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Deficient Natural Killer Dendritic Cell Responses Underlay the
Induction of Theiler’s Virus-Induced Autoimmunity
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ABSTRACT The initiating events in autoimmune disease remain to be completely understood, but it is thought that genetic pre-
disposition synergizes with “environmental” factors, including viral infection, leading to disease. One elegant animal model
used to study the pathogenesis of multiple sclerosis that perfectly blends genetics and environmental components in the context
of virus-induced autoimmunity is Theiler’s murine encephalitis virus-induced demyelinating disease (TMEV-IDD). TMEV-
infected disease-susceptible SJL/J mice develop a persistent central nervous system (CNS) infection and later develop autoim-
mune demyelination, while disease-resistant C57BL/6 (B6) mice rapidly clear the infection and develop no autoimmune pathol-
ogy. Mice of the (B6 X SJL/J)F, cross between these two mouse strains are classified as intermediately susceptible. We employed
this model to investigate if rapid virus clearance in B6 versus SJL/J mice was perhaps related to differences in the innate immune
response in the CNS of the two strains in the first few days following intracerebral virus inoculation. Here we show that SJL/]
mice lack, in addition to NK cells, a novel innate immune subset known as natural killer dendritic cells (NKDCs), which express
phenotypic markers (CD11c*t NK1.1%) and functional activity of both NK cells and DCs. These NKDCs are activated in the pe-

riphery and migrate into the infected CNS in a very late antigen 4 (VLA-4)-dependent fashion. Most significantly, NKDCs are
critical for CNS clearance of TMEYV, as transfer of NKDCs purified from B6 mice into TMEV-IDD-susceptible (B6 X SJL/J)F,
mice promotes viral clearance. Together the findings of this work show for the first time a link between NKDCs, viral infection,

and CNS autoimmunity.

IMPORTANCE Viral infection is an important cofactor, along with genetic susceptibility, in the initiation of a variety of organ-
specific autoimmune diseases. Thus, in-depth understanding of how virus infections trigger autoimmunity may lead to novel
ways to prevent or treat these diseases. Theiler’s murine encephalitis virus-induced demyelinating disease (TMEV-IDD) serves
as an important model for the human T cell-mediated autoimmune demyelinating disease multiple sclerosis. Induction of
TMEV-IDD is genetically controlled as SJL/J] mice develop persistent central nervous system (CNS) infection leading to chronic
autoimmune demyelination, while C57BL/6 mice rapidly clear virus and are disease resistant. We determined that, as opposed to
resistant B6 mice, disease-susceptible SJL/J mice lacked a unique innate immune population, the natural killer dendritic cell
(NKDC), which was shown to play a critical role in early CNS virus clearance via its ability to both present virus antigen to T cells

and to lyse target cells.
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he underlying pathogenesis of autoimmune disease remains to

be completely understood. While there is a strong genetic cor-
relation (1, 2), genetics alone cannot completely explain the prev-
alence of autoimmunity. It is therefore thought that genetic pre-
disposition combines with other “environmental” factors,
including viral infection, which together culminate in disease ini-
tiation (3). There are numerous examples whereby infection cor-
relates with autoimmune disease development. For example, de-
velopment of multiple sclerosis (MS) is linked to previous
infection with Epstein-Barr virus (EBV) (4) or human herpesvirus
6 (HHV-6) (5).

As the incidence of autoimmune disease continues to increase,
there is a dire need to better understand the connection between
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viral infection and autoimmune disease development. One ele-
gant model used to study MS-like pathogenesis that perfectly
blends genetics and environmental components in the context of
virus-induced autoimmunity is Theiler’s murine encephalitis
virus-induced demyelinating disease (TMEV-IDD). Interestingly,
as observed in humans, the transition from acute viral infection to
chronic autoimmunity hinges on the genetic profile of the mouse
strain infected and is linked to H-2 major histocompatibility com-
plex class I (MHC-I) genes, specifically the H-2D locus (6-8). For
example, infection of the susceptible H2-D* SJL/J strain leads to
the development of symptomatic TMEV-IDD (9, 10), while
H2-Db C57BL/6 (B6) mice clear the infection before developing
demyelination (7).
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In SJL/J mice, infection with TMEV results in a chronic infec-
tion of the central nervous system (CNS). The establishment of
chronic infection is a prerequisite for the transition from an im-
mune response that is strictly antiviral in nature to one that in-
volves pathological anti-myelin-specific autoimmune responses
(11), a phenomenon known as epitope spreading (12). A number
of studies have attempted to address the key differentiating factors
involved in viral clearance, and thus the underlying factors that
determine resistance versus susceptibility to chronic TMEV-IDD.
The contrasting outcomes in these strains of mice have been cor-
related to the highly efficient antiviral capsid cytotoxic T cell
(CTL) response seen in the B6 mice (13, 14). However, this re-
mains controversial as independent studies have shown that SJL/]
mice are capable of eliciting potent antiviral CTL responses (15),
although CTL responses in the susceptible SJL/] mouse strain have
been shown to be blunted by overabundant activation of CNS-
resident regulatory T cells (Tregs) (16).

