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Toll-like receptors (TLRs) 7 and 9 recognize nucleic acid
determinants from viruses and bacteria and elicit the
production of type I interferons and proinflammatory
cytokines. TLR7 and TLR9 are similar regarding localiza-
tion and signal transduction mechanisms. However,
stimulation of these receptors has differing effects in
modulating viral pathogenesis and in direct toxicity in
the central nervous system (CNS). In the present study,
we examined the potential of the TLR7 agonist imi-
quimod and the TLR9 agonist cytosine-phosphate-
guanosine oligodeoxynucleotide (CpG-ODN) to induce
neuroinflammation after intracerebroventricular inoc-
ulation. CpG-ODN induced a more robust inflammatory
response than did imiquimod after inoculation into the
CNS, with higher levels of several proinflammatory cy-
tokines and chemokines. The increase in cytokines and
chemokines correlated with breakdown of the blood—
cerebrospinal fluid barrier and recruitment of periph-
eral cells to the CNS in CpG-ODN-inoculated mice. In
contrast, TLR7 agonists induced a strong interferon f3
response in the CNS but only low levels of other cyto-
kines. The difference in response to these agonists was
not due to differences in distribution or longevity of the
agonists but rather was correlated with cytokine pro-
duction by choroid plexus cells. These results indicate
that despite the high similarity of TLR7 and TLR9 in
binding nucleic acids and inducing similar downstream
signaling, the neuroinflammation response induced by
these receptors differs dramatically due, at least in part,
to activation of cells in the choroid plexus. (AmJ Patbol
2011, 179:783-794; DOI: 10.1016/j.ajpath.2011.04.011)

Neuroinflammation is a common response to infection or
injury of the central nervous system (CNS) and includes

the induction of proinflammatory cytokines, the activation
of glial cells, and the recruitment of inflammatory cells to
the CNS."® Neuroinflammatory responses may depend on
the initiation of innate immune responses triggered by the
stimulation of intrinsic brain cells with pathogen-associated
molecular patterns, the repeated structural motifs gener-
ated by microbes that are not normally found in the host, or
by debris from apoptotic or necrotic cells after injury. The
recognition of pathogen-associated molecular patterns is
mediated by several families of germline-encoded recep-
tors, called pattern recognition receptors.

Toll-like receptors (TLRs) 7 and 9 are two important
pattern recognition receptors that can initiate innate im-
mune responses after viral or bacterial infection. TLR7
recognizes single-stranded RNA from multiple viruses
and bacteria,®~® whereas TLR9 recognizes bacterial and
viral cytosine-phosphate-guanosine (CpG) DNA motifs
(unmethylated DNA motifs containing CpG nucleotides
flanked by 5’ purines and two 3’ pyrimidines).°~"" Both
receptors share many common characteristics. They are
transported to the endolysosome from the endoplasmic re-
ticulum by the protein Unc93b1, require endosomal acidifi-
cation for activation, and signal through the same adaptor
molecule, myeloid differentiation factor. TLR7 and TLR9 can
influence the outcome of viral infection in the CNS. TLR7
regulates the innate immune response to retrovirus and
West Nile virus infections of the CNS, and TLR9 has been
implicated in mediating the innate immune response to her-
pes simplex virus infection in the brain.'>'®

TLR7 and TLR9 agonists have been analyzed for their
potential use in the therapeutic treatment of CNS mala-
dies from glioblastomas to viral infection. However, re-
sponses to stimulation of these receptors in the CNS
often differ, particularly in neonates. For example, periph-
eral administration of TLR9 agonists protected neonatal
mice from a lethal challenge with neurotropic Tacaribe
arenavirus, whereas TLR7 agonists did not.’”'® Intrace-

Supported in part by the Intramural Research Program of the NIH and in
part by National Center for Research Resources grant IP20RR020159.

Accepted for publication April 28, 2011.

Address reprint requests to Karin E. Peterson, Ph.D., Laboratory of
Persistent Viral Diseases, Rocky Mountain Laboratories, National Institute
of Allergy and Infectious Diseases, 903 S. 4th St., Hamilton, MT 59840.
E-mail: petersonka@niaid.nih.gov.

783


mailto:petersonka@niaid.nih.gov

784  Butchi et al
AJP August 2011, Vol. 179, No. 2

rebroventricular (ICV) inoculation of TLR9 agonists was le-
thal in newborn mice, but ICV inoculation of TLR7 agonists
was not.'”~'® Understanding differences in the neuroinflam-
matory capabilities of TLR7 and TLR9 agonists will be im-
portant for using the agonists in the treatment of neurologic
diseases, including neurovirulent viral infections. This is par-
ticularly true in the developing brain, where viral infection
can lead to severe neurologic damage or death.

In the present study, we directly compared innate im-
mune responses to TLR7 and TLR9 agonist stimulation in
the CNS using ICV inoculation of the TLR7 agonist imi-
quimod and the TLR9 agonist type B CpG oligodeoxy-
nucleotide (ODN) 1826 in neonatal mice. We examined
the proinflammatory cytokine response and the recruit-
ment of peripheral immune cells after TLR7 and TLR9
agonist stimulation. We also examined which cells in the
CNS responded to TLR7 and TLR9 agonist stimulation
and how activation of these cells affected the blood-
cerebrospinal fluid (CSF) barrier.

Materials and Methods

TLR Agonists

The TLR7 agonists imiquimod (R837) and fluorescein
isothiocyanate (FITC)-labeled CL264 and the TLR9 ago-
nists type A CpG-ODN 1585 (5'-GGGGTCAACGTT-
GAGGGGGG-3'), type B CpG-ODN 1826 (5'-TCCAT-
GACGTTCCTGACGTT-3'), FITC-labeled ODN 1826, and
type C CpG-ODN 2395 (5'-TCGTCGTTTTCGGCGC:
GCGCCG-3’) were purchased from InvivoGen (San Di-
ego, CA). All the agonists were suspended in endotoxin-
free water, aliquoted, and stored at —20°C until use.

Mice

Inbred Rocky Mountain White (IRW) mice, TLR7-deficient
IRW mice, C57BL/6 mice, and TLR9-deficient C57BL/6
mice were used 48 hours after birth for the present study.
TLR7-deficient C57BL/6 mice®® and TLR9-deficient
C57BL/6 mice'" were provided by Shizuo Akira (Osaka
University). TLR7-deficient C57BL/6 mice were back-
crossed with IRW mice for at least 10 generations. ' All the
animal procedures were conducted in accordance with
Louisiana State University Institutional Animal Care and Use
Committee or Rocky Mountain Laboratories Animal Care
and Use Committee guidelines.

