Genetic remodeling of protein glycosylation in vivo
Induces autoimmune disease
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Autodmmune diseases are among the most prevalent of afflictions,
yet the genetic factors responsible are largely undefined. Protein
ghycosylation in the Golgl apparatus produces structural variation at
the cell surface and contributes to Immune self-recognition. Altered
protein glycosylation and antlbodies that recognilze endogenous
glycans have been assoclated with varkous autodimmiune syndromes,
with the possibllity that such abnormalities may reflect genetic
defects In ghycan formation. We show that mutation of a single gene,
encoding «-mannosidase ||, which regulates the hybrid to complex
branching pattern of extracellular asparagine (N)-linked cligosaccha-
ride chains (N-glycans), results In a systemic autolmmune diseasea
similar to human systemic lupus erythematosus. o-Mannosidase -
deficlent autcimmuns diseasa Is due to an Incomplete overlap of two
conjoined pathways In complex-type N-glycan production. Lymipho-
cyte development, abundance, and activation parameters are normal;
howeever, serum Immuncglebulins are Increased and kidney function
progressively falters as a disorder consistent witth lupus nephritis
develops. Autoantibody reactivity and circulating Imimune comiplexes
are Induced, and antl-nuclear antibodies exhibit reactivity towsard
histone, Sm antigen, and DNA. These findings reveal a genetic causa
of autodimmune disease provoked by a defect in the pathway of

protein N-ghycosylation.
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wioimmuone discases afllict an cstimaled 5% of the human
population, yel inherited genctic susceptibilitics and causes arc
for the most pari unknown (1, 2). The immune sysicm recognioes
ghycan-dependent features in sell-/non-sell-discrimination, and dis-
Lincl changes in prodein glvcosylation have been reporied in varous
autoimmune syndromes (3—7) The lirsl auicantibodics o be dis-
cowered were Lhe codd apghatinins that bind Lo ghycan chains (lermed
I/i antigens) and appear 1o be responsible for approximately 2096
of human autodmmune hemolytic ancmia cases (3). Elevated levels
of autoantibodics 1o glycodipids are noded in various neuarologic
disorders, including motor neuron discase (3 Allered ghyoosyla-
tion may also affeal immuone complex [ormation. Immunoglobulins
with aflinity [or the Fo region of IpG mokecules are found in
rhcumatosd arthritis, and the severity of the discase is associated
wilh the extent of galactose-dencient N-glycans on Fo (8). Human
Iz nephropalhy has boen associaled wilth aliered C-ghycosylation
of the IgAl hinge region and Ig deposilion in the kidney (9, 100
Another possible role [or aberrant glvean production in auioim-
mune discase includes Tn syndrome, in which reduced transcription
of the core | C-glycan B1-3 Gall eneyme occurs among hemialo-
poictic compartments. This reduced transcription results incxpo-
surc of the Tn antigen on cell surfaoes, and some paticnts suffer
hemaolytic ancmin, thrombopenia, and keukopenia, likely becanse of
the presenoe of anti-Tn antibodies fooand in normal scrom (1
Cilycan struciurcs can clearly participale in pathogenic processes.
Yel dewermining whether glycan recognition and production ab-
normalitics arc 8 cause of autoimmunc discase or are sccondary
evenls induced by kesions in olher melabolic pathways has awaited
studics involving in v genclic modilications of the ghroosylation
program itsell. Caolgi-resident glycosidase and ghycosyliranslerase
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cneymes operaling in the ghycan synihesis pathways are therchy
hypothetically promising Largels of genelic studics aimed al gaining
[urther insights inko the palthosenesie of autoimmunc discase.
The c-mannosidase 11 cneyme B encoded by a single gene in
mammals and resides in the Golel apparatos, where il iims tao
mannose residues from hybrd N-linked oligosaccharides. This
rimiming of the mannose residucs alkows the subsegquent addition
of multipke glycan branches by glycosyllransferases, as reguired for
the generation of complex N-ghvcans—ihe mosi prevabent and
diverse [orms [ound on mammalian cell surfaces (12-15) Non-
erythrodd cells from mice acking a fonclional ce-mannoskdase 11
genc were uncxpecicedly found o compensale for this delect by the
aclivily of another e-mannosidase delining an aliernative pathway
(Fig. 1 and rel 14) In erythroid oclls, glycoproteins were expressed
normally al the cell surfaoe, bul their portfolio of allached carbo-
hydrale strocturcs was allered with a loss of complex M-ghcan
branching concurrent with an induction of hybrid N-ahycan Forms.
These animals exhibit a non-life-threatening dyserythropaoicsis sim-
ilar o human congenital dyserythropoictic ancmia type 11 {14).
We have since observed an increased morbidity of aged mice
lacking e-mannosidase 11 and have therclore allempled o
determine whether the boss of e-mannosidase 11 in some lissues
is ot [ully compensaled for by the alicrnative pathway and leads
e physiologic delfects among nonerythroid cell wpes. Our
[indings hercin have revealed thal e-mannosidase 11 is essenlial
[or promoling complex &-glycan branching Lo varyving degrees in
dilferent tissues and cell Lypes and on subsels of glyvcoproleins.
The resulling alleration of N-glvcan branching provokes a sys-
lemic antoimmuone discase, indicating thal inhentance of an
abnormal protein M-ghycosylation pathway i an clickogic factor
in the pathogencsis of auloimmunily.
Materials and Methods
Mice. The null allele for e-mannosidase 11 { 14) was bred inlo the
CSTBL/6 genelic background [or more than eighl gencrations

