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Exogenous Induction of Cerebral -
p-Amyloidogeneésis Is Governed

by:Agent and Host

Melanie Meyer—!.uehmann,‘* ]anaky Coomaraswamy,™ Tristan Bolmont,™** Stephan Kaeser,
Ciaadia Sehaefer. El[en Kilger,® Anton Neuenschwander, Dnrothee Atramowski,>. Peter Frey.
Anneliese L. laton, Jean-Marie V:gouret, Paoto’ Paganetti,® Dominic M. Watsh,* -

Paul M."Mathews,® Jorge Ghiso,® Matthias Staufenbiel,? lary C. Walker,™} Mathias Jucker™?f

Protein aggregation is an established pathugenic mechanism in Alzheimer's disease, but litle is
known about the initiation of this process in vivo. intracerebral injection of dilute, amyloid-p {AR)-
containing brain- extracts from humans with Alzheimer's disease or B-arnyloid precursor protein
(APP) transgenic mite fnduced cerebtal B-amyloidesis and associated pathology in APP transgenic
- mice in a time- and concentration-dependent manner. The seeding activity of brain extracts was
reduced or abolished by AB immunodepletion, proteifi denaturation, or by AB immunization of the
host. The phenotype of the exogenously induced amyloidosis depended on bath the host and the
source.of the agent, suggeshng the ex:stence of po[ymarphlc AB strams vmh vam\ng Eislogical

activities reminiscent of prion strains.

ageregafion in vitro is a finction of protein con-
centration and time and follows a crystallization-
like polymerizstion mechanism that can be mpidly
initiated by introducing an exogenous seed (4). In
vivo, seeded aggregation of A is seen afler in-
jecting AD brein extracts info the brains of non-
htiman primates (5) or APP-transgenic mice (6),
reminiscent of the conformational conversion
mechanism of prion infectivity (7-9). ’
_We injectzd 10% (w/v) extacts of brain
homogenates from autopsied AD patients (AD
exiracf) or from aged, P-amyloid-Jaden APP23
transgenic mice (/0) (APP23 Tg extract) into the
hippocampus of young male APP23 mice. Four
months later, the host mice were analyzed (7).
Both AD extract and APP23 Tg extract induced
robustdeposmoncfAﬁmtheiuppompus{Fxg
1, A and B). Intracerebral injection of tissue
extract from an aged control patient induced only *
mimimal AP ‘deposits, consistent with the low AP
load in the donor(Fig. 1C; fig S1). No sceded A
deposits were found afier control injections of
brain extrict from an aged, wild-type mouse or of

is a common feature of several neuro-
‘depenersative disorders. In Alzheimer’s
disease (AD)), the-multimerization of the AB pep-

Thc accumtiation of misfolded proteins

tide is an early and cenfral process in the patho-
genic cascade (-3}, but little is known about the
mechanisms that govera the initiation of AB ag-
gregation and deposition in vivo. Ordered protein

phosphate-buffered saline (PBS) (Fig. 1, D and
E). Infusion of APP23 Tg extract into wild-type
mice did not induce A8 deposition; thus, the ob-
served AR deposits did not simply represent the

]
7
¥
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- =
et % 27
- R t
: ]
PF .
ave s s ol
.-
e

Fig. 1. Brain extract {10%) was injected into the hippocampus of S-month-
old male APP23 hosts (A to E) and nontransgenic littermates (F). Mice wére
analyzed 4 months later. Injection of AD extract (A) and APP23 Tg brain extract (B)
induced numerous AB-immunoreactive deposits. Few or no AR deposits were
detected after injections of brain extract from an aged (95 years} control (CtH)
patient (0 or wild-type (W5 mousa (D). No AB deposits wers observed after PBS
injections (F) or when Tg extract was injected into wild-type mice {F). Stereological
quariification of Af load by immunohistochemistry (G) confirmed significant
amyloid induction by AD and Tg brain extracts compared to Ctrt and Wt extracts
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= § mice per group; mean * SEM, P < 0.001). (M} Tris-Fidne SDS-

