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ABSTRACT

Background There have been no effective treatments
for slowing or reversing Alzheimer’s disease (AD) until
now. Growing preclinical evidence, including this study,
suggests that mesenchymal stem cells-secreted exosomes
(MSCs-Exos) have the potential to cure AD.

Aims The first three-arm, drug-intervention, phase I/

Il clinical trial was conducted to explore the safety

and efficacy of allogenic human adipose MSCs-Exos
(ahaMSCs-Exos) in patients with mild to moderate AD.
Methods The eligible subjects were assigned to one

of three dosage groups, intranasally administrated with
ahaMSCs-Exos two times per week for 12 weeks, and
underwent follow-up visits at weeks 16, 24, 36 and 48.
Results No adverse events were reported. In the
medium-dose arm, Alzheimer’s Disease Assessment
Scale—Cognitive section (ADAS-cog) scores decreased by
2.33 (1.19) and the basic version of Montreal Cognitive
Assessment scores increased by 2.38 (0.58) at week

12 compared with baseline levels, indicating improved
cognitive function. Moreover, the ADAS-cog scores in the
medium-dose arm decreased continuously by 3.98 points
until week 36. There were no significant differences in
altered amyloid or tau deposition among the three arms,
but hippocampal volume shrank less in the medium-dose
arm to some extent.

Conclusions Intranasal administration of ahaMSCs-Exos
was safe and well tolerated, and a dose of at least 4x10°
particles could be selected for further clinical trials.

Trial registration number NCT04388982.

INTRODUCTION

Alzheimer’s disease (AD), the most common
neurodegenerative disease, is the leading
cause of dementia and is the fifth leading
cause of death in the elderly.! Although
numerous attempts have been made to
develop drugs for AD, there are currently no
effective treatments for halting or reversing
the progress of AD.> The development of

WHAT IS ALREADY KNOWN ON THIS TOPIC

= Mesenchymal stem cells-secreted exosomes
(MSCs-Exos) can alleviate Alzheimer’s disease (AD)
in mouse models. However, there was no evidence
suggesting whether MSCs-Exos are suitable for use
in AD clinical treatment.

WHAT THIS STUDY ADDS

= This study conducted the first clinical trial of MSCs-
Exos in patients with AD and demonstrated their
safety in humans.

HOW THIS STUDY MIGHT AFFECT RESEARCH,
PRACTICE OR POLICY

= This study provided dose selection for further phase
Il and phase lll clinical trials. MSCs-Exos could pro-
vide hope for the treatment of AD if proven effective
in multicentred, double-blinded, randomised con-
trolled trials.

novel clinical available drug pipelines for the
treatment of AD is therefore required.

In recent years, exosomes have been found
to play an important role in AD,” and may
provide a novel diagnostic or therapeutic
approach for AD management. Exosomes
are extracellular vesicles that are released by
diverse cells in rest or stress states and contain
enhanced lipids, proteins and nucleic acids.
They can be delivered to distant regions via
bodily fluids, and taken up by target cells
via three pathways: membrane fusion, endo-
cytosis and the ligand receptor-mediated
mechanism.*  Mesenchymal —stem  cells
(MSCs)-derived exosomes provide unpar-
alleled advantages over MSCs, including
low immunogenicity, bulk synthesis from
commercially available cell lines, avoidance
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of invasive MSCs in collection or differentiation, and
simplicity in storage.”

Due to their capacity to reach the brain, exosomes
released by MSCs shed new light on developing disease-
modifying strategies for AD.® Previous limited inves-
tigations demonstrated that intracerebroventricular
injections’ and the systematic injection® of MSCs-derived
exosomes ameliorated cognitive impairment in AD
animals. In addition, our team has established the poten-
tial of allogenic human adipose-derived MSCs exosomes
(ahaMSC-Exos) from healthy volunteers for the intranasal
treatment of AD mice. After intranasal administration
with a dose of 30 pg ahaMSCs-Exos per mouse, ahaMSCs-
Exos can be rapidly transported to various brain regions
through the olfactory system involving olfactory sensory
neurons. ahaMSCs-Exos in the brain reached a peak at
lhour after administration and were mainly taken up
by neurons. In APP/PS1 mice, ahaMSCs-Exos displayed
neuroprotective effects, increased neurogenesis and
enhanced spatial memory. ahaMSCs-Exos also appeared
to decrease amyloid beta deposition and inhibit microg-
lial activation. Importantly, ahaMSCs-Exos did not induce
morphological alterations in key organs, indicating the
safety of the intranasal administration.” Another study
demonstrated that an intranasal injection of MSCs-
derived exosomes might improve AD by suppressing
microglia cell activation and boosting dendritic spine
density in triple-transgenic 3xTg mouse models.'” These
findings clearly demonstrate the therapeutic potential of
MSCs-derived exosomes for AD and call for testing in real
clinical settings. Inspiringly, in preclinical settings, MSCs-
derived exosomes have been used to treat inflammatory
and degenerative disorders, such as lung damage diseases,
wound healing, liver diseases, cardiovascular diseases
and bone regeneration.'' Moreover, there is growing
evidence that MSCs-derived exosomes can be applied for
the management of neurological diseases, such as isch-
aemic stroke,'” neurodegenerative diseases,'” spinal cord
injury,"* etc. However, MSCs-derived exosomes have not
been clinically investigated in AD despite the disease-
modifying effect they have on transgenic mice models.

Accordingly, here, we conducted the first clinical trial
to investigate the safety and efficacy of intranasal admin-
istration of ahaMSCs-Exos in patients with AD, aiming to
demonstrate its application value in clinical settings and
provide a solid foundation for future large-scale multi-
centre studies.

