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Abstract

Cultured microglia internalize fibrillar amyloid AB (fAB) and deliver it to lysosomes. Degradation
of fAB by microglia is incomplete, but macrophages degrade fAp efficiently. When mannose-6
phosphorylated lysosomal enzymes were added to the culture medium of microglia, degradation of
fAPB was increased, and the increased degradation was inhibited by excess mannose-6-phosphate,
which competes for binding and endocytic uptake. This suggests that low activity of one or more
lysosomal enzymes in the microglia was responsible for the poor degradation of fAB. To further
characterize the degradation of fAp in late endosomes and lysosomes, we analyzed fAB-derived
intracellular degradation products in macrophages and microglia by mass spectrometry. Fragments
with truncations in the first 12 N-terminal residues were observed in extracts from both cell types.
We also analyzed material released by the cells. Microglia released mainly intact AB;_4, whereas
macrophages released a variety of N-terminal truncated fragments. These results indicate that initial
proteolysis near the N-terminus is similar in both cell types, but microglia are limited in their ability
to make further cuts in the fAB.
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1. Introduction

Microglia comprise about 10% of the cells in the CNS of an adult mouse [19]. In a normal
adult brain microglia are quiescent cells that monitor the microenvironment to protect the brain
from injury or infection [9,16], and during pathological conditions such as stroke or
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neurodegeneration, microglia become activated. In Alzheimer’s disease (AD) microglia
become activated, and it is believed that the associated inflammatory response exacerbates the
disease pathology [10]. However, in mice immunized against Ap, microglia can degrade fAp
in the CNS [3,25]. This suggests that microglia could help to limit the accumulation of fAp
under some circumstances.

Although animal model studies indicate that microglia can degrade fibrillar forms of Ap
peptide, tissue culture studies of degradation have produced apparently conflicting results.
Studies on primary microglia have shown that microglia internalize fAB via scavenger
receptors, but they degrade fAP poorly even though they have functional lysosomes and can
degrade o2-macroglobulin and acetylated-LDL quite effectively [7,17,18]. In these studies it
was shown by double label fluorescence microscopy that fAB is internalized efficiently and
delivered to late endosomes and lysosomes that are able to degrade these other proteins. On
the other hand there are reports showing that primary microglia were able to clear out A
deposits from unfixed cryostat sections of AD cortex containing Ap plaques when they were
activated by passive immunization [4]. It was also reported that microglia cultures obtained
from autopsy samples of AD patients could remove aggregated Ap from tissue culture dishes
via phagocytosis [22]. It was reported that rat microglial cultures and an activated human
monocyte cell line could degrade Ap42 added to the culture medium and that microglia could
remove AP fibrils immobilized as plaque-like deposits on culture dishes [27]. In a different
study, ingested, non-degraded amyloid remained within phagosomes for up to 20 days,
suggesting a very limited effectiveness of microglia in degrading Ap fibrils [11]. These
discrepancies may arise from differences in the activation state of the cells or from differences
in the specific properties of the AB (e.g., fibrillar vs. soluble). Unfortunately, in many studies
these issues are not addressed clearly.

In the present study, we further investigated the fAB degradation process in microglia in order
to understand why degradation is incomplete. In parallel experiments, we compared fAp
degradation in murine microglia and macrophages. We found that macrophages could degrade
fAB particles efficiently, but the identical particles were only partially digested by microglia.
Analyses of internalized fAp in the microglia and the macrophage cells using matrix-assisted
laser desorption/ionization time-of-flight mass spectrometry (MALDI-TOF-MS) showed that
both cell types produced similar N-terminally cleaved fAB fragments. Incubation of microglia
with mannose-6-phosphate-tagged lysosomal enzymes increased the ability of microglia to
degrade fAB, indicating that the lack of activity of some enzymes may be limiting the ability
of microglia to degrade fAp.