Despite previously described differences in CTL and Treg
function between TMEV-IDD-susceptible SJL/] and TMEV-IDD-
resistant B6 mice, potential differences in innate immune re-
sponses related to disease susceptibility have not been carefully
examined. Biologically speaking, the primary roles for innate im-
munity include sensing pathogens, limiting viral expansion and
spread, and finally stimulating effective adaptive immune re-
sponses. Within the sphere of innate immunity, we were particu-
larly interested in investigating the potential differences in
antigen-presenting cell (APC) function following TMEV infec-
tion. APCs, especially dendritic cells (DCs), are a critical bridge
between the innate and adaptive immune responses and are the
primary cells involved in sensing danger signals and collecting and
presenting pathogen-associated antigens for initiation of appro-
priate adaptive immune responses. DCs have been shown to be
crucial for virus-specific CTL priming, as mice that lack DCs are
incapable of mounting a CTL response to lymphocytic chorio-
meningitis virus (LCMV) infection (17). In addition, a growing
body of evidence indicates that specialized DC subsets can dictate
the skewing of the adaptive response. Specifically in the context of
autoimmunity, we have demonstrated that myeloid DCs of pe-
ripheral origin induce activation of inflammatory autoreactive
Th17 cells in the CNS of SJL/J mice with experimental autoim-
mune encephalitis (EAE) (18). In contrast, we have shown that
plasmacytoid DCs (pDCs) serve as a regulatory subset and limit
the severity of EAE (19). Thus, we hypothesized that strain-linked
differences between DC subsets found in the CNS during acute
TMEYV infection may contribute to outcome of viral clearance or
lack thereof.

Here we show that SJL/] mice lack a novel innate immune cell
subset, known as natural killer dendritic cells (NKDCs), that ex-
press phenotypic markers and functional activity of both NK cells
and DCs (20). These peripherally derived cells penetrate the CNS
of TMEV-infected B6 mice and are critical for viral clearance.
Most importantly, infusion of NKDCs purified from B6 mice into
the TMEV-IDD-susceptible (SJL/J X B6)F, mice results in signif-
icant levels of viral clearance. Together this work shows for the
first time a link between NKDC:s, viral infection, and CNS auto-
immunity.

RESULTS

Accumulation of a unique NK-like APC population in the
brains of TMEV-infected B6 mice. Viral titers within the brains of
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both susceptible SJL/J and resistant B6 mice peak at day 5 follow-
ing intracerebral (i.c.) infection and result in a potent adaptive
systemic immune response in both strains peaking 7 to 10 days
postinfection (p.i.) (21). Given these kinetics, we examined the
phenotype and numbers of various potential CD11c* DC subsets
that appeared within the CNS during the acute infection period.
We found that both CD45% CD11c* Ly6c™ CD11b™~ plasmacy-
toid DCs and CD45" CD11c* Ly6c* CD11b¥° inflammatory
monocytes infiltrated the CNS of both TMEV-infected SJL/J and
B6 mice (Fig. 1A). Both of these DC subsets have been shown to be
participants during CNS virus infection (22, 23). We were some-
what surprised, however, that there was no significant difference
in the number of pDCs or inflammatory monocytes between in-
fected B6 and SJL/J animals.

In contrast, a subset expressing the CD45" CD11c* Ly6C~
CD11b' phenotype was found in 10-fold-greater numbers in the
brains of infected B6 compared to SJL/J] mice at days 3 to 7 p.i.
(Fig. 1B; see Fig. S1 in the supplemental material). Upon further
investigation, we found that CD45* CD11c* CD11b' DCs coex-
pressed proteins associated with NK cells, including DX5 and
NK1.1, a phenotype akin to the recently described natural killer
dendritic cells (NKDCs) (Fig. 1C). While very few of these cells
were observed in SJL/] mice, within 48 h p.i., a significant accu-
mulation of CD45" CD11¢t CD11b' NKI1.1* DX5% NKDCs
had occurred in the brains of infected B6 mice (Fig. 1D). Further
temporal analysis showed that NKDCs comprised as much as 6%
of the total leukocyte population, their numbers peaking between
days 3 and 5 p.i. (Fig. 1E). In addition, CNS replicating virus was
required for accumulation of NKDCs in the CNS of B6 animals as
there was no increase in this population in the CNS of mice in
mice receiving UV-inactivated TMEV (Fig. 1F). Collectively, these
data support the hypothesis that differences in NKDC populations
between B6 and SJL/] animals may be a key factor in determining
resistance (i.e., viral clearance) versus susceptibility (i.e., chronic
infection) and that the NKDCs are of peripheral origin.

