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Abstract

abnormalities

Alzheimer’s disease (AD) is the most common type of dementia. Monoclonal antibodies (MABs) serve as a promising
therapeutic approach for AD by selectively targeting key pathogenic factors, such as amyloid-f3 (AB) peptide, tau pro-
tein, and neuroinflammation. Specifically, based on their efficacy in removing AB plaques from the brains of patients
with AD, the U.S. Food and Drug Administration has approved three anti-amyloid MABs, aducanumab (Aduhelm®),
lecanemab (Leqembi®), and donanemab (Kisunla™). Notably, lecanemab received traditional approval after dem-
onstrating clinical benefit, supporting the AR cascade hypothesis. These MABs targeting A are categorized based

on their affinity to diverse conformational features of AR, including monomer, fibril, protofibril, and plaque forms of AR
as well as pyroglutamate Ap. First-generation MABs targeting the non-toxic monomeric AB, such as solanezumab,
bapineuzumab, and crenezumab, failed to demonstrate clinical benefit for AD in clinical trials. In contrast, second-
generation MABs, including aducanumab, lecanemab, donanemab, and gantenerumab directed against pathogenic
AB species and aggregates have shown that reducing A deposition can be an effective strategy to slow cognitive
impairment in AD. In this review, we provide a comprehensive overview of the current status, mechanisms, outcomes,
and limitations of second-generation MABs for the clinical treatment of AD. Moreover, we discuss the perspectives
and future directions of anti-amyloid MABs in the treatment of AD.
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Background

Monoclonal antibodies (MABs) were first developed in
1975 using the hybridoma technology invented by Kéhler
and Milstein [1], and have been essential in the diagnosis
and treatment of debilitating diseases [2—4]. Numerous
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MABs have been approved by the U.S. Food and Drug
Administration (FDA) to treat a variety of diseases, start-
ing with muromonab CD3 (Orthoclone OKT3®), a MAB
that inhibits acute rejection in organ transplants [5].
Several MABs for Alzheimer’s disease (AD) that target
amyloid-f (AP) and tau, as well as inflammation, are cur-
rently in clinical trials [6]. Importantly, under the acceler-
ated approval program, the FDA approved anti-amyloid
MABs, such as aducanumab (Aduhelm®), lecanemab
(Leqembi®), and donanemab (Kisunla™) based on sur-
rogate markers of AP plaque removal in the brains of
patients with AD [7, 8]. Lecanemab recently became the
first disease-modifying drug to transition from acceler-
ated approval to traditional approval, following the FDA’s
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determination that it has demonstrated clinical benefits
[9]. These findings provide valuable evidence upholding
the AP cascade hypothesis that the aggregation and mis-
folding of AP leads to multiple pathological phenotypes
and clinical dysfunctions in AD [10, 11].

Anti-amyloid MABs can be categorized based on
affinity, with some showing a preference for binding to
monomeric AP and others to fibrils. Unfortunately, the
first-generation anti-amyloid MABs failed in clinical
trials as they demonstrated no significant clinical ben-
efit [12—15]. Notably, solanezumab failed to remove A
plaques or inhibit A accumulation in all patients with
preclinical AD to moderate AD in four clinical trials [16—
18]. These results suggest that targeting monomeric AP
may not be effective in the treatment of AD. The recently
developed second-generation anti-amyloid MABs,
such as aducanumab, lecanemab, donanemab, and gan-
tenerumab, target the toxic form of A aggregates (e.g.,
oligomers, protofibrils, fibrils, and plaques) [19]. These
second-generation anti-amyloid MABs have been shown
to considerably reduce AP deposition, as detected using
amyloid positron emission tomography (PET), and slow
cognitive decline in clinical trials [20-22].

In this review, we provide a comprehensive over-
view of recent advances in the clinical trials of four
second-generation anti-amyloid MABs: aducanumab,
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lecanemab, donanemab, and gantenerumab. In addi-
tion, we comparatively analyze their mechanisms and
limitations. Finally, we explore future directions for
innovation and novel technologies required to develop
the next generation of anti-amyloid MABs.

Clinical trials of second-generation anti-amyloid
monoclonal antibodies in AD

Currently, most treatments for AD are symptomatic
and do not stop or reverse the progression of AD. Adu-
canumab, lecanemab, and donanemab are the second-
generation anti-amyloid MABs currently approved for
clinical use as disease-modifying treatments for AD
[21, 23]. Disease-modifying treatments that target AP
are becoming more popular due to the growing focus
on targeting the early stages of disease. In the early
stages of AD, disruption of continuous AP produc-
tion and efficient clearance leads to the toxic aggrega-
tion of AP into misfolded aggregates. Particularly, Ap
aggregates contribute to neurodegeneration and neu-
roinflammation in the AD brain [24]. Recently, other
disease-modifying treatments targeting AP, such as
gantenerumab, have undergone clinical trials with the
aim of treating AD (Fig. 1).

_AB.plaque
43 #

"l Aducanumab;

Epitope location:

3-13 of AB with —
N-terminal > : 3-7of A
pyroglutamylation
Nucleatlon * ‘Aggregation
J
AB fibrils

Amyloid precursor
protein (APP) ‘

e
u(‘f \ Post- translatlon
‘\S&‘ modlflcatlon (PTM)
1 it‘u
&

Amyloid B (AB) @\w

H a . j Nucleation |Elongat|on>

A oligomer

"k Gantenerumab
Epitope location: >
3-11and 18-27 of AB

ecanemab,
Epitope location:
1-16 of AB and 21-29 of AR
aggregates and protofibrils

wﬁﬁ
g
S
= O
ﬁ WW’“ *Elongation
-—
F R
W
Protofibrils

Fig. 1 Second-generation anti-amyloid monoclonal antibodies (MABs) target different forms of AR. Aducanumab targets A fibrils and plaques.
Lecanemab binds to soluble AR oligomers, protofibrils, fibrils, and plaques. Gantenerumab targets soluble AB oligomers, protofibrils, fibrils
and plaques. Donanemab specifically targets the N-terminus of pyroglutamate present in AR plaques
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Clinical trials of aducanumab

