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M:crﬁnha which ure ccnsmcnlly msuc:aled with Alzheimee’s c.hmse {AD} senile pliques are part of the mnnnnucle ir phagaeyte systeny. [n-vitro
- thatured Buman monoeyle-desived m.lcréphagcs Teaiture m:my immunalogical characteristios of mitroglia, We found strong constitutive expréssion
of Alzheimer's fad-amyloid precurser protein (APP) in tuman mononuclear phanecytes aflér 1erminal in-vitro maturation from monocytes to
 maerdphages. Anwimd has previously been found 1o by associnted with micraghia in AD brains, hawever, it remained unclear whethier the material
- was symhesnzcd in or had been ph.igncytosed by the cells. The indings prcscnlcd here support the :lssumpnon th.tt brain ml:roglm may conlnbuta
‘ m APP symhesus in AD brain.

- M_aér_aﬁhugc; Mi‘cr_qnlm;‘ Amylmd PrECUrsor protein; Alzhciﬁw'r's disense.

l. INTRODUCTION = -

ﬁ-Amylaid or A4 protein, now termed AA4 pmtein
(#A4), is the major proteinaceous -consticuent of
Alzheimer's discase (AD) cortical senile plagues [1) and

cerebrovascular amyloid {2}, [t is derived from a large.

precursor prowein: A4 amyloid precursar .protein

(APP) [3-3). Three major APP protein forms of 695

[3], 751 [4], and 770 amino acids (5], respectwely, are

derived from an alternatively spliced hn mRNA. APPis

synthesized in the brain as well as in several other
organs and tissues of healthy individuals (for reviews,
see [6,7])
neurons, ‘astr'ocytes,‘ and endothelial cells have been

reported to be cortical sites of APP synthesjs [5,8-15}.

. Although numerous reactive microglia are consistent-
ly found in and around AD senile plaques [16-19] and

although amyloid was found to be associated with them
[17,18, 20] nothing is known so far as to whether this :
cell population of the brain’ may synthesize: APP and

thus may contribute to A4 deposits. The question re-
mained open whether the material was synthesized by

the ‘cells themselves or whether it had been phago-

cytosed. Our intention was to obtain evidence whether
or no: human microglia might be able to express APP

and how it may be regulated. We applied a previously
desc‘ribed special _c11l£ivation system to obtainflermjnally ‘
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. Until now, only cortical and hippocampal

matured human macrophages from purified peripheral
blood monocytes which feature many of the character~
istics of human microglia [21,22]. The in-vitro matured .

. monocyte-derived macrophages share morphological "
~and immunological features with microglia: compared

to monocytes, they shaw a typical macrophage-like -
ruffled cell membrane under the ¢lectron microscope

{211, and express surface antigens such as MHC ¢lass II

molecules, receptors for Fe, C3, transferrin, and the

CD4 receptor [23,24]. In this report we show that

monocyte-derived, in-vitro- matured human macro-

‘phages constitutively express AFPP mRNA and. syn-"_'

thesnze APP protem

2. MATERIALS AND METHODS

2 l. Hmnan monocwenmmrophage cmtures

Monocy.; and monocyle-derived macrophage cultures were per :
formed as prevlously ‘desctibed in detwail [21,22]: monocytes:were -
prepared from blood of healthy donors by ¢entrifugation over Ficoll-
Hypaque aecording to [25]. The mononielear call fraction was allow-
ed to adhereto plastic dishes in supplemented RPMI-1640 medium -

" (Seroimed; Berlin, FRG) contuining 10% human AB serum, -Nop- |
. adherent cells (dymphocyies) weare then remaved resulting in highly
' monocyte-enriched cultures which were either used mlmedmtely for -

experifents or were further cultivated [ order ta obiain monocyte-
derived macrophages. In the latter case, monocyles were incubated. |
overnight and then removed fron the dishes 4t 4°C by vigorots pipet-