polyacrylamide gel electrophoresis (PAGE) followed by immunoblotting with a human
AB-specific antibody, Lane 1: synthetic AB1-40 -+ AP1-42 (1 ng/ul each); lane 2: AD
brain extract; lane 3: Gl brain extract; lane 4: APP23 Tg brain extract and lane 5:
Wt brain extract. For each extract, 1 il was loaded. Arrowheads indicate monometic,
dimeric, trimerc, and teframeric AB. AB concentration in the control pafient extract
was below the detection level. When less dilute samples were used, AP was defected
in the Cirl exiract, consistent with the sparse amyloid plaques in this patient {fig. S1)
and the modest seeding activity of the Ctrl extract. Scale bar, 350 pm.
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injected ApB-containing material (Fig. IF), and
imply that host factors are critical for in vive
seeding. No seeded AP deposits were observed
when APP23 Tg extract from 2 young, 2-month-
old, predepositing mouse was injected into APP23
hosts. The concentrations of AP in the AD and
APP23 Tg extracts were estimated to be 1 to
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. APPRSA exlract

APP23 host

APP23 exlraet

APPPS1 extract

APPPS1 host

APP23 exlract

ABAD |;
Apdz

10 ng/ul, In both AD extract and APP23 Tg
extract, AP monomers, oligomets, and larger nul-
fimeric species were present (Fig. 1H).

The localization and biochemical nature of
the induced AP lesions were markedly similar
to those seen in normal, aged APP23 transgenic
mice (10, 12). Induced AP deposits were found
primarily in the injected hippocampus, but some
were also observed in the dorsal lateral genicu-
late nucleus, corpus callosum, and entorhinal

cortex, and in the vasculature of the thelamus and -

pia mater (fig. 52). Most induced AP deposits
were diffuse, although some congophilic amy-
loid plagues were present and surounded by
activated microglia, astrocytes, and dystrophic
neurites (fig. $2). AP in micropunches taken
from the hippocampus of injected” APP23 mice

- was mainly parechymal and consisted of Ap1-40

and AP1-42, whereas the amyloid in the thalamic
micropunches was mostly vesculer and éonsisted
predominantly of AB1-40 (fig. S3).

forene ARy el P
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AT
* I

The exogenous induction of AP deposition in
vivo also is fime and concentration dependent (fig.
S4). Immnunoreactive AR deposits first appeared 2
months after injection and thereafler increased
significantly with time. APP23 exiract that was
further diluted 10 05% produced a pattem of

deposition in the host similar to that seen with the

10% exiract, but with much less potency (fig. S4).

The phenotype of exogenously induced §-
‘amyloid deposits is dependent on, both the agent
and the host. We injected brain exiract from aged
APP23 mice into APP-presenilin-1 (PS1) trans-
genic hosts, and vice versa (Fig- 2). Amyloid
depaosition in the hippocampus of male APP23
mice normally begins at 9 to 10 months of age,
whereas APPPS! mice develop AP deposition in
the hippocampus at 3 to 4 months of age (10, 13).
Tol AR concentration was similar in the two
extrects (Fig. 2I), but in AFPPS] extiacts, the
highly amyloidopenic Af1-42 was several tmes
as sbundmt s AB1-40, whereas in extracts from

Fig. 2. Brain extract {10%) from an aged APPPS1
mouse or an aged APP23 mouse was injected
intrahippocampatly into either S-month-old male

were immunohistochemically analyzed for A 3
months tater, The panels to the left {A, C, E, and G)

