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CD40L disruption enhances A3 vaccine-mediated reduction of
cerebral amyloidosis while minimizing cerebral amyloid

angiopathy and inflammation
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Amyloid-B (APB) immunization efficiently reduces amyloid plaque
load and memory impairment in transgenic mouse models of
Alzheimer’s disease (AD). Active AB immunization has also yielded
favorable results in a subset of AD patients. However, a small
percentage of patients developed severe aseptic meningoencephalitis
associated with brain inflammation and infiltration of T-cells. We have
shown that blocking the CD40—CD40 ligand (L) interaction mitigates
AP-induced inflammatory responses and enhances A clearance.
Here, we utilized genetic and pharmacologic approaches to test whether
CD40-CD40L blockade could enhance the efficacy of AB_s; immuni-
zation, while limiting potentially damaging inflammatory responses. We
show that genetic or pharmacologic interruption of the CD40—CD40L
interaction enhanced AB3;_4, immunization efficacy to reduce cerebral
amyloidosis in the PSAPP and Tg2576 mouse models of AD. Potentially
deleterious pro-inflammatory immune responses, cerebral amyloid
angiopathy (CAA) and cerebral microhemorrhage were reduced or
absent in these combined approaches. Pharmacologic blockade of
CD40L decreased T-cell neurotoxicity to APB-producing neurons.
Further reduction of cerebral amyloidosis in AB-immunized PSAPP
mice completely deficient for CD40 occurred in the absence of AP
immunoglobulin G (IgG) antibodies or efflux of AB from brain to blood,
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but was rather correlated with anti-inflammatory cytokine profiles and
reduced plasma soluble CD40L. These results suggest CD40-CD40L
blockade promotes anti-inflammatory cellular immune responses, likely
resulting in promotion of microglial phagocytic activity and AP clearance
without generation of neurotoxic AB3-reactive T-cells. Thus, combined
approaches of AB immunotherapy and CD40—-CD40L blockade may
provide for a safer and more effective AR vaccine.

© 2007 Elsevier Inc. All rights reserved.
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Introduction

Amyloid-p (Ap), a proteolytic product of amyloid precursor
protein (APP), is a key molecule in the pathogenesis and
progression of Alzheimer's disease (AD) (Blennow et al., 2000).
Overproduction of soluble and aggregated AP species drives
cerebral amyloidosis including B-amyloid plaque formation, a
hallmark pathological feature of AD. Thus, methods developed to
clear or prevent formation of AP in the brains of AD patients
represent a possible treatment modality. One promising approach
involves utilization of “active” A immunization strategies, which
produce dramatic reductions in AP pathology in animal studies
(Schenk et al., 1999). However, a phase Ila clinical trial was
abandoned after about 6% of AB-immunized AD patients devel-
oped aseptic meningoencephalitis (Nicoll et al., 2003; Orgogozo
et al., 2003) that appeared to involve brain inflammatory reactions
mediated by T-cells and microglia (Monsonego et al., 2001, 2003;
Schenk and Yednock, 2002; Greenberg et al., 2003). Interestingly,
a 12 month post-vaccination period analysis revealed an inverse
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correlation between titers of amyloid plaque-reactive antibodies
and rate of cognitive decline (Hock et al., 2003), suggesting
clinical efficacy. Despite the discontinuation of the clinical trials,
AP vaccination studies have continued in an effort to identify an
immunization approach that is both safe and effective. Current
approaches have focused on minimizing T-cell mediated inflam-
matory responses in effort to prevent central nervous system (CNS)
invasion of auto-aggressive T-cells, while promoting AP antibody-
mediated clearance mechanisms (Chackerian et al., 2006; Maier
et al., 2006; Okura et al., 2006; Nikolic et al., 2007).

A possible avenue to both enhance AP clearance and down-
regulate CNS inflammatory responses (including invasion of
reactive T-cells) involves modulation of the CD40 receptor
(CD40)-CD40 ligand (CD40L) system. CD40 is a ~45-50 kDa
cell surface molecule, which is a member of the tumor necrosis
factor-a. (TNF-a)/nerve growth factor (NGF) receptor super-family.
In the periphery, a variety of innate immune cells known as antigen-
presenting cells (APCs) express CD40, including dendritic cells,
B-cells, and monocytes/macrophages. In the CNS, CD40 is ex-
pressed by resident cells including microglia, neurons, and astro-
cytes, as well as by peripherally-derived APCs (Tan et al., 2002;
Town et al., 2005). CD40L (also known as CD154) is expressed as a
membrane-anchored molecule by activated T-cells and astrocytes,
and can also be secreted as a smaller soluble protein (van Kooten
and Banchereau, 2000). The CD40—CD40L interaction acts as an
accessory co-stimulatory pathway involved in key immune cell
processes including: activation, maturation/differentiation, growth/
proliferation, and regulation of apoptosis (Town et al., 2001a).

We have previously shown that CD40 ligation is a molecular
trigger for pro-inflammatory microglial activation in response to Af
peptides (Tan et al., 1999). Further, genetic or pharmacologic block-
ade of the CD40-CD40L interaction reduces f-amyloid pathology in
the brains of transgenic mouse models of AD (Tan etal., 1999; 2002).
Increased CD40 and CD40L immunoreactivity has been found in and
around B-amyloid plaques in the AD brain (Togo et al., 2000;
Calingasan et al., 2002), further suggesting that CD40-CD40L
interaction may contribute to AB/B-amyloid plaque pathology.

Recently, the CD40-CD40L interaction was determined to play a
central role in promoting and maintaining dendritic cell APC phe-
notype during infections (Straw et al., 2003). In the context of CNS
immunity, the CD40—CDA40L interaction is required for microglial
maturation into functional APCs (Ponomarev et al., 2006). We have
recently shown that CD40L treatment of primary cultures of
microglia inhibits phagocytosis of A antibody opsonized, as well as
non-opsonized A species (Townsend et al., 2005). Associated with
reduced A phagocytic capacity, CD40L treatment up-regulated cell
surface markers indicative of an APC phenotype including CD45,
CD86, MHC I, and promoted the release of pro-inflammatory
molecules including interleukin (IL)-1f and TNF-a (Townsend
et al., 2005). Thus, the CD40—CD40L interaction may act as a
molecular switch necessary to drive pro-inflammatory microglial
APC phenotype maturation at the cost of reducing phagocytosis
(Townsend et al., 2005; Ponomarev et al., 2006). Finally blockade of
the CD40-CD40L system down-regulates T-cell/microglia-
mediated neuronal injury in the context of experimental autoimmune
encephalitis (EAE) (Howard et al., 1999, 2002). Altogether, these
studies suggest that blockade of the CD40—-CD40L interaction could
enhance A vaccination-mediated AP clearance mechanisms, while
minimizing pro-inflammatory T-cell-mediated damage in the CNS.