" ting and placed into rectanailar teflon bags (Biofolie 25; Herasus,

Hanau, FRG) in supplemented RPMI 1640 medium containing 109%
human AB scrum, After 8 days, the monodyte-derived macrophages
exhibited features of typical tissue macrophages (23,241 Cells were
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‘2.2. Hmmm aewraaal twl :'mnwx ‘

The SH-SYSY neuroblisioma clone [26] wm A i I‘mm Be &
Biedler, Memorial Slogn-Keieting Tanver Cxmer (New Yok, .Y,
The celis. wore grown In REME 1640 medium containing 1% FCS

(Ciiligs, Karliruhe, Geemany). Muring nerve grawih Tactor AINGF 8) ‘

{a gomerous gifr from U Often, Basel, Switzerinndy, revinede acid

{Sigma, Dielsenherlen; Germany), and d‘i-h-umyr cAMP (db cAMP)
{Sigma) werve added ro the mcdium for 3 days au a fnal coneentration

of 20 ng/ml, 10 pM, and 0.5 mi, respectively. Addition of these
camponents has been previously repanec\ o result in a dm'v:mmtawtl
phenmype ur neurunal m:lln (‘71

LN Radmmbelmg mul inmm.rmpreripﬂmmu

Radiolabeling of the ce}l culturey and immuneprecipitation was |

done ax deseribed earlier in detail [29]: eells wére plared ine 40 mm
plastic dishes ¢10® eells/dishy in’ supplemented RPMIE 1640 medlivm
‘cantaining 1% FCS (neuronal cells) of 1% human AB serum (Imacro:
-phages)  Mewbolic Inbding was done by replasing media by
methionine- and serumi-free RPMI 1640 medium and by addition of
[”S]melhnonmc 10D pCizdish). Cellg wére allewed (o incorporate the
radioactive amino ncld imo newly ‘synthesized proteins for 4 h exeem
in the pulse~chiase experimients, where celby were labeled with 200
pCiZdish far only 20 min followed by addition of in excess of unlabeled
methionine {2 mM final concentration) in order 1o chase the radio-
labeled methionine. For immunoprecipitation, media were separated

from thecells. Cells were homogenized in | mi:28 mM Tris-HECL pH

7.5; 20 mM NaCl; 1% sodium deoxycholate; 1% Triton X-108, Nou-

soluble material was removed by eentrifugation at 12000 rpmi for § -

minutes. Cell homogenates and media were dilutest with 2 volumes of

immunoprecipitation bulfer 20 mM Tris-HCL, pl.7.6; 0,14 M Nall;

5 mM EDTA,; 1% Triton X-100). Tetal de-novo synthesized proteing
were tetermined by TCA-precipitation of 20 wl dliquots of ¢éll homo-

.genates and media according to {30]. $pecific proteins were extracted

from. equivalent amounts: of total TCA-precipitable radicactivity
{usually 0.5 % 10* cpm from media, 2% 10* epm from el homo-
genates). In the pulse~chase experiments, specific proteins were. ex-

tracted from rotal medium and from one half of the ¢cell homogenate.

Prior to extraction wilth specific antibodies, unspecifically binding
‘material was absorbed by a sham extraction with non-immune control
serum. After addition of an-excess of monospecific polyclonal anti-

APPggs antibody [38] (usually 10 ul), the immune complexes were

bound to Protein ‘A Sepharose (Pharmacia, Freiburg, FRG), sedi-
mented, and washed (2 times in immunaprecipitation buffer, 2 times
in 50 mM sodium phosphaie buffer, pH 7.5). The immune complexes

. were dissociated at 95°C for §'min in 35 ul of dissoclation buffer (0.1 . ‘
M Tris-HCY, pH 6.8; 5% 2-mereaptoethanol;. 5% sodivm dodecyl- .

sulfale; 10% glycerol), subjecied Lo sodium dodecylsutfate polyacryl-
amide gel electrophoresis (SDS-PAGE) atcording to (31], and fluor-

ography according to [32], Thae specific radioactive bands werécut out -

- from the gels, solubilized with protosol/water (92 1) and counte:l ina
_hqmd smntlltatmn counter.