NKDCs derive from a splenic precursor that migrates from
the periphery into the infected brain in a VLA-4-dependent
manner. In the TMEV-IDD model, piercing of the blood-brain
barrier (BBB) results from i.c. virus inoculation and results in
peripheral viremia. We were thus interested in assessing how
TMEV infection might influence peripherally located NKDCs.
Activation was studied by examining proliferation of NKDCs as
well as upregulation of key molecules associated with DC activa-
tion. Examination of NKDC kinetics in the spleen showed that the
number and percentage of NKDCs in the spleen peaked at day 3
and returned to baseline levels at day 5 p.i. (Fig. 2A). Employing
bromodeoxyuridine (BrdU) incorporation, we interestingly
found that NKDCs, but not DCs or NK cells, underwent signifi-
cant proliferation after virus infection (Fig. 2B; see Fig. S2 in the
supplemental material), suggesting that the increase in the num-
bers of NKDCs in the spleen was due to active replication.
Infection-induced NKDC activation was evidenced by upregula-
tion of molecules associated with antiviral immunity, including
MHC-II (I-A®), CD40, CD80, and CD86. Interestingly, significant
upregulation of these molecules was observed within 24 h p.i.
compared to sham-infected animals (Fig. 2C and D). MHC class I
expression was seen to kinetically increase on NKDCs in the CNS
as well (not shown).

Given that accumulation of NKDCs in the CNS correlated with
activation and proliferation of splenic NKDCs, we hypothesized
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FIG1 CNSviralinfection results in accumulation of NK1.1-expressing dendritic cells in the CNS of TMEV-IDD-resistant B6 mice. Wild-type B6 and SJL/J] mice
were i.c. infected with 5 X 10° PFU of TMEV or sham infected. Brains were harvested during acute infection, and mononuclear cells were isolated and stained for
flow cytometry. (A) Live CD45" CD11c™ cells were analyzed for expression of Ly6c and CD11b. Representative flow plots from day 5 post-TMEV infection are
shown. (B) Numbers of cells in the CNS expressing Ly6C and CD11b on days 3, 5, and 7 p.i. in TMEV- or sham-infected B6 and SJL/J mice are shown. (C) Live
CD3~ CDl11c™ cells were analyzed for their expression of NK1.1 and DX5. Representative flow plots from day 3 post-TMEV infection of B6 and SJL/J mice are
shown. (D) Quantification of CD3~ CD11c¢* DX57 cell numbers on days 1, 2, and 3 p.i. in TMEV- or sham-infected B6 and SJL/J mice. (E) Quantification of
CD3~ CD45*% CD11c* NK1.1" DX5* brain cells on days 1, 3, 5, and 7 p.i. in TMEV- or sham-infected B6 mice are shown. (F) Quantification of total CNS
lymphocytes and NKDCs in sham-infected (black bars), UV-inactivated TMEV-infected (hatched bars), or WT TMEV-infected (black bars) B6 mice 3 days p.i.
Data are representative of 2 to 3 independent experiments with 3 to 5 mice per group. Error bars show standard deviations. ***, P < 0.001; **, P < 0.01;*, P <

0.05.

that the spleen may serve as reservoir of NKDCs, which upon
infection migrate out of the spleen and into the brain. To address
this hypothesis, congenic B6 CD45.1 bulk splenocytes were adop-
tively transferred to wild-type (WT) CD45.2 B6 mice. After 2 days,
mice were i.c. infected with TMEV, and then brains and spleens
were analyzed on day 3 p.i. (Fig. 3A). We found that there was no
difference in trafficking of CD45.1 NKDC:s to the spleens of either
sham- or TMEV-infected animals. However, NKDCs from the
donor spleen only migrated to the brain in TMEV-infected ani-
mals (Fig. 3B and C). Interestingly, though the percentage of
transferred cells was only a small percentage of CNS leukocytes,
NKDCs made up a significant proportion of the transferred cells.
These data highlight the fact that splenic NKDCs are capable of
trafficking to the CNS after infection and are preferentially re-
cruited during infection.