To investigate this hypothesis, we studied transgenic “PSAPP”
mice overexpressing mutant human presenilin-1 (DeltaE9), and

“Swedish” mutant human APP (APPgy.), which develop AD-like
pathology (Jankowsky et al., 2001). We took a genetic approach to
CD40 blockade by crossing these mice with CD40 ™~ mice to yield:
CD40 wild-type (PSAPP), CD40 heterozygous deficient (PSAPP/
CD40™"), and CD40 homozygous deficient (PSAPP/CD407")
animals. We then vaccinated these mice over a course of 4 months
utilizing aggregated AP, 4o peptide or vehicle. We also took a
pharmacologic approach by administering CD40L neutralizing
antibody to AP;_4p-vaccinated PSAPP mice. Results from both
strategies showed enhanced reduction of cerebral amyloidosis as
evidenced by reductions in A load, f-amyloid plaque burden, and
cerebral amyloid angiopathy (CAA). Moreover, we report reduced
cerebral microhemorrhage and inflammatory immune responses as
measured by cytokine analysis and T-cell induced neurotoxicity to
AR producing neurons. These results were associated with inhibition
of the microglial APC phenotype. Interestingly, homozygous CD40
deficient AB;_4o-immunized PSAPP mice displayed reduced cerebral
amyloidosis in the absence of immunoglobulin G (IgG) antibodies or
efflux of AP from brain to blood. These effects were correlated with
reduced plasma CD40 ligand (CD40L) and increased anti-inflam-
matory cytokine levels. Altogether these data suggest that disruption
of the CD40-CD40L interaction enhances Af; 4,-immunization
mediated A clearance mechanisms by promoting anti-inflammatory
cellular immunity to support microglial clearance of Af.

Materials and methods
Reagents

Anti-human A monoclonal antibody (4G8) was purchased from
Signet Laboratories (Dedham, MA). AP, 4> peptide was obtained
from Biosource International (Camarillo, CA). AP 4, peptide was
added to 0.9% saline (4 mg/mL), vortexed, and incubated for 24 h at
37 °C. This solution was aliquoted, frozen and stored at —80 °C.
Immediately prior to use, AB; 4, aliquots were thawed and then
mixed with adjuvant or PBS at 1:1 (v/v). Complete and incomplete
Freund's adjuvant were purchased from Sigma. DuoSet™ enzyme-
linked ELISA kits (including TNF-q, transforming growth factor-
B1 (TGF-B1), IL-1pB, and IL-10) were obtained from R&D Systems
(Minneapolis, MN). Purified rat anti-mouse MHC class II antibody
was obtained from PharMingen (San Diego, CA). Congo red and
concanavalin A (Con A) were obtained from Sigma. AB; 4o and
APy 4> ELISA kits were purchased from IBL-America (Minnea-
polis, MN). Murine IgG and HRP-conjugated goat anti-mouse IgG
were obtained from Pierce Biotechnology, Inc. (Rockford, IL).
Goat anti-mouse IgM peroxidase conjugate antibody (A8786) was
obtained from Sigma.

Mice

Wild-type C57BL/6, PSAPP mice (APPgy., PSEN1dE9) and
CD40 deficient (CD40 ") mice were all obtained from Jackson
Laboratories (Bar Harbor, ME). We crossed CD40 '~ mice with
PSAPP mice and characterized offspring by polymerase chain
reaction-based genotyping for the mutant APP construct and
mutant presenilinl (PS1) gene (to examine PSAPP status) and
neomycin selection vector (to type for CD40 deficiency), followed
by Western blot for brain APP and splenic CD40 protein,
respectively. Animals were housed and maintained under specific
pathogen-free conditions in the College of Medicine Animal
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Facility at the University of South Florida, and all experiments
were performed in compliance with protocols approved by the
University of South Florida Institutional Animal Care and Use
Committee. The animals that we studied were PSAPP/CD40™",
PSAPP/CD40™", PSAPP/CD40 ™", CD40 ", and their littermates.
None of the mice studied did not developed infections or
neoplasms throughout the duration of this study.

Immunization strategies

For our genetic approach to CD40-CD40L blockade, we
crossed PSAPP and CD40 '~ mice and, at 8 months of age, divided
them into groups consisting of AB; 4, or vehicle (PBS)-vaccinated
CD40™ and wild-type mice (n=8 for each group, 48/49), or
PSAPP/CD40"" (PSAPP/CD40""/AB;_4», PSAPP/CD40""/PBS),
PSAPP/CD40"" (PSAPP/CD40" /AB;_4», PSAPP/CD40" /PBS),
or PSAPP/CD40”~ (PSAPP/CD40 " /AB,_4>, PSAPP/CD40"/
PBS) mice (n=16 for each group, 83/89). Immunization of these
mice was performed at regular time intervals in a similar fashion to
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the methods described by Schenk et al. (1999). Briefly, 8-month-
old mice were injected with AP; 4, (100 pg/mouse) or PBS
emulsified in monophosphoryl lipid A (detoxified endotoxin) from
S. minnesota (MPL) and synthetic trehalose dicorynomycolate
(TDM) biweekly until 9 months of age, and monthly injection with
AP;_4 or PBS alone was performed thereafter.

For our pharmacologic approach to CD40-CD40L blockade,
we studied 8-month-old PSAPP mice divided into five groups
(n=16 for each group, 83/8%) as follows: PBS-treated AP 4,
immunized PSAPP mice (PSAPP/AB, 4,/PBS), CD40L antibody-
treated AP;_4> immunized PSAPP mice (PSAPP/AB;_4,/CD40L
antibody), Isotype control IgG-treated AP, 4, immunized PSAPP
mice (PSAPP/AB, 4,/1gG antibody), or CD40L antibody-treated
non-Af;_4, immunized PSAPP mice (PSAPP/CD40L antibody).
We immunized these mice with AB;_4, as described above and
treated them with CD40L antibody (200 pg/mouse) based on our
previous report (Tan et al., 2002). For all mice, blood samples
were collected from the sub-mandibular vein just before immu-
nization and then on a monthly basis thereafter 1-2 days prior to
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Fig. 1. Evaluation of the effects of CD40 deficiency on AP antibody generation and AP efflux in AR;_4,-immunized mice. Peripheral blood samples were collected
monthly throughout the 4-month AB immunization course. (A) The graph shows antibody levels for wild-type vs. CD40™ mice (top panel) and PSAPP mice
deficient for CD40 vs. appropriate controls as indicated (bottom panel) following AR _4, vaccination. PSAPP/CD40" “/AP|_4 and PSAPP/CD4O+/7/A[’> 1_42 Mice
produced similar elevations in A IgG antibodies, in contrast to PSAPP/CD40 " /AR 42, PSAPP/CD40" */PBS, PSAPP/CD40" /PBS, and PSAPP/CD40 " /PBS
mice that produced undetectable levels of AR IgG antibodies. Data are presented as mean+S.D. of plasma AP antibodies (ug/mL). (B) Plasma AP;_40 and AR 4>

peptides were measured separately by ELISA. Data are represented as mean+S.D. of AR _4 (top panel) or AR _4, (bottom panel). PSAPP/CD40

++

/AV)] 42 and

PSAPP/CD40" /AP _4> mice produced similar elevations in plasma AP_49 and AR;_4», in contrast to PSAPP/CD40 ™ /AR 1_4», PSAPP/CD40™/PBS, PSAPP/
CD40"/PBS, and PSAPP/CD40 ™'~ /PBS mice that produced minimal levels of plasma AP 49 and AP _45.
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the succeeding monthly injection (except the final collection,
which was taken 1 month after the final injection) throughout the
course of immunization, and mice were sacrificed at 12 months of
age.