2.4, -DNA constructs :

" - Standard cloning techniques’ were applied [33] A partial ,GA%-
amyloid precuisor protein/APPpg cDNA of 2.7 kb was isolated
from a human fetal brain lambca gt10 ¢DNA library using radio-
actively. endlabeléd oligonucleotide probes specific. for the APF;y
cDNA as well as a BamHY/ Xhol restriction fragment (-47 to +11385,
[3]1)s which was labeled by random priming {34, 351, A'1.7 kb EcoRl

fragment of this cDNA, where the 5-EcoRI restrietion site derived :

from the edaptor (FroRI-Xho1-Sa/1) used du; ing constryction of the

cDNA library, and the 3-EcoRl site at pesition +2020 from the

APP47 ¢cDNA, was subcloned into the EcoRI restriction ‘site of the

pUCI19 palylinker, resulting in the recombinant plasmid p2.21. Diges- |

tion of plasmid p2.21 with Xhol resulted in a fragment with 815.bp
of APPm cDNA This fragment was cloned into the Se/l restncnon
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24 RN extravtion um! 81 nuctéae protection gty e
Toul - BNA wax extraered from edly accarding w 18], The 81

‘nugleane protection avay was performed wy deseribed 371 A -

farmly labeled single-tiranded DMNA probe was synthesiaed by annedl-
ng ) prvel of NUEF phuge specitic oligonvcleatide primer 1o 250 ng of

. singlesiranded templatg DMA of M4 FL. This primer wax extended

with | unlg of Klenow polymersse (Boehiinger, Manahelm, Germany)
i the presence of 33 MM AATP dGTPATTR, TmM JdCTH, and 40
HClE Bf [a-SPRICTE 00 Cirmmel) for 15 min at 3790, Bxtended

; products were digested with Sael for 43 min, Thie libeled singles

strunded - DNA-probex  were . purificd  on 8 5% . depaturing.

- polyacrylamide gel. Prabes wire visualized by autoradiography. Gel

digey corresponding T the Bands on the sutoradiograph were eut ant
angd eleetroetuted (Elutrup, Schlgicher and Schiil), Exeess probe
ME. 11 (30000 ¢pm) was hybridized overnight o 13 pg of toal RNA

- WL S57C (35% farmamide, 0.4 M Nacl, 20 mM T s HCL phE7.a, snd

1 mM EDTA). $1 nuclease eligesifon £1200 unitsésample; Bochringer,

‘\hmulmim Germany} wiis performed.for 2 h it 377C (0.3 M NaCl,

3 mM 2080, 60 mM NaAg, pH 4.5, 0.8 jig denatured eall THymiis |

. BNA). The resuliing producty were once phicnol- and. onece

pheagl/CHCl-extracted, éthanol-precipitated and resolved on o 3%,

- dematuring sequenting gel. Autorad icgmphy w:\s done with hmlak X-

ONH\T AR films:

2.6, Immmmc_y.'achemk‘ﬂf .fmhmm :
Monacyte-derived macraphages were ph‘llt(i in I640 medium an
thermanax plastic goverslips (Nune, 1, USA)Y and allowed (o adhere,
Cells were thenwashed with phosphaté-buffered saline (PBS)and fixed
with 4% formalin PBS, After incubation with a 1, 10 dilution of the
monaspecific primary antibodies: ‘monoctonal . ant-AAd-amyloid
precursor protein (Bochringer, Mannheim, Germany) or polyclonal
anti aipha 2-macroglobulin [28], cells were treated with the Veerastain
ABC-peroxidase detection sysiem (Vector Lab., Burlingame, CA).
Cills were mounted in glyceringelatine (Merck, D"armsmdt Gcrm'my)

