell lysis with red blood cell
lysis solution, BM cells from WT and Siglec-H KO mice were
cultivated in complete RPMI (50 uM 2-mercaptoethanol, 1%
nonessential amino acids, 1 mM sodium pyruvate, 100 pg/ml
kanamyecin sulfate, and 10% FCS [Sigma-Aldrich]) with 100
ng/ml rmFIt3L (R&D Systems) for 8 d at 2 X 10° cells/ml
(25-cm? cell culture flasks, each with 5 ml of cells). After 4 d,
2.5 ml of medium per flask was replaced by 2.5 ml of fresh
medium containing 50 ng/ml rmFIt3L. After 8 d, CD11¢"PDCA”*
pDCs were purified with magnetic-activated cell-sorting sep-
aration columns (Miltenyi Biotec).

In vitro stimulation of pDCs. pDCs were cultivated in 96-well
plate (10° cells/well in 250 pl) using complete RPMI and
were stimulated for 48 h with 2.5, 5, or 10 pg/ml CpG-A oli-
godeoxynucleotide 1585 (InvivoGen) or stimulated for 12,24,
or 48 h with MCMV 157luc at a multiplicity of infection of 5.

Cytokine quantification. Supernatants from in vitro—stimu-
lated pDCs or serum from mCMV mice were used to quan-
tify cytokine concentrations by ELISA. To detect IFN-a by
ELISA, MaxiSorp plates (Thermo Fisher Scientific) were
coated with anti-mouse IFN-o (clone RMMA-1; Pestka
Biomedical Laboratories [PBL] Interferon Source) and
blocked with 1% BSA in PBS. 50 ul of samples/well was in-
cubated overnight at 4°C. A polyclonal anti—-IFN-a antibody
from rabbit (PBL Interferon Source) and an HRP-conjugated
anti—rabbit IgG (H+L) antibody (Dianova) served as sec-
ondary reagent. To measure HRP activity, OptEIA solution
A/B (BD) was used and quantified at 570/450 nm. A mouse
IFN-y ELISA kit (Ready-SET-Go; Affymetrix; eBioscience)
was used according to the manufacturer’s instructions to de-
tect IFN-y levels by ELISA.

FACS analysis. Single-cell suspensions of BM, spleen, and
lymph nodes were incubated with Gey’s solution (for red
blood cell lysis) to deplete erythrocytes. Staining was per-
formed with the following antibodies (conjugated with
FITC, PE, APC, and biotin): anti-Siglec-H (551.3D3;
Miltenyi Biotec), anti-mPDCA1 (JF05-1C24.1; Miltenyi
Biotec), anti-CD11c (N418; eBioscience), anti-B220
(RA3-6B2; eBioscience), and Fe-block (2.4G2; our hybrid-
oma). Biotinylated antibodies were detected using streptavi-
din Cy5.5 (BD). Cells were analyzed using a flow cytometer
(FACSCalibur; BD) and FlowJo software (Tree Star). Intracel-

mCMV infection in Siglec-H KO mice induces lupus | Schmitt et al.



lular staining after restimulation with mCMV-specific pep-
tides was performed with a Cytofix/Cytoperm fixation/
permeabilization solution kit (BD) according to the manu-
facturer’ instructions.

Gene expression by quantitative RT-PCR (qRT-PCR). For
qRT-PCR, RNA from 10 splenic cells was isolated by using
QIAshredder and RNeasy kits (QIAGEN) according to the
manufacturer’s instructions. cDNA was synthesized using
R Nase H-Reverse transcription (Superscript III; Invitrogen),
and qRT-PCR was performed on a quantitative PCR system
(Stratagene Mx3000P) with green quantitative PCR Master
Mix (Brilliant III Ultra-Fast SYBR; Agilent Technologies).
mRNA expression of different type I IFN—inducible genes
was measured by qRT-PCR relative to mCM V-infected WT
mice, whose expression levels were set to 1. Actin served as the
housekeeping gene. The following primers were used: actin
forward, 5'-CCAACTGGGACGACATGGAG-3'; actin re-
verse, 5'-CTCGTAGATGGGCACAGTGTG-3'; CXCL10
forward, 5-GCCGTCATTTTCTGCCTCATC-3;
CXCL10 reverse, 5'-CCAGTCATCGATATGGATGCA-3';
IRF7 forward, 5'~-AAGGTGTACGAACTTAGCCG-3"; and
IR F7 reverse, 5'-AAATGATCCGGACACACC-3'.

