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SUMMARY
The risk of iatrogenic disease is often underestimated as a concern in contemporary medical procedures, encompassing tissue and organ

transplantation, stem cell therapies, blood transfusions, and the administration of blood-derived products. In this context, despite the

prevailing belief that Alzheimer’s disease (AD)manifests primarily in familial and sporadic forms, our investigation reveals an unexpected

transplantable variant of AD in a preclinical context, potentially indicating iatrogenic transmission in AD patients. Through adoptive

transplantation of donor bone marrow stem cells carrying a mutant human amyloid precursor protein (APP) transgene into either

APP-deficient knockout or normal recipient animals, we observed rapid development of AD pathological hallmarks. These pathological

features were significantly accelerated and emergedwithin 6–9months post transplantation and included compromised blood-brain bar-

rier integrity, heightened cerebral vascular neoangiogenesis, elevated brain-associated b-amyloid levels, and cognitive impairment.

Furthermore, our findings underscore the contributionof b-amyloid burdenoriginating outside of the central nervous system toADpath-

ogenesis within the brain. We conclude that stem cell transplantation from donors harboring a pathogenic mutant allele can effectively

transfer central nervous system diseases to healthy recipients, mirroring the pathogenesis observed in the donor. Consequently, our ob-

servations advocate for genomic sequencing of donor specimens prior to tissue, organ, or stem cell transplantation therapies, as well as

blood transfusions and blood-derived product administration, to mitigate the risk of iatrogenic diseases.
INTRODUCTION

The utilization of blood-derived products, blood transfu-

sions, platelet transfusions, organ transplantation, and

bonemarrow transplantation, as well as emerging personal-

ized cell and tissue-based therapies such as adoptive transfer

of induced pluripotent stem (iPS) cells, represents critical

clinical interventions.Nonetheless, there exist looming con-

cerns regarding their safety. Recently, it has been proposed

thatAlzheimer’s disease (AD) is a prion-like diseasewherepa-

thology can be transmitted in a prion-like manner; for

example, the transfer of a misfolded protein is enough to

cause disease in the recipient. The idea thatmisfolded b-am-

yloid (Ab) peptides are proteinaceous infectious particles has

previously been reportedwhere brain extracts of ADpatients

were able to induce cerebral amyloidosis when transferred

into mouse and primate models (Baker et al., 1993; Eisele

et al., 2010; Meyer-Luehmann et al., 2006; Stohr et al.,

2012). Reports of the transfer of AD pathology in humans

have been associated with the use of contaminated human

cadaveric pituitary-derived growth hormone (c-hGH). Pa-
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tientswhohad received the contaminated c-hGHdiedof iat-

rogenicCreutzfeldt-Jakobdisease (CJD), but, upon investiga-

tion, it was reported that these patients also had substantial

immunoreactive Ab and increased numbers of microvessels

in the brain (Jaunmuktane et al., 2015a, 2015b; b), which

is a pathology associated with AD, not CJD. Subsequently,

some batches of c-hGH, to which CJD patients with Ab pa-

thology were exposed, were found to have substantial levels

ofAb40,Ab42, and tauproteins (Purro et al., 2018).However,

in the caseof theseAb seeding studies, the assumption is that

the endogenousAbof the recipient contributes to thedisease

in a misfolded-cascading process. Regardless, the ability of

transmission of disease raises concern for many of the cell-

based therapies, including bone marrow transplantation or

treatment with cord blood or human embryonic stem cells.

Currently, many countries approve the use of bone marrow

and stem cells as cancer therapies (EuroStemCell, 2020a;

b; National_Stem_Cell_Foundation_of_Australia and Stem

Cells_Australia, 2015; Ontario_Institute_for_Regenerative_

Medicine, 2020; US_Food_&_Drug_Administration, 2020),

and there ismuch research into their use for central nervous
or(s).
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system (CNS) disorders, including AD (Zuroff et al., 2017),

Parkinson’s disease (Daadi et al., 2012; Kikuchi et al., 2017;

Kim et al., 2002), multiple sclerosis (Freedman et al., 2010;

Karussis et al., 2010), and spinal cord injury (Jin et al.,

2019; Sahni and Kessler, 2010).

The traditional understanding of AD centers on the accu-

mulation of Ab in the brain. Previously, it was thought that

this Ab primarily originated from the brain itself (Goedert,

1987; Mita et al., 1989). However, recent research suggests

that Ab species in the bloodstream can cross the blood-

brain barrier (BBB), significantly contributing to AD pa-

thology (Bu et al., 2018; Chen et al., 2017; Deane et al.,

2003; Murphy and LeVine, 2010; Zlokovic et al., 1993,

1994). These findings, predominantly based on models

with an intact amyloid precursor protein (APP) gene in

the recipients, do not conclusively determine whether Ab

generated within the CNS parallels the process observed

in prion diseases, nor do they fully explore alternative

pathways, such as those involving inflammation and in-

flammatory mediators, that could influence the accumula-

tion of endogenous Ab in the CNS.

Our previous data demonstrate that Ab provides a pro-

angiogenic signal for brain vasculature and that Ab may

subsequently enter the brain by diffusion after the BBB is

disrupted when tight junctions disappear during cell divi-

sion (Biron et al., 2011, 2013; Dickstein et al., 2006; Jeff-

eries et al., 2013; Singh et al., 2017; Ujiie et al., 2003).

