l@ © 2004 Nature Publishing Group  http://www.nature.com/naturemedicine

nature,,
medicine

LETTERS

Lymphoid follicle destruction and immunosuppression
after repeated CpG oligodeoxynucleotide administration

Mathias Heikenwalder!>, Magdalini Polymenidou!>>, Tobias Junt?, Christina Sigurdson!, Hermann Wagner?,

Shizuo Akira?, Rolf Zinkernagel® & Adriano Aguzzi'

DNA containing unmethylated cytidyl guanosyl (CpG)
sequences, which are underrepresented in mammalian
genomes but prevalent in prokaryotes, is endocytosed by
cells of the innate immune system, including macrophages,
monocytes and dendritic cellsl, and activates a pathway
involving Toll-like receptor-9 (TLR9)2. CpG-containing
oligodeoxynucleotides (CpG-ODN) are potent stimulators of
innate immunity, and are currently being tested as
adjuvants of antimicrobial, antiallergic, anticancer and
antiprion immunotherapy. Little is known, however, about
the consequences of repeated CpG-ODN administration,
which is advocated for some of these applications. Here we
report that daily injection of 60 pug CpG-ODN dramatically
alters the morphology and functionality of mouse lymphoid
organs. By day 7, lymphoid follicles were poorly defined;
follicular dendritic cells (FDC) and germinal center B
lymphocytes were suppressed. Accordingly, CpG-ODN
treatment for =7 d strongly reduced primary humoral
immune responses and immunoglobulin class switching. By
day 20, mice developed multifocal liver necrosis and
hemorrhagic ascites. All untoward effects were strictly
dependent on CpG and TLR9, as neither the CpG-ODN
treatment of TIr9~”- mice nor the repetitive challenge of
wild-type mice with nonstimulatory ODN (AT-ODN) or with
the TLR3 agonist polyinosinic:cytidylic acid (polyl:C) were
immunotoxic or hepatotoxic.

CpG-ODN, when applied repetitively, exert a protective effect on
mice inoculated with scrapie prions®. This was unexpected
because B lymphocytes* and dendritic cells®, which are expanded
by exposure to CpG-ODN, are involved in prion neuroinvasion. In
addition, Myd88‘/‘ mice, in which TLRY signaling is impaired”,
show unaltered prion susceptibility®. Because lymphoid germinal
centers are crucial to peripheral prion pathogenesis®!?, we studied
the effects of CpG-ODN (1826) on the microarchitecture and
function of mouse secondary lymphoid organs.

C57BL/6 mice were treated for 2-20 d with CpG-ODN, non-
stimulatory AT-ODN or PBS, and killed 24 h after the last injec-

tion. Splenic follicles appeared subtly altered after just 2 d of CpG-
ODN treatment (data not shown). After 7 d, spleen weight in
CpG-ODN-treated mice increased approximately fivefold com-
pared with AT-ODN- and PBS-treated mice'>!? (Fig. 1).
Mesenteric lymph nodes and inguinal lymph nodes were hyper-
plastic in CpG-ODN-treated wild-type mice (Fig. 2).
Splenomegaly was mainly due to erythroid and myeloid expansion
in the red pulp!!. Follicle microarchitecture in spleen, mesenteric
lymph nodes and inguinal lymph nodes was severely disturbed. B-
cell follicles were enlarged (Fig. 1a), possibly because of plasma
cell expansion!!. CD217CD35%IgM*IgD~ marginal zone B lym-
phocytes were strongly reduced, and MOMA-1* metallophilic
marginal zone macrophage festoons and MOMA-1* rings of met-
allophilic marginal zone macrophages were loosened (Fig. 1a and
Supplementary Fig. 1 online). CD4" and CD8" T-cell zones were
somewhat enlarged (Supplementary Fig. 1 online). Compared
with AT-ODN-treated mice, numbers of splenic white-pulp folli-
cles were reduced four- to fivefold, and FDC-M1" networks and
peanut agglutinin (PNA)* clusters were reduced six- to sevenfold
(Fig. 1¢).

