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Immunotherapy targeting the amyloid � (A�) peptide is a novel therapy under investigation for the treatment of Alzheimer’s disease
(AD). A clinical trial using A�1– 42 (AN1792) as the immunogen was halted as a result of development of meningoencephalitis in a small
number of patients. The cytokine TGF-�1 is a key modulator of immune responses that is increased in the brain in AD. We show here that
local overexpression of TGF-�1 in the brain increases both meningeal and parenchymal T lymphocyte number. Furthermore, TGF-�1
overexpression in a mouse model for AD [amyloid precursor protein (APP) mice] leads to development of additional T cell infiltrates
when mice were immunized at a young but not old age with AN1792. Notably, only mice overproducing both A� (APP mice) and TGF-�1
experienced a rise in T lymphocyte number after immunization. One-third of infiltrating T cells were CD4 positive. We did not observe
significant differences in B lymphocyte numbers in any of the genotypes or treatment groups. These results demonstrate that TGF-�1
overproduction in the brain can promote T cell infiltration, in particular after A�1– 42 immunization. Likewise, levels of TGF-�1 or other
immune factors in brains of AD patients may influence the response to A�1– 42 immunization.
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Introduction
Patients with Alzheimer’s disease (AD) have prominent neuro-
degeneration hypothesized to be caused by increased levels of the
amyloid � (A�) peptide in the brain. A� is a neurotoxic peptide
generated from cleavage of the amyloid precursor protein (APP),
and immunotherapy against A� is a promising treatment for AD
(Bayer et al., 2005; Gilman et al., 2005). Administration of A�1– 42

peptide in conjunction with Freund’s adjuvant resulted in de-
creased formation of A� plaques in young APP transgenic mice
and reduced AD-related neuropathology in older mice (Schenk
et al., 1999). This was confirmed in several other APP transgenic
mouse models and correlated with improved cognitive function
(for review, see Schenk, 2002). A phase I trial demonstrated that
immunotherapy with A�1– 42 (AN1792) was well tolerated (Bayer
et al., 2005). However, a phase II trial of AN1792 was discontin-
ued because of symptoms of meningoencephalitis in 18 of 300
(6%) treated patients (Orgogozo et al., 2003). Many patients that
developed symptoms had generated anti-A� titers, but symptom
severity did not correlate with titer levels. CSF testing demon-
strated a predominantly mononuclear cell meningitis, and brain

pathology from two patients treated with AN1792 who had ex-
perienced encephalitis revealed prominent perivascular infil-
trates that contained T lymphocytes (Nicoll et al., 2003; Ferrer et
al., 2004). Neuropathology from a third patient, who was asymp-
tomatic after immunization, demonstrated less prominent
perivascular T lymphocyte infiltrates (Masliah et al., 2005), so the
degree of T cell infiltration may correlate with meningoenceph-
alitis symptoms.

TGF-�1 is a multifunctional cytokine that is a major regulator
of the immune response. It can exert either anti-inflammatory or
pro-inflammatory effects in a context-dependent manner. In T
cell-mediated diseases, including experimental autoimmune en-
cephalitis, systemic TGF-�1 inhibits disease, whereas increased
TGF-�1 at the site of antigen presentation exacerbates disease
(Wyss-Coray et al., 1997; Luethviksson and Gunnlaugsdottir,
2003). This is consistent with the chemotactic effects of TGF-�1
on T lymphocytes (Adams et al., 1991).

To determine whether TGF-�1 plays a role in the recruitment
of T lymphocytes to the brain after treatment with AN1792, we
immunized APP transgenic mice that overexpress TGF-�1
chronically from astrocytes and studied T lymphocyte recruit-
ment into the brain. We found that chronic TGF-�1 overex-
pression increased the number of CD3-positive (CD3 �) T
lymphocytes in the brains of both TGF-�1 and doubly trans-
genic APP/TGF-�1 transgenic mice. This number was ele-
vated several-fold more in young APP/TGF-�1 mice treated
with AN1792. In contrast to this, AN1792 treatment did not
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increase the number of T cells in the brains of mice carrying
the APP or TGF-�1 transgenes alone. We conclude that local
TGF-�1 overexpression in the brain results in additional T cell
infiltration after A�1– 42 immunization of APP mice. APP/
TGF-�1 mice may thus be useful to better understand the
infiltration of T lymphocytes into the brains of the subset of
patients who exhibited symptoms after treatment with
AN1792.

