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Nat ur al Ki l l er ( NK) Cel l Response t o Vi r us I nf ect i ons

i n Mi ce wi t h Sever e Combi ned I mmunodef i ci ency.

The St i mul at i on of NK Cel l s and t he NK

Cel l - dependent Cont r ol of Vi r us I nf ect i ons Occur

I ndependent l y of T and B Cel l Funct i on

By Raymond M. Wel sh, Jef f ' er y O. Br ubaker ,

Maur i ci o Var gas- Cor t es, and Car ey L . O' Donnel l

Fr om t he Depar t ment of Pat hol ogy, Uni ver si t y of Massachuset t s Medi cal Cent er , Wor cest er ,

Massachuset t s 01655

Summar y

The act i vat i on, pr ol i f er at i on, and ant i vi r al pr oper t i es of nat ur al ki l l er ( NK) cel l s wer e exami ned

i n sever e combi ned i mmunodef i ci ency ( SCI D) mi ce t o det er mi ne t he i nf l uence of mat ur e T or

B cel l s on vi r us- i nduced NKcel l f unct i ons and t o mor e concl usi vel y det er mi ne t he ant i vi r al pr oper t i es

of pr ot ot ypi cal CD3 - NK cel l s. NK cel l s wer e act i vat ed t o hi gh l evel s of cyt ot oxi ci t y 3 d af t er

i nf ect i on of mi ce wi t h l ymphocyt i c chor i omeni ngi t i s vi r us ( LCMV) or mur i ne cyt omegal ovi r us

( MCMV) . Anal yses of spl een l eukocyt es f r om LCMVi nf ect ed mi ce by a var i et y of t echni ques

i ndi cat ed t hat t he NK cel l s pr ol i f er at ed and i ncr eased i n number dur i ng i nf ect i on . Pr opi di um

i odi de st ai ni ng of t he DNA of cycl i ng cel l s r eveal ed t hat t he gr eat maj or i t y of pr ol i f er at i ng spl een

l eukocyt es 3 d af t er LCMV i nf ect i on was of t he NK cel l phenot ype ( CD3 - , I g - , Mac- 1+,

CZ1+, 50% Thy- 1+) , i n cont r ast t o uni nf ect ed mi ce, whose pr ol i f er at i ng cel l s wer e pr e-

domi nant l y of ot her l i neages . Anal yses of t he NK cel l r esponses over a 2 wk per i od i n cont r ol

CB17 mi ce i nf ect ed wi t h MCMV i ndi cat ed a shar p r i se i n ser um i nt er f er on ( I FN) and spl een

NK cel l act i vi t y ear l y ( days 3- 5) i n i nf ect i on, f ol l owed by shar p decl i nes at l at er st ages . I n SCI D

mi ce t he I FN l evel s cont i nued t o r i se over a 10- d per i od, wher eas t he NK cel l r esponse peaked

on day 3- 5 and gr adual l y t aper ed . I n cont r ast t o t he i mmunocompet ent CB17 mi ce, SCI D mi ce

di d not cl ear t he MCMV i nf ect i on and event ual l y succumbed. SCI D mi ce, agai n i n cont r ast

t o i mmunocompet ent CB17 mi ce, al so f ai l ed t o cl ear i nf ect i ons wi t h LCMV and Pi chi nde vi r us

( PV) ; t hese mi ce, i nf ect ed as adul t s, di d not di e but i nst ead devel oped l ong- t er mper si st ent i nf ect i ons .

Depl et i on of t he NK cel l s i n vi vo wi t h ant i ser um t o asi al o GMl r ender ed bot h SCI D and CB17

cont r ol mi ce much mor e sensi t i ve t o MCMV i nf ect i on, as shown by t i t er s of vi r us i n or gans

and by sur vi val cur ves . I n cont r ast , si mi l ar depl et i ons of NK cel l s di d not enhance t he t i t er s

of t he NK cel l - r esi st ant vi r us, LCMV Two var i ant s of PV, one sensi t i ve t o NK cel l s and t he

ot her sel ect ed f or r esi st ance t o NK cel l s by i n vi vo passage, wer e al so t est ed i n NK cel l - depl et ed

SCI D mi ce . The NK- sensi t i ve PV r epl i cat ed t o hi gher t i t er s i n NK cel l - depl et ed SCI D mi ce,

wher eas t he t i t er s of t he NK cel l - r esi st ant PV wer e t he same, whet her or not t he mi ce had
NK cel l s. These exper i ment s suppor t t he concept t hat CD3 - pr ot ot ypi cal NK cel l s medi at e

r esi st ance t o NK cel l - sensi t i ve vi r uses vi a a mechani sm i ndependent of ant i vi r al or " nat ur al "

ant i body . They al so show t hat t he NK cel l r esponses t o i nf ect i on i n t er ms of act i vat i on and

pr ol i f er at i on, as wel l as a por t i on of t he decl i ne i n NK cel l act i vi t y at l at er st ages of i nf ect i on,

occur i ndependent l y of T or B cel l s or t hei r pr oduct s .

The avai l abi l i t y of mi ce har bor i ng a SCI D r ef l ect ed i n a

def i ci t of f unct i onal T cel l s and B cel l s f aci l i t at es t he st udy

of t he host r esponse t o i nf ect i on i n t he absence of adapt i ve

i mmuni t y ( 1, 2) . Vi r uses char act er i st i cal l y el i ci t an I FN-

i nduced augment ed NK cel l r esponse i n t he ear l y st ages of

i nf ect i on ( 3) . These vi r us- i nduced NKcel l s become act i vat ed

t o a hi gh cyt ot oxi c pot ent i al , under go bl ast ogenesi s and

pr ol i f er at e, r espond t o a var i et y of chemot act i c agent s, and

accumul at e i n vi r us- i nf ect ed t i ssue ( 4- 9) . Anumber of t ech-

ni ques, i ncl udi ng t he sel ect i ve depl et i on of NK cel l s i n vi vo

wi t h ant i bodi es and t he adopt i ve r econst i t ut i on of NK

cel l - def i ci ent mi ce wi t h NK cel l s, has been used t o demon-
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st r at e an ant i vi r al r ol e f or NKcel l s i n cer t ai n vi r al i nf ect i ons,

such as mur i ne cyt omegal ovi r us ( MCMV) t ( 10- 12) . Because
of t he l ack of sui t abl e r eagent s at t he t i me, t hese ant i vi r al

st udi es i n most cases di d not di st i ngui sh bet ween t he pr ot o-
t ypi cal CD3 - NK cel l s and t he possi bl e r ol e of CD3+

" non- MHC- r est r i ct ed" CTL ( 13) . Recent wor k has i ndi cat ed
t hat some CD3+ T cel l s expr ess NK cel l mar ker ant i gens

( 14) . Fur t her , a cl oned non- MHC- r est r i ct ed CTL l i ne and
pur i f i ed i mmunol ogi cal l y nai ve T cel l popul at i ons cont ai ni ng

non- MHC- r est r i ct ed CTL have been shown t o t r ansf er pr o-

t ect i on agai nst MCMV i n suckl i ng mi ce ( 15) . These f i ndi ngs

war r ant a r ei nvest i gat i on of t he ant i vi r al r ol e of NK cel l s i n

a model such as t he SCI D mouse, whi ch l acks CD3+ ( T)

cel l s.