After 14 d of CpG-ODN treatment, disruption of lymphoid
microarchitecture had progressed further. Total cellularity was
increased 20-fold in spleen and 2-fold in mesenteric lymph nodes
(Fig. 2b). Follicles were replaced by disorganized B-lymphocyte
collections with few scattered FDC-M1" cells. PNA* clusters were
virtually abolished. Marginal zones were severely disorganized
(data not shown).

After 20 d, splenic microarchitecture was even further compro-
mised (Fig. 1a,b). Marginal zone B lymphocytes were no longer
detectable, and MOMA-1% cells were strongly reduced (Fig. 1a).
CD8% and CD4* T-cell zones were disorganized (Fig. 1b and data
not shown). In contrast, CpG-ODN-treated TIr9~= and AT-ODN-
treated wild-type spleens? were unremarkable after 20 d of treat-
ment (Fig. 1a,b).

Splenomegaly (Fig. 2a,b), in CpG-ODN-treated mice (214 d)
was caused mostly by a prominent expansion of erythroid and
myeloid lineages (data not shown). Accordingly, the prevalence of
macrophages and dendritic cells was unchanged (Fig. 2c), whereas
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Figure 1 Consequences of CpG-ODN treatment on spleen weight, microarchitecture and germinal
centers. (a) Consecutive spleen cryosections of C57BL/6 mice treated for 7 or 20 d with AT-ODN or

[«

CpG-ODN. Treatment duration correlated with malformation of splenic lymphoid follicles with enlarged
B-cell zones upon CpG-ODN treatment, reduction of marginal zone B lymphocytes (B220 and CD21/35

A | 20.d ‘ stains), and damage and eventual disappearance of organized FDC-M1* networks and PNA* clusters.
-E, :‘;:G ‘ Metallophilic macrophage festoons were loosened and follicles were disrupted. 7/r97 spleen
2 3 ° - morphology was unremarkable after 20 d of CpG-ODN. Scale bar, 200 pm. (b) After 20 d of daily CpG-
2, . = ° ODN treatment, almost all follicles disappeared, resulting in lack of discernible CD8* T-cell zones
2 - K . = compared with AT-ODN treatment. 7/r9”~ mice showed normal organization and appearance of CD8* T-
"§ 1 <+ cell zones. Scale bar, 200 um. (c) Morphometric analysis indicating numeric reduction of white-pulp
& S = -+ - - i follicles and FDC-M1* and PNA* clusters after 7 or 20 d of CpG-ODN treatment. TIr9”- mice and AT-

0

C57BLI6 C57BLI6 129Sv Tnfr1™~ Ifnar~- Ifnagr  ODN-treated C57BL/6 mice had normal numbers of follicles and FDC-M1* and PNA* clusters. Error

bars indicate s.d.; n= 3. (d) Quantification of relative spleen weights after 7 and 20 d of CpG-ODN
treatment. /fnagr’- mice showed almost normal relative spleen weights after CoG-ODN treatment.

that of lymphoid subpopulations was decreased. We detected a
2-fold relative decrease in B220* B lymphocytes (Supplementary
Fig. 2 online), a 3-fold decrease in CD138%B220%* plasma cells
despite a 7.2-fold increase in absolute numbers, (Fig. 2f), a 4-fold
decrease in CD217CD35%IgMb*IgD™ marginal zone B lympho-
cytes (Fig. 2g) and a 4-fold decrease in IgMb™IgD* mature B

lymphocytes (Fig. 2h). CD4" and CD8" T cells were decreased
4-fold and 3-fold, respectively (Fig. 2d), and displayed a
CD44MCD62L° activated phenotype (Fig. 2e and Supplementary
Fig 2 online).