show overviews of the hippocampus, and the panels

to the right (B, D, F and H} show cormesponding
higher magnification images of the upper blade of
the dentate gyrus (ML, molecular layer; GL, granular
cell layer; SGZ, subgranular cell layer). The coarse,
punctate pattern of AS staining in the APP23 host is
apparent, particularly in the 562, after injection of
the APPPSI extract (A and B). Injecion of APPZ3
extract induced more filamentous and diffuse AB in
the ML {C and D). When APPPS1 extract was injected
into the APPPSL, host, the coarse, punctate pattem
of AB induction was even more distinct (€ and B,
whereas the APP23 extract in APPPS1 hosts induced
AB lesions intermediate in appearance to the coarse
and fitamertous types {G and H). At 5 months of
age, APPPS1 hosts had developed some AB deposits
endogenously, predominantly in the ML (arrowheads
in {€) and (G)l. For comparison, an 8-month-old
noninjected male APP23 mouse (J and K) and a
S-month-old noninjected male APPPS1 mouse {L
and M) are shown. Scale bar, 350 pm. (8} Urea-
based SDS-PAGE immunobiot analysis with an
antibody specific to human AB. Lane 1: APPPS1
extract; lane 2: APPZ3 extract. ARL-42 was the
major AP species in APPPS1 miice, whereas AB1-40
predominated in the APP23 extract. Total AR was
comparable in the two extracts [APPPSI: total A,
147 ngfdl (ABA0: 4.6 ng/ul; AB4Z 0.1 ngful;
and APP23: total AP, 11.7 ng/ul {AB4D: B.1 ng/ul;
AB42: 3.6 ngiub). .
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APP23 mice, more ABl-40 was present. The
amyloid-inducing actmty of APP23 and APPPS]
extracts was quantitatively similar 3 months after
infusion, but injection of APPPSI exiract into
APP23 hosts consistently induced 2 coarse pattem
of compact, punchte AP deposition that was
mainly confined to the subgranular layer of the
hippocampus, whereas the APP23 extract injected
into APP23 hosts yielded primadly diffuse and
filamentous Iesions, with substantial diffuse AR in
the molecu]ar layer (Fig. 2, A to D). When the
same exiracts were injected into the APPPS]
host, lesions induced by the APPPSI extract
were even more coarse and pusctate, whereas

Extract+ Ap depleted +*

Passive imrmunization

Extracl + i=ormlc ackd

LA
~ J

Extract + Bolliing

5

those induced by the APP23 extract were a -

mixture of filamentous and compact types
2, E to H). In mice analyzed | month after the
infusion of the extract, appreciable coarse AB

" induction was already apparent in APPPSI

hosts but not in APP23 hosts,

To establish whether AP is a prerequisite
for the amyloid-inducing activity of the ex-
tract, " APP23 Tg extiracts were either AB-
immunodepleted (Fig. 3, A to C) or mixed with
the AB-specific antibedy (anti-Ap) Beta-1 (Fig.
3, D to F) and injected into young APP23 hosts.
Immunodepletion completely prevented the
amyloid-inducing activity of the extract, where-

B -

A load (%)
o sy

AL AT

2
(o}

Aot (%)
- NN W

Extract
Exdract +BalEng
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as the Beta-i—containing extract attenuated amy-
loid induction by >60% compared to a control
antibody. |

Passive immunization of APP23 host mics
with Beta-] antibodies inhibited the develop-
ment of induced lesions. Administration of the
antibodies commenced 4 weeks after the intra-
cerebral injection of APP23 Tg extract in order
not fo interfere with the initial seeding process.
Serum anti-AB titers of 1:2400 to 1:3000 were
maintained until mice were killed 4 months after
the extract infusion. Amyloid induction was
almost completely inhibited in immunized mice

~comipared to those injected with control antibody

Fig. 3. (& to €} Immunodepletion:
APP23 g brain (0.5%) extract (A) or
the same extract AR-immunodepleted
{B) was injected intrahippocam-
pally into 3-month-old APP23 mice
that were then analyzed 3 months
lter, Immunodepletion completely
eliminated the amyloid-inducing ac-
tivity of the ‘extract. (O Urea-based
SDS-PAGE followad by immuno-
blottiig with humdn AP-spedific
antibody, Lane I intact APP23 Tg
extract; fane 2: immunodepleted
extract’ {the absehce of detectable
AP and APP fragments is apparent);
fanes 3 to &: eluted pellet fractions
after the first, second, third, and
fourth depletion steps. (D to F)
Antibody blocking: APP23 or AD
brain extract {10%).was.mixed with
either a control antibody or with
anti-Af Beta-1 and injected into &-
month-old male APP23 mice. Four
* motiths after injection, amyloid
induction was significantly lower in
the Beta-1-injected mice (E} than
in the control mice (D), as con-
firmed by stereclogical quantifica-
tion of immunoreactive AR (F)
(n = 5 mice per group; P < 0.05),
{G to I) Immunization: APP23 or AD
brain extract {10%) was injected
intrzhippocampally into 6-month-
old male APP23 mice, followed by
weekly peripheral injections of Beta-
1 antibady (H) or control antibody
{G), staring 1 month after the
brain-extract injections. Four months
later, immunohistachemicat (G and
H} and stereofogical () analysis
revealed a >90% inhibition of
amyloid induction by passive im-
munization {7 =5 mice per group;
P < 0.001). {] to L) Fonmic acid
treatment: APP23 Tg extract (10%)