The SCI D mouse al so enabl es one t o st udy t he r egul at i on

of NK cel l f unct i on i n t he absence of T and B cel l s . I t r e-

mai ns uncl ear how T and B cel l s i nf l uence t he NK cel l r e-

sponse i n vi vo dur i ng vi r us i nf ect i ons and whet her t hey pl ay

r ol es i n t he ant i vi r al act i vi t y of NK cel l s . Many i nt er act i ons

have been shown bet ween NK cel l s and T cel l s, B cel l s, and

t hei r pr oduct s . Hemat opoi et i c t i ssue and t hymocyt es ar e

t hought t o be nat ur al t ar get s f or NK cel l s, and NKcel l s ar e

t hought t o par t i al l y i nhi bi t pr ol i f er at i ve T and B cel l r esponses

( 16- 21) . NK cel l s have Fc r ecept or s whi ch enabl e t hem t o

bi nd t o ant i body- coat ed cel l s and medi at e ant i body- dependent

cel l - medi at ed cyt ot oxi ci t y ( ADCC) ( 22- 24) . Some st udi es

have i ndi cat ed t hat a hi gh per cent age of " nat ur al cyt ot ox-

i ci t y" i s act ual l y medi at ed by t he ADCC f unct i on of NK

cel l s vi a " nat ur al " ant i body engaged by t he Fc r ecept or s ( 24) .

Sever al T cel l pr oduct s, most not abl y 11, 2 and I FN- y, modu-

l at e NK cel l act i vi t y. I I r 2 act i vat es t he cyt ot oxi c pot ent i al

of NK cel l s ( 25) , st i mul at es t hei r pr ol i f er at i on i n vi t r o and

i n vi vo ( 26, 27) , and ser ves as a chemoat t r act ant f or al r eady

act i vat ed NKcel l s ( 8) . I nj ect i ons of I FN- y i n vi vo st i mul at e

t he act i vat i on and pr ol i f er at i on of NK cel l s ( 6, 28) . Most

NK cel l act i vat i on and pr ol i f er at i on dur i ng vi r us i nf ect i on

i n vi vo, however , cor r el at es wi t h t he I FN t ype 1 ( a/ a) r e-

sponse and not t he T cel l - dependent I I r 2 or I FN- y r esponse

( 3, 29, 30) . Cl ar i f i cat i on of t he i nf l uence of T cel l - and B

cel l - dependent f act or s on t he NKcel l r esponse can be made by
usi ng SCI D mi ce.

Thi s r epor t r epr esent s a char act er i zat i on of t he NK cel l

r esponse i n vi r us- i nf ect ed SCI D mi ce and exami nes t he r epl i -

cat i on of NK cel l - sensi t i ve and NK cel l - r esi st ant vi r uses i n

t hese mi ce i n t he pr esence or absence of NK cel l s. I t docu-

ment s pr of ound l evel s of NKcel l act i vat i on and pr ol i f er at i on

whi ch r ender SCI D mi ce r el at i vel y r esi st ant t o NK- sensi t i ve

vi r uses at ear l y st ages of i nf ect i on, i ndi cat i ng t hat T cel l and

B cel l f unct i on i s not r equi r ed f or t he act i vat i on, pr ol i f er a-

t i on, and ant i vi r al f unct i ons of NK cel l s . However , i t al so

shows t hat SCI D mi ce f ai l t o cl ear vi r uses and ei t her suc-

cumb or devel op per si st ent i nf ect i ons .

' Abbr evi at i ons used i n t hi s paper ADCC, ant i body- dependent cel l - medi at ed
cyt ot oxi ci t y ; LCMV, l ymphocyt i c chor i omeni ngi t i s vi r us; MCMV, mur i ne
cyt omegal ovi r us ; MEF, mouse embr yoni c f i br obl ast ; PV, Pi chi nde vi r us .

Mat er i al s and Met hods
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I nf ect i on of Mi ce.

	

Homozygous SCI D mi ce f r om t he BALB/ c
CB17 backgr ound and homozygous nor mal BALB/ c CB17 mi ce
( 1) wer e br ed separ at el y i n mi cr oi sol at or cages i n t he Depar t ment
of Ani mal Medi ci ne at t he Uni ver si t y of Massachuset t s Medi cal
Cent er . These mi ce wer e or i gi nal l y der i ved f r omt he col ony of Dr .
Donal d Mosi er ( Medi cal Bi ol ogy I nst i t ut e, La Jol l a, CA) . Mi ce
r ecei ved aut ocl aved f ood, wat er , and beddi ng t o mai nt ai n t hei r
heal t h . I n most exper i ment s mal e mi ce 4- 12- wk- of - age wer e used .
Mi ce wer e i nocul at ed i nt r aper i t oneal l y wi t h 0 . 1 ml of Eagl e' s MEM
( cont r ol s) , or wi t h 0 . 1 ml cont ai ni ng 2 x 104 PFU of l ympho-
cyt i c chor i omeni ngi t i s vi r us ( LCMV) , st r ai n Ar mst r ong, 10 4 PFU
of sal i var y gl and- passed MCMV, st r ai n Smi t h, or 2 x 10 6 PFU
of ei t her of t wo pl aque var i ant s of Pi chi nde vi r us ( PV) , st r ai n
AN3739 ( 31) . Var i ant PVNK" i s si mi l ar t o t he wi l d- t ype PV and
i s sensi t i ve t o NK cel l s i n vi vo. Var i ant PVNK" was sel ect ed f r om
PVNK' ' by passage i n mi ce t r eat ed wi t h pol y i nosi ni c/ cyt i dyl i c
aci d . PVNK" i s r esi st ant t o NK cel l s i n vi vo ( M. Var gas- Cor t es,
C. L . O' Donnel l , and R. M. Wel sh, manuscr i pt i n pr epar at i on) .
The sel ect ed doses of vi r us wer e t hose r equi r ed t o easi l y det ect PFU
i n t he spl eens or l i ver s 3 d post i nf ect i on . Mi ce wer e depl et ed of

NK cel l act i vi t y by i nt r avenous i nj ect i ons of 10 pl of ant i ser um
t o asi al o GM, ( Wako Chemi cal s USA, Dal l as, TX) i n 0. 1 ml
MEMvi a t he r et r oor bi t al si nus ( 10, 31) . Cont r ol mi ce r ecei ved i n-
t r avenous i nj ect i ons of MEMonl y. At desi gnat ed t i me poi nt s af t er
i nf ect i on, mi ce wer e anest het i zed wi t h sodi umpent obar bi t al , bl ed,
and di ssect ed . Spl een cel l pr epar at i ons wer e used f or NKcel l assays,
vi r al t i t er det er mi nat i ons wer e done on spl een and l i ver suspen-
si ons i n MEM, and I FN t i t r at i ons wer e det er mi ned on di l ut ed bl ood
sampl es .