After 27 d, livers of CpG-ODN-treated wild-type mice showed
multifocal infiltrates of B and T cells. Marked Kupffer cell hyper-
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plasia expanded the sinusoids (Fig. 3a). g
Scattered hepatocellular degeneration, coa-
lescing necrotic areas and regenerative
nodules were apparent by 14 d
(Supplementary Fig. 3 online). After 20 d,
additional extramedullary hematopoiesis
was observed (Supplementary Fig. 3
online). In contrast, TIr9~/~ livers con-
tained only rare small clusters of lympho-
cytes after 20 d of CpG-ODN treatment,
similar to wild-type mice treated for 20 d
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with PBS or AT-ODN (Fig. 3b). Glutamate
lactate dehydrogenase and alanine amino-
transferase were markedly elevated in
CpG-ODN-treated wild-type mice,
whereas no increase was seen in AT-ODN
treated mice or CpG-ODN treated TIr9~/~
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mice (Fig. 3¢ and data not shown). After
214 d of CpG-ODN treatment, wild-type
(C57BL/6) mice developed 100- to 300-pl e CpG
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tially 2 h after injection of CpG-ODN,
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(SAA), which is induced by the above
cytokines, showed an early and sustained
increase in CpG-ODN-treated C57BL/6
mice!3 but not in Tlr9~~ mice (Fig. 4b).
CpG-ODN treatment (20 d) of mice
lacking receptors for TNF (TufrI7-)!* or

IgMp ——————

type 1 (Ifnar”") or type /I (Ifnagr?'-)
interferons!® induced splenomegaly and
lymphadenopathy and disturbed follicular
microarchitecture, but to a lesser degree
than in wild-type mice. AT-ODN treatment
had no untoward effect (Supplementary
Fig. 4 online). The SAA surge was not sup-
pressed in Tnfr1~'=, Ifnar’= or Ifnagr'~
mice (Fig. 4b), perhaps because of signal-
ing redundancy. C57BL/6 and Tnfrl~-
mice developed hemorrhagic ascites,
whereas AT-ODN-treated mice were nor-
mal.

129Sv mice proved much more sensitive
to CpG-ODN than C57BL/6 mice. Two of
three 129Sv mice developed splenomegaly, lymphadenopathy and
hemorrhagic ascites requiring euthanasia by days 15-17. Spleens
contained few follicles almost devoid of marginal zone and
expanded B- and T-cell populations, and FDC networks were
markedly decreased. In contrast, neither Ifnar”~ nor Ifnagr”/- mice
developed ascites, and spleen weights of Ifnagr~~ mice were almost
normal (Fig. le). After 20 d of CpG-ODN treatment, Ifnagr/-
spleen  microarchitecture was only slightly disturbed
(Supplementary Fig. 4 online) and marginal zone B-cell sheaths
were almost unaltered, in contrast to their complete loss in 129Sv

Figure 2 Quantitative effects of CpG-ODN on splenocyte subpopulations. (a) Sizes of mesenteric
lymph nodes (MLN) and spleen were increased in CpG-ODN-treated mice compared with PBS-treated
mice after 7 d of treatment. (b) Total cell numbers were increased in spleen (left) and mesenteric
lymph nodes (right) of mice treated with CpG-ODN or PBS for 14 d. Error bars indicate s.d.; n= 3.
(c,d) Fluorescence-activated cell sorting analysis of splenic CD11b* macrophages and CD11c*
dendritic cells (c), and CD4* and CD8* T cells (d) after 14 d of treatment with PBS (left) or CpG-ODN
(right). Absolute numbers of those cell populations and relative prevalence of macrophages and
dendritic cells (as percentages) are shown. (e) After CpG-ODN treatment (red lines), splenic CD8*
(and CD4+; see Supplementary Fig. 2 online) T cells upregulated CD44 and downregulated CD62L,
suggesting increased activation. Histograms were gated on CD8* T cells. (f-h) Relative frequency of
CD138*B220* plasma cells was reduced despite an increase in absolute numbers. Similar changes
were observed in CD21*CD35*IgM* marginal zone B lymphocytes (gated on IgD~ lymphocytes) and
transitional one-stage B cells (g), as well as IgMb*IgD* mature and transitional B lymphocytes (h).

and Ifnar~'~ mice. Repetitive treatment of wild-type mice with
polyl:C, which induces IFN-0/f through TLR3 stimulation!®, did
not induce any derangement of lymphoid microarchitecture (data
not shown).