July/August 2015 Volume 6 Issue 4 e01175-15

The lack of NKDCs in the CNS of normal mice suggests that
NKDC:s likely derive from a circulating population; however, it
is also possible that TMEV infection may induce the differen-
tiation of a CNS-resident CD11c¢ population to express NK
cell-associated proteins. To attempt to differentiate between
these two possibilities, we treated B6 mice with 500 ug of anti-
body specific for very late antigen 4 (VLA-4) to inhibit leuko-
cyte trafficking into the brain 6 h prior to TMEV infection (24).
VLA-4 inhibition resulted in a broad reduction in the total
number leukocytes in the brain at 3 days p.i., with the number
of NKDCs being significantly reduced compared to IgG control
antibody (Ab) treatment (Fig. 3D). Collectively, these data
strongly suggest that NKDCs are recruited from the periphery
during TMEV infection and do not differentiate from local
CD11c-expressing populations.

mBio mbio.asm.org 3


mbio.asm.org

Chastain et al.

A (7]
Q
b
5 31 *k -O- SHAM 5 -O- SHAM
e = TMEV & - = TMEV
) < 44
— X
Q. 24 S
»n [
= [
g £
=g 5 21
“5 4
- = 1'
c [1]
[7] (&]
g 1 T L] L] L] T L] T
o Day1 Day3 Day5 Day7 Day1 Day3 Day5 Day7
B o 2 1 SHAM **
5 Il TMEV
o 1
o
2
1
(7]
-
o
[
o
[
o
T
SHAM TMEV
C I-Ab CD40 CD86 CDs8o0
100 100 100 100
80 80 80 80
24h “ 26.2 ) 415 " 45.6 " 54.6
e |
© w0 P w0
0 0 0 zu
0 vy T T T o p— T T oy o ™Y T 0y T T
0 10? 10° 10* 10° 0 10% 10° 10* 10° o 10° 101 10° o 10? 10° 10* 10°
10 10 100 100
w0 o w0 w0
72 h 60 3.42 0 9.69 0 136 60 29.3
—_— -
w0 w0 “w P
0] 0 0] 0
0 ~rwyr T T 4 o o T T T ™Y T T T 0y T T T T
0 10? 10° 10* 10° 0 10? 10° 10* 10° J 10° 10* 10° o 10? 10° 10* 10°
D 30 _ 60- _ 50 - 60 <O SHAM
g g £ 4o g -+ TMEV
g 2 40 H 240
% 20 g 2 304 2
& 4 2 20 [
o 10 O 20 I © 20 PR
8 ] ] a
e 4 X 104 <
z z z -
24 72 24 72 2 72 2 72
Hours PI Hours PI Hours PI Hours PI

FIG 2 CNSTMEYV infection induces proliferation and activation of splenic NKDCs. Wild-type B6 mice were i.c. infected with 5 X 10° PFU of TMEV or sham
infected. Spleens were harvested during acute infection, and mononuclear cells were isolated and analyzed by flow cytometry. (A) Quantification of CD3~
CD45* CD11c™ NKI1.1* DX5% spleen cells on days 1, 3, 5, and 7 p.i. in TMEV- or sham-infected B6 mice. (B) At 24 and 48 h p.i., mice were i.p. injected with
1 mgBrdU in 100 wl sterile PBS. At 96 h p.i., the percentage of BrdU-positive NKDCs from spleens of TMEV- or sham-infected mice was quantified. (C) Spleens
were harvested from B6 mice at 24 and 72 h post-TMEV infection, and expression levels of I-A®, CD40, CD86, and CD80 on CD3~ CD45* CD11c* NK1.1*
DX5* spleen cells were determined. (D) Quantification of I-AP-, CD40-, CD86-, and CD80-positive CD3~ CD45" CD11c* NK1.1* DX5* spleen cells on days
24 and 72 h p.i. in TMEV- or sham-infected B6 mice. For histogram overlays, the shaded portion represents the isotype control, and the black line represents
antibody staining. Data are representative of 2 to 3 independent experiments with 5 mice per group. Error bars show standard deviations. **, P < 0.01; *, P < 0.05.

