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Brain pericytes regulate cerebral blood flow, maintain the
integrity of the blood-brain barrier (BBB), and facilitate the
removal of amyloid b (Ab), which is critical to healthy brain ac-
tivity. Pericyte loss has been observed in brains from patients
with Alzheimer’s disease (AD) and animal models. Our previ-
ous data demonstrated that friend leukemia virus integration
1 (Fli-1), an erythroblast transformation-specific (ETS) tran-
scription factor, governs pericyte viability in murine sepsis;
however, the role of Fli-1 and its impact on pericyte loss in
AD remain unknown. Here, we demonstrated that Fli-1 expres-
sion was up-regulated in postmortem brains from a cohort of
human AD donors and in 5xFAD mice, which corresponded
with a decreased pericyte number, elevated inflammatorymedi-
ators, and increased Ab accumulation compared with cogni-
tively normal individuals and wild-type (WT) mice. Antisense
oligonucleotide Fli-1 Gapmer administered via intrahippocam-
pal injection decelerated pericyte loss, decreased inflammatory
response, ameliorated cognitive deficits, improved BBB
dysfunction, and reduced Ab deposition in 5xFAD mice.
Fli-1 Gapmer-mediated inhibition of Fli-1 protected against
Ab accumulation-induced human brain pericyte apoptosis
in vitro. Overall, these studies indicate that Fli-1 contributes
to pericyte loss, inflammatory response, Ab deposition,
vascular dysfunction, and cognitive decline, and suggest that
inhibition of Fli-1 may represent novel therapeutic strategies
for AD.
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INTRODUCTION
Alzheimer’s disease (AD) is a complex disease associated with cogni-
tive impairment, accumulation of amyloid b-peptide (Ab), vascular
dysfunction, and neuroinflammation.1–3 Cerebral vascular dysfunc-
tion, such as decreases in cerebral blood flow (CBF) and disruption
of the blood-brain barrier (BBB), has been recognized as an early
and pivotal contributor to AD pathogenesis and a reliable predictor
of cognitive decline.4,5 BBB damage in patients with AD and in animal
models is associated with degeneration of brain pericytes, which are
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vascular mural cells that regulate CBF, maintain BBB integrity,
mediate neuroinflammation, and exhibit phagocytic activity to re-
move toxic endogenous proteins, including Ab.6–10 A deficiency of
brain pericytes in the murine central nervous system leads to BBB
breakdown.11,12 Furthermore, a reduced pericyte number was
observed and correlated with BBB breakdown and Ab deposition in
the hippocampus and retina from patients with AD and in animal
models.10,11,13,14 Moreover, pericyte deficiency in APP/PS1 mice
was reported to accelerate BBB breakdown and increase Ab accumu-
lation in the brain.15 However, the processes that govern pericyte
viability and their role in AD development have not been fully
elucidated.

Our previous studies have demonstrated that friend leukemia virus
integration 1 (Fli-1), an erythroblast transformation-specific (ETS)
transcription factor, governs lung pericyte dysfunction and viability
via the mediation of pericyte pyroptosis.16 Specifically, Fli-1 binds
to the promoter regions of caspase-1/3 and regulates caspase-1/3
expression.17,18 In addition, Fli-1 is involved in a wide spectrum of
biological processes, including cancer development, fibrosis, vascul-
opathy, and inflammation,19–22 and it regulates the expression of
important cytokines and matrix metalloproteases (MMPs) such as
IL-6 and MMP3, which are implicated in AD.22–25 However, the
role of Fli-1 and its impact on pericyte degeneration in AD have
not been previously investigated.

Here, we examined potential mechanisms by which Fli-1 may modu-
late pericyte stability within the BBB and contribute to AD pathogen-
esis. We found that Fli-1 expression is increased in the brain,
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Table 1. Demographic data for all human brain donors

N = 38 Cognitively normal controls Alzheimer’s disease

No. of subjects 17 21

Females (%) 9 (52.9%) 11 (52.4%)

Age ± SD (years) 73.9 ± 15.2 80.6 ± 6.1

Race (%)

15 W (88.2%) 19 W (90.5%)

1 B (5.9%) 2 N/A (9.5%)

1 A (5.9%)

PMI ± SD (h) 12.2 ± 7.7 9.8 ± 6.3

SD, standard deviation;W,White; B, Black; A, Asian; N/A, not available; PMI, postmor-
tem interval. Values are presented as mean ± SD.
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including within pericytes from patients with AD and from 5xFAD
mice. We further showed that inhibition of Fli-1 by an antisense
oligonucleotide Gapmer, retards pericyte loss, ameliorates cognitive
deficits, reduces Ab deposition, and decelerates BBB breakdown in
5xFAD mice. Knockdown of Fli-1 prevented Ab accumulation-
induced human brain pericyte apoptosis in vitro. Thus, Fli-1 contrib-
utes to pericyte degeneration and cognitive impairment in AD, and
may represent a novel therapeutic target to modify AD progression.

RESULTS
Increased Fli-1 corresponded with pericyte loss in the

hippocampus from postmortem brains of AD patients

To investigate the possible role of Fli-1 in AD, we first detected Fli-1
expression levels in patients with AD. The demographics for the hu-
man subjects in the study are shown in Table 1. Fli-1 mRNA levels
determined by real-time PCR were significantly increased in the hip-
pocampus and superior temporal gyrus of AD patients (n = 8–11, Fig-
ure 1A; p < 0.05). These data are from a subcohort of human subjects
with AD diagnosis (age mean ± SD 83.7 ± 6.7 years, 7 females/4
males; postmortem interval [PMI] mean ± SD 5.6 ± 1.7 h) and are
compared with those of cognitively normal controls (age mean ±