Aducanumab was developed from the memory B cells
of peripheral blood lymphocytes obtained from healthy
elderly individuals without cognitive decline and elderly
individuals with cognitive impairment experiencing an
unusually gradual decline in cognitive function [25].
Aducanumab mainly targets AP plaques by recognizing
the amino acids 3-7 of AP (Fig. 1) [26]. A single ascend-
ing dose study (NCT01397539) of aducanumab, a phase
1 clinical trial, was conducted in 53 patients with mild-
to-moderate AD. This study aimed to evaluate the phar-
macokinetics, safety, and tolerability of different doses of
aducanumab administered via a single intravenous injec-
tion in patients with AD [27]. The findings of this clinical
trial demonstrated that at 30 mg/kg, patients exhibited
excellent tolerance to aducanumab without experienc-
ing severe or serious adverse effects (SAEs), whereas all
patients experienced SAEs such as symptomatic amy-
loid-related imaging abnormalities (ARIA) at a dose of
60 mg/kg [27]. Subsequently, a multiple-dose PRIME
study (NCT01677572) of aducanumab, a phase 1 clinical
trial, was performed in 197 patients with prodromal-to-
mild AD. The study demonstrated that the administra-
tion of aducanumab reduced AP deposition in the brains
of patients with prodromal-to-mild AD in a dose- and
time-dependent manner. Moreover, treatment with adu-
canumab delayed cognitive decline in a dose-dependent
manner, as measured by the Clinical Dementia Rating-
Sum of Boxes (CDR-SB) and Mini-Mental State Exami-
nation (MMSE) scores. However, ARIA-oedema/effusion
(ARIA-E) abnormalities were found in groups adminis-
tered with 1, 3, 6, or 10 mg/kg of aducanumab but not
in the placebo group. ARIA-E particularly occurred
more frequently in apolipoprotein E (APOE) €4 car-
riers than in non-carriers [25]. Based on the accumu-
lated clinical results, the ENGAGE (NCT02477800) and
EMERGE (NCT02484547) studies established the follow-
ing clinical criteria: inclusion of patients with AP in the
brain detected with amyloid PET, inclusion of patients
with mild cognitive impairment (MCI), and inclu-
sion of patients who consented to APOE genetic analy-
sis (Table 1) [28]. The ENGAGE and EMERGE studies
were phase 3 clinical trials in which low (3 or 6 mg/kg)
and high (10 mg/kg) doses of aducanumab were admin-
istered to 1653 and 1643 patients with MCI due to AD
and mild AD, respectively. In the ENGAGE study, adu-
canumab treatment did not meet the criteria for either
primary or secondary clinical endpoints. In contrast,
the results of the EMERGE study revealed significant
changes in both primary and secondary endpoints in the
high-dose aducanumab group; additionally, in the high-
dose aducanumab group, the primary and secondary
endpoints, such as CDR-SB, MMSE, Alzheimer’s Disease
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Assessment Scale-Cognitive Subscale (ADAS-Cog) 13,
and Alzheimer’s Disease Cooperative Study-Activities
of Daily Living Scale for Mild Cognitive Impairment
(ADCS-ADL-MCI) scores, decreased by 22%, 18%, 27%,
and 40%, respectively. Furthermore, high-dose admin-
istration of aducanumab reduced brain AP accumula-
tion by 59% and 71% from the baseline in ENGAGE and
EMERGE studies, respectively [20]. The difference in
results between ENGAGE and EMERGE may be due to
the differences in the administration of high-dose aduca-
numab. In 2017, Biogen modified the protocol to increase
the dose of aducanumab to 10 mg/kg for APOE4-positive
patients. As a result of the protocol change, the num-
ber of participants in the high-dose ENGAGE study
was smaller than that in the high-dose EMERGE study,
and consequently, a smaller proportion of participants
received all 14 doses of aducanumab at 10 mg/kg [29].
Specifically, 22% of ENGAGE participants received 14
doses at 10 mg/kg, while 29% of EMERGE participants
received 14 doses at 10 mg/kg [30]. Moreover, ENGAGE
participants had a shorter average duration of exposure
to the 10 mg/kg dose because of the timing of the pro-
tocol change. These differences in cumulative exposure
to the high-dose aducanumab may have contributed to
the differences in efficacy outcomes observed between
the two studies. Notably, aducanumab has been success-
ful in slowing cognitive decline and reducing A depo-
sition in patients with AD and has received accelerated
approval from the FDA based on the evaluation of surro-
gate markers for the reduction of amyloid plaques in the
brain [8]. However, the most common SAE observed in
the ENGAGE and EMERGE studies was ARIA-E, with an
incidence of 35.2% in the high-dose aducanumab group
[31]. Furthermore, the slowing effects of aducanumab
on cognitive decline are still debated [32]. To verify the
clinical benefits of aducanumab, the ENVISION study
(NCT05310071) recently terminated a phase 3b/4 clinical
trial in 1512 patients with MCI due to AD and mild AD.

Clinical trials of lecanemab

Lecanemab, an MAB that specifically detects the protofi-
bril forms of AP, was developed from mouse mAb158
[33]. Lecanemab targets AP protofibrils by recogniz-
ing amino acids 1-16 of AP and 21-29 of AP aggre-
gate/protofibrils. Since these epitopes are also exposed
in monomers, oligomers, and fibrils, lecanemab binds
weakly to them (Fig. 1) [26]. In a preclinical study, short-
and long-term administration of mAb158, the murine
version of lecanemab (BAN2401), reduced the levels of
AR protofibrils in the brains and cerebrospinal fluid (CSF)
of Tg-ArcSwe mice, a transgenic mouse line express-
ing the Swedish and Arctic mutant of human amyloid-
beta precursor protein (APP) gene [34]. A single- and



Page 4 of 19

(2025) 14:6

Kim et al. Translational Neurodegeneration

syujodpua
13d plojhuwy 13d plojAury 13d plojhury 13d plojhury Jayewolg
(991)
/0 :[0gade(d SA 4] uon
-e|ndod pauiquiod (%€¢) (%81) 20 (%0%) £'1 ;[ogade(d
(9¢1) 98°0— (O6L1) 80 :[0gade(d sA4iq] uon (%£€)  :[ogede(d sA 4ia] as0p YOIH (%81) SA 1] 9s0p YBIH (%91) £0
:0ga2e|d SA JIg 98'0— :0ga2e|d SA Jig  -ejndod ney wnipaw/moT 07— 0g22e|d sA Jig £°0:[0gade(d sA yid] 950p MO ‘[ogade(d SA Y] 950p MO
ov4 IS IDW-1aV-SOav IDW-1aV-SOav
(9600) €€'L—:[0g2>
-e|d s Jig] uoneindod
pauIquIoD ‘(%c€) 76 L— (%11) 650— (%£7) 0t L—:[0ga2e(d
(9%6) 780 [ogade|d sA giq] uon O6rg)  :[ogde|d sA JIA] 950p YOIH (%L 1) sA ia] a50p UBIH ‘6t 1) 04 '0—
:0g22e|d SAJIQ  (%6) LL°L :0ga2e/d sAig  -ejndod ney wnipaw/mon S0'0—:0gadeld sA 4id 85°0— :[0gade(d sA yidg] 950p MO :[ogadeld sA Jig] 950p MO
1dv-soav €160>-5yay SWODAV €160D-Syay
(%82)
0/'1 :[ogaoe|d sA gig] uon
-gjndod pauiquiod ‘(960t) (%) 10— (%81) 90— :[0gae(d
(691) 8T L— (%6€1) €871 :[0g@de[d sA i) uon (9%92) J[ogadeid s id] 350p UBIH (%9)  sA IA] 350P YBIH (%€) L'0—
:0g22e|d SA JIg GZ'1—0gade|d sagig  -eindod nel winipaw/mo P 1 —:0g22e|d SA JIg 70— :[0gade|d SA Jid] 950p MO :[ogadeld sA yig] 950p MO
syulodpus
€1bod-svav 1QV-SDQV 71602-Syav ISAW Arepuodag
(%6¢) £9°0—:[09=2
-e|d sa 1] uonejndod
paulquiod ‘(9%9¢€) 89'0— (90) €00~ (%27) 6€°0— :[0gade(d
(969) 61°0— (%8) [ogeded sa giq] uon (%627)  :[ogeoeid s gia] @sop YOIH (%2 1) SA H1a] 350p YBIH ‘(%5 1) 970~
:0gade|d sa 4ig 1£0—:0qgade|d sA g -ejndod ney wnipaw/mo St'0—0gade|d sA yig 81°0— :[0gade|d sA Hiq] 950p MO ;[ogade|d sA Jiq] 950p MO
uiod
as-4d> Sdav! 45-4d>d 45-4d>d -pus Aiewlg siulodpug
| 10 G'0 :21025
1egolb Yad ‘0g-¢z 21035
JSIN 49Mm0] 10 £9°0
{(14SD4) 591 Buipuiway
SAI1D3]9S panD) pue 3314 §'0 :21005 |eqo|b
49461y 10 200 4SO Ul 8Z-0 2103 JSWIA “IANS (T AIFSIWA) Alowsw 4dD ‘0€-1C 21025 IS
gy 01 | g ne) paiejAl 01'L <) Abojoyied ney jo J1posida ul uauiedw) ‘9dURPIND 8107 Yd4 2Y1 Ul
-oydsoyd jo oney ‘Abo 90Usald (1D /€ <) ABo 9A1123(qQ ‘Abojoyied paqusap se syuaiied , pue ¢
-loyzed piojAwe jo adus  -joyied plojAwe Jo DU plojAwe Jo 9duasald obeys ‘Abojoyied piojAue jo SN
-s31d ‘p|o 183k 06 01 0 -s31d ‘p|o S1eak 68 01 09 'p|O $1eAK 06 01 05 90U ‘PO SIBSA GR 010G -Ja1dBIRYD A
av Apeg av Apeg av Apeg av Apeg av Apeg abeis Qv eualD
1131YNAVvYd 131YNAvyd 39VON3 ERXEIVE]
SAVW
[€S] qewniauajuen [ZZ] qewaueuoq [1Z] qewaueda [0Z] qewnuednpy piojAwe-nuy

s|el [eaulpd ¢ aseyd ul gewnJauaiueb pue ‘gewsuRUOp ‘geulauRda| ‘geudnuednpe Jjo uosedwo)) | ajqer



Page 5 of 19

(2025) 14:6

Kim et al. Translational Neurodegeneration

%0'CC %/°€C abeyliowsyonipy
(%87 Dew (O6C'S
-01dwAS) 9%8'7 DNeWOldWAS) %6'€7 (%19 DewoldwAs) %tz

dnoib
CPWRURUOP Ul Pasealdad

dv4O ewseld

S}|nsal JUalsISUOdU|

by
lusule|yoinau ewse|d

2oUlRYIP 1ULdYIUBIS ON

dnoib
134 Nel  geWaUeUOp Ul pasealdad

| /zne1-d ewse|d

SY99M 9| | 1B
NSy « 1D §95— SHIOM 9| | IR INSAY
0ga2e|d SA I 1D 99— 0gadeid SA I 9dUUSIP JuedYIUbIS ON