Materials and Methods
Mice. TGF-�1 mice contain a constitutively active mutant of porcine
TGF-�1 under control of a GFAP promoter (lines 64 and 115; low and
medium expressor mice, respectively) (Wyss-Coray et al., 2000). Higher
levels of TGF-�1 result in the development of communicating hydro-
cephalus; the lines used here do not develop this complication. Human
APP mice (J20 line) contain a PDGF–APP transgene and develop robust
AD-like neuropathology (Mucke et al., 2000). All transgenic lines are
maintained on an inbred, C57BL/6J genetic background. Twelve-
month-old C57BL/6J–APP mice exhibit extensive amyloid plaques,
whereas C57BL/6J–APP/TGF-�1 mice have less overall amyloid and
amyloid deposits tend to be vascular in location (Wyss-Coray et al.,
2001). To construct the B6:SJL F2 cross for immunization studies, APP
and TGF-�1 (line 115) transgenic mice were crossed with SJL/J mice to
produce C57BL/6J:SJL/J F1 transgenic mice. F1 mice were used to pro-
duce the four experimental genotypes, APP, APP/TGF-�1, TGF-�1, and
wild type. SJL/J and C57BL/6J mice were purchased from The Jackson
Laboratory (Bar Harbor, ME). All animal care and use was in accordance
with institutional guidelines and approved by the Palo Alto Veterans
Administration Committee on Animal Research. Mice were perfused
with heparinized saline, and one hemibrain was postfixed in 4% parafor-
maldehyde (PFA) and then cryoprotected in 30% sucrose. The other
hemibrain was snap frozen on dry ice.

Immunization. In the first experiment, B6SJL–APP, APP/TGF-�1,
TGF-�1, or wild-type mice were immunized with 75 �g of AN1792 plus
25 �g of QS21 adjuvant (AN1792) or with QS21 alone from 2–3 months
of age monthly for 12 months. The first injection was intraperitoneal, and
all subsequent ones were subcutaneous. Blood was sampled from tail
veins, and anti-A� antibody titers were determined by ELISA (Schenk et
al., 1999). After nine injections, mice that did not generate a titer were
removed regardless of genotype. Final n in the analysis was n � 4 –7 for
APP and APP/TGF-�1 genotypes and n � 1–7 for wild-type and TGF-�1
mice (only one group, the adjuvant-treated wild-type mice, had only one
mouse at the end of the experiment). There were no significant differ-
ences in the number of deaths or acquisition of A� antibody titers in any
group or between genotypes. In the second experiment, 15- to 18-
month-old B6SJL–APP, APP/TGF-�1, TGF-�1, or wild-type mice (n �
3–16 per group) were immunized subcutaneously every other week for
three doses and then monthly for a total of 6 months.

Immunohistochemistry. Most immunohistochemistry was performed
using standard techniques on PFA-fixed 40 �m sagittal brain sections.
Primary antibodies were against �-dystroglycan (1:100; Novocastra,
Newcastle, UK), CD3 (1:1000; BD Biosciences, San Jose, CA), CD68
(1:50; DakoCytomation, High Wycombe, UK), B220 (1:500; BD Bio-
sciences), CD4 (1:100; BD Biosciences), and ionized calcium binding
associated protein-1 (Iba1) (1:2500; Wako Bioproducts, Richmond,
VA). 3D6 antibody against A� was used at 1:1000. Sodium citrate antigen
retrieval was used for B220 staining. Tyramide amplification (Invitrogen,
Carlsbad, CA) was required to visualize CD3 for florescent double stains.
CD8 (1:20; BD Biosciences) immunostaining was performed on 10 �m
frozen sections postfixed in methanol.

To quantify lymphocytes, we counted immunopositive cells in
hippocampus-containing sagittal brain sections. We counted every cell
except for cells in the cerebellum and olfactory bulb, which were ex-
cluded because they were not present on every section. In TGF-�1 mice,
we quantified T lymphocytes (CD3 � cells) in two randomly selected
sections per mouse. For both immunization experiments, sections were
collected sequentially, and all quantifications were performed on three

sections per mouse spaced 640 �m apart. All mice in the first immuni-
zation experiment were analyzed for CD3 � and B220 � cells (T and B
lymphocytes). CD4 immunostaining (helper T cells) was performed on
APP and APP/TGF-�1 mice from all three treatment groups. For the
final immunization experiment, CD3 immunostaining was performed
on all mice.

Quantification of the percentage area covered by Iba1 immunostain-
ing was performed on sections from adjuvant and AN1792-treated APP
and APP/TGF-�1 mice in the first immunization experiment, three per
mouse. MetaMorph software (Molecular Devices, Sunnyvale, CA) was
used to analyze images, and the results of all three were averaged.