2. Materials and Methods

2.1. Cells

Primary microglial cultures were isolated and maintained as described previously [17]. Primary
mouse peritoneal macrophages were kindly provided by the laboratory of Dr. Carl Nathan.
These macrophages were obtained from 25-35 g female mice that had been injected
intraperitoneally with 2 ml of 4% thioglycollate broth (Brewer, DIFCO, Detroit, MI) 3 to 4
days prior to cell harvesting [35]. After centrifugation at 170 x g for 10 min, the cell pellets
were suspended in RPMI 1640 (Hazelton Biologics, Lenexa, KS) containing 10% heat-
inactivated fetal bovine serum (FBS) (HyClone Laboratories, Logan, UT), 200 U/ml penicillin,
and 200 pg/ml streptomycin (Hazelton Biologics). The macrophages were plated at ~80%
confluence in either 24-well plates or coverslip-bottom dishes in complete RPMI 1640 medium
containing 10% FBS and incubated at 37°C in a 5% CO, tissue culture incubator. Experiments
were performed one or two days after the cells were plated. J774.A1 macrophage-like cells
(American Type Culture Collection) [29] were maintained in spinner culture in DMEM (high
glucose) containing 10% FBS, 100 U/ml penicillin, 100 pg/ml streptomycin (GIBCO-BRL),
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and 2 mM glutamine at 37°C under 5% CO,. The medium was replaced with fresh medium
daily.

2.2. Proteins and peptides

ApB1_4o peptides were purchased from Bachem (Torrance, CA). 1251-labeled-fAp and Cy3-
fAB were prepared using protocols described previously [18]

2.3. Degradation of 125-fAB and Cy3-fAB in macrophages and microglia

Degradation of 1251-fAp and Cy3-fAB in J774 cells, peritoneal macrophages and microglia
were measured following protocols described previously [7]. For Cy3- fAB degradation, the
cells were imaged using a Leica epifluorescence microscope with a cooled CCD camera
(Princeton Instruments Micromax 521BFT, Roper Scientific, Trenton, NJ), and the Cy3
fluorescence power was quantified using MetaMorph Imaging System software (Molecular
Devices, Downingtown, PA).

2.4. Degradation of Cy3-fAB in microglia after lysosomal enzyme augmentation

A pool of mannose-6 phosphorylated lysosomal proteins was purified from human brain by
mannose-6-phosphate receptor affinity as described previously [28]. To measure degradation
of Cy3-fAp following lysosomal enzyme augmentation, microglia were incubated with Cy3-
fAB for 1 hour, as described previously [7], and then the mixed enzyme pool was added to the
chase medium at a final concentration of 30nM. The molarity of the enzyme concentration was
estimated based on a molecular weight of 60,000g/mol for a Man-6 P tagged lysosomal enzyme
yielding the concentration for the mixed enzyme pool as approximately 30 nM. Cells were
incubated for 3 days, and then after that the Cy3 fluorescence power in cells was measured.
Mannose-6 phosphate (10 mM) was included in the incubation medium of parallel cultures to
inhibit mannose-6 phosphate receptor mediated endocytosis.

2.5. Mass spectrometry (MALDI-TOF-MS)

3. Results

Cells were grown in 6-well plates and incubated with fA particles for 8-16 h. The cells were
rinsed and chased in DMEM (for microglia and J774 cells) or RPMI (for peritoneal
macrophages) with 1% FBS for 1 — 3 days. At the end of each chase time, the medium was
collected and subjected to TCA precipitation as described previously [7]. The cells were rinsed
and lysed using a lysis buffer of phosphate buffered saline with 2% CHAPS, 0.1 mM TLCK,
1 mM PMSF, 2 mM EDTA, 10 mM leupeptin, 1 mM pepstatin A, and 0.2 mM TPCK. The
cells were sonicated at 4~5W for 20s followed by ultracentrifugation at 100,000 x g for 1 h at
4°C in order to separate the soluble vs. fibrillar AB. The pellet fractions from the cell lysates
and the TCA precipitates from the chase medium were solubilized with 70% formic acid (100
pL) and neutralized with 2 M Tris. AB peptides in these preparation were immunoprecipitated
with monoclonal anti-Ap antibody 4G8 [33] and 3l of Protein G Plus/Protein A-agarose beads
(Oncogene Science, Inc., Cambridge, MA) at 4°C for 3hr. Immunoprecipitated AB peptides
were analyzed using a matrix-assisted laser desorption ionization time-of-flight mass
spectrometer (MALDI-TOF-MS) (Voyager-DE STR BioSpectrometry Workstation,
PerSeptive Biosystems) as described previously [30].