METHODS

Exosomes derived from allogenic adipose MSCs

The intranasal drug (ahaMSCs-Exos) was produced by
Cellular Biomedicine Group (Shanghai, China, https://
www.cellbio.com) according to the previously reported
manufacturing and quality control process.'” Specifically,
after liposuction, healthy young adult donors’ adipose
tissue was used to separate fat cells for the creation of
ahaMSCs. All cell-related operations were performed in a

Current Good Manufacturing Practice (cGMP)-compliant
laboratory. The manufacture was optimised to combine
precipitation and ultracentrifugation based on previous
studies with polyethylene glycol applied for the enrich-
ment of ahaMSCs-Exos.'® ' The production process
achieved 3x10'°-5x10'" nanoparticles from 500 mL condi-
tion medium. Quality control standards were established
according to the process development and regulations of
cell-based products: (1) the morphology of the product
is a cup-shaped vesicle with a double membrane, which
was observed by transmission electron microscopy after
staining with 3% uranyl acetate, according to our previous
method’ (online supplemental figure 1A); (2) more than
80% of the particles are between 30 and 160 nm, which
is compatible with the exosome diameter (30-150nm),
and the size distribution was analysed by nanoparticle
tracking analysis (NanoSight NS300, Malvern) (online
supplemental figure 1B); (3) marker expression includes
CD63",CD81",CD9", TSG101" and CANX" (online supple-
mental figure 1C), which were measured by western blot;
(4) other requirements for cell-based products, such as
sterility (negative), endotoxin (< 100 EU/mL) and Myco-
plasma (negative).

Study design of the open-label, phase -l clinical trial
Thestudywasregistered (Clinical Trials.govINCT04388982)
and approved by the Ethics Committee. It is a three-arm,
open-label, single-centre, drug-intervention, phase I/II
clinical trial, aiming to estimate the safety and explore
the efficacy of ahaMSCs-Exos in the treatment of AD.
The trial, which took place from April 2020 to April 2022,
was composed of three periods for each participant: the
screening period (21 days), the intervention period (12
weeks) and the follow-up period (48 weeks). After enrol-
ment, each participant was assigned the sequence number
according to the time of inclusion. During the interven-
tion period, each participant undertook an intranasal
administration of ahaMSCs-Exos (2x10°%, 4x10%, 8x10°
particles) diluted in saline (1 mL) two times per week (24
treatments in total) through nasal spray devices. Simul-
taneously, the 3+3 design was used in the three groups
divided according to the interventional dose from low
to high. For instance, if no case of dose-limited toxicity
(DLT) existed in the three subjects of the low-dose group,
the clinical trial moved to the middle-dose group. If one
case of DLT existed, an additional three subjects were
added, with all subjects accepting medical observation.
Theoretically, 3—-18 eligible subjects were required. The
flow of this trial is depicted in figure 1.

Procedures

The ahaMSCs-Exos were shipped in a frozen state to
the clinical site in a dry ice container with a contin-
uous temperature monitor. Upon receipt, the solution
was examined and stored in a regulated, —-80°C storage
tank that was regularly monitored. All transfers and
the signing paperwork were documented. Before nasal
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Figure 1

spray administration, the solutions were thawed at room
temperature and shaken. Each batch of the drug was valid
for 30 days.

At baseline, basic information, medical history and
vital signs were recorded. Laboratory tests were also
conducted, including a 12-lead electrocardiogram (ECG).
Laboratory tests included the following items: infectious
diseases tests, blood routine, urinalysis, hepatic function,
renal function, fasting plasma glucose, blood lipids, coag-
ulation function and immunology. During the treatment
period, the melted drug was shaken to mix and adminis-
tered alternately through the left and right nasal cavities,
where it was sprayed about once a minute for 10 min. The
time of the beginning and ending was recorded, as well
as vital signs, symptoms of adverse effects (AEs) or serious
AFEs (SAEs). Laboratory tests (excluding tests for infec-
tious diseases) and ECG were performed at the end of
the 8th treatment (4 weeks), 24th treatment (12 weeks)
and at the first follow-up visit (16 weeks). All participants
accepted cognitive examinations and an evaluation for
quality of life at the baseline, after 24 treatments (12
weeks) and during the follow-up period (16 weeks, 24
weeks, 36 weeks, 48 weeks) (figure 2).

Participants

All participants were enrolled from the Memory Clinic
of Neurology Department and informed consent was
obtained. Each participant should meet all items of the
following criteria: (1) >50 years; (2) diagnosed with mild
or moderate AD, according to the recommendations
from the National Institute on Aging and Alzheimer’s
Association 2011'® and the updated research framework
in 2018'; (3) suspension of cognitive-enhancing drugs
and marketed therapeutic drugs such as ginkgo, high-
dose of vitamin E, lecithin, oestrogen, non-steroidal anti-
inflammatory drugs, donepezil, memantine, and so on.

Study design of the clinical trial. n=3-18 (theoretically). DLT, dose-limited toxicity.

Subjects were excluded if any of the following condi-
tions were present: (1) suffering from severe and poorly
controlled concomitant diseases or with severe allergic
constitution; (2) diagnosis of severe depression or other
psychiatric disorders or neurological diseases; (3) MRI
contraindications; (4) participation in any other clinical
trial within 6 months. Detailed inclusion and exclusion
criteria were listed in online supplemental materials.