13d neL

1D €98—:[0g=°

2beyIOWBYOIDIN

(%8C

DeWOoIdWAS) ‘%971
dnoib

geulaueds| Ul pasealdaq
dv45 ewseld

dnolib
gPWaURD3| Ul paseaiuy|

ujuesboInau 45D

dnoib

geWaURdI| Ul Pasealdaq
YN euwseld

S3|NSaJ JUISISUODU|

WN LSO

dnolib
geWauLRd3| Ul paseasds

|gLnei-d ewse|d

dnolib

geWaued3| Ul pasealda
LgLnel-d 455

dnolib

gewaueda| Ul pasealdaq

nex 45

dnolib
QPWAURDI| Ul pasealdu|

onel gy gy ewseld
dnoib
gewsueds| Ul pasesidu|

gy 45D

9%9¢€ :350P YBIH '99¢ :950p MO

2beUIOWBYOIDIN

%S¢
:950p YBIH ‘%97 :950p MO

1990~

£//0—:[0ga2e(d sA yiq] as0p :[ogadeld sA 1] 9sop ybiH
ybiH '¥N :[0gade(d sa 4ig] 950p MO “WN :[0Ga2e|d SA Q] 950p MO

|gLne1-d ewse|d

H-VIdY

JVIHY S1034J9 9SIDAPY

SYo9M 8 18 -e|d sA 1] uonejndod
1Nsal pa1>adxd, SH9M t8 1e paulquio) 1D 7'88— 1D $9— :[ogade|d
DS Lr— Jnsa1 pa1dadx3, 1D ‘fogeded sa gig] uon 1D 5 :[0ga3e|d sA Yid] 950p YbIH SA 1] 950p YBIH 1D v~
:0ga2e|d SA Jig G /t—:0gaded sAyig  -ejndod ney wnipaw/moT 1D Z1'65—:0gadeid SAPI 1D 6€— :[0Gga2e|d SA i) 9S0p MO ‘[ogaeld sA yidg] 950p MO
113vNavyo 131vNnavyo IDOVON3 EBLYE(E!
— saYW
[€£<] qewniauajuen [zZ] gewsueuoq [LZ] gewaueda [0Z] gewnue>npy plojfwe-puy

(psNunUOd) L ojqer



Page 6 of 19

(2025) 14:6

Kim et al. Translational Neurodegeneration

uiazoud dipide Asejjuqy [elb qy4D ‘uteyd ybi| Juswe|yoinau N pIny [eulds [eIga1ad 4SD 2103s 9)1sodwod 3seasIp sawidyz|y ‘SINODAY ‘L 91easqns
SAINUBOD-9BS JUBWISSISSE DSEISIP S JdWILYZ|Y ‘7L 60)-SYQY ‘BulAl] A|iep Jo sa1lAIe [eIUBWNIISUI-APN]S 9ARISd00D 9seasIp s JawlRyz|y “1aVI-SDAY ‘9[eds buljel aseasip s awiLyz|y pajesbaul ‘syqy! :Aydeibowoy uols
-siwd uoaysod ‘] 34 ‘a[eds yuawiiedwl aAIUBOD pliw-6ulAll Ajiep Jo sailAle Apnis aA1ReI9d00D aseasIp s awIdyz|y ‘[DIN-T1AVY-SDAV ‘€L 9]edsqns SAIHUBOI-9|edS JUBWISSISSE ISeISIP S, JaWIdYyzZy ‘€ L60)-SyQy ‘S9xoq Jo wns
-Bunel ejpuswap [ed1Ul ‘gS-4aD ‘Buiies elUSWSP [BD1UID ‘YD ‘UOIIEUIWEXS )]s [BIUSW-IUIW ‘JSIA ‘D|ge|ieAe 10U ‘YN ‘AV PIIW AV 03 anp jJuswiedw aAIUBOD pliw suesw QY A[1e3 :dualayip ‘PIq ‘9]eds plojiuad 1D

%S %9'S %91 350D YBIH ‘96 :950p MO %€ | S0P YBIH %01 :250p MO

SISOI9PIS [edYladng SISOISPIS [edYIdNS SISOIDPIS [edYIadng

%€l

%8'9¢ %eLL %¢€ L :250P YBIH ‘9601 :350p MO 2250p YBIH ‘%01 :950p MO

1131Ynavys 131vNnavys IDVON3 ERXEIVE]
— savIN
[£S] qewniauajuen [zZ] qewaueuoq [1Z] qewaueda [0Z] qewnuednpy piojfwe-nuy

(penunuod) | ajqeL



Kim et al. Translational Neurodegeneration (2025) 14:6

multiple-ascending dose study (NCT01230853) of
lecamemab, a phase 1 clinical trial, was performed in
80 patients with mild-to-moderate AD. The phase 1
clinical trial demonstrated the safety and tolerability of
lecanemab at sequentially increasing doses, and that it
was well-tolerated in all participating treatment groups.
SAEs rarely occurred due to drug administration; in par-
ticular, the incidence of ARIAs was similar between the
lecanemab and placebo groups [35]. Furthermore, Study
201 (NCT01767311), a phase 2 clinical trial, evaluated
the safety, tolerability, and efficacy of lecanemab in 856
patients with MCI due to AD or mild AD. In this study,
only patients with confirmed evidence of AB using PET
or CSF testing were eligible for the clinical trial. The
primary endpoint for the highest dose of lecanemab
administration (twice-monthly, 10 mg/kg) was evalu-
ated through Bayesian analysis of the Alzheimer’s Disease
Composite Score (ADCOMS) at 12 months. The calcu-
lated probability of showing more than 25% improve-
ment compared with placebo was 64%, falling short of
the 80% target. However, the secondary endpoints for
the highest dose of lecanemab (twice-monthly 10 mg/kg)
demonstrated even greater delay of cognitive deficits at
18 months, with a 30% improvement in ADCOMS, 47%
improvement in ADAS-Cogl4, and 26% improvement
in CDR-SB compared with placebo. Moreover, regard-
ing biomarkers, administration of lecanemab decreased
the level of AP in the brain and the level of phosphoryl-
ated tau (p-tau) in the CSF. The incidence of ARIA-E with
lecanemab was 9.9% in patients receiving the highest dose
and 14.3% in patients who were APOE e4-carriers [36)].
Based on the efficacy of lecanemab in clearing AP in the
phase 2 clinical trial, the FDA approved lecanemab under
the accelerated approval program [7]. A study predict-
ing the long-term treatment with lecanemab using a dis-
ease simulation model based on the Study 201 reported
that the longer the administration period of lecanemab,
the better the clinical outcome [37]. This suggests that
early initiation of lecanemab treatment has a poten-
tially greater impact on the progression of AD. Finally,
the Clarity AD study (NCT03887455) of lecanemab, a
phase 3 clinical trial, was performed in 1906 patients
with MCI due to AD and mild AD (Table 1). The primary
endpoint, CDR-SB score, showed a 27% delay in clini-
cal decline at 18 months in the lecanemab group com-
pared with the placebo group. The secondary endpoints
for lecanemab, including ADAS-Cogl4, ADCOMS, and
ADCS-ADL-MCI scores, exhibited 26%, 24%, and 37%
slowing of cognitive impairment, respectively, in the
lecanemab group compared with the placebo group. Fur-
thermore, lecanemab reduced the levels of amyloid bur-
den in the brain by 59.12 (77.92 — 18.8) centiloids (CL)
from baseline. In addition, the incidences of ARIA-E and
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ARIA-haemosiderosis/microhaemorrhages (ARIA-H) in
the lecanemab group were 12.6% (Symptomatic ARIA-E:
2.8%) and 17.3% (Symptomatic ARIA-H: 0.7%), respec-
tively [21]. Based on the efficacy of lecanemab in slowing
clinical deficits and clearing A deposition in the phase
3 clinical trial, the FDA moved lecanemab to traditional
approval [9].