Measurement of plasma IgG and IgM Af antibodies by ELISA

AP antibodies in individual mouse plasma and brain homo-
genates were measured in duplicate according to previously
described methods (Maier et al., 2005). Briefly, human AP 4,
peptide was coated at 1 pg/mL in 50 mM carbonate buffer, pH 9.6
(coating buffer) on 96-well immunoassay plates overnight at 4 °C.
The plates were washed with 0.05% Tween 20 in PBS (washing
buffer) five times and blocked with blocking buffer (PBS with 1%
BSA, 5% horse serum) for 2 h at room temperature. Murine IgG or
IgM was serially diluted in coating buffer (1000-0 pg/mL) to
generate a standard curve. Mouse plasma and brain homogenate
samples were diluted in blocking buffer at concentrations ranging
from 1:400 to 1:102,400, added to the plates, and incubated for 2 h at
room temperature. After 3 washes with washing buffer, a detection
antibody (HRP-conjugated goat anti-mouse IgG, or HRP-conju-
gated goat anti-mouse IgM diluted at 1:4000), was added to the
plates and incubated for 1 h at 37 °C. Following 4 washes,
tetramethylbenzidine substrate was added to the plates and
incubated for 15 min at room temperature. 50 microliters of stop
solution (2N H,SO,) was added to each well of the plates. The
optical density of each well was immediately determined by a
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microplate reader at 450 nm. A antibody data are reported as pg per
mL of plasma (mean=+S.D.).

Measurement of AP species from plasma and brain homogenates
by ELISA

Mouse brains were isolated under sterile conditions on ice and
placed in ice-cold lysis buffer (containing 20 mM Tris, pH 7.5,
150 mM NaCl, | mM EDTA, 1 mM EGTA, 1% v/v Triton X-100,
2.5 mM sodium pyrophosphate, 1 mM B-glycerolphosphate, 1 mM
Na3;VOy,, 1 pg/mL leupeptin, | mM PMSF) as previously described
(Rezai-Zadeh et al., 2005). Brains were then sonicated on ice for
approximately 3 min, allowed to stand for 15 min at 4 °C, and
centrifuged at 15,000 rpm for 15 min. AB; 40 and AP, 4, species
were detected by a 2-step extraction protocol, similar to previously
published methods (Johnson-Wood et al., 1997; Rezai-Zadeh et al.,
2005). Detergent-soluble AR, 40 and AP, 4, were directly detected
in plasma and brain homogenates prepared with lysis buffer de-
scribed above by a 1:4 or 1:10 dilution, respectively. Total AB; 40
and AP 4, species were detected by acid extraction of brain
homogenates in 5 M guanidine buffer, followed by a 1:10 dilution in
lysis buffer. APy 40 and AP, 4o were quantified in individual
samples in duplicate using AP; 40 and AP; 4, ELISA Kkits in
accordance with the manufacturer's instructions (IBL-America),
except that standards included 0.5 M guanidine buffer in some cases.
AP 40 and AP 4, are represented as pg per mL of plasma or pg per
mg of total protein (mean+S.D.).

Aﬁ1-42
2000
*
1500 - | |
1000 A *k
500 -

40000 Aﬁ1-42
g
32000 A ! l
24000
16000 A *k
8000 -

PSAPP/ PSAPP/ PSAPP/ PSAPP/ PSAPP/ PSAPP/
CD40+/+ CD40+/ CD40-- CD40+/+ CDA0+- CD4O--

PBS injection

AB immunization

PBS injection

AR immunization

Fig. 2. Cerebral AP levels are significantly reduced in AR _4p-immunized PSAPP mice heterozygous for CD40. Detergent-soluble AR 49 and AB; 4> (A) and
insoluble (SM guanidine-soluble) APB;_49 and APB_4, peptides (B) were measured separately in brain homogenates by ELISA. Data are presented as mean+S.D.
of ARy 40 or AP 42 (pg/mg protein).
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Brain and plasma cytokine analysis at the time of sacrifice, and were diluted in PBS and assayed using
the kits described above in strict accordance with the manufacturer's
Enzyme-linked immunoabsorbance assay (ELISA) for detection instruction (R&D Systems). The Bio-Rad protein assay (Bio-Rad

of IL-1, IL-10, TGF-B1, or TNF-a was carried out for measurement Laboratories, Hercules, CA) was performed to measure total cellular
of cytokines in mouse blood plasma, or brain. Tissues were obtained protein from each sample prior to quantification of cytokine release
A Hippocampal subfield

10X

B Hippocampal subfield

4x

Fig. 3. p-amyloid pathology is reduced in AR _4,-immunized PSAPP mice heterozygous for CD40. Mouse coronal brain sections were embedded in paraffin and
stained with monoclonal human AP antibody (A), or were stained with congo red (B), and the hippocampus is shown. (C) Percentages [plaque area/total area;
mean+S.D. with n=16 mice (85/8%2)] of Ap antibody-immunoreactive AP plaques (top panel) and congo red-positive AP deposits (bottom panel) were
calculated by quantitative image analysis for each brain region (CC/H: cingulate cortex and hippocampus; EC: entorhinal cortex) as indicated.
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Fig. 3 (continued).

by ELISA, and cytokine secretion is expressed in pg/mg total
protein.

Histology
Mice were anesthetized with isofluorane and transcardially

perfused with ice-cold physiological saline containing heparin
(10 U/mL). Brains were rapidly isolated and quartered using a
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mouse brain slicer (Muromachi Kikai, Tokyo, Japan). The first and
second anterior quarters were homogenized for Western blot
analysis, and the third and fourth posterior quarters were used for
microtome or cryostat sectioning as previously described (Tan et al.,
2002). Brains were then fixed in 4% paraformaldehyde in 0.9%
saline at 4 °C overnight and routinely processed in paraftin in a core
facility at the Department of Pathology (University of South Florida
College of Medicine). Five coronal sections from each brain (5 pum
thickness) were cut with a 150 pm interval. Paraffin sections were
routinely deparaffinized and hydrated in a graded series of ethanol.
All sections were pre-blocked for 30 min at ambient temperature
with serum-free protein block (Dako Cytomation, Carpinteria, CA).

AP immunohistochemical staining was performed using anti-
human amyloid-f antibody (clone 4G8; 1:100; Signet Laboratories)
in conjunction with the VectaStain Elite ABC kit (Vector
Laboratories, Burlingame, CA) coupled with the diaminobenzidine
substrate. For microglia/macrophage immunostaining (MHC II,
Ibal and CDA45), sections were prepared as described above.
Following pre-blocking, sections were treated overnight with anti-
mouse MHC 1I (1:500) Ibal (1:100) or CD45 (1:500) antibodies
diluted in PBS (obtained from Santa Cruz; O'Keefe et al., 2002),
incubated with HRP-conjugated anti-mouse IgG, and developed.
For congo red histochemistry, sections were routinely deparaffinized
and rinsed in 70% (v/v) ethanol before staining with fresh-filtered
1% (w/v) congo red diluted in 70% ethanol for 5 min. These sections
were rinsed three times for 5 min each in 70% ethanol, hydrated for
5 min in 0.9% saline, and mounted. f-amyloid plaques and reactive
microglia were visualized using an Olympus BX-51 microscope
(Olympus, Tokyo, Japan).

Quantitative image analysis was performed for 4G8 immuno-
histochemistry and congo red histochemistry. Images were
obtained using an Olympus BX-51 microscope and digitized using
an attached MagnaFire™ imaging system (Olympus, Tokyo,
Japan). Briefly, images of five 5-um sections (150 um apart)
through each anatomic region of interest (hippocampus or cortical
areas) were captured and a threshold optical density was obtained
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Fig. 4. PSAPP mice heterozygous or homozygously deficient for CD40 have increased anti-inflammatory IL-10 cytokine and decreased plasma soluble CD40L
(sCD40L) after AP _4, vaccination. (A) ELISA analysis of cytokine levels in brain homogenates from the indicated mouse groups. Data are presented as mean+
S.D. of each cytokine (pg/mg total protein). (B) ELISA for plasma sCD40L levels in the indicated mouse groups. Data are presented as mean+S.D. of plasma

sCD40L protein (pg/mL).
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that discriminated staining form background. Manual editing of
each field was used to eliminate artifacts. Data are reported as
percentage of immunolabeled area captured (positive pixels)
divided by the full area captured (total pixels). Quantitative image
analysis was performed by a single examiner (TM) blinded to
sample identities.

