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Generation of antiviral IgM is usually considered as a marker of
a short-lived initial antibody response that is replaced by hyper-
mutated and more-efficient IgG. However, once viruses have
established a particular niche for their persistence (e.g., within
the CNS), the immune system has to specifically mobilize a broad
range of antimicrobial effectors to contain the pathogen in the
long term. Infection of the CNS with the mouse hepatitis virus
(MHV) provides a unique model situation in which the extent of
inflammatory CNS disease is determined by the balance between
antiviral immune control, viral replication, and immune-mediated
damage. We show here that whereas antibody- or B cell-deficient
mice failed to contain MHV CNS infection and developed pro-
gressive demyelinating disease, germline IgM produced in activa-
tion-induced cytidine deaminase-deficient mice (aicda—'") provided
long-term protection against the chronic multiple sclerosis-like dis-
ease. Furthermore, we found that appropriate B-cell activation
within the CNS-draining lymph node and subsequent CXCR3-medi-
ated migration of antiviral IgM-secreting cells to the infected CNS
was dependent on CD40-mediated interaction of B cells with T
helper cells. These data indicate that the CD40-mediated collabo-
ration of T and B cells is critical to secure neuroprotective IgM
responses during viral CNS infection.

coronavirus | encephalomyelitis | neutralizing antibodies

ultiple sclerosis (MS) is one of the most common neuro-
logical disorders in young adults. However, the complex
etiology of this CNS inflammatory demyelination has not yet
been fully resolved. Several lines of research support the view
that MS is an autoimmune disease (reviewed in ref. 1) that is
influenced by a broad range of host factors (2). However, a re-
cent genome analysis of monozygotic twins with discordant MS
onset revealed that genetic, epigenetic, or transcriptome differ-
ences do not suffice to explain the discordant disease course (3).
Furthermore, migration studies have shown that environmental
factors are important determinants for disease susceptibility (4).
It has been suggested that different neurotropic infectious insults
predispose to the stereotyped pathological tissue responses in
MS (5). Indeed, several viruses, including Epstein—Barr virus (6),
human herpes virus-6 (7), or human coronaviruses (8), can be
found in the CNS of MS patients, and both cellular and humoral
immune responses against these viruses can be detected in af-
fected individuals (5, 9). The importance of the interplay be-
tween viral replication and antiviral immunity in the CNS is
illustrated by the fact that although JC virus infection is highly
prevalent in the general population, infection-associated de-
myelinating disease occurs only when the host immune system
is compromised (10). Hence, it is most likely that the balance
between viral persistence and efficient immune surveillance
determines the development of virus-induced demyelinating
CNS disease.
One of the histopathological characteristics of MS brains is the
presence of tertiary lymphoid tissue in the cerebral perivascular
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space (11). It has been recently shown that the presence of B-cell
follicle-like structures correlates with an earlier onset and more
severe disease. Such lymphoid tissue-like structures are thought
to support the activation of B cells producing intrathecal oligo-
clonal immunoglobulins (12). The presence of oligoclonal IgG in
the cerebrospinal fluid is a hallmark of early-onset MS, whereas
the predictive value of oligoclonal IgM in MS patients is still
a controversial issue (13, 14). Nevertheless, intrathecal IgG
production against several neurotropic viruses has been shown in
both pediatric and adult-onset MS (15). The fact that intrathecal
immunoglobulins directed against neurotropic pathogens persist
for a long period (16) suggests that B cells are critical for the
containment of infectious agents in this compartment. Indeed,
the long-term control of coronavirus CNS infection is dependent
on B cells secreting neutralizing antibodies (17, 18). However,
previous studies on the importance of antiviral B cells in virus-
induced demyelinating diseases have mainly focused on the role
of neutralizing IgG (19, 20), whereas the potential contribution
of neutralizing IgM in this context has been neglected.