Clinical trials of donanemab

Donanemab, developed from mouse mE8-IgG2a, recog-
nizes amino acids 3—13 and specifically targets the N-ter-
minal pyroglutamate of AP [24, 38]. While donanemab
is often characterized as a plaque-specific antibody due
to its binding to the N3pE epitope predominantly found
in amyloid plaques, it has the potential to interact with
various N3pE-containing A species, including soluble,
insoluble, and intracellular forms [39, 40]. The interac-
tion between donanemab and various N3pE-containing
AP species suggests that donanemab has the potential
to contribute more comprehensively to AB reduction in
AD (Fig. 1) [41-43]. Phase la (NCT01837641) and 1b
(NCT02624778) clinical studies of donanemab have been
completed in 100 and 61 patients with mild-to-moderate
AD, respectively. Results from the phase 1 clinical trial of
donanemab demonstrated that donanemab was well tol-
erated at both single and multiple doses [44]; however,
ARIA was observed in one-quarter of patients receiv-
ing donanemab. Single administration of donanemab
resulted in changes in amyloid PET only above the dose
of 10 mg/kg, and repeated doses of 10 mg/kg and 20 mg/
kg resulted in sustained reductions in the deposition of
AP [44, 45]. Based on these results, the selected dose of
donanemab was up to 1400 mg, approximately 20 mg/kg
as used in the phase 2 clinical trial. The TRAILBLAZER-
ALZ study (NCT03367403) on donanemab, a phase 2
clinical trial, was performed in 272 patients with early
symptomatic AD and mild AD. The study only included
patients with AP and tau depositions as detected using
PET. Patients with low (standardized uptake value ratio
[SUVR]<1.10) or high (SUVR>1.46) tau deposition
were excluded from the TRAILBLAZER-ALZ study.
Donanemab was intravenously administered to patients
at 4-week intervals for 76 weeks (700 mg for the first
three administrations and 1400 mg thereafter). The pri-
mary and secondary endpoints of donanemab treat-
ment were assessed using the integrated Alzheimer’s
Disease Rating Scale (iADRS), CDR-SB, ADAS-Cogl3,
Alzheimer’s Disease Cooperative Study-Instrumental
Activities of Daily Living Inventory (ADCS-iADL), and
MMSE scores. The primary outcome showed that there
was a significant mean change difference of 3.25 in the
iADRS score between the donanemab and the placebo
groups. The secondary outcome showed mean changes
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of —0.67 and — 0.7 for CDR-SB, 1.83 and 1.70 for ADCS-
iADL, and —1.52 and —1.33 for ADAS-Cogl3 scores in
the donanemab and the placebo groups, respectively.
These results indicate a tendency toward delayed cogni-
tive decline. Biomarker outcomes for donanemab showed
a reduction in amyloid burden by 84.13 (107.6 — 23.47)
CL from baseline and a slight slowing of global tau load
compared with placebo. Moreover, the group receiv-
ing donanemab had a higher incidence of ARIA-E and
ARIA-H than the placebo group, whereas neither SEAs
nor death was observed in the donanemab group [46,
47]. TRAILBLAZER-EXT (NCT04640077), a follow-up
study to the TRAILBLAZER-ALZ study, is currently in
progress. Unfortunately, the FDA denied the application
for accelerated approval of donanemab based on phase
2 clinical trial data, as it did not meet the minimum
requirement of 100 patients to have been treated with
donanemab for at least 12 months. Finally, the TRAIL-
BLAZER-ALZ 2 study (NCT04437511) of donanemab,
a phase 3 clinical trial, was performed in 1800 patients
with early symptomatic AD who had AP and tau patholo-
gies (Table 1). The primary endpoint of the study, iADRS,
exhibited a 35.1% delay in clinical decline at 72 weeks in
the donanemab group compared with the placebo group.
The secondary endpoints of donanemab administra-
tion, including CDR-SB, ADCS-iADL, ADAS-Cogl3,
and MMSE scores, also displayed a 37.0%, 39.9%, 32.4%,
and 22.9% delayed cognitive decline, respectively, in the
donanemab group compared with placebo. The level
of amyloid plaques in the brain was reduced by 88.2 CL
in the donanemab group compared to that in the pla-
cebo group. Notably, 80.1% of the patients treated with
donanemab had reduced brain amyloid levels. In addi-
tion, the plasma levels of p-tau217 and glial fibrillary
acidic protein (GFAP) in the donanemab group decreased
by 39.3% and 21.3%, respectively, from baseline. The
incidence of ARIA-E and ARIA-H in the donanemab
group was 24.0% and 26.8%, respectively [22]. Addition-
ally, the TRAILBLAZER-ALZ 3 study (NCT05026866)
on the prophylactic effects of donanemab is currently
being conducted in 3300 patients with plasma p-tau217
levels, consistent with early tau pathology, and without
cognitive impairment. The TRAILBLAZER-ALZ 4 study
(NCT05108922), a phase 3 clinical trial, is comparing the
efficacy of donanemab and aducanumab. The TRAIL-
BLAZER-ALZ 5 study (NCTO05508789) is currently
recruiting patients with early symptomatic AD to evalu-
ate safety and efficacy of donanemab.

Clinical trials of gantenerumab

Gantenerumab is a novel human anti-Ap MAB designed
using HUCAL® phage display technology to specifically
bind to AP fibrils [48]. Gantenerumab targets A fibrils
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by recognizing amino acids 3-11 and 18-27 of AP (Fig. 1)
[48, 49]. In a preclinical study, intravenous injection of
gantenerumab significantly reduced AP plaques in the hip-
pocampus, cerebral cortex, and thalamus of PS2APP mice
compared to the vehicle group [48]. A multiple-ascend-
ing-dose phase I study (NCT00531804) of gantenerumab
was performed in 18 patients with mild AD. The patients
received 2-7 infusions of intravenous gantenerumab at
doses of 60 or 200 mg, or a placebo infusion every 4 weeks.
Compared with the placebo group, the level of amyloid
plaques in the cortical region was reduced by 15.6% in the
group receiving 60 mg of gantenerumab and by 35.7% in
the group receiving 200 mg of gantenerumab. Although
amyloid plaque levels decreased with gantenerumab
administration, two of the six patients in the group receiv-
ing 200 mg of gantenerumab developed neuroinflam-
mation or ARIA in the left caudate nucleus and right
temporal lobe with the highest level of amyloid reduction
[49]. A subcutaneous formulation of gantenerumab (105
or 225 mg) was developed, and the SCarlet RoAD study,
a phase 2 clinical trial, comprising 490 participants was
initiated. Unfortunately, the SCarlet RoAD study was dis-
continued early as the target for changes in cognitive delay
was not reached [50]. In between the termination of SCar-
let RoAD and the initiation of phase 3 clinical trials, a col-
laborative study called DIAN-TU study (NCT04623242
and NCT01760005) was initiated. The study involved 52
participants with dominantly inherited AD in each treat-
ment group who were assigned to receive either gan-
tenerumab or solanezumab. ARIA-E was observed in
19.2% of patients in the gantenerumab group [17]. Follow-
ing the termination of the Scarlet RoAD trial, the Margue-
rite RoAD trial (NCT02051608) evaluating gantenerumab
in 389 participants diagnosed with mild AD entered phase
3 clinical testing. However, the Marguerite RoAD trial
failed the futility analysis and was converted to an open-
label extension (OLE) study. Gantenerumab administered
at a high dose of 1200 mg in the SCarlet and Marguerite
RoAD OLE studies reduced brain amyloid levels by an
average of 59 CL as detected by florbetapir PET. Although
one-third of the participants underwent ARIA-E, most
were asymptomatic [51]. In addition, patients treated
with gantenerumab continued to show reduced amyloid
levels. At the end of the three-year SCarlet and Margue-
rite RoOAD OLE study, 80% of the participants treated with
gantenerumab showed a reduction in the amyloid burden,
resulting in a transition to an amyloid-negative state [52].
Graduate I and II phase 3 clinical trials of gantenerumab
efficacy and safety in 1053 and 975 participants with early
AD (NCT03444870 and NCTO03443973), respectively,
failed to demonstrate a significant mean change in cog-
nitive decline (—0.31 and—0.19 for CDR-SB from base-
line) (Table 1) [53]. Interestingly, the administration of
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gantenerumab resulted in the partial reduction of amy-
loid plaques compared to placebo at 116 weeks. Further-
more, gantenerumab treatment resulted in improvements
in several soluble biomarkers of AD in the CSF, including
reduced levels of total tau, p-taul81, and neurogranin [53].
The observation that gantenerumab reduced amyloid bur-
den but did not improve cognitive function may be related
to the characteristics of the patients enrolled in the study.
The Graduate I and II clinical trials enrolled patients with
MCI due to AD and mild AD who already had significant
amyloid plaques in the brain. Moreover, gantenerumab
was subcutaneously administered at gradually increasing
concentrations, starting at 120 mg for the first 8 weeks,
followed by 255 mg until week 20, 510 mg until week 32,
and 1020 mg thereafter [53]. Notably, the clinical effi-
cacy of anti-amyloid MABs is expected to be maximized
by rapid reductions in brain amyloid levels [54]. Unfor-
tunately, the initial low doses of gantenerumab, 120 and
255 mg through week 20, may have contributed to slower
clearance of AP, potentially delaying the observation of
clinical benefits. Future clinical trials of gantenerumab
will need to address the challenges of optimizing dos-
ing strategies and ensuring AP clearance to maximize
therapeutic efficacy. The phase 3 Graduate I and II stud-
ies analyzed a phase 2 study (NCT04592341) evaluating
the pharmacodynamic effects of short-term administra-
tion of gantenerumab in 192 patients with early AD and
phase 3 studies (NCTO04339413 and NCT04374253)
evaluating the safety of long-term administration of gan-
tenerumab. Furthermore, a new phase 3 clinical trial, the
Skyline Study (NCT05256134), evaluating the efficacy and
safety of gantenerumab in amyloid-positive, cognitively
unimpaired patients at risk of early AD, is currently under-
way. In addition, a multiple-dose study (NCT01656525) of
gantenerumab, a phase 1 trial with 28 participants, and the
DIAN-TU study (NCT05552157), a phase 2/3 clinical trial
with 220 participants, were discontinued. Future direc-
tions for the treatment of AD with MABs currently point
to shuttling the transport of MABs across the blood—brain
barrier (BBB) to increase target engagement. Trontinemab
(NCT04639050), a gantenerumab conjugated to a human
transferrin receptor 1 (TfR1)-directed Brainshuttle™
module, demonstrates significantly greater brain uptake
than gantenerumab, with brain distribution coefficients
reported to be sevenfold to 33-fold higher across various
brain regions [55];TfR1-mediated transcytosis is expected
to alter the course of immunotherapy for AD.
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A comprehensive analysis of second-generation
anti-amyloid MABs in AD