Splenocyte cultures

Cell suspensions of splenocytes from individual mice were
prepared as previously described (Town et al., 2001b, 2002) and
passed in 0.5 mL aliquots into 24-well plates at 3x 10° cells/mL.
These cells were cultured for 48 h in the presence or absence of
Con A (5 pg/mL), or AB;_4> (20 ug/mL). Supernatants were then
collected and assayed by IFN-y, IL-2, and IL-4 cytokine ELISA
kits in strict accordance with the manufacturer's instruction (R&D
Systems). The Bio-Rad protein assay (Bio-Rad Laboratories,
Hercules, CA) was performed to measure total cellular protein
from each well prior to quantification of cytokine release by
ELISA, and cytokine secretion is expressed in pg/mg total cellular
protein (mean+S.D.). To verify whether stimulation of splenocytes
produced any between-groups differences on cell death that might
account for altered cytokine profiles, LDH release assay was
carried out as described (Townsend et al., 2005) and LDH was not
detected in any of the wells studied.

AB-specific lymphocyte neurotoxicity assay

Primary cultured neuronal cells were used as target cells in >'Cr
release assay for AB-specific lymphocyte neurotoxicity (Tan et al.,
1999). We co-cultured primary neuronal cells from PSAPP mice
or their littermates with CD3" T-cells (including CD4" and CD8"
T-cells) isolated from primary cultures of splenocytes derived from
APy 4o/1gG- or APy 4o/CD40L antibody-treated PSAPP mice as
described above. As in our previous studies (Tan et al., 1999; Town
et al., 2002), primary neuronal cells were labeled with >'Cr as
target cells and co-cultured with T-cells as effectors. Four-hour
3ICr release assay was then carried out. Total release represents
the radioactivity released after lysis of target cells with 5% Triton
X-100.

Statistical analysis

All data were normally distributed; therefore, in instances of
single mean comparisons, Levene's test for equality of variances
followed by #-test for independent samples was used to assess
significance. In instances of multiple mean comparisons, analysis
of variance (ANOVA) was used, followed by post-hoc comparison
using Bonferroni's method. Alpha levels were set at 0.05 for all
analyses. The statistical package for the social sciences release
10.0.5 (SPSS Inc., Chicago, IL) was used for all data analysis.

Results

CD40 deficiency modulates A antibody production after
AP vaccination

It is well-established that B-cells require CD40 engagement by
T-cell-derived CD40L to produce IgG antibodies in response to
vaccination (Kawabe et al., 1994; Bishop and Hostager, 2003). To
determine the effects of AP;_4, vaccination on AP antibody
production in the absence of CD40 expression, strain- and gender-
matched CD40 deficient (CD40 ") and wild type mice (n=8 per
group, 43/49) were immunized. We employed a 4-month
vaccination strategy according to modified previous methods
(Schenk et al., 1999) utilizing synthetic aggregated Ap;_4, peptide
or PBS with MPL/TDM as adjuvant. Mouse plasma samples were
collected monthly over this 4-month vaccination period and
subjected to ELISA for measurement of AP antibodies. Results
indicated potent AP IgG production in wild-type mice, whereas
CD40™" mice produced no detectable Ap IgG (Fig. 1A, top panel).
While CD40 " mice did not produce detectable Ap IgG, they did
produce AP IgM that was not significantly different from wild-type
mice [98.56+£S.D. 7.45 vs. 86.98+S.D. 12.09 (ug/mL at 1 month
after the first immunization)].

To investigate the impact of CD40 deficiency on AP 4
vaccination-induced humoral immune responses in a mouse
model of AD, we vaccinated 8-month-old PSAPP mice with three
CD40 genotypes (PSAPP/CD40"", PSAPP/CD40"", and PSAPP/
CD407") with either APy 4o or vehicle (PBS). Blood samples
from all mice were individually collected once monthly over the
4-month vaccination period. As expected, AP; 4, vaccinated
PSAPP/CD40 " mice demonstrated no detectable Ap IgG,
whereas PSAPP/CD40"~ and PSAPP/CD40"" mice produced
similar increases in AP IgG antibodies throughout the 4-month
AP 4> vaccination program (Fig. 1A, bottom panel).

Increased plasma AB;_490 and AP;_4> in heterozygous CD40
deficient PSAPP mice after AP vaccination

Activation of AP efflux from the CNS to the systemic
circulatory system is a well-recognized clearance mechanism
underlying AB vaccination in AD mouse models (Sigurdsson et
al., 2002; Lemere et al., 2003). To determine the effect of partial
or complete CD40 deficiency on activation of AP efflux after
APq_4> vaccination, we separately measured plasma Af;_4o and
AP;_4> species by ELISA monthly over the 4-month vaccination
period. Importantly, PSAPP/CD40" /AP, 4, mice exhibited dra-
matically increased plasma Af;_49 and AP;_4, compared to
PSAPP/CD40 " /AP;_4, animals at the time points analyzed (Fig.
1B, P<0.001), pointing to a shift in AP load from the CNS to the
systemic circulation in this group. PSAPP/CD40 " /AB; 4, mice
displayed very low levels of plasma A species, similar to

Fig. 5. Peripheral and cerebral AR levels are reduced in AR _4;-immunized PSAPP mice treated with CD40L neutralizing antibody. (A) ELISA analysis for
plasma levels of AR _40 and AP 4> and AP antibodies. Plasma AP_4 (top panel) and AR 4, (middle panel) were measured separately by ELISA. PSAPP/
AP _4o/CD40L antibody and PSAPP/AR | _4,/IgG mice produced similar elevations in plasma AR 49 and AR 4, in contrast to PSAPP/CD40L antibody and
PSAPP/PBS mice which produced minimal levels of plasma AP 40 and AP;_4,. Data are represented as mean=S.D. of AP 49 or AR 4> (pg/mL) in plasma.
Ap antibody levels (bottom panel) were measured by ELISA. PSAPP/AB; _4,/CD40L antibody and PSAPP/AR_4,/IgG mice produced similar elevations in
plasma Ap IgG antibodies in contrast to PSAPP/CD40L antibody and PSAPP/PBS mice which had undetectable levels of plasma Ap IgG antibodies. Data are
presented as mean+S.D. of AR antibodies (ng/mL) in plasma. No significant difference in AP antibody levels between PSAPP/AB ;| _4,/CD40L antibody and
PSAPP/AR;_4/1gG mice (P>0.05) was observed. (B) Soluble AR;_40 and AR_4; peptides (top panel) and insoluble AB_40 and APB;_4, (bottom panel) in brain
homogenates were measured separately by ELISA. Data are presented as mean+S.D. of AR 49 or AP 4> peptides normalized to total protein (pg/mg).
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unvaccinated mouse groups. The lack of elevated AP plasma levels
in PSAPP/CD40 ™" /AP,_4, mice can most likely be explained by
the absence of A IgG in this mouse group, as homozygous CD40
deficiency conferred absence of AP IgG production to either AB
species (Fig 1A, bottom panel). Interestingly, PSAPP/CD40™/
A4, mice displayed similarly elevated plasma levels of AB; 49
and AP, 4o when compared with the PSAPP/CD40+/+/A[31,42
mouse group (P>0.05). These data further suggest that AB IgG
production may be required for A efflux from the CNS to the
periphery in this vaccination paradigm.