Antiviral IgM functions either as a natural, polyvalent anti-
body that fixes pathogens for better retention in the splenic
marginal zone, or as induced IgM that specifically neutralizes the
virus (21). The importance of antiviral neutralizing IgM has been
demonstrated, for example, for infection with influenza virus
(22) or West Nile virus (23). In the latter infection, antiviral IgM
was shown to prevent access of the virus to the CNS (23). To
address the importance of neutralizing IgM during virus-induced
demyelinating disease and to clarify whether and how antiviral
IgM is induced and maintained, we used the infection with the
molecularly defined mouse hepatitis virus (MHV) AS59 strain
(24). MHYV is a natural mouse pathogen that infects all cell types
within the CNS (25). Particular strains of MHV, such as John
Howard Mueller (JHM), display a distinct CNS tropism leading
to severe acute encephalitis. Strains with a less pronounced
neurotropism, such as the gliatropic MHV AS59 strain, generally
establish a persistent infection within the CNS, leading to
chronic demyelination associated with axonal death (25). We
show here that coronavirus-induced demyelinating CNS disease
can be efficiently prevented by a long-lasting germline-encoded
IgM response. Furthermore, we found that CD40-mediated T-
and B-cell collaboration was essential to induce and maintain the
neuroprotective IgM.
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Results and Discussion

Germline IgM Prevents Virus-Mediated Chronic Demyelination. To
assess the importance of antibodies in the control of CNS in-
fection with the gliatropic MHV strain A59, we used B cell-de-
ficient JHT mice and antibody-deficient but B cell-competent
IgMi mice (26) and applied the virus via the intranasal route
(i.n.). This route of infection grants the virus access to the CNS
(27) and leads to a transient weight loss during the acute phase
(i.e., between days 8 and 12 after infection) (Fig. S14). Whereas
C57BL/6 (B6) control mice recovered, both JHT and IgMi mice
failed to gain weight, whereby IgMi mice showed a rapidly de-
teriorating health status with persisting weight loss (Fig. S14).
Both antibody-deficient strains developed a progressive neurolog-
ical disease with ascending paralysis, a pronounced demyelination

in the spinal cord (Fig. S1 B and C) that was not only associated
with failure to clear the virus from the CNS but also with sig-
nificant mortality (Fig. S1 D and E). Furthermore, the absence of
B cells did not affect the induction of antiviral effector T cells
and their recruitment to the CNS (Fig. S1F).

To assess the role of antiviral IgM in this viral CNS disease, we
first determined both virus-binding (Fig. 1 4 and B) and -neu-
tralizing (Fig. 1 C and D) antibodies in serum. As expected, the
early serum IgM response declined after day 10, and high IgG
serum titers were reached in B6 mice after the virus had been
eliminated (Fig. 1 A-D). Furthermore, the induction of serum
IgG was associated with the appearance of IgG-producing anti-
body-secreting cells (ASCs) in the CNS (Fig. S2). Interestingly, B
cells secreting virus-specific IgM were not only found in the CNS
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Fig. 1. IgM controls MHV CNS infection and prevents demyelinating disease. B6 or aicda™~ mice were i.n. infected with 5 x 10* pfu of MHV A59. (A-D) Serum
samples were obtained at days 6, 10, 20, and 60 after infection, and virus-binding IgM (A) and IgG (B) and neutralizing IgM (C) and 1gG (D) were determined.
Values indicate mean + SEM (n = 5 mice per group and time point). (E and F) IgM-specific antibody-secreting cells were enumerated in CNS, CLN, spleen (SPL),
and bone marrow (BM) at days 10 (E) and 30 (F) after infection. (G) Weight loss was recorded during the indicated time period after infection. Values indicate

mean percentage of the initial weight + SEM (n = 8 mice per group). (H) Spinal cord sections from i.n. infected aicda

