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MAERRI T HRBICEIR, REL{FHFTAR
RAICE EHCRBILED 225G bhb, BK
RIEILE (innate immunity) 3, EEICERMD -
7o RICE TR . WL RS (adap-
tive immunity) (¥, BRRECELRLRY)EhER
DIRFEE T B e LR ER L, HER—
AR E oo S ERERVE LIRFAARE D
LDEHREBLETS. w7077 —Y (M¢)
i3, BARLETEORLHERTHY, HRAET
Rk -ARL, BETA. Mg, MEBIU
TORBIILLT, HADTELA 4 A
M4 YEEEL, EERSHOE A ORELHR
PRGN 2 V— AV FRRT. 61T,
M¢ 12, HRIRTME L TR AAZHE L 55
MELTHEE LTTHRIRRL, BICRELE

DFEIEESTE,

DX, Mg, WEMBICHTAEEDR
HOBE—RILET 28R THS. LoL, LTL
LI XTOHEEXEMS X DEHERDL DI TIdE
{, ¥, ¥ VEAXTH, VAT UTHEHLEEDWD
W B AR A AW &IPS B IR, Mg
ARShTOREEINT, MgldtbLAaZhooM
RAOMOBE 25, ZhEOREHE*M¢ 5%
ET B0, IFN-y 2EITL D “M¢ DifHEL
DLECHS.

Mg AR & AT 5 L Hikh ¥ 7 F MRERER
TERIEEND, ThG0L P GEERE,
BIEERFIR NG, A MO A VEERT TS
1 VEELERINEL, REMELHRT 20
CEARLTEMT S, —7F, MEMSEICE - T,

The activation of bactericidal mechanisms of macrophages against intracellular bacteria

Kiyoko S. Akagawa

......................................................................................

HHFh« 2L 1968 FREPFAFELHEMFHER. RERDILTRHAENANR (REBRMERTEAN) BIZEAFR,
75 FEFML, 80 FEI FRIGTEMAPMLEEEMAE, 68 ERMRRESAERNETER, 92 ERRESRETIFEER,
98 FEVBMEMAFIRERRETYETR, 2003 FRARANTI4EER. WRF -7 77077 -I0bEAFOYx
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B ARSI D R B & D R B 5
LEANTHCEFLDI, TR0k BHIC
LIRS & R LTWD Mg #EE ST 2 2 &
PLIETH Y, £OLHMER, Mg DL ¥ ME
EEBTIAETLERRA Y F U2 THIE
SHALDPI o TE F72, ¥TAMG LU P M§
3, UFLOFE U THEE bR D LIERL 2w
TR bR S W, RIETHE, IhbDEIzow
TOREDOMR LIRS,

O Mo [C L DHEDTE &I :
TLR & NOD

1. TLR2ECEO S

Mg IHRGEL AFIERTILENDD. 20
728, #ERHATE 7Y = s W RREEOR
RIS RO C3 L 7§ — RHikD Fo 85
W 5 L7y —diidy, pathogen-associated
molecular pattern (PAMP) EIHINZHAYICHE
AOFFHEICST5-EOL 7y —2RFLT
Wa (w2077 —JIIBHTILZF V], poa2
TBHOZE). £0O—25Toll-like receptor
(TLR) Tdh, BREWEOTLROFEFMLNT
V3. TLR2, TLR4, TLRS i, MBHERDTE
BEIZEMTS. TLR4RR, 75 ABRMEOY XS
# (LPS), TLR2I, &L DYRF 2 E, <7
FEIVHAY, 3an82FYF, 3anxr7F)7H
FKURT I/ <+ (LAM) RSB LEG
T%. TLR2D ) # ¥ FiEiZE, TLR1X°TLR6 &
DATOY A v —HRPLETHS. F/TLRSI,
77 LAGMBLUBRHROBELEMT 5. MEH
HDNA 2°JEA F 11 CpG DNA L, TLRO (2L W3R
Wb, ZLOTLRIIM$ OXIMICRKEL T3
A, TLR2IZ, 77TV —aBICbFETHIL X
D, MaNO L LT 77TV — AROREESRER
DERBLTCE I T VEBERT A,

TLRZ, £ D s L URED R ENE
BIIPPbAIMSDEE L2 VLSS — & LTHEREL,
NF-«B OiEHL, —E{LER (NO) B4, £LT
IL-1, BEHEFERT o (TNF-e), IL-12, IL-18

REDYA M4 UEEEFIUREERTE LS
(2, THIfRRFF25 035 — (NK) #BROiEHE:
LEFHTH. BEAO19KDa ) KY V37 Hid,
TLR2 £ L TEEHEBHAESHR (MHC) 77 A
I A FORTICHE 70+ 3 > ¥ OFE) % 5
T2, TNHOUIHIE, KAV A P I A ELE
BRI Sh s, 27, SHED19kDa
VARY 8 FUT LB TLR2 ORENE, Mg FiEtE
{LLEMEORECMG DT H b~ AR FHT 2,
LaL, b7 2ADOMSIIBITHTLR2 2411
TRWEME O FEAE R LT LAR U Tz 2 (,
TYAM¢ TREROZ7z2 % —HNOT, E}
Mg TRNOUHOBEAFH L7257 —-L LT
5T 5"
2. NOD2 & Crohn i

TLRid, $REFERL 77TV —LF LTI FY
— LG EORIHEET A, MRHBEROPAMP
RELETFy—E LT, NOD1 B LUNOD2 4
Ll &his, NOD1, 75 ABRUHORTFF
TIHDITIIER) VB (DAP) OLvT¥
—Th ), TORMNEREEL y-7VF3In-
DAPTHA. NOD21Z, /I oBERB LUy
LAEHEORTF FZY A 2B L TIEET 5 A
FINVNRTFF (MDP) OLE7y—Tha.
NOD1 & NOD2 it iEtEE A L, LbizCk
Wico4 Y yFIE¥—F (LRR), $5IZNOD
T IO THEI I LA F FESHERL
F#4 >~ (nucleotide-binding oligomerization
domain ; NOD), N33kl caspase recruitment
domain {(CARD) *#% 4, LRRCHIEN®E Y&
v FAFEEMRL, NODDHCHALIREDRER
L Y ERELL, K TCARD 2 b2 FTHmETF
RICK (Rip2) & CARD-CARDMEER*A#L T
&L, NF-«BOEHRIL*EFLT S, NOD2itEIz
Mg IZRELTHBY, —F, NOD1I, BELEH
Rz LHE {OMRTRIAL TS5, M§ TD
FRIELAVTH L,

K, CrohnfBHED—ET, NOD2 DftfEFa
RrBOHDI L, TOERZ, MDPIHT I
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EMERTERTHLIEDHE LML -7
Crohn#5id, FHRLRM% IR0 ETHRRAMOIESE
FEEYEAZFRETERE & 44 ) B D JERRBTH Y,
HER - Mg DT (INF-a OR¥ESE, IL-10
REVEOET, IL-10 EEHH L E), CD4' TER
124 5 Thl RIREICEDRE L, BAMNEL &0
BEL EMPTREERTV A, FELVWRESRFILR
HTH 5. TNF-a DREEEVFHEICRL 20b
D, PLTNF-a FUEOHREIZ X D IBEOL B AH S
nbh, HAERINOD2 & £ W ERANOD2 * &#H
L7: ERp stk Caca? Tit, H e FEDLETERE
TERDLVETIHELSH DY, NOD2ARREIC
ME T oiEd R s h b, 4, NOD1RRT7TH
b= ZAFRHEFTH S Apaf-1 (apoptotic pro-
tease activating factor-1) & OHFEIM%E b & IcFE
ENTZFTHD, NF-BOFELLTCRLTHE
P ABEDTTHL A AN—F9 (caspase-9)
SIEMAET 2, £z, TRANOD2 % b2M¢ i,
FTRE=VAPFREINY, TLREN U RENY
A bh A VEENRFRTLURERLZEZ OGNS, L
L, NOD2 DERMED L I I CrohniBDRAE &
METAHOD, TOBBIIEISIATHS, NOD2
AT AW EARDE NG,
Crohn fRICBI L TiE, v} CrohniFiz X {417
T OMIERGRTH S Johne (T—F) HOER
B Td % Mycobacterium paratuberculosis D IREDH
EXELPOREENRTWS, /4, 92094 F
AUEME S &2 X A HERE TR Y
5EV)BES 1990 FREF L v {oRilERT
Woh, FICHEEEITET D#EIC L 2886 Th
CEENONFBERETHIILE2ELDL, Fi
B ESATIIR L 50T, BEREG. bHETHIEE
CrohnfROHMHA B, —FK T, Y3 ®Johne i
1990 FEARBFLEHEML TV A Z E b SR T
VB, BEMENDLZPEPERETH L, B
HEWATH 5.

O 7 7YYV Y/ — LD EHIRN
HFEHRIC KL DT DITHIERS
1. Z27dUY Y — AOFRRE

HMIEY MG IKFHREINDE, 77TV —LOHRK
IZ5[&HEE, NADPH + ¥ ¥—F¥n&a b gkt
77 I/ -LBEEICREID, BE (0) FBLE
NTA—R—F 3L F7=3 2 (-0,7) BEEEH,
SHICETENT, #ABbKE (H0,) o
FUNTIHN (-OH) & EDRVERAR OGN
# ROD) 27 7TV —ARICELSND, D,
TrIV—AEY VY- LORAIRIE, YUY
=4, BEERRA 775 —¥, AT 7L rDERL
BEH L DMATHEZRE L, InLOWHIcE
NN eREENSEN SRS, 34, 3o~
FXLY = (MPO) ¥7 7TV —LAF~ADA
By AEMORETICH,0, R Lic &, kEiEE
Bt (HOQI™) @ X% & h BRMiFHoky-diRel
WAEESND, LiL, HHRICK~Mg T
MPO & Ev. —EoMEix, —o—do
NADPH # & ¥ ¥ — ¥ OE#{te 7 r I) v v —2a
FERRIC & %) VY — ABEEORBERIC X D X
ha, UL, #3455 CEERLZ EoMEA
WML, e OBEIC LY ZORERA»O%
T3,

BIIZRT LI, 77y —AR, =y Fv—
LR} —hED “kiss and run” LIEIZRSL—
EORSIIENERT S, Y, Wz Fy—2a
& DRIEIZ & )RS F I GTPase Td 5 Rabs Y v
V=L EORMAITLE L EEAL (early endosomal
autoantigen 1) ¥5W ¥ 5. F0%, Hflz Fy
—LEDREIZLD, GTPase T B Rab7 #REL,
—JiRabs DRBIEKD. TOT77ITV-4iL, #
DEJVV-LEREL, YVV—-AIEETAE
¥ »232 FLLAMP-1 (lysosomal associated mem-
brane protein-1) % CD63 (lysosomal intrinsic
membrane protein 1), # 77 ¥ D & ¥OHks
REEE, VAR 77FVVEBELT77 TV — A
DEPEILIZEIS-F 5 vacuolar proton-ATPase (v-
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Firi: bV SV N
EE@