NKDCs act as both DCs and cytolytic NK cells. Based on both
the accumulation of NKDCs in the CNS and their upregulation of
classical APC molecules following TMEV infection, we hypothe-
sized that NKDCs may functionally serve as APCs, playing a po-
tential role in the initiation of the antiviral adaptive immune re-
sponse. To assess their APC capacity in comparison to
conventional DCs, fluorescence-activated cell sorter (FACS)-
sorted NKDCs (CD11c¢t NK1.1%) and DCs (CD11c¢* NK1.17)
from the spleens of B6 animals 24 h post-TMEV infection were
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cocultured with carboxyfluorescein succinimidyl ester (CFSE)-
labeled T cells isolated from naive B6 animals primed with either
VP4,5 55 0r VP2,,, 50, which are the dominant TMEV CD4" and
CD8* T cell epitopes, respectively. While DCs were considerably
more efficient at inducing proliferation of both CD4* and CD8*
T cells, NKDCs were still however able to induce T cell prolifera-
tion, as assessed by CFSE dilution (Fig. 4A). In terms of activation
marker (CD44 and CD69) expression on the CD4* and CD8* T
cells (Fig. 4B), there was a significant background in the cultures
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show standard deviations. ***, P < 0.001; **, P < 0.01; *, P < 0.05.

lacking peptide as the cells came from primed mice and the DCs
and NKDC:s likely were presenting endogenous viral peptides as
they were purified from TMEV-infected B6 mice. Upregulation of
CD44 on CD4" T cells cocultured with VP4,. ,, was observed
with both NKDCs (60%) and DCs (64%) as stimulators. How-
ever, there was no CD44" population in cultures with NKDCs.
Interestingly, the percentages of CD69" CD4* T cells were greater
after culture with NKDCS (62.5%) versus DCs (50.8%). In both
cases, most of the CD69" CD4* T cells were also CD44 ™.

The most notable differences in T cell activation by NKDCs
versus DCs were in cultures stimulated with the CD8 cognate
VP2,,,.130 peptide. In cultures where NKDCs were used as stim-

July/August 2015 Volume 6 Issue 4 e01175-15

ulators, the majority of the T cells did not upregulate either acti-
vation marker compared to the control with no peptide added at the
time point assayed. DCs, on the other hand, were quite capable of
inducing upregulation of activation markers on peptide-stimulated
CD8™ T cells. Twenty-five percent were CD69" CD44"°, and 28%
were single positive for CD69. Overall the results indicate that
NKDCs are capable of reactivating peptide-specific T cells, CD4*
more efficiently than CD87, although to a significantly lesser extent
than DCs. Thus, presentation of antigen is a legitimate function that
NKDCs could be eliciting in the context of infection.

We next asked if NKDCs from TMEV-infected mice were able
to kill a classic NK-susceptible target cell. In order to evade detec-
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FIG 4 TMEV-activated NKDCs are poor APCs but efficient killers. FACS-purified NK cells, DCs, and NKDCs from TMEV-infected B6 mice were tested for
APCs and killing function cocultured with target cells (T cells or YAC-1 cells). (A and B) Splenic DCs and NKDCs were FACS sorted from B6 mice 24 h
post-TMEV infection and cocultured at a 1:1 ratio with CFSE-labeled pan-splenic T cells from VP4, 54- or VP2, 3,-primed mice = 2 uM cognate peptide.
Seventy-two hours later, CD3* T cells were analyzed for proliferation via CFSE dilution (A) and activation marker expression via expression of CD44 and CD69
(B). (C) YAC-1 target cells were cocultured with FACS-purified NK cells, DCs, and NKDCs from TMEV-infected B6 mice at the indicated effector-to-target ratios
for 4 h and assayed for LDH release as a marker of cytotoxicity. Data are representative of 3 independent experiments.

tion by the immune system, viruses have evolved mechanisms to
downregulate MHC class I, which then allows NK cells to carry out
cellular killing via the NKG2D activating receptor (25). Therefore,
we compared the efficiencies of killing by NKDCs compared to
those of both NK cells and DCs. FACS-sorted splenic NKDCs, NK

6 mBio mbio.asm.org

cells, and DCs from TMEV-infected B6 mice were cocultured with
YAC-1 cells in a classical NK killing assay. At higher effector-to-
target cell (E:T) ratios, TMEV-activated NKDCs were able to kill
YAC-1 target cells slightly more efficiently than NK cells, whereas
no killing was seen from DCs (Fig. 4C).
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assay. *, P < 0.05.

Repopulation of TMEV-susceptible (SJL/J X B6)F, mice with
B6 NKDCs induces CNS virus clearance. While the data to this
point suggest that NKDCs function similarly to NK cells after
infection, the limitations of the in vitro assays employed do not
allow us to determine their importance in limiting viral titers.
However, because they possess no single unique phenotypic sur-
face marker, specific depletion of NKDCs is not possible. In addi-
tion, attempted transfer of B6 NKDCs into TMEV-susceptible
SJL/J mice is not possible due to MHC incompatibility. Therefore,
we turned to the (B6 X SJL/])F, model of mice that are moderately
susceptible to induction of TMEV-IDD. Due to their susceptibil-
ity to TMEV-IDD, we hypothesized that these F, mice may also
exhibit a deficiency in NKDC expression.