Outcome measures

The safety of the ahaMSCs-Exos administration was
assessed at baseline, and 4, 12, 16 weeks after the first
treatment, based on vital signs, clinical laboratory tests,
AEs and SAEs.

The efficacy evaluation consisted of assessments of
cognitive function and daily activities. The outcome
measures included scores according to the Alzheimer’s
Disease Assessment Scale—Cognitive section (ADAS-cog,
scores range from 0 to 70) ,20 the Mini-Mental State Exam-
ination (MMSE, scores range from 0 to 30),% the basic
version of Montreal Cognitive Assessment (MoCA-B,
scores range from 0 to 30),%* the Neuropsychiatric Inven-
tory (NPI, scores range from 0 to 144 for patients and from
0 to 60 for caregivers, respectively),” the scale of Alzhei-
mer’s Disease Cooperative Study—Activities of Daily Living
(ADCS-ADL),** the Activities of Daily Living Scale (ADL)
and Instrumental Activities of Daily Living Scale (IADL)
at baseline, and 12, 16, 24, 36 and 48 weeks after the first
treatment. As the higher score of ADAS-cog stands for a
worse cognitive level, declined ADAS-cog scores indicate
the cognitive improvement. On the contrary, scores of
MMSE or an MoCA-B increase represent an improvement
in cognition.

The primary endpoint was defined as (1) the number
of participants with treatmentrelated abnormal labo-
ratory values of hepatic or kidney function, and (2) the
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Figure 2 Flowchart and specific visits for each participant. ECG, electrocardiogram;PET, positron emission tomography.

number of participants with treatment-related AE/SAE
as assessed by the Common Terminology Criteria for
Adverse Events-V.4.0. An interim analysis was performed
during the trial.

Positron emission tomography and hallmarks of AD pathology
Positron emission tomography (PET) imaging was used
to evaluate the hallmarks of AD pathology. The PET-MRI
for amyloid and the PET-CT for tau were conducted at
the baseline and the last visit of the follow-up period.
Participants were injected with 18F—ﬂorbetapir intrave-
nously at a dose of 5mL/kg and underwent PET scanning
which lasted 20min at 1hour after injection. Standard
uptake value ratios (SUVRs) were calculated to quan-
tify the cerebral amyloid plaques and tau deposition.
Regions of interest (ROIs) included frontal cortex, pari-
etal cortex, lateral temporal, precuneus (PreC), anterior
cingulate cortex and posterior cingulate cortex (PCC) for
amyloid, whereas lateral parietal, lateral temporal, medial
temporal, frontal, occipital cortex, PreC and PCC for tau.
A similar procedure was operated in tau imaging which
employed "F.PM-PBB$ as the PET tracer. Hippocampal
volumes were also calculated based on the Tl-weighted
MRI.

Statistical analysis

Considering the small sample size, descriptive statis-
tics were used. The mean (standard deviation, SD) was
described for the measurement data. The changes in
scores of scales from baseline to completion of treat-
ments (12weeks) were analysed by a paired t-test. Anal-
ysis of variance was adopted in the comparison of the
following means of the three arms. For hallmarks of AD

pathology, the percentage of alterations in amyloid/tau
deposition and hippocampal volumes was calculated
through (changes/baseline value)x100%. To compare
the difference in alterations in amyloid and tau deposi-
tion, the percentage of altered SUVRs (%) of different
cerebral regions was put together and compared among
the three arms. The rates of change in volumes of the
bilateral hippocampus were also compared among the
three arms. SPSS V.22.0 and GraphPad Prism V.9.0 were
employed in the statistical analysis. A p value of <0.05 was
considered significant.

RESULTS

Demographical information

After enrolment, a total of nine eligible participants
(figure 3), five males and four females, were intranasally
administrated with ahaMSCs-Exos (table 1). Among them,
five subjects were diagnosed with mild AD at the baseline,
while the other four were diagnosed with moderate AD.
They were sequentially assigned to three different treat-
ment arms with 2x10° particles within 1 mL solution for
the low-dose arm, twofold for the medium-dose arm and
fourfold for the high-dose arm. Demographical infor-
mation can be found in table 1. The first subject (E001)
undertook intranasal administration of ahaMSCs-Exos
from 18 July 2020 to 7 October 2020, while the last subject
(E009) from 15 May 2021 to 10 August 2021. All subjects
completed the treatments, one subject (E003) missed one
follow-up appointment, while another (E009) dropped
out of the follow-up owing to personal reasons.
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| 12 subjects enrolled |

| 10 subjects enrolled met the entry criteria |

Excluded: 2 who scored 25, 26 in MMSE

Excluded: 1 who with negative amyloid

| 9 subjects intervened |

deposition by PET imaging

1 withdraw from the follow-up

Safety analysis on 9 subjects
Efficacy analysis on 8 subjects

Figure 3 The inclusion, exclusion and withdrawal of the enrolled participants. MMSE, Mini-Mental State Examination; PET,

positron emission tomography.

Safety of intranasal ahaMSCs-Exos administration

No AEs or SAEs were reported during the treatment
period, nor did any subjects report nasal discomfort
during treatment (online supplemental table 1). Blood
pressures (figure 4A) and heart rates (figure 4B) fluctu-
ated without obvious abnormalities and a single subject
(E009) had occasional bradycardia. No allergic events
occurred during the intervention in all subjects despite the
high level of IgE in subjects E001 and E007 (figure 4C).
Laboratory tests did not suggest that the subjects had
treatmentrelated damage in hepatic or kidney func-
tion. As depicted in figure 4D-G, the concentrations of
alanine transaminase, aspartate aminotransferase, blood
urea nitrogen and serum creatinine remained stable and
within normal ranges.