129Sv mice (wild-type and Ifnar~-) suffered from extensive coa-
lescing multifocal liver necrosis (data not shown). Ifnagr~'- and
Tnfr1~/~ livers exhibited little necrosis and much less inflamma-
tory infiltration. CpG-ODN induced increased glutamate lactate
dehydrogenase and alanine aminotransferase levels in wild-type
mice, whereas no conspicuous changes were observed in Tnfr]‘/‘,
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Ifnar”= and Ifnagr”'= mice (Fig. 3c). Thus, interferons and, to a
lesser degree, TNF contribute to TLR9-dependent CpG-ODN
hepatotoxicity. However, all CpG-ODN-treated mice (except
Ifnagr~'-) showed thrombocytopenia and slightly reduced hemat-
ocrit (Fig. 3d). No liver lesions developed in polyl:C-treated mice.

We then tested whether CpG-ODN can induce antibodies to
prion protein (PrP). Three weeks after a 20-d treatment with CpG-
ODN (started 7 h after intraperitoneal inoculation of 5log (half-
maximal lethal dose) scrapie prions?), PrP-specific antibody titers
in wild-type (C57BL/6) mice did not exceed background levels
(<1:20, n = 3; Fig. 4c) whereas PrP-deficient (Prnp~~) mice immu-
nized with a recombinant PrP-PrP fusion molecule!” had a titer of
1:82,000. Thus, the antiprion effect of CpG-ODN is not due to
PrP-specific antibody responses.

Mice were then immunized intravenously with 2 x 108 plaque-
forming units (PFU) of ultraviolet-inactivated (to avoid cytokine
effects on viral replication) vesicular stomatitis virus (UV-VSV)
after 7 or 14 d of treatment with CpG-ODN or PBS. VSV-neutral-
izing IgM titers were reduced and immunoglobulin class switching
was suppressed (Fig. 4d) in CpG-ODN treated wild-type mice, but
not in TIr9~~ mice (data not shown). Challenge with a range of
UV-VSV doses (8 x 108 and 5 x 107 PFU) revealed that this effect is
dose dependent (data not shown).

By expanding lymphoid B-cell pools, CpG-ODN treatment may
augment natural neutralizing antibodies'®, which may quench the
UV-VSV inoculum. However, serum IgM, IgG1, 1gG2a and IgG2b
and VSV-specific natural antibody titers did not differ between
mice treated for 7 d with CpG-ODN and PBS-treated controls (n =
3; data not shown).

[}
X
m

B220 CD8

F4/80

AT
C57BL/6

CpG
C57BL/6

(g}
o

2
>
>

R 300 . w0
E 250
§ A g 1200
< 200 S 1,000
] @ GLDH AT 2
3 150 e % 800
H A @ GLDH CpG 8

L]
% 100 . A ALAT AT g &
R P A = A ALAT CpG g o
3 ° > 4 o ¥ |, 4+ :i: £ 200

o & - i ol 3 +
C57BL/6 129sV  Tnfr1™~ Ifnar~- Ifnagr--

Figure 3 Hepatotoxicity of CpG-ODN. (a) Liver after 7 d of CpG-ODN treatment,

Wild-type mice were also treated with CpG-ODN or AT-ODN
for 14 d, then challenged subcutaneously with 50 pg keyhole
limpet hemocyanin (KLH) in complete Freund adjuvant (CFA).
Antibody responses to KLH were reduced until day 30, but then
slowly recovered (n = 3; data not shown), perhaps because antigen
was slowly released from its local depot after cessation of CpG-
ODN treatment, or because of differential sensitivity of the vari-
ous routes of delivery to lymphoid follicle disruption.