“and viewed with a 7!.‘!&‘1 111 RS mn:ro:\.opu

3. RESULTS

In-vitro matured macrophages were obtained by sub-

_jecting purified human peripheral blood monocytes to

cultivation in hydraphobic teflon foils for 8 days. Dur-

mg this tinie; the cells increase in size (Flg 1A) and

develop features of tissue racrophages [23,24].

freshly isolated blood monocytes synthesis of ﬁA_4-
amyloid precursor protein (APP) was nearly unde-
tectable (Fig. 1B, lane 1). However, afier terminal
maturation macrophages express high levels of APP
both on the prowin (Fig. 1B, lané 2) as well as at the
mRNA. level (Fig. 2). If RNA extracted from
macrophages was -analyzed by S1 nuclease protection
analysis, APP mRNA coding for the 751 and for the
770 amino acid forms of the APP protein were found to
be predominant, while only a faint signal was detected

- corresponding to the mRNA coding for the 695 ammo
‘acid form of the protein (Fig. 2). ‘

‘The biosynthesis and secretion of APP was analyzed
by a pulse-chase study. A comparison of synthesis and

secretion in macrophages (Fig. 3, lanes 1-4) and human

neuronal (SH-SY3Y. neuroblastoma) cells (Fig. 3, lanes
5-8) revealed, that macrophages synthesize intraceliular
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l:g 1. (A) Morpholagcai characienzation of inwvitro matyrated human macropliages compared to freshly isolated human bload :ronocyles :
. Pappnhum stmned freshly. prcparcd human bioad maonocytes {left) and macrophages afiér in-vitro maturation (ru,lu] were viewed by oil lmmar- -
slote microscopy at the same magnification (x2400) for both pictures. (B) Secrgtion of fAd-amyloid precursor pratein (APP) by reshly isalaicd
human blopd maonocyles and by in-vitro maturated macrophages. Adherence-purified human blood manoeytes (lane 1) and inwitro madturated
‘macropliages (lane 2) were metabolically mcno]'\bclcd APP was immupoprecipitated {rom standardized amounts of secreted TCA-precipitable;
radloaunily (i ¢, from standardized amounts of e-novo synthesnud proteins) as described in Section 2, subjected o SD3-PAGE and amolﬂd:o ‘

&rﬂphy

_ APP forms with an apparent molécular weight between

110 kDa and 130 kDa (Fig. 3, lane 1) corresponding to

the M-glycosylated forms of APP,s, and APP44 (@bout

110 kDa) and to the N- and O-glycosylated thyrosine

sulfated mature mémbrane protein APPyg and APP770
(about 130 kDa) [38]. The same pattern was found in

ly been shown to'be dug to the facts: first, that 3 dif&' :
ferentially spliced major APP mRNA forms (coding for

APP proteins with 695, 751, and 770 amino acids) are

* derived from hn mRNA 3-5]; second, that APP is sub-
“jected to posttranslational modifications including N-

neuronal cells (Fig. 3, lane 3), however, these cells con- -

tained an additional APP form of approkimately 98.
kDa (lane 5, arrowhead). Most likely, this neuron-

specific form represents N-glycosylated APPggs ({38]
see below). Secretory APP forms in the macrophage-
- conditioned medium had a molecular weight between

110 kDaand 125 kDa (Fig. 3, lane 4). Again, a neuron-

specific additional APP s form gives rise to an addi-

tional band with a molecular weight of approxnmme]y'

92 kIa (Jane 8, arrowhead). ‘
Molecular weight heterogeneny of‘ APP has prewous~

-and O-glycosylation, sulfation, and proteolysis [38-40].

The secretory APP forms found in the condxtloned.

