PNAS

IMMUNOLOGY AND INFLAMMATION

Check for
updates

A TNF receptor 2 agonist ameliorates neuropathology and
improves cognition in an Alzheimer’s disease mouse model

Natalia Orti-Casan®‘®, Inge S. Zuhorn®
and Ulrich L. M. Eisel®’

, Petrus J. W. Naudé®<, Peter P. De Deyn®

. Pauline E. M. van Schaik®

, Harald Wajant®,

Edited by Lawrence Steinman, Stanford University, Stanford, CA; received January 20, 2022; accepted July 7, 2022

Tumor necrosis factor-a¢ (TNF-ot) is a pleiotropic, proinflammatory cytokine related
to different neurodegenerative diseases, including Alzheimer’s disease (AD). Although
the linkage between increased TNF-« levels and AD is widely recognized, TNF-o—
neutralizing therapies have failed to treat AD. Previous research has associated this with
the antithetic functions of the two TNF receptors, TNF receptor 1, associated with
inflammation and apoptosis, and TNF receptor 2 (TNFR2), associated with neuropro-
tection. In our study, we investigated the effects of specifically stimulating TNFR2 with
a TNFR2 agonist (NewStar2) in a transgenic Af-overexpressing mouse model of AD
by administering NewStar2 in two different ways: centrally, via implantation of osmotic
pumps, or systemically by intraperitoneal injections. We found that both centrally and
systemically administered NewStar2 resulted in a drastic reduction in amyloid f deposi-
tion and P-secretase 1 expression levels. Moreover, activation of TNFR2 increased
microglial and astrocytic activation and promoted the uptake and degradation of Ap.
Finally, cognitive functions were also improved after NewStar2 treatment. Our results
demonstrate that activation of TNFR2 mitigates AB-induced cognitive deficits and neu-
ropathology in an AD mouse model and indicates that TNFR2 stimulation might be a
potential treatment for AD.
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Tumor necrosis factor-o (TNF-a) is a master proinflammatory cytokine involved in
the regulation of innate and adaptive immunity (1). TNF-a plays a crucial role in vari-
ous autoimmune and neurological disorders, including Alzheimer’s disease (AD) (2, 3).
TNF-o—neutralizing therapeutics have been approved for the treatment of different
inflammatory and autoimmune diseases, like rheumatoid arthritis or plaque psoriasis
(4). However, the treatment of neurological disorders with TNF-a—neutralizing drugs
led to inconclusive or even detrimental results (5-8). The latter could be explained, at
least partly, by the different functions of the two receptors of TNF: on the one hand,
stimulation of cytotoxic and strongly inflimmatory pathways by TNF receptor 1
(TNFR1) in response to soluble TNF (sTNF) or membrane TNF (mTNF) or, on the
other hand, activation of TNF receptor 2 (TNFR2) by mTNF eliciting pro- and anti-
inflammatory effects but also neuroprotective functions and tissue regeneration (9, 10).

As a consequence, several studies aimed at selective targeting of TNFR1 or TNFR2,
instead of completely inhibiting TNF-a. First, targeting TNFR1 by using specific
TNFRI1 antagonists or sSTNF inhibitors resulted in amelioration of inflammation and
apoptosis in various in vivo neurodegenerative disease models, such as models of multi-
ple sclerosis (11, 12), Parkinson’s disease (13), and AD (14, 15). Second, targeting
TNFR?2 by specific TNFR2 agonists exerted an enhancement in neuroregeneration and
tissue homeostasis in vitro (16) as well as in in vivo models (17). Therefore, specific tar-
geting of TNFR1 and/or TNFR2 offers a promising new therapeutic avenue.

However, clinical and preclinical studies on the effect of specific therapeutic target-
ing of TNFR2 in AD are lacking. It is acknowledged that during AD, the deposition
of AP plaques, one of the main hallmarks of AD pathogenesis, occurs as a consequence
of an imbalance between AP production and clearance (18). The f-secretase 1 (BACE-
1) is mainly responsible for the production of toxic AP peptides, whereas uptake and
degradation of these peptides are achieved by glial cells in the central nervous system
(CNS), such as microglia and astrocytes (19, 20). Microglia are the resident macro-
phages of the CNS and their function is to constantly survey their environment and
react to any detected insult, such as tissue damage or pathogen infection (21). Micro-
glia are also involved in tissue repair and maintaining brain homeostasis. Moreover,
microglia have been found to be essential for AP clearance in AD mouse models (20).
It has been reported that in the context of AD, BACE-1 expression is increased, and
the presence of AP plaques impairs the phagocytic activity of microglia (22, 23). These
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events could lead to an overproduction of AP accompanied by
reduced AP clearance, which may partly lead to the observed
pathogenesis of AD.

Previous studies have proven that TNFR2 activation is neu-
roprotective in different disease models; however, it remains to
be established whether TNFR2 stimulation has a protective
effect against AB-mediated neuropathology and amyloid deposi-
tion and if this could improve cognitive functions. Therefore,
in this study, we tested the hypothesis that selective stimulation
of TNFR2 is able to abrogate AB-associated neuropathology

and cognitive impairments.

Results

NewsStar2 Improves Cognitive Functions in the J20 Mouse
Model. To assess the potential effects of the TNFR2 agonist
NewStar2 in J20 mice on cognition, NewStar2 was adminis-
tered either centrally via osmotic pumps or systemically via
intraperitoneal (IP) injections. After 6 wk of treatment, we had
the mice perform the elevated-plus maze (EPM), spontaneous
alternation Y-maze, and Morris water maze (MWM) tests
(Fig. 1A). In the Y maze, animals treated IP with NewStar2
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performed significantly more alternations than did phosphate-
buffered saline (PBS)—treated control animals. In the osmotic-
pump groups, administration of NewStar2 showed no effect
(Fig. 1B). No significant differences were found in the number
of entries irrespective of the method of NewStar2 administra-
tion (Fig. 1C). Moreover, administration of NewStar2 both via
osmotic pumps and peripheral injections resulted in no signifi-
cant differences in the percentage of time spent in the center,
open, or closed arms in the EPM test (S/ Appendix, Fig. S1 B
and O).