The primary potential source of peripheral APP contrib-

uting to this mechanism are platelets that originate from

megakaryocytes formed from hematopoietic stem cells

(HSCs) (Evin et al., 2003; Li et al., 1995). Upon platelet acti-

vation, b-secretase enzyme activity increases in their mem-

branes, resulting in the production of soluble Ab species

(Chen et al., 1995). Although platelets originating from

HSCs are the major source of peripheral Ab, other sources

such as skin fibroblasts, skeletal muscles, and cerebrovascu-

lar smooth muscle cells can also produce Ab (Deane and

Zlokovic, 2007).

To date, none of the preceding studies have endeavored

to fulfill Koch’s postulates for establishing themicrobiolog-

ical etiology of infection and disease. In this study, we

address whether the pathological hallmarks of AD can be

transferred by repopulation of the HSC compartments of

wild-type or an APP-deficient knockout mouse model

with donor bonemarrow cells (BMCs) harboring the Swed-

ishmutant humanAPP gene (APPKM670/671NL) linked to

early-onset familial AD.

Other than prion diseases or transmissible spongiform

encephalopathies (TSEs), this appears to be the first defini-

tive report that cellular transplantation can adoptively

transfer a disease of the CNS, and this occurrence is inde-

pendent of endogenous Ab. Furthermore, to mimic the

clinical setting, we also examined whether AD pathology
can be established in APP wild-type (WT) animals after

the adoptive transfer of BMCs that contain the mutated,

disease-causing APP gene and discovered our observations

have a direct correlation to clinical scenarios where iatro-

genic disease may be a risk.

This study provides new insights into the role of periph-

eral APP in the development of AD, challenging our exist-

ing understanding. Moreover, it underscores the sobering

implications for the iatrogenic transfer of other diseases.
RESULTS

Successful bone marrow transfer from AD mice and

WT littermates into APP-knockout recipients and

from AD mice into WT recipients

To establish that transplantation of bone marrow and HSC

can cause AD pathology, we (1) transferred bone marrow

from AD and WT mice, both of which were positive for

the lymphocyte common antigen cluster of differentiation

(CD) 45.1, into APP-knockout (APPKO)mice thatwere pos-

itive for the lymphocyte common antigenCD45.2.; and (2)

transferred BMCs from CD45.2-positive AD donors to

CD45.1-positive WT mice.

After long-term repopulation (60 days), we assessed the

presence of the CD45.2+ donor BMCs in APP KO mice.

We found that recipient APP KOmice exhibited significant

CD45.1+ donor lymphocytes. Similarly, recipient WTmice

exhibited significant CD45.2 + donor lymphocytes. The

representative fluorescence-activated cell sorting (FACS)

graph shows (Figure 1) that themajority of the lymphocyte

population was derived from the donor cells (91.6%), and

only a small residual population (6.8%) of CD45.2 cells sur-

vived irradiation. Negative control for FACS analysis of suc-

cessful reconstitution of donor BMC population in the

recipient is illustrated in Figure S1. This was consistent

across the different groups. Figure S2 shows the summary

statistics of the percentage of lymphocytes from donors

and recipients. The percentage of donor lymphocytes is

higher than the threshold set for a successful transplant

(90%), indicating a successful reconstitution of AD or WT

donor BMCs in (1) irradiated APP KO recipients or

Tg2576 donor BMCs and (2) irradiated WT recipients

(p < 0.0001). For both figures, freshly isolated peripheral

blood mononuclear cells (PBMCs) from mice were stained

with isotype-specific CD45.1 and CD45.2 antibodies and

analyzed by flow cytometry. An unpaired t test was used

to calculate significance.
Behavior assessment of mice

AD/APP KO was cognitively impaired 6 months after

transplantation, as compared to B6/SJL.BM/APP KO.

AD/APP KO mice performed poorly in the open-field
Stem Cell Reports j Vol. 19 j 456–468 j April 9, 2024 457



Figure 1. Successful reconstitution of the
donor BMC population in the recipient
(A) Representative overlaid scatterplot of
splenocytes from a CD45.1+ donor (blue, AD
or WT) and a CD45.2+ recipient mouse (red,
APP KO) before bone marrow reconstitution.
(B) Representative scatterplot of PBMCs from
a CD45.2+ APP KO mouse, reconstituted with
CD45.1+ bone marrow from a donor mouse
(AD or WT), 2 months post transplant. The
recipient APP KO mouse is 91.5% CD45.1
positive, indicating successful reconstitu-
tion.
test, spending significantlymore time exploring (Figure 2A,

p = 0.0002) and making more entries (Figure 2C,

p < 0.0001) in the central region of the field as compared

to the WT/APP KO mice. No significant difference was

seen in the distance traveled (Figure 2B) between the two

groups. Figure 2D shows the track plots of animals repre-

sentative of the groups. Cognitively aware mice show a

high percentage of alternation (spatial awareness), as seen

inWT/APP KOmice. AD/APPKOhad low spatial aware-

ness when tested on the Y maze, with a significantly lower

percentage of alternation (POA) than WT/APP KO mice

(Figure 2E, p < 0.0001) The POAwas not confounded by to-

tal distance traveled or the total number of arm entries (Fig-

ure S3.). A significantly lower percentage of freezing in the

contextual fear conditioning test indicated that the AD/

APP KO had poorer associative memory than WT/APP

KO mice (Figure 2F). Figures 2G and 2H show the latency

time and the total number of memory errors made in the

radial arm water maze (RAWM). AD/APP KO mice had

diminished working and reference memories, showing no

learning over the 5-day test, as compared to WT/APP

KOmice. This study had data pooled from two different tri-

als where n = 14 forWTmice and n = 18 for ADmice unless

otherwise stated. No significant difference was observed in

behavior with respect to sex. An unpaired t test was used to

calculate significance.