SD 73.2 ± 19.8 years, 4 females/4 males; PMI mean ± SD 9.2 ± 3.3
h). Similarly, the Fli-1 levels determined by immunostaining in the
hippocampus were also significantly increased in AD patients (n =
10) compared with cognitively normal controls (n = 10, Figure 1B;
p < 0.05). The immunostaining was performed on postmortem brains
isolated from another subcohort of human subjects with AD diag-
nosis (age mean ± SD 77.2 ± 2.7 years, 4 females/6 males; PMI
mean ± SD 14.4 ± 6.3 h) and compared with those of cognitively
normal controls (age mean ± SD 76.2 ± 11.5 years, 5 females/5 males;
PMImean± SD 15.2 ± 9.1 h). Expression ofTNFa andMMP3 but not
IL-6 was increased in the hippocampus; however, increased TNFa
expression was observed only in the superior temporal gyrus of AD
patients (Figure S1; same cohort as in Figure 1A). In addition, Fli-1
levels were significantly (p < 0.05) up-regulated within pericytes in
the hippocampus of AD patients (n = 10, Figure 1C; same cohort
as in Figure 1B) as evidenced by increased Fli-1+ pericyte number.
However, the absolute number of pericytes (CD13 positive) in the
hippocampus was significantly (p < 0.05) decreased by 34% in AD pa-
tients compared with cognitively normal controls (n = 10, Figure 1D;
1452 Molecular Therapy Vol. 30 No 4 April 2022
same cohort as in Figure 1B). Quantification of active caspase-3+ peri-
cyte number confirmed pericyte apoptosis in the hippocampus, which
was significantly (p < 0.05) higher in AD patients (n = 10, Figure 1E;
same cohort as in Figure 1B).

Increased Fli-1 and pericyte loss in the hippocampus of 5xFAD

mice

Fli-1 levels and pericyte loss in the hippocampus were further investi-
gated in a transgenic AD mouse model (5xFAD) compared with age-
and sex-matched wild-type (WT) littermates (6.5 months of age). We
observed a significant increase in Fli-1mRNA and protein levels in the
hippocampus of 5xFAD mice compared with the WT mice (Figures
2A–2C; p < 0.05). Fli-1mRNA levels were also significantly increased
in the cortex of AD mice (Figure S2A; p < 0.05). Increased expression
of inflammatory mediators and MMPs, including TNFa, IL-6, IL-10,
and MMP3, which are implicated in AD development,23,24,26 was
observed in the hippocampus and/or cortex of 5xFAD mice (Figures
2D, S2B–S2D; p < 0.05). Increased Fli-1within pericytes anddecreased
pericyte number by 29% in the hippocampus of 5xFAD mice were
confirmed by immunostaining (Figures 2E–2G; p < 0.05), analogous
to observations in human brain tissues.

Fli-1 Gapmer treatment ameliorates cognitive deficits in 5xFAD

mice

To further investigate the possible association between Fli-1 and
cognitive deficits in AD, we knocked down Fli-1 by intrahippocampal
injection of Fli-1 antisense oligonucleotide Gapmers into 5xFADmice
at ages 3 and 4.5 months (Figure S3). Decreased Fli-1 mRNA and pro-
tein levels in the hippocampus but not in the cortex of 6.5-month-old
5xFAD mice were confirmed in the Fli-1 Gapmer group (Figures 3A
and S4A). Significant impairment in working memory and spatial
memory has been observed in 5xFAD mice.27,28 To investigate the
impairment in working memory, we performed the novel object
recognition (NOR) test in 6-month-old 5xFAD mice. We demon-
strated that 6-month-old 5xFADmice had significantly fewer interac-
tions with the novel object (frequency recognition index) and spent
significantly less time exploring the novel object (time recognition in-
dex) thanWTmice (Figure 3B; p < 0.05), indicating the impairment in
workingmemory of 5xFADmice.However, Fli-1 Gapmer administra-
tion significantly improved the recognition index of frequency and
time in 5xFAD mice compared with the control Gapmer group (Fig-
ure 3C; p < 0.05). The Morris water maze (MWM) test was used to
explore spatial memory limitations in 6-month-old 5xFAD mice. Af-
ter training trials on day 1, the escape latency time on day 2 of the
5xFAD mice was significantly longer than that of the WT mice (Fig-
ure 3D; p < 0.05), indicating the impairment in spatial memory of
5xFAD mice. However, the escape latency of the 5xFAD mice on
day 2 of the Fli-1 Gapmer group was significantly reduced compared
with that of the control Gapmer group (Figure 3E; p < 0.05).

Fli-1 Gapmer treatment reduces pericyte loss and improves BBB

dysfunction in the hippocampus of 5xFAD mice

To further investigate the possible role of Fli-1 in AD pathology, in-
flammatory mediators, MMPs, pericyte loss, and BBB dysfunction
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were assessed in 5xFAD mice treated with Fli-1 Gapmer or control
Gapmer at age 6.5 months. As revealed in Figure 4A, TNFa, IL-6,
and MMP3, but not IL-10, expression in the hippocampus of
5xFAD mice was significantly (p < 0.05) decreased in the Fli-1
Gapmer group. As intrahippocampal injection of Fli-1 Gapmer did
not affect the Fli-1 levels in the cortex, we consistently observed un-
changed TNFa, IL-6, andMMP3 expression in the cortex of the Fli-1
Gapmer group (Figures S4B–S4D). Fli-1 expression decreased within
pericytes, although the overall pericyte number increased by 22% in
the hippocampus of 5xFAD mice treated with Fli-1 Gapmer
compared with the control Gapmer group (Figures 4B–4D; p <
0.05). In addition, inhibition of Fli-1 significantly attenuated the
vascular leakage of IgG in the hippocampus of 5xFAD mice, suggest-
ing that Fli-1 Gapmer treatment improved BBB dysfunction (Figures
4E and 4F; p < 0.05).