ICV Inoculations of Newborn Mice

Agonists were inoculated ICV as described previously. ™
In brief, 2-day-old mice were anesthetized by hypother-
mia, and 10 ulL of the appropriate TLR agonist in PBS/
0.2% trypan blue was inoculated into the lateral ventricles
(5 mL per ventricle) using a 33-gauge needle and a
Hamilton syringe. PBS with 0.2% trypan blue was used
for mock ICV inoculations. Imiquimod was tested at a
range of 20 nmol [~2.5 ng/g of body weight (bw)] to 500
nmol (~62.5 ug/g bw) per mouse. CpG-ODN 1826 was
tested at a range from 77.5 pmol (~0.25 ug/g bw) to
3100 pmol (~10 ug/g bw) per mouse.

Preparation of Brain Tissue for Histologic and
Molecular Analysis

At the end of the experimental protocol, mice were anes-
thetized by deep inhalation anesthesia followed by axil-
lary incision and cervical dislocation. Brains were re-
moved and immediately cut into two halves by
midsagittal dissection, snap frozen in liquid nitrogen, and
stored at —80°C for molecular analysis. One half was
used for RNA extraction and the other half was used for
multiplex analysis of cytokine and chemokine production.
For in situ hybridization and/or immunohistochemical
(IHC) analysis, brains were fixed in 10% neutral buffered
formalin for 48 hours and were divided into three coronal
sections before processing for histologic analysis. Slides
were read in a blinded study and were scored for severity
of infiltrate in the meninges or ventricles or for perivascu-
lar cuffing on a scale of none, mild, moderate, or severe.

RNA Extraction, Reverse Transcription, and
Real-Time PCR

Total RNA was isolated from brain tissue using TRIzol
reagent (Invitrogen, Carlsbad, CA). Total RNA was treated
with DNase | (Ambion, Austin, TX) for 30 minutes at 37°C
and was purified over RNA cleanup columns (Zymo Re-
search, Irvine, CA) following the manufacturer’s instruc-
tions. RNA samples were converted to cDNA using the
iScript reverse transcription kit (Bio-Rad Laboratories,
Hercules, CA) following the manufacturer’s instructions
and included DNA contamination controls that did not
undergo reverse transcription. cDNA samples were di-
luted fivefold in RNase-free water before analysis by
quantitative real-time PCR using SYBR Green SuperMix
with ROX (Bio-Rad Laboratories). The primers to detect
Ccl2, Cd3e, Cxcl10, F4/80, Gapdh, Gfap, Ifnb1, and Tnf cDNA
were described previously.'® Other primers were as follows: /16
(5'-CCGGAGAGGAGACTTCACAG-3' forward and 5'-TC-
CACGATTTCCCAGAGAAC-3' reverse), 112 (5'-CCTGAAGT-
GTGAAGCACCAA-3' forward and 5'-TCAGGGGAACTGC-
TACTGCT-3" reverse), Irf7 (5'-CCAGTTGATCCGCATAA-
GGT-3' forward and 5’-AGCATTGCTGAGGCTCACTT-3' re-
verse), MyD88 (5'-CATGGTGGTGGTTGTTTCTG-3' forward
and 5-CTGTTGGACACCTGGAGACA-3' reverse), TIr7 (5'-
GGCATTCCCACTAACACCAC-3' forward and 5-TTGGAC-
CCCAGTAGAACAGG-3' reverse), TIr9 (5-ACTTCGTCCAC-
CTGTCCAAC-3" and 5'-TCATGTGGCAAGAGAAGTGC-3'
reverse), and Ttr (5'-GCTTCCCTTCGACTCTTCCT-3' forward
and 5'-GCATCCAGGACTTTGACCAT-3" reverse). All the
primers were used at a concentration of 0.5 wmol/L. Untran-
scribed controls and water were used as negative controls. All
the samples were run in triplicate on a 384-well plate using an
ABI PRISM 7900 machine (Applied Biosystems, Foster City,
CA) with an automatically set baseline and a manually set Cy
of 0.19, which intersects the mid-log phase of curves for all the
PCR pairs. Dissociation curves were used to confirm amplifi-
cation of a single product for each primer pair per sample.
Data for each sample were initially calculated as the percent-
age difference in C; value with the housekeeping gene Gapah
(ACy = C; Gapdh — C; gene of interest).



For analysis of interferon (IFN)-related genes, a PCR
gene array was used. RNA was purified from brain tissue
of mice at 2 hours postinoculation (hpi) as described
previously herein. First-strand cDNA was synthesized us-
ing 100 ng of RNA. The PCR array was completed ac-
cording to the manufacturer's instructions (SABiosci-
ences, Frederick, MD) using an ABI PRISM 7900
sequence detection system (Applied Biosystems). A total
of 84 genes related to the PCR array were analyzed in a
384-well format. The C; values were analyzed using an
RT? Profiler PCR array data analysis template (SABiosci-
ences). The samples were analyzed only if the test
passed all the quality controls, including real-time effi-
ciency and lack of DNA contamination.

Multiplex Analysis of Cytokine and Chemokine
Proteins

Cytokine and chemokine production in brain tissue after
TLR7 and TLR9 stimulation was analyzed by multiplex
bead assay as described previously.'® In brief, brain
tissues were homogenized using Kontes disposable pel-
let pestles (Fisher Scientific, Hampton, NH) in 200 uL of
Bio-Plex cell lysis solution (Bio-Rad Laboratories) con-
taining complete Mini protease inhibitors (Roche Applied
Science, Indianapolis, IN) and 2 mmol/L phenylmethyl-
sulfonyl fluoride. Final volumes were adjusted to 300
mg/mL of tissue with lysis buffer, and cellular debris was
removed by centrifugation at 4500 X g for 15 minutes at
4°C. Samples were analyzed for cytokine and chemokine
protein expression using a BioSource 20-plex assay (Invit-
rogen) on a Luminex 100 instrument (Bio-Rad Laboratories)
following the manufacturer’s instructions. Samples were cal-
culated as picograms per milliliter using a standard curve
from in-plate standards and were subsequently converted
to femtograms per milligram of brain tissue.