A second study was conducted to see if a bone marrow

transplant from AD mice into irradiated WT mice could

establish AD pathology. A significantly high POA was

observed in WT mice as compared to AD animals in the Y

maze, (Figure 3A, p = 0.0002). AD/WT mice were shown

to have no significant difference in POA as compared to

AD mice; however, they showed a significantly lower POA

as compared to the WT mice (Figure 3A, p = 0.0002). Data

are representative of the following: AD/WT, n = 8 (five

males, three females); and WT, n = 11 (six males, five fe-

males); and AD, n = 13 (six males, seven females). An ordi-
458 Stem Cell Reports j Vol. 19 j 456–468 j April 9, 2024
nary one-way ANOVA with Tukey’s multiple comparisons

test was used to calculate statistical significance. In the

RAWM (Figure 3), WT mice showed a significantly lower la-

tency time (Figure 3B, p = 0.0351) and number of errors (Fig-

ure 3C, p = 0.0114) on day 5 compared to day 1. Although

AD/WT animals showed a significantly lower latency

time (Figure 3B, p = 0.0097), like the ADmice, they showed

no significant difference in the number of errors between

testday1andtestday5 (Figure3C).ADshowednodifference

in the latency time (Figure 3B) between day 1 and day 5. The

data in Figure 3B and 3C are expressed as themean of the la-

tency time or the total number of errors in a single trial per

dayby individual animals in eachgroup. Since thedifference

was being noted on day 1 versus day 5 within each group a

paired t test was used to calculate significance (p% 0.05).

AD pathology was seen through molecular and

histological analysis of the mice receiving AD bone

marrow transplants

Figures 4A and 4B show representative images of immuno-

fluorescence of the pre-frontal cortex for each antibody and

both animal groups, AD/APP KO andWT/APP KOmice.

Human Ab can be seen in the AD/APP KOmice but not in

the WT/APP KO mice. A significant increase in the neo-

angiogenic vessels, shown by endoglin (CD105), can be

seen in the brains of AD/APP KO mice but not in the

brains of theWT/APPKOmice. A qualitative confocal im-

age shows that CD105 and Ab colocalize with each other.

The tight junction protein (TJP), occludin, is reduced in

AD/APP KO brains compared to WT/APP KO, which

has a continuous pattern of occludin expression resem-

bling WT mice (Figure 4B). Western blot analysis shows

that there is a presence of the Ab protein in the brain ho-

mogenates of AD/APP KO mice but no detectable Ab

expression in the brains of WT/APP KOmice (Figure 4C).

To examine whether the presence of this Ab had any

functional implications on the vasculature, we looked at



Figure 2. Bone marrow transfer from AD mice causes cognitive deficits in APP KO recipient mice
APP KO recipient mice with a successful reconstitution of donor BMCs were assessed for their cognitive status, using tests designed for the
analysis of different aspects of memory. The data were pooled from two different trials unless stated otherwise and are represented as the
mean ± standard deviation.
(A–D) Open-field test (OFT). (A) APP KO mice that received BMCs from WT mice (WT/APP KO) spent significantly less time in the center of
the field compared to APP KO mice that received BMCs from AD mice (AD/APP KO). (B) There was no significant difference in the distance
traveled in the open field between WT/APP KO mice and AD/APP KO mice. (C) AD/APP KO mice have a significantly higher number of
entries in the central squares of the field than WT/APP KOmice. (D) Representative track plots from the OFT. WT/APP KOmice spend less
time exploring the open center of the test arena while AD/APP KO mice explore the entire field indiscriminately. Each plot in the figure
represents the track from a different mouse. (A–C) An unpaired t test was used to calculate statistical significance (p% 0.05). Data from
two studies were pooled; AD/APP KO, n = 8 males, n = 10 females; and WT/APP KO, n = 7 males, n = 7 females.
(E) Spontaneous alternation (Y maze) test. A significantly high POA was observed in the WT/APP KO mice versus the AD/APP KO mice.
An unpaired t test was used to calculate statistical significance (p% 0.05). AD/APP KO, n = 8 males, n = 10 females; and WT/APP KO,
n = 7 males, n = 7 females.
(F) Contextual fear conditioning test (FC). WT/APP KO mice exhibited high freezing percentages compared to AD/APP KO mice. Due to
technical issues, data for this test were collected only from one trial. An unpaired t test was used to calculate statistical significance (p%
0.05). Data for this test are only from the first trial due to issues with equipment at the time of the experiment. AD/APP KO, n = 4 males,
n = 4 females; and WT/APP KO, n = 3 males, n = 3 females.
(G and H) RAWM. Both (G) latency time and (H) the total number of errors were measured. WT/APP KO mice showed a significant decrease
in the latency time and decreased number of errors when comparing results from test day 1 and test day 5. No significant differences
between test day 1 and test day 5 were seen in the AD/APP KO. A paired t test was used to calculate significance (p% 0.05). AD/APP
KO, n = 8 males, n = 10 females; and B6/SJL.BM/APP KO, n = 7 males, n = 7 females.
the expression of vascular endothelial growth factor a

(VEGFa), a factor that is crucial for angiogenesis initiation,

and, to assess the effect of Ab transferred viaHSC transplant

on the BBB integrity of the recipient, the TJP, zona occlu-

dens 1 (ZO1) expression levels were analyzed (Figure 4C).

The western blot analysis showed higher expression of

the VEGFa and lower expression of ZO1 in the brain ho-

mogenates of the AD/APP KO bone marrow compared

to the WT/APP KO mice (Figure 4C). This implies not
only that there is a transfer Ab to the recipient mouse brain

but also that this Ab can induce AD pathology in mice that

have no endogenous APP expression in their brains or

indeed any other organ.