#HPI K —L4

TACO

Rab5

BREO7rdv—»L
(pHE.2~6.3)

CaMKT EEA1 T B1 ZJrduvy—
LAMP-1 V-ATPase S e AZRAHE &
SOl HFTVID S BEDT IV
T \F AF XN
(pH5.0) TGN —L
BAE I3RS/,

ATPase) % & a R332,
MEOFAMEC L 2R BEO LRI
AANET 2 Y (CaM) DiFtfcE Fhick s
CaM *+—¥1 (CaMKI) DiEFt1Liz, EEA1D
FFITV—AE~AQT I N— A PEL Y-
LET7 IV LAOBEOMEIZLETHSH. EEAL
DL FI—=LRT 7TV —L~DY 2= A
Mizit, hvPS34 LI S A FTUNFRRA 7 7 F V004
AU b—N-3%F—¥ (PI3K) KX WAERSINE
RAT7FINAL I b—NZEY) B (PIPy) F
EEA1DFYVE FAA VICHAT A LIVETD
3, ZOPBBKDZ77ITV—LBEADY 7 V— P A
YR Cat i a CaM iKEET B, T -EEAT R,
syntaxin6 L DI P F X ATV Ry FTI— S
(TGN) DB Y Y —ADAYE—A 277D
V—AILEREEHE LD, CO—HOBRIEEL
Al Ca T iR o ERIY, AAORIEIC X DL
ENNVERFF—¥THIATA TV ¥} —
¥ (sphingosine kinase ; SK) 2k D A7 4TV
YA VELENRTREENLA 74TV -1~
) B (S1P) ofEficE 5. SIPHMANRED C™
HEENL Ca? 2 LT, filAC T BED
AFAF UV ARBEHIL TG,

991

2. BEEO7 73V —-LOWNH
HEAFERFOREATHLHEEEIL, A—
L RVALY =Ny T X LOHEME
BFESISRL, DROEERERIET 2 REIE
PEERTLESIL, 77T v Y- AR EI0H)
T5ZLTM¢ DRERBIGRRYEL T T. BHE
N7 7 IV — Ak, Rab5 LEOMMIILELED
PAAICHMET AP A7)y LTSy —
(TfR) # %I T 555, EEA1 X Rab7 TR L v,
%7z v-ATPase DREHLpHOETLRHY, 77
T — APIT OFHEE DAEFFITHAL 2 IRIEATER &
hTw5s, %72, TACO (tryptophan aspartate-
containing coat protein) & FHIN S 53T £ 57,000
DT TF G NRIEN 77 TV-LDEY %
B Bt EHBCG TEIOI Y EAT—EN
ThHo2DIL, £HWBCG THHEFRMNTHE L
X0, TACON 77TV —Aiz ¥TB Tk, —
A bl dhe DT RN AD = A VR SH @ 403 RVAVE N
LORSHEBEOBRREE TARENRENS, LbL,
EFMgERWAEE,ILIE, 2WBCGTY
TACO W 77 TV —All—@AMHIZ LrEH 51T,
77 TV 7= LA ORI LT LAME L
BRI L LTBERTNSY,
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3. BEEICLE 770V vy —LRERHHIEE
EUHEEEOALTI, #BEEREOALIZH~
MEAACa BEOLZR—-BETHh, T,
Ca’* B4 CaM DR Y YEHL & /- CaMKI D&
B, Thid, BEWEASKIEEEHEL, £
DERSIP AW T B - dilaM Ca’ D b
AHHH END -0 TH DY,
BEEIEACECI LN EOEHTH LA,
HELREDEEI a2 7)) THEOERHESO—
DTHLITYy/ —AF vy 7OLAM (mannose-
capped lipoarabinomannan ; Man-LAM) 3, #if2
RCa gD LR FMHIL, Ca'"#E CaMZE®
FIEIPI3K D) 7 v — b A b EEEEEREL,
EEAL D7 7 TV — A ~DESTHHT 5. IR
FEIans 7Y 7THEEDLAMRBT 7/ =2
Fvv 78 (Ara-LAM) TH 5D, ZOHREHIC
FFO LS LNEEREZS Gy, 2, R
BEHoIaxs Y THORAETE, 77TV
—LEROHFIIEY G hn, ThbDl LD,
WEBEO7 72 v — LRI, #SEEE Y
OFFFI 7)) THEHID D Man-LAM OHIFIA
Ca? it fe FAMEIERIZ SO DTH L, Lrl,
Man~LAM #*SK i&tt £ EHAE L TV 50 &0
FREABTHD, T, HMECLLSKIEHEOM
$liz, EEOATRDOLNTEHTIIED Lhiwn,
i, WEEAEWEREMS T, LAMZEON
BRI 7 7 TV — AP LTSRS L
FHREENRTWARILLMETLTHA . Bk,
FrIV—LDEYDOTEF T 4T A FOEK
By FY -l ORGIIEELIENTRIN
7ot EF I FRSIP#iFMNT 2 LT, HHERHE

WF P IV—LDTIFr 74747 MEESED

BO7 YV V- ARELREESRNTEDY.

—~7, #EHEEARRLIZM¢ 13, p38 MAP ¥
—+ (MAPK) OiEH(LEHFHT DY, p38 MAPK
OREERCEHLEIRTLE, 77TV —AND
EEA1DY 2V — b A bEEFDHROT7 7Y VY
—~ARGAREI BT EHS, p38 MAPK DiFHELY
77 LYYV — AREGOIEIRE TS,

[ nOs2 thisttEtt |

NOS2 FE&TEtEMEL
p47 GTPase
(Lrg47, Igtp, Irg47)

2 K=AP 323
Y3 % L4+~ (IDO)

_

| Nramp1 ) ]

H2 IFN-yIC&kDIYOAYo0O077—ID
FREEREOEEL '

4, IFN-y ik 2 Mo OREEEOEMEE LrgdT?

B2iRT L9, HCEDIEN-y 12X B79R
M¢ DBCG REHHA £ 12 Lo E { DMl FF £ MR
LEEOBEHEEOEEIL, SR -BLERE
IKBERNOSZ DM L IEHALIC L ANOEEICL S
EEZLRTES F7, IFN-y B MY 777
YREORBEDTHLLIELDA Y F-NMT I
0 RIRIILTA ¥ P AVRERBT 2B T
HHAL Y F=NT3Ir23-YFF ¥+ —¥ (IDO)
PHMT L L CREERLRT I b Aoh T
5. T Nrampl DRER D IFN-y 358 5.
LAL, BTIFN-y I2& 577 AM$ DREEHRD
iEMALI, pa7 GTPase 7 7 3V —FTHERIEE
ThorilrEens?, w7 ADps7 GTPase &
LTid, Lrgd7, Igtp, Gtpi, Irgd7, Tgtp/Mg2l,
ligp D6 FFAHENT VLY, ThHDFTFHE
BHIEL_ATLIREEY, IEN-y Rz LB £
OREFEEICERAT S, IFN-y &, E5RF
STAT1 & IRF1 (IFN regulatory factor 1) ®ift%ik
RFHT B, pa7 GTPase RIUL STATI IR T
»5. IEN~a/f, LPS b pa7 GTPase DER &AL
15,

Lrgd7, Igtp, Irgd7DEREND ) v 2T b2
7 ANER B, Fho~OBERER,L, HEH,
HVEASHE, VAF)THL EOMRRATFERE
DERATIE Lrga7 5, bRV T 7A=Y —¥
27T EOR BB L Igtp, Ligd7, Igd7 %
P54 52 EAHS NIk ol. Ligd? v I TY
b (Lrgd7 ™) ¥ Rid, IFN-y "7 A%
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am’ﬁ T ME )

Kbt MMM SMIGVMEMS. | @3 EhYoOTr—~YRBUS

L EHEDIRE - 195 (A) &A%
e BRZICLBMETSOT 7
prem ~IJ|C$H D NRAMP1 DREIR

(8)

NOS2 /"% A LE LV 2
AEE DA, NOS2ORBLEHRIEESNTLER
Tha"W. TOHRIE, NOS2IHEFEDRATFN-
yIZE D IEH(E SR, FRATEEOEMERLEN
HICBEELEEELOIE, ZLTEORICEST
BAFHLgdT Th b I L ERL TV A, BERIMS
LRy, Ligd7 "y AH¥EM4 Tid, IFN-y
W& B 77TV —LOpHIE T EB&H 2. Lrgd?
% &0 pd7 GTPase id/Mafs/ IV SHRIZEETSH C
&, FIIFN-y EHELEFERM¢ TREREO 7 7
TV—LIZEDFEXEDOLIE LY, Lrgd7H7
7N VAT EI Y PO L TwAI L
DR ENTWS, T/, Ligd? v ANOIEE
BB AE DR T & % Mycobacterium avium O
PRI A 13, Lrgd7 %) VRO TR P—U R
WHRFE LTHER L TV AR SR T
Vs,

Ot k Mo DERERRZREE
NRAMP1 (SLC11A1)

Nramp1 (natural resistance-associated macrophage
protein 1; Slc11A1) #f, ¥V AMBCG, ¥V EF
J, V= avw=7 i EOMIASFEREEORN
WHHREFRATEL TWIREFTH S, Nrampl i3,

M¢ B X IR REQICRBL, = FY =4
RNV V- LD EIHEENED LD, SFE
53,0000 10EIZEMETIRT AR Y » 0 K% D
= FLTWA, 169FEEDT ) 2 A7 ARG F
~ERT D ETERS L, O BEEHICERT .
Nrampl 7 » /A2 AOBEEE LT, 2MEEED 7
VAR—=F =L LTCT7 T TS bDZnT,
Cu?*, Fe*', Mn*'% EOHEBLBAOHEIERLS
FRENZ®MY R B OMMICLETSHY,
XD 2IERIEE  OBEFEOMBMAFE LT
BEETHY, FORMIT 7 TV - ARTOEOK
RS ALEIGRTWS, T H—HT,
Fe’*ld, Fenton RIGIZE 2 FOFI VST H N
(-OH) DELIZLETHY, -OHIE, ZDHENO
ERIGLT, XhEMIEREDEY peroxynitrite &&
BT%., #h@wz, NrampliZl22{fif+ Db
7 v AR— b OfEIE, Mg OREBEECEERE
ARl o