Isolation of Choroid Plexus From Neonatal Brain

The brain was removed from neonatal mice within 72
hours of birth with the base of the spinal cord attached. It
was then placed in Dulbecco’s modified Eagle’s medium/
Ham’s F12 containing 10% fetal bovine serum and 1%
penicillin/streptomycin (Invitrogen). The cerebellum was
peeled from the base of the spinal cord, exposing the fourth
ventricle. The choroid plexus was detached from the ven-
tricle and placed into HBSS. The remaining brain tissue was
divided through the midline, the choroid plexus was de-
tached from the lateral ventricles and placed in HBSS. For
RNA analysis, choroid plexus cells were placed in zZRNA
buffer (Zymo Research) and were lysed by trituration using
a 27-gauge needle. RNA from choroid plexus cells was
compared with RNA from neonatal astrocytes and micro-
glia, which were isolated as previously described.?

Antigen Retrieval and IHC Analysis

IHC analysis was completed using an automated Discov-
ery XT staining module and reagents (Ventana Medical
Systems Inc., Tucson, AZ). For detection of microglia/
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macrophages, a 1:2000 dilution of polyclonal rabbit anti-
Ibal (Wako Chemicals USA Inc., Richmond, VA) was
used. For detection of CD3, a 1:100 dilution of polyclonal
rabbit anti-human CD3 (Dako, Carpinteria, CA) was used.
Both antibodies were detected using a goat biotinylated
anti-rabbit IgG (BioGenex Laboratories Inc., Fremont,
CA) and appropriate substrate.

Detection of FITC-Labeled Agonists

Mice were inoculated ICV with 80 pmol of FITC-labeled
CpG-ODN 1826 (InvivoGen) as the TLR9 agonist or with 5
nmol of FITC-labeled CL264 (InvivoGen), a TLR7 agonist
that is similar in size and structure to imiquimod, as de-
scribed previously herein. Brain tissues were removed at 1,
4, or 12 hpi; were cut into three coronal sections; and were
processed for histologic analysis. Tissue sections on slides
were deparaffinized in xylene; rehydrated in 100%, 95%,
and 70% ethanol; and washed in PBS. Antigen retrieval was
performed with citrate target retrieval solution (0.018 mol/L
citric acid, 8.2 wmol/L sodium citrate dihydrate, pH 6.0) in a
decloaking chamber (Biocare Medical, Concord, CA) at
120°C for 20 minutes following the manufacturer’s instruc-
tions. Tissue sections were brought to room temperature
and washed in 0.5% fish skin gelatin in PBS twice for 10
minutes, and then slides were incubated with donkey serum
blocking solution [2% donkey serum, 1% bovine serum
albumin, 0.05% fish skin gelatin, 0.1% Triton X-100 (Roche
Diagnostics GmbH, Mannheim, Germany), and 0.05%
Tween 20 (Promega Corp., Madison, WI) in PBS] for 30
minutes at room temperature. FITC-labeled agonists were
detected using a 1:100 dilution of rabbit anti-fluorescein
primary antibody (Invitrogen) and a 1:200 dilution of goat
anti-rabbit Alexa Fluor 488 secondary antibody (Invitrogen).
A nonlabeled CpG-ODN 1826 (InvivoGen)-inoculated mouse
was used as a negative control for nonspecific staining.

Blood-Brain Barrier Permeability

Blood-brain barrier (BBB) permeability changes after
TLR7 or TLR9 stimulation in the brain were determined by
measuring Evans blue diffusion into the brain. Mice were
inoculated ICV with imiquimod, CpG-ODN, or vehicle
control but without trypan blue. One hundred microliters
of 1% (w/v) Evans blue solution was injected i.p. 4 hours
before testing BBB permeability (ie, at 8 or 20 hpi for
testing BBB permeability at 12 and 24 hpi, respectively).
Mice were anesthetized by deep inhalation anesthesia
and were perfused via intracardiac puncture with 1 mL of
PBS. Brains were subsequently removed and analyzed
for the blue color using a stereomicroscope.

In Situ Hybridization and IHC Analysis

Expression of cytokine mRNA inside individual cells was
determined by in situ hybridization followed by IHC anal-
ysis as previously described.™ In brief, the tissue sec-
tions were fixed in 4% paraformaldehyde, and proteins
were denatured in 200 mmol/L HCI followed by treatment
with 5 pug/mL of proteinase K. The sections were incu-
bated overnight with digoxigenin-labeled RNA antisense
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or sense probes. Tissue sections were treated with
RNase A and then were incubated with alkaline phospha-
tase antidigoxigenin antibody (Roche Diagnostics) for 60
minutes. Sections were washed and incubated with Fast
Red solution (Dako) until sufficient color had developed.
Slides were washed in blocking buffer (10X blocking
buffer diluted in 1X maleic acid solution; Roche Diagnos-
tics) and then were incubated overnight at 4°C with poly-
clonal rabbit anti—glial fibrillary acidic protein antibodies
(Dako) or rabbit anti-lbal antibodies (Wako Chemicals
USA Inc.). Slides were then incubated with goat anti-rabbit
IgG secondary antibodies labeled with horseradish perox-
idase conjugate (Zymed Laboratories, San Francisco, CA)
and were developed with diaminobenzidine substrate
(Pierce Biotechnology, Rockford, IL). Slides were then
counterstained with hematoxylin. No staining was observed
in mock controls or with nonspecific probes.

Results

Distinct Responses to TLR7 and TLR9
Stimulation in the Neonatal Brain

Studies with TLR9 agonists demonstrated that TLR9 ago-
nists administered ICV were fatal in neonatal BALB/c
mice."” This response was not observed in neonatal IRW
mice inoculated with TLR7 agonists,'® despite the fact
that both receptors mediate similar signaling pathways.
To directly compare stimulation of these two receptors in
the CNS, we inoculated neonatal IRW mice with varying
concentrations of both TLR7 and TLR9 agonists. For
TLR9 stimulation, CpG-ODN 1826, a type B ODN, which
differs from type A and type C ODNs based on primary

Ifnb1 mMRNA

Tnf mRNA
0.0008 0.4+
—J mock
* CpG-A
kK
s 0.0006 0.3 =GB
-3 3 CpG-C
O 0.0004 0.2
-
o
0.0002 0.1
0.0000 0.0
B 100+ ***

Em TLRO +/+ CpG
@2 TLRY - CpG

Fold increase
(relative to mock)