Fli-1 Gapmer treatment attenuates Ab accumulation in the

hippocampus of 5xFAD mice

Pericyte loss has been associated with increased BBB breakdown and
Ab deposition in the hippocampus from AD patients and animal
models.10,11 Thus, we further determined the effect of Fli-1 Gapmers
via intrahippocampal injection on Ab deposition in 5xFAD mice. By
6.5 months, significant Ab plaques were observed by thioflavin-S
staining (Figure 5A) in the hippocampus of 5xFAD mice but were
barely found in their WT littermates. Fli-1 Gapmer treatment signif-
icantly reduced both the number and the area of amyloid plaque
deposition in the hippocampus (Figures 5B–5D; p < 0.05). Moreover,
Ab load as assessed by human Ab antibody staining (Figure 5E) was
observed in the hippocampus of 5xFADmice but was barely found in
their WT littermates. The 5xFADmice treated with Fli-1 Gapmer had
less Ab load in the hippocampus compared with the control Gapmer
group (Figures 5F and 5G; p < 0.05). To strengthen these results, we
further determined soluble human Ab levels in the hippocampus by
ELISA. Consistently, we found that soluble Ab40 and Ab42 levels in
the hippocampus were significantly increased in 5xFAD mice but
reduced in those injected with Fli-1 Gapmer (Figures 5H and 5I;
p < 0.05). However, soluble Ab40 or Ab42 levels in the cortex were
not affected by intrahippocampal injection of Fli-1 Gapmers due to
the undisrupted Fli-1 levels (Figures S4E and S4F).

Fli-1 Gapmer treatment prevents Ab accumulation-induced

pericyte apoptosis

To investigate the role of Fli-1 in pericyte apoptosis, we cultured hu-
man brain pericytes in vitro. Ab40 or TNFa treatment significantly
Figure 1. Fli-1 levels are increased and pericyte number is decreased in the hi
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increased Fli-1 mRNA levels in human brain pericytes (Figure 6A;
p < 0.05). Prolonged accumulation of Ab40 has been reported to
cause cell apoptosis of brain pericytes.10,15 Consistently, cell viability
assays showed that 7 days of continuous treatment with freshly aggre-
gated Ab40 treatment significantly decreased pericyte cell viability,
and transfection with Fli-1 Gapmer treatment significantly decreased
Fli-1 levels (Figure 6B; p < 0.05) and increased cell viability in brain
pericytes (Figure 6C; p < 0.05). Knockdown of Fli-1 significantly
reduced Ab40-induced caspase-3 mRNA levels (Figure 6D; p <
0.05). To assess whether Fli-1 Gapmer-prevented pericyte death is
attributed to inhibited apoptosis, we next performed terminal deoxy-
nucleotidyl transferase dUTP nick end labeling (TUNEL) and active
caspase-3 staining, two typical markers of apoptosis induction.
Indeed, the Ab40-induced increase in fluorescence intensity of
TUNEL and active caspase-3 expression in human brain pericytes
was significantly suppressed in the Fli-1 Gapmer group compared
with the control Gapmer group (Figures 6E–6G; p < 0.05).

DISCUSSION
AD is the most common neurodegenerative disorder and a leading
cause of dementia among elderly people. It accounted for approxi-
mately 70% of the 50 million people suffering from dementia world-
wide in 2018, and this figure is anticipated to triple by 2050, with asso-
ciated costs approaching $4 trillion.5 Pericyte loss inADand its central
role in regulating BBB integrity, Ab accumulation, and cognitive func-
tion have been recognized recently and hold promise for therapeutic
interventions.6–10 In the present study, we demonstrated that the anti-
sense oligonucleotide Gapmer-mediated inhibition of Fli-1 alleviates
AD progression via its protective effects against pericyte loss. This
notion can be supported by our several novel discoveries. First, Fli-1
expression level is increased with pericyte loss in postmortem brains
from AD patients and in 5xFAD mice. Second, knockdown of Fli-1
via intrahippocampal injection of antisense Gapmers ameliorates
cognitive deficits, pericyte loss, BBB dysfunction, and Ab deposition
in 5xFAD mice. Last, Fli-1 Gapmer treatment inhibits Ab accumula-
tion-induced pericyte apoptosis in cultured human brain pericytes.

Inflammatory response is a key factor in the development of AD.23 As
a critical regulator of inflammation, Fli-1 belongs to the ETS tran-
scription factor family and is expressed in macrophages, B cells,
T cells, endothelial cells, and pericytes.16,19,21,22,29 Abnormal Fli-1
expression has been observed in several diseases, including Ewing sar-
coma, systemic lupus erythematosus (SLE), systemic sclerosis, and
sepsis, and plays a critical role in the pathological development of
ppocampus from postmortem brains of AD patients
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Figure 2. Up-regulated Fli-1 levels are associated with increased pericyte loss in the hippocampus of 5xFAD mice

The hippocampuswas isolated fromWT and 5xFADmice at 6.5months of age. (A) Fli-1mRNA and (B) Fli-1 protein levels were determined by RT-PCR andwestern blot; n = 5

mice/group. (C) Representative fluorescence images of brain hippocampus stained for Fli-1 (green) and nuclei (DAPI, blue). Scale bar: 50 mm. Quantification analysis of Fli-1

fluorescence intensity was performed; n = 18 random fields from three mice/group. (D) Expression levels of TNFa, IL-6, IL-10, andMMP3were determined by RT-PCR; n = 5

mice/group. (E) Representative fluorescence images of brain hippocampus stained for Fli-1 (green), pericytes (CD13, red), and nuclei (DAPI, blue). Scale bars: 150 and 50 mm.

Representative Fli-1+ pericytes are indicated by arrows. (F and G) Fli-1+ pericyte numbers (F) and CD13+ pericyte numbers (G) were analyzed; n = 18 random fields from three

mice/group. Data are expressed as mean ± standard error of the mean. *p < 0.05 compared with WT group.

www.moleculartherapy.org

Molecular Therapy Vol. 30 No 4 April 2022 1455

http://www.moleculartherapy.org


Figure 3. Inhibition of Fli-1 by Fli-1 Gapmer via intrahippocampal injection attenuates cognitive deficits in 5xFAD mice

Fli-1 or control Gapmers were injected into both sides of the hippocampus of 5xFAD mice at 3 and 4.5 months of age. (A) The expression of Fli-1 in the hippocampus was

determined by RT-PCR and western blot in 5xFAD mice treated with control or Fli-1 Gapmers at 6.5 months of age. n = 3–5 mice/per group. NOR and MWM tests were

performed onwild-typemice (n = 8), 5xFADmice (n = 8), and 5xFADmice injected with control (n = 6) or Fli-1 Gapmers (n = 7–8) at 6months of age. The frequency and time of

recognition of novel object index (frequency to visit and time spent with novel object versus both objects) for WT and 5xFAD mice (B), and 5xFADmice treated with control or