Efficacy of intranasal ahaMSCs-Exos administration: from

baseline to the completion of treatment periods (12 weeks)

Changes in the scores of ADAS-cog (1.4 (5.4), p=0.500)
and MoCA-B (-1.1 (4.6), p=0.510) at 12 weeks were
not significant compared with the baseline (online
supplemental table 2), while scores of MMSE remained
unchanged (0.0 (4.0), p=1.000). Moreover, the neuro-
psychiatric symptoms and the daily living abilities did

not differ significantly after administration. Caregivers’
worries about the patients’ neuropsychiatric symptoms
seemed to be reduced (-2.4 (3.7), p=0.136, did not reach
statistical significance) (online supplemental table 2).

To explore whether an interventional dose had an
influence, a stratified analysis was performed. Results
diverged between the different dose arms. Changes in
scores of cognitive scales were inconsistent in the subjects
administrated with a low dose, and also in the high-
dose arm (figure 4). However, ADAS-cog scores showed
a consistent trend in the medium-dose arm, decreasing
by 2.33 (1.19) compared with the baseline (figure 5A).
Scores of MMSE had few increases in the high-dose arm
(figure 5B). Similarly, an improved trend was observed
in the scores of MoCA-B: the MoCA-B scores increased
by 2.38 (0.58) in the medium-dose arm compared with
the baseline, suggesting a better cognitive performance
(figure 5C). In addition, the caregivers of the subjects
who received the medium-dose intervention had a reduc-
tion of 5.33 (3.22) in distress due to neuropsychiatric
symptoms based on the NPI. However, the neuropsychi-
atric symptoms of the patients did not ameliorate, in fact,
they worsened (figure 5D). There were no significant

Table 1 The demographic information of the subjects who received the intervention of ahaMSCs-Exos at baseline.

Intervention Educational Concomitant
Subject Gender BMI (particles/TmL) Arm Age range years AD MMSE disease
E001 Male 23.1 2x10° Low-dose 70-80 >16 Mild 24 /
E002 Male 20.9 2x10® Low-dose 50-60 12 Moderate 21 /
E003 Female 18.6 2x10° Low-dose 70-80 12 Mild 22 /
E004 Male 19.3  4x10® Medium-dose 60-70 16 Mild 23 /
E005 Male 20.8 4x10® Medium-dose 60-70 12 Moderate 19 Type Il-Diabetes
E006 Female 215 4x108 Medium-dose 70-80 12 Mild 24 /
E007 Male 27.6 8x10® High-dose >80 16 Moderate 20 Hypertension, Type
lI-Diabetes
E008 Female 20.7 8x10® High-dose 50-60 12 Moderate 17 /
E009 Female 18.8 8x10° High-dose 70-80 12 Mild 24 /
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discrepancies in changes in scores of depression observed
among the three arms (figure 5E). Furthermore, in the
medium-dose arm, improvements in activities of daily
living were indicated by an increasing trend in scores of
ADCS-ADL and a decreasing trend in scores of ADL to
some extent (figure 5F).

Based on the results, the intranasal administration of
ahaMSCs-Exos might be effective in the medium-dose
arm (at a dose of 4x10° particles, 1 mL).

Changes in the scores of the neuropsychological scales in the
follow-up period

After the 24 intranasal administrations (12 weeks), the
scales were performed on the participants at weeks 16,
24, 36 and 48, respectively. ADAS-cog scores were in
continuous decline by 3.98 in the medium-dose arm until
week 36, while the MMSE and MoCA scores remained
relatively stable in the follow-up period (online supple-
mental figure 2A—C). It could therefore be inferred that
the ahaMSCs-Exos possess post-effects to maintain cogni-
tion for an extra 6months after the treatment, lasting
about 3 months. MMSE and MoCA scores indicated that
cognitive function worsened in the low-dose and high-
dose arms, despite the resumption of usual medication
following intervention or in follow-up. The scores of
NPI and Geriatric Depression Scale fluctuated without
apparent tendencies, suggesting that neuropsychiatric
symptoms and depression states fluctuated throughout
this trial among all the subjects (online supplemental
figure 2D-F). The trend of changes in the ADL scores
was consistent with that of the cognitive assessments to
some extent. Combined scores of ADCS-ADL, ADL and
IADL scales and daily living abilities could allow an addi-
tional 6months to be maintained in the medium-dose
arm (online supplemental figure 2G-I).
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Changes to AD pathological hallmarks in the follow-up period

Based on the ATN (amyloid, tau, neurodegeneration)
profile of AD pathological hallmarks, for A, data from
PET-MRI suggest that the cerebral amyloid plaques
increased approximately lyear following the first treat-
ment (online supplemental table 3). The exception
was the declined SUVRs of several regions observed in
the subject E007 with the average of ROIs from 1.09 to
1.01, indicating reduced cerebral amyloid deposition in
this participant, particularly in the PreC. There were no
significant differences among the three-dose arms from
the perspective of proportions of altered amyloid depo-
sition compared with the baseline (figure 6A). For T, the
level of tau deposition showed no obvious change trend
a year after follow-up (figure 6B). For N, in the medium-
dose arm, the volume of the left hippocampus decreased
by 0.118 (0.068), and 0.213 (0.289) for the low-dose and
0.181 (0.037) for high-dose groups, respectively. Similarly,
the volume of the right hippocampus reduced: 0.290
(0.325), 0.076 (0.061) and 0.161 (0.072) in three arms.
Hippocampal volume shrank less in the medium-dose
arm but did not reach statistical significance as the rate of
changes in hippocampal volumes did (figure 6C).