3.1. Degradation of internalized 125I-labeled and Cy3-labeled fAB by macrophages

In previous studies we found that microglia degraded internalized fAB slowly and incompletely
even though the fAB is delivered to late endosomes and lysosomes [7,17]. In this study we
examined whether other cell types would be able to degrade fAp that could not be degraded
by primary microglia. We examined the degradation by macrophages because these cells are
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closely related developmentally to microglia and because macrophages have a biological role
similar to microglia. We found that primary mouse peritoneal macrophages and J774
macrophage-like cells could degrade fAB almost completely within a few days (Fig. 1A).
Following internalization of 1251-fAp, macrophages released 80% of the 125] as TCA-soluble
material into the chase medium within 2-3 days. In parallel experiments, the microglia released
only about 20% of the 1251. Chloroform extraction of the TCA-soluble fraction of the chase
medium [7] verified that the TCA-soluble material is 12°1 associated with small peptides or
amino acids.

Similar results were obtained when fAB degradation in macrophages was monitored using Cy3-
fAB (Fig.1B). Less than 30% of the internalized Cy3-fAp was retained in the macrophages
after a 3 day chase, whereas over 80% of Cy3-fAB was still cell-associated in the microglia
after 3 days chase. These data show that both J774 cells and primary macrophages can degrade
fAB. However, even in macrophages the rate of fAB degradation is still slower than for soluble
proteins such as LDL [24].

3.2. Degradation of fAB after mannose-6-phosphate tagged enzyme augmentation

One reason for poor degradation of fAB by microglia might be inadequate activity of lysosomal
enzymes that are needed for fAB hydrolysis. To test this, we measured fAB degradation after
incubating cells with mannose-6-phosphate tagged lysosomal enzymes. The mannose-6-
phosphate modification is responsible for the intracellular targeting of many lysosomal
enzymes from the Golgi apparatus to lysosomes [8], and some of the mannose-6-phosphate
receptor is also found on the cell surface [12]. Many studies have shown that the cell surface
mannose-6-phosphate receptor binds extracellular lysosomal enzymes and delivers them to
late endosomes and lysosomes [8]. This uptake system has even been used for enzyme
replacement therapy in humans [5,26]. As shown in Figure 2, incubation with mannose-6-
phosphorylated lysosomal enzymes increased the ability of microglia to degrade fAp, as
compared with parallel untreated control cells. Because the mannose phosphorylated at the 6
position is the entity recognized by the receptor, uptake of lysosomal enzymes can be inhibited
by excess mannose-6 phosphate [14,15]. When the enzyme incubation was done in the presence
of 10mM mannose-6 phosphate to compete for receptor binding, microglia failed to degrade
fAB. This indicates that the increased degradation of fAp was specifically related to the uptake
of lysosomal enzymes by mannose-6-phosphate receptors.

3.3. Composition of fAB fragments in cells after uptake

Lack of specific enzymes in late endosomes and lysosomes might lead to the accumulation of
aset of degradation intermediates in these organelles. To test this, we investigated the molecular
identity of fAB and its breakdown products in late endosomes and lysosomes using mass
spectrometry. Cells were incubated with fAB overnight, in order to allow enough intracellular
accumulation of fAf to be observed by mass spectrometry, and then the cells were chased for
periods up to three days. The fAp was isolated from cell lysates at each chase time, and Ap
peptides were selectively isolated by immunoprecipitation with monoclonal antibody 4G8,
which recognizes residues 17—24 of Ap [30] and analyzed by MALDI-TOF-MS [30]. We found
that there was a significant amount of N-terminal trimming of the A in both microglia and
J774 macrophages (Figure 3). Similar fragments were observed in both cell types, although
the relative abundance of specific degradation intermediates was different. Some fragments
are seen at chase day 0 since cells are incubated overnight with fAB, which would allow a
significant exposure to hydrolases in late endosomes and lysosomes. Interestingly, the smallest
fragment observed in either cell type was fAB12—-42. We did not observe any fragments smaller
than fAB12-42, nor any C-terminal trimming, which indicated that the N-terminal truncation
is not the rate-limiting step in fAB degradation. We know from the degradation studies that
macrophages are degrading fAB to amino acids or small peptides within 2-3 days. It is possible
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that a proteolytic clip beyond residue 12 facilitates release of A from the fibril, and once
AP dissociates these degradation intermediates can be quickly further degraded into amino
acids and small peptides. It should be noted that after 2 days of chase most of the fAB
internalized by J774 cells has been degraded to low molecular weight, TCA-soluble species
(Fig. 1), and our mass spectrometry protocol is only designed to analyze macromolecular
species containing the epitope site (residues 17-24). Thus, the signal-to-noise becomes poor
in the extracts from J774 cells after 2 days chase (Fig. 3B).