Fli-1 Gapmers (C) were recorded and analyzed. The average time for WT and 5xFAD mice (D), and 5xFAD mice treated with control or Fli-1 Gapmers (E) to find the hidden

platform was recorded and analyzed. Data are expressed as mean ± standard error of the mean. *p < 0.05 compared with WT group or 5xFAD + Con Gapmer group. #p <

0.05 compared with 5xFAD + Con Gapmer group.
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these diseases.16,30–34 Our previous study demonstrated that Fli-1
expression is significantly increased in lung pericytes and contributes
to the inflammatory response and vascular leak in a murine model of
sepsis.16 In this study, we provide evidence that pericyte Fli-1 levels
were elevated in the hippocampus of AD patients and in 5xFAD
mice along with increased inflammatory mediators TNFa and IL-6
(Figures 1, 2, and S1). It is likely that the increased Fli-1 expression
in brain pericytes is associated with inflammation and Ab accumula-
1456 Molecular Therapy Vol. 30 No 4 April 2022
tion in AD, as its expression can be up-regulated in human brain peri-
cytes upon stimulation with TNFa or Ab40 (Figure 6). We further
noticed that inhibition of Fli-1 via intrahippocampal injection of anti-
sense Gapmers significantly decreased the expression of Fli-1 (Fig-
ure 3). Interestingly, this phenomenon was observed at 2months after
the injection of Fli-1 Gapmers. There are two possible mechanisms
behind this finding: (1) the long-lasting effect of Fli-1 Gapmer in vivo
and (2) Fli-1 Gapmer injection decreased Fli-1 levels leading to



Figure 4. Inhibition of Fli-1 by Fli-1 Gapmer via intrahippocampal injection ameliorates pericyte loss andBBBdysfunction in the hippocampus of 5xFADmice

Fli-1 or control Gapmers were injected into both sides of the hippocampus of 5xFAD mice at 3 and 4.5 months of age. The hippocampus was isolated from WT and 5xFAD

mice at 6.5 months of age. (A) TNFa, IL-6, IL-10, and MMP3 levels were determined by RT-PCR; n = 5 mice/group. (B) Representative fluorescence images of brain

(legend continued on next page)
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reduced TNFa levels and Ab deposition in the hippocampus, which
in turn decelerated the increase in Fli-1 levels during AD. However,
the dose-dependent and time-dependent effects of Fli-1 Gapmer
treatment on in vivo Fli-1 levels and AD development need further
study. In addition, Fli-1 Gapmer treatment significantly decreased
TNFa and IL-6 levels in the hippocampus of 5xFAD mice (Figure 4);
however, unaffected TNFa and IL-6 expression levels were observed
when Fli-1 expression was not disrupted in the cortex (Figure S4).
TNFa and IL-6 are proinflammatory cytokines produced in the brain
during AD and contribute to Ab deposition and BBB dysfunction.23

The TNFa blocking agents showed improvement in cognitive deficits
of AD animal models and reduced risks of AD in human patients with
rheumatoid arthritis and psoriasis.35,36 Neutralization of IL-6 in the
brains alleviated memory impairment in APP/PS1 mice.37 As an
important regulator of inflammation, Fli-1 regulates expression of
several important cytokines, including IL-6, by directly binding to
the promoter, and inhibition of Fli-1 exerts beneficial effects in in-
flammatory diseases, including sepsis and SLE.16,22,38 The collective
evidence together with our present data indicate that Fli-1 is an
important regulator of inflammation during AD, and the beneficial
effects of Fli-1 knockdown in AD may be partly attributed to the
attenuated inflammatory response.

In addition to inflammation, the contribution of pericyte loss to AD
progression has gained increasing attention.15 Ab can cause death of
cerebrovascular cells, including pericytes.39 Previous studies demon-
strated that pericyte number and coverage in the hippocampus of pa-
tients with AD are reduced by up to 60% compared with cognitively
normal controls.11 Decreased pericyte number in the hippocampus of
APP/PS1 mice was also observed.10 In addition, increased pericyte
loss via apoptosis in the retina from patients with ADwas identified.14

Consistent with these findings, we confirmed pericyte loss in the hip-
pocampus from patients with AD and 5xFAD mice (Figures 1 and 2).
A recent study suggests that Fli-1 deficiency promotes proliferation
and cell survival of endothelial cells.40 Our previous data demon-
strated that Fli-1 plays a critical role in pericyte dysfunction and
viability in sepsis by mediating pericyte pyroptosis.16 In addition,
Fli-1 directly binds to the promoter region of caspase-1/3 and thereby
mediates caspase-1/3 expression.17,18 Thus, Fli-1 may regulate brain
pericyte loss in AD. Indeed, we further demonstrated that knockdown
of Fli-1 attenuated pericyte loss in the hippocampus of 5xFAD mice
and reduced Ab-induced apoptosis and caspase-3 expression in
cultured human brain pericytes (Figures 4 and 6). Accelerated BBB
breakdown and microvascular reductions have been documented in
pericyte-deficient AD mice.15 A recent publication demonstrated
that soluble PDGFR-b is a cerebrospinal fluid biomarker of pericyte
injury during early cognitive impairment and correlates with BBB
disruption independent of Ab and tau.41 We previously reported
that knockout of Fli-1 improved vascular dysfunction in the lung
hippocampus stained for Fli-1 (green), pericytes (CD13, red), and nuclei (DAPI, blue). Sc

and (D) Fli-1+ pericyte numbers (C) and CD13+ pericyte numbers (D) were analyzed; n =

brain hippocampus stained for IgG (red) and CD31 (green). Scale bar: 25 mm. (F) Quan

group. Data are expressed as mean ± standard error of the mean. *p < 0.05 compare
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and kidney from septic mice.16 Therefore, Fli-1 may also regulate
BBB dysfunction in AD. Here, we provide evidence that inhibition
of Fli-1 via intrahippocampal injection of antisense Gapmers signifi-
cantly improved BBB breakdown as indicated by reduced IgG extrav-
asation in the hippocampus (Figure 4). These observations indicate
that Fli-1 may contribute to pericyte loss via regulation of caspase-
3, leading to BBB dysfunction in AD.