Reduced cerebral AB;_,9 and AP;_;> in heterozygous CD40
deficient PSAPP mice vaccinated with AP; 45

As shown in Fig. 2, results revealed that AB;_4, vaccination of
mice completely (PSAPP/CD40 ") and partially (PSAPP/CD40"")
deficient for CD40 yielded decreased amounts of soluble (top
panels) and insoluble (bottom panels) AB; 40 and AP, 4, in brain
homogenates as measured by ELISA. Most importantly, a
significantly greater reduction in both soluble and insoluble
APy140 and APy 4 levels was evident in the PSAPP/CD40""/
APBi_4» group compared to either PSAPP/CD40"*/AP, 4, or
PSAPP/CD40 " /A _4> groups (*P<0.05;%*P<0.001). We
further observed that 3-amyloid histopathology was also markedly
reduced in the PSAPP/CD40" /AP, 4, group as determined by Ap
antibody immunohistochemical analysis (Fig. 3A), and congo red
staining (Fig. 3B) of mouse coronal brain sections from Af vacci-
nated mice. Quantitative analysis of results revealed significantly
reduced AP antibody and congo red-positive B-amyloid plaque
burden in each brain region examined from PSAPP/CD40+/_/A[3142
mice as compared to either PSAPP/CD40™""/AP; 4> or PSAPP/
CD40 ™ /AP, _4» groups (Fig. 3C, **P<0.001). Together, these data
indicate that CD40 heterozygosity confers the greatest reduction in
AP load in PSAPP mice when compared to all other groups following
APy_4» vaccination, and suggest that partial disruption of CD40
signaling could maximize A, 4, vaccination efficacy.

Interestingly, Ap plaque reduction in PSAPP/CD40 " /AB, 4>
mice was significantly reduced when compared to PSAPP/CD40""/
APy 4, or PSAPP/CD40 " /PBS groups (Fig. 3C, *P<0.05). These
data are additionally supported by ELISA analyses of both soluble
and insoluble AB;_49 and AB;_4, in brain homogenates (Fig. 2), and
suggest that other mechanisms besides AP IgG production, such as
cellular immune responses, might be involved in the observed
reductions of cerebral AB/p-amyloid in PSAPP mice after AP 4,
vaccination.

AP;_4> vaccination results in markedly increased
anti-inflammatory cytokines and reduced plasma soluble
CD40L in PSAPP/CD40™"" mice

Due to the observed lack of AP IgG antibodies in PSAPP/
CD40™" mice following AP, 4, vaccination, we wished to in-
vestigate whether cellular immune responses could be involved in
reduction of cerebral AB/B-amyloid deposits in these animals. To
test this hypothesis, we performed ELISA to examine anti-
inflammatory cytokine profiles in brain homogenates from
PSAPP/CD40"*, PSAPP/CD40"", and PSAPP/CD40”" mice
vaccinated with either AP; 4, or vehicle (PBS). As shown in
Fig. 4A, analysis of data revealed significantly (**P<0.001)
elevated expression of brain IL-10 from either PSAPP/CD40 '/
APy 4 or PSAPP/CD407/+/A[3H‘2 mice compared to PSAPP/

CD40+/+/A[31 42 mice, but not for IL-1B (P>0.05). Moreover, we
found a significant decrease in plasma soluble CD40L (sCD40L)
when comparing PSAPP/CD40 ™" /AP,_4» to either PSAPP/CD40™/
ABy_4> or PSAPP/CD40” /PBS mice (**P<0.001, Fig. 4B).
Reduced sCD40L in PSAPP/CD40 " /AP, _4> compared to
PSAPP/CD40+/+/AB]42 mice occurred in the absence of signifi-
cantly different levels of AP IgM antibodies (data not shown). These
data indicate that reduction in cerebral Ap after AB;_4, vaccination
of PSAPP/CD40 " mice is associated with a rise in the anti-
inflammatory cytokine IL-10 and a decrease in plasma sCD40L
levels.

Neutralizing CD40L antibody increases circulating AP; 49 and
APy 4> levels and reduces cerebral amyloidosis in AB; 4
vaccinated PSAPP and Tg2576 mice

To determine whether pharmacologic inhibition of CD40—
CD40L interaction might produce a similar effect as genetic
disruption on enhancing AP, 4, vaccination efficacy, we adminis-
tered neutralizing CD40L antibody to PSAPP mice in combination
with active AB;_4» vaccination described in Materials and methods.
Blood samples were individually collected from all mice at a
monthly time interval. Similar to the effects observed in AP 4,
vaccinated PSAPP/CD40" mice, APy_4> vaccinated PSAPP mice
treated with CD40L antibody displayed elevations in plasma levels
of AP; 40 and AP; 4 and AP IgG antibodies that did not
significantly differ from AP, 4, vaccinated PSAPP mice injected
with an isotype-matched IgG control antibody (Fig. 5A, top to
bottom, respectively). The PSAPP/AB;_4,/CD40L antibody and
PSAPP/APB;_45/1gG groups produced greater plasma levels of AB; 40
and AP, 4> species and AP antibodies than either PSAPP mice
receiving PBS or treatment with CD40L antibody alone, confirm-
ing that 1) immunization of this cohort of animals was successful
and 2) neutralizing CD40L did not hamper A antibody production
(Fig. 5A). Additionally, no significant differences were revealed
for either plasma AB;_40 and AB;_4, levels or AP antibodies when
comparing PSAPP/AB; 4,/1gG to PSAPP/AB, 4> groups (P>0.05;
data not shown).

We next examined the effect of neutralizing CD40L antibody
on cerebral AP levels in PSAPP mice vaccinated with ARy 4.
ELISA analysis revealed that PSAPP/AP;_4,/CD40L antibody
mice displayed significantly reduced amounts of cerebral soluble
and insoluble AP, 40 and APy 4 peptides as compared with
PSAPP/AB; 4,/IgG, PSAPP/CD40L antibody, or PSAPP/PBS
groups (*¥**P<0.001; Fig. 5B). Furthermore, PSAPP/AB; 4,/
CD40L antibody mice showed a marked reduction in cerebral
AP deposits compared to PSAPP/AB;_4,/1gG mice or other control
groups (**P<0.001; Figs. 6A—C). These data show additional
reduction in cerebral AP and B-amyloid in the context of APy 4
vaccination provided by pharmacologic blockade of CD40-CD40L
interaction.