Comparison of aducanumab, lecanemab, donanemab,

and gantenerumab in phase 3 clinical trials

Phase 3 clinical trials of aducanumab, lecanemab,
donanemab, and gantenerumab targeted the same cohort
of participants, i.e., patients diagnosed with MCI due to
AD or mild AD (Table 1). The criteria of AD diagnosis
are based on the threshold hypothesis that removal of Ap
before amyloid pathology has reached a certain thresh-
old will inhibit the spread of tau pathology [54]. The “CL”
scale was developed to standardize amyloid PET imag-
ing measurements. CL represents that the average value
is zero in “high certainty” amyloid-negative patients and
an average of 100 in “typical” patients with AD. The ideal
range for CL in patients with AD participating in clini-
cal trials of anti-amyloid MABs has been suggested to be
typically between 20 and 67 CL [54]. Inclusion criteria
for clinical trials of aducanumab were participants aged
50-85 years with (1) an MMSE score between 24 and
30, (2) a CDR global score of 0.5, and (3) disease pro-
gression at stages 3 and 4, as described in the 2018 FDA
guidelines. In addition, participants between the ages of
50 and 90 with objective episodic memory impairment
were included in lecanemab clinical trials. The inclusion
criteria for the clinical trials of donanemab were partici-
pants aged 60 to 85 years with an MMSE score between
20 and 28, and the presence of tau pathology. Further-
more, participants in the gantenerumab clinical trials
were required to be between 50 and 90 years of age, have
an MMSE score between 22 and 30, a CDR global score
of either 0.5 or 1, a p-taul81/Ap,, ratio in CSF of 0.024
or higher, and a Free and Cued Selective Reminding Test
score of 0.67 or lower. Taken together, the criteria for
recruiting participants in anti-amyloid MAB clinical tri-
als have become more rigorous, particularly with criteria
excluding patients with tau pathology patterns different
from those of typical patients with AD as well as those
with either too little or too much accumulation.

The therapeutic efficacy of all four anti-amyloid MABs
against AD was assessed using CDR-SB scores and
amyloid PET scans (Table 1). In clinical trials of anti-
amyloid MABs for AD, the changes of CDR-SB scores
compared to placebo for aducanumab, lecanemab,
donanemab, and gantenerumab were —0.39 (22%), —0.45
(27%),—0.68 (36%) and —0.31 (8%), respectively. Based
on the CDR-SB scores, the order of efficacy of the four
anti-amyloid MABs in delaying cognitive decline is as
follows: donanemab, lecanemab, aducanumab, and gan-
tenerumab. In clinical trials of anti-amyloid MABs for
AD, the changes in amyloid PET values for aducanumab,
lecanemab, donanemab, and gantenerumab were—64
(from 85 to 21) CL,—55.48 (from 77.92 to 22.44)
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Table 2 Association between anti-amyloid MABs and incidence of ARIA

Anti-amyloid MABs Treatment dosage Target ARIA Clinical benefits References
Solanezumab 6 mg/kg (Q4W) Monomeric AR 0.9% No [12]
Crenezumab 60 mg/kg (Q4W) Monomeric AB (Small extent oligomers) 0.3% No [15]
ACU-193 25 mg/kg (Q2W) Oligomeric AB; ADDLs 7.1% Not available data [60]
Lecanemab 10 mg/kg (Q2W) Oligomer / Protofibrils 12.6% Yes [21]
Donanemab 20 mg/kg (Q4W) Pyroglutamate AP aggregates 24% Yes [22]
Gantenerumab 7 mg/kg (Q2W) Fibrils/Plaques 25.8% No [53]
Aducanumab 10 mg/kg (Q4W) Plaques 35% Conflicting [20]
Bapineuzumab 1 mg/kg (Q13W) Plaques 11.8% No [14]

MABs, monoclonal antibodies; ARIA, amyloid-related imaging abnormalities; ADDLs, AB-derived diffusible ligands; Q2W; once every 2 weeks, Q4W; once every

4 weeks, Q13W; once every 13 weeks, ADDLs, AB-derived diffusible ligands

CL,—88.0 (from 102.4 to 14.4) CL, and—47.5 (from
94.44 to 46.9) CL, respectively. Notably, aducanumab,
lecanemab and donanemab eliminated Ap to levels below
20 CL, which is considered amyloid negative. Unfortu-
nately, gantenerumab only reduced AP to 46.9 CL and
did not reach the amyloid-negative threshold of less
than 20 CL. These results from clinical trials suggest that
removing AP to the negative threshold results in clinical
benefit.

The four anti-amyloid MABs have shown different
incidences of ARIA in clinical trials involving patients
with AD. Aducanumab, lecanemab, donanemab, and
gantenerumab showed ARIA-E incidence rates of 36%,
12.6%, 24%, and 25.8%, respectively (Table 1). In clinical
trials of anti-amyloid MABs in AD, the AP epitope tar-
geted by the antibody and the administered dose could
be closely related to the incidence of ARIA-E. In par-
ticular, the correlation between the dose/frequency of
antibody administration and the occurrence of ARIA
is well documented in the clinical trial of lecanemab
[36]. The incidence of ARIA increases proportionally
with the dosage and frequency of antibody administra-
tion. In addition, ARIA occurrence may be related to
the AP form targeted by anti-amyloid MABs (Table 2).
First-generation anti-amyloid MABs mainly target-
ing AP monomers, such as solanezumab and cren-
ezumab, are generally associated with a low incidence
of ARIA in patients with AD. However, they showed
no clinical benefits in clinical trials of AD [12, 15]. In
particular, crenezumab, which significantly binds to
multiple forms of AP, including monomers, oligom-
ers, fibrils, and plaques [56], showed a lower incidence
of ARIA than solanezumab even at higher doses. The
primary reason is that crenezumab uses an IgG4 back-
bone, unlike other anti-amyloid MABs with a different
IgG1 backbone [57]. Compared to the IgG1 isotype, the
IgG4 isotype weakly binds to FcyR, minimally activates
complement, and modulates immune responses. The