In the MWM training phase, mice treated IP with NewStar2
had a significantly lower escape latency compared with the ani-
mals in the IP PBS control group. No significant difference in
the escape latency was found when comparing both osmotic-
pump groups. However, the escape latency of the mice of both
osmotic-pump groups was equivalent to that of the animals IP
treated with NewStar2 (Fig. 1D), which was also observed in
their swimming trajectories (Fig. 1G). In the probe trial per-
formed 24 h after the training phase, there were no statistically
significant differences in the number of crossings over the plat-
form position (Fig. 1E) or the time spent in the platform quad-
rant (i.e., the target quadrant) (Fig. 1F) across the groups.
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NewsStar2 improves working and spatial memory. (A) Timeline of experimental procedures. (B) Alternation (%) tested in the Y-maze spontaneous

alternation (IP injections: PBS, n = 13, NewStar2, n = 13; osmotic pumps: PBS, n = 11, NewStar2, n = 12; two-way ANOVA, Bonferroni post hoc analysis:
F1.45 =7.81, degrees of freedom [DF] = 1). (C) Number of entries in the Y-maze spontaneous alternation (IP injections: PBS, n = 13, NewStar2, n = 13; osmotic
pumps: PBS, n = 11, NewStar2, n = 12; two-way ANOVA, Bonferroni post hoc analysis: F; 45 = 1.88, DF = 1). (D) Escape latency(s) during the training phase of
the MWM (IP injections: PBS, n = 11, NewStar2, n = 8; osmotic pumps: PBS, n = 11, NewStar2, n = 11; two-way repeated measures ANOVA, Bonferroni post
hoc analysis: F337 = 4.37, DF = 3). (E) Number of platform crossings during the probe trial (IP injections: PBS, n = 11, NewStar2, n = 8; osmotic pumps: PBS,
n =11, NewStar2, n = 11; two-way ANOVA, Bonferroni post hoc analysis: F; 37 = 1.19, DF = 1). (F) Time in target quadrant during the probe trial (IP injections:
PBS, n = 11, NewStar2, n = 8; osmotic pumps: PBS, n = 11, NewStar2, n = 11; two-way ANOVA, Bonferroni post hoc analysis: Fy 37 = 2.41, DF = 1). (G) Repre-
sentative heat maps showing swimming trajectories at day 8 of training. The platform was located in the southeast quadrant. Data are presented as mean +
SEM. *P < 0.05; **P < 0.01; ***P < 0.001. Panel A was created with BioRender.com.
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Nevertheless, mice from both osmotic-pump groups and mice
IP treated with NewStar2 had a tendency to perform more
platform crossings and spend more time in the target quadrant
than did the IP PBS-treated animals.

Moreover, changes in body weight were evaluated. Animals
carrying osmotic pumps had an overall increase in body weight
growth compared with animals that received peripheral injec-
tions (SI Appendix, Fig. S1A).

Additionally, since NewStar2 was administered to the animals
via an osmotic pump for a period of 6 wk, we investigated
whether NewStar2 would remain stable during this period of
time at the animal’s body temperature (~37 °C). To this end, a
cytotoxicity assay using kym-1 cells was performed prior to the
start of the animal experiments. Pretreatment of kym-1 cells with
500 ng/mL NewStar2 for 24 h resulted in a significant decrease
in cell viability for both freshly conserved NewStar2 and 6-wk
preincubated NewStar2 (87 Appendix, Fig. S2). These results con-
firm that NewStar2 remains bioactive at 37 °C for at least 6 wk.

NewStar2 Reduces Plaque Load and BACE-1 Expression. To
evaluate the effects of NewStar2 on the neuropathology of J20
mice, we investigated the AP plaque load after NewStar2
administration. NewStar2 IP administration resulted in a
drastic reduction of AP plaque load (Fig. 24) measured in
hippocampus (Fig. 2C), corpus callosum (Fig. 2D), and cortex
(Fig. 2F). Similarly, central application of NewStar2 by osmotic
pumps resulted in a reduction in AP plaque load (Fig. 2B)
observed in hippocampus (Fig. 2C) and cortex (Fig. 2E), but not
in the corpus callosum (Fig. 2D). Worth mentioning is that the
baseline level of AP plaques in the osmotic-pump PBS group was
significantly lower than that of the IP PBS-treated control mice
group (Fig. 2 G-E).

To further assess the observed changes in AP plaques, we
investigated BACE-1 expression after NewStar2 administration.
BACE-1 is responsible for cleaving APP, which will eventually
lead to the formation and aggregation of toxic AP peptides
(24). Mice treated with NewStar2 had reduced BACE-1 expres-
sion levels in the hippocampus compared with corresponding
control mice irrespective of the mode of application (Fig. 2 F
and G). In the corpus callosum area, mice treated IP with
NewStar2 also had a decrease in BACE-1 levels compared with
the control group. However, no significant differences were found
in the osmotic pump groups with PBS versus NewStar2 applica-
tion, although there was a tendency toward decreased BACE-1
expression in NewStar2-treated animals (Fig. 2H). No significant
differences were found in the cortex area (Fig. 21).

Peripheral TNFR2 Stimulation by NewStar2 Expands Regulatory
T Cells and Increases Activity of Glial Cells. To determine the
impact of NewStar2 on neuroinflammation, we first investi-
gated in hippocampus sections the changes in the frequency of
cells expressing forkhead box P3 (Foxp3), a specific marker for
regulatory T cells (Tregs), a cell type which plays a key role in
modulating immune responses (25). Mice treated IP with
NewStar2 had a nearly significant (P = 0.05) threefold increase
in Foxp3-positive Tregs in the hippocampus compared with
PBS-treated control mice (Fig. 3 A and D). No significant dif-
ferences were observed in the osmotic pump groups when com-
paring treatments, although both groups had significantly lower
numbers of Foxp3-positive cells than did mice treated IP with
NewStar2 (Fig. 3 B and D). Spleen sections were used as posi-
tive control (Fig. 3 O).

Next, we examined the differences in the ionized calcium—
binding adapter molecule 1 (Ibal) in cornu ammonis sector 1
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(CALl), cornu ammonis sector (CA3), and dentate gyrus (DG)
hippocampal areas after NewStar2 administration. Ibal is a
broadly used immunohistochemical marker for activated micro-
glia and macrophages (26). We found that administration of
NewStar2 via IP injections resulted in a significant increase in
total Ibal coverage in the DG area compared with IP PBS-
treated mice (Fig. 3 £ and F). Moreover, no significant changes
were observed in microglial activation between IP NewStar2-
treated and IP PBS-treated groups, although there was a ten-
dency for increased microglial activation in the DG area of IP
NewStar2-treated animals (Fig. 3G). Furthermore, we observed
that central administration of NewStar2 via osmotic pumps
caused a significant increase in total coverage (Fig. 3 H and ]
and microglial activation (Fig. 3 H and )) in the DG area com-
pared with corresponding controls. Microglial activation was
also increased in the CA3 area, but the difference was not sig-
nificant (Fig. 3)).

To evaluate the effect of NewStar2 on the inflammatory sta-
tus of microglia, we investigated the changes in the purinergic
receptor P2Y12 (P2RY12) in CAl, CA3, and DG hippocampal
areas after NewStar2 administration. P2RY12 is expressed in
microglia and platelets and has been identified as a specific
marker for resting or nonactivated microglia, which enables the
distinction between homeostatic (resting) and activated micro-
glia (27, 28). We found that IP administration of NewStar2
led to a significant increase in P2RY12 total coverage in the
CA3 and DG areas, but not in the CAl, compared with IP
PBS-treated mice (S/ Appendix, Fig. S3 A and C). In contrast,
animals in the osmotic-pump groups did not show any signifi-
cant differences when comparing treatments, although a ten-
dency toward higher P2RY12 total coverage was observed in the
CA3 and DG areas of NewStar2-treated animals (S/ Appendix,
Fig. S3 Band D).