In the brain, Ab is produced by neurons and other cells, and plays an
indispensable role in the development of AD.23,42 Dysfunction of Ab
clearance, rather than Ab overproduction, is chiefly responsible for
the accumulation of Ab in the brain.43 Pericytes also show potent
phagocytic activity and play a critical role in the removal of
Ab.6,7,15,44 Other recent studies using pericyte-deficient transgenic
mouse models demonstrated that pericyte deficiency elevates brain
Ab40 and Ab42 levels and accelerates amyloid angiopathy by dimin-
ishing clearance of soluble Ab.15 From one end, loss of pericytes dis-
rupts BBB integrity, which may in turn accelerate Ab plaque
buildup.15,45 From the other end, pericyte loss reduces early clearance
of soluble Ab, leading to the accumulation of Ab in the brain, which
in turn self-amplifies Ab-induced pericyte loss.15 In this study, our
data showed that antisense Gapmer-mediated inhibition of Fli-1
significantly ameliorated Ab plaque deposition and soluble Ab levels
in the hippocampus of 5xFAD mice (Figure 5), which may be partly
attributed to the protection against pericyte loss. Thus, Fli-1 is
involved in a wide spectrum of activities in the brain by manipulating
inflammation, pericyte loss, BBB dysfunction, and Ab accumulation,
which all contribute to the cognitive decline in AD.4,5,10,23 Therefore,
Fli-1 may contribute to the cognitive deficits in AD. Indeed, we
further demonstrated that inhibition of Fli-1 in the hippocampus res-
cues spatial learning and memory deficits in the AD developing
5xFAD mice (Figure 3). These findings indicate that antagonizing
pericyte loss via Fli-1 Gapmer can decelerate vascular damage, Ab
accumulation, and cognitive deficits in AD.

Fli-1 plays an important role in vascular development, and its defi-
ciency results in embryonic lethality.46 Mice with a conditional dele-
tion of Fli-1 from endothelial cells also showed markedly increased
vessel permeability.47 These findings indicated that extremely low
levels of Fli-1 impair vascular homeostasis and cause vascular injury.
However, high levels of Fli-1 were associated with increased inflam-
mation and vascular leak in sepsis.16 Furthermore, Fli-1 transgenic
mice that overexpress Fli-1 developed a high incidence of a progres-
sive immunological renal disease associated with increased renal
inflammation, and ultimately died of renal failure caused by tubuloin-
terstitial nephritis and immune-complex glomerulonephritis.48

Therefore, extremely low or high levels of Fli-1 perturb the physiolog-
ical homeostasis and result in vascular and/or organ injury. Our study
demonstrated that Fli-1 levels were markedly increased by 4.4-fold in
ale bars: 150 and 50 mm. Representative Fli-1+ pericytes are indicated by arrows. (C)

18 random fields from three mice/group. (E) Representative fluorescence images of

titative analysis of IgG fluorescence intensity; n = 18 random fields from three mice/

d with 5xFAD + Con Gapmer group. #p < 0.05 compared with WT group.



Figure 5. Inhibition of Fli-1 by Fli-1 Gapmer via intrahippocampal injection reduces Ab accumulation in the hippocampus of 5xFAD mice

(A) Representative fluorescence images of brain hippocampus fromWT and 5xFAD mice at 6.5 months of age stained for Ab plaque (thioflavin-S, green). Scale bar: 100 mm.

Fli-1 or control Gapmers were injected into both sides of the hippocampus of 5xFAD mice at 3 and 4.5 months of age. The hippocampus was isolated from 5xFAD mice

treated with control or Fli-1 Gapmers at 6.5 months of age. (B) Representative fluorescence images of brain hippocampus stained for Ab plaque (thioflavin-S, green). Scale

bar: 50 mm. (C) and (D) Ab plaque number (C) and immunoreactive area (D) were analyzed; n = 19–24 random fields from three mice/group. (E) Representative fluorescence

images of brain hippocampus fromWT and 5xFAD mice at 6.5 months of age stained for human Ab (82E1, red) and nuclei (DAPI, blue). Scale bar: 50 mm. (F) Representative

fluorescence images of brain hippocampus from 5xFAD mice treated with control or Fli-1 Gapmers stained for human Ab (82E1, red) and nuclei (DAPI, blue). Scale bar:

50 mm. (G) Human Ab immunoreactive area was analyzed; n = 19 random fields from three mice/group. (H) Soluble human Ab40 levels in the hippocampus were detected by

ELISA; n = 5 mice/group. (I) Soluble human Ab42 levels in the hippocampus were detected by ELISA; n = 5 mice/group. Data are expressed as mean ± standard error of the

mean. *p < 0.05 compared with 5xFAD + Con Gapmer group. #p < 0.05 compared with WT group.
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the hippocampus in 5xFAD mice compared with WT mice, which is
associated with increased inflammation, pericyte loss, and Ab depo-
sition, while Fli-1 Gapmer treatment reduced Fli-1 levels by 4.7-
fold in the hippocampus of 5xFADmice and led to attenuated inflam-
mation, pericyte loss, and Ab deposition. Thus, Fli-1 Gapmer treat-
ment did not completely knock out Fli-1 levels but decreased the
Fli-1 levels back to the baseline, which is helpful in maintaining ho-
meostasis in the brain during AD. The intrahippocampal injection
of Fli-1 Gapmer we used in this study is a proof of concept that gua-
rantees future efforts to treat AD with systemic Fli-1 Gapmers, which
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Figure 6. Inhibition of Fli-1 by Fli-1 Gapmer reduces Ab accumulation-induced pericyte apoptosis and caspase-3 expression in human brain pericytes

Human brain pericytes were stimulated with freshly aggregated Ab (1–40, 10 mM) or human TNFa (10 ng/mL) for 12 h. (A) Fli-1 levels were determined by RT-PCR; n = 3

independent experiments. Human brain pericytes were transfected with Fli-1 or Con Gapmers for 48 h and treated with freshly aggregated Ab (1–40, 10 mM) for 5 or 7

consecutive days. (B) Fli-1 levels were determined by RT-PCR; n = 3 independent experiments. (C) Cell viability was evaluated by PrestoBlue cell viability reagent. Results are

expressed as percentage of Con Gapmer alone group; n = 12 replicates from four independent experiments. (D) Caspase-3mRNA levels were measured by RT-PCR; n = 3

independent experiments. (E) Representative fluorescence images of brain pericytes stained for TUNEL (green) or active caspase-3 (red). Scale bar: 100 mm. Quantification

analysis of (F) TUNEL fluorescence intensity and (G) active caspase-3 expression is shown; n = 10 random fields from three independent experiments. Data are expressed as

mean ± standard error of the mean. *p < 0.05 compared with control or Con Gapmer group. #p < 0.05 compared with Ab40 + Con Gapmer group. Con, control.
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could be a viable way to translate these results into a therapeutic
solution.