reduced binding affinity of the IgG4 isotype to FcyR
results in decreased FcyR-mediated microglial phago-
cytic function and leads to anti-inflammatory proper-
ties, ultimately contributing to a decreased incidence
of ARIA-E. Bapineuzumab, which targets AP plaques,
showed a high prevalence of ARIA even at low doses
and a low frequency of administration [14]. Although
clinical studies of bapineuzumab did not detect AP
deposition in the brain by imaging, the increased con-
centration of AP in plasma suggests that bapineu-
zumab actively degrades AP plaques in the brain. The
occurrence of ARIA may be linked to the removal of
AP plaques deposited within and around blood ves-
sels [58]. In particular, second-generation anti-amy-
loid MABs that target the oligomeric form and fibrils,
such as aducanumab, lecanemab, donanemab, and
gantenerumab, have been shown to have a higher inci-
dence of ARIA in the brains of AD patients compared
to solanezumab and crenezumab, which target mono-
meric AP [20, 21, 46, 53]. This difference in ARIA inci-
dence appears to be related to the specific AR forms
targeted by anti-amyloid MABs. In this regard, the
impact of anti-amyloid MABs targeting oligomeric
AP on the incidence of ARIA has drawn substantial
research attention. ACU193 is an antibody that spe-
cifically binds to AB-derived diffusible ligands. ACU193
binds to A oligomers with more than 500-fold selec-
tivity versus AP monomers and fibrils [59]. In a phase
1 clinical trial (NCT04931459), ACU193 was adminis-
tered to 65 patients with MCI due to AD or mild AD.
The ARIA-E incidence rate in patients treated with
25 mg/kg ACU193 was 7.1% [60], which was lower
than the prevalence observed in patients administered
with similar doses of lecanemab, donanemab, gan-
tenerumab, or aducanumab. Therefore, the develop-
ment of anti-amyloid MABs targeting the oligomeric
forms of AP may receive increasing attention. However,
the clinical efficacy of antibodies that selectively target



Kim et al. Translational Neurodegeneration (2025) 14:6

Neuron

Page 11 of 19

Astrocyte

3 l ( >
ﬁ%ﬂ Donanemab-AR
complex

I Lecanemab/-AB
complex

Amyloid B (AB)

1. Inhibition
of nucleation

2. Inhibition

of elongation
<

Microgli;\<
— 4J)B’

S o
"f AB oligomer'f Protofibril;f '

.-
&

- Facilitation'
of clearance

¢nucleation ? Elongation Qﬁgg
. o e e S
§ % & 3

“Rhagocytosis -

Aducanumab-

&%(Ap complex

AR fibril;f

Aggregation
X

Y Donanemab
Y Lecanemab
Y Gantenerumab
Y Aducanumab
® IgG1 type

Fig. 2 The putative mechanisms by which second-generation anti-amyloid monoclonal antibodies (MABs) reduce the accumulation of A
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degrade AR into sub-aggregates, inducing phagocytosis and peripheral sink mechanisms. Second-generation anti-amyloid MABs have been
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oligomers, such as ACU-193, has not been confirmed,
and further research on antibodies selectively targeting
oligomers is needed.

Mechanisms of action of anti-amyloid MABs

Five putative mechanisms by which anti-amyloid MABs
reduce the accumulation of AP in individuals with AD
have been proposed (Fig. 2) [61, 62]. The first putative
mechanism involves binding to A monomers, oligom-
ers, and protofibrils, and interfering with the nucleation
of AP [25, 48, 63]. Since AP oligomers and protofibrils
produced by A nucleation are the most toxic aggregates,
reducing these forms with anti-amyloid MABs may atten-
uate the progression of AD [64, 65]. The second mecha-
nism is the blocking of elongation of already-formed Af
fibrils [66]. Elongation of AP fibrils occurs due to the
binding of various AP forms, such as monomers and
dimers, to the endpoints of the fibrils [67]. However, anti-
amyloid MABs bind to A fibrils and inhibit elongation
by preventing further binding of other A forms to fibril
endpoints. The third mechanism is by specifically bind-
ing to AP aggregates, including fibrils and plaques, and
facilitating AP degradation to lower-order aggregates.
Anti-amyloid MABs break down A into smaller aggre-
gates, prevent reassembly of lower-aggregation-state Af,

and thus inhibit AP-induced neurodegeneration [68].
The fourth putative mechanism is the microglial cell-
mediated phagocytosis [61, 62, 69]. Microglia-mediated
phagocytosis is induced by microglial recognition of
the fragment crystallizable region (FcR) of anti-amyloid
MABs bound to ApP. The four antibodies were humanized
with the IgGl1 isotype [70], the preferred candidate IgG
subclass for therapeutic antibody engineering [71, 72].
The IgGl1 isotype is known to act as an effector through
the Fcy receptor [73]. Since all four antibodies have been
modified to IgG1 isotypes during the humanization pro-
cess, differences in phagocytosis based on the IgG1 iso-
type are not considered to be significant. Interestingly,
the efficiency of microglial phagocytosis may be influ-
enced by the species of AB. A previous study reported
that AP fibrils are cleared more efficiently than the oli-
gomeric form of AP [74]. These findings suggest that
aducanumab and gantenerumab, which target Ap fibrils,
might lead to higher rates of microglial phagocytosis. In
other words, microglia target the FcR of anti-amyloid
MABs bound to AP, removing AP from the parenchyma
of brains with AD by FcR-mediated microglial phagocy-
tosis. The final putative mechanism is the peripheral sink
mechanism, whereby anti-amyloid MABs sequester or
dissociate the AP in the blood [75, 76]. As a homeostatic
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of patients with Alzheimer’s disease (AD). a The schematic diagram shows the occurrence of ARIA by the classical complement cascade

in the vasculature. Anti-amyloid monoclonal antibodies (MABs) induce the formation of C1 complex. The C1 complex disrupts the blood brain
barrier (BBB) by forming the membrane attack complex (MAC) C5b-9 through multiple complement signaling pathways. b The schematic

diagram shows the incidence of ARIA by the FcR-mediated signaling pathways in the brain. During the removal process of AP aggregates

by antibodies, detritus, such as soluble AB, is transported towards the BBB by ApoE. This transported AR contributes to the formation

of cerebral amyloid angiopathy (CAA). The antibody-mediated clearance of formed CAA not only damages the BBB but also activates

macrophages through the FcR-mediated signaling pathway. The activated macrophages induce inflammatory signaling, such as tissue inhibitor

of metalloproteinases-1 (TIMP1) and matrix metallopeptidase 9 (MMP9), leading to an increased recruitment of monocytes around the BBB. The BBB

is damaged by this inflammatory response

mechanism to maintain AP levels, the brain with AD
effluxes AP into the periphery, reducing the formation of
AB plaques in the parenchyma after anti-amyloid MAB
administration.

In summary, anti-amyloid MABs can reduce parenchy-
mal AP accumulation and AB-induced neuronal death in
the brain through five different mechanisms to alleviate
AB-mediated pathogenesis in AD (Fig. 2): (1) inhibition
of AP plaque formation; (2) inhibition of A fibril exten-
sion; (3) facilitation of AP aggregate clearance; (4) micro-
glial-mediated phagocytosis of AP; and (5) peripheral
clearance of Af.

Limitations of second-generation anti-amyloid MABs

A significant limitation of current antibodies targeting
AP is the incidence of ARIA. The occurrence of AIRA
was first observed in a phase 1 trial of bapineuzumab,
one of the first-generation anti-amyloid MABs targeting
AP plaques [77], and has been reported in the clinical tri-
als of most second-generation anti-amyloid MABs [19].

ARIAs are divided into ARIA-E and ARIA-H based on
types of magnetic resonance imaging signal abnormali-
ties. ARIA-E refers to the leakage and accumulation of
fluid in the brain, resulting in vasogenic edema or sul-
cal effusion, which causes hyperintensity abnormalities
on imaging scans, such as changes in the cortical folds.
ARIA-H refers to an intracerebral hemorrhage resulting
in superficial siderosis, observed as hypointense hemo-
siderin deposition. Almost half of ARIA-E cases are
accompanied by ARIA-H, indicating a significant overlap
in the pathophysiological mechanisms of these condi-
tions (Fig. 3) [78]. One putative pathophysiological mech-
anism leading to ARIA involves the formation of the
membrane attack complex C5b-9 via the classical com-
plement cascade [79]. Second-generation anti-amyloid
MABs circulating in the blood of AD patients first react
with accumulated AP aggregates in the cerebrovascular
wall. This antigen—antibody interaction triggers forma-
tion of the C1qC1rCls complex. The C1qC1rCls com-
plex activates the complement system via the classical
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complement pathway, ultimately leading to the formation
of the membrane attack complex C5b-9. The membrane
attack complex C5b-9 perforates cell membranes, lead-
ing to leakage and microhemorrhages. Additionally, anti-
amyloid MABs entering the brain cause the dissolution
of AP plaques, forming soluble AP that are transported
by ApoE to the vasculature, contributing to the formation
of cerebral amyloid angiopathy (CAA) [78]. Anti-amyloid
MABs bound to the formed CAA activate perivascular
macrophages through FcR-mediated signaling, and these
activated macrophages induce the expression of inflam-
matory signaling molecules, such as Timpl and matrix
metalloproteinase-9 [80]. The recruitment of peripheral
monocytes by induced inflammatory signals damages
the cerebrovascular wall, resulting in ARIA (Fig. 3b) [81].
This process supports clinical findings that patients car-
rying the APOE €4 allele have an increased incidence of
ARIA, suggesting a genetic predisposition that influences
the pathophysiological mechanisms leading to ARIA.
Moreover, the presence of the APOE &4 allele exacerbates
the process, potentially leading to increased ARIA inci-
dence in patients with AD, as the level of AP oligomers in
the brains of healthy individuals is approximately 2.7-fold
higher than that in the brains of patients with AD and
APOE €3/€3 [82].