NRAMP1iX, =7 ANrampl #{ZTOL FhED
FTHDH., ¥TANrampl L £ e MO NRAMPI
12, 2— FECBIAREFEREBDOIEW
H, o= -0 (GT), BT EFEDIFEHN ML
L, NRAMP1 DRBAET LIV 213, b F O
N b EIE EOBRBE ST BT & O
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WA FLAEEHWTLLIRY YRS RENA
CREFRLZORBEL OMEFRES CHEShTY
59

g5, EBAIRT LI, e MERID=
ru7r—Yao=—-FHPRF (M-CSF) TH{t
FHLLIMEIMg ElRe O 7 —Y 002 —
FIBEF (GM-CSF) THFHL:GMEMg A7
FAELHHI7R A B €5 L, MEIMg TR
HAS, GMEM¢ THREOMAZRD L - LT
L7, MEIMg i, %ISR X ) NRAMPL
¥ Ny BORREAEROL-H (K3B), GME
M¢ THETSEHISh DI L b, NRAMP1Y ~
237 RO L AEME O BRG] & ORE A TR &
niz ERLAX I, w7 AMGIEIFN-y TH
MEREEEOE L2 RS TE LD, B IMET
REATELVWIEPHRE (CHRESRTVS, 88
5OEEDL, IFN-y Tl GM EIM g DR DR
R EE RN TELY, LL, GMEM4 %
IL-10 TAET 2 L HOMME I L, NRAMP1 ¥
YN BRRELBEN SR, RAEDCLET S, K MY
28115 NRAMP1 % ¥ 37 HORBH, BB
BHOREETLBETZI L) MIFLP TR,
L L, ZRE Nrampl 258135 <7 A Mg #HF
FRICET 4 RID Nrampl 2 RELS ¥ LEXATHEIE
Bk, IFN-y CEEELEZTE 7700 Y
V- AREVREINBREILL I EPRESRTY
3. HEHLHOERIZHVT, NRAMP1EERT 2
Mg D7 7TV VY —AREFEDE) 2T

L0h, SHEOFETHSL,

k P OBREHIF TS IL-10 IS E OB L
T EAMESRTWS Y, —fRiiz, IL-104
[FN-y R LPS I & % Mg DIEHLEERIT2Z &0
&, MUY A ML ELTHORTE, LD
L, IL-10 423 L b Mg otgikloa L THklagic
TERT 20T, M-CSFIZ X D HRP L DM
o5k, Feb 78 —0RE, EHBREEERLE
OWIREHREL, I/ NKAROESGRERL A
T3 IL-104, TLARRRBLELBITD
M¢  NK R OER{Lic B ER 2 RHERL
TWwaOhd Lk,

Mg 12 BT A AN ZF MR 5 B S
Y UCFOFEE A2 DL IS T,
WEARES L CEOBERRESICL 5 ENO6DE
HIREHIEL P LT oL Mo TEL Ihb
OFfEOERIE, FNbEy =42y MILHA L
HigiEtEE b o ERORRICIFEHEEDRES, L
L, RSB 91, RTAMEEE FMYT
A ResEbHAZ ENS, SHIEE FMY
B LR oG LEROFE S &
TAILLKMTHAI. £, EFNBWTI,
MY DIFE ORI HIMEITH BT 5 Mg O
EE Ak, THRZIEUD ETLRETERK
FECRAS T A4 DR E ORMRICE IR - T
WAHI iDL, FRLDEIIOVTH LDV ET)
DFRPLETHS ),
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Pulmonary Collectins Enhance Phagocytosis of Mycobacterium
avium through Increased Activity of Mannose Receptor!

Kazumi Kudo,** Hitomi Sano,** Hiroki Takahashi,* Koji Kuronuma,*" Shin-ichi Yokota,"
Nobuhiro Fujii, Ken-ichi Shimada,* Ikuya Yano,? Yoshio Kumazawa,® Dennis R. Voelker,
Shosaku Abe,* and Yoshio Kuroki®**

Collectins, Including surfactant proteins A (SP-A) and D (SP-D) and mannose binding lectin (MBL), are the Important constltuents
of the innate immune system. Mycobacterium avium, a facultative intracellular pathogen, has developed numerous mechanisms for
entering mononuclear phagocytes. In this study, we Investigated the interactions of collectins with M, avium and the effects of these
iectins on phagoeytosis of M, avium by macrophages, SP-A, SP.D, and MBL exhibited a concentration-dependent binding to M.
avium. The binding of SP-A to M. avium was Ca**.dependent but that of SP-D and MBL was Ca?*-Independent, SP-A and $P.D
but not MBL enhanced the phagocytosis of FITC-labeled M, avium by rat alveolar macrophages and human monocyte-derived
macrophages. Excess mannan, zymosan, and lipoarablnomannan derived from the M. avium-intracellvlar complex, significantly
decreased the collectin-stimulated phagocytosis of M. avlum. Enhanced phagocytosis was not affected by the presence of cyclo-
heximide or chelatlon of Ca®*. The mutated collectin, SP.AF!?*@ RI97D oyhihited decreased binding to M. aviim but stimulated
phagocytosls to a level comparable to wild-type SP-A. Enhanced phagocytosis by cells persisted even after preincubation and
removal of SP-A or SP-D. Rat alveolar macrophages that had been Incubated with 8P-A or §P-D also exhibited enhanced uptake
of '*I.mannosylated BSA. Analysis by confocal mlcrescopy and flow eytometry revealed that the lung collectins up-regulated the
cell surface expression of mannose receptor on monocyte-derived macrophages. These results provide compelling evidence that

SP-A and SP-D enhance mannose receptor-mediated phagocytosis of M. avium by macrophages.

2004, 172: 7592-7602.

ulmonary surfactant is & complex mixture of lipids and
proteins that functions to keep alveoli from collapsing at

expiration (1}. Surfactant proteins A (SP-A)Y and D
(SP-D) are important constituents of lung surfactant (2} and are
synthesized and secreted by alveolar type II celis (3). §P-A and
SP-D belong to the collectin subgroup of C-type lectin superfamily
nlong with mannose-binding lectin (MBL) and conglutinin (4).
The lung collecting are now recagnized to be important modulators
of innate immunity. Lung collectins can tnd to a wide spectrum
of microorganisms (5, 6) and interact with macrophages (7-9) and
enhance phagocytosis of a variety of microorganisms, including
Staphylococeus aurens (100, HSV type I (11}, type A Haemophilus
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influenzae (12), and Klebsiella (13). The lung collectins have been
shown to have a direct antimicrobial effect on Gram-negative hac-
teria by increasing membrane permesbility (14). Direct fungicidal
effects of SP-A and SP-D have also been recently described (15).
Transgenic mice with null alleles for SP-A and SP-D exhibit re-
duced bacterial clearance and elevated proinflammatory cytokine
secretion in response to microbial challenge (16-19). In vitro stud-
ied have revealed that SP-A modulates the cellular response to LPS
by interaction with CD14 (20) and inhibits peptidoglycan- or zy-
mosan-induced TNF-e secretion by direct interaction with Toll-
like receptor 2 on macrophages (21, 22). Lung collectins have also
been shown to modulate lung inflammation by interacting with
signal inhibitory regulatory protein a and calreticulin/CD91 (23).
These studies indicate that SP-A and SP-D play crucial roles in the
regulation of pulmonary inflammation and host defense of
the lung.

Mycobacterium avium is a membet of group III nontuberculous
mycobacteria and a facultative intracellutar pathogen similar to
Mycobacterium tuberculosis (M.th). Attention has been focused on
M. avium because the bacteria infects patients suffering from
AIDS. The cell wall envelope of M. avium consists of large
amounts of fatty acids (mycolic acids) which are covalently linked
to an arabinogaiactan-peptidoglycan cell wall core and & number
of highly unusual lipids and glyeolipids, including lipoarabino-
mannan {LAM), phenolic glycolipids, and giycopeptidolipids (24 -
26). During the early phase of the infection, M. avium stimulates
secretion of cytokines including TNF-a, IL-6, IL-12, and [L-10
(27) and subsequent IFN-v production by NK cells. Recent studies
have demonstrated that Toll-like receptor 2 mRNA is induced fol-
lowing infection of murine macrophages with M. avinm (28), and
SP-A decreases M. avium-elicited NO production by IFN-v-
primed murine alveolar macrophages (29). M. avium enters and
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can survive in macrophages, although the mechanism of entry into
host cells is poorly understood.

M.tb is also a intracellular bacterial pathogen. Both SP-A and
SP-D bind M.s5, but the effects of these proteins on the M. b uptake
are different (30, 31). SP-A directly interacts with macrophages
and enhances phagocytosis of the virutent Erdman strain of M.rb
by up-regulation of mannose receptor (MR} activity (30}, and en-
hances MR expression on monocyte-derived macrophages
(MDMs) (32). In contrast, SP-D exhibits reduced adherence of
M.tb 1o MDMs (33, 34).

It is very difficult to manage M. avium infection because of the
ineffective nature of the cell-mediated immune response by immu-
nosuppressed hosts and the intrinsic drug resistance of the bacteria.
Since the interaction of M. gviwm with the collectins and its uptake
into macrophages are not well understood, we examined these pro-
cesses. The purposes of this study were to determine 1) the direct
binding of the collectins to M. avium, 2) the effect of these proteins
on the phagocytosis of M.avium by mononuclear phagocytes, and
3} the role of the proteins in altering phagocytic receptor activity.
Our findings demonstrate that SP-A, SP-D, and MBL bind to M.
avium and that SP-A and SP-D but not MBL enhance the phago-
cytosis of M. avium by macrophages through up-regulating MR
activity.

Materials and Methods
Collectins

Human SP-A and SP-D derived from bronchealveolar lavage fluid of an
alveolar proteinosis patient were purified by affinity chromatography on
mannese-Sepharose 6B, followed by gel filtration as described previously
(35, 36). Rat SP-A and SP-D were also purified from the lung lavage fluids
of Sprague Dawiey rats that had been given intratracheal instillation of
silica (37) by the method described elsewhere (35, 38). Recombinant wild-
type (wt) rat SP-A, a mutant SP-A (SP-AF'%3Q RI1970) and recombinant rat
MBL (mannose-binding protein A) were expressed by the baculovirus-
ingect cell expression system and purified as described previously (39, 40).

Isolation of rat alveolar macrophages

Alveolar macrophages were isolated from bronchealveolar lavage Auids of
Sprague Dawley rats by lavaging the lungs with pyrogen-free saline (Ot-
suka Pharmaceutical, Tokyo Japan) and sedimenting the cells at 150 X g
for 10 min.