Finally, to explore the effect of NewStar2 on astrocytic activ-
ity, we investigated the levels of glial fibrillary acidic protein
(GFAP), an astrocyte activity marker. We found that IP admin-
istration of NewStar2 resulted in significantly higher GFAP
total coverage in all areas of the hippocampus (CA1, CA3, and
DG) compared with IP PBS-treated control mice (Fig. 3 K'and
L). However, central administration (i.e., via osmotic pump) of
NewStar2 revealed no significant differences in GFAP total
coverage compared with animals treated centrally with PBS,
although a tendency toward increased GFAP coverage was
observed in the NewStar2 treatment group (Fig. 3 M and N).

NewsStar2 Enhances Microglial Phagocytosis and Clearance of
AB plaques. To further investigate the effect of NewStar2 on
microglia, we evaluated the association of AB plaques with CD68,
a marker for phagocytic microglia. The presence of CD68-positive
microglia in the vicinity of AP plaques has been related to clear-
ance and degradation of A plaques (29, 30). We observed a sig-
nificant increase in CDG68-positive microglia around Af plaques
after administration of NewStar2 compared with controls in the
IP and centrally treated mice compared with corresponding con-

trols (Fig. 4 Aand B).

NewStar2 Is Neuroprotective and Crosses the Blood-Brain
Barrier In Vitro. The neuroprotective effect mediated by TNFR2
activation is dependent on the stimulation of the PI3K-PKB/Akt
pathway (17, 31). Incubation of primary cortical neurons with
increasing toxic concentrations of glutamate caused a dose-
dependent decrease in PKB/Akt phosphorylation. This, however,
was counteracted by pretreatment with 1 pg/mL NewStar2 for

24 h (SI Appendix, Fig. S4 A, B and E). Significantly higher
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Fig. 2. NewsStar2 administration decreases AB plaque load and BACE-1 expression levels. (A) Plaque load after PBS or NewStar2 administration via IP injec-
tions. (B) Plaque load after PBS or NewStar2 administration via osmotic pumps. Representative images of hippocampus are shown. Scale bar, 100 pm. (C-E)
Quantification of Ap plaque coverage in hippocampus (IP injections: PBS, n = 12, NewStar2, n = 11; osmotic pumps: PBS, n = 8, NewStar2, n = 9; two-way
ANOVA, Bonferroni post hoc analysis: Fq 36 = 6.68, degrees of freedom [DF] = 1) (C); corpus callosum (IP injections: PBS, n = 12, NewStar2, n = 11; osmotic
pumps: PBS, n = 8, NewStar2, n = 9; two-way ANOVA, Bonferroni post hoc analysis: Fy 35 = 5.58, DF = 1) (D); and cortex (IP injections: PBS, n = 12, NewStar2,
n = 11; osmotic pumps (PBS: n = 8, NewStar2, n = 9; two-way ANOVA, Bonferroni post hoc analysis: Fy 3¢ = 4.23, DF = 1) (E). (F) Sections from tissues of mice
treated with PBS compared with those of mice treated with NewStar2 administered via IP injections or osmotic pumps. Sections were stained with 6e10
(magenta) for Ap plaques and anti-BACE-1 (green) for BACE-1. Representative images of hippocampus are shown. Scale bar, 50 um. (G-/) Quantification of
BACE-1 coverage in hippocampus (IP injections: PBS, n = 12, NewStar2, n = 11; osmotic pumps: PBS, n = 8, NewStar2, n = 9; two-way ANOVA, Bonferroni
post hoc analysis: Fy 3¢ = 9.64, DF = 1) (G); corpus callosum (IP injections: PBS, n = 12, NewStar2, n = 11; osmotic pumps: PBS, n = 8; NewStar2, n = 9; two-
way ANOVA, Bonferroni post hoc analysis: F; 36 = 14.93, DF = 1) (H); and cortex (IP injections: PBS, n = 12, NewStar2, n = 11; osmotic pumps (PBS, n = 8,
NewsStar2, n = 9; two-way ANOVA, Bonferroni post hoc analysis: Fq 36 = 2.09, DF = 1) (/). Data are presented as mean + SEM. *P < 0.05; ***P < 0.001.
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(D) Quantification of Foxp3 coverage in hippocampus (IP injections: PBS, n = 12, NewStar2, n = 11; osmotic pumps: PBS, n = 8, NewStar2, n = 9; two-way
ANOVA, Bonferroni post hoc analysis: Fy 36 = 2.91, degrees of freedom [DF] = 1). (E and H) IBA-1 microglia after PBS or NewStar2 administration via IP injec-
tions (E) or osmotic pumps (H). Representative images of DG are shown. Scale bar, 100 pm. (F) Quantification of microglia (IBA-1) coverage from CA1, CA3,
and DG, shown in E (IP injections: PBS, n = 12, NewStar2, n = 11; two-way ANOVA, Bonferroni post hoc analysis: Fq 63 = 8.72, DF = 1). (G) Quantification
of microglial activation from CA1, CA3, and DG, shown in E (IP injections: PBS, n = 12, NewStar2, n = 11; two-way ANOVA, Bonferroni post hoc analysis: F; ¢3
= 2.05, DF = 1). (/) Quantification of microglia coverage from CA1, CA3, and DG, shown in H (osmotic pumps: PBS, n = 8, NewStar2, n = 9; two-way ANOVA,
Bonferroni post hoc analysis: Fy 45 = 6.24, DF = 1). (/) Quantification of microglial activation from CA1, CA3, and DG, shown in / (osmotic pumps: PBS, n = 8,
NewsStar2, n = 9; two-way ANOVA, Bonferroni post hoc analysis: Fy 45 = 7.11, DF = 1). (K and M) GFAP astrocytes after PBS or NewStar2 administration via IP
injections (K) or osmotic pumps (M). Representative images of DG are shown. Scale bar, 100 pm. (L) Quantification of astrocytes (GFAP) coverage from CA1,
CA3, and DG, shown in K (IP injections: PBS, n = 12, NewStar2, n = 11; two-way ANOVA, Bonferroni post hoc analysis: F; g3 = 5.76, DF = 1). (N) Quantification
of GFAP coverage from CA1, CA3, and DG, shown in M (osmotic pumps: PBS, n = 8, NewStar2, n = 9; two-way ANOVA, Bonferroni post hoc analysis: Fy 45 =
3.03, DF = 1). Data are presented as mean + SEM. *P < 0.05; **P < 0.01.
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mean + SEM. *P < 0.05; **P < 0.01.

PKB/Akt phosphorylation was observed in NewStar2-treated
groups at 10, 25, and 50 pM glutamate concentrations com-
pared with control groups (SI Appendix, Fig. S4E). Further-
more, to assess whether the neuroprotective effect of NewStar2
is glutamate dependent, we treated neurons with NewStar2 for
24 h, followed by incubation with a glutamate receptor antago-
nist (MK-801) prior to glutamate exposure. We observed that
incubation with MK-801 prevented the decrease in PKB/Akt
phosphorylation in the control groups (SI Appendix, Fig. S4 C
and F). However, treatment with NewStar2 resulted in a signif-
icantly higher increase in PKB/Akt phosphorylation at the
25 and 50 pM glutamate concentrations (SI Appendix, Fig. S4
D and F). Overall, these results indicate that NewStar2 treat-
ment has a neuroprotective effect in primary cortical neurons,
which is not glutamate-receptor dependent.