Cel l s .

	

YAC- 1 l ymphoma cel l s wer e cul t i vat ed i n suspensi on i n
RPMI suppl ement ed wi t h ant i bi ot i cs and 10% heat - i nact i vat ed
( 56 ° C, 30 mi n) FCS. 1x929 cel l s, ver o cel l s, and mouse embr yoni c
f i br obl ast s ( MEF) der i ved f r omC57BL/ 6 mi ce wer e cul t i vat ed on
monol ayer s i n MEMsuppl ement ed as above .

Cyt ot oxi ci t y Assay .

	

A st andar d mi cr ocyt ot oxi ci t y assay wi t h

spl een l eukocyt e ef f ect or cel l s and " Chr omi um- l abel ed YAC- 1 or
1, 929 t ar get cel l s was used i n t r i pl i cat e or quadr upl i cat e wi t h t hr ee
t o si x E/ T r at i os ( 3, 4) . Assays wer e r un f or 4- 6 h . Separ at e det er -
mi nat i ons wer e made f or each mouse spl een, and t he dat a wer e

expr essed as t he means of t he i ndi vi dual mouse spl eens per gr oup
± SD. Lyt i c uni t s wer e cal cul at ed usi ng t he exponent i al f i t and

van Kr oegh met hods ( 32) pr ovi ded by sof t war e f r om Pr ot ei ns I n-
t er nat i onal ( Rochest er Hi l l s, MI ) . One l yt i c uni t was def i ned as

t he number of ef f ect or cel l s r equi r ed t o l yse 25%of a popul at i on
of 10 4 YAC- 1 cel l s i n a 4- h cyt ot oxi ci t y assay.

I nt er f er on Assay. I FN was t i t r at ed by l i mi t i ng di l ut i on on
monol ayer s of 1x929 cel l s i n mi cr ot i t er wel l s, f ol l owed by chal l enge
wi t h vesi cul ar st omat i t i s vi r us, as descr i bed ( 10) . Dat a ar e pr esent ed
as t he r eci pr ocal of t he t wof ol d di l ut i on whi ch showed a 50%i n-
hi bi t i on i n cyt opat hi c ef f ect per ml of ser um. The geomet r i c mean

t i t er s ( i . e. , t he ar i t hmet i c aver ages of t he l ogz di l ut i on val ues) wer e
cal cul at ed ± SD and t he dat a ar e expr essed as t he ant i l ogs of t hese
val ues .

Pl aque Assays .

	

Vi r us i n or gan suspensi ons was t i t r at ed by pl aque
assays on MEF ( MCMV) or ver o cel l s ( LCMV and PV) and ex-

pr essed as l ogt o PFU/ or gan . Genomet r i c mean t i t er s ± SD ar e
pr esent ed i n t he t abl es and f i gur es .

Cent r i f ugal El ut r at i on .

	

Spl een l eukocyt es wer e separ at ed by si ze
i n a cent r i f ugal el ut r i at i on syst emQ6B; Beckman I nst r ument s, I nc. ,

Ful l er t on, CA) , as descr i bed ( 4) . Br i ef l y, l eukocyt es wer e t r eat ed

wi t h deoxyr i bonucl ease t o r emove cl umps and t hen l oaded i nt o
t he cent r i f uge, whi ch was spi nni ng at 3, 200 r evol ut i ons per mi nut e .



Cel l s wer e el ut ed at t he f ol l owi ng f l ow r at es of medi um: 15, 22,

28, 33, 38, and 45 ml s per mi n ( f r act i ons 1- 6, r espect i vel y) . Pr evi ous

st udi es have i ndi cat ed t hat f r act i on 1 cont ai ns ver y smal l r est i ng

l ymphocyt es and er yt hr ocyt es and usual l y some cont ami nat i ng l ar ger
l ymphocyt es, f r act i ons 2 and 3 cont ai n smal l t o medi um- si zed l ym-

phocyt es, and f r act i ons 4 t o 6 cont ai n macr ophages, gr anul ocyt es

( most l y i n f r act i on 4) and bl ast l ymphocyt es ( 4) .

Anal yses by Fl ow Cyt omet r y .

	

The f ol l owi ng mAbs wer e used

i n t hese anal yses : r at ant i - mouse Thy- 1 01J) , an I gM ant i body

di r ect ed agai nst a det er mi nant expr essed on al l mouse T cel l s and

about hal f of mouse NKcel l s ( 33, 34) ; r at ant i - mouse gr anul ocyt e

and B cel l ant i body Gi l d) , an I gG di r ect ed agai nst a det er mi nant
expr essed on NKcel l pr ecur sor s but at l ower l evel s on mat ur e NK

cel l s and T cel l s ( 34, 35) ; r at ant i - mouse Mac- 1 ( M1/ 70) , an I gG

2b det ect i ng a det er mi nant expr essed at hi gh l evel s on macr ophages

and NK cel l s ( 36) ; hamst er ant i - mouse CD3e ( 145- 2cl l ) , an I gG

det ect i ng a det er mi nant on t he TCRcompl ex di spl ayed on al l ma-

t ur e T but not NK cel l s ( 37) ; r at ant i - mouse CZ1, an I gMmAb

devel oped i n our l abor at or y and det ect i ng a l ymphocyt e- speci f i c

act i vat i on ant i gen expr essed at hi gh l evel s on NK cel l s; t he CZl

r eagent al so st ai ns mast cel l s but r eact s poor l y wi t h ot her gr anul o-

cyt es or macr ophages ( M. Var gas- Cor t es, C. L . O' Donnel l , M. C.

Appel , K. S. Yur kuni s and R. M. Wel sh, manuscr i pt submi t t ed) .

Af t er exposur e of cel l s t o t hese r eagent s, cel l s wer e washed and

st ai ned wi t h commer ci al l y pr ovi ded FI TC- l abel ed goat ant i - r at ( Ac-

cur at e Chemi cal Sci ent i f i c Cor p . , West bur y, NY) , goat ant i - mouse

( Jackson I mmuno Resear ch, West gr ove, PA) ( f or ant i - CD3) , or

mouse ant i - r at ( Jackson I mmunoResear ch) r eagent s. Al l of t hese

l abel ed ant i bodi es wer e usef ul i n det ect i ng t he bi ndi ng of r at ant i -

bodi es t o SCI D mouse l eukocyt es. The ant i - mouse r eagent cr oss-

r eact ed wi t h r at and, dependi ng on t he avai l abi l i t y of r eagent s, was

somet i mes used i nst ead of t he ant i - r at r eagent s . I n most exper i -

ment s cel l s wer e f i xed i n 4%par af or mal dehyde bef or e anal ysi s by

f l ow cyt omet r y . I n some exper i ment s t he cel l s wer e st ai ned wi t h