20+

ok
ifnpgt Tnf Cci2 Cxcl10

Figure 1. Comparison of cytokine responses induced by different types of
CpG-ODN. A: Wild-type IRW mice were inoculated ICV with vehicle control
or 80 pmol of CpG-ODN type A, B, or C, as described in Materials and
Methods. Brain tissues were removed at 12 hpi, processed, and analyzed for
mRNA expression. B: Wild-type and TLR9-deficient C57BL/6 mice were
inoculated with vehicle control or 80 pmol of CpG-ODN type B. At 12 hpi,
tissues were removed and processed as described previously herein. Data are
the mean * SD for four to five mice per group and are representative of two
replicate experiments. Statistical analysis was completed by one-way analysis
of variance with Newman-Keuls posttest. *P < 0.05, **P < 0.001.
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Figure 2. Survival curve analysis after imiquimod or CpG-ODN inoculation
in the neonatal brain. Mice were inoculated with the indicated concentration
of the TLR7 agonist imiquimod or the TLR9 agonist CpG-ODN 1826 and were
observed for clinical signs of substantial distress or death within the first 12
hpi. Each symbol represents the percentage of mice with clinical signs or
death for each dose with five to seven mice per dose.

sequence motif and secondary and tertiary struc-
tures,?*23 was chosen because it induced a stronger
cytokine response in the CNS than either type A or type C
agonists after either ICV inoculation in vivo (Figure 1A) or
stimulation of astrocytes and microglia in vitro (data not
shown). Specificity of ODN 1826 for TLR9 in the CNS was
demonstrated using TLR9-deficient mice (Figure 1B). For
TLR7 stimulation, imiquimod was chosen because it in-
duces a slightly stronger inflammatory response in the
CNS compared with other TLR7 agonists.'® Furthermore,
studies with TLR7-deficient mice demonstrated that imi-
quimod-induced neuroinflammatory responses required
TLR7."® Similar to previous reports, ICV inoculation of
TLR9 agonists in neonates induced unresponsiveness or
death within 4 hours in all inoculated mice at 3100 pmol
(10 ng/g bw) (data not shown). Dose analysis indicated
that 155 to 2325 pmol (0.5 to 7.5 ug/g bw) of CpG-ODN-
inoculated ICV induced clinical signs of unresponsive-
ness within 24 hours, whereas 80 pmol (0.25 ug/g bw) of
CpG-ODN did not induce any clinical signs (Figure 2). In
contrast to CpG-ODN stimulation, various amounts of the
TLR7 agonist imiquimod ranging from 20 nmol (~2.5
wa/g bw) to 500 nmol (~62.5 ug/g bw) injected ICV did
not induce any detectable signs of discomfort in neonatal
mice.?" Thus, stimulation of TLR7 and TLR9 in the neo-
natal brain induced different clinical responses after di-
rect inoculation in the CNS.

Comparison of Cytokine Responses to TLR7
and TLR9 Agonist Administration in the CNS

To examine the difference in responses to TLR7 and
TLR9 agonist stimulation in the CNS, we compared the
proinflammatory cytokine response after TLR7 and TLR9
stimulation. For this comparison, we used the concentra-
tion of imiquimod that induced the strongest cytokine
response after ICV inoculation (100 nmol, 12.5 ug/g
bw)'® and the highest concentration of CoG-ODN 1826
(80 pmol, 0.25 ng/g bw) that did not induce distress or
death in neonatal pups but still induced high levels of
cytokines (data not shown). Inoculation of 100 nmol of the
TLR7 agonist imiquimod or 80 pmol of the TLR9 agonist
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Figure 3. Comparison of proinflammatory cytokine responses after imiquimod or CpG-ODN inoculation in the brain. Mice were inoculated ICV with 100 nmol
imiquimod or 80 pmol of CpG-ODN as described in Materials and Methods, and brain tissues were removed at 12 hpi. One half of the sagittally divided brain
was homogenized in lysis buffer containing protease inhibitors and was analyzed for protein expression using a multiplex bead assay. Samples were calculated
as picograms per milliliter using a standard curve from in-plate standards and were subsequently converted to femtograms per milligram of brain tissue. Data are
the mean £ SD for four to eight mice per group. Statistical analysis was completed by one-way analysis of variance with Newman-Keuls posttest. *P < 0.05,
**P<0.01, and **P < 0.001. Asterisks above bars indicate a significant up-regulation compared with mock-treated controls. Horizontal lines beneath asterisks

indicate the difference between the indicated groups.

CpG-ODN induced similar expression levels of several
cytokines, including IL-5, CXCL9, and CXCL10, in the
CNS at 12 hpi (Figure 3). However, the cytokines IL-1q,
IL-1B, IL-6, IL-12p40, and TNF and the chemokines
CCL2, CCL3, and CXCL1 were induced substantially
higher in the TLR9 agonist-inoculated mice (Figure 3).
Low to undetectable levels of cytokine protein expression
were observed at 24, 48, and 72 hpi for both agonists,
indicating that the inflammatory response subsides within
24 hpi (data not shown). Analysis of different concentra-
tions of type B CpG-ODN showed no substantial differ-
ence in cytokine levels in response to higher concentra-
tions (data not shown). Thus, ICV inoculation of TLR9
agonists induced a substantially higher proinflammatory
cytokine response than did TLR7 agonists. This in vivo
response differs from in vitro comparisons in glial cells
and B cells, where TLR7 and TLR9 agonists induced
similar levels of cytokine production.?*24