: medium are produced by a proteolytic cleavage C-

terminal 1o residue 16 of the A4 part of the mature '
APP transmembrane forms [39 40]. :

The presence of APP in macrophages was finally
demonstrated by 1mmunocytochem|cal staining. Figure

~4A. shows strong; 1ntracellular [mamly perinuclear)

BAPP immunoreactivity in mdcrophages In addition; -

cells from the same preparation stain also for alpha-2-

: macroglobulm (Fig. 4B), a previously described marker
of termmally matured macrophages [28] ' :
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monoeyles and in-vitro maturaled macrophages by S1 nucleqse pro.
ectian assny. 15 ug of total RNA from freshly isolated human blood
monocyieés {lane 1} and from in'vitro maturated macrophages (lane 2)
were hybridized to an excess of APP probe MR 11 and digested wilh
$1 nuclease. The resulting projected fragments were subjected to a
5% denaturing polyacrylamide gel elcctromloresm The protecied
Tragments of 815 bases for the fAPP5; mRNA, of 714 bases for the
{JAPP,,, mRNA m1d ‘of 346 bases for the fAPPys mR\lA are in=
‘ dmlcd .

4, DISCUSSION

As the resident macrophages of the brain, microglia

are linked to the mononuclear phagocyte system (for re-
cent reviews see [41-43]). Here we describe that cells of

the mononuclear phagocyte system, linking bone mar-

row precursors, blood monocytes, and the different
tissue macrophages, strongly express APP upon ter-
‘minal maturation from monocytes to macrophages.
Treatment of the macrophages with endotoxin (a
classical stimulansy or glucocorticoids did not affect
APP synthesis (not shown). Like in other non-neuronal

cells [44-46], APP,s, and APP,;, are the major APP

forms in macrophages. Expression of APPgg; is nearly
exclusively restricted 1o neurcnal cells where it is ex-

pressed in a [751+770):[695] ratio of about 1:1 -
_[44-46]. Several reports describe an increased ratio of

1731+ 770]: {695} APP mRNA in AD brain [47-49).
This finding may be explained by an. age-dependent
- alteration [50] and/cr by gliosis which is commonly
observed in AD [48] It remains to be elucidated whether
_the changed ratio in APP expression is an early or late
event of Alzheimer’s disease pathophysiology.

In AD brain, senile plaques are consistently found to
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Fig, 2. Detéciion.of'APP mRNA in freshiy isolated human bloed "P t 2 3 l’ P P 5 6 7 3 Pm

an. kR Comp:\nsan of the, APP forms .synthcsazed and sacreted by in-

vitro maturated human maerophages and by human peuranpal (neuro-

biastoma) ¢élls, [n.vitro maturated human macrophages (fanes 1-4)
and human $H-8YSY neurcblastoma cells were pulse-labeled with .

© 200 wCi-df [MS)methionine- far 20 nifa, Then the cultures were

harvested cither immediately (lanes 1,3,5,7) ar cultivated for 4 more
hours in the presence of an excess of unlabeled methionine (2. mM -
final concentration) in order to chase the incorporated radicactive
methionine (lancs- 2,4, 6,8). Cultures were harvested by séparaling

- cubtare media from: cells. APP was immunoprecipitated from half

volume of cell homogenates (lanes 1,2,5,6) and from total media

- (lanes 3,4,7,8), subjecied 10 SDS-PAGE and autoradiographed. Un-
‘qpcmflcally binding material was preabsorbed from cell homogenates
(P,) and media (Py) using non-inuhung control serum. Ariowheads

point to an APP form produced in neuronal cells only,

‘contain and to be surrounded by reactive microglia

{18-20]. Resident microglia are derived from immi-
grating monocytes which then undergo terminal matura-
tion into resident microglia [18-20]. This immigration
occurs mainly in the perinatal period, but a low degree:

‘of immigration has been assumed to occur throughout
. life [18-20]. Injury or infection in the central nervous
' system giveriseto the appearance of both reactive micro-

glia’ (i.e. activated resident microglia) and activated

‘macrophages -(i.e. mononuclear phagocytes recruited

from the circulation) [41-43]. The local environment
may influence the behaviour of resident macrophages in
the different tissues.. Therefore, data obtained with in-