was treated with formic acid and injected into the hippocampus of 3-month-old APP23 mice that were analyzed 3 months later. () Formic adid completely
nullified the amyloid-inducing activity of the extract. {}) PBS-treated control extract. {1} Bicine-Tris SDS-PAGE {without urea) followed by immunoblot
analysis with human AB-specific antibodies. Lane 1: synthetic AB {2 ng/ub); lane 2: PBS-treated control APP23 exiract (10 jul); and lanes 3 and 4: formic
acid-treated APP23 extract {20 pl in lane 3 and 10 plin tane 4). The oligomeric bands are absent or greatly reduced (arrowheads) in the formic acid~
treated extract, even at twice the concentration of the control extract. (M to O) Heating: APP23 extract (10%} was heated to 95°C (N) before injection
into the hippocampus of 3-month-old APP23 mice, Analysis 3 months later showed that heating reduced (45%) but did not eliminate A seeding {h = 3

mice per group; P > 0.05). Scale bar, 350 pm.
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(Fig. -3, G to I). An active immunization pro-
tocol revealed similar inhibition (fig. 55).

The amyloid-inducing activity of the extract
was disrupted by formic ecid denaturation.
APP23 Tg extracts were treated for 1 hour with
70% formic acid, followed by dislysis, or heated
to 95°C for 5 min, cooled, and infected into young
APP23 mice. Fonmic acid treatment completely
abolished the amyloid-inducing activity of the
exiract, whereas heating réduced, but did not
eliminate, amyloid induction (Fig. 3, T to O).

Preparations of soluble or fibrillar synthetic
AP40D, AP42, or a mixture of bofh, in amounts
similar to those of AP in APP23 Tg brain extracts,
failed to induce detectable A deposition (Fig. 4),
Injection of synthetic AB at concentrations 100 to
1000 times that of AB in APP23 Tg brain extracts
resulted in amorphous masses of matezial near the
injection site ‘that consisted primarily;’ of the
injected material, Few newly generated aggre-
gates were present, as confirmed by infusion of
biotinylated AP1-42 (fig. 56). Syathetic, AB
oligomers (14-16) also were ineffective at in-
ducmg parenchymal and vascular amyleid, as
Was AP isolated from the conditioned media of
cells stably transfected with APP (table S1; fig.
$6). Addition of cofactors such as ApoE4 and

Cw/Zn, which are thought o promote the polym:.

erization of AB (17, 18), did not augment the
potency of synthetic material {table SI). In-
jection of synthetic AP mixed with brain extract
from wild-type mice slso did not produce
notable B-amyloidosis (table S1). Finally, the
possibility that poor seeding by synthetic AP

results from the activation of the AP-degrading

enzyme neprilysio (/9) or 2 humoral immune

response (20) was ruled out by unchanged’
neprilysin immunoreactivity and by the absence:

Fig. 4. Fresh and aged A
AP preparations were
made from AB1-40 or
AB1-42, or from 2 2:1
mixture of AR1-40 and
AB1-42 at ~5 ng/ul,
sifilar to tha AP conten-
trations in a 10% APP23
brain’ extract. (A) Urea-
based SDS-PAGE followed
by immunoblotting with a c
human ApB-spedfic anti-
body. tane 1: APP23 Tg
brain extract; lane 2:
mized fresh AB1-40 +
AB1-42; fane 3: fresh
AB1-42; lane 4: fresh '
AB1-40; lane 5: aged
AB1-20 + Api-42; lane
6: aged AB1-42; and lane

-of serum anti-AB antibodies in mice injected

with synthetic Af.