ant i bodi es, f i xed wi t h 0. 5% par af or mal dehyde, washed t wi ce i n

PBS, f i xed i n col d 70% et hanol , and t r eat ed wi t h 20 hg/ ml

pr opi di um i odi de ( Si gma Chemi cal Co. , St . Loui s, MO) and 50

l Ag/ ml of bovi ne pancr eat i c r i bonucl ease ( TypeAl ) ( Si gma Chem-

i cal Co. ) f or 20 mi n at 37 ° C. Cel l s wer e exami ned by f l ow cyt om-

et r y f or f l uor escent st ai ni ng i n a FRCS I V' * ( Bect on Di cki nson &

Co. , Mount ai n Vi ew, CA) or an Epi cs 753 ( Coul t er El ect r oni cs,

Hi al eah, FL) dual beamsyst em. Two- di mensi onal f l uor escence anal -

yses wer e per f or med wi t h t he cel l s count er st ai ned wi t h pr opi di um

i odi de . Thi s r eagent st ai ns t he DNAof f i xed cel l s and can be used

t o det er mi ne whet her a cel l i s i n t he S or Mphase of cel l gr owt h,

i n whi ch t her e ar e hi gher l evel s of DNAper cel l ( 38) . Thus, wi t h

t hi s t echni que one can det er mi ne t he pr opor t i on of di vi di ng or

cycl i ng cel l s i n a subpopul at i on desi gnat ed by an ant i body mar ker .

St at i st i cal Anal ysi s .

	

I n most exper i ment s, NK cel l assays, vi r al

t i t er s, I FN t i t er s, and ot her anal yses wer e done on i ndi vi dual l y t est ed

mi ce ( n = 3- 5) and pr esent ed as t he mean ± SD. I n some exper i -

ment s pool ed sampl es wer e t est ed, and SDs ar e not pr esent ed. I n
some exper i ment s PFUdet er mi nat i ons i n one or mor e of t he sampl es

wer e l ess t han t hat det ect abl e i n t he assay; i n t hese cases t he

mi ni mumdet ect abl e PFUt i t er was used f or cal cul at i on of t he mean,

and t he l ess t han ( <) si gn accompani es t he pr esent at i on of t he dat a .

Resul t s

Act i vat i on of NK Cel l s i n SCI D Mi ce by LCMV I nf ect i on

The act i vat i on and pr ol i f er at i on of NK cel l s i n vi vo has

been most ext ensi vel y st udi ed i n mi ce acut el y i nf ect ed wi t h
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LCMV ( 3- 9) . I n nor mal mi ce t he act i vat i on and pr ol i f er a-

t i on peak wi t h t he I FN r esponse on days 2- 4, and t her eaf t er

decl i ne ( 3, 4) . We t her ef or e t est ed t he abi l i t y of LCMV t o

st i mul at e t he NK cel l r esponse 3 d af t er i nf ect i on of SCI D

or cont r ol CB17 mi ce. Fi g. 1 shows t he r esponse at sever al

E/ T r at i os . Uni nf ect ed mi ce of ei t her st r ai n had ver y l ow

l evel s of NK cel l act i vi t y, whi ch was bar el y det ect abl e i n 4- h

( or even 16- h) cyt ot oxi ci t y assays on YAC- 1 cel l s . Thi s l ow

l evel of act i vi t y i s expect ed, as t he BALB/ c mouse has genet i -

cal l y pr edet er mi ned l ow l evel s of NK cel l act i vi t y ( 39) , and

mi ce br ed i n ger m- f r ee envi r onment s have l ow NK cel l ac-

t i vi t y ( 40) . The NK cel l r esponse was gr eat l y augment ed at

3 d post i nf ect i on i n bot h st r ai ns, wi t h t he SCI Dst r ai n medi -

at i ng much hi gher l evel s of l ysi s on a cel l t o cel l basi s . The

CB17 spl een, however , cont ai ns many mor e l eukocyt es ( usu-

al l y >10- f ol d) t han does t he SCI D, and t he t ot al l yt i c uni t

per spl een val ues bet ween t he CB17 and t he SCI Dwer e mor e

compar abl e, as shown i n a si mi l ar exper i ment l i st ed i n Tabl e

1 . L- 929 cel l s, whi ch ar e sensi t i ve onl y t o hi ghl y act i vat ed

NK cel l s, wer e al so i ncl uded i n t hese assays . Fi g. 1 shows

t hat L929 cel l s wer e much mor e sensi t i ve t o LCMVi nduced

SCI D spl een l eukocyt es t han t o LCMVi nduced CB17 l eu-

kocyt es or t o l eukocyt es f r omuni nf ect ed mi ce. The r el at i ve

r at i os of YAC- 1 t o L929 cel l ki l l i ng bet ween SCI D and CB17

mi ce wer e compar abl e, i ndi cat i ng t hat t he NK cel l s of bot h

SCI D and CB17 mi ce achi eve compar abl e l evel s of act i vat i on

of t hei r cyt ot oxi c pr oper t i es af t er i nf ect i on .

NK cel l s wer e depl et ed i n vi vo by i nt r avenous i nj ect i ons

wi t h ant i ser um t o asi al o GMt . Thi s gr eat l y r educed t he

cyt ot oxi c act i vi t y of LCMVi nduced NKcel l s i n bot h st r ai ns

of mi ce ( Tabl e 1) . Di f f er ent i al count s of spl een l eukocyt es i n

cont r ol LCMVi nf ect ed SCI D mi ce ( n = 5) pel l et ed ont o

mi cr oscope sl i des and st ai ned wi t h Wr i ght - Gi emsa wer e 11

± 3%monocyt es, 19 ± 7% gr anul ocyt es, and 69 ± 8%

l ymphocyt es ; di f f er ent i al count s on LCMVi nf ect ed, ant i - asi al o

GMt - t r eat ed SCI D mouse spl een l eukocyt es ( n = 3) wer e

35 t 8%monocyt es, 50 ± 5%gr anul ocyt es, and 15 ± 9%

l ymphocyt es . Thi s maj or r educt i on i n l ymphocyt e number

r ef l ect s t he f act t hat many of t he l ymphocyt es i n SCI D mi ce

Fi gur e 1 .

	

LCMVi nduced NK cel l s i n SCI D and CB17 mi ce. Mi ce wer e
ei t her uni nf ect ed or i nf ect ed 3 d pr evi ousl y wi t h LCMV Spl een l euko-
cyt es wer e pool ed f r om each gr oup ( n = 2) and t est ed f or cyt ot oxi ci t y
agai nst L929 or YAC- 1 cel l s i n a 4- h cyt ot oxi ci t y assay.



CB17 and SCI D mi ce, ei t her t r eat ed or unt r eat ed wi t h ant i ser um t o asi al o GMl ( AGMs) , wer e i nf ect ed wi t h LCMV and st udi ed 3 d l at er . n =

5/ gr oup i n each exper i ment .

ar e NK cel l s and t hus depl et ed by t r eat ment wi t h ant i - asi al o

GMt .