Moreover, we tested whether different concentrations of
NewStar2 labeled with fluorescein isothiocyanate (FITC) were
able to cross the blood-brain barrier (BBB) in an in vitro trans-
cytosis BBB model composed of human cerebral microvascular
endothelial (hCMEC)/D3 cells. Addition of both 25 pg and
50 pg of FITC-NewStar2 showed a positive transcytosis passage
of ~3% across the BBB model (SI Appendix, Fig. S5).

Discussion

It has been widely accepted that TNF-a plays a key role in
mediating the neuroinflammatory response in AD. However,
anti-TNF-a therapies have largely failed in the treatment of
neurodegenerative diseases, probably due to the antithetic func-
tions of the two TNF receptors, with TNFRI being responsible
for proinflammatory and proapoptotic signaling, whereas TNFR2
signaling induces immunomodulatory and regenerative processes.
Moreover, the exact effects of triggering TNFR2 in the AD con-
text remain unknown. In the present study, we hypothesized that
selective stimulation of TNFR2 could attenuate the AB-induced
cognitive impairment and the AD-related neuropathology. We
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demonstrated that exogenous therapeutic activation of TNFR2
drastically reduces AP plaque load and rescues AD-related cogni-
tive impairments in the J20 mouse model.

Upon TNFR2-agonist treatment, we found a clear reduction
in AP plaque load in specific areas of the brain that are affected
in AD, such as the hippocampus and cortex. The significant
reduction in AP deposition via TNFR2 agonist was accompa-
nied by significantly lower levels of BACE-1. BACE-1 is a
major player in AP formation since it contributes to the cleav-
age of APP into APy, (32). It is well known that activation of
TNFR2 and its downstream PI3K/Akt pathway is related to
neuroprotection and immune regulation (9). Indeed, it has
been demonstrated that activation of the PI3K/Akt pathway
resulted in the inhibition of BACE-1 expression in the APP/
PS1 AD mouse model (33). Thus, our results suggest that acti-
vation of TNFR2 by NewStar2 leads to the up-regulation of
the PI3K/Akt pathway and reduction in BACE-1 levels, which,
in turn, results in decreased toxic AP peptide formation.
Other studies have also investigated the levels of BACE-1 after
administering AD-targeted therapies. For instance, intragastric
administration of icaritin (a flavonoid derivative) resulted in an
improvement in spatial memory and a reduction in Af and
BACE-1 expression in the SAMP8 mouse model (34). Moreover,
intrahippocampal injection of agmatine (a biogenic amine related
to neuroprotection) was able to rescue memory deficits in an
acute-AD mouse model induced by intracerebroventricular injec-
tion of A4, although no differences were observed in APP or
BACE-1 expression (35). In addition, several studies have focused
on inhibiting BACE-1 as therapy to avoid the production of toxic
AP peptides. However, the vast majority of clinical trials with
BACE-1 inhibitors had to be discontinued due to various adverse
effects such as worsening of cognitive functions, psychiatric
events, or liver toxicity (36-39). TNFR2 agonists, however, may
be an alternative treatment strategy, since preliminary findings
showed that they are well tolerated and safe in preclinical models

(17, 40).
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We next evaluated microglia as potential players in influenc-
ing plaque load. Microglia are the resident macrophages in the
CNS and their function is to maintain homeostasis and react
against pathogens. It has been demonstrated that microglia acti-
vation is necessary for AP clearance in AD mouse models (20);
however, constant activation and release of proinflammatory
cytokines can inhibit the phagocytic activity of microglia and
lead to chronic neuroinflammation (23, 41). Importantly,
TNF-a signaling and microglial activation-related genes have
been identified as genetic risk factors in AD pathophysiological
processes in a recent, in-depth genome-wide association study
(42). Thus, in the present study, we investigated and character-
ized the effect of TNFR2 engagement on different microglial
markers. First, when examining Ibal, a marker of activated
microglia, we found that NewStar2 treatment led to an increase
in microglia activation and coverage compared with controls.
The increase in microglial activation was more prominent in the
osmotic-pump groups, possibly due to the inflammatory reaction
caused after the cannula implantation in the brain. Nevertheless,
microglial activation in mice treated with NewStar2 centrally via
osmotic pumps was significantly higher than the corresponding
PBS group, meaning that despite the inflammatory reaction,
NewStar2 further contributed to the increase in microglial activa-
tion. To further validate the role of microglia in this study, we
investigated the levels of CD68, a marker of phagocytic micro-
glia, in relation to AP plaques. We observed that administration
of NewStar2, both centrally and IP, led to an increase in CDG68-
positive microglia cells around AP plaques. These results imply
that activation of TNFR2 leads to an increase in the phagocytic
activity of microglia, which probably results in a higher AP clear-
ance and, thus, an eventual reduction in plaque load. In support
of this hypothesis, a study by Gao et al. (43) showed that
TNFR2-deficient microglia developed a proinflammatory pheno-
type and showed reduced phagocytic activity in the experimental
autoimmune encephalomyelitis model. Moreover, it has been
demonstrated that TNFR2 agonists expand Tregs (40, 44), which
have been proposed to play a beneficial role in AD by promoting
a type 1 interferon—dependent protective activation profile in
microglia (45). Indeed, we found in our study that there was
a threefold increase in Foxp3-positive Tregs in the brain of IP
NewStar2-injected mice compared with PBS-treated control
mice. In support of our results, a study performed in APP/PS1
mice showed that expansion of Tregs led to improved cognitive
functions and an increased number of plaque-associated microglia
(45). Findings from that study and our own data suggest that
peripheral injection of NewStar2 promotes Tregs expansion and
infiltration into the CNS, which may enhance microglial phago-
cytic activity. Other studies have also demonstrated the role of
microglia in AD mouse models. For instance, stereotaxic injection
of soluble triggering receptor expressed on myeloid cells 2 resulted
in a decrease in AP plaques, improvement in spatial memory, and
increased microglial phagocytic activity in the 5xFAD AD mouse
model (46). Additionally, subcutaneous injection of hematopoi-
etic growth factors such as stem cell factor and granulocyte
colony-stimulating factor led to a reduction in Af plaques and
increase in microglial markers Ibal and CDG68 around AP
plaques in the APP/PS1 AD mouse model (30).