Many studies indicate that CpG-ODN are immunostimulatory,
but in most of those cases only one or two doses of CpG-ODN
were injected!®?0. Upon repetitive administration, we observed
lymphoid microarchitectural damage proportional to the duration
of treatment. As a functional correlate, adaptive B-cell immune
responses became profoundly impaired. Treatment for =14 d
elicited grave systemic toxicity, including peritonitis, hepatotoxic-
ity, ascites and thrombocytopenia. All effects were strictly depend-
ent on the presence of CpG sequences in the oligonucleotides and
on host expression of TLR9. We conclude that immune stimula-
tion and untoward effects of CpG-ODN are elicited through simi-
lar molecular pathways.

Hepatotoxicity and splenomegaly were partially counteracted by
ablation of IFN and, to a lesser extent, TNF signaling. Lack of
IFN-0 receptor (IFN-aR), or both IFN-oR and IFN-yYR, also
reduced destruction of lymphoid follicles by CpG-ODN
(Supplementary Fig. 4 online). Conversely, chronic IFN induction
by the TLR3 agonist polyl:C was neither lymphoclastic nor hepa-
totoxic. This suggests that the effector pathways are pleiotropic
and redundant, with IFN and TNF contributing to the immuno-
toxic and hepatotoxic effects of CpG-ODN. Intriguingly, these
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revealing extensive hyperplasia of F4/80* Kupffer cells lining sinusoids and

patchy infiltrates of B220* and CD8* cells. Few scattered CD4* cells were detected. Scale bar, 50 um. (b) H&E-stained paraffin sections of C57BL/6 and
TIr97- livers after 20 d of CpG-ODN or AT-ODN treatment. Areas of hepatocellular degeneration and necrosis (arrow) ranging from single cells to coalescing
foci with erythrocytes, fibrin, leukocytes and reactive mesothelial cells. Scale bar, 50 pm. (c) Elevation of liver-specific serum enzymes glutamate lactate
dehydrogenase (GLDH) and alanine aminotransferase (ALAT) in wild-type mice after 20 d of treatment (n = 3 per group). None of the receptor-deficient

genotypes analyzed (Tnfr1~~, Ifnar’~ and Ifnagr’-) showed a conspicuous increase. (d) Thrombocytes were markedly depleted in peripheral blood after 20 d
of CpG-ODN treatment, in all groups analyzed (left). Hematocrit values were analyzed in peripheral blood after 20 d of CpG-ODN or AT-ODN treatment (right).
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ODN-treated mice. Absolute numbers of
CD4%, CD8% and B220" cells increased
during CpG-ODN treatment, yet their den-
sity was reduced because of much stronger
expansion of myeloid and erythroid com-
partments. This may contribute to
immunosuppression by diluting immune
cells and lowering the probability of their
productive encounters.

Mice on a 20-d CpG-ODN regimen
showed prolonged survival after prion
inoculation®. Because prion infection after
CpG-ODN treatment did not induce PrP-
specific antibodies, antiprion protection
may be a consequence of follicle destruc-
tion. Germinal centers are the major site of
peripheral prion amplification, and their
genetic* or pharmacological® disruption abrogates susceptibility
to peripherally administered prions. Accordingly, antiprion effi-
cacy?, follicle disruption and immunosuppression were correlated
with the duration of CpG-ODN treatment.