Interestingly, analysis of the spleens of F; mice showed that
unlike SJL/J mice, they had alarge population of NK cells (data not
shown). Upon examination of their NKDC population, we ob-
served they possessed significantly fewer NKDCs than B6 animals
and also expressed much lower levels of NK1.1 (Fig. 5A). We thus
hypothesized that F;, NKDCs were not as effective as B6 NKDCs
given these constraints. In order to address our hypothesis, we
tested if infusion of purified NKDCs from B6 donors would lead
to CNS virus clearance in (B6 X SJL/])F; mice infected with
TMEV. Viral titers were quantified using plaque assay on brain
homogenates from day 7-infected F, mice. Strikingly, F; mice that
had received an infusion of B6 NKDCs prior to infection had
significantly less virus than noninfused F, infected mice (Fig. 5B).
These data therefore indicate that strain-specific generation of
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NKDCs s a critical factor in determining the capacity to effectively
clear TMEV from the CNS.

DISCUSSION

A large body of epidemiological evidence indicates that both ge-
netics and environmental factors contribute to MS susceptibility
(26). We hypothesized that differences in DCs involved in the very
early aspects of CNS virus clearance could represent a factor that
predicted disease outcome in the TMEV-IDD model of MS. To
test this hypothesis, we employed the TMEV mouse model, which
seamlessly blends both genetic and environmental factors for ini-
tiation of a late-phase autoimmune demyelinating disease (12).
We demonstrated, for the first time, that peripheral NKDCs are
recruited to the brain in TMEV-IDD-resistant B6 mice but are
lacking in TMEV-susceptible SJL/J mice after CNS TMEV infec-
tion. Therefore, NKDCs are a strain-specific DC subset that plays
a critical role in virus clearance and thus in inhibiting develop-
ment of autoimmunity.

The experiments that led us to pursue the use of unconven-
tional phenotypic markers, revolved around our observation that
the Ly6c~ CD11b""° DC population was present in high num-
bers and percentages in the CNS of TMEV-infected B6 mice. The
unlikely possibility existed that these were merely tissue-resident
monocytes, which proliferated and differentiated as a result of
virus-induced inflammatory signals. The largest monocyte/
macrophage-like population in the CNS is microglia, and we have
previously shown that they do not proliferate to a great extent after
TMEV infection (27). Therefore, we concluded that the Ly6c™
CD11b"le population represented a novel infiltrating popula-
tion. Examination of expression of the phenotypic markers B220
and CD8a did not help to precisely identify this subset (unpub-
lished observations); therefore, we explored several nontradi-
tional markers to help define it.

NK-associated cell surface markers have been recently de-
scribed to be present on a subset of CD11¢* DCs, known as NK-
DCs (20, 28). While this subset has been defined using a myriad of
markers, the gross characterization consists of CD11ci"Y™* cells
that also express NK1.1 and DX5. Given that SJL/] mice are NK
cell deficient (29), we reasoned that this DC population accumu-
lating in the CNS of TMEV-infected B6 but not SJL/J] mice may
consist of NKDCs. While further studies are needed, temporal
splenic NKDC cell numbers and activation kinetics suggest that
initial TMEV exposure occurs within the spleen, culminating in
activation and subsequent splenic egress within 24 to 48 h. Indeed,
we showed that the numbers of NKDCs increased selectively in the
CNS of TMEV-infected B6 mice migrating from the peripheral
immune system in a VLA-4-dependent manner. In addition, we
observed that NKDC numbers peak by day 5 and are diminished
by day 7. Interestingly, day 5 represents the peak viral load in the
CNS as measured by TMEV RNA transcripts (21). This is also
before the CTL response occurs in B6 animals (30), bolstering the
idea that NKDCs contribute significantly toward viral clearance
and resistance to TMEV-IDD.

We also observed that NKDC accumulation in the CNS re-
quired live, replicating virus, indicating that activation of the in-
nate immune system by pathogen-associated molecular patterns
(PAMPs) and Toll-like receptors (TLRs) is important for recruit-
ment of NKDCs to the CNS and the ultimate clearance of TMEV.
In fact, we have observed B6 TLR3-deficient mice develop a mild
form of TMEV-IDD and harbor titers of persistent virus (D. Dun-

mBio mbio.asm.org 7


mbio.asm.org

Chastain et al.

can and S. D. Miller, unpublished data). Although Jin et al. re-
ported no clinical symptoms when they infected TLR3 knockout
(KO) mice, they did observe increased levels of virus in the CNS
mice (KO) mice, indicating the importance of TLR3 in limiting
viral replication and persistence (31). NKDCs have been reported
to respond to TLR9 (32), and therefore it is likely that they are
primarily activated by virus via activation of TLRs 3, 7, 8, and 9.