Several studies have related AD and microglial activation
with a decrease in the marker P2RY12, initially described as a
marker for homeostatic/nonactivated microglia (28, 47, 48).
Moreover, when analyzing different AD cases, a study found an
absence of P2RY12-positive microglia around AP plaques or
areas related to inflammation (49). In the present study, we
found that activation of TNFR2 with NewStar2 increased
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P2RY12 levels overall in different areas of the hippocampus.
Because we observed an increase in both microglial activation
(Iba-1, CD68) and nonactivated microglia markers (P2RY12)
after NewStar2 administration, our results contradict the afore-
mentioned studies in which an increase in activated microglia
was correlated with decreased levels of P2RY12. However, a
recent study suggested that P2RY12 could be expressed not
only in nonactivated microglia but also in a wider variety of
microglial phenotypes. Indeed, P2RY12-positive microglia were
found near diffuse AP plaques and colocalizing with CD68-
positive microglia (50). Moreover, the presence of P2RY12-
positive microglia has been suggested to be protective against AD
neuropathology (51). Thus, the homeostatic/proinflammatory
role of P2RY12-positive microglia in the AD context remains
unclear.

Similarly to microglia, activated astrocytes are found near Af
plaques and are partly responsible for the neuroinflammatory
processes in AD (52, 53). Nevertheless, active astrocytes have
been suggested to play a role in AP degradation (54). We found
that activation of TNFR2 by NewStar2 resulted in a significant
increase in active astrocytes coverage in different areas of the
hippocampus when comparing IP NewStar2-treated and IP
PBS-treated groups. In contrast, we observed no significant dif-
ferences when comparing both osmotic-pump groups, although
the coverage in both groups was comparable to that of the IP
NewStar2-treated group. These results suggest that the increased
astrogliosis observed in the IP NewStar2-treated group and both
osmotic-pump groups could contribute to AP clearance and,
thus, to the observed reduction in Af plaques. However, a study
performed in animal models of chronic stress showed that an
increase in reactive astrocytes could be related to an increase in
AP, since astrocytes overexpress BACE-1 under chronic stress
conditions (55). Our study findings contradict those of Rossner
et al. (55) since we observed an overall increase in reactive astro-
cytes accompanied by a reduction in BACE-1 levels.

At the behavioral level, we showed that NewStar2 did not
affect body weight or anxiety levels. Evaluation of working
memory in the Y-maze test revealed that NewStar2 improved
working memory in the IP NewStar2-treated group compared
with the IP PBS-treated control group. However, no improve-
ment was found when comparing both osmotic-pump groups.
Besides, we demonstrated that NewStar2 was able to improve spa-
tial memory in the MWM test when comparing IP NewStar2-
treated and IP PBS-treated groups. Interestingly, we did not
observe any differences between the osmotic-pump groups. How-
ever, the escape latency, platform crossings, and time spent in the
platform quadrant in both groups were similar to those of IP
NewStar2-treated mice, meaning that both osmotic-pump groups
showed an improved spatial memory. This distribution pattern
was also observed in the results of the AP plaques from the pre-
sent study: both osmotic-pump groups and IP NewStar2-treated
mice presented significantly lower AP deposition compared with
the IP PBS-treated control group. Furthermore, overall Ibal and
GFAP activation was also increased in both osmotic-pump groups
and the IP NewStar2-treated group compared with the IP PBS-
treated control group. These findings suggest that the sole implan-
tation of a cannula in the brain that infuses PBS for a period of
6 wk would cause an inflammatory reaction that may serve as
strategy to ameliorate plaque deposition and rescue cognitive
functions. This inflammatory reaction caused by the cannula
implantation in the brain might be responsible for the observed
increase in the activation of glial cells, which could, in turn, result
in the relative reduction in AP plaques and improved cognition
in the centrally treated PBS group. Nevertheless, activation of
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TNFR2 by central administration of NewStar2 further improved
cognitive functions and ameliorated AD-related pathology com-
pared with central infusion of PBS. This outcome would poten-
tially open the possibility of administering an AD therapy via IP
injections instead of centrally, which would involve fewer risks
and a less invasive and more patient-friendly treatment. Impor-
tantly, we can conclude that, based on our results, peripheral
administration of NewStar2 is equivalent or even more effective
in attenuating AD pathology than is central administration.
Future research should, therefore, also focus on the involvement
and mechanistic functions of peripheral immune cells on the
pathophysiology of AD.

Other TNF-related therapies have been tested in animal mod-
els of AD. For example, a study performed in the J20 AD mouse
model showed that inhibition of lipocalin-2, a proinflammatory
protein released upon TNFRI activation, failed to improve cog-
nitive functions and did not affect plaque load or glia activation
(56). In contrast, a study in 5xFAD mice using XPro-1595, an
inhibitor of sTNF, resulted in a reduction in AP plaques in the
subiculum and an improvement in long-term potentiation (15).
Moreover, in an acute neurodegenerative mouse model, adminis-
tration of a combination of a TNFR1 antagonist (ATROSAB)
and a TNFR2 agonist (EHD2-scTNFR2) was protective against
excitotoxicity and rescued cognitive impairments (17). Further-
more, in vitro studies have also validated the protective functions
of simulating TNFR2. For instance, the TNFR2 agonist TNC-
scI'NFR2 was protective against neuronal cell death caused by
oxidative stress (16). Moreover, activation of TNFR2 protected
primary neurons from excitotoxicity and activated the PI3K-
PKB/Akt prosurvival pathway (31). That study’s findings are in
line with the results from the present study, in which preincuba-
tion of primary cortical neurons with NewStar2 was neuroprotec-
tive, based on a significant increase in PKB/Akt phosphorylation.
In addition, we showed that ~3% of NewStar2 was able to cross
the BBB in an in vitro BBB model. In fact, it has previously
been demonstrated that TNF-o is transported across the BBB
via TNFRI and TNFR2 (57, 58). Even though the passage of
NewStar2 across the BBB has only been tested in an in vitro
model so far, this result suggests that, due to its similar structure
to TNF-a and receptor binding, NewStar2 could possibly cross
the BBB in vivo via the same mechanisms, although this remains
to be determined. In summary, previous studies and the results
provided by the present investigation imply that TNFR2 can
successfully be used as potential therapeutic target for AD.

Limitations of this study should be considered for the inter-
pretation of our findings. First is the employment of the J20
mouse model. Although neuroinflammation and AP plaques
are present in this animal model of AD, it lacks the presence of
neurofibrillary tangles, an important hallmark of AD. This
means that translation of the effect of NewStar2 to humans
requires further investigation.

In this in vivo study, we investigated the potential effects of
selective targeting TNFR2 in a model of AD. We demonstrated
that administration of NewStar2 ameliorates AD neuropathol-
ogy and rescues cognitive impairments. Although the exact
mechanism by which NewStar2 mitigates AD neuropathology
remains to be determined, we speculate that NewStar2 is able
to drastically reduce plaque deposition through a combination
of decreased AP production due to lower BACE-1 levels and
increased AP clearance due to higher astrocytic and microglial
phagocytic activity. We further hypothesize that the increased
phagocytosis and clearance rate of glial cells observed after
peripheral administration of NewStar2 might be induced by a
combination of Tregs expansion and migration to the CNS

https://doi.org/10.1073/pnas.2201137119

together with the potential penetration of NewStar2 in the
brain across the BBB. Moreover, this study has proven that the
sole implantation of a cannula in the brain of mice exerts an
inflammatory reaction that can mitigate, to some extent, AD
pathology. However, central administration of NewStar2 fur-
ther ameliorated AD pathology.