Statistical analysis. All results were analyzed by an investigator blinded
to genotype and treatment group. Statistical analysis was performed us-
ing Statview 5.0 software (SAS Institute, Cary, NC) for Macintosh (Apple
Computers, Cupertino, CA). A p value of �0.05 was considered signifi-
cant. Unpaired Student’s t tests were used to determine whether the
results were significantly different between mouse groups. ANOVA, fol-
lowed by Fisher’s PLSD, was used to compare means between groups.

Results
Chronic TGF-�1 overexpression increases the number of
meningeal and parenchymal T lymphocytes
TGF-�1 is a potent modulator of immune responses, can increase
immune cell infiltration in experimental autoimmune encepha-
litis (Wyss-Coray et al., 1997), and is increased in the brain in AD.
To determine whether chronic TGF-�1 overproduction affects
the baseline number of T lymphocytes in the brain, we performed
immunohistochemistry for CD3, a pan T cell marker, on sagittal
brain sections from 6-month-old GFAP–TGF-�1 transgenic
mice (line T64). These mice secrete constitutively active TGF-�1
from astrocytes (Wyss-Coray et al., 1995) and have levels of
TGF-�1 mRNA that are approximately twofold higher than wild
type. On immediate inspection, there appeared to be more T cells
in the TGF-�1 mice than in their nontransgenic littermates (Fig.
1A,B). We quantified the positive cells and found that wild type
mouse brains contained very few T lymphocytes, with the largest
number seen in the meninges (Fig. 1). In contrast, TGF-�1 mice
had higher numbers of T lymphocytes, ranging from twice nor-
mal in the meninges to a 25-fold increase in the hippocampus.
We did not observe perivascular T lymphocyte infiltrates. Thus,
chronic TGF-�1 overexpression increases the number of T lym-
phocytes in the brain, and it affects the parenchymal pool more
dramatically than the meningeal pool of cells.

Local TGF-�1 overexpression causes brain T lymphocyte
number to increase after treatment with A�1– 42 in APP mice
We next examined the effect of chronic TGF-�1 overexpression
on the response of the brain to immunization with A�1– 42. Two-
to 3-month-old APP, APP/TGF-�1, TGF-�1, and wild type mice
on a B6SJL F2 genetic background were immunized for 1 year.
Mice received AN1792, QS21 adjuvant, or no treatment. Mice
were weighed every 2 weeks and weights did not differ signifi-
cantly in any group of mice, nor were there obvious clinical signs
of encephalitis in the AN1792-treated mice.

After the animals were killed, immunohistochemistry for the
pan T cell marker CD3 demonstrated significant T lymphocyte
infiltrates in some of the AN1792-treated doubly transgenic APP/
TGF-�1 mice (Fig. 2A,B). Infiltrates were observed in all brain
regions and were both parenchymal and perivascular. The most
dramatic effects were observed in the cortex (Fig. 2C), but
AN1792-treated APP/TGF-�1 mice also had significantly more
total brain T cell numbers than adjuvant-treated or untreated
mice (Fig. 2D). AN1792 treatment did not affect the number of T
cells in the brains of APP mice, and T cell number did not corre-
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late with serum anti-A� antibody titers. There were no significant
differences in the number of B lymphocytes between treatment
groups or genotypes (Fig. 2E). Thus, chronic TGF-�1 overex-
pression in APP mice leads to increased brain T lymphocyte
number that is further increased after AN1792 treatment.

There were wide variations in the amount of amyloid deposi-

tion in untreated APP mice, and this study
was not powered to determine the per-
centage of �-amyloid clearance after treat-
ment with A�1– 42. Because vascular amy-
loid deposition has been hypothesized to
be linked to microhemorrhages (Pfeifer et
al., 2002), we determined whether micro-
hemorrhages played a role in increasing
brain T cell numbers in immunized mice.
We examined the three actively immu-
nized APP/TGF-�1 mice that had the
highest number of cortical T lymphocytes.
T cell infiltrates were not associated with
A� deposits, B lymphocytes, or with mi-
crohemorrhages (Fig. 3A–D). T cell infil-
trates were associated with activated mi-
croglia (Fig. 3A,E–J). Indeed, increased
immunostaining for the microglial marker
Iba1 correlated tightly with hippocampal
T cell number in immunized APP and
APP/TGF-�1 mice ( p � 0.04, r 2 � 0.918
for APP; p � 0.0370, r 2 � 0.703 for APP/
TGF-�1). There was no correlation be-
tween CD3� cell number and Iba1 immu-
nostaining in untreated or adjuvant-
treated controls.