As NKDCs are not found in the CNS of naive or sham-infected
animals, it is likely that they infiltrate the infected CNS from pe-
ripheral sources. We found that peripheral stores of NKDCs are
present in the spleen, lymph nodes, and bone marrow (see Fig. S3
in the supplemental material). As they constitute 1 to 2% of
splenic cells, they represent a unique and significant DC popula-
tion. Interestingly, we saw that after CNS TMEYV infection, splenic
NKDCs but not DCs or NK cells (see Fig. S2 in the supplemental
material) expanded significantly in response to peripheral virus, as
confirmed by BrdU incorporation. We confirmed their ability to
traffic to the CNS using adoptive transfer and blockade with anti-
VLA-4. Although transferred NKDCs trafficked to the spleen in
both sham- and TMEV-infected animals, strikingly NKDCs traf-
ficked to the CNS only in TMEV-infected animals. While it is not
surprising that CNS TMEV infection results in systemic viremia as
aresult of the break in the BBB following the needle stab, it would
be interesting to examine whether NKDCs were recruited to the
CNS in the natural setting of infection (i.e., via retrograde trans-
port of virus to the CNS from the gut following TMEV infection).

Consistent with the published literature regarding NKDC
function (32-35), we showed that NKDCs from TMEV-infected
B6 mice were capable of activating both TMEV-specific CD4* and
CD87" T cells, although to a lesser extent than traditional CD11cM
DCs, and also quite capable of killing YAC-1 cells, a conventional
NK cell target that lacks MHC-I expression. Both of these func-
tions (i.e., presentation of virus antigens to CD4* and CD8* T
cells and killing of virus-infected cells that have downregulated
MHC-I) would contribute to the antiviral effects of NKDCs in the
B6 strain leading to early virus clearance.

Our results demonstrate for the first time that NKDCs are re-
quired for CNS virus clearance in TMEV-IDD-susceptible (B6 X
SJL/J)F,; mice. These mice are intermediately susceptibility to de-
velopment of the chronic autoimmune phase of TMEV-IDD
compared to the highly susceptible SJL/J strain. Interestingly, F,
mice have a population of CD11¢™ DCs that coexpress NK1.1 at
levels much reduced compared to those of TMEV-resistant B6
mice, while SJL/J mice fail to express NK1.1 (Fig. 1). Thus, in these
parental and F, strain combinations, the expression level of NK1.1
on CD11c™ DCs correlates with functional in vivo NKDC activity,
as evidenced by the ability of transferred NKDCs from resistant B6
mice to lead to CNS virus clearance in (B6 X SJL/])F, recipients
(Fig. 5) and ultimately resistance to TMEV-IDD.

These results are consistent with the idea that NKDCs in the B6
mouse CNS initially limit viral loads, allowing for the eventual
clearance of virus by antigen-specific CTLs. In contrast, SJL/] mice
that are deficient in NKDCs, and thus do not possess the capability
to limit virus replication during the initial hours to days following
TMEV infection, ultimately fail to clear virus, resulting in persis-
tent CNS infection leading to the development of the late-phase
autoimmune demyelinating disease via epitope spreading (12).
Similar defects in NKDC function may play a role in strain differ-
ences observed in experimental autoimmune models, including
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EAE, and should also be addressed in genetically susceptible hu-
mans that develop disease secondary to a viral infection.

MATERIALS AND METHODS

Mice. Wild-type C57BL/6 (B6) and (B6 X SJL/J)F; mice were purchased
from Jackson Laboratories, Bar Harbor, ME. Wild-type SJL/J mice were
purchased from Harlan Laboratories, Indianapolis, IN. All mice were
housed in the Center for Comparative Medicine, Northwestern Univer-
sity, Chicago, IL, under the guidelines of the Animal Care and Use Com-
mittee (ACUC).

TMEYV infection. Anesthetized mice were infected by intracranial in-
oculation in the right cerebral hemisphere with 5 X 10° PFU of the BeAn
8386 strain of TMEV in 30 ul of serum-free Dulbecco’s modified Eagle’s
medium (DMEM). Sham infection involved a needle stab only. For UV-
inactivated virus, virus was kept on ice under UV light for 30 min.