3.4. Composition of fAB fragments released into the chase medium

As reported previously, microglia release TCA-precipitable (i.e., macromolecular) Ap from
late endosomes and lysosomes during chases after uptake of fAp [7]. MALDI-TOF-MS
analysis of AP released into the chase medium after uptake revealed that mainly full length
AP1-42 was released from microglia (Fig. 4A). We needed to allow the released material to
collect in the medium for 3 days in order to have enough released Ap to make a measurement.

We also analyzed the material released from macrophages. Shortly after the chase there was
no detectable material released into the medium, indicating that the rinsing protocols were
effective and there was little fAP that was weakly adhering to the cells or the tissue culture
dish. Within 24 hours of chase some full length peptide and a variety of N-terminally truncated
fragments were released into the medium by the J774 macrophages (Fig. 4B). During the 2nd
day, release of these fragments continued, but very little of the full length material was released
from the cells during this period. Again, we note that this assay should detect any Ap fragments
containing the epitope site (residues 17-24). Very small fragments that lacked this site would
not be detected, and most of the material released from macrophages is TCA-soluble (Fig.1),
indicating that it is amino acids or very small peptides.

4. Discussion

Although fAB plaques in the brain are extracellular, there is compelling evidence that fAf can
be internalized by microglia, and the fate of this internalized fAp can have significant
consequences in the development of AD plaques. If the fAB is digested efficiently, as has been
suggested to occur in the brains of mice immunized against Ap [25], then microglial uptake
will lead to reduced plaque growth and even removal of existing plaque. Conversely, the acidic
conditions in the endosomes and lysosomes could promote assembly or growth of fAp plaques,
which could then be released from the cells into the extracellular space [31,32,34]. In that case,
microglia might promote the nucleation and assembly of plaques. We have shown previously
that cultured mouse microglia internalize fAB, but they are inefficient in degrading it and
actually release a large fraction of internalized fAB back into the culture medium [7]. Like
mouse microglia, microglia obtained at autopsy from Alzheimer’s disease patients can also
take up fAB [22]. However it is not clear if they can completely degrade fAB [1]. In this paper
we examined whether the fAB that we used in our studies was intrinsically indigestible by
mammalian cells. We also examined the molecular identity of the AP that was retained in cells
and the nature of the material that was released.

In the current study, we found that macrophages can degrade fA particles that are only partially
degraded by cultured microglia. It is important to note that several replicates of these
experiments were carried out using the same preparations of A in parallel on the different
cell types. This eliminates any variability in the fAB properties as an explanation for the
differences in degradation. Our data show clearly that primary macrophages and the J774
macrophage cell line are able to fully digest fAP that cannot be digested fully by cultured
primary microglia. This suggests that with proper augmentation of hydrolytic activity microglia
might also become capable of digesting fAp.
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One way to increase the hydrolytic activity of late endosomes and lysosomes is to deliver
additional enzymes using the enzyme uptake pathway that utilizes the mannose-6-phosphate
receptor. Since most lysosomal enzymes carry this unusual post-translational modification,
and since all cells use this receptor to deliver lysosomal enzymes to lysosomes, adding
lysosomal enzymes with mannose-6-phosphate modifications to the extracellular mediumis a
very effective way to deliver enzymes to cells [15]. When we incubated mannose-6 phosphate
tagged lysosomal enzymes with the microglia in order to deliver enzymes to the late endosomes
and lysosomes, the microglia were able to degrade some of their internalized fAB. This showed
that increasing the hydrolytic capacity of microglia could lead to degradation of fAB. When
this enzyme augmentation was done in the presence of mannose-6 phosphate, which inhibits
binding to and uptake by cell surface mannose 6-phosphate receptors [15], microglia failed to
show any enhanced degradation of fAB. This showed that the uptake of the enzymes via the
endocytic route was responsible for enhanced degradation, and there was no inadvertent
phenomenon, such as activation of the microglial cells by a contaminant in the enzyme samples,
causing the enhanced fA degradation. We cannot formally rule out the possibility that ligand
binding to the mannose 6-phosphate receptor activates a signaling process that enhances
degradation.