To assess the effect of a bone marrow transplant from AD

mice intoWTmiceasadirect translation fora clinical setting,

we lookedat theestablishmentof amyloidplaquesgenerated

by themutanthumanAPPgene. Figure5 showsmicrographs

that are representative of the cortical region ofmouse brains.
Stem Cell Reports j Vol. 19 j 456–468 j April 9, 2024 459



Figure 3. Bone marrow transfer from AD
mice causes cognitive deficits in certain
aspects of memory in WT recipient mice
(A) Y maze. A significantly high POA
was observed in WT mice as compared to AD
animals. AD/WT mice were tested and
shown to have no significant difference
in percentage alternation as compared to AD
mice; however, they showed a significantly
lower POA as compared to the WT mice. Data
is shown as the mean ± SD and is represen-
tative of AD/WT, n = 8 (five males, three
females) and WT; n = 11 (six males, five fe-
males); and AD, n = 13 (6 males, 7 females).
An ordinary one-way ANOVA with Tukey’s
multiple comparisons test was used to
calculate statistical significance (p % 0.05).
(B and C) RAWM. Both: (B) latency time and
(C) the total number of errors were measured.
B6/SJL control mice showed a significantly
lower latency time and number of errors on
day 5 compared to day 1. Although AD/WT
animals showed a significantly lower latency
time, like the AD mice, they showed no sig-
nificant difference in the number of errors
between test day 1 and test day 5. AD mice
showed no difference in the latency time
between day 1 and day 5. The data in (B) and
(C) are expressed as the mean of the latency
time or the total number of errors in a single

trial per day by individual animals in each group. Since the difference was being noted on day 1 versus day 5 within each group, a paired t
test was used to calculate significance (p % 0.05).
Congo red staining showed that Tg2576 mice had signifi-

cantly higher plaques than the WT mice (p = 0.0002). The

Congo red staining also showed the establishment of amy-

loid plaques in AD/WT mice, which were significantly

higher as compared to the WT animals (p = 0.0105) and

similar to the levels seen in AD mice. An ordinary one-way

ANOVAwas used to calculate significance (p% 0.05).
DISCUSSION

This study challenges the prevailing understanding that AD

is exclusively familial or sporadic. Using a preclinical model,

we demonstrate a transplantable form of AD, suggesting po-

tential iatrogenic transmission in AD patients. Here we spe-

cifically address the potential of bonemarrow stemcell trans-

plants in the transmission of AD in a familial model of this

deadly disease. We found that transferring bone marrow

fromADmice intoAPPKOmice resulted in cognitive impair-

ment as well as Ab extracellular deposits and BBB dysfunc-

tion. In particular, we demonstrated that AD/APP KO

chimeric mice accumulate the human Ab in the brain origi-

natingexclusively fromthedonor show increasedexpression
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of the neoangiogenic marker CD105, and show a decreased

expression of the TJPs occludin and ZO1. Our data demon-

strate that transplantation of bone marrow, containing

HSCs, from a donor mouse that overproduces a mutant hu-

man APP, can transfer AD pathology in a recipient animal

that does not synthesize endogenous APP. Furthermore, the

rate of disease formation in the transplantable model is

much more rapid than in the AD mice as it is established in

the AD bone marrow recipients in 6 months compared to

12 months in the AD transgenic mice (Biron et al., 2011,

2013; Dickstein et al., 2006; Hsiao et al., 1996; Jefferies

et al., 2013; Singh et al., 2021; Ujiie et al., 2003).

There is indeed evidence that transplant recipients,

including those of solid organs and HSCs, have a higher

incidence of various neurological diseases. For solid organ

transplant recipients, CNS complications are relatively

common and include both focal and diffused neurologic

deficits. These complications can be due to a range of

causes, including infections, drug toxicity, cerebrovascular

events, metabolic disorders, and cancer. Notably, the inci-

dence of neurological complications in kidney transplant

recipients is reported to be around 10%–21%, which is

higher than in the general population. Factors contributing



Figure 4. AD pathology is seen in the brains of APP KO mice reconstituted with AD bone marrow
(A) Micrographs show the immunostaining and confocal imaging of the cortical region of WT/APP KO and AD/APP KO mouse brains. The
expression levels of CD105 (green), DAPI (cyan), Ab (red), and CD31 (blue) are shown where Ab and CD105 are significantly higher in AD/
APP KO mice compared to WT/APP KO mice. Data are shown as mean ± SD of percentage area of expression. Unpaired Student’s t test was
used to calculate significance (p % 0.05).
(B) Qualitative IHC shows the expression of CD105 (green), Ab (red), and occludin (blue). The occludin expression is inverse to that of
CD105 and Ab, and Ab is seen co-localizing with CD105.
(C) Qualitative western blotting analysis indicates the presence of mutant human APP protein in AD/APP KO animals and an absence of it
in the WT/APP KO. VEGFa is expressed higher in AD/APP KO (n = 5) compared to WT/APP KO (n = 4). Expression levels of TJP, ZO1, are
higher in WT/APP KO (n = 7) compared to AD/APP KO (n = 8). Blots shown here are from pooled samples from the animals in the groups
to be representative of the group. Histograms show expression levels of proteins in individual animals. Unpaired Student’s t test was used
to calculate significance (p % 0.05).
to these complications include the need formultiple drugs,

decreased cellular immunity, accelerated atherosclerotic

disease, and frequent metabolic abnormalities (Meena

et al., 2020; Potluri et al., 2014; van den Bogaart et al.,

2022; Wright and Fishman, 2014).