The r epl i cat i on of LCMV was much hi gher i n t he spl eens

of CB17 t han i n SCI D mi ce ( Tabl e 1) . The r eason f or t hi s

>20- f ol d di f f er ent i al i s uncl ear , but may r ef l ect t he abi l i t y

of LCMV t o r epl i cat e i n l ymphocyt es . Dat a ar e expr essed as

PFU/ spl een, and t he SCI D spl een i s onl y about one- t hi r d

t he wei ght of t he CB17 spl een ( Tabl e 1, Exp . 2) . Thi s coul d

account f or some, but cer t ai nl y not al l of t he di f f er ent i al i n

PFU. Depl et i on of NKcel l act i vi t y wi t h ant i ser um t o asi al o

GMt caused no si gni f i cant enhancement s of LCMV t i t er s i n

ei t her t he SCI D or t he CB17 mi ce, i ndi cat i ng t hat t he pr es-

ence of NK cel l s di d not gr eat l y i nf l uence LCMV r epl i ca-

t i on . Thi s i s an expect ed r esul t , as LCMV has been shown

t o be an NK- r esi st ant vi r us by a number of st udi es i nvol vi ng

NKcel l depl et i ons i n vi vo, NKcel l - def i ci ent mi ce, and adop-

t i ve t r ansf er s of NK cel l s i nt o mi ce ( 10, 11, 41) . Ser um I FN

t i t er s wer e not i nhi bi t ed by t r eat ment wi t h ant i ser umt o asi al o

GMt , but I FN t i t er s wer e gener al l y hi gher i n CB17 mi ce,

r ef l ect i ng t he hi gher l evel s of LCMV r epl i cat i on ( Tabl e 1) .

Char act er i zat i on of NK Cel l s Act i vat ed Dur i ng

LCMV I nf ect i on

Mor phol ogy.

	

Spl een l eukocyt es wer e sedi ment ed ont o mi -

cr oscope sl i des usi ng a Shandon Cyt ospi n- 2 cent r i f uge and

st ai ned wi t h Wr i ght - Gi emsa st ai n . At 3 d post - LCMV i n-

f ect i on, 81 ± 12% ( n = 3) of t he spl een l ymphocyt es di s-

pl ayed t he LGL mor phol ogy, char act er i st i c of NKcel l s . Many

of t he LGL wer e l ar ge, bl ast - si zed l ymphocyt es wi t h dar k-

st ai ni ng cyt opl asms and pr omi nent nucl eol i , char act er i st i c of

bl ast l ymphocyt es .

Si zi ng by Cent r i f ugal El ut r i at i on .

	

Endogenous NK cel l s

f r omnor mal , uni nf ect ed mi ce ar e most l y medi um- si zed l ym-

phocyt es, wher eas act i vat ed NKcel l s f r ommi ce i nf ect ed wi t h

LCMV ar e conver t ed t o l ar ge, bl ast - si ze cel l s and can be sepa-

r at ed on t he basi s of cel l si ze by cent r i f ugal el ut r i at i on ( 4) .

To det er mi ne i f a vi r us i nf ect i on i n SCI D mi ce coul d st i mu-

l at e t he pr oduct i on of l ar ge NK cel l s, i ndi cat i ve of pr ol i f er a-
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t i on, spl een mouse l eukocyt es wer e separ at ed by si ze by cen-

t r i f ugal el ut r i at i on, and t he cyt ot oxi c act i vi t y i n each f r act i on

was t est ed . Vi r t ual l y no cyt ot oxi c act i vi t y was det ect ed i n

f r act i ons i sol at ed f r omuni nf ect ed SCI D or CB17 mi ce af t er

separ at i on by cent r i f ugal el ut r i at i on ( dat a not shown) . Ther e-

f or e, a si ze pr of i l e usi ng a l ong 11- h ( i nst ead of 4- h) cyt ot ox-

i ci t y assay f r om BALB/ c mi ce housed i n our convent i onal

ani mal f aci l i t y i s shown t o demonst r at e t he nor mal endoge-

nous NK cel l pr of i l e, whi ch peaks i n t he medi um- si zed l eu-

kocyt e f r act i on 3 ( Fi g. 2) . Ext ensi ve anal yses of el ut r i at ed en-

dogenous C3Hand BALB/ c mouse NKcel l s i n our l abor at or y

have i ndi cat ed t hat onl y a smal l pr opor t i on of t he t ot al l yt i c

Fi gur e 2.

	

El ut r i at i on pr of i l es of NK cel l s . Spl een l eukocyt es f r omuni n-
f ect ed BALB/ c byJ mi ce housed i n our convent i onal f aci l i t y, and of 3- d

LCMVi nf ect ed CB17 and SCI Dmi ce housed i n mi cr oi sol at or cages wer e

separ at ed by si ze i n a el ut r i at i on syst em ( Beckman I nst r ument s, I nc . ) , as

descr i bed i n Mat er i al s and Met hods. Sampl es f r omeach f r act i on wer e t est ed

f or cyt ot oxi ci t y agai nst YAC- 1 cel l s i n 11- h ( BALB/ c byJ) or 4- h ( CB17

and SCI D) assays . Uni nf ect ed CB17 and SCI D l eukocyt es wer e al so exam-

i ned, but t he ki l l i ng was so l owt hat t he dat a ar e not pr esent ed. n = 5/ gr oup.

The f ol l owi ng cel l r ecover i es ( x 106) wer e used f or t he cal cul at i on of l yr i c

uni t s i n t he LCMVi nduced spl enocyt e sampl es . LCMVi nf ect ed CB17 :

Fl , 15 ; F2, 170; F3, 220; F4, 75; F5, 21; F6, 7 . 8 . LCMVi nf ect ed SCI D:

Fl , 2. 6; F2, 2 . 6; F3, 2 . 3 ; F4, 1 . 2 ; F5, 1. 2; F6, 1 . 2.

Tabl e 1 . Anal ysi s of Mi ce 3 days Af t er LCMV I nf ect i on

Exp . SCI D SCI D+ci AGM1 CB17 CB17+ci AGM1

1 Logt o PFU/ spl een 4 . ± 0. 2 4. 2 ± 0. 3 6 . ± 0. 2 6. 1 ± 0. 1

I FN U/ 0. 1 ml ser um 80 . ± 0. 105 ± 9. 4 278 . ± 11 . 967 . ± 40 .

Per cent l ysi s by spl een NK ( 12 : 1) 51 . ± 3 . - 0 . 5 ± 0. 4 14 . ± 3 . 1 . 5 ± 0. 6

Spl een cel l ( x 106 ) 8 . 8 ± 0. 4 4. 8 ± 1 . 3 69 . ± 3. 9 93 . ± 26 .

Lyt i c uni t s/ spl een 320 . ± 61 . ND 216 . ± 74 . ND

2 Logi o PFU/ spl een 4. 7 ± 0. 4 5. 1 ± 0. 1 61 . ± 0. 2 6. 3 t 0. 1

I FN U/ 0. 1 ml ser um 121 . ± 6. 5 160 . ± 0. 1, 280 . ± 76 . 2, 550 . ± 174 .