We quantified the number of helper T
lymphocytes in APP and APP/TGF-�1
mice using CD4 immunostaining and
found that approximately one-third of
CD3� T cells were CD4� in both APP and
APP/TGF-�1 mice, regardless of treatment
(quantification data not shown; immuno-
histochemistry, Fig. 3A,B,G–J). Immuno-
staining also revealed many T lymphocytes
that stained for CD8, a cytotoxic T cell
marker (Fig. 3H).

Although aged APP/TGF-�1 mice
continued to have the highest numbers
of T cells, AN1792 treatment did not
increase brain T cell number
An additional experiment was performed
in old mice. We began immunization at
15–17 months of age, after the develop-
ment of parenchymal and vascular amy-
loid deposits, and treated mice for 6
months. We did not observe any differ-
ences in weight or neurological abnormal-
ities in any genotype or treatment group.
Mice who received AN1792 generated
similar anti-A� antibody titers to those
mice in the first experiment. When ana-
lyzed for T lymphocytes, we again ob-
served the highest number of T lympho-
cytes in the brains of doubly transgenic
APP/TGF-�1 mice (data not shown).

However, there was no difference in T cell number between treat-
ment groups, and, in fact, the total number of brain T lympho-
cytes in treated mice was similar to that seen in untreated mice.
Thus, although old mice could generate an antibody response, we
did not see evidence of additional T cell infiltration in the adju-
vant or AN1792 immunized groups.

Figure 1. T lymphocytes are increased in brains of TGF-�1 mice. Six-month-old TGF-�1 transgenic (n � 7) and nontransgenic
littermate control (n � 5) mice were analyzed for the number of T lymphocytes using immunohistochemistry on 40 �m sagittal
vibratome sections. A, B, Immunohistochemistry for CD3 � lymphocytes in the hippocampus of wild-type and TGF-�1 mice. Scale
bar, 100 �m. C–F, Average number of T cells in two sections per mouse in hippocampus, corpus callosum, cortex, and meninges.
Error bars indicate mean � SEM. *p � 0.05, **p � 0.005, unpaired Student’s t test.

Figure 2. Active immunotherapy of APP/TGF-�1 mice with A�1– 42 increased the number of T lymphocytes in the brain. A,
Immunohistochemistry for the T cell marker CD3 on brain sections from an APP/TGF-�1 mouse treated with AN1792/QS21. Top
row, Cortical infiltrates; bottom row, hippocampal and meningeal infiltrates. B, Examples of vascular (top) and parenchymal
(bottom) infiltrates in an APP/TGF-�1 mouse treated with AN1792/QS21. �-Dystroglycan labels blood vessels. C, D, Mean
number of CD3 � cells in cortex and total per sagittal section from APP, APP/TGF-�1, TGF-�1, and wild-type mice treated with
AN1792, adjuvant alone (QS21), or untreated. E, B cells per sagittal section in the same mice as C and D. Graphs show means �
SEM. *p � 0.05, ***p � 0.001, Fishers PSLD. Scale bars, 25 �m.
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Discussion
Our studies show that local overexpression of TGF-�1 increases
both meningeal and parenchymal T lymphocyte number. In ad-
dition, TGF-�1 overexpression in APP mice caused them to de-
velop additional T cell infiltrates when they were immunized at
young but not old age with AN1792. Notably, only mice that had
local A� overproduction in addition to TGF-�1 overexpression
experienced a statistically significant rise in T lymphocyte num-
ber after immunization. Excess brain T cells do not appear to
make the TGF-�1 mice grossly ill, and even the immunized mice
with the highest number of T lymphocytes in their brains did not
experience weight loss or appear ill during our experiments.

TGF-�1 has pleiotropic effects on T lymphocytes, which to-
gether probably explain its site-specific effects during T cell-
mediated diseases (Luethviksson and Gunnlaugsdottir, 2003). In
the periphery, TGF-�1 inhibits proliferation of immature T cells.
At the inflammatory site, TGF-�1 is chemotactic for T lympho-
cytes (Adams et al., 1991) and can polarize the initial response
toward pro-inflammatory, Th1 helper T cells and away from less
inflammatory Th2 cells (Smeltz et al., 2005). In addition, acti-
vated T cells are not as responsive to inhibitory signals from
TGF-�1 (Cottrez and Groux, 2001). Accordingly, animal models
for the T cell-mediated autoimmune diseases rheumatoid arthri-
tis and multiple sclerosis have been shown to be exacerbated by
local TGF-�1 expression and ameliorated by systemic increases
in TGF-�1 (Wyss-Coray et al., 1997; Luethviksson and
Gunnlaugsdottir, 2003). In our model, we did not see any overt
harmful effects from TGF-�1-induced T lymphocyte infiltration.