In the specific context of hematopoietic stem cell trans-

plantation (HSCT) for pediatric acute lymphoblastic leuke-

mia, neurological complications, both acute and long term,

are also common and contribute to significant morbidity

and mortality. The incidence of neurotoxicity in children

following HSCT ranges from 11% to 59%. A post mortem

studyof180HSCTrecipients, includingbothadults andchil-

dren, found that90%hadevidenceofCNSabnormality, and,

in 17% of cases, this was the cause of death. Furthermore,

outcomes ofHSCTare poorer for patientswho develop acute

neurotoxicity. Themajority of studies on theneurological ef-

fects of HSCT in children have focused on acute neurotox-

icity, but, as more children undergoing HSCT for acute

lymphoblastic leukemiabecome long-termsurvivors, under-
standing the long-term neurological consequences of this

treatment modality is increasingly important. Radiotherapy

and chemotherapy, as parts of HSCT treatment, can add to

neurological injury and have profound effects on brain

maturation and cognitive function (Gabriel et al., 2021).

The APP KOmice do not produce endogenous Ab in any

tissue or organ. If current theories relating to the causation

of AD were correct, for example, that brain-derived Ab

causes AD pathology, then the reconstitution of the APP

KO mice with AD HSCs should not have induced AD pa-

thology. The findings in this study establish that HSC-

derived Ab can initiate vascular pathology leading to BBB

disruption and eventual AD pathology and the findings

in this study establish that peripherally derived Ab can

initiate vascular pathology and BBB disruption.

The Swedishmutation version of the human amyloid pre-

cursor transgene expression is driven by the prion promoter

that drives expression in a variety of tissues, including blood

cells, andwe assume this is the source of the APP originating
Stem Cell Reports j Vol. 19 j 456–468 j April 9, 2024 461



Figure 5. Presence of amyloid plaques in
AD/WT mice suggests establishment of
AD pathology in WT mice through a bone
marrow transplant
(A) Micrographs are representative of the
cortical region of mouse brains.
(B) Congo red staining indicates the estab-
lishment of amyloid plaques in AD/WT
mice, which is seen to be significantly higher
as compared to WT and similar to the levels
seen in AD animals. Each data point in the
histograms corresponds to data from indi-
vidual mice in each group, where n = 6 for WT,
n = 8 for AD, and n = 8 for AD/WT. Data is
represented as mean ± SD. Ordinary one-way
ANOVA was used to calculate significance (p

% 0.05).
from the donor HPC cell (PRNP Gene - Prion Protein and

Gene Cards, 2023; Asante et al., 2002a, 2002b; Levine

et al., 2009). A significant amount of the peripheral Ab is

found in circulating platelets (Chen et al., 1995; Matsubara

et al., 2002) that originate from megakaryocytes. In the AD

mice (Tg2576), bonemarrow and HSCs carrying the human

mutant APP are known to overproduce Ab in megakaryo-

cytes (Starke et al., 2005). Ab generated from activated plate-

lets is known to exist in a soluble form (Chen et al., 1995;

Matsubara et al., 2002) and this property may enable them

to be transported from another location in the body into

the CNS through the cerebral vessels. Another way for the

soluble Ab to enter the CNS is via the platelets circulating

in the cerebral vessels (Inyushin et al., 2017; Kucheryavykh

et al., 2017). Tight junctions, which are present in the endo-

thelial layer of the cerebral vessels, have high amounts of

collagen, a platelet activator, in their vicinity, especially the

basement membrane of cerebral vessels (Xu et al., 2019).

This collagen may lead to the activation of the platelets

and release of the Ab into the cerebral vessels. The released

Ab activates cell division and vasculogenesis leading to the

breakdown in BBB integrity, allowing Ab to freely cross the

BBB and enter the CNS by diffusion where it deposits in am-

yloid plaques (Biron et al., 2011, 2013; Dickstein et al., 2006;

Jefferies et al., 2013; Singh et al., 2017; Ujiie et al., 2003). The

receptor for advanced glycation products (RAGE) is a multi-

ligand receptor that also regulates the entry of peripheral

Ab to the brain. It binds soluble Ab in the nanomolar range,

and its expression is upregulated by the presence of Ab and is

also implicated in BBB breakdown and AD pathogenesis

(Deane et al., 2003; Yan et al., 1996). Another possibility of

transfer of Ab into the CNS could be as a result of the physi-

ological age-related disruption of the BBB. This breakdown

could permit the transfer of the soluble Ab into the brain

(Montagne et al., 2015). Once AD pathology initiates, it

can trigger further vasculogenesis and breakdown of the
462 Stem Cell Reports j Vol. 19 j 456–468 j April 9, 2024
BBB. However, several other types of blood cells also express

APP in the Tg2576 mouse; therefore, future studies are

needed in order to address this.

One of the potential outcomes of this study is to spur the

field tomove away from the conventional central dogma of

ADpathology, which states that the accumulation of brain-

derived Ab, specifically produced by neurons, is the cause

of the disease. This study demonstrates the contribution

Ab, generated outside the brain, in establishing the disease.

This may provide an opportunity for the development of

new biomarkers for AD. The production of AD pathology

in AD/APP KO mice also supports the concept that AD

can be transferred from individual to individual, resulting

in the discovery of a transplantable form of AD that is

distinct from the sporadic or familial forms of the disease.

This suggests the importance of biomarker screening and

sequencing the genomes of candidate cell, tissue, and or-

gan donors for deleterious disease-associated alleles to

eliminate the potential for the transfer of disease before uti-

lizing them as donors for any transplantation therapies

including tissue and organ transplantation as well as

bone marrow transplants, blood transfusion, or stem cell-

based therapies.