There are several limitations to our study. Increased Fli-1 expression
levels were confirmed in patients with AD and in 5xFAD mice at
6.5 months of age. It would be of clinical significance to investigate
further whether Fli-1 levels are associated with AD severity in pa-
tients from a larger cohort or in 5xFAD mice via long-term obser-
vations. We demonstrated the beneficial effect of Fli-1 Gapmer in
the hippocampus of 5xFAD mice; however, the role of Fli-1 in
the cortex in AD needs further investigation using systemic injec-
tion of Fli-1 Gapmers or Fli-1 knockout mice. The contribution
of Fli-1 to AD progression in 5xFAD mice may be partly attributed
to the mediation of pericyte loss. However, whether Fli-1 has an
impact on other cell types in AD, such as astrocytes, microglia, neu-
1460 Molecular Therapy Vol. 30 No 4 April 2022
rons, and endothelial cells, remains unknown and could be an inter-
esting topic for future study.

In summary, our studies identify Fli-1 as a novel regulator of pericyte
dysfunction in AD in association with protective effects of Fli-1
Gapmer against BBB dysfunction, Ab accumulation, and cognitive
decline. Thus, we provide evidence that signaling pathways reducing
Fli-1 expression or its downstream mediators may represent novel
therapeutic strategies for preventing or mitigating AD-induced cogni-
tive dysfunction.

MATERIALS AND METHODS
Human brain donors

Brain samples were obtained from the Carroll A. Campbell, Jr.,
Neuropathology Laboratory (brain bank) at the Department of
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Pathology and Laboratory Medicine at the Medical University of
South Carolina. These studies were in accordance with the 1964
Helsinki declaration and its later amendments or comparable ethical
standards and approved by the Institutional Review Board at the
Medical University of South Carolina. Brain tissues were collected
from 21 clinically and neuropathologically confirmed AD patients
and 17 cognitively normal individuals (females and males showing
neither clinical cognitive impairment/dementia nor brain pathology).
The entire human cohort demographics are listed in Table 1. The
groups had no significant differences in age, sex, or PMI hours. All
samples were previously anonymized.

Animals

The male and female 5xFAD transgenic mice on the C57BL/6J back-
ground were purchased from The Jackson Laboratory and bred in the
animal facility at the Medical University of South Carolina. All ani-
mals were allowed free access to food and water and maintained un-
der a facility with a 12 h light/dark cycle and constant temperature.
All procedures complied with the standards for care and use of animal
subjects as stated in the Guide for the Care and Use of Laboratory
Animals (Institute of Laboratory Resources, National Academy of
Sciences, Bethesda, MD). The protocol for all animal studies was
approved by the Institutional Animal Care and Use Committee at
the Medical University of South Carolina. The in vivo experimental
design can be found in Figure S3.

Intrahippocampal injection of control or Fli-1 Gapmers

Control or Fli-1 antisense oligonucleotide Gapmers (Qiagen, Ger-
mantown, MD) were injected into the hippocampus of 5xFAD trans-
genic mice as previously described.49 Each mouse received two injec-
tions at 3 and 4.5 months of age (Figure S3). Briefly, mice were
anesthetized with vaporized isoflurane and fixed in a stereotaxic
apparatus. Then, a 2 mL volume of control or Fli-1 Gapmers
(25 mM) was injected bilaterally into the hippocampus (anterior-pos-
terior [AP], �2.1 mm; medial-lateral [ML], ±1.6 mm; dorsal-ventral
[DV], �1.4 mm) using a Hamilton 5 mL syringe and a 27 G needle at
0.2 mL/min for a 10 min duration.

Novel object recognition

NOR was performed as described previously50,51 in 6-month-old
mice. The NOR test Plexiglas box was located in an isolated and illu-
minated animal testing room. Mice were first given a 10 min habitu-
ation trial with no objects in the test box, and the NOR test was per-
formed 24 h later. In the first trial of NOR, two identical objects were
placed in diagonally opposite corners of the test box and the mice
were allowed to explore them for 6 min. After 30 min, one of the ob-
jects was replaced with a novel object and the mice were again placed
in the test box for a second 6 min trial. Mouse behavior/activity and
time spent near each object were recorded by live video tracking and
EthoVision XT v.13 software (Noldus Information Technology, Lees-
burg, VA). Both the objects and the box were cleaned with alcohol and
dried after each trial to remove olfactory cues. Recognition index (RI)
of time was calculated based on the total time (second trial) spent
exploring the novel object (TN) and the familiar (TF) object: RItime =
TN/(TN + TF). RI of frequency was calculated based on the number of
visits (second trial) to the novel object (FN) and the familiar (FF)
object: RIfrequency = FN/(FN + FF).