DISCUSSION

Main findings

To the best of our knowledge, this trial is the first attempt
to apply MSCs-secreted exosomes for the clinical treat-
ment of AD. The results demonstrated the safety of an
intranasal administration of ahaMSCs-Exos for AD treat-
ment, and a dose of at least 4x10° particles could be
selected for further large-scale multicentre clinical trials.
First, no mild AEs or severe AEs were reported during

-10— [
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Figure 6 Changes of hallmarks of AD pathology (amyloid, tau, neurodegeneration) in the follow-up period compared

with baseline. The violin plot of the amyloid deposition (A) and tau deposition (B) alterations after 1year detected by PET-
MRI, comparing with baseline. The selected regions of interest included the frontal cortex, parietal cortex, lateral temporal,
precuneus, anterior cingulate cortex and posterior cingulate cortex for amyloid, whereas lateral parietal, lateral temporal,
medial temporal, frontal, occipital cortex, precuneus and posterior cingulate cortex for tau. (C) Altered proportions of bilateral
hippocampal volumes indicated less atrophy in the subjects who accepted medium-dose administration. AD, Alzheimer’s
disease; MRI, magnetic resonance imaging; PET, positron emission tomography.
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the treatment period. Subjects with high IgE levels at
baseline were also tolerant to the nasal administration.
Second, although for all the subjects changes in the
scores of cognitive scales at week 12 were not significant
compared with the baseline, in the medium-dose group,
ADAS-cog scores consistently decreased by 2.33 (1.19)
and MoCA-B scores increased by 2.38 (0.58) at week 12
compared with the baseline, indicating improved cogni-
tive function. Lastly, we revealed the microRNA (miRNA)
and protein expression profiles in ahaMSCs-Exos, which
identified 277 miRNAs and 1443 proteins, and supplied
the potential neurotrophic factors for patients with AD in
the current clinical trial.

In terms of the present pilot trial, ahaMSCs-Exos at
a dose of 4x10® particles once (the medium dose) had
potential for the treatment of AD. The cognitive func-
tion of the subjects administrated with medium-dose
ahaMSCs-Exos improved after the intervention, as
reflected by decreased ADAS-cog scores and increased
MoCA-B scores. Additionally, the subjects in the medium-
dose arm had better performance in daily living activities
compared with the baseline. The amelioration could be
maintained for an extra 6 months following the 3-month
treatment period due to a possible after-effect. Treat-
ment effects may be attributed to slowing hippocampal
atrophy to some extent. Exosomes carry and transfer a
variety of functional molecules such as proteins, DNAs,
lipids and RNA with regulatory effects, which can modify
cell metabolism. In the proteomic characterisation of the
MSC-exosomes, hundreds of proteins have been iden-
tified, some of which are specific cell type markers and
others are involved in the regulation of the binding and
fusing of exosomes with recipient cells. Some factors
promoting the recruitment, proliferation and differentia-
tion of neural stem cells and other cells were also found.
Moreover, a wide range of miRNAs have been found in
exosomes, which can control functions related to nerve
remodelling, angiogenesis and neurogenesis.” ** Taking
this into consideration, the use of exosomes may be part
of a strategy to promote neural plasticity in AD, improving
cognitive impairment and neural replacement.

Considering that the two subjects in the high-dose arm
had high ADAS-cog scores at the baseline, which indicated
relatively poor cognitive status before administration, it
was inferred that the ahaMSCs-Exos might be insensitive
to patients with moderate to severe AD, at least in terms
of the 8x10" particle dose. Despite no cognitive improve-
ment, a reduction in the amyloid plaque burden was
observed in a subject in the high-dose arm (E007), which
deserved in-depth study. Furthermore, neither of the two
patients with early-onset disease experienced cognitive
improvement after treatment. Therefore, further studies
should focus on patients with mild AD and those with
mild cognitive impairment due to AD. The patient’s age
at onset should also be taken into consideration. It is diffi-
cult to elucidate whether higher doses are effective and
the optimal frequency of treatment, so both need further
research.

The therapy effect of ahaMSCs-Exos may be equiva-
lent or better when compared with drugs for AD on the
current market. The ADAS-cog scores changed (-2.33 at
week 12, -3.21 at week 16, —3.52 at week 24 and -3.98 at
week 36) in patients given a medium dose of ahaMSCs-
Exos. The published results suggested that the ADAS-cog
scores declined (2.58 (5.7)) in the 900 mg group following
the 24-week treatment (p=0.30 in comparison with the
placebo group) for the sodium oligomannate (GV-971).%
The phase III clinical trial of GV-971 demonstrated that
the ADAS-cog scores changed (-1.89 (95% confidence
interval (CI): -2.78 to -1.00)) at week 36 in the drug
group and the difference was -2.15 (95% CI: -3.07 to
-1.23) (p<0.001) between GV-971 and the placebo.*® For
doneperzil, the differences between the ADAS-cog scores
were —2.1 in the 5mg group and -2.7 in the 10 mg group
at week 12 compared with the baseline.”

Furthermore, both miRNAs and proteins in ahaMSCs-
Exos were analysed through RNA sequencing and
proteomic analysis. It was suggested that the benefits of
ahaMSCs-Exos could be due to supplementing miRNAs
which are reduced in patients with AD and proteins that
regulate the exosome-related and neuroimmune-related
signal pathways (online supplemental tables 4 and 5 and
figures 3 and 4). However, the relatively specific mecha-
nism of ahaMSCs-Exos on AD needs further elucidation.