It is challenging to safely and effectively deliver periph-
erally administered anti-amyloid MABs to the brain.
When administered intravenously or subcutaneously,
only a small fraction of the injected dose crosses the BBB,
with only 0.01% to 0.11% of the anti-amyloid MABs pre-
sent in the plasma known to effectively reach the brain
[83-85]. These limitations are important when determin-
ing the dose of anti-amyloid MABs in clinical trials for
AD. There is a close relationship between amyloid clear-
ance/clinical benefits and the administered doses. Aduca-
numab, lecanemab, donanemab, and gantenerumab have
demonstrated dose-dependent effects on amyloid clear-
ance and clinical benefits. However, high-dose admin-
istration of these anti-amyloid MABs also causes side
effects, such as an increased prevalence of ARIA [54].
Consequently, these limitations have played a pivotal role
in the rejection of both aducanumab and lecanemab by
the European Medicines Agency (EMA). Although adu-
canumab and lecanemab have demonstrated efficacy in
reducing AP plaques, the relatively modest cognitive ben-
efits were not sufficient to overcome the significant risks
associated with ARIA. The EMA’s decision highlights the
ongoing challenge of balancing the therapeutic benefits
of amyloid clearance with patient safety, especially given
the potential for serious adverse events like ARIA-E and
ARIA-H.

Several attempts have been made to overcome the limi-
tations of BBB penetration by anti-amyloid MABs. The
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combination of an antibody recognizing BBB receptors
with another antibody targeting AP in a bispecific anti-
body construct, which has two distinct binding domains
that can simultaneously bind to different antigens, can
enhance BBB penetration [86]. Strategies to facilitate BBB
penetration include the construction of bispecific anti-
bodies that enhance TfR1-mediated transcytosis, such as
trontinemab, which consists of gantenerumab conjugated
to a human TfR1-targeting BBB shuttle fragment. Fur-
thermore, single-chain variable-fragment (scFv) antibod-
ies [87] and nanobodies [88, 89] have superior properties,
such as small size, high stability, strong antigen-binding
affinity, and high BBB permeability, compared with con-
ventional antibodies. In addition, certain manipulations,
such as magnetic or ultrasonic stimulation can temporar-
ily open the BBB in a non-invasive manner to improve
the BBB permeability for antibodies [90, 91].

Loss of brain tissue is a critical factor contributing to
cognitive dysfunction in AD [92]. Brain atrophy is an
objective indicator of disease progression and severity
of neurodegeneration. In particular, anti-amyloid MABs,
especially second-generation MABs, have been reported
to accelerate brain atrophy [20, 36, 46]. It has been sug-
gested that brain atrophy induced by anti-amyloid MABs
may be related to the clearance of amyloid plaques from
the brains of individuals with AD. However, given that
the amount of AP peptide present in the AD brain is
not abundant [93], it is difficult to induce brain atrophy
by clearing amyloid plaques using anti-amyloid MABs.
Results from clinical studies on aducanumab, lecanemab,
and donanemab in patients with AD indicated that a
reduction in plaque volume had minimal impact on
changes in global brain volume [94-96]. In addition
to clearing amyloid plaques, neuronal loss induced by
anti-amyloid MABs results in brain atrophy, which may
exacerbate cognitive deterioration in patients with AD.
Unfortunately, the molecular mechanisms underly-
ing brain atrophy caused by anti-amyloid MABs, as well
as their long-term consequences on AD brain health,
remain unknown. Consequently, there are growing con-
cerns on the potential adverse effects of anti-amyloid
MABs on cognitive dysfunction and AD progression in
patients with AD.

Perspective and future directions of anti-amyloid
MABs: what’s next?

Second-generation anti-amyloid MABs have provided
valuable insights that can help resolve the debate sur-
rounding the amyloid hypothesis and improve our under-
standing of AD pathogenesis and drug development. The
following are some of the insights that will be useful for
future development and improvement of anti-amyloid
MAB:s for the treatment of AD.
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The future direction of next-generation anti-amyloid
MABs is to progress toward modifying the structure
of antibodies to minimize adverse effects and enhance
therapeutic efficacy for the treatment of AD. The preva-
lent form of antibodies used in recent cancer treatments
is a conjugated structure of both antibodies and drugs,
and these types of drugs are called antibody—drug con-
jugates (ADC). An ADC is an immunoconjugate consist-
ing of an antibody conjugated to a payload via a chemical
linker [97]. Whether this concept of an ADC can help
AD is still on debate. In particular, since small molecules
are easier to pass through the BBB than antibodies, the
question arises as to why these small molecules should be
attached to antibodies. However, these small molecules
have limitations, such as low binding to target, short
half-lives, off-target effects, and widespread delivery.
Antibodies can deliver small molecules more locally and
effectively due to their ability to specifically bind to their
targets, and they are delivered precisely to the target cell/
region, unlike when small molecules are randomly spread
and act in the body. This spatial targeting of antibodies
can help improve therapeutic effectiveness by delivering
small molecules exactly where they are needed, poten-
tially overcoming some of the limitations associated with
the broader distribution of such agents within the brain.
Moreover, when small molecules are administered alone,
they can diffuse or metabolize rapidly in the body. How-
ever, such small molecules bound to antibodies can be
delivered stably through the antibody and remain in the
body for a longer time. Thus, the half-lives of small mol-
ecules in the blood are longer, increasing the possibility
of reaching target cells. Furthermore, small molecules,
when administered alone, can affect normal tissues,
potentially leading to increased side effects. However,
ADCs can reduce off-target effects by allowing drugs to
reach their target. Although antibodies can overcome
the limitations of small molecules, in practice, coupling
small molecules to antibodies can significantly decrease
drug exposure, potentially compromising the therapeu-
tic activity when small molecules already have low tar-
get affinity. Hence, several criteria should be considered
when selecting a payload in an ADC. These criteria of
drugs include solubility, possessing reactive sites for
linker conjugation, potency, safety in combination with
the linker, and pharmacokinetics after release. Therefore,
the concept of ADC, which attaches payloads that reduce
the side effects caused by the antibody or maximize the
efficacy of the antibody, can help improve the pharma-
cology of existing antibodies. For example, ADC that
combines anti-amyloid MABs with anti-inflammatory
corticosteroids (e.g., methylprednisolone and dexameth-
asone) could effectively reduce the occurrence of ARIA
and delay AD progression more than current antibody
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therapies [19]. ADC allows corticosteroids to target
over-activated microglia, which can reduce the develop-
ment of ARIA by alleviating the inflammatory response
caused by activated microglia, without the broader
immunosuppressive effects of corticosteroids. Addition-
ally, ADC combining anti-amyloid MABs and Mannitol,
which is used to lower increased intracranial pressure,
can effectively suppress the occurrence of ARIA based
on local efficacy [98, 99]. Moreover, Morphomer® ADC
(morADC), a drug candidate unveiled by AC Immune SA
at the recent Alzheimer’s Association International Con-
ference, can maximize the efficacy of existing antibod-
ies. The morADC combines monoclonal antibodies and
brain-penetrant small molecules developed through the
SupraAntigen® and Morphomer® platforms, respectively,
to target toxic proteins in neurodegenerative diseases.
morADC synergistically increases the aggregation inhi-
bition and clearance of these proteins compared to small
molecules or antibodies alone. Recently, a review has pro-
posed the structure of ideal ADC for AD treatment and
their possible mechanisms [100]. A possible mechanism
for such ADC in AD is as follows: (1) ADC crosses the
BBB and accumulates in the brain, (2) the linker of the
ADC in the brain is cleaved by extracellular proteases to
separate the antibody and payload, and (3) the antibody
binds to the antigen and the payload binds to another
target, resulting in dual action. Unfortunately, since the
efficacy of ADCs based on this mechanism is limited
without improved BBB penetration, efforts should focus
on the development of antibodies that enhance BBB pen-
etration. In addition, identification of extracellular pro-
teases capable of efficiently cleaving the linker to separate
antibodies and payloads in the brain is critical to opti-
mizing this approach.