Together, these data demonstrate that disruption of the CD40—
CD40L interaction by 1) a genetic approach or 2) pharmacologic
depletion of available CD40L by neutralizing antibody enhances
reduction of cerebral amyloidosis after Af; 4, vaccination. Recent
studies have shown CAA and cerebral microhemorrhage often occur
in AD mice following intraperitoneal (i.p.) active or passive Af
vaccination (Wilcock et al., 2004, 2007). Thus, we next investigated
if disruption of CD40L activity could reduce CAA following A
vaccination in the Tg2576 mouse model of AD. Since Tg2576 mice
are known to produce CAA pathology at 15 to 20 months of age
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(Christie et al., 2001; Li et al., 2003; Friedlich et al., 2004; Kim et al., shown in Figs. 6D-E, disruption of CD40L activity by the depleting

2007), we initiated i.p. injection of these mice with CD40L antibody antibody not only promoted additional reduction in total congo red

at 12 months of age (n=16, 83/8%9) in conjunction with active AB;_4, after AP, 4> vaccination, but also further reduced vascular congo red

immunization using an identical procedure as described above. Four signal. This was confirmed by statistical analysis, which revealed

months later, we sacrificed these mice and examined CAA. As significant differences (¥**P<0.001) between Tg2576/AB; 4,/1gG
A Hippocampal subfield
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Hippocampal subfield

4X

Fig. 6. Cerebral B-amyloid deposits and cerebral amyloid angiopathy are reduced in AP, 4-immunized PSAPP or Tg2576 mice treated with CD40L
neutralizing antibody. Mouse paraffin-embedded coronal brain sections from were stained with rabbit Pan-p-amyloid antibody (A) or with congo red (B), and the
hippocampus is shown. (C) Percentages (plaque area/total area; mean+S.D.) of AP antibody-immunoreactive deposits (top panel) or of congo red-stained
sections (bottom panel) were calculated by quantitative image analysis. (D) Tg2576 mice received AP;_4, vaccination plus neutralizing CD40L antibody or
isotype-matched control IgG, and brain sections were stained with congo red (hippocampus is shown). Positions of the hippocampal subfields CA1, CA3, and
DG (dentate gyrus) are indicated in the upper left panel. Arrows indicate AP deposit-affected vessels. (E) Percentages (% of area) of congo red-stained plaques
were quantified by image analysis [mean+S.D. with (=16, 85/8%)].
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Fig. 6 (continued).

and Tg2576/AB1_4,/CD40L antibody groups for both total and
vascular congo red. In addition, we also analyzed cerebral Af levels/
B-amyloid deposits in these two groups by AP ELISA and
immunochemistry. Similar to the effects observed in AP 4/
CDA40L antibody-vaccinated PSAPP mice, Tg2576 mice receiving
both AP, 4, immunization and depleting CD40L antibody displayed
amarked decrease in cerebral soluble and insoluble AB;_40 and ABy_4»
levels and B-amyloid load compared to AP, 4,-alone-immunized
mice (P<0.001; data not shown).

CD40 pathway blockade decreases MHC II and CD45-positive
microglia and increases anti-inflammatory cytokines in AP 42
immunized PSAPP mice

To evaluate the effects of CD40/CD40L blockade on pro-
inflammatory APC-like microglial activation in the AB;_4, vaccina-
tion paradigm, we first stained brain sections from PSAPP/AB_45/
IgG and PSAPP/AB, 4o/CD40L antibody-treated mice with Ibal
antibody (Fig. 7A). We quantified Ibal positive microglia/macro-
phages with/without the spindle-shaped morphology, as it has been
previously reported that microglial cells become spindle-shaped
when exposed to stimuli including LPS and Con A that promote the
pro-inflammatory APC phenotype (Washington et al., 1996;
Bernhardi and Nicholls, 1999). Interestingly, disruption of CD40L
activity significantly reduced spindle-shaped microglia/macro-
phages by morphologic analysis (**P<0.001), but did not alter
non-spindle-shaped cells (Fig. 7B). To further evaluate whether
CD40L neutralization mitigated APC-like microglia, we fluores-
cently labeled brain sections with MHC II and CD45 antibodies. As
shown in Fig. 7C, Ibal positive microglial cells were largely positive

for CD45 and MHC II in AB; 4,/IgG immunized PSAPP mice, but
not in AB;_4, and CD40L antibody co-immunized PSAPP mice.
These data indicate that depletion of functional CD40L results in
decreased pro-inflammatory APC-like microglial activation in
PSAPP/AB_4o/CD40L antibody mice. It should be noted that Ibal
immunostaining does not distinguish resident microglia from
peripherally-derived monocytes that may migrate to the CNS and
take up a microglial phenotype.

To further determine the consequences of this phenomenon in
terms of inflammatory responses, we analyzed brain homogenates
from PSAPP/AB;_4,/CD40L antibody, PSAPP/AB;_4,/1gG, and
other control groups by ELISA for expression of pro-inflammatory
and anti-inflammatory cytokines. Analysis of results revealed a
significantly (¥**P<0.001) greater expression of anti-inflammatory
TGF-B1 and IL-10 cytokines from PSAPP/A;_4,/CD40L antibody
mice compared to PSAPP/AB; 4,/IgG mice (Fig. 7D). Moreover,
PSAPP/AB;_4,/CD40L antibody mice also produced significantly
(P<0.001) greater expression of TGF-f1 and IL-10 when compared
to other controls including PSAPP/IgG and PSAPP/AB, 4,/PBS
mice (data not shown). No significant between-groups differences
were revealed when considering TNF-a or IL-18. These data
indicate that CD40L blockade correlates with a rise in the anti-
inflammatory cytokines TGF-f1 and IL-10, without affecting the
pro-inflammatory cytokines TNF-a and IL-1f.

AP, _yo-immunized PSAPP mice treated with CD40L neutralizing
antibody exhibit increases in anti-inflammatory cytokines and
decreases in neurotoxic inflammatory responses in vitro

To investigate AB-specific T-cell immune responses after AB;_4»
immunization plus neutralizing CD40L antibody treatment, we
established primary cultures of splenocytes from: PSAPP/AB, 4,/
IgG, PSAPP/AB;_4/CD40L antibody, PSAPP/CD40L antibody,
and PSAPP/PBS mice. We then quantified key cytokines produced
by activated T-cells (IFN-y, IL-2, and IL-4) in supernatants by
ELISA. Both non-specific (Con A) and specific recall stimulation of
primary cultured splenocytes with A3, 4, resulted in increases in the
pro-inflammatory T-cell cytokines, IFN-y and IL-2, in both PSAPP/
AP1_4-/1gG and PSAPP/AP,_4,/CD40L antibody groups compared
to the PSAPP/CD40L antibody group (Fig. 8A). However, these
pro-inflammatory T-cell cytokines were reduced in the PSAPP/
AP;_4>/CD40L antibody group vs. PSAPP/AB;_4,/IgG mice. More-
over, PSAPP/AB, 4,/CD40L antibody mice demonstrated an
increase in the anti-inflammatory T helper type 2 cytokine IL-4
when compared to PSAPP/AB;_4,/IgG mice. These data indicate
that disruption of CD40L activity in AP, 4, vaccinated mice reduces
pro-inflammatory Ap-specific T-cell immune responses in favor of
an anti-inflammatory response. One-way ANOVA followed by post-
hoc comparison revealed significant differences when comparing
PSAPP/APB; 4o/CD40OL antibody to PSAPP/CD40L antibody or
PSAPP/AB;_4,/1gG mouse groups for levels of each of the three
cytokines (**P<0.001) after in vitro AP, 4, challenge. Of note,
there were significant differences within mouse groups between I1L-4
and either IFN-y or IL-2 after AB; 4, recall challenge (**P<0.001).
Following challenge, no significant difference in cytokine release
was observed from splenocytes between PSAPP/PBS and PSAPP/
AP1_42/1gG control mouse groups (P>0.05; data not shown).