Isolation of human macrophages

Human MDMs were isolated from whole blood buffy coats obtained from
healthy volunteers (Hokkaido Red Cross Blood Center, Sapporo, Japan)
according to the method of Ferguson et al. (33). Mononuclear cells were
isolated from heparinized blood on Ficoll gradients and the MDM fraction
was purified by adherence, The MDMs were cultured in Tefon wells
(Savillex, Minnetonka, MN) for 5 days in the presence of 10% pooled AB*
human serum (Sigma-Aldrich, St. Louis, MO).

Growth and preparation of bacteria

M. avium was obtained from sputum of an infected patient. The bacteria
were cultured for 14 days in Mycobroth (Kyokuto Pharmaceutical, Tokyo,
Japan) and were then heat-killed at 90°C for 5 min. The bacterial suspen-
sion was centrifuged at 2500 X g and the pellet was resuspended in PBS.
The concentration of bacteriz was adjusted at 0.4-1.0 X 10* CFU/ml by
measuring absorbance at 600 nm and the suspension was stored at —80°C
until its use.

Labeling of M. avium with FITC

FITC- labeling of heat-treated M. avium was performed by a method based
on that described by Tino and Wright (41). Briefly, a 1 ml-suspension of M.
avigm in 0.1 M sodium carbonate (pH 9.0) was mixed with 1 u! of FITC
{10 mg/ml in DMSO; Molecular Probes, Eugene, OR) and incubated for
1 h in the dark, at room temperature, with gentle agitation. FITC-labeled
bacteria were washed by centrifugation in PBS and diluted to 1.0 X 10°
CFU/m! and stored at —80°C.
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Extraction of crude LAM

Extraction of LAM from the M. avium-intracellular complex (MAC) was
performed according to the method of Khoo et al. (42). Briefly, cells (10 g
wel weight) were suspended in PBS containing 2% (v/v) Triton X-114
(PBS/Triton X-114} and were disrupted by probe sonication. The suspen-
sion was centrifuged at 27,000 X g for 1 h at 4°C. The cell pellet was
suspended with PBS/Triton X-114 and centrifuged as described above. The
combined supernatant was placed at 37°C to initiate biphase formation and
centrifuged at 12,000 X g for 15 min at room temperature. The aqueous
layer was re-extracted and the detergent layer was washed with PBS. The
final detergent layers were precipitated with 9 volumes of acetone. The
acetone precipitates were dried under a stream of nitrogen and partitioned
between phenol and water. The agueous layer containing LAM and lipo-
mannan (LM) was freeze dried after dialysis against water, The final frac-
tion is referred to as crude LAM.

Binding of collectins to M. avium

Rat 8P-A was iodinated according to the method of Bolton and Hunter (43)
using Bolton-Hunter reagent (Amersham Biosciences, Arlington Heights.
IL). The specific radioactivity was typically 200-400 cpm/ng, and >85%
of the radivactivity was precipitated by treatment with 10% (w/v) trichlo-
roacetic acid. The binding of '**I-SP-A to M. avium was examined vsing
microtiter wells. The bacterial suspensions (1.0 X 10° CFU in 40 gl of
PBS/well) were put onto the wells, dried under a vacuum, and then fixed
by incubating the wells with PBS containing 0.25% glutaraldehyde. After
blocking with PBS (pH 7.4) containing 100 mM glycine, nonspecific bind-
ing to the wells was blocked with 20 mM Tris buffer (pH 7.4) containing
0.15 M NaCl, 5 mM CaCl,, and 2% (w/v} BSA (blocking buffer). The
indicated concentration of '2*I-SP-A {50 pt/well) in blocking buffer was
added to the wells with bacteria and incubated for 1 h at 37°C. The wells
were washed three times with blocking buffer and the '%[-8P-A specifi-
cally bound to the bacteria was solubilized in 200 ul of 0.1 M NaCGH. The
radioactivity of '**I.SP-A recovered was finally determined by using a
gamma counter.

Binding experiments were also performed using specific Abs 10 detect
the recombinant SP-As, SP-D, and MBL, §P-A, 5P-D, or MBL (50 pV/
well) in blocking buffer was incubated with M. avium coated onto the
microtiter wells, The wells were washed with PBS (pH 7.4) containing
0.1% (viv) Triton X-100 (buffer A), Subsequently, either HRP-labeled anti-
rat SP-A 1gG (1/250), or anti-rat SP-D 1gG (1750} or anti-rat MBL IgG in
PBS (pH 7.4) containing 0.1% (v/v) Triten X-100 and 3% (w/v) skim milk
were added and incubated for | h at 37°C. After washing the wells with
buffer A, the peroxidase reaction was performed using o-phenylenediamine
as a substrate. The binding of the collectins to M. avium was quantified by
measuring absorbance at 492 nm.

In some experiments, the wells were incubated with the indicated con-
centrations of the collectins in the absence or the presence of 5 mM EDTA
to determine Ca’*-dependent binding. Where indicated, unlabeled rat
SP-A (20-200 pg/ml), crude LAM (0.1-100 pg/ml) from MAC or 50
pg/mt mAbs or mouse control IgG were added as selective inhibitors of
specific binding.

Phagocytosis of M. avium by macrophages

Rat alveolar macrophages (2.0 X 10%) were incubated with FITC-lubeled
M. avium (1.0 X 107 CFU) in 200 ul of HBSS (Life Technologies, Grand
Island, NY) in the absence or the presence of the indicated concenirations
of the collectins for 30 min at 37°C, The assay was stopped by the addition
of ice-cold PBS to the macrophage-bacteria suspension. The bacteria that
had not been associated with the cells were separated from cell-associated
bacteria by centrifugation at 130 X g, The cell pellet was washed three
times with PBS. The cells were next suspended with § ul of 25 pg/ml
ethidium bromide in PBS and pipetted onto a slide. The number of mac-
rophages with or without intracellular {green fluorescent) bacteria were
counted in at least 100 macrophages per slide for duplicate samples using
fluorescence microscopy at X200 magnification. The results were ex-
pressed as the percemtage of total macrophages that contained intracellular
bacteria. In some experiments, the phagocytosis assay was performed in
the absence or the presence of 2 mM EDTA, 4 mg/ml mannan, 50 ug/mi
crude LAM, or 10-100 pg/ml zymosan. To determine whether new protein
synthesis was involved in collectin-enhanced phagocytosis, 10 ug/ml cy-
cloheximide (Sigma-Aldrich) was preincubated with the macrophages for
60 min at 37°C before the addition of the collectin and the bacteria.

The analysis of phagocytosis was also conducted using MDMs. MDMs
were plated onto glass coverslips in 24-well plates (Falcon; Costar, Cam-
bridge, MA) for 2 h at 37°C (2.0 X 10%/coverslip). The wells were washed
with RPMI 1640 and then incubated with FITC-labeled M. avium (1.0 %
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107 CFUY) in 200 pl of HBSS in the absence or presence of the indicated
concentrations of human SP-A, rat SP-D, recombinant rat SP-A, or recom-
binant rat MBL for | b at 37°C in a tissue culture incubator. After the
incubation, the cells were washed with PBS, stained with ethidium bro-
mide, and M. avium phagocytosis was evaluated as described above.

Uptake of ***I-mannosylated BSA by rat alveolar macrophages

Mannosylated BSA was iodinated according to the method of Bolton and
Hunter (43) using Bolton-Hunter reagent (Amersham Biosciences). The
specific radioactivity ranged from 51 to 57 cpm/ng, and >96% of the
radioactivity was precipitated by treatment with 10% {w/v} trichloroacetic
acid, Rat alveolar macrophages (2 X 10%well) were seeded onto 48-well
plates (Falcon} for 2 h in RPMI 1640 contnining 10% (v/v} FCS (RPMI
1640/FC8), The medlum was removed and each monolayer was washed
with RPMI 1640/FCS. Next, rat SP-A (0-20 pg/ml) or SP-D (5 pg/ml} in
RPMI 1640 containing 1| mg/ml BSA (RPMI 1640/BSA) was incubated
with the cells for | h at 37°C, Afier the incubation with the collectins, the
cells were washed with RPMI 1640/BSA. Subsequently, the indicated con-
centration of ***I-mannosylated BSA (200 ul/well} in RPMI 1640/BSA
was added, followed by further incubation for 30 min at 37°C, The mono-
layers were then washed with 50 mM Tris (pH 7.4) containing .15 M
NaCl and 2 mg/ml BSA. A fina) wash was performed with 50 mM Tris (pH
7.4} containing 0.15 M NaCl, and the macrophages were removed from the
wells by dissolution in 0.1 M NaOH. The amount of '**I-mannosylated
BSA associated with the cells was determined using a gamma counter,

Immunostaining of the MR and fluorescence microscopy

MDMs seeded onto glass coverslips were incubated with or without human
SP-A (20 ppg/ml) or human SP-D (5§ pg/ml) for 1 h at 37°C. After the
incubation, the cells were washed with PBS, and the cell monolayers were
fixed with 4% (w/v) paraformaldehyde for 10 min at room temperature,
The cells were then washed with 50 mM PIPES buffer (pH 7.2) containing
[00 mM NaCl, 1 mM EGTA, 2 mM MgCl,, and 0.5% (w/v} BSA (buffer
B} and were incubated with moneclonal anti-human MR Ab (clone 19.2,
1/100; BD PharMingen, San Diego, CA) in buffer B for 30 min at room
temperature. The cells were then washed with buffer B and further incu-
bated with Alexa 488-conjugated anti-mouse IgG (1/500; Molecular
Probes) for 45 min at room temperature, The cells were finally washed with
buffer B, sealed in the presence of Vectorshield Antifade (Vector Labora-
tories, Burlingame, CA), and examined using a laser microscope (LSM510;
Zeiss, Tokyo, Japan) with a X613 oil planapochromatic lens (NA 1.4).

Binding of collectins to crude LAM Isolated from MAC

Crude LLAM was isolated from MAC as described above and was electro-
phoresed and transferred onto the nitrocellulose membrane, The membrane
was overlayed and incubated with § pg/m] rat SP-A, SP-D, or BSA for 3 h
at room temperature after blocking the membrane with buffer A containing
3% (w/v) skim milk. The protein binding to LAM and LM was detected by
Ab to each protein followed by the incubation with HRP-labeled
anti-rabbit [gG. .

The binding of SP-D to crude LAM was also performed by using crude
LAM (1 pgfwell) coated onto microtiter wells. The wells were incubated
with the indicated concentrations of rat SP-D in the presence of 5 mM
CaCl, or 5 mM EDTA for 3 h at 37°C, The SP-D binding to crude LAM
was detected by anti-SP-D Ab.