'~ mice were analyzed on day 40 using

Luxol fast blue staining. The statistical analyses in E and F were performed using Student’s t test. *P < 0.05; **P < 0.01; ***P < 0.001.
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early after infection, but these cells also persisted in the CNS for
at least 30 d (Fig. 1 E and F). To test whether IgM alone would
be sufficient to mediate protection from MHV-induced de-
myelinating disease, we infected activation-induced cytidine de-
aminase (AID)-deficient mice (aicda™~) i.n. with MHV. aicda™~
mice cannot perform class switch recombination and somatic
hypermutation and hence possess only IgM antibodies with
germline-encoded sequences (22). As shown in Fig. 1 A4-D,
agicda™~ mice mounted exclusively IgM antibody responses
against the virus (Fig. 1 A-D) and exhibited a robust expansion
of antiviral B cells during the acute and chronic phase (Fig. 1 E
and F) that compensated efficiently for the lack of IgG
(Fig. S2B). Importantly, aicda™~ mice stayed healthy and were
fully protected from MHV-induced demyelinating disease [i.e.,
they showed normal weight gain (Fig. 1G) and a lack of histo-
pathological signs of demyelination (Fig. 1H)]. These data in-
dicated that germline-encoded antiviral IgM was sufficient to
provide long-term protection from virus-induced demyelinating
CNS disease.

CD40-Mediated T Helper- and B-Cell Collaboration Is Critical for CNS-
Protective IgM. IgM is a pentameric antibody whose capacity to
cross the blood-brain barrier is limited. We therefore reasoned
that the access and maintenance of antiviral IgM-secreting B
cells within the CNS should be a critical step for the protection
against MHV-induced demyelination. As shown in Fig. 2 4 and
B for day 6 after i.n. infection, the virus replicated both in
B6 (Fig. 24) and aicda™~ mice (Fig. 2B) preferentially in the
olfactory bulb, the hypothalamic area, and in the striatum/pons
region. These areas of viral replication at day 6 after infection
showed extensive lymphocyte infiltration, with both T and B cells
being present in B6 (Fig. 2C) and aicda™~ mice (Fig. 2D). After
viral clearance, the lymphocytic infiltrates persisted (Fig. 2 C and
D, Right), and T and B cells were frequently found in close
juxtaposition, suggesting that the collaboration of T and B cells
might be important to secure the protective IgM response.

To dissect the T-B collaboration in MHV CNS infection in
more detail, we infected mice lacking the MHC class II molecule
I-A" (I4°7'7) and mice lacking the CD40 molecule (cd40~'7)

Fig. 2. Viral antigen localization and composition of inflammatory infil-
trates in aicda™" mice. Virus distribution was assessed in whole-brain con-
focal laser scanning analysis. Mice were infected with 5 x 10* pfu MHV
encoding for eGFP. Viral antigen distribution was visualized using anti-GFP
antibody on day 6 after infection in B6 (A) and aicda™~ mice (B). Boxed and
enlarged areas in A and B show viral antigen deposition in striatum (Right)
and hypothalamus/pons (Left) areas. (C and D) Juxtaposition of T (red) and B
cells (blue) in virus-infected hypothalamus/pons areas in B6 (C) and aicda™~
mice (D) on days 6 (Left) and 20 (Right) after infection.
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with MHYV. In the absence of CD4* T cells or one of the central
regulatory molecules of T-B collaboration, MHV-infected mice
mounted a T-independent neutralizing IgM response during the
early phase of the infection and failed to produce antiviral IgG
(Fig. 3 4 and B). Serum IgM levels dropped below the level of
detection in the late infection (i.e., on day 30; Fig. 3 A and B),
whereas antiviral [gM-secreting B cells could still be detected in
cervical lymph node (CLN) and spleen (Fig. 3C). Importantly, in
the absence of CD4™" T cells or CD40, antiviral B cells could not
be found in the CNS on either day 10 or day 30 after infection,
indicating that CD40-mediated T-help was crucial to grant I[gM-
producing B cells access to the virus-infected CNS. Because the
chemokine receptor CXCR3 is important to guide MHV-specific
B cells to the CNS (20), we assessed here CXCR3 expression
during the acute infection and found that the lack CD40-medi-
ated T-help significantly reduced CXCR3 expression on plasma
cells in the CLN (Fig. 3D). The lack of antiviral IgM-secreting B
cells in the CNS and the absence of serum IgM in the late phase
of the infection was associated with the inability of CD4™ T cell-
and CD40-deficient mice to clear the virus (Fig. 3E). The con-
sequence of the persisting viral infection was a progressive
weight loss (Fig. 3F), development of neurological disease with
ascending paralysis (Fig. 3G), and increased mortality in the later
phase of the disease (Fig. S3), suggesting that the selective lack
of antiviral IgM due to impaired T-B collaboration precipitated
the virus-induced demyelinating disease.