Spl een cel l ( x 106 ) 5 . 5 ± 0. 8 3. 9 ± 1 . 1 92 . ± 40 . 63 . ± 9. 9

Spl een wt ( mg) 50 . ± 0. 7 56 . ±0 . 9 142 . ± 13 . 140 . ± 10 .



uni t s f al l wi t hi n t he bl ast cel l f r act i ons 4, 5, and 6 ( e. g. , 13

± 6 . 7%; n = 7 exper i ment s) . Si mi l ar anal yses wi t h LCMV

i nduced act i vat ed NK cel l s 3 d post i nf ect i on have r eveal ed

much hi gher per cent ages of t ot al l yt i c uni t s i n t he bl ast cel l

f r act i ons ( e . g . , 51 ± 16%; n = 7 exper i ment s) . The si ze

di st r i but i ons of t he LCMVi nf ect ed CB17 l eukocyt es ( i n a

4- h assay) shown i n Fi g . 2 r eveal ed t he expect ed r esul t t hat

much of t he cyt ot oxi c act i vi t y was i n t he l ar ge, bl ast - si ze

f r act i ons . These f r act i ons account ed f or 63% of t he t ot al

number s of l yt i c uni t s . Thi s i ndi cat es t hat t he act i vat ed NK

cel l s i n CB17 mi ce not onl y have el evat ed cyt ot oxi c act i vi t y

100 100 000 no 0 00 100 100 goo goo 0
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so

but al so i ncl ude many bl ast - si ze cel l s . Much of t he ver y hi gh

l evel s of act i vi t y ( not e t he l ower E/ T r at i o) of t he SCI D mouse

l eukocyt es al so was i n t he bl ast si ze f r act i ons, t hough t he

SCI D mi ce di d not show t he r el at i ve i ncr ease per cel l t hat

t he CB17 mi ce showed i n t he bl ast - si ze f r act i ons 4- 6. I t shoul d

be not ed, however , t hat t he smal l T and B l eukocyt es i n f r ac-

t i ons 2 and 3 of t he CB17 mi ce di l ut e out t he NK cel l s, and

t hat t hi s di l ut i on ef f ect woul d not be obser ved i n SCI D mi ce,

whi ch l ack t hose cel l s. Anal yses of t he dat a i n Fi g. 2 i ndi -

cat ed t hat 35%of t he t ot al l yt i c uni t s wer e i n t he SCI Dmouse

bl ast cel l f r act i ons .

100 100 NO BOND 0

	

100 150 NO NO

Fi gur e 3 .

	

Ant i geni c anal ysi s of SCI D spl een l eukocyt es. The y- axi s r epr esent s t he number of cel l s per f r act i on, and t he x- axi s i s t he f r act i on number

on l i near scal es . However , t he x- axi s al so r epr esent s t he f l uor escence i nt ensi t y, whi ch spans f our l ogi o uni t s. Spl een l eukocyt es f r om uni nf ect ed ( A,

C, E, G, I , K, M, and O) or 3- d LCMVi nf ect ed ( B, D, F, H, J, L, N, and P) SCI D mi ce wer e st ai ned wi t h mAbs and f l uor escei nat ed ant i - ant i body

r eagent s . Dat a ar e f r om t hr ee exper i ment s ( A- F, G- L, and M- P) . Cel l s wer e l abel ed as f ol l ows : goat ant i - mouse FI TC ( A, B, G, and H) , ant i - CD3

+ goat ant i - mouse FI TC( Cand D) , j l l d + goat ant i - mouse FI TC ( E and F) , ant i Thy- 1 + goat ant i - mouse FI TC ( I andj ) , CZ1 + goat ant i - mouse

FI TC ( K and L) , goat ant i - r at FI TC ( Mand N) , Mac- 1 + goat ant i - r at FI TC ( O and P) .
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Ant i geni c Anal ysi s of SCI D Spl een Leukocyt es.

	

Spl een l eu-

kocyt es f r om nor mal and SCI D mi ce wer e st ai ned wi t h

f l uor escei n- l abel ed ant i bodi es and anal yzed by f l ow cyt om-

et r y . SCI D l eukocyt es f r omuni nf ect ed or LCMVi nf ect ed mi ce

di d not expr ess membr ane I g, as shown wi t h goat ant i - mouse

( Fi g. 3, A, B, G, and Mand goat ant i - r at ( Fi g. 3, Mand

N) r eagent s . SCI D l eukocyt es di d not expr ess CD3 ( Fi g. 3,

Cand D) , i ndi cat i ng t hat t hey l acked mat ur e T cel l s. I n con-

t r ast , l eukocyt es f r om cont r ol mi ce st ai ned st r ongl y wi t h t he

ant i - CD3 and ant i - mouse I g r eagent s ( dat a not shown) . These

exper i ment s t hus showed t hat t he LCMV i nf ect i on di d not

st i mul at e t he di f f er ent i at i on of pr ecur sor cel l s i nt o det ect abl e

number s of mat ur e B and T cel l s at t hi s t i me poi nt af t er i n-

f ect i on. Subpopul at i ons of SCI D l eukocyt es f r omuni nf ect ed

and LCMVi nf ect ed mi ce st ai ned posi t i vel y wi t h j l l d ( Fi g .

3, E and F) , whi ch r eact s wel l wi t h NK cel l pr ecur sor s but

poor l y wi t h mat ur e NK cel l s, CZ1 ( Fi g. 3, K and L) , whi ch

r eact s st r ongl y wi t h NKcel l pr ecur sor s and mat ur e NKcel l s,

Thy- 1 ( Fi g. 3, I and J) , whi ch r eact s poor l y wi t h NK cel l

pr ecur sor s but moder at el y wi t h about hal f of mat ur e NK

cel l s, and Mac- 1 ( Fi g . 3, O and P) , whi ch st r ongl y r eact s

wi t h bot h monocyt es, macr ophages, and mat ur e NK cel l s .

Fi g . 3 shows t hat t he LCMV i nf ect i on caused a decr ease i n

t he f r equency of cel l s st r ongl y posi t i ve f or j l l d, but i ncr eases

i n t he pr opor t i ons of cel l s st ai ni ng wi t h CZ1, Thy- 1, and

Mac- 1. As t he CZ1 and Thy- 1 ant i bodi es wer e consi der ed

t o be t he most speci f i c f or NKcel l s, an anal ysi s of cel l s r eac-

t i ve wi t h t hose ant i bodi es was det er mi ned i n sever al ex-

per i ment s . Tabl e 2 shows t hat t he f r equency of CZ1+ and

Thy- 1+ cel l s i ncr eased af t er LCMV i nf ect i on by near l y t wo-

f ol d and t hr eef ol d, r espect i vel y .

Pr opi di umI odi de Anal ysi s of SCI DSpl een Leukocyt es .