Flow cytometry

MDM:s (1.0 X 10%) were incubated with or without 20 pg/ml human SP-A,
human SP-D, or MBL.. After washing the cells with PBS, they were fixed
with 1% (w/v) paraformaldehyde. The cells were then washed and incu-
bated on ice for 45 min with PE-conjugated mouse anti-human MR mAb
{ctone 19.2; BD PharMingen) or PE-conjugated mouse IgG1, x monoclo-
nal Ig isotype control (clone MOPC-31C; BD PharMingen) in PBS con-
taining 2% FCS (v/v) and 0.19% (w/v) sodium azide. The cells were finally
washed and analyzed by using FACSCalibur and CellQuest software (BD
Biosciences).

Phagocytosis of zymosan

Rat alveolar macrophages (2.0 X 10°) were incubated at 37°C for 30 min
with or without 20 pg/ml rat SP-A or 5 pg/ml rat SP-D in the absence or
presence of 2 mM EDTA or 4 mg/ml mannan. The cell suspension was
further incubated with FITC-conjugated zymosan A (Molecular Probes) at
37°C for 30 min. The cells were then washed with PBS, stained with
ethidium bromide, and the phagocytosis was evaluated as described above.
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Uptake of FITC-conjugated mannosylated BSA by rat alveolar
macrophages

Rat alveolar macrophages (1.0 X 10%/well) were seeded onto 96-well
plates (Matrix Technologies, Hudson, NH) and incubated for 3 h in RPMI
1640 contgining 10% (v/v) FCS. After the incubation, the cells were
washed with the medium and were incubated at 37°C for 30 min with the
indleated concentrations of FITC-conjugated mannosylated BSA (Sigma-
Aldrich) in the absence or presence of rat SP-A (20 pg/ml) or rat SP-D (5
pug/ml) in HBSS containing | mg/ml BSA. In some experiments, 2 mM
EDTA was included in the incubation buffer, The cells were then washed
three times with 50 mM Tris buffer (pH 7.4} containing 0,15 M NaCl and
2 mg/ml BSA and the final wash was performed by using Tris buffer with-
out BSA. The fluorescence intensities of FITC-mannosylated BSA associ-
ated with the cells were measured at 485 nm (excitation) and 528 nm
(emission) using Synergy HT and KC4 software (Bio-Tek Instruments,
Watford Herts, U.K.). Specific uptake of mannosylated BSA was calcu-
lated by subtracting the fluorescence intensity of the FITC-labeled protein
binding to the wells without cells from total fluorescence inteasity.

Binding of FITC-conjugated mannosylated BSA and FITC-
labeled M. avium to rat alveolar macrophages

Rat alveolar macrophages (5.0 X 10%) were incubated with or without rat
SP-A (20 pg/ml) a1 4°C for 4 h in HBSS comtaining 1 mg/ml BSA. The celt
suspension was washed three times with PBS and incubated at 4°Cfor 1 h
with FITC-mannosylated BSA (5 pg/ml) or FITC-labeled M. avium (5.0 X
10° CFU) in HBSS containing 1 mg/ml BSA. After washing the cells with
PBS, the cell suspension was resuspended with 200 ul of PBS containing
1% (wiv)} paraformaldehyde and put onto 96-well plates (Matrix Technol-
ogies), The fluorescence intensities of FITC-mannosylated BSA or FITC-
labeted M. avium binding to the cells were finally determined wsing Syn-
ergy HT and KC4 software (Bio-Tek Instruments) as described above,

Results
SP-A and SP-D bind M. avium with high affinity.

We first examined the binding of SP-A to M. avium coated onto
microtiter wells by using ***I-labeled rat SP-A.'**I.SP-A bound to
M. avium in a concentration-dependent manner (Fig. 1A4). The
Scatchard plot analysis (Fig. 1A, inser) gives an approximate dis-
sociation constant of 32,6 = 2,34 oM (n = 3, mean £ SE), as-
suming that the molecular mass of SP-A is 0.64 MDa (2). Eighty-
six nanograms of SP-A was capable of binding to 10° CFU of
bacteria, Inclusion of EDTA in the binding buffer almost com-
pletely abolished the binding of SP-A to M. avium (Fig. 1B). Un-
labeted SP-A competed well with '**[-labeled SP-A for the bind-
ing to M. avium (Fig. 1C), indicating the specific binding of SP-A
to M. avium. One hundred-fold excess unlabeled SP-A inhibited
'25]_SP-A binding by 86.81 * 2.52% (n = 3, mean * SE). To
further characterize the SP-A binding to M. avium, we examined
the effect of crude LAM containing LAM and LM upon the inter-
action. LAM and LM are major cell wall-associated lipoglycans,
which were isolated from MAC. Excess LAM failed to attenuate
the binding of SP-A to M. avium (Fig. 1D), indicating that LAM
is not a ligand for SP-A on M. avium. This was consistent with the
result obtained from a ligand blot showing that no SP-A protein
was detected on LAM and LM that were transferred onto the ni-
trocetlulose membrane (Fig. 2C). The effect of anti-rat SP-A mAbs
on the rat SP-A binding to the bacteria was also examined (Fig,
1E). Ab 1D6 completely blocked the SP-A binding to M. avium
although Ab 6E3 decreased its binding to a significant extent. In
contrast, control mouse IgG or anti-human SP-A mAb, PE10, did
not affect the binding of rat SP-A to M, avium. Since the epitopes
for Abs 1D6 and 6E3 are localized at the carbohydrate recognition
domain (CRD) and the neck domain of rat SP-A, respectively (44),
these data suggest that SP-A binds to M. qvium through its CRD.
This result is also consistent with the Ca®* dependence of binding
since most CRD interactions require Ca®*. '
Rat SP-D also exhibited concentration-dependent and saturable
binding to M. avium (Fig. 2A). However, unlike SP-A, inclusion of



The Journal of Immunology

A M. avium binding B Effects of Ca® andE DTA

100 . 40

) prl
g B
£ 75 E39/ ca®
o o
: :
20
2% 2
< £ <
g5l [T £10
i a pe EOTA
- - 0 O .
00 10 20 30 40 50 60 0 25 6 75 1G 128
W1 SPuA (ug/mi)

'B-SP.A (ug/mi)

C SP-A competition D LAM competition

125 8
£10 g
E 2’
£75 H
a 24
< § <
a

@ 25 G 2
fo i

0 20 50 100 200
Unlabeted SP-A (ug/ml)

E Effects of mAbs
15

10 100

o 01 1
LAM (ug/mi)

—
(=]

"4.SP-A bound (ng)

-]

&+ o o 5
&S NP
6*&\0

FIGURE 1. SP-A binds M. avium with high affinity and LAM is not a
competitor for the interaction. A and B, The indicated concentrations of
1231_rut SP-A were incubated at 37°C for 1 h with M. aviwm (10° CFU/well)

.coated onto microtiter wells in the presetice of 5 mM CaCl, (®) or 5 mM
EDTA {O). The radioactivity bound to the wells was determined using a
gamuma counter as described in Materials and Methods. The results repre-
sent the specific binding calculated by subtracting the amounts of the la-
beled protein binding to the wells without the bacteria from total binding.
The data shown are the mean % SE of three experiments. *, p < 0.01 when
compared with the binding in the presence of EDTA. The inser indicates a
Scatchard plot of the binding data. C and B, '**I-rat SP-A (2 pg/ml) was
incubated at 37°C for 1 h with M. avitm coated onto microtiter wells in the
presence of the indicated concentrations of unlabeled SP-A (C) or crude
LAM (D) isolated from MAC. The amount of '*’[.SP-A binding to M.
avium was determined as described above, The data shown are the mean +
SE of three experiments. », p < 0.01 and #=, p < 0.05 when compared with
the values obtained without unlabeled SP-A. E, "*5L.rat SP-A (2 ug/mi)
was incubated at 37°C for 1 h with M. avium coated onto microtiter wells
in the absence or presence of 50 pg/ml control mouse IgG, anti-human
SP-A mAb PE10, anti-rat SP-A mAbs 1D6, and 6E3. The amount of '**I-
SP-A binding to M. avium was determined as described above. The data
shown are the mean + SE of three experiments. *, p < 0.01 when com-
pared with the binding in the presence of control mouse IgG.

EDTA in the binding buffer failed to abolish the binding of SP-D
to M. avium (Fig. 2A), indicating that the majority of the SP-D
binding to M. avium is Ca®* independent. Excess crude LAM
attenuated the SP-D's binding to M. avium in the presence of Ca**
but failed to inhibit its binding in the presence of EDTA (Fig. 2B).
Analysis by ligand blot and microtiter well binding revealed that
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FIGURE 2. SP-D binds M. aviumt with high affinity and exhibits Ca®*-
dependent and Ca?*-independent interactions that detertine sensitivity to
LAM competition. 4, The indicated concentrations of rat SP-D were in-
cubated with M. avium (10° CFU/well) coated onto microtiter wells at
37°C for 1 h in the presence of 5 mM CaCl, (@) or $ mM EDTA (O), The
binding of SP-D to M. aviwn was detected using anti-SP-D 1gG as de-
scribed in Materials and Methods. The data shown are the mean = SE of
three experiments. 8, Five micrograms per milliliter rat SP-D was incu-
bated with M. avium in a buffer containing 5 mM CaCl, (@ or § mM
EDTA (O) in the presence of the indicated concentrations of crude LAM
isolated from MAC, The binding of SP-D to M. avium was determined as
described above. The results are expressed a8 percentages of the binding in
the absence of LAM. The data shown are the mean = SE of three exper-
iments, C, Ligand blot analysis of crude LAM, Crude LAM isolated from
MAC was electrophoresed and transferred onto the nitrocellulose mem-
brane. LAM and LM were detected with silver stain (left lane). The mem-
brane was also overlayed with 5 pg/ml rat SP-A, SP-D, or BSA. The
protein binding to LAM and LM was detected by Ab to each protein fol-
lowed by the incubation with HRP-labeled anti-rabbit IgG. D, Crude LAM
(1 pg/well) coated onto microtiter wells was incubated with the indicated
concentrations of rat SP-D in the presence of 5 mM CaCl, (@) or § mM
EDTA (O). The SP-D binding to LAM was detected by anti-SP-D Ab as
described above. The data shown are the mean £ SE of three experiments.
», p < 0.01 when compared with the binding in the presence of EDTA.

SP-D but not SP-A binds to LAM and LM (Fig. 2C), and that the
binding of SP-D to crude LAM coated onto microtiter wells is
Ca®* dependent (Fig. 2D). These results indicate that SP-D ¢an
bind to LAM and LM on M. avium in the presence of Ca®*, but
suggest that it is also capable of binding to molecules other than
LAM and LM when Ca?* is chelated.