Thus, cerebral extracts induce AR deposmon
in vivo by supplementing (or anticipating) endog-
enously generated Af§ seeds with exogenous seeds
that probably consist of 2 fonm of multimeric AB.
The host-specific morphology and distribution of
the induced lesions underscore the essential role of
the host in regulating pathogenesls, but the in-
ducing agent also contributes to ‘the pathologic
phenotype. The inhibition of sesding by specific
immunoneutizlization of AR (20} or formic acid
denatration of fhe extracts (2J) suggests that the
active agent consists of an aggregated AR species
(20, 21). The finding that synthetic AR lacks
amyloid-inducing activity in vivo was not un-
expected, inasmuch as prion disease has also been
difficult to transmit by in vitro-generated (recom-
binant) prions (8).

Synthetic and cell cultwre—derived AB, in
concentrations similar to those tested in the
present study, are neurotoxic in vivo (14, 22, 23)
and can impair long-term potentiation and
cognitive function (24, 25). These observations,
in light of the highly variable seeding efficacy
of in vitro and in vivo preparations, suggest the
occutrence of various AP conformations with
partially distinct biological activities (26), sim-
ilar to prions (27, 28). Polymarphic and self-
propagating synthetic A strains recently have

.besn reported (9). Thus, AP muitimers in vivo

also may be polymorphic and polyfunctional,
again reminiscent of prions, in which infectivity
is strain-dependent and fully encoded in distinct
multidimensional conformations (29), Whether
oligomeric forms of Af that are thought to be key
cytoactive disease agents (25, 30, 3J) can also be
seeded in vivo remains to be determined.

7: aged AB1-40. Preparations were injectad mtmhlppocampally into S-month-old male APP23 mice that
were analyzed 4 months later, The aged A preparations were fibritlar in nature as verified by electron
microscopy and Congo red binding {fig. S6). Multimeric AR species are not easily detected with this urea-
hased gel system, which is designed to separate the different AR fsoforms. The additional band in the brain
extract is fikely AP2-38. {B) Amyloid induction with an APP23 Tg extract. (C and D) No induced AB deposits
were detectable with ahy of the synthetic AB preparations at this concentration. Shown are animals injected
with freshly mixed AB1-90 + AB1-42 (O and aged AB1-40 -+ AP1-42 (D). Scale bar, 350 pm,

There is currently no evidence that -
amyloidosis (and in particular AD) is transmis-
sible in the same sense as are prion diseases,
which can be transmitted to wild-type hosts via
diverse routes of varying efficiency and involve
systemic celular mechenisms of prion uptake
and distribution {7, 32). However, an under-
standing of the mechanisms involved in the
instigation and propagation of abnormal AB
assemblies in vivo could shed light on the
origins of idiopathic Alzheimer's disease.
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reducad but not abolished, were not a5 sensitive as
+1t109A cells (Fig. 3, A and B). Moreover, s#/09A
H3-K56R and ritf09A H3-K564 double-rmutant
cells displayed similar sepsitivities toward these
DNA-damaging agents as either single mutant
alone (Fig. 3A and fig. 85). In contrast, cells
expressing 1109 site-specific mutants where H3-
K56 acetylation was not affected wers resistant to
these DNA-damaging egents (Fig. 3B and fig.
$6). These results suggest that the ability of
Rt109 to suppress sensitivity toward DNA-
damaging agents is mzinly mediated by its HAT
activity toward H3-K56.