However, it is important to acknowledge the limitations

of this work. While the results from the study using the

Tg2576 AD model and APP KO mice provide valuable in-

sights, caution must be exercised when translating these

findings to human stem cell transplant recipients. The

Tg2576model, withmutant APP expression under the con-

trol of the hamster prion protein promoter, generates a

high level of pathology not typically observed in human fa-

milial AD patients. The use of a heterologous promoter and

recipients completely deficient in APP, a condition rare in

humans, adds further methodological layers that may not

directly reflect conditions in humans, though it does estab-

lish, for the first time, that exclusively donor derived



mutant APP is necessary and sufficient to cause disease in

recipients.

Given these differences, the study’s findings may not

directly correspond to the clinical experience of stem cell

transplantation and its potential neurological implica-

tions. The adoption of a murine model may not fully cap-

ture the complexity of AD in humans, and variations in

the immune response and genetic factors between species

should be acknowledged. Furthermore, the observed path-

ological features, while resembling AD, may not precisely

replicate the multifaceted nature of the disease in humans.

Notably, the form of AD studied here is familial, whichmay

limit the transferability of results to humans, as familial

forms are rarer than sporadic ones. However, the additional

observation in this study demonstrating the transfer of the

AD phenotype from Tg2576 AD model bone marrow do-

nors into healthy WT recipients lessens the chance that

our data will not find its human sequelae.

It is also important to recognize the broader context of

transplant-related neurological complications. As shown

by the higher incidence of neurological diseases in trans-

plant recipients, both in solid organ and hematopoietic

stem cell transplant settings, there is a clear indication

that transplant procedures can lead to significant CNS

complications. These include a wide array of issues stem-

ming from infections, drug toxicities, metabolic abnormal-

ities, vascular and immunologic events, and the primary

disease itself. Thus, while the specific findings of the study

might not directly translate to human cases, they do

contribute to a growing body of knowledge about the po-

tential neurological risks associated with various types of

transplantation. This information is crucial for the devel-

opment of strategies tomitigate these risks and improve pa-

tient outcomes in both pediatric and adult populations.

In conclusion, the underestimation of iatrogenic disease

risk in contemporary medical practices, including tissue

and organ transplantation, stem cell therapies, blood trans-

fusions, and blood-derived product administration, has

begun to be addressed here. Contrary to prevailing beliefs

regarding AD occurring solely in familial or sporadic forms,

our study reveals an unexpected transplantable form of AD

in a preclinical model, suggesting potential iatrogenic

transmission in AD patients. Adoptive transplantation of

donor BMCs harboring a mutant human APP transgene

into both APP-deficient and healthy WT recipient animals

resulted in the rapid development of AD pathological hall-

marks. These included compromised BBB integrity,

increased cerebral vascular neoangiogenesis, elevated

brain-associated Ab levels, and cognitive impairment that

is accelerated and occurs within 6–9 months post trans-

plantation. Moreover, our findings suggest that Ab accu-

mulation originating externally to the CNS contributes to

AD pathology.
While the study provides valuable insights, further

research involving human subjects is essential to validate

the applicability of these findings to clinical settings. How-

ever, given the findings of this study, the proposed recom-

mendation for genomic screening of donor specimens

before transplantation therapies or the transfer of blood-

derived products necessitates careful deliberation.
EXPERIMENTAL PROCEDURES

Resource availability

Lead contact

Further information and requests for resources and reagents

should be directed to and will be fulfilled by the lead contact, Dr.

Wilfred A. Jefferies.

Materials availability

This study did not generate new unique reagents.

Data and code availability

Data and code availability can be provided upon request.
Mice
Key animal nomenclature:

AD mice or Tg2576: transgenic mice, heterozygous for the

mutant human APP gene.

WT:WT littermates of Tg2576mice, homozygous for the normal

endogenous APP gene.

APP KO: mice homozygous for the APP gene being knocked out.

AD/APP KO: irradiated APP KO mice that have been reconsti-

tuted with BMCs from AD mice.

WT/APP KO: irradiated APP KO mice that have been reconsti-

tuted with BMCs from WT mice.

AD/WT: irradiatedWTmice that have been reconstituted with

BMCs from AD mice.

The Tg2576 ADmodel mouse expresses the K670N/M671L Swed-

ish mutation of the APP (Hsiao et al., 1995, 1996) under the control

of the hamster prion protein promoter. Tg2576 mice are always

heterozygous for the transgene as the homozygous offspring is

not viable. These are on a B6.SJL background where B6 represents

theC57BL/6mice and the SJL is Swiss JimLambertmice, and the col-

ony at the University of British Columbia is occasionally refreshed

with B6.SJL mice purchased from Taconic Biosciences (B6.SJL-

Ptprca/BoyAiTac; catalog #4007-F). Homozygous APP KO (APP KO)

mice (B6.129S7-Apptm1Dbo/J; catalog #004133, Jackson Labs, USA)

on a C57BL/6 background (Zheng et al., 1995) were fed standard

lab chowandwaterad libitum andkept under a 12-h light/dark cycle.

All protocols andprocedures involving the care anduseof animals in

these studies were reviewed and approved by the UBC Animal Care

Committee under the guidelines of theCanadianCouncil of Animal

Care.
Flow cytometric analysis of lymphocytes
CD45 is a type 1 transmembrane protein that is present on all

differentiated hematopoietic cells and is a useful marker for deter-

mining bone marrow transplant efficiency (Omilusik et al., 2011).