Morris water maze

MWM test was performed as described previously52 in 6-month-old
mice. The MWM consists of a raised tank filled halfway with water,
which was warmed to a temperature of 25�C and made opaque
with the addition of non-toxic, white tempera paint. A Plexiglas
escape platform on a raised base was placed in one of four quadrants
of the maze, to be slightly submerged (1 cm) under water. Visual cues
were placed on the surrounding walls of the maze (N, S, E, W) and
remained in place for each day of testing. In brief, each mouse was
trained four times at 2 min intervals on day 1. In each trial, the mouse
was placed in water at one of four randomly selected starting positions
and given 90 s to find the platform; the elapsed time for finding the
platform was defined as the escape latency for each trial. Latency to
reach the location of the platform was monitored and recorded using
a high-speed camera and EthoVision XT v.13 software (Noldus Infor-
mation Technology, Leesburg, VA). If the mouse did not locate the
platform within 90 s, the mouse was guided gently by hand to the
platform and allowed to rest there for 10 s; the escape latency was
recorded as 90 s. Following the trial, each mouse was placed in a
dry container and allowed to rest for 2 min. At day 2, one trial was
performed for each mouse to test spatial learning and memory ability,
and the mice were allowed to swim for 90 s at the starting position
opposite the platform, and the escape latency was recorded. The
test was performed blindly. Mean swim latency for all the trials on
each day in each group was calculated.

Human brain pericyte culture and stimulation

Primary human brain pericytes were purchased from ScienCell
Research Laboratories and cultured in human pericyte medium
(#1201, ScienCell Research Laboratories, Carlsbad, CA). Pericytes
were transfected with control or Fli-1 antisense Gapmers (Qiagen,
Germantown, MD) for 48 h and cultured with or without freshly
aggregated Ab40 (10 mM, rPeptide, Watkinsville, GA) for 5 consec-
utive days. Total RNA was collected for further analysis. In another
set of experiments, pericytes were transfected with control or Fli-1
antisense Gapmers (Qiagen, Germantown, MD) for 48 h and
cultured with or without freshly aggregated Ab40 (10 mM, rPeptide,
Watkinsville, GA) for 7 consecutive days. Immunostaining and cell
viability assays were performed. Fresh medium with or without
10 mM Ab40 was replaced every 2 days until the end of the
experiment.

Cell viability

Cell viability was detected by PrestoBlue cell viability reagent
(Invitrogen, Waltham, MA) according to the instructions.

Immunocytochemistry

After deparaffinization, postmortem paraffin-embedded human hip-
pocampus sections (4 mm) were treated with antigen retrieval solu-
tion at 98�C for 20 min and washed in PBS. Frozen mouse brain
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tissues were cut into 8 mm sections, fixed with 4% paraformaldehyde
(PFA) for 15 min at room temperature, and then washed with PBS.
The sections from human or mouse were then incubated in blocking
buffer followed by primary antibody overnight at 4�C with the
following combinations: Fli-1 (1:400; Proteintech, Rosemont, IL),
CD13 (1:2,000; Cell Signaling, Danvers, MA), Ab (82E1, 1:2,000;
IBL America), Fli-1 (1:400; Proteintech, Rosemont, IL)/CD13
(1:2,000; Cell Signaling, Danvers, MA), and cleaved caspase-3
(1:400; Cell Signaling, Danvers, MA)/CD13 (1:2,000; Cell Signaling,
Danvers, MA). Sections were washed three times with PBS and
incubated with Alexa Fluor 488 goat anti-rabbit IgG (H + L) sec-
ondary antibody (Invitrogen, Waltham, MA) or Alexa Fluor 594
goat anti-mouse IgG (H + L) secondary antibody (Invitrogen,
Waltham, MA) diluted 1:200 in PBS for 1 h at room temperature.
For thioflavin-S staining, brain sections were incubated with 0.2%
thioflavin-S (T1892, Sigma-Aldrich, St. Louis, MO) diluted in PBS
for 10 min. After a wash with PBS, images were acquired using a
Keyence BZ-X800 microscope and processed using the Keyence
software package.

Human brain pericytes grown on 12 well plates coated with 0.2%
gelatin were fixed with 4% PFA for 15 min at room temperature
and then washed with DPBS. After being blocked with 1% BSA for
1 h at room temperature, the cells were incubated overnight at 4�C
with cleaved caspase-3 antibody (1:400; Cell Signaling, Danvers,
MA). Cells were washed with DPBS and incubated for 1 h at room
temperature with Alexa Fluor 594 goat anti-rabbit IgG (H + L) sec-
ondary antibody (Invitrogen, Waltham, MA) diluted 1:200 in
DPBS. After a wash with DPBS, images were acquired using a Key-
ence BZ-X800 microscope and processed using the Keyence software
package.

TUNEL staining

TUNEL staining was performed using a TUNEL kit according to the
manufacturer’s instructions (Roche, Indianapolis, IN).

Immunostaining quantification

For each biomarker, the fluorescence of specific signals was captured
using the same setting and exposure time. For Figure 1 of postmortem
paraffin-embedded human hippocampus sections, quantification was
performed from 10 AD donors and 10 age- and sex-matched cogni-
tive normal controls. For Figure 1B, four to six images at 20� objec-
tive were taken randomly from each subject. The fluorescence inten-
sity of acquired images was analyzed in the NIH ImageJ software,
averaging the value per subject. For Figure 1C, four to six random
fields at 20� objective per subject were analyzed for Fli-1+ pericyte
number, averaging the number per square millimeter per subject.
For Figure 1D, three images at 20� objective were taken randomly
from each subject, and CD13+ pericyte number in each acquired im-
age was analyzed, averaging the number per square millimeter per
subject. For Figure 1E, five or six random fields at 20� objective
per subject were analyzed for active caspase-3+ pericyte number, aver-
aging the number per square millimeter per subject. For Figure 2 of
frozen brain tissues, quantification was performed from WT and
1462 Molecular Therapy Vol. 30 No 4 April 2022
5xFAD mice (three mice per group). For Figure 2C, six images at
20� objective were taken randomly from the hippocampus area per
mouse, and the fluorescence intensity in each acquired image was
analyzed in the NIH ImageJ software. For Figures 2F and 2G, six
random images in the hippocampus area per mouse at 20� objective
were taken, and the Fli-1+ pericyte number and CD13+ pericyte num-
ber in each acquired image were analyzed. For Figure 4 of frozen brain
tissues, quantification was performed from WT mice and 5xFAD
mice treated with control or Fli-1 Gapmers (three mice per group).
For Figures 4C and 4D, six random images in the hippocampus
area per mouse at 20� objective were taken, and Fli-1+ pericyte num-
ber and CD13+ pericyte number in each acquired image were
analyzed. For Figure 4F, six random images in the hippocampus
area per mouse at 20� objective were taken, and the fluorescence in-
tensity of acquired images was analyzed in the NIH ImageJ software.
For Figure 5 of frozen brain tissues, quantification was performed
from 5xFAD mice treated with control or Fli-1 Gapmers (three
mice per group). For Figures 5C and 5D, six to nine images at 20�
objective were taken randomly from the hippocampus area per
mouse. The plaque number in each image was counted, and the pla-
que area in each image was analyzed in the NIH ImageJ software. For
Figure 5G, six or seven images at 20� objective were taken randomly
from the hippocampus area per mouse. The Ab area in each image
was analyzed in the NIH ImageJ software. For Figure 6 of human
brain pericyte immunostaining, quantification was performed from
three independent experiments. For Figures 6F and 6G, 10 random
images per group at 10� objective were taken, and the fluorescence
intensity in each acquired image was analyzed in the NIH ImageJ
software.
ELISA