Kinetic analysis of mMRNA expression of the proinflam-
matory cytokines responding to TLR7 or TLR9 stimulation
in the CNS indicated peak up-regulation of cytokine
mMRNA between 2 and 12 hpi, with down-regulation by 24
to 48 hpi (Figure 4). Similar to protein levels, mMRNA ex-
pression of proinflammatory cytokines 116, 1112, Ccl2, and
Tnf was significantly higher in CpG-ODN-inoculated
mice compared with imiquimod-inoculated mice (Figure
4; data not shown). Some cytokine mRNA up-regulation
was observed in imiquimod-inoculated mice, but these
levels were not significant relative to the levels induced
by CpG-ODN inoculation (Figure 4). The exception to this
was the expression of Ifnb1, which was strongly induced
at 2 hpi after imiquimod inoculation but was induced only
at low levels in CpG-ODN-inoculated mice at 6 hpi (Fig-
ure 4). We further studied the extent of the type | IFN
response after TLR7 or TLR9 stimulation in the CNS. Mice
inoculated with TLR7 agonists had heighted mRNA ex-

pression of Ifnb1 but not Ifna2 or Ifna4 mMRNA (Figure 5).
The expression of Ifnb7 mRNA correlated with an in-
crease in IFN-induced gene expression, including the
up-regulation of IFN-induced protein with tetratricopep-
tide repeats 1 (Ifit1), Ifit3, myxovirus resistance 2 (Mx2),
IFN regulatory factor 1 (Irf1), and IFN-induced 15-kDa
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Figure 4. CpG-ODN and imiquimod inoculation induce different cytokine
responses. Mice at 48 hours of age were ICV inoculated with 100 nmol of
imiquimod or 80 pmol of CpG-ODN as described in Materials and Methods;
brain tissues were removed at 2, 6, 12, 24, 48, or 96 hpi and were snap frozen,
processed, and analyzed for mRNA expression. Some of the TLR7 agonist—
stimulated samples were used in a previous study.'® Data are the mean = SD
for four to five mice per group. Statistical analysis was completed by one-way
analysis of variance with Newman-Keuls posttest. *P < 0.05, **P < 0.001 for
CpG-ODN-inoculated mice compared with PBS controls; TP < 0.001 for
imiquimod-inoculated mice compared with PBS controls.
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Figure 5. Imiquimod, but not CpG-ODN, inoculation induces up-regulation of interferon stimulated genes mRNA. mRNA from the 2 hpi time point described in
Figure 4 were analyzed by real-time PCR analysis of 84 different IFN-related genes using a super array as described in Materials and Methods. Data of the array
genes that were induced by either imiquimod or CpG-ODN stimulation are shown. Data are the mean * SD for four mice per group. Statistical analysis was
completed by one-way analysis of variance with Dunnett’s posttest to compare the imiquimod- and CpG-ODN-treated groups with PBS controls. **P < 0.01,

P < 0.001.

protein (Isg15) mRNA (Figure 5). This was not observed
in mice inoculated with TLR9 agonists. Thus, TLR7 and
TLR9 stimulation results in different proinflammatory cy-
tokine responses in the CNS. TLR7 stimulation leads to a
pronounced Ifnb1 response and low-level production of
other cytokines, whereas TLR9 stimulation leads to a
pronounced proinflammatory cytokine response with lim-
ited type | IFN expression.

To examine whether the differences in the innate im-
mune response induced by TLR7 versus TLR9 agonists
were related to their location or longevity in the CNS after
inoculation, FITC-labeled agonists were used to track the
spread of agonists in the CNS and the length of time the
agonists were detectable in the CNS. For this analysis,
we used CL264 as the TLR7 agonist instead of imiquimod
because a labeled form of this agonist was readily avail-
able. CL264 induces similar responses to imiquimod
stimulation (data not shown), and both molecules are
purine derivatives. Analysis of FITC-labeled TLR7 and
TLR9 agonists in the CNS demonstrated that these ago-
nists were widespread throughout the brain, including the
brain parenchyma, and throughout the meninges by 1
hpi, with a similar pattern of spread (Figure 6). Both
agonists were also readily detectable at 4 hpi, although
not as strong as at 1 hpi (data not shown). By 12 hpi, both
agonists were almost completely removed from the brain,
with rare detection of agonist near blood vessels or in ven-
tricles or meninges (data not shown). This indicates that
both agonists were either degraded or removed from the
CNS by 12 hpi. Thus, TLR7 and TLR9 agonists were wide-
spread throughout the brain early after inoculation but did
not remain in the CNS for longer than 12 hours, indicating
similar longevity and spread throughout the CNS.

Source of Cytokine Expression After in Vivo
Inoculation of TLR Agonists

One explanation for the differences in the cytokine re-
sponses to TLR7 and TLR9 stimulation could be the cell
types activated by each receptor. To examine which cells
were responsible for cytokine production, we used in situ
hybridization analysis for detection of Tnf and [16 mRNA,

two cytokines that were differentially induced by TLR9
and TLR7 agonist stimulation. The primary cell types ex-
pressing Tnf and 116 mRNA after TLR7 or TLR9 agonist
stimulation were cells of the ventricles and choroid plexus
(Figure 7). Cells in the lateral ventricles were positive for
Tnf mRNA in both TLR7 agonist- and TLR9 agonist—
inoculated mice (Figure 7, A and B). However, staining
was more widespread in TLR9 agonist-inoculated mice
with cells in the third ventricle positive for Tnf mRNA
(Figure 7D), which was not observed in imiquimod-inoc-
ulated mice (Figure 7C). 116 mRNA expression was also
more readily detected in CpG-ODN-inoculated mice
compared with imiquimod-inoculated mice (Figure 7, E
and F). 116 mRNA-positive cells were also occasionally
observed in the brain parenchyma in tissues from both
TLR7 agonist—and TLR9 agonist-inoculated mice (Figure

TLR7 agonist TLR9 agonist

Figure 6. Detection of agonist in the CNS after inoculation. Mice were
inoculated with 10 nmol of FITC-labeled TLR7 agonist CL264 (A and C), 80
pmol of FITC-labeled CpG-ODN (B and D), or unlabeled CpG-ODN (data
not shown). Brain tissue was removed at 1 hpi, cut into three coronal
sections, and processed for histologic analysis. Tissue sections were stained
for FITC using rabbit antifluorescein primary antibody and goat anti-rabbit
Alexa Fluor 488 secondary antibody. Original magnification: X1000 (A and
B); X400 (C and D). A and B: Yellow arrows indicate FITC-labeled agonists
taken up by cells in the brain parenchyma. C and D: FITC-labeled agonists in
the meninges of inoculated mice at 1 hpi.
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7F; data not shown). Neither Tnf nor 116 mRNA-expressing
cells were detected in mock-inoculated mice (data not
shown). Thus, most cells expressing Tnf and 116 mRNA
were in the ventricles and choroid plexus of the brain,
with higher numbers of cells expressing Tnf and 116
mRNA in TLR9-agonist-inoculated mice compared with
TLR7 agonist-inoculated mice.