In AN1792-immunized mice, we observed that the presence
of both APP and TGF-�1 transgenes increased brain T lympho-
cyte number. T lymphocytes can migrate into the CNS, and CNS-
specific T cells can be retained and undergo tolerance induction
in the CNS (Engelhardt and Ransohoff, 2005). In APP/TGF-�1
mice, the presence of antigen in the brain (A� in this case) may
recruit antigen-specific T cells to that site. Adjuvant choice and
genetic background have also been shown to influence T lympho-
cyte infiltration after A�1– 42 immunization (Seabrook et al.,
2004). Increased levels of brain interferon-� can produce tran-
sient T lymphocyte infiltration after A�1– 42 immunization
(Monsonego et al., 2006). Our data demonstrate that overall T
lymphocyte number is increased chronically in the brain by local

TGF-�1 overexpression; similarly, local TGF-�1 overexpression
in the brains of AD patients may predispose them to T lympho-
cyte accumulation. In both cases, T cells were present at sites in
which we observe TGF-�1 immunostaining (data not shown). T
cells are localized to both perivascular and parenchymal sites in
our mouse model, in which TGF-�1 is produced from both
perivascular and parenchymal astrocytes. In immunized patients,
T cell infiltrates were predominantly perivascular in patients with
and without symptoms of meningoencephalitis (Nicoll et al.,
2003; Ferrer et al., 2004; Masliah et al., 2005). We see a corre-
spondingly prominent vascular pattern to TGF-�1 immuno-
staining in untreated AD patients (Wyss-Coray et al., 1997).

We did not see increased T lymphocyte infiltration after
A�1– 42 immunization in elderly mice, although we did observe
higher brain T cell numbers in elderly APP/TGF-�1 and TGF-�1
mice compared with wild-type and APP littermates. The absence
of a response to AN1792 could be because older mice have de-
creased production of naive T lymphocytes and an impaired abil-
ity to mount CD4 and CD8-dependent T cell responses (Linton
and Dorshkind, 2004). These mice might have also developed T
cell tolerance with age (Monsonego et al., 2001). Also, active
TGF-�1 may increase in the serum with age (Forsey et al., 2003),
and this could quench T cell-mediated responses.

Immunotherapy for AD remains a promising treatment, with
multiple clinical trials for both active and passive immunother-
apy ongoing. In the AN1792 trial, patients did not show a treat-
ment benefit on most cognitive tests, such as the Alzheimer’s
Disease Assessment Scale– cognitive subscale, but did demon-
strate reduced deterioration on a neuropsycholometric battery
and had reduced CSF levels of tau (Orgogozo et al., 2003; Gilman
et al., 2005). A small subgroup of patients with serum antibodies
that bound to brain sections from APP mice also did better cog-
nitively than patients without such antibodies (Hock et al., 2003).
Passive immunization, in which a recombinant anti-A� antibody
is directly injected and the host T cell response is bypassed, has
shown efficacy in several mouse models (Bard et al., 2000;
Schenk, 2002; Levites et al., 2006), and this approach is currently
in phase 2 clinical trials (Bapineuzumab). New techniques that
modulate the immune response to A� are being developed (Kim
et al., 2005; Maier et al., 2006). Peripheral blood from patients in
the AN1792 immunization trial demonstrated increases in mul-

Figure 3. T cell infiltrates in A�1– 42-immunized APP/TGF-�1 mice contained helper and cytotoxic T cells and were associated with activated microglia but not with B lymphocytes or
hemorrhages. Sagittal brain sections from AN1792-treated APP/TGF-�1 mice are shown. A–C, Immunohistochemistry for the pan-T cell marker CD3, the helper T cell marker CD4, and the B cell
marker B220. D, Perl’s iron stain for hemorrhages, counterstained with nuclear fast red. E, F, Staining for CD68, which labels activated microglia, and Iba1, which labels all microglia. G–J, Triple
immunolabeling of a cortical infiltrate containing CD3 � T lymphocytes (green), some of which colabel with the helper T cell marker CD4 (red). The microglial marker Iba1 (white) reveals activated
microglia. K, Immunostaining for the cytotoxic T cell marker CD8. Scale bars: A, 50 �m; G, K, 25 �m.
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tiple pro-inflammatory genes in those who would go on to de-
velop symptoms after immunization, implying that peripheral
immune status influenced the possibility of development of me-
ningoencephalitis after treatment with AN1792 (O’Toole et al.,
2005). Our study demonstrates that increases in brain TGF-�1
can influence the number of T cells in the brain and provides a
starting point for understanding how to design therapies that
produce a targeted, safe, specific immune response to A� in AD
patients.
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