CpG-ODN is entering clinical trials for several applications,
including cancer immunotherapy, allergen immunotherapy and
antimicrobial vaccination. For most such applications, CpG-ODN
is used as an adjuvant once or in broadly spaced doses, rather than
daily, and alternative formulation linking CpG-ODN and antigen
may be applicable?’. In addition, TLR9 expression may be lower in
human macrophages than in mouse macrophages. For antiprion
postexposure prophylaxis in humans, repeated systemic adminis-
tration of high doses of CpG-ODN has been advocated?. The pres-
ent findings may limit the feasibility of such regimens; instead,
antiprion prophylaxis is likely to require specific targeting of the
cells responsible for prion amplification and neuroinvasion.

or AT/PBS-treated mice

7 d (left) or 14 d (right)

METHODS

CpG-ODN and AT-ODN treatment. Mice were maintained under specific
pathogen-free conditions. Age- and sex-matched C57BL/6 mice (8-14
weeks) were injected daily for 2, 7, 14 or 20 d with 10 nmol (60 pg/mouse)
CpG-ODN 1826 or AT-ODN (5'-GCTTGATGACTCAGCCGGAA-3'), with
polyl:C (50 pg/mouse) or with PBS intraperitoneally (30 pl/injection).
One group of mice was inoculated intraperitoneally with RML 5.0 scrapie
prions 7 h before starting a 20-d regimen of CpG-ODN treatment, as pre-
viously published®. Mice were killed 24 h after the last injection. Splenic,
lymph nodal and liver samples were stored in HBSS and immediately

PBS CpG Pos. Ctr.

Time after UV-VSV injection (d)

Figure 4 Attenuation of immunoglobulin class switching and absence of humoral immunity to PrP.
(a) Early inflammatory cytokines in sera of CpG-ODN treated mice, 2 h after injection (n = 3 mice per
group, analyzed in duplicate). (b) Induction of acute phase protein SAA in sera of CpG-ODN-, AT-ODN-

(day 10 of 20-d regimen). Various wild-type (C57BL/6 and 129Sv) and

receptor-deficient (Tnfr1~, TIr97", Ifnar~ and Ifnagr’-) genotypes were analyzed. SAA increased
markedly in all CpG-ODN-treated mice except T/r97~ (n = 3). (c) PrP-specific antibody titers,
measured by ELISA 40 d after prion inoculation and 20 d after daily treatment with CpG-ODN. No
titer was detected in mice treated with CpG-ODN or PBS. Prnp~ mice immunized with recombinant
PrP-PrP fusion protein showed high antibody titers (Pos. Ctr.). (d) Neutralizing IgM and IgG titers after

of PBS or CpG-ODN treatment and subsequent immunization with UV-VSV.

PBS-treated mice showed class switching from IgM to IgG between days 7 and 11 after immunization.
CpG-ODN-treated mice showed lower titers of IgM on day 4 after UV-VSV challenge, and showed a
marked reduction in class switching, with very low titers 21 d after challenge. Dotted lines indicate
detection limit of assay.

Error bars in a, ¢, d indicate s.d.; n> 3.

frozen in isopentane and liquid nitrogen for histological analysis, or fixed
in 4% paraformaldehyde at room temperature. All manipulations were
approved by the Cantonal Animal Experimentation Committee.

Histology and immunohistochemistry. Paraffin-fixed (6 pm) and consec-
utively frozen (5 or 10 pm) sections of spleen, mesenteric lymph nodes,
inguinal lymph nodes or liver were stained with H&E. Antibodies FDC-M1
(4C11; 1:50, Becton Dickinson) and CD21/35 (8C12; 1:100; PharMingen),
and antibodies to CD45RO/B220 (RA3-6B2; 1:400; PharMingen),
MOMA-1 (1:50; BMA; Augst), pan-cytokeratin (Lu5; 1:200; BMA; Augst,
Switzerland), F4/80 (1:50; Serotec) and PNA (1:100; Vector), were used as
primary reagents for immunohistochemistry and lectin histochemistry as
described?®. Morphometric analysis was done as described?’. Numbers
were normalized to numbers per 10 mm? of spleen section.

Viruses. The Indiana strain of VSV (VSV-IND; Mudd-Summers isolate)
was originally obtained from D. Kolakofsky (University of Geneva,
Switzerland). VSV-IND was propagated on BHK-21 cells and plaqued on
Vero cells. For experiments, VSV-IND was ultraviolet-inactivated (7UV
15W, Philips) for 5 min in a thin layer of liquid in a 60-mm Petri dish.