The response of choroid plexus cells in TLR7 agonist—
and TLR9 agonist-inoculated mice could be a direct re-
sponse by choroid plexus cells to TLR stimulation or
could be a secondary response to microglia or astrocytes
activated by TLR7 or TLR9. Expression of TLR9 on cho-
roid epithelia or on ependymal cells has not been re-
ported, and only low-level expression of TLR7 on ependy-
mal cells has been observed.?®> We, therefore, examined
choroid plexus from neonatal mice for their expression of
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Figure 7. [n situ hybridization and THC analysis
of coronal sections of the brain tissues from
imiquimod- and CpG-ODN-inoculated mice at
12 hpi. Tissue sections from imiquimod-inocu-
lated (A, C, and E) or CpG-ODN-inoculated (B,
D, and F) mice were analyzed for Tnf (A-D) or
116 (E and F) mRNA expression using a digoxi-
genin-labeled RNA probe and detected with Fast
Red substrate (red color). Sections were also
analyzed for the astrocyte marker glial fibrillary
acidic protein by IHC analysis using a peroxi-
dase antibody and diaminobenzidine (brown
black) to discern between ependymal cells and
astrocytes. Tnf mRNA was strongly detected in
the lateral ventricle (B) and third ventricle (D) of
CpG-ODN-inoculated mice, whereas only some
of the cells were positive for Tnf mRNA in imi-
quimod-inoculated mice (A and O). 116 mRNA
was also detected more strongly in the lateral
ventricles of CpG-ODN-inoculated mice (F)
compared with imiquimod-inoculated mice (E).
The arrow points to 116 mRNA-positive infiltrat-
ing cell outside the ventricle. Original magnifi-
cation: X1000 (A and B); X400 (C-F). All the
images were taken using a digital camera at-
tached to a Nikon scope. Images are represen-
tative of the tissue. Nonspecific RNA probes and
no—primary antibody controls were used as neg-
ative controls for all the experiments.

TIr7 and TIr9 mRNA and compared this expression with
that of purified astrocytes, which readily respond to TLR7
or TLR9 stimulation despite low levels of TLR7 or TLR9
expression, as well as microglia, which express higher
levels of both receptors. Analysis of cell-specific mMRNA
expression of Ttr, Gfap, and F4/80 was used to verify the
population of choroid plexus cells, astrocytes, and micro-
glia (Figure 8, A-C). TIr9 mRNA expression was compa-
rable between astrocytes and choroid plexus cells,
whereas TIr7 mRNA expression was lower in choroid
plexus cells (Figure 8, D and E). Analysis of the mRNA
expression of downstream signaling molecules indicated
that choroid plexus cells expressed Myd88 and Irf7
mRNA at similar levels to those found in astrocytes (Fig-
ure 8, F and G). As expected, mRNA expression of all
four genes was lower in astrocytes and choroid plexus

B Astrocytes
1 Microglia
Hl Choroid Plexus

Figure 8. Choroid plexus cells express TIr9,
Myd88, and Irf7 mRNA at comparable levels to
astrocytes. Choroid plexus from the ventricles
was removed as described in Materials and
Methods. mRNA from purified astrocytes, micro-
glia, and choroid plexus cells were analyzed for
expression of Ttr (A), Gfap (B), and F4/80 (C)
mRNA by real-time PCR to confirm the purity of

Gis,

each population. mRNA from each cell popula-
tion was then examined for the expression of
Tl7 (D), TIr9 (B), Myd88 (F), and Irf7 (G) mRNA.

1.0 Data are the mean £ SD for five to six samples
per group.

0.5
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A mock B

cells compared with microglia, although mRNA expres-
sion of TIr9, Myd88,and Irf7 was only twofold to threefold
lower in choroid plexus cells compared with microglia.
The expression of TIr9, Myd88, and Irf7 mRNA by choroid
plexus cells suggests that the cytokine production by
these cells could be a primary response to TLR9 stimu-
lation.

TLR9 Stimulation Compromises the Blood-CSF
Barrier and Results in Significant Cellular
Infiltrate in the CNS

The cytokine response by cells of the choroid plexus to
CpG-ODN stimulation suggested that activation of
these cells through TLR9 may affect the integrity of the
blood-CSF barrier. To examine whether CpG-ODN in-
oculation compromised the blood-CSF barrier or the
BBB, we inoculated mice i.p. with Evans blue dye after
agonist inoculation. No Evans blue staining was de-
tectable by gross examination of brain tissue at 12 hpi.
However, localization of Evans blue was observed in
brain tissue from four of five CpG-ODN-inoculated mice
at 24 hpi (Figure 9C). Evans blue staining was principally
detected in the areas of the ventricles (Figure 9C) and
was most readily observed in the tissue rather than on the
surface of the brain tissue. This suggests that the blood-
CSF barrier was compromised rather than widespread

imiquimod C CpG-ODN

Figure 9. CpG-ODN induces breakdown of the
blood-CSF barrier. Mice were inoculated with
mock control (A), 100 nmol of imiquimod (B), or
80 pmol of CpG-ODN (C). A—C: At 20 hpi, mice
were inoculated with Evans blue dye i.p. Four
hours later, mice were perfused with PBS and
brain tissue was removed and analyzed using a
stereomicroscope. Blue dye was observed in
ventricle areas (arrows) from CpG-ODN-inoc-
ulated mice compared with either mock- or imi-
quimod-inoculated mice. Data are representa-
tive of four to five mice per group from two
replicate experiments. All the mock-inoculated
brains were negative for Evans blue. Weak stain-
ing was observed in the imiquimod-inoculated
brains. Of the CpG-ODN-inoculated mouse
brains, one showed weak to no staining,
whereas four of five were clearly positive for
Evans blue. The dark line in C on the right side
of the CpG-ODN-inoculated brain is a scissor
cut.

breakdown of the BBB. Faint to undetectable levels of
Evans blue dye was observed in brain tissue from imi-
quimod-inoculated mice (Figure 9B), whereas no Evans
blue was observed in mock-inoculated mice (Figure 9A).
Thus, the blood-CSF barrier seems to be compromised
by TLR9 agonists by 24 hpi, although there does not
seem to be a complete breakdown of the BBB at this time
point.