SP-A and SP-D enhance the phagocytosis of M. avium by,
macrophages

We next examined the effects of SP-A and SP-D on the phagocy-
tosis of M. avium by macrophages. Rat alveolar macrophages (2 X
10%) were incubated with FITC-labeled M. aviunt for 30 min in the
absence or presence of rat SP-A or SP-D (Fig. 3, A and B). Both
SP-A and $P-D enhanced the phagocytosis of M. avium by rat
alveolar macrophages in a concentration-dependent manner. SP-A
at 20 pg/ml increased the number of cells phagocytosing the bac-
teria from 13 to 32% of the population. SP-D at 5 ug/ml also
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FIGURE 3. SP.-A ond SP-D enhance the phagocytosis of M. aviin by
mucrophages, A and B, Rot elveolar macrophages (2 X 10%) were incubnted
with FITC-lubeled M, avluem (1 X 107 CFU) at 37°C for 30 min in the
ahsence or presence of the indicated concentrations of rat SP-A (A) or ri
SP-D» (B). After washing the cells to remove unbound bacteria, the cells
were suspended with ethidium bromide selution and the numbers of mae-
rophuges with or without intracellular bacteria were counted. The results
are expressed s percentage of macrophages containing intracellular bac-
teria in (otl macrophages counted (percent phagoeyiosis) us described in
Mareriafy and Methods. The data shown are the mean + SE of three ex-
periments, *, p < 0.0] and #*, p < 0.08 when compared with the phago-
¢ytosis without SP-A or SF-D. € and D, Human MDMs plated onto glass
coverslips (2 X 10Y) were incubnted with FITC-labeled M. aviom (1 X 107
CFU) st 37°C for 1 h in the absence or presence of the indiented concen-
trations of human SP-A (C) or rat $B-D (D). The percent phagoeytasis was
determined as deseribed above, The daw shown are the mean + SE of three
experiments, ¥, p < 0.01 and we, p < 0.0 when compared with the phago-
cylosis without SP-A or §P-D,

A M. avium binding

B LAM competition
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increased the uptake of M. avium from 9 to 16% of the population,
When 200 ng/ml LPS was incubated with alveolar macrophages in
the presence of FITC-labeled M. avium, the uptake of M. avium
was not augmented, In addition, the endotoxin-free SP-A, that had
been treated with polymyxin B in the presence of octyl-S-p-glu-
coside (20} augmented M. aviwm phagocytosis et a level compa-
rable to nontreated SP-A, 32.2 * 5.6% (mean * SE, n = 3) and
32.2 £ 2,7% for polymyxin-treated SP-A and nontreated SP-A
respectively. These results suggest that the effects of SP.A and
SP-D are not due to the endotoxin contamination in the protein .
preparations. We also examined the effects of lung collectins on M.
avium phagocytosis by human MDMs. Ceincubation of human
SP-A or vat $P-D with MDM manelayers and FITC-labeled M.
avium exhibited a concentration-dependent stimulation of M.
avium phagocytosis (Fig. 3, € and D). Human SP-A at 20 pg/ml
increased the uptake of M. aviwm from the background level of 8%
to the stimulated level of 18%, Rat SP-Dat § u.g!m] augmented the
phagocytosis from 10 to 25%,

Binding and uptake of M. avium by MBL

Another collectin homologue, MBL, was also examined for M.
avium binding end macrophage uptake of the bacteria. Recombi-
nant rat MBL exhiblted a cancentration-dependent binding 10 M.
avium (Fig. 4A). Its binding was not inhibitable by the presence of
EDTA, indicating the Ca**-independent binding of MBL (o the
bacteria, Excess crude LAM did not significantly inhibit the MBL
binding to M. avium (Fig. 48). When MDMs were incubated with
FITC-labeled M. avium in the presence of 20 pg/ml MBL, the
uptake of the bacteria was not significantly increased (Fig. 4C),
whereas the presence of the pulmonary collecting in the same ex-
periment significantly increased phagocytosis of the bacteria.

Characterization of SP-A- or §P-D-stimulated phagocytosis of
M. avium

To characterize SP-A- or SP-D-stimulated phagecytesis of M,
avium, the phagocytosis assays were conducted under various con-
ditions. Inclusion of 2 mM EDTA instead of CaCl; did not block

C M. avium phagocytosis
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FIGURLE 4. MBL binds M. avimn with high atfinity but fails to stimulate its phagocytasis by macrophages. A, The indicated concentrations of recom-

binant ral MBL were incubated with M. avium (10° CFU/well) copted onto microtiter wells a1 37°C for 1 h in the presence of § mM CaCl; (@) or 5 mM
EDTA (Q). The binding of MBL to M. avium was detected using anti-MBL IgG as described in Marerials and Methods, The data shown ure the mean *
SE of three experiments, 8, Five micrograms per milliliter rat MBL was incubated with M. avium in the presence of the indicated concentrations of crude
L.AM isolated from MAC. The binding of MBL to M. aviwn was determined as described above. The data shown are the mean = SE of three experiments.
C, MDMs (2 X 10%) were incubated with FITC-labeled M. aviwn (1 x 107 CFU) at 37°C for 30 min in the absence or presence of 20 pg/ml native rat
SP-A, w1 SP-A, or wt MBL. After washing the cells to remove unbound bacteria, they were suspended in an ethidium bromide solution and the macrophages
with or without intracellular bacteria were counted, The results are expressed as percentage of mocrophages containing intracellular bacteria in total
macrophages counted {percent phagocytosis) as described in Marerials end Methods. The data shown are the mean + SE of three experiments. «, p < 0.01

when compared with the control phagocytosis.
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the SP-A-enhanced phagocytosis of M. aviunt by rat alveolar mac-
rophages (Fig. 5A). Since the binding of SP-A to M. avium is
blocked in the presence of EDTA (Fig. 1B), the results indicate
that the SP-A-stimulated phagocytosis of M. avium can occur in-
dependently of its binding to the bacteria. EDTA also failed to
block the SP-D-stimulated uptake of M. avium (Fig. 5D).

We next investigated the M. avium binding and uptake by rat
SP-A mutant (SP-AE'®*Q RI97Dy which exhibits altered carbohy-
drate binding specificity such that the rank order affinity for ga-
lactose and mannose is the converse of that for wt rat SP-A (39).
Native and wt rat SP-As exhibited a concentration-dependent and
a saturable binding to M. avium coated onto microtiter wells (Fig.
6A). SP.ABIQ RO however, showed significantly decreased
binding to M. avium. We also examined the eflect of this mutant on
the phagocytosis of M. guium. SP-AB!93Q RIF7D 4q well as native
and wt rat SP-As significantly stimulated the phagocytosis of M.
avium by rat alveolar macrophages (Fig. 6B). Taken together with
the results obtained from EDTA experiments (Figs. 15 and 5A4),
these results indicate that SP-A enhances M. avium phagocytosis,
independent of its binding to the bacteria.
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FIGURE S. Mannan, zymosan, and LAM block the pulmonary collec-
tin-induced increase in M. aviwn phagocytosis. A—-C, Rat alveolar macro-
phages (2 X 10%) were preincubated with or without 20 ug/m! rat SP-A in
the absence or presence of 2 mM EDTA or 4 mg/ml mannan (4), 0-100
wgfml zymosan (B), or 50 pg/m! crude LAM (C) at 37°C for 30 min.
FITC-labeled M. avium (1 X 107 CFU) was then added into the cell sus-
pension, and the mixture was further incubated at 37°C for 30 min. After
washing the cells to remove unbound bacteria, the cells were suspended
with ethidium bromide sotution and the numbers of macrophages with or
without intracellular bacteria were counted, The results are expressed as
percentage of macrophages containing intracellular bacteria in total mac-
rophages counted (percent phagocytosis) as described In Muaterials and
Methods, The data shown are the mean + SE of three experiments. =, p <
0.01 when compared with the phagocytosis in the absence of the compet-
itors. D, Rat alveolar macrophages {2 X 10%) were preincubated with or
without 20 pg/ml rat SP-D in the presence or absence of 2 mM EDTA, 4
mg/ml mannan, 10 pg/ml zymosan, or 50 ug/ml crude LAM at 37°C for
30 min. FITC-labeled M. avium (1 X 107 CFU) was then added into the cell
suspension, and the mixture was further incubated at 37°C for 30 min. The
percent phagocytosis of M. avium was determined as described above. The
data shown are the mean + SE of three experiments. *, p < 0.01 and »=*,
p < 0.05 when compared with the incubation without competitors.
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The effects of anti-rat SP-A mAbs were also investigated. Rat
SP-A enhanced the phagocytosis of M. avium even in the presence
of anti-rat SP-A mAbs 1D6 and 6E3 (Fig. 6C). The Abs were used
at concentrations (50 pg/ml) previously shown to alter CRD-de-
pendent activity of SP-A (44, 45). Since Ab 1D6 almost com-
pletely blocked the binding of rat SP-A to M. aviwm (Fig. 1E), the
results support the conclusion obtained from the experiments with
EDTA and SP-AE'#3Q RI97D ndicating that SP-A enhances M.
avium phagocytosis by alveolar macrophages, independent of
bacterial binding.

Thus, we determined whether the preincubation of macrophages
with the lung collectins stimulated M. avium phagocytosis. Native
and wt rat SP-As and SP-AF'?*@ R1970 guomented the phagocy-
tosis of M. avium by alveolar macrophages (Fig. 7A), even after the
cells were washed to remove the ‘proteins. Preincubation of SP-D
with alveolar macrophages also stimulated M. avium uptake to a
level comparable to that obtained by coincubation of SP-D and the
bacteria with the phagocytes (Fig. 7B). These results indicate that
interaction of the coilectins with macrophages elicits the stimula-
tion of M. avium phagocytosis. In addition, Ab experiments sug-
gest that the CRDs or the neck demain of SP-A may not be in-
volved in the SP-A-macrophage interaction. The effect of
cycloheximide on the phagocytosis was also examined. SP-A and
SP-D retained the activity of stimulating phagocytosis of M. avium
even in the presence of 10 pg/ml cycloheximide (Fig. 70), sug-
gesting that new protein synthesis is not involved in the stimula-
tory effects of lung collectins on M. avium phagocytosis,

We next examined the effects of the ligands for macrophage MR
on the M. aviwm phagocytosis. When 4 mg/ml tannan was in-
cluded, the stimulatory effect of SP-A on M. avium uptake was
significantly attenuated (Fig. 54). Consistently, zymosan signifi-
cantly inhibited the SP-A-stimulated phagocytosis in a concentra-
tion-dependent manner (Fig. 58). Crude LAM derived from MAC
at 50 pg/ml also significantly blocked the SP-A stimulatory effect
on M. avium uptake (Fig. 5C). Since mannan, LAM, and zymosan
are ligands for the macrophage MR (46-48), these data support
the idea that SP-A enhances MR-mediated phagocytosis of M.
avium by macrophages. The effects of mannan, LAM, or zymosan
on the SP-D-enhanced M. avium phagocytosis were also examined
(Fig. 5D). The MR ligands of mannan, LAM, and zymosan sig-
nificantly inhibited the SP-D-mediated phagocytosis. These results
clearly show that the lung collectins, SP-A and SP-D, stimulate the
MR-mediated phagocytosis of M. avium by macrophages.