_vitro ‘matured macrophages must be interpreted with

caution. It is impossible to determine to which of the

‘microglial cell types (resident microglia, activated
microglia,. or activated macrophages) our in-vitro
- matured macrophages are best correlated.. However,
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‘jsinec APP éxp_rcssicn, was not altered upon stimulation
of ‘our cells with the classical activator endotoxin, the
- state of activation seems 10 be of minor significance for

- APP expression. Instead, APP expression seems 1o -
critically depend upon the terminal step of mononuclear -

-phagécyte maturation. We assume that APP expression
- of in-vitro matured macrophages may serve as evidence
" for synthesis: in microglial cells, Very recently, this
assumption was supported by immunocytochemical

- detection of APP in primary cultures of human micro-
- glia (P. Gebicke-Haerter, J. Bquex. B Volk in prcpara-‘

tion).

The secretory (N-terminal) part of APP,g; (which; like

APP3, bears a Kunitz-type protease inhibitor domain) -

“has been found (o be identical to protease nexin I
[51, 52]. Functions of this molecule include inhibition of

coagulation: factor ‘XI a, plasmin, trypsm.,chymo s

" trypsin; and nerve growth factor gamma {which is in-
"~ volved in INGF processing) (5,51-55]. In addition,
binding to epidermal growth factor binding protein and
to transforming growth factor beta has been observed
[81,52,54,56]. Since neurite outgrowth depends on a
precarious balance between proteases and their in-

hibitors [57], it appears conceivable that the protease
inhibitors APPys; and APP;;p may interfere with.
Jieuronal plasticity. With respect to the A4 peptide, its -

effects on undifferentiated neurons seem’ to be

" beneficial and to support  neuronal differentation
[58,59]. In contrast, fAd'was found to exert neurotoxic
“effects on differentiated neurons [39-61].

The mechanisms by which APP comrlbutes 0 the‘
‘ ,patholo;y of Alzheimer’s dxsease .are not yet fully
‘understood A detailed analysis of APP biosynthesisin

cultured cells revealed that APP, after its insertion into
the cell membrane asa transmembrane. protein [3,38,62],

is cleaved inside the #Ad4-sequence of the mature APP

protein by a
- seeretory release of the largc N-terminal portion of
APP [(39,40]. Therefore, it can be concluded that the
“formation of the SA4 peptide is prevented under nor-

The phymologlcal functions of APP are suli unclear S

a sull unknown secretase resulting int the

rmal physnologu.a! conditions, Viece versa, . it appears :

conceivable that a protease inhibitor may inhibit the

APP secretase in Alzheimer's disease (AD) and may-

‘thus ‘preserve the GA4 peptide from bemg cleaved.

Pathologic APP breakdown could then give rise to fA4

*which dué¢ to its tendency 1o ‘aggregate may contribute- . - .

to plague formation. In fact, we recently found that

human neuronal cells synthesize and secrete the most: o
potent of the known endogenous protease inhibitors,
alpha2-macroglobulin (a2M), upon’ stimulatien . with

the inflammatory . cytokine intetleukin-6- (IL -6) [63].

a2M was found 10 inhibit APP secretion [63] and both - |
a2M and IL-6 could be detected in AD semle piaques B

(B. Volk and J. Bauer, submmed) _
Once normal APP processing is disturbed, APP f1om

“any source inside the brain might contribute to fA4 and

subsequent plague formation. Our data show that tissue

. ‘macrophages contribute to APP synthesis and thus pro-
* vide evidence thiat APP may be synthesized also™ by
brain microglia. However, further studies have to be

carried out to elucidaie how exactly microglial cells may -

- contribute to: the pathophyslology of Alzhelmer
dxsease. :
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