In several systemic viral infections, the lack of CD4™ T cells or
the CD40 molecule is not critical to mount protective CD8* T-
cell or IgM responses (28). Likewise, systemic infection of B cell-
deficient mice with MHYV results in viral clearance (17). It seems
therefore that the immune system requires a broad armament of
antiviral effectors once the viral replication niche in the CNS has
been established. To further substantiate our conclusion that B
cells secreting antiviral IgM are of particular importance to
prevent MHV-induced CNS disease and to exclude that the in-
teraction of other CD40™ antigen-presenting cells such as den-
dritic cells could be responsible for the observed phenotype, we
performed a series of adoptive B-cell transfers. To this end, we
used a protocol of B-cell transfer into JHT mice that recon-
stitutes 5-10% of the B-cell compartment (29). Here, adoptive
transfer of wild-type (B6) B cells into JHT mice significantly
improved weight gain and completely prevented clinical disease
(Fig. 44 and Fig. S44). Likewise, JHT mice reconstituted with
AID-deficient B cells were protected from the disease (Fig. S54
and B), and germline IgM-producing B cells from aicda™ ™ mice
were present in the CNS in MHV-infected JHT mice on day 10
after infection (Fig. S5C). Efficient protection against virus-in-
duced demyelinating disease was also achieved in CDA40-de-
ficient recipients that had received B6 B cells, whereas adoptive
transfer of CD40-deficient B cells into JHT mice did not have
a significant effect on the disease in JHT mice (Fig. 4B and Fig.
S4B). The adoptive transfer of B6 B cells into JHT and CD40-
deficient recipients fully restored the serum IgM response and
led to a partial recovery of the serum IgG response, whereas
cd40™~ B cells in JHT hosts failed to produce antiviral anti-
bodies (Fig. 4C). Furthermore, the absence of CD40 on B cells
prevented their access to the CNS, whereas antiviral IgM-se-
creting, CD40-competent B cells in JHT or cd40~~ recipients
were not only found in high numbers in the CLN but also in the
CNS (Fig. 4D and Fig. S5C). The importance of CD40-mediated
B-cell activation with full up-regulation of CXCR3 on plasma
cells (Fig. 3D) is shown by the lack of protection from virus-in-
duced CNS disease when CXCR3-deficient cells were adoptively
transferred into JHT recipients (Fig. S2 4 and B). Taken to-
gether, these data demonstrate that the CD40-dependent T-B
collaboration facilitated the generation of neuroprotective IgM
during MHV CNS infection.
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Fig. 3. CD4* T cells and CD40 signals are critical for long-term control of MHV and for prevention of demyelinating disease. Assessment of virus-binding (A)
and neutralizing (B) antibody responses in B6, MHC class Il-deficient (IA®~~), and CD40-deficient (cd40~~) mice at the indicated time points after i.n. MHV
infection. (C) IgM-specific antibody secreting cells were enumerated in CNS, CLN, and spleen (SPL) at days 10 and 30 after infection. (D) CXCR3 expression on
CD45*B220*CD138* plasma cells was determined at 10 d after infection in B6 and cd40~~ CLNs by flow cytometry; shown is percentage of CXCR3* plasma cells
(Left), geometric mean fluorescence intensity of CXCR3 staining on CD45"B220*CD 138" plasma cells (Center), and total numbers of CXCR3* plasma cells
(Right). Data are from two separate experiments (n = 4 mice). (E) Viral titers in CNS determined at days 6 and 25 after infection. Data indicate means of log-
transformed titers + SEM (n = 5 mice per group). n.d., not detectable. (F) Weight loss and (G) development of clinical symptoms were recorded during the
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postanalysis. *P < 0.05; **P < 0.01; ***P < 0.001.