Limitations

Limitations existed in this trial. On the one hand, the
study is a pilot clinical trial with a relatively small sample
size for undertaking a statistical comparison; on the other
hand, the second PET scan was conducted lyear after
the baseline, meaning it was challenging to determine
whether amyloid or tau reduced after administration, as
AD had progressed. Some confounding effects existed
based on the current inclusion criteria, such as the age
at onset, dementia stage, common comorbidities, and so
on. In further clinical trials, stricter inclusion criteria will
be set to clarify the effectiveness of ahaMSCs-Exos. The
traditional 3+3 design with dose increments of 100% was
adopted in this trial. Based on the results, the safety of
ahaMSCs-Exos through nasal administration was proven
and there seemed to be no delay or cumulative toxicity
at experimental doses. The maximum tolerated dose
(MTD) was not determined due to the relatively conser-
vative dosing design. In further trials, accelerated titra-
tion design or pharmacologically guided dose escalation
could be applied to determine the MTD. Additionally,
selecting bias, measurement bias and withdrawal bias
were included in this trial.

Implications

The intranasal administration of ahaMSCs-Exos was safe
and well tolerated at a treatment frequency of two times
per week. The dose of at least 4x10° particles could be
selected for a randomised phase II and phase III clinical
trial in further steps. Improvements should be performed
in next-phase clinical trials, such as expanding the sample
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size, setting the control group and stricter inclusion
criteria, extending the intervention period, and adding
trajectories of imaging and biomarkers of peripheral
blood.

Author affiliations

"Department of Neurology and Institute of Neurology, Shanghai Jiao Tong University
Medical School Affiliated Ruijin Hospital, Shanghai, China

%Department of Pharmacology and Chemical Biology, State Key Laboratory of
Oncogenes and Related Genes, Shanghai Universities Collaborative Innovation
Center for Translational Medicine, Shanghai Jiao Tong University School of
Medicine, Shanghai, China

*Department of Regenerative Medicine Business, Cellular Biomedicine Group,
Shanghai, China

“Daxing Research Institute, University of Science and Technology, Beijing, China
SShanghai Frontiers Science Center of TCM Chemical Biology, Institute of
Interdisciplinary Integrative Medicine Research, Shanghai University of Traditional
Chinese Medicine, Shanghai, China

Acknowledgements Sincere thanks to each subject participating in this clinical
trial. We thank Li Xia, Shuang Meng and Qin Fu from the Core Facility of Basic
Medical Sciences, Shanghai Jiao Tong University School of Medicine for the analysis
of proteomics. We express our sincere appreciation to the following individuals for
their support and assistance for ahaMSCs-Exos production: Jing Wang, Jigang Lei,
Cuili Xu, Meiping Shen, Zeyi Zhang, Chengjie Ren and Bizuo Liu from the Cellular
Biomedicine Group.

Contributors Conceptualisation—GW, XG and RR. Methodology—XX, QS, RR, CD,
RT, SC, SL, JC, PL, XG and GW. Investigation—XX, QS, RR, RT, SC, JW, JL, CG, SDC,
XG and GW. Visualisation—XX, QS, RR, RT, XG and GW. Funding acquisition—GW,
XG and QS. Project administration—SDC, XG and GW. Supervision—GW, XG, SDC
and HC. Writing (original draft}—XX, QS, SC and RT. Writing (review and editing)—
GW and XG. Guarantor—GW.

Funding This work was supported by the Ministry of Science and Technology of
the People's Republic of China (2021ZD0201804, GW); National Natural Science
Foundation of China (92068111, 81973272, XG; 81903582, QS); Natural Science
Foundation of Shanghai (219ZR1431500, GW); Shanghai Science and Technology
Committee (121XD1422200, XG) and Cellular Biomedicine Group (CBMG, Shanghai,
China).

Competing interests CD, SL, JC and PL are current employees of Cellular
Biomedicine Group. Other authors declare that they have no competing interests.

Patient consent for publication Informed consent was obtained.

Ethics approval This study involves human participants and was approved by

the Ethics Committee of Ruijin Hospital, Shanghai Jiao Tong University School of
Medicine (2019-249). Participants gave informed consent to participate in the study
before taking part.

Provenance and peer review Not commissioned; externally peer reviewed.

Data availability statement All data relevant to the study are included in the
article or uploaded as supplemental information.

Supplemental material This content has been supplied by the author(s). It has
not been vetted by BMJ Publishing Group Limited (BMJ) and may not have been
peer-reviewed. Any opinions or recommendations discussed are solely those

of the author(s) and are not endorsed by BMJ. BMJ disclaims all liability and
responsibility arising from any reliance placed on the content. Where the content
includes any translated material, BMJ does not warrant the accuracy and reliability
of the translations (including but not limited to local regulations, clinical guidelines,
terminology, drug names and drug dosages), and is not responsible for any error
and/or omissions arising from translation and adaptation or otherwise.

Open access This is an open access article distributed in accordance with the
Creative Commons Attribution Non Commercial (CC BY-NC 4.0) license, which
permits others to distribute, remix, adapt, build upon this work non-commercially,
and license their derivative works on different terms, provided the original work is
properly cited, appropriate credit is given, any changes made indicated, and the use
is non-commercial. See: http://creativecommons.org/licenses/by-nc/4.0/.