	

Pr o-

pi di um i odi de st ai ns t he DNA of f i xed cel l s and can be used

t o det er mi ne t he pr opor t i on of cel l s i n a popul at i on i n t he

S or Mphases of t he cel l cycl e ( 38) . Pr opi di um i odi de anal -

ysi s of SCI Dmouse l eukocyt es i ndi cat ed t hat 15- 20%of t he

Spl enocyt es pool ed f r om gr oups of uni nf ect ed or 3- d LCMV- i nf ect ed SCI D mi ce wer e st ai ned wi t h ant i bodi es t o CZ1 or t hy 1 and wi t h pr opi di um
i odi de, as det ai l ed i n Mat er i al s and Met hods . Resul t s depi ct t he means t SD of per cent s f r om di f f er ent exper i ment s .
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cel l s wer e cycl i ng i n ei t her cont r ol or LCMVi nf ect ed mi ce

( Tabl e 2) . Because CZ1 and Thy- 1 wer e j udged t he most NK
speci f i c of t he avai l abl e ant i bodi es i n t he SCI D mi ce, t hei r

anal ysi s i s t abul at ed i n Tabl e 2 . Of t he cycl i ng cel l s i n uni n-

f ect ed SCI D mi ce, about 1/ 4 wer e CZl + and 1/ 10 wer e

Thy- 1+ . However , af t er LCMV i nf ect i on, most of t he cy-

cl i ng cel l s wer e CZ1 + and about hal f wer e Thy- 1 + ( Tabl e
2) . Tabl e 2 shows t hat t her e wer e si gni f i cant i ncr eases i n t he

t ot al number of CZ1 + and Thy- 1 + cel l s and i n t he per cent
of cel l s bot h cycl i ng and expr essi ng t hese ant i gens . One l i mi -

t at i on i n t hese anal yses i s t he possi bi l i t y of t he ant i body

cl umpi ng cel l s, causi ng t hemt o scor e as bl ast cel l s when t he
DNA i s st ai ned wi t h pr opi di um i odi de. However , exposur e

of t he spl enocyt es t o t he ant i bodi es di d not i ncr ease t he number
of cel l s scor i ng as bl ast s, and aggr egat es i ndi cat i ve of t hr ee

or mor e cel l equi val ent s of DNA wer e not obser ved . Si mi l ar

exper i ment s wi t h j 11d i ndi cat ed t hat about hal f of t he cy-

cl i ng cel l s st ai ned posi t i vel y i n bot h cont r ol ( 47%) and LCMV-

i nf ect ed ( 53%) mi ce ( dat a not shown) . The Mac- 1 ant i body

st ai ns a hi gher per cent age of SCI D spl een cel l s t han does CZ1,

as i t st ai ns bot h macr ophages and NK cel l s ( Fi g . 3) . The

st ai ni ng and pr opi di um i odi de anal yses wi t h t he Mac- 1 and

CZ1 ant i bodi es ar e gr aphi cal l y depi ct ed i n Fi g . 4 . Cont r ol

mi ce had bot h Mac- 1 + and Mac- 1 - cel l s i n cycl e bef or e i n-

f ect i on ( Pg. 4 B) , and most of t he cycl i ng cel l s bef or e i nf ec-

t i on wer e Mac- 1 + but CZ1 - ( Fi g. 4 C) , suggest i ng t hat

many wer e of t he monocyt e/ macr ophage ser i es . Af t er i nf ec-

t i on, however , near l y al l t he cycl i ng cel l s wer e Mac- 1+ ( Fi g.
4 E) and CZ1+ ( Fi g. 4 F) , consi st ent wi t h t he NK cel l

phenot ype . These exper i ment s col l ect i vel y i ndi cat e t hat most
of t he cycl i ng cel l s i n SCI D mi ce bef or e i nf ect i on ar e not

NK cel l s and t hat t he gr eat maj or i t y of cel l s cycl i ng i n t he

SCI D mouse spl een 3 d post i nf ect i on ar e of t he NKcel l pheno-

t ype ( CZ1+, Mac- 1+, x+50% Thy- 1+) . I t f ur t her i ndi cat es

t hat 3 d af t er LCMV i nf ect i on t he non- NK cel l s st op cy-

cl i ng, a phenomenon whi ch mi ght be expect ed consi der i ng

Tabl e 2. Cel l

Exp.

Cycl e Anal ysi s of CZI + and Thy- 1
+

SCI D Spl enocyt es

Cont r ol Day 3 LCMV-

1, 2, and 3 Cycl i ng cel l s 21 ± 2 . 7 15 . ± 2 . 3

CZl + cel l s 27 . ±15 . 49 . ±5 . 2

Cel l s bot h cycl i ng and CZ1+ 4 . 8 ± 1 . 9 8 . 4 ± 2 . 7

CZ1+ of cel l s t hat ar e cycl i ng 19 . ± 2 . 6 17 . ± 4 .

Cycl i ng cel l s t hat ar e CZI + 26 . ± 14 . 77 . ± 1 .

1 and 2 Cycl i ng cel l s 17 . ± 2 . 6 19 . ± 1 . 2

Thy- I + cel l s 9 . 8 ± 3 . 2 25 . ± 4 . 9

Cel l s bot h cycl i ng and Thy- 1 + 1 . 6 ± 0 . 2 6 . 6 ± 0 . 7

Thy- 1 * cel l s t hat ar e cycl i ng 17 . ±3 . 5 27 . ±2 . 8

Cycl i ng cel l s t hat ar e Thy- 1 + 9 . 3±3 . 9 47 . ±11 .
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Fi gur e 4.

	

Cycl i ng Mac- 1+ and CZ1* spl een l eukocyt es i n SCI D mi ce .

Spl een l eukocyt es f r om uni nf ect ed ( A- C) or 3- d LCMVi nf ect ed ( D- F)

SCI D mi ce wer e st ai ned wi t h pr opi di um i odi de ( x- axi s) and f l uor escent

ant i body r eagent s ( y- axi s) and anal yzed by f l ow cyt omet r y . The x- axi s

i s l i near , and t he y- axi s spans f our l ogl o uni t s of f l uor escence i nt ensi t y .

Cel l s wer e l abel ed as f ol l ows : goat ant i - r at FI TC ( A and D) , ant i - Mac- 1

+ goat ant i - r at FI TC ( B and E) , CZ1 + goat ant i - r at FI TC ( C and F) .

t he ant i - mi t ot i c pr oper t i es of I FN f or most cel l t ypes ot her

t han NK cel l s ( 42) . Col l ect i vel y, t hi s exper i ment , t he el ut r i -

at i on exper i ment , and t he mor phol ogy st udi es i ndi cat e t hat

NK cel l s pr ol i f er at e and i ncr ease i n number i n r esponse t o

vi r us i nf ect i ons i n SCI D mi ce, j ust as t hey do i n nor mal mi ce.

Pat hogenesi s of MCMV i n SCI D Mi ce

Sur vi val Cur ves .

	

Havi ng shown t hat NKcel l s become ac-

t i vat ed and pr ol i f er at e i n t he LCMV i nf ect i on, whi ch i s not

r egul at ed by NK cel l s, we t hen exami ned t he pat hogenesi s

of an NKsensi t i ve vi r us, MCMV, i n SCI D mi ce i n t he pr es-

ence or absence of t hei r NK cel l s . Sur vi val cur ves wer e r un

i n mi ce i nocul at ed wi t h 104 PFU of a si ngl e sal i var y gl and-

der i ved st ock of MCMV( 43) , whi ch was used t hr oughout t he

exper i ment s i n t hi s paper ( Fi g. 5) . The SCI D mi ce t r eat ed

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18

DAYS POSTI NFECTI ON

Fi gur e 5 .