Increased mRNA levels of Cd3e and F4/80 were also
observed in brain tissue from CpG-ODN-inoculated
mice, suggesting recruitment of T cells and recruitment/
activation of macrophages/microglia to the CNS, respec-
tively. Increased mRNA expression for both molecules
peaked at 48 hpi but remained elevated for 4 days after
stimulation (Figure 10). In contrast, limited to no increase
in Cd3e or F4/80 mRNA expression was observed in
TLR7 agonist-inoculated mice, as previously reported.'®
Histologic analysis of brain tissue sections indicated that
the cellular infiltrates were primarily in the meninges and
ventricles of inoculated mice (Figure 11). All five of the
CpG-ODN-inoculated mice had severe meningitis,
whereas only one of four imiquimod-inoculated mice had
severe meningitis. In addition, imiquimod- and CpG-
ODN-inoculated mice had moderate to severe suppura-
tive ventriculitis, which was characterized by mild hem-
orrhage and cellular infiltration of the lateral ventricles.
This was not observed in control-treated mice. Only min-

Figure 10. Kinetics of cellular responses in the

CNS after imiquimod or CpG-ODN inoculation

*kk in the neonatal brain. The RNA samples de-
scribed in Figure 4 were processed for real-time

quantitative RT-PCR analysis using primers spe-

*kk cific for F4/80 (A) and Cd3e (B) mRNA. Values

were calculated relative to the expression of
Gapdh controls. Data are the mean * SD for
four to seven mice per group per time point and
represent the combined data from two indepen-
dent experiments. Statistical analysis was com-
pleted by two-way analysis of variance with
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C CpG-ODN

Figure 11. Meningitis associated with TLR9 agonist inoculation. H&E-stained tissue sections from mock (A), imiquimod (B), or CpG-ODN (C) inoculated mice
were analyzed in a blinded study for histologic changes. Substantial inflammation was observed in the meninges of CpG-ODN-inoculated mice (C) compared
with mock-treated (A) or imiquimod-treated (B) mice. Original magnification, X100.

imal perivascular cuffing was observed in CoG-ODN- or
imiquimod-inoculated mice at 48 hpi. IHC analysis indi-
cated increased staining for the microglia/macrophage
marker lba1 and CD3, primarily around the ventricles and
in the meninges in TLR9 agonist-inoculated mice com-
pared with TLR7 agonist-inoculated mice (Figure 12;
data not shown). Analysis of Ibal demonstrated positive
cells with elongated processes, suggesting an increase
in reactivity of microglia cells and cells without elongated
process, which may be either activated microglia or ac-
tivated macrophages (Figure 12E). These results suggest
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Figure 12. Increased presence of Ibal™ cells and CD3™ cells in CpG-ODN—
inoculated mice. Brain tissue from mock- (A and B), imiquimod- (C and D),
and CpG-ODN- (E and F) inoculated mice were stained for the microglia/
macrophage marker Ibal (red) (A, C, and E) or CD3 (brown) (B, D, and F).
Increased staining for Ibal and CD3 was detected in brain tissue from
CpG-ODN-inoculated mice compared with either mock- or imiquimod-in-
oculated mice. A, C, and E: Ibal™ cells in and near the ventricles. B, D, and
F: CD3™" cells in the meninges of inoculated mice, noting the higher number
of CD3 cells in CpG-ODN-inoculated mice.

that activation of cells in the choroid plexus through
TLR9, but not TLR7, results in damage to the blood-CSF
barrier and in the recruitment of peripheral cells in the
brain. Thus, a single inoculum of CpG-ODN in the neo-
natal brain is sufficient to induce a pronounced inflam-
matory response in the CNS, including the production of
high levels of proinflammatory cytokines, damage to the
blood-CSF barrier, and recruitment of inflammatory cells
into the CNS. This strong neuroinflammatory response
may explain the clinical unresponsiveness of neonatal
mice after inoculation with CpG-ODN.

Influence of TLR7 on TLR9-Mediated
Neuroinflammatory Responses

Multiple studies have suggested interplay between TLR7
and TLR9 in regulating innate immune responses.?"26:27
To examine whether TLR7 influenced TLR9-mediated unre-
sponsiveness in mice, we inoculated wild-type and TLR7-
deficient mice with a range of CpG-ODN concentrations.
TLR7-deficient mice were more sensitive to CpG-ODN-in-
duced unresponsiveness, with low amounts of CpG-ODN
inducing unresponsiveness or death in TLR7-deficient
mice but not in wild-type mice (Figure 13A). This corre-
lated with increased production of several cytokines in
TLR7-deficient mice compared with wild-type controls
(Figure 13, C-E), although not all cytokines were up-
regulated in TLR7-deficient animals (Figure 13B). Thus,
TLR7 deficiency affects CoG-ODN-induced neuroinflam-
mation and unresponsiveness in neonatal mice, demon-
strating TLR7 regulation of TLR9-mediated responses in
the CNS.

Discussion

In the present study, we found that stimulation of TLR7
and TLR9 in the CNS lead to distinct neuroinflammatory
responses. Stimulation of TLR9 resulted in a strong pro-
inflammatory cytokine response with recruitment of in-
flammatory cells to the CNS and, at higher concentra-
tions, induced unresponsiveness or death in mice. In
contrast, stimulation through TLR7 leads to a strong IFNB
response but minimal inflammation and no observable
clinical signs. The dissimilarity in the neuroinflammatory
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Figure 13. TLR7-deficient mice are more susceptible to CpG-ODN-in-
duced clinical signs and induced heightened cytokine responses com-
pared with wild-type mice. A: Wild-type or TLR7-deficient mice were
inoculated with the indicated concentration of CpG-ODN 1826 and were
observed for clinical signs of substantial distress or death within the first
12 hpi. Data are presented as the percentage of mice that developed
clinical signs for each amount of CpG-ODN with 5 to 12 mice per group
per strain. For statistical analysis, mice were scored as 0 for nonclinical
and 1 for clinical and were analyzed by two-way analysis of variance with
a Bonferroni posttest to determine significance. Black bars indicate
TLR7+/+; hashed bars, TLR7—/— B-E: Brain tissue from wild-type or
TLR7-deficient mice were removed at 12 hpi with PBS or CpG-ODN and
were analyzed for cytokine levels as described in Figure 3. Statistical
analysis was completed by one-way analysis of variance with Newman-
Keuls posttest. *P < 0.05, **P < 0.01, and ***P < 0.001. Asterisks above
bars indicate a significant up-regulation compared with mock-treated
controls. Horizontal lines beneath asterisks indicate the difference be-
tween the indicated groups. White bars indicate PBS, TLR7+/+; black
bars, CpG-ODN, TLR7+/+; dotted bars, PBS, TLR7—/—; hashed bars,
CpG-ODN, TLR7—/—.