We carried out a mass spectrometry analysis of the fAB-derived degradation products that were
either released into the chase medium or retained in the endosomes/lysosomes of macrophages
and microglia. The purpose of these experiments was two-fold. First, we wanted to see if a
particular degradation intermediate accumulated in the microglial cells to a greater extent than
in the macrophages. This might point to a particular enzyme that was lacking in the microglia
relative to the macrophages. Second, the pattern of degradation intermediates might provide
information about the slow step in degradation.

We found that both microglia and macrophages had fAp fragments that were digested from
the N-terminus, and similar fragments were produced in both cell types. We did not observe
C-terminal truncations in material extracted from either macrophages or microglia. The fact
that microglia and macrophages produce similar fragments from fAp indicates that microglia
are not functionally deficient in the enzymes that produce the N-terminal truncations. These
data are consistent with previous findings that N-terminal truncated AP peptides were secreted
into the culture medium by primary neurons, PC12 cells and by COS cells overexpressing APP
[6]. Small N-terminal truncations of AB peptides were reported in amyloid plaques found in
the cortical sections of AD patients [23]. However, these generally show loss of only a few
amino acids as compared to the larger truncations found in the A isolated from microglia in
this study. Since the monoclonal antibody we used, 4G8, recognizes an epitope between amino
acids 17-24 of Ap, any fragments resulting from N-terminal degradation beyond residue 17
would not have been detected in our system. Studies using antibodies with appropriate epitopes
will be necessary to detect fragments smaller than Ap17-42.

The difference between the microglia and the macrophages appears to be that the macrophages
are eventually able to fully digest the fAB, whereas it remains only partially digested in the
microglia. The lack of detectable fragments in the range AB13-42 through AB16-42 suggests
that if such fragments are generated in macrophages, they must be digested rapidly to smaller
fragments. This suggests that an enzyme able to cut in or near this region may be a key factor
in the efficient degradation by macrophages.

From structural studies it is known that the C-terminal portion, beginning around residue 11
forms B-sheet like structures [2,20], whereas the N terminal, as shown by NMR studies and
protease digestion studies, is not involved in the beta sheet network and has a relatively flexible
structure [13,21]. Since B-sheet like structures are resistant to enzymatic degradation, it is,
perhaps, not surprising that the core of Ap amyloid can resist degradation even in late
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endosomes and lysosomes. It is possible that once degradation of an AP peptide proceeds past
residue 12, the remaining degradation proceeds rapidly since part of the B-sheet core has been
disrupted.

In a previous study, we showed that microglia release previously internalized fA into the
chase medium as TCA-precipitable material [7]. The mass spectrometry analysis of the
macromolecular material released from microglia shows that most of it is released as intact
AP1-42 (Figure 4). These data support the idea that under some circumstances fApB can be
released from microglia and may contribute to the formation of extracellular plaque deposits.
In macrophages, most of the ingested fAB is released from the cells as low molecular weight,
TCA-soluble amino acids or short peptides. A large fraction of the macromolecular material
that is released from macrophages contained N-terminal deletions.

In summary we have found that the murine macrophages can degrade fAB particles which
murine microglia can only degrade incompletely. The low level of fAp proteolysis in microglia
was partially compensated by adding lysosomal enzymes from outside the cell, indicating that
low hydrolytic activity of one or more enzymes in the late endosomes and lysosomes of
microglia is limiting the degradation of fAf. Further studies will be required to determine which
are the key enzymatic activities for lysosomal degradation of fAf and also whether similarly
poor degradation occurs in vivo. Additionally, one would like to know if microglia in human
brains are ineffective at degradation of fAB and whether increased hydrolytic activity in human
microgliawould be beneficial. Understanding the basis for the extreme resistance to proteolysis
of AR fibrils in microglia may lead to the development of methods to promote clearance and
degradation of Ap.
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Figure 1. Degradation of labeled fA in macrophages and microglia