VSV-specific serum neutralization test. Neutralizing antibody titers of
sera were determined as described?>?3, Sera were prediluted 40-fold in
supplemented MEM and heat-inactivated for 30 min at 56 °C. Serial 2-fold
dilutions of sera were mixed with equal volumes of virus diluted to contain
500 PFU/ml. The mixture was incubated for 90 min at 37 °C in an atmos-
phere containing 5% CO,. The serum-virus mixture (100 pl) was trans-
ferred onto Vero cell monolayers in 96-well plates and incubated for 1 h at
37 °C. Monolayers were overlaid with 100 pl DMEM containing 1%
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methylcellulose. After incubation for 24 h at 37 °C, the overlay was
removed and the monolayer was fixed and stained with 0.5% crystal violet.
The highest dilution of serum that reduced the number of plaques by 50%
was taken as the neutralizing titer. To determine IgG titers, and because
second-stage antibodies cannot be detected in neutralization assays, undi-
luted serum was pretreated with an equal volume of 0.1 M [-mercap-
toethanol in saline?>23,

PrP-specific antibody titer determinations. ELISA for PrP-specific antibod-
ies was done as described?. Plates were coated with 5 ig/ml of recombinant
mouse PrP, washed with PBST and blocked with 5% BSA. After washing,
plates were incubated with 30 pl of twofold serially diluted serum (1:20
prediluted) in PBST containing 1% BSA, then probed with horseradish per-
oxidase—conjugated rabbit antibody to mouse IgG/IgA/IgM (H+L; 1:1,000
dilution; Zymed Laboratories). Plates were developed with ABTS and opti-
cal density was measured at 405 nm. Titer was defined as the highest dilu-
tion with optical density greater than twice that of the technical
background, which was calculated as the average of uncoated wells and
those incubated without the serum. As a positive control, we used serum of
Prnp~~ mice immunized with a recombinant PrP-PrP fusion molecule,
measured on day 27 of immunization!”.

Measurement of serum cytokines and SAA. Mouse blood was collected 2 h
after CpG-ODN injection into serum separator microtubes, and cen-
trifuged for 10 min at 5,400 g to obtain serum. IL-1a, IL-6, IFN-y and TNF
concentrations were measured by ELISA. For IL-1a, IL-6 and TNF, ELISA
kits were used according to the manufacturer’s instructions (BD
Biosciences, catalog nos. 550347, 555240 and 555268, respectively). For
IEN-y determination, antibodies (R&D Biosystems) were used for capture
and detection according to the manufacturer’s instructions (capture anti-
body, MAB785; detection antibody, BAF 485). SAA levels were determined
in 100x prediluted serum, by ELISA, using a commercially available kit
(Biosource, catalog no. KMA 0012) following the manufacturer’s instruc-
tions.

KLH/CFA immunization. Mice were treated for 14 d with CpG-ODN or AT-
ODN, and subcutaneously injected on day 15 with 50 pug KLH (Sigma, cata-
log no. H7017) emulsified in CFA (Sigma, catalog no. F5881). Mice were bled
on days 7, 14, 21 and 28 after KLH/CFA injection. For detection of KLH-spe-
cific IgG antibody titers, ELISA plates were coated overnight at 4 °C with 2.5
pg/ml of recombinant KLH (Sigma, catalog no. H7017). Plates were washed
with PBST and blocked with 10% BSA for 2 h at room temperature. After
washing, plates were incubated with 30 pl of twofold serially diluted serum
(1:40 prediluted) in blocking buffer, and probed with horseradish peroxi-
dase—conjugated goat antibody to mouse IgGy (1:1,000 dilution; Zymed
Laboratories). Plates were developed with ABTS and optical density was
measured at 405 nm. Titer was defined as the dilution of the turning point
(half-maximal optical density); the technical background was calculated as
the average of uncoated wells and wells incubated without the serum.

Note: Supplementary information is available on the Nature Medicine website.
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