In budding yeast, Rad52 forms spontaneons
foci, predominantly during S and Go-M phases
of the cell cycle, and these foci are thought to be
sites of repair of DNA lesions (I8, /9). Cells
with mutations in proteins mvolved in DNA
mctabolism, such as Top3 exhibit elevated lev-
els of Rad52 foci, possibly due to an increase
in spontancous chromosome breaks (20). The

C ]09A and H3-K56R single- and double-
sutant cells showed a substantial increase in
Rad52 fused with yellow fuorescent protein
(Rad52-YFP) fodi (Fig. 3, C and D). Moreover,
the rt]09A H3-K56R double-mutant cells did
not exhibit more Rad52 foci than either r#£109A
or H3-E56R mutent alone (Fig. 3D). Thus, the
increase in Rad52-YFP foci observed in rtt109A
mutant cells appears mainly to be duse to loss of
H3-K56 acetylation. Supporting this idea, acet-
ylation of four other H3 lysine residues (K9,
K14, K18, and K23) was not altered in the
r#109A mutant cells {fig. 87). Taken together,
these data indicate that Rtt109-mediated acety-
fation of H3-K56 during S phase protects DNA
from damage.

Here we have shown that Rt109 is 3 mem-
ber of a novel HAT family that acetylates H3-
K56. The rtr/09A mutant exhibited a synthetic
lethal or slow-growth phenctype with & mu-
tant allele of PCNA (prolifesating cell nuclear
antigen), pol30-79, which is defective in DNA
replication and vepair (2/), but not with the
PCNA mutant allele, pol30-8, which is defec-
tive in epigenetic silencing (22} (fig. S8A).
The rt/09A mutant also exhibifed a synthetic
lethal/stow growth phenotype with a mutation
in DNA polymerase a (fig. SBB) and was pre-
viously found to genetically interact with Orc2
and Cded5 mutations (23, 24). All of these
proteins are involved in DNA replication. The
geaetic mteractions between Rit109 and the pro-
teins involved in DNA replication suggest that
the r#209A mutant cells are defective in certain
aspects of DNA replication. In support of this
idea, the rit/09A mutant exhibits synthétic le-
thal or slow-growth phenotypes with nmtations
in genes such as RAD32, which are involved in
hamologous recombination (25), a process that
is needed to resolve statled replication forks (26).
Thus, H3-K56 acetylation by Rit109 is closely
linked to DNA replication,
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A Two—-Amino Acid Change in the

C

Hemagglutinin of the 1918 Influenza
Virus Abolishes Transmission

Terrence M. Tumpey,™ Taronna R. Maines,® Neal Van Hoeven, taurel Glaser,
Alida Solérzano,? Claudia Pappas,®® Nancy J. Cox,* David E. Swayne,? Peter Palese,?

Jacqueline M. Katz,® Adolfo Garcia-Sastre®

The 1918 influenza pandemic was a catastrophic series of virus outbreaks that spread across the
globe, Here, we show that only a modest change in the 1918 influenza hemagglutinin receptor
binding site alters the transmissibility of this pandemic virus. Two amine acid mutations that
cause a switch in receptor binding preference from the human o-2,6 to the avian o-2,3 salic
acid resulted in a virus incapable of respiratory droplet transmission between ferrets but that
maintained its ethality and replication efficiency in the upper respiratory tract. Furthermore,
poor transmissien of 3 1918 virus with dual a-2,6 and ¢-2,3 spedficity suggests that a
predominant human c¢-2,6 sialic acid binding preference is essential for optimal transmission

of this pandemnic virus. These findings confirm an essential role of hemagglutinin receptor
specificity for the transmission of infiuenza viruses among mammals. ’

spread globally and resulted in the deaths

The “Spanish” influenza pandemic virus
of up to 50 million people worldwide

(1. 2). The ahility of this HINI pandemic sirain
to spread rapidly and cause high rates of jllness
among humans makes it valuable for smdying

the molecular properties that confer efficient
wansmissibility of influenza viruses, An influ-
enza virus bearing all cight gene segments of the
1918 pandemic virus was recently generated in
cultured cells, was found to be lethal for chicken
embryos and mice, and displayed a high-growth
phenotype in human lung cells. Furthermore,
the 1918 hemagglutinin (HA) and polymesase
genes were shown to be essential for maximal
virus replication and optimal virulence (3-35).
Influenza pandemics scem to oceur every 10
to 40 years, but the factors that lead to the emer-
gence of pandemic viruses are complex and
poorly understood. However, the establishment
of efficient and sustained human-to-human
trensmission of a virus to which humans have
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