In conclusion, our data provide strong evidence that TNFR2
stimulation is effective in ameliorating AP deposition and AD-
related cognitive impairments and in modulating the phago-
cytic activity of glial cells in the CNS. Even though some of
the effects of NewStar2 need additional investigation, our study
sheds light on the effects of stimulating TNFR2 in AD by dem-
onstrating a direct neuroprotective role of TNFR2 activation in
attenuating AD pathology.

Materials and Methods

TNFR2 Stimulation. To selectively engage TNFR2, we used a new TNFR2 ago-
nist, designated as NewStar2 or irrlgGT(N297A)-HC:sc(mu)TNF80 (59), which is
based on Star2 [TNC-sc(mu)TNF80], a fusion protein of the trimerization domain
of tenascin-C and three peptide-linker-connected (thus single-chain (sc) encoded)
murine TNF (muTNF) protomers with mutations conferring specificity for TNFR2
(40). To generate NewStar2, the TNFR2-specific, sc-encoded se(mu)TNF80 domain
of Star2 was fused to the C terminus of the heavy chain of a human IgG1 with a
mutation (N297A) avoiding interaction with FcyRs and irrelevant specificity in
mice. Thus, while Star2 comprises, in total, nine TNFR2-specific TNF proto-
mers, NewStar2 only comprises six TNFR2-specific TNF protomers. Irrespective of
this difference, however, both variants are in vitro comparably active. Since
lgG1(N297A) still interacts with the neonatal Fc receptor, NewStar2 [irrlgGT(N297A)
HC:sc(muTNF80)], however, has enhanced serum retention and, thus, much better
in vivo activity than Star2. NewStar2 is produced by transient transfection of
Hek293 cells with expression plasmids encoding the light chain and the
se(mu)TNF80 fusion protein of the heavy chain of the irrelevant IgG1(N297A)
(59). NewStar2 was purified by affinity purification on anti-Flag agarose by help
of internal Flag tags present in the antibody. Transient transfection and anti-Flag
agarose purification were performed essentially as described elsewhere for scFv
fusion proteins (60).

Cytotoxicity Assay on Kym-1 Cells. To test the stability of NewStar2, a cyto-
toxicity assay using crystal violet was performed in Kym-1 cells. NewStar2 was
placed in an incubator for 6 wk at 37 °C and its bioactivity was compared with
that of NewStar2 stored at 4 °C.

In brief, Kym-1 cells were cultivated in RPMI 1640 medium supplemented with
10% fetal bovine serum (FBS), 5% penicillin/streptomycin, and 5% t-glutamine.
Kym-1 cells (1.5 x 10* cells/well) were transferred to 96-well cell-culture plates and
treated with 500 ng/mL NewStar2 for 24 h at 37 °C. Cells were washed with PBS
and incubated with crystal violet (0.5% crystal violet, 20% methanol) for 20 min.
Crystal violet was removed by intensively rinsing with water and cells were air-dried
overnight. Methanol was added to resolve the crystal violet and optical density at
550 nm was measured. Each sample was analyzed in six replicates, using Microsoft
Excel and IBM SPSS Statistics 26.0.

Primary Cortical Neuron Culture. Cortical neurons were treated with NewStar2
to assess the potential neuroprotective effect of TNFR2 activation on glutamate-
induced neuronal cell death. Primary cortical neurons were prepared as previously
described (31). Primary cortical neurons were obtained from brain embryos of
wild-type pregnant mice at embryonic day 14. Meninges and olfactory bulbs
were carefully detached from the brains, and cortical neurons were separated by
mechanical dissociation. Neurons (6 x 10% cells/iwell) were plated in a 96-well
polyethyleneimine-precoated plate. Primary neurons were cultured using neuro-
basal medium (Life Technologies) supplemented with 2% B-27 supplement,
0.2% penicillin/streptomycin, and 0.25% L-glutamine (Life Technologies). After
48 h, 10 uM cytosine arabinoside (Sigma) was added to the cells for 24 h to
prevent nonneuronal cell growth, and the medium was subsequently completely
refreshed. After 7 d of culture, neurons were preincubated with 1 pg/mL
NewStar2 for 6 or 24 h and were subsequently treated with different concentra-
tions of glutamate (0, 5, 10, 25, or 50 uM; Sigma) for 1 h. When necessary for
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the experiment, cells were incubated with a glutamate-receptor antagonist,
MK-801 (Sigma), for 1 h prior to glutamate exposure. Then, the medium was
refreshed, and neurons were allowed to recover for 24 h. Next, cells were col-
lected for Western blot analyses.

Western Blot Analysis (P13K-PKB/Akt). The neuroprotective effects of TNFR2
stimulation were evaluated by measuring protein expression levels of PKB/Akt.
Cells were washed twice with PBS and directly lysed by addition of 250 pL lysis
buffer (50 mM Tris-HC, pH 7.4; 1% Nonidet P-40; 0.25% sodium deoxycholate;
150 mM NaCl; 1 mM ethylenediaminetetraacetic acid; complete mini protease-
inhibitor mixture tablet). Cell lysates were centrifuged at 4°C (30 min at
9,600g), and the protein concentration of supernatants was measured by the
Bradford assay and adjusted to 1 pg/pl. Twenty micrograms of total protein
were denatured in Laemmli buffer for 10 min at 70 °C and separated by 4-12%
sodium dodecyl sulfate-polyacrylamide gel electrophoresis (160V, 40 min). Pro-
teins were then transferred to polyvinylidene difluoride membranes and blocked
with 5% skim-milk powder solution in Tris-buffered saline (TBS) containing 0.1%
Tween 20 for 1 h. Subsequently, membranes were incubated overnight at 4 °C
with primary antibodies of the specificity of interest: anti-phospho-Akt Ser-473
(1:500; #9271, Cell Signaling); anti-Akt (1:2,000; #9272, Cell Signaling). After
that, membranes were washed with TBS containing 0.1% Tween 20 and incu-
bated with horseradish peroxidase-conjugated secondary antibody goat anti-
rabbit (1:10.000; #7074, Cell Signaling) in TBS containing 0.1% Tween 20 for
2 h at room temperature. Immunoreactivity was detected using enhanced
chemiluminescence (Pierce Biotechnology) with a ChemiDoc XRS system (Bio-
Rad Laboratories). GAPDH expression was analyzed as loading control.

Mice. To investigate the effects of NewStar2 at the behavioral and pathological
levels, the J20 AD mouse model was used. J20 mice overexpress human APP
with two mutations (Swedish and Indiana), and A plaques can be observed in
the brain between 5 and 7 mo of age (61). J20 mice were initially obtained
from the Mutant Mouse Resource and Research Center (stock no. 034836-JAX;
former JAX stock no. 006293) and were thereafter bred in our animal facility on
a C57BL/6 background. J20 mice were hemizygous for the J20 transgene, which
was verified by PCR using appropriate primers (S/ Appendix, Table S1). Mice had
access to food and water ad libitum and were on a 12:12 light/dark cycle. All ani-
mal experiments performed in this study were approved by the animal ethics
committee of the University of Groningen (approval no. AVD1050020186146).