ORCID iD
Gang Wang http://orcid.org/0000-0001-6500-5863

REFERENCES

1 Alzheimer’s Association. 2019 Alzheimer’s disease facts and figures.
Alzheimer’s Dementia 2019;15:321-87.

2 RenR, Qi J, Lin S, et al. The China Alzheimer report 2022. Gen
Psychiatr 2022;35:100751.

3 Dinkins MB, Wang G, Bieberich E. Sphingolipid-enriched
extracellular vesicles and Alzheimer’s disease: a decade of research.
J Alzheimers Dis 2017;60:757-68.

4 Barile L, Vassalli G. Exosomes: therapy delivery tools and biomarkers
of diseases. Pharmacol Ther 2017;174:63-78.

5 Harrell CR, Fellabaum C, Jovicic N, et al. Molecular mechanisms
responsible for therapeutic potential of mesenchymal stem cell-
derived secretome. Cells 2019;8:467.

6 Liew LC, Katsuda T, Gailhouste L, et al. Mesenchymal stem
cell-derived extracellular vesicles: a glimmer of hope in treating
Alzheimer’s disease. Int Immunol 2017;29:11-9.

7 Wang SS, Jia J, Wang Z. Mesenchymal stem cell-derived
extracellular vesicles suppresses iINOS expression and ameliorates
neural impairment in Alzheimer’s disease mice. J Alzheimers Dis
2018;61:1005-13.

8 Cui G-H, Wu J, Mou F-F, et al. Exosomes derived from
hypoxia-preconditioned mesenchymal stromal cells ameliorate
cognitive decline by rescuing synaptic dysfunction and
regulating inflammatory responses in APP/PS1 mice. FASEB J
2018;32:654-68.

9 Ma X, Huang M, Zheng M, et al. ADSCs-derived extracellular vesicles
alleviate neuronal damage, promote neurogenesis and rescue
memory loss in mice with Alzheimer's disease. J Control Release
2020;327:688-702.

10 Losurdo M, Pedrazzoli M, D’Agostino C, et al. Intranasal delivery
of mesenchymal stem cell-derived extracellular vesicles exerts
immunomodulatory and neuroprotective effects in a 3xTg model of
Alzheimer’s disease. Stem Cells Transl Med 2020;9:1068-84.

11 Hade MD, Suire CN, Suo Z. Mesenchymal stem cell-derived
exosomes: applications in regenerative medicine. Cells
2021;10:1959.

12 Xin H, Li'Y, Cui Y, et al. Systemic administration of exosomes
released from mesenchymal stromal cells promote functional
recovery and neurovascular plasticity after stroke in rats. J Cereb
Blood Flow Metab 2013;33:1711-5.

13 Jarmalaviciate A, Pivorianas A. Exosomes as a potential novel
therapeutic tools against neurodegenerative diseases. Pharmacol
Res 2016;113:816-22.

14 Huang J-H, Yin X-M, Xu Y, et al. Systemic administration of
exosomes released from mesenchymal stromal cells attenuates
apoptosis, inflammation, and promotes angiogenesis after spinal
cord injury in rats. J Neurotrauma 2017;34:3388-96.

15 Shi M-M, Yang Q-Y, Monsel A, et al. Preclinical efficacy and clinical
safety of clinical-grade nebulized allogenic adipose mesenchymal
stromal cells-derived extracellular vesicles. J Extracell Vesicles
2021;10:e12134.

16 Théry C, Amigorena S, Raposo G, et al. Isolation and characterization
of Exosomes from cell culture Supernatants and biological fluids.
Curr Protoc Cell Biol 2006;Chapter 3:Unit 3.22.

17 Rider MA, Hurwitz SN, Meckes DG. ExtraPEG: a polyethylene glycol-
based method for enrichment of extracellular vesicles. Sci Rep
2016;6:23978.

18 McKhann GM, Knopman DS, Chertkow H, et al. The diagnosis of
dementia due to Alzheimer’s disease: recommendations from the
National Institute on Aging-Alzheimer’s Association workgroups on
diagnostic guidelines for Alzheimer’s disease. Alzheimers Dement
2011;7:263-9.

19 Jack CR, Bennett DA, Blennow K, et al. NIA-AA research framework:
toward a biological definition of Alzheimer's disease. Alzheimers
Dement 2018;14:535-62.

20 Rosen WG, Mohs RC, Davis KL. A new rating scale for Alzheimer’s
disease. Am J Psychiatry 1984;141:1356-64.

21 Folstein MF, Folstein SE, McHugh PR. 'Mini-mental state'. A practical
method for grading the cognitive state of patients for the clinician.

J Psychiatr Res 1975;12:189-98.

22 Julayanont P, Tangwongchai S, Hemrungrojn S, et al. The Montreal
cognitive assessment-basic: a screening tool for mild cognitive
impairment in illiterate and low-educated elderly adults. J Am Geriatr
Soc 2015;63:2550-4.

23 Cummings JL, Mega M, Gray K, et al. The neuropsychiatric
inventory: comprehensive assessment of psychopathology in
dementia. Neurology 1994;44:2308-14.

24 Galasko D, Bennett D, Sano M, et al. An inventory to assess activities
of daily living for clinical trials in Alzheimer’s disease. Alzheimer Dis
Assoc Disord 1997;11:33-9.