(A) 125]-labeled fAS. Microglia, J774 cells and primary mice peritoneal macrophages were
incubated for 1 h with 125|-labeled fAB 1 pg/ml) after which the cells were washed and chased
for varying times. In parallel samples, excess Ac-LDL (200 pg/ml) or fucoidan (500 pg/ml)
was added to the radiolabeled fAB to determine the extent of nonspecific cell-associated
radiolabeled fA, for which all measurements were corrected. At each chase time, the chase
medium was collected, and cells were solubilized. The chase medium was subjected to TCA
precipitation to monitor degradation. The radioactivity of TCA-soluble fractions in peritoneal
macrophages (A), J774 cells (o), and microglia (m) are shown as the % of total radioactivity.
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The data presented are averages of the radioactive counts from three dishes per condition from
six different experiments using fAp42. Error bars, S.E.

(B) Cy3-fAB. Cells were incubated for 45 min with Cy3-fAB42 (1 pg/ml) and chased for various
times. After each chase time, the cells were rinsed extensively, fixed and imaged by digital
fluorescence microscopy. The Cy3 fluorescence intensity remaining in each cell over the
course of the chase was quantified. The integrated cell-associated fluorescence power (arbitrary
units) normalized to the fluorescence power at day O over the course of 3days is shown in the
figure. Data for each time point shows the average of the normalized fluorescence power values
from 3 different experiments done on 3 different days. Error bars, represent S.E.
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Figure 2. fAp degradation by microglia in the presence of Man6P tagged enzymes

Cells were incubated for 45 min with Cy3-fAB42 (1 pg/ml). After incubation the cells were
rinsed extensively with complete media and were chased in (A) complete media (B) complete
media+30nM mannose-6 phosphate phosphorylated lysosomal enzyme (C) complete media
+30nM mannose-6 phosphate phosphorylated lysosomal enzyme + 10mM mannose-6
phosphate. After 3 days, the cells were rinsed extensively, fixed, and imaged by digital
fluorescence microscopy. The integrated Cy3 fluorescence power per cell before and after the
chase was quantified. The integrated cell-associated fluorescence power (arbitrary units) after
3 days normalized to the fluorescence power at day 0 is shown in the figure. The P value
(unpaired Student’s t test) for fAf degradation by microglia after add-back of 30nM mannose-6
phosphate phosphorylated lysosomal enzyme was less than 0.005 compared to either control
microglia or enzyme addition in the presence of 10mM mannose-6 phosphate. Data for each
condition show the average of the fluorescence power values from 3 different experiments
done on 3 different days. Error bars, represent S.E.
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Figure 3. MALDI-TOF-MS spectrum of fAB fragments in cells after uptake

A). Microglia [(i) chase day O (ii) chase day 1 and (iii) chase day 2] B) J774 macrophages [(i)
chase day O (ii) chase day 1 and (iii) chase day 2] were pulsed with fAp peptides overnight.
The cells were then rinsed and chased for indicated times. At the end of each chase time, the
cells were rinsed and lysed in lysis buffer. The cells were sonicated and centrifuged at 100,000
x g for 1 h at 4°C. The resulting pellet was solubilized in 70% formic acid, followed by
immunoprecipitation using monoclonal Ap antibody 4G8. The molecular masses of eluted
samples were measured using mass spectrometry. The identities of the observed peaks are
indicated using human Ap sequence numbers. Representative spectra from microgliaand J774
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cells from ten experiments of each cell type are shown. * indicates the protonated ion peak; **
indicates the mono-sodium adduct peak; *** indicates the disodium adduct peak.
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Figure 4. MALDI-TOF-MS of fAp fragments released into the chase medium

The chase media from microglia (A; chase day 2), J774 cells (B; chase day 1), and J774 cells
(C; chase day 2) that were pulsed with fAB peptides overnight were collected and subjected to
TCA precipitation. The TCA insoluble material was solubilized in 70% formic acid, and
immunoprecipitated using monoclonal Af antibody 4G8. The eluted samples were measured
using mass spectrometry. The identities of the observed peaks are indicated using human AB
sequence numbers. Representative spectra from ten experiments are shown. * indicates the
protonated ion peak; ** is the mono-sodium adduct peak.
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