CNS lymphocyte isolation. Mice were anesthetized with 50 mg/kg
Nembutal and perfused with 30 ml of ice-cold phosphate-buffered saline
(PBS) through the left ventricle. Brains were harvested and mechanically
separated with the blunt plunger of a syringe and incubated in Accutase
(Millipore scr005) for 30 min at 37°C. Samples were pushed through a
100-mesh stainless steel screen to create single-cell suspensions. To isolate
mononuclear cells, cells were resuspended in 40% Percoll (Sigma Aldrich,
St. Louis, MO) gradient and centrifuged at 1,000 X g for 30 min at room
temperature.

Flow cytometry. Cells were blocked with anti-CD16/32 (eBioscience)
and then stained with 0.5 ug antibody per 10°¢ cells. CD45 (30-F11),
CD11b (M1/70), CD11c (N418), NK1.1 (PK136), DX5, B220 (RA3-6B2),
CD8a (53-6.7), I-AP (AF6-120.1), CD80 (16-10A1), CD86 (GL1), and
CD45.1 (A20) were obtained from eBioscience. Samples were run on the
Canto II flow cytometer with FACS Diva Software (Becton, Dickinson)
and analyzed using Flow]Jo software (Treestar Flow]Jo).

VLA-4 blockade. Mice were treated intraperitoneally (i.p.) with
500 ug control rat Ig or anti-VLA-4/CD49d antibody (BioLegend, San
Diego, CA) in a total volume of 100 ul 6 h prior to infection with TMEV.

BrdU proliferation. For BrdU labeling and staining, the fluorescein
isothiocyanate (FITC) BrdU flow kit (BD Pharmingen) was used accord-
ing to the manufacturer’s instructions. Briefly, animals were injected i.p.
with 1 mg of BrdU at 48 and 72 h p.i. Splenocytes were harvested at 96 h,
stained extracellularly for NKDC markers, and then fixed, permeabilized,
and DNase treated prior to anti-BrdU staining.

NK/DC purification. NKDCs, DCs, and NK cells were purified from
TMEV-infected B6 mice. Spleens from infected mice were injected and
incubated with 400 U/ml collagenase D (Fisher Scientific 50-720-3639)
for 30 min at 37°C. They were then passed through a stainless steel screen
to create single-cell suspensions. To enrich for populations, cells were
depleted of B and T cells with complement treatment. Finally, cells were
stained with phycoerythrin (PE)-labeled anti-CD11c and APC-labeled
anti-NK1.1 and sorted on a FACS Aria with a purity of 99%.

T cell proliferation. B6 mice were primed with 50 ug of the TMEV
peptides VP2,,, 5, (FHAGSLLVEM) or VP4, ,, (YSNQYQNSIDLSAS)
in complete Freund’s adjuvant (CFA). After 7 days, T cells were isolated
with magnetic beads using the Pan T cell isolation kit IT (Miltenyi Biotec).
T cells were stained with CFSE at 37°C prior to coculture with NKDCs or
DCs and 2 uM peptide.

Cell-mediated cytotoxicity assay. The CytoTox 96 nonradioactive cy-
totoxicity assay kit (Promega) was used to measure cytotoxicity. Briefly,
YAC-1 (ATCC TIB-160) target cells were cocultured with effector cells
(NKDCs, NK cells, or DCs) for 4 h at 37°C. Supernatants from cultures
were removed, lactate dehydrogenase (LDH) concentrations were mea-
sured in an enzymatic reaction, resulting in visible color change of wells,
and the absorbance was read on an enzyme-linked immunosorbent assay
(ELISA) plate reader at 490 nm. Controls for lysis included target cells
alone, effector cells alone, and maximum target lysis. The percentage of
cytotoxicity was calculated using the following ratio: [(experimental —
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effector spontaneous — target spontaneous)/(target maximum — target
spontaneous)] X 100%.

Virus plaque assay. Brains were harvested from sham- and TMEV-
infected (B6 X SJL/])F, mice, weighed and homogenized in plain DMEM.
Homogenates were added to culture plates (Nunc, Fisher Scientific 12-
565-020) of confluent BHK-21 (ATCC CCL-10) cells for 1 h at room
temperature with gentle rocking. The cells were then covered with a layer
of 1% Difco agar noble (Fisher Scientific) and 2X DMEM. Plates were
incubated for 5 days at 34°C, at which time agar was removed, cells were
fixed with methanol, and plaques were visualized by staining with crystal
violet. Results are shown as PFU per milligram of brain tissue.
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