10

Xie X, et al. General Psychiatry 2023;36:¢101143. doi:10.1136/gpsych-2023-101143

“ybuAdoo Aq parosioid 1sanb Aq £20zZ ‘9T 1990190 U0 jwod fwg-ydAsdB/:dny woly papeojumoq "€z0z 1990190 TT U0 £FTTOT-£202-Y2AsdB/9ETT 0T Sk paysiignd 1s.l :ydAsd uas


http://creativecommons.org/licenses/by-nc/4.0/
http://orcid.org/0000-0001-6500-5863
http://dx.doi.org/10.1016/j.jalz.2019.01.010
http://dx.doi.org/10.1136/gpsych-2022-100751
http://dx.doi.org/10.1136/gpsych-2022-100751
http://dx.doi.org/10.3233/JAD-160567
http://dx.doi.org/10.1016/j.pharmthera.2017.02.020
http://dx.doi.org/10.3390/cells8050467
http://dx.doi.org/10.1093/intimm/dxx002
http://dx.doi.org/10.3233/JAD-170848
http://dx.doi.org/10.1096/fj.201700600R
http://dx.doi.org/10.1016/j.jconrel.2020.09.019
http://dx.doi.org/10.1002/sctm.19-0327
http://dx.doi.org/10.3390/cells10081959
http://dx.doi.org/10.1038/jcbfm.2013.152
http://dx.doi.org/10.1038/jcbfm.2013.152
http://dx.doi.org/10.1016/j.phrs.2016.02.002
http://dx.doi.org/10.1016/j.phrs.2016.02.002
http://dx.doi.org/10.1089/neu.2017.5063
http://dx.doi.org/10.1002/jev2.12134
http://dx.doi.org/10.1002/0471143030.cb0322s30
http://dx.doi.org/10.1038/srep23978
http://dx.doi.org/10.1016/j.jalz.2011.03.005
http://dx.doi.org/10.1016/j.jalz.2018.02.018
http://dx.doi.org/10.1016/j.jalz.2018.02.018
http://dx.doi.org/10.1176/ajp.141.11.1356
http://dx.doi.org/10.1016/0022-3956(75)90026-6
http://dx.doi.org/10.1016/0022-3956(75)90026-6
http://dx.doi.org/10.1111/jgs.13820
http://dx.doi.org/10.1111/jgs.13820
http://dx.doi.org/10.1212/wnl.44.12.2308
http://dx.doi.org/10.1097/00002093-199700112-00005
http://dx.doi.org/10.1097/00002093-199700112-00005
http://gpsych.bmj.com/

8 General Psychiatry

25 Reza-Zaldivar EE, Hernandez-Sapiéns MA, Minjarez B, et al. 28 Xiao S, Chan P, Wang T, et al. A 36-week multicenter, randomized,
Potential effects of MSC-derived exosomes in neuroplasticity in double-blind, placebo-controlled, parallel-group, phase 3 clinical trial

- Qﬁheirr_lrer’wsl diSse|?53. Fror;t_lghell Neuro§ci 20|1 8?; 2:317. ) of sodium oligomannate for mild-to-moderate Alzheimer’s dementia.
ang T, Ma S, Lv J, et al. The emerging role of exosomes in Alzheimers Res Ther 2021:13:62.

Alzheimer's disease. Ageing Res Rev 2021;68:101321. L .
27 Wang T, Kuang W, Chen W, et al. A phase Il randomized trial of 29 Rogers SL, Doody RS, Mohs RC, et al. D1Pezil improves cognition

sodium oligomannate in Alzheimer’s dementia. Alzheimers Res Ther and global function in Alzheimer disease: a 15-week, double-blind,
2020;12:110. placebo-controlled study. Arch Intern Med 1998;158:1021-31.

Xinyt Xie graduated from Tongji Medical School, Huazhong University of Science and Technology, China

in 2018 and obtained her master’s degree in neurology at Ruijin Hospital, Shanghai Jiao Tong University
School of Medicine, China in 2021. Dr Xie is currently working as a resident at the Department of Neurology,
Shanghai Ninth People's Hospital, affiliated to Shanghai Jiao Tong University School of Medicine, China.
During the master’s period, under the supervision of Prof. Rujing Ren and Prof. Gang Wang, the research field
Jfocused on neurodegenerative diseases, especially Alzheimer’s Disease and related cognitive impairments. The
main research results were published on Genes & Diseases, JAD and so on.

Xie X, et al. General Psychiatry 2023;36:e101143. doi:10.1136/gpsych-2023-101143 11

“ybuAdoo Aq parosioid 1sanb Aq £20zZ ‘9T 1990190 U0 jwod fwg-ydAsdB/:dny woly papeojumoq "€z0z 1990190 TT U0 £FTTOT-£202-Y2AsdB/9ETT 0T Sk paysiignd 1s.l :ydAsd uas


http://dx.doi.org/10.3389/fncel.2018.00317
http://dx.doi.org/10.1016/j.arr.2021.101321
http://dx.doi.org/10.1186/s13195-020-00678-3
http://dx.doi.org/10.1186/s13195-021-00795-7
http://dx.doi.org/10.1001/archinte.158.9.1021
http://gpsych.bmj.com/

	Clinical safety and efficacy of allogenic human adipose mesenchymal stromal cells-­derived exosomes in patients with mild to moderate Alzheimer’s disease: a phase I/II clinical trial
	Abstract
	Introduction﻿﻿
	Methods
	Exosomes derived from allogenic adipose MSCs
	Study design of the open-label, phase I–II clinical trial
	Procedures
	Participants
	Outcome measures
	Positron emission tomography and hallmarks of AD pathology
	Statistical analysis

	Results
	Demographical information
	Safety of intranasal ahaMSCs-Exos administration
	Efficacy of intranasal ahaMSCs-Exos administration: from baseline to the completion of treatment periods (12 weeks)
	Changes in the scores of the neuropsychological scales in the follow-up period
	Changes to AD pathological hallmarks in the follow-up period

	Discussion
	Main findings
	Limitations
	Implications

	References