The concentration of soluble human Ab40 and Ab42 in the hippo-
campus or cortex from WT mice and 5xFAD mice treated with con-
trol or Fli-1 Gapmers at age 6.5 months was detected. In brief, mice
were anesthetized, and hippocampal and cortex tissues were removed
and homogenized in RIPA buffer (Cell Signaling, Danvers, MA) on
ice for 30 min. Samples were then centrifuged for 10 min at 4�C at
12,000 � g to obtain the supernatant. Protein concentration was
determined by BCA assay and equal amounts of proteins were used
to detect the concentration of soluble Ab40 or Ab42 using an Ab40
or Ab42 Human ELISA Kit (Invitrogen, Waltham, MA) according
to themanufacturer’s instructions. Results are presented as picograms
of Ab40 or Ab42 per microgram of total protein.
Real-time reverse transcription-polymerase chain reaction

Total RNA was extracted from cultured human brain pericytes, hu-
man brain samples, or mouse brain tissues using the RNeasy Plus
Mini Kit (Qiagen, Germantown, MD). cDNA was synthesized with
the High Capacity cDNA Reverse Transcription Kit (Applied Bio-
systems, Waltham, MA). Quantitative real-time PCR was performed
using the SYBR Green PCR Kit (Qiagen, Germantown, MD) and
CFX96 Real-Time PCR system (Bio-Rad, Hercules, CA). Primers
used in this study were purchased from Qiagen (Germantown,
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MD). Data were analyzed with 2�DDCt value calculation using
GAPDH for normalization.

Western blot analysis

Mouse brain tissues were lysed with ice-cold RIPA lysis buffer (Cell
Signaling, Danvers, MA). All lysed samples were kept on ice for
30 min and centrifuged for 10 min at 4�C at 12,000 � g. Cell lysates
were subjected to 12% SDS-PAGE and transferred onto a polyvinyli-
dene difluoride membrane. The membranes were blocked with 7%
milk in TBST (20 mM Tris, 500 mM NaCl, and 0.1% Tween 20)
for 1 h. After being washed with TBST twice, membranes were incu-
bated with primary antibody overnight at 4�C. Primary antibodies to
b-actin were obtained from Cell Signaling (Danvers, MA). Fli-1 pri-
mary antibody was obtained from Proteintech (Rosemont, IL). The
membranes were washed twice with TBST and incubated with horse-
radish peroxidase (HRP)-conjugated secondary antibody in blocking
buffer for 1 h. After being washed three times with TBST, immuno-
reactive bands were visualized by incubation with ECL Plus detection
reagents (GE Healthcare, Chicago, IL). Images were acquired by a
ChemiDoc Touch Imaging System (Bio-Rad, Hercules, CA), and
the densitometry of bands was quantified with ImageJ2 software.

Data analysis

Statistical significance was determined by analysis of variance (-
ANOVA) or Student’s t test using GraphPad Prism software. A value
of p < 0.05 was considered statistically significant.
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Figure S1. Expression of TNFα, IL-6 and MMP3 in AD patients. RNAs were isolated from 100 

mg brain hippocampal tissue or superior temporal tissue of human donors with AD (N = 11) and 

cognitively normal controls (N = 8). The expression levels of TNFα, IL-6 and MMP3 were 

determined by RT-PCR in the (A-C) hippocampus and (D-F) superior temporal. Data are 

expressed as mean ± standard error of the mean. *P < 0.05 compared to CON group. CON: control; 

AD: Alzheimer's disease. 

 

 

 

 

 

 

 



 

Figure S2. Increased Fli-1, TNFα, IL-6 and MMP3 in the cortex of 5xFAD mice. The cortex 

was isolated from WT and 5xFAD mice at 6.5 months of age. (A) Fli-1 mRNA levels were 

determined by RT-PCR. N=5 mice/group. Expression levels of (B) TNFα, (C) IL-6 and (D) MMP3 

were determined by RT-PCR. N=5 mice/group. Data are expressed as mean ± standard error of 

the mean. *P < 0.05 compared to WT group. 

 

 

 

 

 

 

 

 



 

Figure S3. The experimental design in vivo. The in vivo experimental design including the 

timeline of intrahippocampal injection of Control or Fli-1 Gapmers, behavioral test, RT-PCR, 

western blot, immunostaining and ELISA. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

Figure. S4. Intrahippocampal injection of Fli-1 Gapmer did not affect expression levels of 

Fli-1, TNFα, IL-6 and MMP3, and Aβ levels in the cortex of 5xFAD mice. Fli-1 or control 

Gapmers were injected into both sides of the hippocampus of 5xFAD mice at 3 and 4.5 months of 

age. The cortex was isolated from WT and 5xFAD mice treated with control or Fli-1 gapmers at 

6.5 months of age. (A) Fli-1, (B) TNFα, (C) IL-6 and (D) MMP3 levels were determined by RT-

PCR. (E-F) Soluble human Aβ40 and Aβ42 levels in the cortex was detected by ELISA. N=5 

mice/group. Data are expressed as mean ± standard error of the mean. *P < 0.05 compared to WT 

group. 
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