To determine whether CD40L neutralization could mitigate
potentially damaging effects of AB-specific T-cells, we co-cultured
primary neuronal cells from PSAPP mice or their littermates with
CD3" T-cells (including CD4" and CD8" T-cells) isolated from
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primary cultured splenocytes derived from PSAPP/AB, 4,/IgG or
PSAPP/AB;_4,/CD40L antibody mice as described above. Per our
previous reports (Tan et al., 2000, 2002; Town et al., 2002), we
labeled primary neuronal cells with >'Cr as target cells and co-
cultured them with T-cells as effectors, and carried out 4-h >'Cr
release assay. ANOVA showed main effects of effector/target ratio
for AP, 45 vaccinated PSAPP mouse-derived T-cells (effectors) and
PSAPP mouse-derived neuronal cells (target cells) (**P<0.001;
n=8 mice for PSAPP/AB; 4,/IgG and PSAPP/AP,_4,/CD40L
antibody groups; n=5 mice for both control groups) (Fig. 8B), but
not when unvaccinated PSAPP mouse-derived T-cells were used
(control 1) or when control littermate (non-transgenic mouse)-
derived neuronal cells (control 2) were used (P>0.05). ANOVA
followed by post-hoc comparison revealed a significant difference
across ratios between PSAPP/AP;_4,/IgG and PSAPP/AB; 4,/
CD40L antibody T-cells (**P<0.001), indicating an overall de-
crease in percentage of cell lysis as a result of disrupting CD40L
activity.

Discussion

We have previously shown the CD40-CDA40L interaction
enhances pro-inflammatory microglial activation triggered by
cerebral AP deposits (Tan et al., 1999). This form of microglial
activation is deleterious, as both genetic ablation of CD40L and
CD40L neutralizing antibody reduce brain levels of several
neurotoxic inflammatory cytokines and mitigate cerebral amyloi-
dosis in AD mouse models (Tan et al., 2002). To establish a
possible mechanism to explain these results, we previously
quantified microglial phagocytic activity in CD40 deficient vs.
CDA40 sufficient AD mice. We observed inhibition of microglial Ap
phagocytosis upon CD40 ligation. This coincided with increased
microglial co-localization of MHC class II with non-opsonized
AP peptide. Moreover, this APC phenotype was accompanied by
upregulation of pro-inflammatory Thl cytokines such as TNF-o,
IL-1p, IL-2, and IFN-y (Townsend et al., 2005). These data suggest
that CD40 pathway blockade induces “switching” of the microglial
phenotype from a pro-inflammatory APC state to an anti-
inflammatory, pro-phagocytic state (Townsend et al., 2005).
Interestingly, brain AP clearance in the AP immunotherapy
paradigm has previously been suggested to rely on microglial
phagocytosis (Bard et al., 2000), and microglial Fc receptor (i.e.,
microglial phagocytosis of AP antibody-opsonized deposits) is not
required for brain A clearance (Das et al., 2003). Thus, we suggest
that the combination of blocking the microglial CD40 pathway and
AP immunotherapy further enhances microglial A clearance.

Previous clinical investigation has revealed that active im-
munization with AP in humans confers the unacceptable risk of
aseptic meningoencephalitis associated with T-cell infiltration,
gliosis, and associated rise in CNS pro-inflammatory mediators
(Schenk et al., 1999; Schenk and Yednock, 2002; Nicoll et al.,
2003). Based on these data and our work on the CD40-CD40L
association with brain AP levels, we investigated whether CD40
blockade could reduce cerebral AP deposits without the undesir-
able inflammatory events in the CNS.

First, we tested whether active AB;_4, vaccination of CD40
deficient mice could produce significant levels of AP antibodies.
Consistent with the requirement of CD40 signaling for IgM to IgG
class switching (Kawabe et al., 1994), homozygous CD40 deficient
mice vaccinated with AB;_4, did not produce detectable AP IgG
antibodies, but had slightly increased levels of AR IgM antibodies

vs. wild-type controls. However, active AP, 4, vaccination of
PSAPP/CD40"" mice produced elevated plasma anti-Ap IgG
antibodies comparable to CD40 sufficient PSAPP mice which is
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Fig. 7. CD40L blockade inhibits APC-like microglial activation and
promotes anti-inflammatory cellular immunity (in AP, 4, vaccinated
PSAPP mice). (A) Representative hippocampal sections from PSAPP/
AP _4o/1gG and PSAPP/AB; 4,/CD40L antibody mouse brains were
stained with Ibal antibody to illustrate both microglial load and morphology.
(B) Quantitative image analysis of microglial load (Ibal positive cells) and
percentage of spindle-shaped Ibal positive microglia is shown. (C)
Representative hippocampal sections from PSAPP/AR; 4,/1gG and
PSAPP/AB_4o/CD40L antibody mouse brains were stained with Ibal
together with MHC 1II or CD45 antibodies to illustrate microglial load and
activation status (DAPI was used as a nuclear counterstain). (D) Thl and
Th2 cytokine analysis by ELISA was conducted on mouse brain
homogenates from PSAPP, PSAPP/AP; _4,/1gG and PSAPP/AP;_ 4/
CDA40L antibody mice. Data are represented as mean+S.D. of each cytokine
in brain homogenates (pg/mg total protein) from PSAPP, PSAPP/AR | 45/
CD40L antibody or PSAPP/AR 4,/1gG mice.
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Fig. 7 (continued).

consistent with a gene dose-effect (Fig. 1A). Interestingly, further
reduction in cerebral amyloidosis in Ap-vaccinated PSAPP/
CD40™~ mice occurred essentially in the absence of AP IgG
antibodies. It is well known that the CD40 pathway is essential for
antibody isotype switching from IgM to IgG, and this result suggests

that the additional therapeutic benefit from blocking the CD40
pathway is independent of IgG in our system. However, given 1) the
requirement of CD40 signaling for a diverse set of immunological
responses and 2) that we did not use IgG deficient mice, this
conclusion will require further study.
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Fig. 8. AB-specific neurotoxic inflammatory responses are reduced in AP, _
4o-immunized PSAPP mice deficient for CD40. (A) Splenocytes were
individually isolated and cultured from mice as indicated after AR, 4,
immunization and either CD40L antibody treatment or IgG injection
(control). These cells were stimulated with Con A (5 pg/mL) or AP, 4>
(20 pg/mL) for 48 h. Cultured supernatants were collected from these cells
for IFN-, IL-2, and IL-4 cytokine analyses by ELISA. Data are represented
as mean+S.D. (n=10) of each cytokine in supernatants (pg/mg total
intracellular protein). (B) Ap specific T cell-mediated neuronal cell injury
was determined by *'Cr release assay. Data are reported as mean >'Cr release
values+S.D., and n=8 for each condition presented. PSAPP/AR; _4,/1gG
mouse group, effectors: AR;_4/IgG-immunized PSAPP mouse-derived T
cells; target cells: PSAPP-mouse-derived primary neuronal cells. PSAPP/
AP_4o/CD40L antibody mouse group, effectors: AR, _4,/CD40L antibody-
immunized PSAPP mouse-derived T cells; target cells: PSAPP-mouse-
derived primary neuronal cells. Control 1, effectors: unvaccinated PSAPP
mouse-derived T cells; target cells: PSAPP mouse-derived neuronal cells.
Control 2, effectors: AP_4o-immunized PSAPP mouse-derived T cells;
target cells: non-transgenic mouse-derived primary neuronal cells.