NewsStar2 Administration. NewStar2 or PBS as a control was administered to
a total of 49 male mice either centrally via the implantation of mini-osmotic
pumps connected to an intracerebroventricular cannula (NewStar2: n = 12;
PBS: n = 11) or systemically via IP injections (NewStar2: n = 13; PBS: n = 13).
The treatment started at 6 mo of age and lasted for 6 wk. After that, animals
were subjected to different behavioral tests and, finally, mice were euthanized to
collect brain tissue, blood, and cerebrospinal fluid (Fig. 14).

Central Administration Via Implantation of Mini-Osmotic Pumps.
NewStar2 was administered centrally via the subcutaneous implantation of a
mini-osmotic pump (0.15 pl/h delivery rate for 6 wk; Model 2006, Alzet) con-
nected to a cannula into the lateral ventricle, which allows constant infusion of
the compound. Pumps delivered either PBS or NewStar2 (10 pg/wk) dissolved
in PBS. Before the surgical procedure, pumps were filled with the corresponding
solution and incubated in PBS at 37 °C for at least 60 h to ensure immediate
pumping at the moment of implantation. Mice were anesthetized with 5% iso-
flurane and fixed in a Kopf stereotactic frame (Kopf Instruments Model 900). The
body temperature of the mice was kept at 37 °C, using a heating blanket, during
the whole surgical procedure. One small hole was drilled into the skull for the
placement of the cannula in the lateral ventricle (coordinates: anteroposte-
rior,0.05 mm; lateral, 0.1 mm; dorsoventral, 0.25 mm), and a second hole was
drilled for the placement of an anchoring screw. A subcutaneous pocket was
made in the back of the animal to accommodate the pump. The osmotic pump
was inserted in the subcutaneous pocket and the cannula fixed on a cannula
holder. The cannula was slowly introduced into the first hole at a depth of
2.5 mm. Subsequently, dental cement was added to the cannula, as was an
anchoring screw, to properly fix the cannula to the skull. After the dental cement
dried, the incision was sutured and mice were returned to their cage. Mice were
monitored until total recovery from anesthesia.
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Systemic Administration via Peripheral Injections. NewStar2 (2.5 mg/kg
in 200 pL of PBS) or PBS were administered systemically twice a week for a
period of 6 wk via IP injections.

Behavioral Tests. After the completion of the 6-wk treatment, mice were sub-
jected to different behavioral tests to investigate their cognitive function. Tests
were performed in the following order: EPM, Y-maze spontaneous alternation,
and MWM to minimize the effects of stressful events on subsequent testing pro-
cedures. All behavioral tests were performed in a separate experimental room
and were conducted by the same experimenter, who was blinded to treatments.

Habituation. Prior to the start of the behavioral tests, mice were habituated to
handling by the researcher and to the experimental room. Each mouse was sep-
arately handled in the experimental room for 2 min during 5 consecutive days
before the start of the behavioral tests.

EPM. To evaluate anxiety-like behavior, mice were tested in an EPM (62). The
maze was elevated 60 cm from the ground and consisted of four arms (5.5 cm
wide x 30 cm long) positioned in a plus shape: two opposite open arms and
two closed arms with an open center area in the middle connecting the four
arms. Light intensity was set to ~10 Ix in the center of the maze and ~12 Ix in
the open arms. During the test, mice were placed in the center of the maze and
were allowed to freely explore the maze for 8 min. The percentage of time spent
in the center and the open and closed arms, as well as the number of arm entries
and total number of entries, were determined using EthoVision XT system.

Y-Maze Spontaneous Alternation. To assess spatial working memory, mice
were tested in a Y maze to measure spontaneous arm alteration (63). The maze con-
sisted of three arms (8 cm wide x 40 cm long) separated at a 120° angle from each
other. Light intensity was set to ~10 Ix in the center of the maze. Mice were placed
in the middle of the maze and were allowed to freely explore the three arms for
10 min. The percentage of spontaneous alternation was calculated manually based
on the number of triads [i.e., number of triads/(total number of entries — 2) x 100].
Triads were described as three consecutive entries into all three different arms.

MwmM. To investigate hippocampus-dependent spatial memory, mice were
tested in the MWM (64). Mice were tested in a circular pool (135-cm diameter).
Water-based nontoxic white paint (Dullux Roll-it Easy) was added to the water to
make the platform imperceptible to the mice. Water temperature was main-
tained at 24 °C throughout the test. Various visual cues were placed on the walls
of the experimental room, and the light intensity was ~40 Ix in the center of the
maze. The test consisted of a training phase and a probe trial phase. During the
training phase, mice were trained for 8 consecutive days to learn the fixed loca-
tion of a platform (15-cm diameter), hidden 1.5 cm under the water. Each day
consisted of a training block of four trials with a maximum of 120 s swimming
per trial per mouse. Escape latency, swimming distance, and swimming speed
were scored using the EthoVision XT system. Following the training phase, the
probe trial phase was conducted for 2 consecutive days (24 and 48 h after the
last day of the training phase). To this end, the platform was removed from
the maze and mice were allowed to freely swim once for 100 s. The number of
crossings through the platform location and time spent in the different quad-
rants of the pool were determined using EthoVision XT system.

Perfusion and Postfixation. After the last behavioral test was completed,
mice were anesthetized with sodium pentobarbital and transcardially perfused
with 0.9% heparin saline and 4% paraformaldehyde. Brains, blood and cerebro-
spinal fluid were collected from each animal. Brains were postfixed for 24 h in
4% paraformaldehyde and then extensively washed with 0.01 M phosphate
buffer, after which brains were cryoprotected and dehydrated with 30% sucrose, fro-
zen, and cut in 20 pm-thick coronal sections using a cryostat at —20 °C.