belfore these studics. The mice were maintained in & restricled-
access barrier [acility under specilic pathogen-[ree conditions.

Lectin Blotting. Mcmbrane and tolal cellular proleins were iso-
lated (rom various lssues, and complex N-glycans were visual-
i#ed by binding 10 E-phylohemagelotinin kectin as previoushy
described (14).

Mass Spectrometry. N-Cilycans were isolated (rom prolein by pep-
Lide-N-glveanase F (PNGase F) treatment and subjected o various
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Fig. 1. Two pathways to complex protein N-glyoosylation in mammals. Com-
plex-type N-glycars are produced in the Golgi apparatus and are the predomi-
namt forms among extracellular compartments. Each pathway depends on a
separate c-mannosidase acivity to produce the hybrid N-ghyoan substrate for the
GlcMACT glycosyhtransferase. Differential use of each pathway among ghyoo-
protein substrates indicates additional controls in M-glycan repertoire expression.
Black square, M-acetylgluccsamine; open triangle, fucose: bladk droes, galactose;
open ardes, manncee. Anomeric inkage states are denoted. The a1-6linkage of
fucose to the asparagine-proaimal Macetylglucosamine {dashed lines) can be
found on both hybnd and complex N-ghycans.

ghycosidases belfore analysis by mass spectromelry, as previously
described (16).

Histology. Tissucs were (ed in formalin (Fisher Scientifc) for24 h
then sequentially dehydrated in increasing ethanol concentrations
before they were embedded in parafTine A microdome (Leica,
Deerficld, 11) was uvsed o oblain 3 10 5-pm parallin sections for
slaining with hematoxylin and eosine For immunol luorescence,
cxcepl [or anti-C3, lissees were [roden in Cplimal Colling Tem-
perature mediom (VWER Sceniific) and sectioned 10 3 pm. An
ultramicrodomee { Leica FOS) was uscd o oblain 1-pm scctions [rom
Lissue Mxed in 4% paraformaldehyde (PFA) [or 1 h, followed by
lixaton in 8% PFA [or 15 min, and orvoprotected in polyvinyl-
pyrrolidone sucrose for analysis with anti-C3 {HCN and Cappeed) at
1:500 dihution. An FITC-conjugated anti-goal secondary antibody
was used o visualioe anti-C3 staining. Frosen samples were (xed
wilh acctone, rinsed with PRS, and incubated in FBS with 109 FOCS
for 30 min before staining with FITC-conjugated goal anti-mouse
anlibody specific wo IghA, IgM, IgG, IeGl, IgtiZa, Ig(iZh, or IgG3
{Southern Biodechmobogy Associales) al | 500 dilution for 60'min al
22°C. Shides were washed in PHS and cowverslip mounted for
immunofluorescenoe viewing with a Zeiss Axioplan.

Electron Microscopy. Mouse kidneys were perfused with PBS (20
min} and (xed by 4% PFA for 30 min. The corlex was cul inlo
I-mm cubes and immersion [ixed in 4% PFA (45 min) and 8%
PFA (15 min). Tissues were processed, seolioned, labeled with a
10-nm godd-conjugated goal anti-mouse Izt + leM (H + L),
and examined by clectron microscopy as described (17).

Urinalysis. Urine was collected from mice and tested with Mul-
tistix 105G {Bayer, Elkhart, IN) reapent strips. Hematoria
{trace—large) and proleinoria {race—2000 mg,/dl) were quanti-
lied by color. For proicinuria, a posilive resull was chosen as a
minimum valoe of 100 mg/dl.