C57Bl/6 mice are genetically CD45.2, whereas SJL mice are
Stem Cell Reports j Vol. 19 j 456–468 j April 9, 2024 463



CD45.1, so all AD and WT littermates were tested for CD45 alleles

and only those that were CD45.1 were used as donors; all APP KO

recipients were CD45.2 (on C57Bl/6 background). Briefly, 50–

100 mL of blood was collected into EDTA-coated tubes and lym-

phocytes were isolated after red blood cell (RBC) lysis. Isolated

lymphocytes were then incubated with antibodies against

CD45.2 (FITC anti-mouse CD45.2 antibody; BioLegend; 109805)

and CD45.1(PE/Cy7 anti-mouse CD45.1 Antibody (Biolegend;

110729) in FACS buffer (phosphate-buffered saline [PBS], 0.5%–

1% BSA or 5%–10% FBS). The samples were analyzed for CD45

type using a BD LSRII (BD Biosciences). Lymphocytes were gated

based on size and shape, and gating was consistent among all sam-

ples. The representative graph was normalized to mode, which al-

lows the visualization of the relative percentage of a cell popula-

tion expressing the marker fluorescence and compensates for the

visual difference in cell count. FlowJo software (Treestar) was

used to analyze flow cytometry data.
Bone marrow transfer: Experimental setup
Two transplant studies were conducted:

(1) AD mice and their WT littermates were used as donors to

transplant bone marrow into APP KO mice. Twelve-

month-old AD and WT of both sexes were used as donors.

(2) The second study consisted of the bone marrow transfer of

AD mice into WT animals. Twelve-month-old AD mice of

both sexes were used as donors.

For the collection of BMCs from donor mice, the proximal ends

of the tibia and femur were cut off and placed in a 0.5-mL micro-

fuge tube with the bottom cut off, and this setup was placed inside

a 2-mL centrifuge tube. The tubes were centrifuged at 2000 rpm for

5 s. The bone marrow pellet was resuspended in culture medium

and treated with RBC lysis buffer (103 buffer: NH4Cl [ammonium

chloride] 8.02 g, NaHCO3 [sodium bicarbonate)] 0.84 g, EDTA

[disodium] 0.37 g, quantum satis to 100 mL with Millipore water).

The working solution of the lysis buffer was used at 13. The cells

were then centrifuged and resuspended in PBS and cells were

counted with the Bio-Rad TC20 automated cell counter.

For the first study, 6- to 8-week-oldAPPKO recipientmice of both

sexes were X-irradiated at 900 Rads. Then 2 3 106 donor BMCs

were injected via the tail vein into each recipient mouse on the

same day. One donor mouse per sex and genotype was used per

two sex-matched recipient mice. APP KO mice (n = 5 female and

n = 5 male) received BMCs from n = 3 AD mice of each sex. APP

KO mice (n = 4 male and n = 4 female) received BMCs from n = 2

WT mice of each sex. This transplant experiment was repeated

with the same conditions and number of mice of both sexes for

both recipient and donors. It was observed that two mice from

both the groups (i.e., those that received AD and WT BMCs) in

one of the trials either died randomly or had to be euthanized after

reaching the humane endpoint. This occurred immediately after

the transplant, which could indicate procedural issues in those an-

imals. No relation to sex was observed. N is indicated in the figure

legend of each experiment.

Twomonths post injections, themicewere assessed for a success-

ful bone marrow reconstitution by FACS analysis of lymphocyte

populations. The donors used were positive for CD45.1, whereas
464 Stem Cell Reports j Vol. 19 j 456–468 j April 9, 2024
the recipients were CD45.2 positive. After reconstitution, the re-

cipients were checked to see the percentage of lymphocytes that

were CD45.1 positive. A reconstitution was considered successful

if 90% or more of the cells in the recipient were CD45.1 positive.

For the second study, 6- to 8-week-old WT mice underwent a

similar irradiation protocol as stated in the first study. n = 3 female

and n = 7 male WT mice received BMCs from sex-matched AD.

Similar to the first study, the successful bone marrow reconstitu-

tion was established by FACS analysis of lymphocyte populations

2months post transplant. The donormicewere either CD45.2 pos-

itive or double-positive for CD45.1 and CD45.2.

Behavioral testing

Open-field test

The mice were allowed to explore a plexiglass chamber with dark-

colored walls and a light source focused in the center one at a time

for 5min. The path traveled and the time spent in the center or pe-

riphery of the field were tracked and recorded (Singh et al., 2021).

The setup for the test is described in the supplemental experi-

mental procedures.

Spontaneous alternation (Y maze)
The test for novelty exploration using spatial andworkingmemory

was conducted where the spatial acquisition phase comprised a

1-day trial with the mice tracked while moving freely through

the three arms of the Y maze during an 8-min session. The move-

ments were tracked by a computer tracking system (ANY-maze,

Stoelting). The performance was gauged by the POAs, which was

calculated as the total number of alternations3 100/(total number

of arm entries � 2) (Singh et al., 2021). The minimum number of

arm entries needed for a mouse to be included in the analysis

was five entries (International Mouse Phenotyping Consortium).

The setup for the test is described in the supplemental experi-

mental procedures.

Contextual fear conditioning
Contextual fear conditioning was used to determine associative

working memory. One at a time, the animals were kept in a cham-

ber with a steel-grid floor with a shock generator. On day 1, they

were allowed to explore freely for 5 min, during which, at the

180th second, they received a foot shock of 0.50–0.80 mA for 3 s.

On day 2, they were placed in the chamber for 4 min, with no

noxious stimuli. The mice were monitored for movement and

freezing behavior was recorded using computer software (Lime-

light, ActiMetrics, Wilmette, IL, USA) (Singh et al., 2021). The

setup for the test is described in the supplemental experimental

procedures.