SP-A and SP-D enhance macrophage MR activity

Since SP-A and SP-D enhance MR-mediated phagocytosis of M.
avium by direct interaction with macrophages as shown above, we
investigated whether these proteins alter MR activity by using '2*I-
mannosylated BSA as a ligand for MR. Rat alveolar macrophages
were preincubated in the absence or presence of 20 pg/ml rat SP-A
or 5§ pg/ml rat SP-D for 1 h. After washing, the cells were further
incubated with the indicated concentrations of '2*I-mannosylated
BSA for 30 min. The uptake of mannosylated BSA by rat alveolar
macrophages was concentration dependent (Fig. 84). Both SP-A
and SP-D increased the uptake of mannosylated BSA when, cot-
pared with that without collectin preincubation, SP-A enhanced
mannosylated BSA uptake by 94 * 28% (mean * SE, n = 3,p <
0.02) at 10 pg/ml '2*I-mannosylated BSA, when compared with
the control. SP-D had an almost identical effect. When rat alveolar
macrophages were incubated with FITC-labeled mannosylated
BSA in the presence of collectins and EDTA, the fluorescence
intensities of the proteins associated with the cells were almost
completely diminished (Fig. 8B). These results are consistent with
the characteristics of MR sharing homology with C-type lectins
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FIGURE 6. SP-A structural mutants and anti-SP-A Abs reveal that M. avium binding and enhanced macrophage phagocytosis are different processes.
A, M. aviem (10° CFU/well) was coated onto microtiter wells and incubated with the indicated concentrations of rat native SP-A (@) or recombinant wt
SP-A (O) or SP-A®!'?*Q R1%7D (@) ot 37°C for 1 h. The binding of SP-A to M. avium was detected using anti-SP-A IgG as described in Materials and
Methods, The data shown are the mean * SE of three experiments. =, p < 0.01 when compared with the binding of wt SP-A at each concentration, B, Rat
alveolar macrophages (2 X 10%) were incubated with FITC-labeled M, avium at 37°C for 30 min in the absence or presence of the indicated concentrations
of rat native SP-A (native) or wt SP-A (wt) or SP-AF1%3Q R0 (R 1550y R167D), The percent phagocytosis of M. avium was determined as described in
Materials and Methods, The data shown are the mean + SE of three experiments. ¥, p < 0.0] and **, p < 0.05 when compared with the incubaticn without
SP-As. C. Rat SP-A (20 ug/ml) was preincubated with 50 ug/ml anti-rat SP-A mAb 1D6, or 6E3, or control mAb PE10 at 37°C for 1 h, and the mixture
was further incubated with rat alveolar macrophages and FITC-labeled M., avium at 37°C for 30 min. Phagocytosis of M. avium was evaluated as described
in Materials and Methods. The data shown are the mean + SE of three experiments,

(49). Taken together, these data demonstrate that SP-A and SP-D In addition, the binding experiments with FITC-labeled manno-
directly interact with macrophages and up-regulate MR activity, sylated BSA and FITC-labeled M. avium to rat alveolar macro-
However, the uptake of FITC-labeled zymosan by alveolar mac- phages were performed at 4°C after the cells were preincubated

rophages was not completely blocked by the presence of mannan with 20 wg/mi rat SP-A at 4°C, washed, and replaced with the
or EDTA, although it was significantly attenuated (Fig. 8C), In medium containing mannosylated BSA or M. avium. The fluores-
addition, SP-A and SP-D failed to augment the uptake of zymosan  cence intensity of mannosylated BSA that bound to the cell surface
in the absence of mannan or EDTA. These results suggest that  with or without SP-A treatment was 1,91 £ 0.07 (mean = SE,n =
additional mechanisms may be invelved in the phagocytosis of  3) or 1.19 * (.24, respectively. The fluorescence intensity of M.
zymosan in addition to the MR-mediated phagocytosis, avium that bound to the cell surface with or without SP-A treat-

Alveolar macrophages were first preincubated with 20 pg/ml ment was 11.43 * 1.69 (mean = SE, n = 3) or 12.26 £ 3.06,
SP-A and were then washed as described in Fig. 84 legend. In our respectively. These results indicate that the amounts of mannosy-
previous report (20), only 0.5 ng/m! unbound SP-A was found 1o lated BSA or M. avium binding to the SP-A-treated cells are not
be detectable in the medium after the cells were incubated with 20 different from those binding to the untreated cells when the cells
pg/ml '*31-SP-A, washed, and replaced with fresh medium, indi- were preincubated with SP-A at 4°C. Thus, it is unlikely that the
cating that most of the collectin had been removed by washing. increased association of mannosylated BSA shown in Fig. 84 is
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FIGURE 7. Preincubation of macrophages with pulmonary collectins is sufficient to enhance phagocytosis of M. avium. A and B, Rat alveolar macro-
phages (2 % 10%) were preincubated with rat native SP-A, recombinant wt SP-A or SP-AT'**2 R%70 (43 or rat SP-D (8) at 37°C for 1 h, and the medium
containing the collectins was removed and the cells were washed before adding FITC-labeled M. avium. The percent phagocytosis was determined as
described in Marerials and Methods. The phagocytosis assays were also performed using coincubation of the cells with FITC-labeled M. avium and the
collectins. The data shown are the mean + SE of three experiments, C, Cycloheximide does not decrease SP-A- or SP-D-stimulated phagocytosis of M.
avium, Ten micrograms per milliliter cycloheximide was preincubated with alveolar macrophages at 37°C for 1 h, and the mixture was further incubated
with FITC-labeled M. avitm in the absence or presence of rat SP-A or rat SP-D for 30 min. The percent phagocytosis was determined as described i
Materials and Methods. The data shown are the mean + SE of three experiments.
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FIGURE 8. SP-A and SP-D enhance the uptake of ***I-mansosylated BSA by rat alveolar macrophages. A, Rat alveolar macrophages (2 X 105/ well)
were preincubated in the absence (M) or presence of 20 pg/ml rat SP-A (@) or 5 pg/ml rat SP-D (Q) at 37°C for | h. After the incubation, the cells were
washed and further incubated with the indicated concentrations of '#*I-mannosylated BSA for 30 min. The radioactivity associated with the cells was
determined using a gamma counter as described in Materials and Methods. The data shown are the mean % SE of three experiments. B, Rat alveolar
macrophages (1 X 10%well) were incubated at 37°C for 30 min with the indicated concentrations of FITC-mannosylated BSA in the absence or presence
of rat SP-A {20 pg/ml) or rat SP-D (5 pg/ml). In some experiments 2 mM EDTA was included in the incubation buffer. The flucrescence intensity of
FITC-mannosylated BSA associated with the cells was measured at 485 nm {excitation) and 528 nm (emission). Specific uptake of mannosylated BSA was
calculated by subtracting the fluorescence intensity of the FITC-labeled protein binding to the well without cells from total fluorescence intensity as
described in Materials and Methods. The data shown are the mean = SE of three experiments. €, Phagocytosis of zymosan, Rat alveolar macrophages @2x
10%) were incubated at 37°C for 30 min with or without 20 pg/mi rat SP-A or 5 pg/ml rat SP-D in the absence or presence of 2 mM EDTA, or 4 mg/ml
mannan. The cell suspension was further incubated with F1TC-conjugated zymosan A at 37°C for 30 min. The phagocytosis was evaluated as described
in Materials and Methods. The data shown are the mean + SE of three experiments. %, p < 0.01 and #*, p < 0.05 when compared with the experiments
without mannan or EDTA,

due to increased binding of the mannosylated BSA to the collectins avium is inhibited by excess LAM and LM isolated from MAC.

that bound to the ¢etl surface of macrophages. The inhibition of SP-D binding to M. avium by LAM plus LM

requires Ca®*, Thus, SP-D may bind to LAM and LM on M. avium
SP-A and SP-D increase cell surface localization of MR ‘in the presence of Ca*>*, but SP-A and MBL recognize molecules
on MDMs other than LAM and LM, Since crude LAM does not compete with

We next examined whether SP-A and SP-D enhance MR expres- SP-DJ for the binding to M. avium in the presence of EDTA, it is
sion on the MDM cell surface. Human MDMs were first incubated likely that this lectin interacts with molecules other than LAM and
-in the absence or presence of 20 pg/ml human SP-A or 5 ug/ml LM when Ca®* is chelated. Although SP-A has been reported to
hutan SP-D for t h. After washing, the cells were fixed in para- bind to LAM isolated from M.tb (31), this study shows that SP-A
formaldehyde and immunostained with anti-MR mAb and then failed to bind to LAM and LM isolated from MAC. LAM detived
analyzed using a confocal microscope. Both SP-A and SP-D up- from M. avium has most of its arabinan termini capped with single
regulated expression of the MR on MDMs when compared with mannose residues instead of the more commen dimannoside as .
‘control (Fig. 9), demonstrating that SP-A and SP-D up-regulate established for LAM from M.th. (42). The structural differences
MR expression on MDMs. We further assessed the cell surface between M. avium LAM and M.th. LAM may explain different
expression of MR on MDMs by flow cytometry. MR was consti- binding specificities of SP-A to LAM.
tutively expressed on cell surfaces of MDMs (Fig. 10, gray line). Competition experiments reveal that LAM derived from MAC
After exposure of SP-A and SP-D, cell surface expression of MR fails to compete for SP-A binding to M. avium but blocks M. avium
on MDMs was enhanced (Fig. 10, B and C, solid black line). These phagocytosis. Inclusion of EDTA, which abolishes the binding
results are consistent with those obtained from the uptake exper- of SP-A to M. avium, does not affect the stimulatory effect
iments with '*I-mannosylated BSA. The data confirm a previous of this collectin on M. avium phagocytosis. Recombinant rat
study (32) indicating the MR up-regulation by SP-A and demon-  SP-A®!%* 1970, which exhibits the reduced binding to M. avium,
strate for the first time that SP-D increases the MR activity. MBL still potently enhances the phagocytosis. In addition, anti-rat SP-A
failed to increase the MR expression on MDMs (Fig. 104), con- mAb 1D6, which completely blocks the SP-A binding to M. avium,
sistent with the finding that this collectin did not stimulate M. fails to inhibit SP-A-stimulated phagocytosis. Collectively, these
avium phagocytosis (Fig. 4). Taken together, these results support findings demonstrate that SP-A binding to M. avium does not
the idea that lung collectins enhance M., avium phagocytosis by parallel the collectin-mediated stimulation of M. avium phagocy-

increased MR activity on macrophages. tosis. This conclusion is consistent with the results obtained from
experiments, in which preincubation of lung collectins with mac-
Discussion rophages enhances M. avium phagocytosis. These resuits support