Hematology, Flow Cytometry, and Lymphoid Activation. Hemalopod-
clic profikes of mulant mice and lillermales were acguired wilth a
CELL-IDYN (low cytomeler with manual differential counls on
glass slides, with Lhe usc of Wright—Gicmsa, as described (18).
Mudleated dreulating cells and single-cell suspensions of Lthymins,
splecn, hmph nodes, and bone marrow were collected as described
( 18). Leukocytes were analyred with anti-B220-FTTC, CID4-FITC,
IgM-phycocrythrin, Gr-1-phycoerythrin, Mac-1-FITC (Pharbdin-
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gen), and CDE-Tricolor (Callag, South San Francisco, CA). Data
were analysed on a FACScan (ow cytomeler with CHEULOUEST
sl tware (Becton Dickinson). T and B lymphocyles were parified
by a negative sorting siralegy [odlowing the hynabead protocol
(Dynal, CGireal Meck, NY). B cells were purificd by the use of
hicinylated anti-Thy-1.2, CI43 (57 clone), Ter-119, NEK-1_1, Gr-1,
and Mac-1 (PharMingen) and streplavidin magnetic beads (Dyvmal).
CI4Y and CIDEY T cells were purificd by first remeowving B cells with
Irvnal sheep anti-mouse IgC magnetic beads followed by a negative
sorting approach Lhat uscs biotinylated anti-Gr-1, Ter- 119, NE-1.1,
and one of cither anti-C14 or CI¥ with streplavedin magnetic
beads. Lymphoid proliferation was analyscd as desoribed (19200

Semum lg Lewvels. Scrum Ig levels were measured as previoushy
described (19).

Anti-nuclear Antibodies. For anti-nuclear antibody deteclion, mice
sera were diluted w 1:2500in PRS and incubated with HEp-2 cell
subsirale slides (Immuno Concepls, Sacramento, CA) in a
covercd homidibed chamber for 3) min at 22°C. Slides were
rinscd in PES [or 200min, and antibody was detecled with the use
of FITC~onjugated anti-mouse 10 + 1M (Jackson Immu-
niaHescarch) al 12250 for M) min at 22°C. Slides were washed in
PBS and mounted with coverslips [or viewing. Plales coated wilh
indicated antigens and Clg w delea circulialing immune com-
plexes (CIC) (Alpha Diagnostic International, San Antonio, TX)
were wsed with sera diloted by 1:4000 in the bulfers supplied.

Autcantibody Charactenization. Tissuc homogenates were produoced
in lysis bulfer (5% 1 M Tris-HCL, pH 75,/3% 5 M Na(l/1% Trilon
-1 deterpent) with the use of Kontes—1Duall tssuce grinders
{(Fisher) and coated at 10 pe/ml for 1 h at 37°C into 96-well Nunc
Maxisorp plates (Fisher). Plales were washed three times wilth 150
el PBS wilth 0U5% Monided P-40 and incubated with 2% BSA in
PHS for | h at 37C. Plates were washed, and serial dilutions of
wild-lype and mulani sera (in PHS with 1% BSA) were added for
0} min at 37C. Plaics were washed and incubated with 16 ged of
an alkaline phosphalase-conjugated ant-mouse Ig & light-chain
monoclonal antibody (PharMingen) in PBS with 1% BSA at 1250600
[or 45 min &l 22°C. Plates were washed and developed with 100 @l
of penitrophenyl phosphate (Sigma) for 15 min al 22°C, and
reactions were stopped with 50 el of 0.1 M EDTA. Platcs were read
on a VERSAmax microplale reader al 405 nm (Molecolar De-
vices). Removal of N-glycans was accomplished by boiling 100 pg
of homogenale for 3 min in boffer containing 3 mM sodiom
phosphate (pH 7.5 generated with NaHzPOy and NapHPCOy), D.4%
515, and 8% 2-mercapioethanol before the addition of 5 millionils
of PMGase F (Calbiochem) in 1% Nonidet P-20 and 2% sodiom
phosphatc (pH 75). This procedure was [ollowed by a4 24-h
incubation at 37C Tissue homogenates (2 pg) were subjected o
SDE/PAGE, transferred 1o mitrocellulose, and incubated with 5%
BSA in THS (20 mM Tris-HCL, pH 8.0,/ 150 mM NaCl) for 2 h. Blots
were Lthen incubaled with sera (122400 dilotion) in THS with 1%
BSA, or wilth biotinylated Con A (Sigma) at 50 ng/ml in TBS wilh
il mM MgCh, 00 mM MnCly, 001 mM CaCl,, 005% Nonidet
P-4}, and 19 BSA for ™ min at 22°C. Auwtoantibody hinding was
detected with the use of enhanced chemiluminescence (Amersham
Pharmaca) aftecr a 45-min incobation wilh a horscradish peroxi-
dasc-conjugaled anli-« light chain monoclonal antibody (Fhar-
Mingen) al 110K in THS wilth (U5% Nonkdel P-40. Con A
hinding was detecled with enhanced chemiluminescence afller a
45-min incubation with horseradish peroxidase-conjugaled strepla-
vidin ( Veolor Laboratorses) at 110,000 in THS with 0L05% Nonidet
P40} and an overnighl wash.