Targeted protein degradation (TPD) has recently
emerged as a promising therapeutic approach for AD.
TPD removes protein molecules from inside and outside
the cells by engaging in protein degradation pathways
[101]. Lysosome-targeting chimera (LYTAC) is a conju-
gate that binds to lysosome-shuttling receptors on cell
surfaces and to the extracellular domains of target pro-
teins, enabling the targeted degradation of extracellular
and membrane proteins. It has been known that LYTAC,
produced with an anti-ApoE4 antibody, increases lyso-
somal uptake of ApoE4, with the potential to treat AD
[100]. Moreover, a previous study showed that the attach-
ment of a lysosomal targeting ligand to an antibody
induces the antibody to degrade extracellular proteins
[102]. Hence, the functionalization of anti-amyloid MABs
as LYTACs would allow for the efficient removal of extra-
cellular AP aggregates through lysosomes. Proteolysis-
targeting chimera (PROTAC), a subtype of TPD, induces
the ubiquitination and degradation of target proteins via
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the ubiquitin—proteasome system [103]. Another spe-
cific variation of PROTAC is antibody-based PROTAC
(AbTAC). Unlike the traditional PROTACs, AbTACs tar-
get membrane proteins. AbTACs utilize bispecific anti-
bodies that bind one of their arms to the target protein
and the other to the transmembrane E3 ligase [104]. By
modifying anti-amyloid MABs to replace the arm of the
antibody that binds to the target protein, AbTAC can also
effectively remove intracellular AP aggregates through
the endosome-lysosome pathway or ubiquitin—protea-
some system.

It has been shown that a modification of aducanumab,
a second-generation anti-amyloid MAB, provides an
effective therapeutic strategy against AD [105]. aAf-
Gasb is a fusion protein in which the aducanumab scFv
that recognizes and binds to A is substituted to the
Gla domain of the Gas6 protein. Gas6 is a protein that
bridges the interaction between phosphatidylserine and
the Tyro3, Axl, and MerTK (TAM) receptors and plays
a critical role in mediating efferocytosis by phagocytes
[106]. aAB-Gas6 facilitates the clearance of AP through
phagocytosis via both microglia and astrocytes, whereas
aducanumab exclusively removes AP via microglial cells.
Unlike aducanumab, aAB-Gas6 significantly reduces the
secretion of pro-inflammatory cytokines in microglia and
astrocytes [107]. Furthermore, administration of aAp-
Gas6, compared to aducanumab, reduces the occurrence
of CAA and microhemorrhage in AD mouse models
[105]. Taken together, the modifications of anti-amyloid
MABEs are expected to overcome the limitations of exist-
ing anti-amyloid MABs and advance their therapeutic
efficacy in AD, thereby establishing the next generation
of MABs.

With the advancement of anti-amyloid MABs, the
identification of biomarkers capable of detecting indi-
viduals in the early stages of AD has become crucial for
prognostic evaluation. In clinical trials, aducanumab,
lecanemab, and donanemab have removed more than
60% of AP deposition; however, although the cognitive
decline in patients with AD has been slowed, cognitive
impairment has not been halted. Furthermore, the lev-
els of neurofilament light chain (NfL), a marker of neu-
rodegeneration, were increased in the CSF and plasma
of APP/PS1 mice, although at a slower rate [108, 109].
These findings suggest that while Ap immunotherapy
may be effective against AB pathology, it may have a neg-
ative effect on other pathological factors. Therefore, it is
important to develop biomarkers capable of identifying
these other pathological features and to develop thera-
peutic agents targeting them to optimize the efficacy of
A immunotherapy.

Currently, biomarkers commonly used as entry crite-
ria or outcome measures in clinical trials are Ap and tau
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[6, 110]. The most common approach for measuring the
deposition of AP and tau within the brain is using PET
scans. Moreover, biomarkers in CSF or plasma, such as
the AP,/ ratio and the levels of total tau, p-taul8l,
p-tau2l7, p-tau23l, and microtubule-binding region
(MTBR)-tau243, can reflect the pathology of Af and
tau in the brain [111-113]. In addition to AP and tau,
there are other biomarkers of AD that are associated
with neurodegeneration and inflammation. Biomarkers
associated with neurodegeneration in CSF and plasma
include NfL, neurogranin, visinin-like protein 1, and
synaptosomal-associated protein-25 [114]. Biomarkers
related to inflammation, especially gliosis, include GFAP,
chitinase-3-like protein 1, and soluble triggering recep-
tor expressed on myeloid cell 2 [114]. The use of both
existing and novel biomarkers could enable more pre-
cise screening and medication prescription for patients
with AD, as well as individuals with MCI due to AD and
preclinical AD, who may benefit from early intervention.
Given that the annual rate of progression from MCI to
dementia is estimated to be 10%—15%, with more than
80% of MCI patients progressing to dementia within six
years [115], early diagnosis and intervention are critical
to slowing or preventing the progression to AD. Interest-
ingly, circulating RNAs in the blood, especially microR-
NAs (miRNAs), have shown promise as biomarkers for
the diagnosis of preclinical or early stages of AD [116—
119]. Several miRNAs have been identified as potential
biomarkers for predicting the progression from MCI to
AD [120]. Moreover, in preclinical AD, the combination
of biomarkers, such as microRNA, p-taul81, NfL, GFAP,
and AP,/ with amyloid PET or cognitive function tests,
including ADAS-Cogl3 and MMSE, allows for earlier
and more accurate detection of AD [120-122].

Although anti-amyloid MABs have been shown to
remove already formed AP plaques and ameliorate the
toxic events already initiated by these AP aggregates, they
do not slow plaque formation by inhibiting AB produc-
tion, which is the first step in the amyloid cascade in the
pathogenesis of AD. Therefore, combination therapies
should be considered, depending on the clinical stage
of the disease. First, B-site amyloid precursor protein
cleaving enzyme inhibitors and y-secretase inhibitors/
modulators could be considered for patients in the pre-
clinical stage where there is elevated AP yet low levels
of other tau or neurodegeneration-related biomarkers.
This administration can help delay other pathology and
the onset of AD by inhibiting excessive A production.
Then, when patients enter the prodromal stage due to A
accumulation, they are shifted to anti-amyloid MABs to
remove the AP that has already accumulated. The stage-
targeted approach would maximize the benefits of both
drugs to create a synergistic effect [123]. In addition,
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given that AP accumulation contributes to tau phos-
phorylation and neurofibrillary tangle formation [124],
combined therapies with drugs that target tau patholo-
gies, such as tau aggregation inhibitors, phosphorylation
inhibitors, and antisense oligonucleotides that bind to tau
mRNA and block protein expression, may be useful as
part of a multi-target combination therapy. Collectively,
since AD is a multifactorial disorder involving multiple
pathological processes, combination therapies targeting
multiple pathological targets are likely to be more effec-
tive than single-target therapies once the disease has pro-
gressed and various pathologies have been initiated.

Conclusions

Second-generation anti-amyloid MABs, including aduca-
numab, lecanemab, donanemab, and gantenerumab, have
attracted significant interest in the development of treat-
ments for AD. In clinical trials, anti-amyloid MABs have
demonstrated efficacy in reducing AP deposition and
slowing cognitive decline in patients with AD. However,
challenges such as the risk of ARIA, low BBB permeabil-
ity, low efficacy, and brain atrophy remain unsolved. Our
perspectives and future research directions should focus
on addressing these challenges. The next generation
of anti-amyloid MABs is expected to be developed and
introduced through modifications that enhance BBB pen-
etration and therapeutic efficacy while reducing adverse
effects. Aligned with these advancements, the identifica-
tion of biomarkers for the early detection of AD will con-
tribute to increasing the efficacy of anti-amyloid MABs
in the treatment of AD. Furthermore, given the complex
pathology of AD, drugs targeting other pathologies along
with anti-amyloid MABs should be prescribed to patients
with AD as a combination therapy.
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