The present study has revealed that IgM can provide efficient
protection against virus-mediated demyelinating disease. Impor-
tantly, generation of neuroprotective IgM (i.e., sufficient B-cell
activation and migration of specific B cells to the infected CNS)
was dependent on the CD40-mediated interaction of B cells with
T helper cells within the CNS-draining lymph node. Thus, CD4*
T cells provide critical “help” not only for B-cell differentiation
for Ig class switch but also for the instruction of IgM-producing B
cells for CXCR3-mediated migration into the CNS. As shown for
MHV-specific IgG-secreting B cells (20), also B cells producing
IgM persisted in the CNS for a prolonged period after they had
received appropriate T help. It seems, therefore, that once either
IgG or IgM antibody-secreting cells have reached the CNS, the
particular environment rich in B cell-stimulatory factors (30)
provides a long-term survival niche. At this point the question
arises of why a particular CD40-mediated, T helper-dependent
activation- and CNS migration-control for IgM-producing cells
should be beneficial for the host. We believe that persisting an-
tiviral IgM in the CNS provides an important additional layer of
protection because the immunopathological “costs” of the at-
tempt to completely eradicate the virus from the CNS are high

1236 | www.pnas.org/cgi/doi/10.1073/pnas.1115154109

and that therefore IgM-secreting cells in the CNS are well-suited
to block recrudescence of the persisting virus. Persisting viruses
such as MHYV can escape from T cell-mediated control, and this
evasion can be efficiently prevented by neutralizing antibodies
(31). Given the importance of B cells in the protection against
demyelinating disease in persisting coronavirus infection, it is
likely that the virus not only evades from CD8* T-cell recognition
but also from the neutralizing B-cell responses. IgM, and in par-
ticular germline IgM, usually exhibits a low affinity to its antigen
but can bind antigens owing to the high valency with a wide range
of avidities (21). Therefore, CNS-resident IgM-secreting B cells
most likely provide critical protection by neutralizing antibody
escape variants.

Concluding Remarks. Production of IgM in the course of an in-
fection is usually considered as a marker of the early adaptive
immune response that is short-lived and replaced by hyper-
mutated and more-efficient IgG. Our study and other work on
IgM in the maintenance of long-term immunity during a chronic
intracellular bacterial infection (32) shows that IgM can serve as
an important immune effector in the long-term protection

Gil-Cruz et al.
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against particular pathogens. Therefore, the induction of long-
lived IgM at locations of pathogen persistence such as the CNS
should be considered in future vaccine development strategies.

B cells are an important pathogenic component of MS, as
shown by recent clinical trials that demonstrated efficacy of B-
cell depletion. On the other hand, different biological therapies,
including B-cell depletion, can foster the development of pro-
gressive multifocal leukoencephalopathy, the demyelinating CNS
disease caused by the JC virus (33). Thus, improved mechanistic
insight into the biological processes involved in the generation of
neuroprotective antibodies is needed to guide the development
of MS diagnostics and therapies.