Results
The degree o which the alicrnative ce-mannosidase palbway
compensales [or the absence of e-mannosidase 11 in vanoos
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Fig. 2. Reduction in complex N-glycans and increased hybnid N-glycan structwres in the absence of e-mannosidase |- {4) Complex N-glycans are deficient on
glycoproteirs from some tissues in mice homozygous for a deletion in the e-mannosidase || gene (A/A). Membrane protein was solated from vanous tissues,
and complex N-glycans were visualized by binding to E-phytohemagglutinin { Uipper) as previously described (14). Equivalent amounts of membrane proteinwere
used in the analyses (Lower). (B) Mass spectrometry of N-glycars from vanous tesues (kidney shown) was accomplished after isclation from glycoproteins by
PNGase F. Subsequent treatment with various glycosidases (not shown) provided additional information on specific saccharide linkages (16} {{} N-Glycn
structures [desialylated) defined by mass spectrometry from wild-type tissues were mostly complex types with fully modified mannose termini bearing
N-acetylglucosamine linkages {2, c—h), whereas structures in the absence of «-mannosidase |l cortained hybrid Nglycans noted by terminal mannose residues
(a’, c’, o', &', F, h'). The anomeric glycosidic linkages among the core regions are indicated (Fig. 1). Antennary extensions are with #1-#-linked glucosamine,
#1-d-linked galactose, and o 1-E-inked fucose and are as described for the relevant Leswis antigens (38). Rindicates the position of the asparagine residue before
release of N-glycans from glycoproteins by PNGase F. For monosaocharide symbols, see Fig. 1 legend.

Lissues wis imvestigaled. With the use of the E-phytohemaggelu-
timin lectin a5 & probe [or complex N-glycans, we analysed
glycoprotcins derived from warious organs of c-mannosidasc
[T-dehcient mice (see Marerials and Methods). Some glycopro-
leins appearcd o be quantitatively alfected and exhibil redoced
levels of complex N-glycans, whercas a few appearcd [olly
dependent on a-mannosidase 11 for hybrid o complex-Lype
M-zlvcan synlhesis (Fig. 24). The glycosylation of kidney glhveo-
profeins wilth complex N-glycans is cspecially dependent on
a-mannosidase 11, In contrasy, varions glycoprodeins in different
tissues did not appear o reguire e-mannosidase 11 as they
retained normal E-phylohemagghitinin binding, indicating that
the alicrnative pathway i sullicienl [or them o be modified
approprialely with complex M-glycans.

With the use of recently developed mass spectromelry ap-
proaches [or determining glycan structures in mammalian tissuc
(16), we dehned the specilic M-glycan branch structures ex-
pressed in lissues of wild-type and e-mannosidase [1-delicient
mice. These siudies revealed a significant reduction of known
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complex V-glycans along wilth the induction of specilic hybrid
N-glycan structurces in mice lacking ce-mannosidase 11 (Fig. 2 8
and ). Hybrid N-glycans are not prevalent in normal adualt
lissues, amd two of the structures elucidated in the absence of
a-mannosidase 11 arc bianlcnnary Lewis X hybrid N-glycan
sequences nol previoosly identified in any mammalian source
(Fig. 2, " and A&"). These dala together indicate thatl e-man-
nosidase 11 function is varied among nonerylhroid cell Lypes by
mechanisms Lthal may involee restricied subsirale acoess or
perhaps distincl ghycoprotein substrate preferences of Gle-
MNACT-1 and e-mannosidase [11L. We inferred thal e-mannosidase
Il may be unigquely essential for specilic physiologic processes
invalving nonerythroid cells, which prompled ws o closcly
investigale the physiclogy of aging ce-mannosidase [1-deficient
mice.

A small but signilicant increase in mortality by 18 months of
age was noled specifically among mice lacking e-mannosidase 1.
O histological cxamination of multiplke organs, glomeralone-
phritis was delected in over B09% of more than two dowen
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