RAWM
The RAWMconsists of eight swimpaths (arms) extending out of an

open central area, with an escape platform located at the end of

any of four alternate arms called the goal arms (Penley et al.,

2013). The mice were given 60 s to locate one of the four escape

platforms. With each trial, the platform that was used to escape

was removed. These trials were conducted over 5 days. The latency

to reach the platform for each trial and the arm entries were re-

corded manually. Performance of memory and learning was



gauged each day based on the latency time and the total number of

errors (Singh et al., 2021). The setup for the test is described in the

supplemental experimental procedures.

Tissue preparation
After the behavior studies, the animals were terminally anesthe-

tized with ketamine/xylazine (150 mg/kg; 10 mg/kg) and perfused

with PBS for 5 min at a 5 mL/min flow rate. Brains were removed,

and one hemisphere was fixed with 4% paraformaldehyde (PFA)

for histology and stored at 4�C and the other hemisphere was

flash-frozen on dry ice for biochemical studies and stored at

�80�C until they were ready to be analyzed. Flash-frozen mouse

brain hemispheres were homogenized mechanically using a

Dounce homogenizer (Wheaton, 7-mL Tissue Grinder, Dounce)

in 13 PBS solution containing 13 Halt protease and phosphatase

inhibitor cocktail (Thermo Fisher Scientific; 78440) to prevent pro-

tein degradation, and then centrifuged at 14,000 rpm for 10min to

separate the tissue into a soluble fraction, containing cytosolic pro-

teins, and a pellet. The pellet was resuspended in 2% sodium do-

decyl sulfate (SDS) solution in distilled H2O and then centrifuged

at maximum speed for 30 min. The supernatant from this treat-

ment contained membrane-bound proteins.

Immunoblotting analysis
For western blot analysis, the fractional homogenate samples

(cytosolic and membrane bound) were prepared in the sample

buffer (100 mM Tris-Cl [pH 6.8], 4% [w/v] SDS, 0.2% [w/v] bromo-

phenol blue, 20% [v/v] glycerol, and 200 mM dithiothreitol

[DTT]). Samples were then electrophoresed on 10% SDS-PAGE

gels and the proteins were transferred to a nitrocellulose mem-

brane. Immunoblotting was performed using primary antibodies

against CD105/endoglin (0.25 mg/mL, R&D systems; AF1097), Ab

(1:1,000, 6E�10; BioLegend 39320), anti-ZO1 (2 mg/mL, Thermo

Fisher Scientific; 61-7300), anti-GAPDH antibody (1:100, Abcam;

ab181602), anti-actin (1:1000, Santa Cruz; sc1615 and anti-VEGFa

(1 mg/mL, Abcam; ab46154). After the overnight incubating with

primary antibodies at 4�C, the membranes were washed three

times with 13 PBS solution for 15 min each and then incubated

with the secondary antibodies (1:10,000) for 1 h at room tempera-

ture followed by washing three times with 13 PBS. The signal in-

tensities on themembranewere imaged using theOdyssey infrared

image system (LICOR), and relative levels of immunoreactivity

were analyzed by the Image Studio Lite Software. The blots shown

are representative of n = 6 per group.

Immunofluorescence and confocal imaging
The PFA fixed hemispheres were processed for immunofluorescent

microscopy for various proteins of interest: CD105 (R&D Systems;

15 mg/mL, AF1097); Ab, 1–16 (1 mg/mL, BioLegend; 803004); TJP,

occludin (1:200, Abcam; ab31721); and CD-31 (1:50, Abcam;

ab28364) as described in Singh et al., 2021.

The cortical region of the mouse brain was analyzed for markers

of interest involved in AD pathology. The image acquisition was

done using the Olympus FV-10i confocal microscope with a

high-resolution Olympus 603/1.4 oil-immersion objective lens

(Olympus, Tokyo, Japan). For 3D image dataset acquisition, the

excitation beamwas first focused at the maximum signal intensity
focal position within the brain tissue sample and the appropriate

exposure times were selected to avoid pixel saturation. A series of

2D images (z stack) were taken at a step size of 1 mm. The beginning

and end of the 3D stack were set based on the signal level degrada-

tion. The series of images taken were saved in the Olympus soft-

ware. TheVolocity software (PerkinElmer)was then used to process

the series of images that were taken and generate a 3D reconstruc-

tion of the tissue.
Congo red staining
In addition, immunofluorescence analysis was carried out for the

AD, WT and AD / WT mice, where the PFA-fixed mouse hemi-

brains were embedded in paraffin, cut into 4-mm sections, and

collected onto charged slides. For the Congo red staining, the brain

sections were immersed in 2.5%NaCl in 80% ethanol, followed by

incubation in 0.2% Congo red for 20 min, and slides were

mounted with a Fluoromount and were scanned in the fluorescent

module using a Tetramethylrhodamine (TRITC) filter at 203 in an

Olympus VS-120 slide scanner (Evident, Tokyo, Japan). One

section of 4-mm thickness was stained with Congo red for each an-

imal. Image acquisition of the entire area of the 4-mm-thick hemi-

brain sectionwas done andmeasurement of the Congo red-stained

areas was performed using the Area Quantification FLV2.3.4 mod-

ule from HALO Image Analysis Platform V3.6.4134 (Indica Labs,

USA). Each data point in the histograms corresponds to data

from individual mice in each group where n = 6 for WT, n = 8 for

AD, and n = 8 for AD/WT.
Statistical analysis
The data are presented as the mean ± standard deviation. The sta-

tistical analyses were done with the help of the GraphPad Prism

software using the unpaired or paired Student’s t test when

comparing two groups, which is specified in the figure legends,

and a two-way ANOVA test for multiple comparisons with a Bon-

ferroni test to correct for the multiple comparisons. The sample

size for each experiment is indicated in the figure legend.
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