Immunohistochemistry for Detection of Ap, Iba1, GFAP, and P2RY12.
To assess the neuropathological effects of NewStar2, several immunohistochemi-
cal analyses were completed. All procedures were performed on hippocampal
freefloating sections. Sections were washed 3 x 5 min in 0.01 M TBS and then
incubated in 0.3% hydrogen peroxide (H,0,) in 0.01 M TBS for 30 min to inacti-
vate endogenous peroxidases. Sections were washed 3 x 5 min in 0.01 M TBS,
preincubated with blocking buffer (3% BSA, 0.1% Triton X-100 in 0.01 M TBS)
for 1 h and incubated with primary antibodies (in blocking buffer) at 4 °C for
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48 h (anti-Ap) or 72 h (anti-Iba-1, anti-GFAP, anti-P2RY12). Next, sections were
washed 6 x 5 min in 0.01 M TBS and incubated with Biotin-SP-conjugated
secondary antibodies (anti-mouse, 1:500 [#115-065-166]; anti-rabbit, 1:500
[#111-065-045]; Jackson ImmunoResearch Laboratories) for 2 h. After washing
6 x 5 min in 0.01 M TBS, sections were incubated in avidin-biotin complex
(1:500; Vectastain Standard ABC kit, Vector Laboratories) for 1 h. Subsequently,
the staining was developed using 3,3'-diaminobenzidine (DAB) at a concentra-
tion of 0.7 mg/mL (SigmaFAST DAB tablets, Sigma). The DAB reaction was initi-
ated by the addition of 0.0033% H,0, and stopped by three quick washes in
0.07 M TBS. Sections were left in TBS ovemight at 4 °C. Afterward, sections were
mounted onto Menzel Superfrost glass microscope slides (Thermo Scientific),
using 1% gelatin, and left to dry overnight. Next, mounted sections were dehy-
drated through an ethanol to xylol series (2 x 5 min 100% ethanol; 1 x 5 min
70% ethanol/30% xylol; 1 x 5 min 30% ethanol/70% xylol; 3 x 5 min 100%
xylol) and coverslipped using DPX mounting medium (Sigma). The following
primary antibodies were used: mouse anti-AB+_14 (1:2,000; 610, BioLegend),
mouse anti-GFAP (1:10000; #G3893, Sigma), rabbit anti-lbal (1:2,500;
#019-19741, Wako Chemicals), and rabbit anti-P2RY12 (1:1,000; #P4871,
Sigma). Images were taken using an Olympus BH2 microscope (Leica QWin Soft-
ware) at a x100 (AB, GFAP), x200 (Iba1) or x400 (P2RY12) magnification.

Immunohistochemistry for detection of Ap + BACE-1, A + CD68, and
Foxp3 fluorescent stainings. Free-floating hippocampal sections (20 pm)
were washed 3 x 5 min in 0.01 M TBS, preincubated with blocking solution
(3% BSA, 0.1% Triton X-100 in 0.01 M TBS) for 1 h, and incubated with primary
antibodies (in blocking buffer) at 4 °C for 24 h. Next, sections were washed 6 x
5 min in 0.01 M TBS and incubated with corresponding Alexa Fluor-conjugated
secondary antibodies (AF488-conjugated donkey anti-rabbit, 1:500 [#A21206];
AF555-conjugated donkey anti-mouse, 1:500 [#A32773]; and AF488-conjugated
donkey anti-rat, 1:500 [#A21208]; Invitrogen) for 2 h in the dark. Subsequently,
sections were washed 3 x 5 min in 0.01 M TBS, mounted onto Menzel Super-
frost glass microscope slides (Thermo Scientific) in TBS, and coverslipped using
Mowiol (Sigma) as a mounting medium. The following primary antibodies were
used: mouse anti-AB1_1, (1:2,000; 6e10, BioLegend), rabbit anti-BACE-1(1:200;
#5606, Cell Signaling), rat anti-CD68 (1:1,000; #MCA1957GA, Bio-Rad), and
rat anti-Foxp3 (1:500; #14-5773-82, eBioscience). Fluorescent images were
obtained using the Leica DMI6000 B microscope (Leica Microsystems) at a x400
magnification (AB + CD68) or x200 (AB + BACE-1 and Foxp3).

Quantification of immunohistochemical stainings. For quantification of
AB, CD68, GFAP, BACE-1, and P2RY12, x100 or x400 magnification images
were analyzed using ImageJ. The percentage of coverage was quantified by
automatically dividing positively stained structures from the selected regions of
interest (hippocampus, cortex, corpus callosum) by the area of the image field.
For quantification of Iba1, both the percentages of coverage and microglial acti-
vation were determined in x200-magnification images. Microglial activation
was quantified based on the protocol by Hovens et al. (65) by calculating cell
body to cell size ratio. Specific hippocampal regions (CA1, CA3, and DG) were
included in the Iba1, GFAP, and P2RY12 analysis.

FITC labeling of NewStar2. NewStar2 was brought to a sodium bicarbonate
buffer (pH 9) at a protein concentration of 2 mg/mL using a 10-kDa molecular
weight-cutoff dialysis cassette (Thermo Scientific #66380) with three buffer
changes over a 24-h period. FITC (Sigma Aldrich #7250) was dissolved in
dimethyl sulfoxide at a concentration of 2 mg/mL; 2 mg of NewStar2 and 30 pg
of FITC were mixed and incubated for 2 h at room temperature. Unbound FITC
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was removed by dialysis against PBS (pH 7.4) with three buffer changes over a
24-h period using a 10-kDa molecular weight-cutoff dialysis cassette (Thermo
Scientific #66380).

FITC-NewsStar2 transcytosis assays. As previously described (66), hCMEC/
D3 cells were maintained in 25-cm? flasks precoated with 150 pg/m rat-tail col-
lagen type-l (Enzo LifeSciences) in endothelial basal medium (EBM) 2 (Lonza)
supplemented with 1 ng/mL human basic fibroblast growth factor (Peprotech),
5 pg/mL ascorbic acid (Sigma-Aldrich), 1.4 pM hydrocortisone (Sigma-Aldrich),
10 mM HEPES (Gibco), 1% (volume per volume) chemically defined lipid
concentrate (Gibco), 5% (volume per volume) FBS, 100 units/mL penicillin and
100 pg/mL streptomycin at 37 °C in a humidified atmosphere with 5% CO,.
hCMEC/D3 cells were plated at 50,000 cells/cm® on 1-um pore-size polycarbon-
ate membrane Transwell inserts (Corning) and allowed to grow until complete
confluency within 5 d. Transwell inserts were coated with 150 pg/mL rat-ail col-
lagen type I. Medium was changed every 48 h. On day 5, cells were washed
with prewarmed Hanks' Balanced Salt Solution (HBSS), and 25 pg or 50 pg
FITC-NewStar2 was added apically in EBM + 5% FBS, and incubated for 4 h at
37°C. We added 1,000 pL EBM + 5% FBS medium basally. Apical and basal
media were collected in labeled Eppendorf tubes after 4 h. Then, filters were
washed once with 500 pL of HBSS, which was added to the apically collected
500 pL of medium. Subsequently, filters were cut out and soaked in 500 plL
fH,0 for 10 min to osmotically burst cells, and 500 pL EBM + 5% FBS medium
was added to the solution. The fluorescence intensity in apical, cellular, and
basal media was measured using a FluoStar Optima plate reader (BMG Labtech).
Background fluorescence was subtracted from each reading before the relative
signal intensity was calculated for each compartment. Relative fluorescence per
compartment was calculated by dividing the fluorescence per compartment by
the sum fluorescence per well.

statistics. Results were analyzed by unpaired Student's t test when comparing
two normally distributed groups or Mann-Whitney test when data were not nor-
mally distributed. One-way ANOVA followed by Tukey's multiple comparison
post hoc test or two-way ANOVA followed by Bonferroni multiple-comparison
post hoc test were used to analyze multiple groups. Al statistical tests performed
were two-tailed. All data are reported as mean + SEM and statistically significant
differences were considered when P < 0.05. Statistical analyses were performed
using GraphPad Prism 8.0 for Windows.

Data Availability. All study data are included in the article and/or supporting
information.
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