Microarray experiments. For microarray experiments, RINA
from 107 splenic cells was isolated as described in the previous
paragraph. RNA integrity was verified using a Nano Chip
(RNA 6000; Agilent Technologies) on an BioAnalyzer
(vB.02.03 BSI307; 2100; Agilent Technologies) as recom-
mended by the manufacturer’s protocol (RNA 6000 Nano
Assay Protocol2). Sample labeling and preparation for mi-
croarray hybridization was essentially performed as described
previously (Ferreira et al., 2010). The replicates of two
Siglec-H KO or WT mice (nCMYV infected or not infected)
were hybridized onto a 4 X 44 K array (design-ID 026655;
Agilent Technologies). Data were extracted with the feature
extraction software package (v. 11.7.1; Agilent Technologies)
using a standard protocol. The text files generated by the fea-
ture extraction software were imported into GeneSpring GX
(v. 12.5; Silicon Genetics). Data were log2 transformed fol-
lowed by normalization to the 75th percentile and corrected
to the median of all samples. Features passing the quality
check (flags detected in at least one condition) and showing
changes in expression levels equal or more than twofold were
selected for further analysis. A volcano plot was applied to
identify statistically significant (P > 0.05), more than twofold
differentially expressed genes between two conditions, in-
cluding the Benjamini-Hochberg multiple test correction.
Pearson and Ward were used to generate hierarchical cluster-
ing of the experimental conditions (mouse strains and infec-
tion status). Data were deposited in the GEO database under
accession no. GSE79248.

Detection of ANAs on HEp-2 cells. ANAs were detected by
incubating a 1:250 serum dilution on HEp-2 cells (Immco Di-
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agnostics) according to the manufacturer’s instructions. After
30-min incubation at room temperature, antinuclear total IgG
was detected by Alexa Fluor 488—conjugated rabbit anti-mouse
IgG (Invitrogen). Slides were analyzed with 10X magnification
on a fluorescence microscope. ImageJ64 (National Institutes of
Health) was used to determine the fluorescence intensity.

ELISA assays for antinuclear autoantibodies. Levels of an-
ti-dsDNA were measured by ELISA. 0.01% poly-L-lysine
(Sigma-Aldrich) was used to precoat MaxiSorp plates
(Thermo Fisher Scientific). After 2 h at room temperature,
plates were coated with dsDNA from 20 pg/ml calf thymus
(Sigma-Aldrich) in H,O overnight at 4°C. Plates were washed
with PBS/0.05% Tween 20, and sera was added in 1:3 serial
dilutions starting at 1:20; pooled serum of SLE-affected
MRL/Ipr mice, with a starting dilution of 1:250, served as the
standard. 1 mg/ml goat anti-mouse IgG coupled to alkaline
phosphatase was used for detection. A semiquantitative ELISA
assay for IgG autoantibodies against histones, nRINP, Sm,
SS-A (Ro), SS-B (La), and Scl-70 autoantibodies (Anti-
ENA SLE-Profile 2; EUROIMMUN) and a quantitative ELI
SA assay for IgG autoantibodies against Sm and histones were
used as described by the manufacturer with the exception
that an HR P-conjugated goat anti-mouse IgG antibody was
used as the secondary antibody.

BUN. The enzymatic BUN kit from Stanbio Laboratory was
used according to the manufacturer’s instructions to ex-
amine the urea nitrogen content in blood. Therefore, sera
were diluted 1:100 in enzymatic reagent on 96-well plates.
After incubation in color reagent, urea nitrogen content was
measured at a 600-nm wavelength with the ELISA reader
(VersaMaxPLUS; Molecular Devices). Values <25 mg/dl
were considered as normal.

Measurement of proteinuria. Fresh urine from mice was
tested for protein with reagent strips for urine analysis
(Albustix). Therefore, the color change of the strip was com-
pared with a given color code with six different readings:
negative (score 0), trace (score 1), 30 (score 2), 100 (score 3),
300 (score 4), and >2,000 (score 5) mg/dl protein.

Immunohistochemistry. Kidneys were harvested and snap fro-
zen in optimal cutting temperature medium (TissueTEK;
Sakura). 6-mm sections were fixed with ice-cold acetone on
slides for 5 min after sectioning on a cryostat. Kidney sections
were saturated with 20% horse serum in PBS for 1 h at room
temperature and stained for immune complex depositions
with anti-IgG—Alexa Fluor 488 (Invitrogen). After mounting
with Mowiol mounting medium, slides were dried overnight
at room temperature and analyzed on a fluorescence micro-
scope.The microscope settings (exposure time, objective, illu-
mination, and filter cube) were identical to allow comparison
among samples within an experiment. ImageJ64 was used to
determine the mean fluorescence intensity in the sections.
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Histology. Kidneys were collected and fixed in 4% formalin
overnight at room temperature, dehydrated, and embedded in
paraffin. Sections, staining, and scoring were done as previ-
ously described (Bokers et al., 2014).

Statistics. Prism 4 (GraphPad Software) was used to calculate
the statistics for all graphs shown. After testing for normal
distribution, significant differences between samples were cal-
culated using unpaired Student’s ¢ test or Mann-Whitney
U-rank test. *, P < 0.05; ** P < 0.01; *** P < 0.001.

Online supplemental material. Fig. S1 shows Siglec-H staining
of pDCs of WT and Siglec-H KO mice and shows pDC
numbers in three different organs of WT and Siglec-H KO
mice. Online supplemental material is available at http://
www.jem.org/cgi/content/full/jem.20160189/DC1.
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