Next, we quantified plasma levels of AB; 40 and AB; 4, species
across the various groups of AB-immunized PSAPP mice in an
attempt to determine the relationship between IgG, IgM, and efflux
of AP from the brain to the periphery. Similar elevations of plasma
APB1_40, 42 species between CD40 heterozygous deficient or CD40
sufficient PSAPP mice were observed (Fig. 1B). Thus, we suggest
that AP IgG-mediated brain to blood efflux was operating similarly
in CD40 heterozygous and CD40 sufficient PSAPP mice. By
contrast, AP;_4, vaccinated PSAPP/CD40™" mice did not exhibit
elevations in plasma AP 40, 4o species (Fig. 1B). This lack of
elevated plasma AP_40, 4> correlated positively with the lack of Ap
IgG antibody production in the homozygous CD40 deficient
PSAPP mice. This is consistent with a lack of brain-to-blood efflux

of AP via the peripheral sink hypothesis (DeMattos et al., 2001),
and suggests that a distinct mechanism is operating in these
PSAPP/CD40 " mice. While CD40 deficient mice do produce
normal levels of AR IgM antibodies, no detectable elevation in
peripheral AP was observed. This, too, is in accord with the notion
that AP IgG is required for brain to blood eftflux of AR (DeMattos
et al., 2001). As pharmacotherapeutic “proof of principle”, we
administered CD40L neutralizing antibody to AP;_4, vaccinated
PSAPP mice, and confirmed greater reductions in cerebral amy-
loidosis compared to AB; 4 vaccinated PSAPP mice given control
IgG. This experimental approach was performed to offset the
possibility that genetic ablation, in and of itself, might confer
developmental changes that would result in modulation of AP
loads.

We next went on to test T-cell specific immune responses against
AP and found that recall stimulation of primary cultured splenocytes
with ABy_4, peptide resulted in reduced IFN-y and IL-2 production
in the PSAPP/AB; 4,/CD40L antibody mouse group compared
to PSAPP/AB, 4,/IgG mice (Fig. 8A). Further, PSAPP/CD40""/
AP;_4> mice exhibited an increase in the anti-inflammatory Th2
cytokine, 1L-10, and produced less circulating soluble CD40L
(sCD40L) compared to PSAPP/CD40"*/AB,_s, mice (Fig. 4).
Taken together, these findings suggest partial CD40 pathway
inhibition reduces pro-inflammatory but increases anti-inflamma-
tory T-cell immune responses to AP challenge. This is particularly
attractive as these results raise the possibility that 50% pharmaco-
logical inhibition of CD40 might be of benefit in the attenuation of
the pro-inflammatory meningoencephalitis associated with active
AP vaccination in humans, while still allowing for production of Af
IgG antibodies.

In addition to developing parenchymal AB deposits and asso-
ciated elevated inflammatory cytokines seen in the PSAPP model,
the Tg2576 mouse model of AD also develops cerebrovascular A
deposits not unlike cerebral amyloid angiopathy (CAA), which is
observed in the majority of AD patients (Nicoll et al., 2003;
Wilcock et al., 2004, 2007). To determine if reducing available
CD40L might also mitigate CAA, we administered neutralizing
CD40L antibody to AP vaccinated Tg2576 mice. Indeed, blockade
of CD40L with neutralizing antibody in combination with AP
vaccination produced the highest therapeutic effect (reduction of
parenchymal AB) and the most minimal CAA-like pathology as
measured by congo red staining (Figs. 6D-E). These results
suggest CD40L antibody neutralization not only improves the
cerebral amyloid reducing effect of AP vaccination, but also
confers a reduction in CAA-like pathology in Tg2657 mice.

Previously, we showed that CD40 ligation shifts microglial
response to A from an anti-inflammatory phagocytic phenotype to
a pro-inflammatory APC response (Town et al., 2002; Townsend
et al.,, 2005). In accord, here we observed downregulation of
microglial APC morphology in situ (Figs. 7A-B), and reduction in
CD45 and MHC Il-positive microglia from A, 4, vaccinated
PSAPP mice treated with CD40L neutralizing antibody (Fig. 7C).
Indeed, reduction in MHC II expression, a measure of microglial
APC phenotype, correlated with elevated brain levels of anti-
inflammatory Th2 cytokines TGF-B1 and IL-10 (Fig. 7D). Although
NK cell-mediated activation of microglia can bypass MHC and T
cell receptors to produce a vaccine immune response, infiltration of
NK cells into the CNS has not been reported in the AP vaccination
paradigm, making this less likely.

Another possibility is that so-called “anti-ergotypic” responses,
defined as an immune response to the vaccine-activated host



D. Obregon et al. / Neurobiology of Disease 29 (2008) 336353 351

immune cells, could play a role in enhanced efficacy of Af
immunotherapy in conjunction with CD40 blockade. In the regard,
short-term anti-ergotypic lines isolated from vaccinated Multiple
Sclerosis (MS) patients demonstrate a mixed phenotype (both CD4"
and CD8" cells). These cells secrete IFN-y and TNF-a, but not TGF-
B1 (Correale et al., 1997; Hellings et al., 2004). Although we can not
fully rule out this mechanism in our studies of CD40 blockade
enhancement of reduced cerebral amyloidosis after AP vaccination,
it is interesting to note that our results in the CNS and in splenocytes
show the converse: a reduction in [IFN-y and TNF-q, but an increase
in TGF-B (Figs. 7D and 8A), suggesting the involvement of a
different mechanism.

Given our previous observation that CD40 ligation induces
“switching” of the microglial phenotype from a pro-phagocytic state
endorsing AP phagocytosis to a pro-inflammatory APC state
(Townsend et al., 2005), we propose that combined CD40 blockade
and AP vaccination promotes microglial phagocytosis/clearance of
AP from the CNS. Additionally, T-cells derived from neutralizing
CDA40L antibody-treated AP; 4, vaccinated PSAPP mice were
dramatically less neurotoxic to A producing neurons ex vivo (Fig.
8B), suggesting further benefit afforded by combining these
therapeutic approaches. However, it is worth noting that this latter
result needs to be interpreted with the caveat that standard active A
vaccination of AD mouse models (unless modified with the addition
of pertussis toxin) (Furlan et al., 2003) does not produce appreciable
brain infiltrates of auto-aggressive T-cells as was observed in the
active Ap AN-1792 vaccine in AD patients (Nicoll et al., 2003;
Town et al., 2005).

CD40-CD40L interaction is essential for initiating the adaptive
immune response, as demonstrated by immune deficits observed in
patients with mutations in the CD40 or CD40L genes. These
patients develop type 1 hyper IgM immunodeficiency syndrome
(HIGM1) that is characterized by recurrent bacterial and
opportunistic infections (Durandy and Honjo, 2001; Fuleihan,
2001; Levy et al., 1997). Patients with homozygous mutations in
the CD40 gene have a severe immunodeficiency termed HIGM3.
Its clinical phenotype overlaps with that of HIGMI1 and is
characterized by defective generation of secondary antibodies and
severe opportunistic infections (Ferrari et al., 2001; Kutukculer et
al., 2003), particularly Cryptosporidium enteritis and Pneumocystis
carinii pneumonia (Levy et al., 1997). Thus, complete systemic
blockade of CD40—CD40L would likely have deleterious immuno-
suppressive side effects. For this reason, pharmacotherapy would
need to be titrated such that the CD40-CD40L pathway was partially
inhibited. Interestingly, as we have shown in our proof-of-concept
paradigm in transgenic mice, even a 50% blockade of CD40 is
enough to increase the efficacy of the AP vaccine on reduction of
cerebral amyloidosis.

Our observations suggest that partial blockade of CD40
signaling, either by genetic or by pharmacologic means, increases
the effectiveness of AB;_4, vaccination by further reducing cerebral
amyloidosis and simultaneously promoting anti-inflammatory
cellular immune processes in the brain and in the periphery. If
the benefit afforded by CD40 pathway blockade to AP, 4 vac-
cinated AD mouse models can translate to the clinical syndrome,
then pharmacotherapy aimed at reducing CD40 signaling in
conjunction with A vaccination may represent an approach that
is both safer and more effective in humans. Future studies will be
required to isolate CD40—CD40L downstream signaling involved
in reduced efficacy of AP vaccination, as this may uncover addi-
tional targets for pharmacologic intervention.
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