Materials and Methods

Mice. Experiments were performed in accordance with federal and cantonal
guidelines under permission numbers SG08/79, SG09/83, and SG09/87 after re-
view and approval by the Cantonal Veterinary Office (St. Gallen, Switzerland). B6
mice were purchased from Charles River Laboratories. CXCR3™~, CD40~~, IAP~~,
JHT, AID-deficient mice B6 aicda®™’"°" (22), and IgMi (26) mice were maintained
locally and at the Institute for Laboratory Animal Sciences at the University of
Zurich. All mice were on the C57BL/6 genetic background and were maintained
in individually ventilated cages and were used between 6 and 9 wk of age.

Virus Infections and Determination of Virus Titers. Mice were infected i.n. with
5 x 10* pfu of MHV A59 or MHV-eGFP as previously described (24, 27).
Clinical disease symptoms were scored as follows: 0, no signs of disease; 1,
limb tail and wobbly gait; 2, paralysis of one hind leg; 3, paralysis of two
hind legs; 4, paralysis of hind legs and at least one front leg. MHV titers were
determined by standard plaque assay using L929 cells.
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Histology. For histological analysis, mice were killed, immediately perfused
with PBS (pH 7.5), and organs were fixed in 4% formaldehyde. Sections were
stained with Luxol Fast Blue to visualize spinal cord demyelination. Images
were acquired using a Leica DMRA microscope and processed using Adobe
Photoshop (Adobe Systems). For immunofluorescence analysis brains were
fixed in PBS/4% paraformaldehyde. Twenty-micrometer sections were cut
using a vibratom (Leica VT 1200S). Images were acquired using Zeiss LSM710
microscope and processed using ZEN software (Zeiss) and Adobe Photoshop.
Further information on histological procedures is available in S/ Materials
and Methods.

Cell Isolation, Adoptive Transfer, and Flow Cytometry. Mice were killed and
immediately perfused with PBS. Single-cell suspensions from brain, spleen,
and cervical LNs were prepared by mechanical disruption of the organs. For
adoptive transfer, B cells were sorted from spleen cell suspensions using
anti-B220 MACS beads (Miltenyi Biotec) to a purity of >95% as confirmed by
flow cytometry. On days 1 and 3 before infection, 1.5 x 107 purified B cells
were adoptively transferred into the indicated recipients, resulting in a re-
constitution of 5-10% of the B-cell compartment (29). Further information
on cell isolation and flow cytometry is available in S/ Materials and Methods.

Antibody Detection. MHV neutralizing titers were determined using a well-
established protocol for the vesicular stomatitis virus (34). For IgG titers, sera
were incubated with equal volumes of 0.1 M 2-ME in PBS for 1 h at room
temperature before dilution. Neutralizing IgM titers were calculated by
subtracting the 1gG from the total Ig titers. Neutralizing antibody titers are
given as —log2 dilution x 80. For measurement of virus-binding antibodies,
high-binding 96-well polystyrene plates (Corning) were coated with 5 x 10°
pfu of A59 MHV/mL, and the assay was performed as previously described
(35). Antibody titers are given as —log2 dilution x 40. Positive titers were
defined as 3 SD above the mean values of the negative controls.
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Antibody-Producing Cell Assay. Enzyme-linked immunosorbent spot (ELI-
SPOT) assays were performed according to the manufacturer’s instructions
(Mabtech). Plates with 5 x 10° pfu of MHV A59 per well were incubated
with 10° CNS-infiltrating, CLN, spleen, or bone marrow cells for 24 h at
37°C. Plates were counted with an ELISPOT reader and analyzed with the
software ELISPOT 3.1SR (Autoimmun Diagnostika). ELISPOT responses of
individual mice are expressed as mean number of specific antibody-
forming cells (experimental sample — negative control) per 10° cells from
triplicate measurements.
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Statistical Analysis. Statistical analyses were performed with Graphpad Prism
5.0 using nonpaired, two-tailed Student t test. Longitudinal comparison
between different groups was done with one-way ANOVA with Tukey's
posttest. Statistical significance was defined as P < 0.05.
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