This study reveals that three collectins, SP-A, SP-D, and MBL, are the idea that direct interaction of SP-A and SP-D with the macro-
capable of binding M. avium, but that the mechanisms of binding phages induces the stimulated phagocytosis. ‘

are different. The binding of SP-A to M. avium is Ca®* dependent, In this study, both SP-A and SP-D enhance the phagocytosis of
while most of the binding by SP-D and MBL is Ca®* independent. M. avium by alveolar macrophages and MDMs. The phagocytosis
In addition, the binding of SP-D, but not SP-A or MBL, to M. of mycobacteria has been shown to be mediated by a variety of
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FIGURE 9, SP-A and SP-1> increase cell surfuce localization of MR on
MDMs. MDMs were incubated in the absence (A} or presence of 20 pg/ml
huntn SP-A (B) or § wgAnl human SP-1 (C) for | h. After the incubation,
the cells were washed snd fixed, immunostained with anti-MR mAb (clone
19.2), and unalyzed using u confocal microscope as described in Materials
and Methods,

PULMONARY COLLECTINS ENHANCE M. avium PHAGOCYTOSIS

phagoeytic receptors including complement receptor (CR) 1, CR3,
CR4, MR, and scavenger receptors (46, 50-52). Because the in-
clusion of mannan, zymosan, or M, avium LAM blocks the stim-
ulatory effects of the collecting on M, avium uptake, the proteins
have been proposed to stimulate MR-mediated phagocytosis. This
is consistent with the results that lung collecting up-regulate the
MR activity. in addition to the previous study describing the up-
regulation of MR by SP-A (32}, we now show that SP-D also
induces ¢ell surface expression of MR on macrephages. The up-
regulation of MR netivity has been confirmed by uptake experi-
ments with mannosylated BSA using the collectin-treated macro-
phages, Since the presence of cycloheximide did not inhibit the
collectin-stimulated phagocytosis of M. avium, new protein syn-
thesis {5 not involved in the effects by SP-A and SP-D. In addition,
the stimulatory effects of M. avium uptake nre specific for the lung
collectins because MBL failed to stimulate M. avium phagocytosis,

Analysis by confocal microscopy and {low cytometry has re-
vealed that lung collecting enhance cell surface expression of MR
(Figs. 9 and 10), These proteins alsa stimulate the uptaks of man-
nosylated BSA by alveolar macrophages, which is completely di-
minished in the presence of EDTA (Fig. 8, A and B). These results
are consistent with the idea that lung collecting enhance MR ac-
tivity, since EDTA is a potent inhibitor of MR (49). In contrast, the
uptake of zymosan is partially EDTA-resistant atthough some of
the uptake is attenuated in the presence of EDTA (Fig, 8C). Like-
wise, the collectin-stimulated phagocytosis of M. avium is atten-
unted but is not completely blocked by EDTA (Fig. 5), suggesting
the additional mechanisms may be invelved in the phagocytosis of
zymosan and mycobacterivm in addition to the MR-invalved
mechanisim. Since a variety of phagocytic receptors including MR,
CRs, scavenger receptors, glucan receptors, and dectin-1 {50-36)
medirte the phagocytosis of mycobacterium and zymosan, It Is
possikle 1o essume that lung collectin may be invelved in other
mechanisms in addition to MR-mediated phagocytosis,

The mutant collectin, SP-AR#5Q R1970 eynibits decreased bind-
ing to M. avium but stimulated phagecytosis [o a level comparable
to wt SP-A (Fig. 6), In addition, enhanced phagocytasis by mac-
rophages persists even after preincubation and removal of lung
collectins (Fig. 7). Thus, it is likely that lung collectin does nat
serve as an opsonin for the phagocytosis of M. avium. In contrast,
opsonic functions of lung callectins in phagocytosis of HSV, A.
influenzae, and Klebsiella pneumoniae have been shown (11-13).
Taken together, these studies support the idea that lung collectins
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FIGURE 10. SP-A and SP-D but not MBL increase cell surface expression of the MR an MDMs. MDMs {1 X 10%) were incubated with or without 20 pg/ml
MBL. (A4), 20 pg/ml human SP-A (8), or 20 gg/ml human SP-D (C) for | h. After the incubation, the cells were washed and fixed with [% paraformaldehyde,
and immunostained with PE-eonjugated anti-MR mAb or PE-cenjugated monoclonal Tg isotype control. The stained cells were analyzed by flow cytometry. The
histograms shawn are representatives from three experiments. The solid black line shows cytometric anatysis of the collectin-treated cells incubated with anti-MR
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may stimulate the phagocytosis by two mechanisms, one of which
by activating macrophages and the other by serving as an opsonin,

Ferguson et al, (33) have reported that coincubation of M, tb with
SP-D reduces adherence of the bacteria to macrophages, whereas
preincubation of SP-D with the macrophages does not affect bac-
terial adherence. They have also shown that $P-D binds to LAM
on the surface of Erdman M.th via the mannose cap on Erdman
LAM and conclude that SP-D-M. b interaction reduces adherence
of M.th to monocytes. In this study, both coincubation and prein-
cubation of SP-D with M. avium provide consistent results of in-
creased phagocylosis, which s consistent with the result that SP-
D-treated macrophages exhibit higher expression of MR. One
possible explanation of the difference between these earlier studies
and this work is that different binding mechanisms of SP-D be-
tween M.th and M. avium, due to the structural difference of LAM
between these mycobacterium (42), may result in the distinct ef-
fects on macrophage interaction. Another possibility may be be-
cause of the different assay systems. We have discriminated be-
tween the intracellular bacteria and the cell surface-associated
bacteria by quenching FITC-labeled M. gvium with ethidium
bromide.

SP-ABI9%Q RI97D hag been shown to be inactive in the regula-
tion of surfactant secretjon and lipid uptake by alveolar type II
cells and receptor binding on these cells (39). In addition, anti-
SP-A Ab 1D6, whose epitope is located at the CRD (44), has
previously been reported to block the inhibitory effect of SP-A on
lipid secretion from type 11 cells, the receptor-binding activity of
SP-A on type Il cells, and the SP-A-stimulated lipid uptake by type
1T cells (44, 45, 57). These previous studies indicate that the CRD
of SP-A is responsible for the SP-A action on alveolar type 1] cells.
In contrast, SP-AFR13Q RUD cimulated M. avium phagocytosis
by macrophages at a level comparable to that of wt SP-A, although
this mutant exhibits significant decreased binding to M. avium. Ab
1D6 fatled to inhibit the SP-A-enhanced phagocytosis of M. avium
by alveolar macrophages as shown in this study. Thus, the struc-
tural requirement for SP-A-macrophage interaction in M. avium
uptake is different from that for SP-A.type Il cell interaction in
regulating lipid secretion and uptake and receptor binding,

One recent study (32) has shown that SP-A up-regulates MR
activity on MDMs and that alveolar macrophages from $P-A~/~
mice have reduced MR expression relative to SP-A*'*. In this
study, confocal microscopy has revealed that SP-D as well as SP-A
enhances MR activity on MDMs. This finding is also confirmed by
the collectin-induced increase in uptake of mannosylated BSA by
alveolar macrophages, The up-regulation of MR by lung collectins
provides a mechanism for enhanced phagocylosis of M. avium
since the collectin-stimulated phagocytosis of the bacteria is abol-
ished in the presence of LAM, mannan, or zymosan, which are all
ligands for the MR (46~48). Eighty percent of the MR is localized
in intraceflular vesicles and the protein recycles between the in-
tracellutar pools and the cell surface (58, 59). Enhanced expression
of MR on MDMSs and increased uptake of mannosylated BSA by
alveolar macrophages have been observed after 1-h incubation of
the collectin with the cells. In addition, the presence of cyclohex-
imide does not affect the SP-A- or SP-D-stimulated M. avium
phagocytosis. Thus, it is likely that the lung collectins may stim-
ulate the receptor recycling en route to the plasma membrane
rather than new receptor synthesis at either the transcriptional or
translational level. The precise mechanism by which SP-A and
SP-D up-regulate the MR activity remains to be elucidated,

HIV-infected individuals are at risk for opportunistic infections
with M.th, M. avium, or Pneumocystis carinii. Increased recovery
of SP-A has been reported in bronchoalveolar lavage fluids from
HIV-infected patients with P. carinii (60), The increased SP-A
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level in bronchoalveclar lavage fluids from HIV-infected individ-
uals is closely associnted with significant enhancement of M.ib
attachment to alveolar macrophages and is correlated with the se-
verity of HIV disease (61). The present and other studies (30) have
shown that lung collectins mediate enhanced phagocytosis of M.
avium and M.ib. Once internalized, mycobacterium resides in a
membrane-bound vacuole that is resistant to lysosomal fusion (49),
In addition, $P-A decreases NO production by macrophages in-
fected with M. avium (29), which may be a puthway for this bac-
teria to escape from the bactericidal mechanisms of the host, Thus,
lung collectin may play & role in the early phase of M. avium
infection. Increased SP-A levels in HIV patients, the SP-A-en-
hanced phagocytosis of M. avium, and the SP-A-medinted sup-
pression of NO may explain the increased incidence of mycobac-
terial infection in HIV-infected individuals.

This study clearly demonstrates that both SP-A and SP-D en-
hances the phagocytosis of M, avium by alveolar macrophages
through stimulating the mannose receptor activity, Because M,
avium can survive in macrophages, the collectin-mediated entry of
the bacteria into the host cells may be an important pathway to
escape bactericidal killing. In conclusion, this study demonstrates
that the collectins bind to M. avium and that SP-A and SP-D but
not MBL enhance the phagocytosis of M. avium by macrophages
through up-regulation of MR activity. These findings provide a
significant new mechanism by which lung collecting can regulate
the host response o M. avium infection.
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