response elicited by TLR7 and TLR9 signaling may ex-
plain some of the differences observed in the ability of
TLR7 and TLR9 agonists to provide protection in the CNS
during viral infection and in the toxic nature of CoG-ODNs
in the CNS.""'® This in vivo result differs substantially
from in vitro stimulation of these receptors, which elicited
similar cytokine responses in astrocytes, microglia, and B
cells.2"24

The difference in the proinflammatory responses be-
tween TLR7 and TLR9 agonist stimulation were due, at
least in part, to their ability to activate cells of the choroid
plexus to produce proinflammatory cytokines, such as
TNF and IL-6. The difference in this response was sur-
prising because TLR9 is not readily detectable on cho-
roid plexus cells by IHC analysis of mouse brain tissue.?®
However, analysis of gene expression of isolated choroid
plexus demonstrated expression of TIr9, Myd88, and Irf7
mMRNA at comparable levels as those observed with as-
trocytes (Figure 8), indicating that these cells may be
directly responding to CpG-ODN stimulation. A similar
phenomenon is observed with lipopolysaccharide induc-
tion of TNF expression by ependymal cells, despite the
lack of detectable TLR4 on these cells.?5282° The strong
response of choroid plexus cells to CpG-ODN in this
study may be due, in part, to the route of CpG-ODN.
Analysis of agonists after ICV inoculation showed wide-
spread distribution at 1 and 4 hpi, but staining was also
intense in the ventricles themselves. Thus, cells in the
ventricles would be in contact with a higher concentration
of CpG-ODNs than other cells in the CNS and, thereby,
have a greater response to CpG-ODNs. The ability of
choroid plexus epithelial cells to respond to pathogen-
associated molecular patterns would allow these cells to
play an important role in allowing recruitment of inflam-
matory cells during the early stages of an infection in the
CNS. However, prolonged administration of CpG-ODNs
in the adult mouse brain resulted in loss of cilia and
swelling of ependymal cells and in damage to the ventri-
cle lining,3° suggesting that continued activation via
TLR9 may lead to ependymal death, either through direct
stimulation or by activation of surrounding cell types.

Other cell types may also play a contributing role in the
proinflammatory cytokine response. lI6-expressing cells
were observed close to blood vessels in TLR7- and TLR9-
stimulated brain tissues, indicating that infiltrating cells
might be the source of the cytokines induced by TLR7 or
TLR9 agonist stimulation (Figure 7F). In addition, high
numbers of microglia/macrophages were detected in the
ventricles of CpG-ODN-inoculated mice and may con-
tribute to activating choroid plexus cells (Figure 12E). In
vitro stimulation of microglia or astrocytes with imiquimod
or CpG-ODN induces a robust proinflammatory cytokine
profile.?” However, no substantial differences in proin-
flammatory cytokine responses were observed between
CpG-ODN and imiquimod stimulation of either cell
type,?" suggesting that astrocytes and microglia may not
be the primary mediators of the heightened proinflamma-
tory cytokine response to CpG-ODN inoculation. TLR7
agonists did induce twofold to threefold higher levels of
Ifnb1 mRNA than did TLR9 agonist stimulation in primary
astrocytes and microglia in vitro.?" Therefore, it is possi-



ble that glial cells are responsible for the heightened
levels of IFNB to TLR7 stimulation in vivo. However, re-
peated attempts to detect Ifnb1 mRNA in tissue sections
by in situ hybridization analysis were not successful, so
we were unable to confirm whether these cell types were
the primary source of Ifnb1.

The high amount of imiquimod needed to elicit neuro-
inflammatory responses relative to CoG-ODN may simply
be due to a lower affinity of imiquimod for TLR7 than of
CpG-ODN for TLR9. In addition, the molar amounts cal-
culated assume imiquimod to be an individual molecule
rather than a complex of stacked molecules, which imi-
quimod is known to form. Thus, the true molar amounts of
imiquimod may be substantially lower. However, the low
response to imiquimod stimulation is not due to a con-
centration effect because the amount of imiquimod in this
study has been previously shown to be optimal for pro-
inflammatory cytokine induction in the CNS."® Other TLR7
agonists, including single-stranded RNA, did not induce
as strong of proinflammatory cytokine responses in the
CNS as imiquimod (data not shown).'® Thus, the neuro-
inflammatory response to TLR7 agonist in this study was
the optimal response to TLR7 observed in the CNS, de-
spite the low level compared with CpG-ODN-induced
neuroinflammation.

The enhanced response to TLR9 agonist stimulation in
TLR7-deficient mice, both in clinical response and
heighted cytokine response, indicates that TLR7 has a
modulatory role in regulating TLR9-mediated responses
in the CNS (Figure 13). We previously showed that TLR7
deficiency in microglia, but not in astrocytes, also affects
the cytokine response to TLR9 agonist stimulation.?’
Cross-regulation between TLR7 and TLR9 has also been
observed in systemic lupus erythematosus.?®2” Further-
more, deficiency in murine TLR8, a molecule that is con-
sidered not to be fully functional in mice, enhances TLR7-
mediated responses.®" It is possible that the regulation is
due to competition for shared proteins among TLR7,
TLR8, and TLR9. The lack of one receptor enhances the
availability of accessory proteins for the other receptors.
UNCO93b1, an accessory protein that binds to TLR7 and
TLR9, preferentially binds TLR9, which limits TLR7 sig-
naling. Because TLR7 and TLR9 share many adaptor
proteins, TLR7 may preferentially bind certain adaptor
proteins and, thus, limit the potential for TLR9-mediated
signaling.

TLR9 agonists are currently being studied as immuno-
modulatory compounds for the treatment of a variety of
illnesses, including cancer, viral infections, and autoim-
mune diseases, and as immune response modifiers to
enhance vaccines.®*=° For example, treatment with
TLR9 agonists has been recently shown to ablate glio-
blastomas in the CNS.3” In the present study, TLR9 ago-
nists induced substantially higher proinflammatory re-
sponses in the CNS compared with TLR7 agonists. A
single low-dose inoculum of TLR9 agonist induced pro-
nounced inflammation in the brain, including severe men-
ingitis, that remained up to 4 days after inoculation. Al-
though this strong response may be responsible for the
ability of TLR9 agonists to affect virus-induced neurologic
disease, it also suggests that TLR9 activation, either by
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insult or by immunomodulatory molecules, may have
damaging effects on the CNS as well.
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