	

Sur vi val cur ve i n mi ce i nf ect ed wi t h MCMV CB17 or SCI D

mi ce, wi t h or wi t hout t r eat ment wi t h ant i ser um t o asi al o GM1, wer e i n-

ocul at ed i nt r aper i t oneal l y wi t h 104 PFU of MCMV and exami ned f or sur -

vi val . n - 5- 10 per gr oup i n t hi s composi t e of t hr ee exper i ment s .
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wi t h ant i - asi al o GM1 ant i ser um di ed on day 13 and t he SCI D

cont r ol gr oup di ed on days 17- 19 . I n t hese exper i ment s, t he

CB17 mi ce di d not succumb t o t hi s i nocul um, whet her or

not t he NK cel l s wer e depl et ed wi t h ant i - asi al o GM1 . Thus,

wi t h t hi s vi r us CB17 mi ce coul d sur vi ve i nf ect i on wi t h or

wi t hout t hei r NK cel l s, but t he NKdepl et ed SCI D mi ce wer e

much mor e sensi t i ve t o MCMV t han wer e t he cont r ol SCI D

mi ce .

NK Cel l Response

	

Ot her gr oups of mi ce r ecei vi ng t he

dose of MCMV depi ct ed i n Fi g. 5 wer e syst emat i cal l y exam-

i ned f or spl een NK cel l act i vi t y, ser um I FN, and MCMV

PFU t i t er s i n t he spl een and l i ver at di f f er ent t i me poi nt s

af t er i nf ect i on . Fi g. 6 shows t hat t he NKcel l r esponse, whi ch

was vi r t ual l y l acki ng i n uni nf ect ed mi ce ( Fi g . 1) , was mar kedl y

el evat ed i n bot h t he SCI D and CB17 cont r ol mi ce at days

3 and 5 post i nf ect i on. The NK r esponse i n t he SCI D mi ce

decl i ned but r emai ned somewhat el evat ed t hr ough t he t er -

mi nat i on of t he exper i ment on day 14, wher eas t he r esponse

i n t he CB17 mouse pr eci pi t ousl y decl i ned by day 7. The NK

cel l - depl et ed CB17 and SCI D mi ce had, as expect ed, ver y

l ow NK cel l r esponses on days 3 and 5 post i nf ect i on . The

NK cel l r esponse r emai ned l owi n t he NKcel l - depl et ed CB17

mi ce f or t he dur at i on of t he exper i ment , but i t r ose i n t he

NK cel l - depl et ed SCI D mi ce at day 7 and at day 10; no day

14 t i me poi nt i s avai l abl e as t hese mi ce di ed on day 13 ( Fi g.

5) . Thi s r i se i n NK cel l act i vi t y at day 7 i s an expect ed r esul t ,

as ant i ser um t o asi al o GM, usual l y r epr esses t he NK cel l r e-

sponse f or onl y N7 d, af t er whi ch t i me t he r esponse gr adu-

al l y r et ur ns ( 4, 4) .

I FNLevel s .

	

Bl ood I FNl evel s wer e much hi gher i n CB17

mi ce t han i n SCI D mi ce ear l y i n t he i nf ect i on, and t he NK

Fi gur e 6 .

	

NK cel l r esponse i n MCMVi nf ect ed CB17 and SCI D mi ce.

Mi ce wer e t r eat ed and i nf ect ed as i n Fi g. 5 and exami ned at sel ect ed t i me

poi nt s post i nf ect i on f or spl een l eukocyt e NK cel l act i vi t y on YAC- 1 cel l s .

E/ T - 12: 1 i n 4- 5- h assays . Because of t he si ze of t he assays ( n = 4- 5/ gr oup)

each t i me poi nt r epr esent s a separ at e exper i ment , and r el at i ve val ues can

most accur at el y be assessed bet ween gr oups at a gi ven t i me poi nt . Fi g.

6- 9 al l depi ct t he same exper i ment s, except f or t he DS NK cel l assay

i n t hi s f i gur e, whi ch was r epeat ed due t o t echni cal di f f i cul t i es and done

i n an addi t i onal exper i ment . No NK cel l act i vi t y i s l i st ed f or t he day 14

SCI D + ant i - asi al o GM, gr oup because t he mi ce di d not sur vi ve.



Fi gur e 7 .

	

Ser umI FN l evel s i n MCMVi nf ect ed CB17 and SCI D mi ce.

Mi ce wer e t r eat ed and i nf ect ed as i n Fi g. 5 and t est ed f or ser umI FN l evel s .
No I FN l evel s ar e pr esent ed f or t he day 14 SCI D + ant i - asi al o GM, gr oup

because t he mi ce di d not sur vi ve. n = 4- 5/ gr oup .

cel l - depl et ed mi ce of ei t her t ype had hi gher l evel s of I FN

t han di d t he mi ce cont ai ni ng NKcel l s ( Fi g . 7) . As t he i nf ec-

t i on pr ogr essed, however , t he I FN l evel s cont i nued t o r i se

i n t he SCI D mi ce but decl i ned i n t he CB17 mi ce .

Ti t er s of Vi r us.

	

At ear l y st ages of i nf ect i on t he t i t er s of

MCMV i n t he l i ver s wer e compar abl e i n SCI D and i n CB17

mi ce, but much hi gher t i t er s of MCMV wer e obser ved i n

NK cel l - depl et ed mi ce of ei t her gr oup ( Fi g. 8) . Thi s i s con-

si st ent wi t h pr evi ousl y r epor t ed dat a wi t h ot her st r ai ns of

mi ce ( 11) . At l at er st ages of i nf ect i on t he vi r us was cl ear ed

f r om t he l i ver s of ei t her gr oup of CB17 mi ce, but vi r us t i t er s

cont i nued t o r i se i n t he SCI D mi ce, whi ch became i l l and

event ual l y di ed ( Fi g. 5) . MCMV t i t er s i n t he spl eens wer e

much hi gher i n CB17 mi ce t han i n SCI Dmi ce at ear l y st ages

of t he i nf ect i on ( Fi g. 9) . These el evat ed t i t er s i n t he spl eens

of t he CB17 mi ce, as i n t he case wi t h LCMV, may i ndi cat e

Fi gur e 8 .

	

Li ver PFUi n MCMVi nf ect ed CB17 and SCI D mi ce. Mi ce

wer e t r eat ed and i nf ect ed as i n Fi g. 5, and t hei r l i ver suspensi ons wer e
t est ed f or MCMVPFUon MEF monol ayer s . ( <) At l east oneof t he ani mal s
had vi r al t i t er s l ess t han t he mi ni mumdet ect ed val ue, whi ch was - 2 . 5

l ogl o PFU/ l i ver . n = 4- 5/ gr oup.
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Spl een PFU i n MCMVi nf ect ed CB17 and SCI Dmi ce. Mi ce
wer e t r eat ed and i nf ect ed as i n Fi g. 5, and t hei r spl een suspensi ons wer e
t est ed f or MCMVPFUon MEF monol ayer s . ( <) At l east one of t he ani mal s
had vi r al t i t er s l ess t han t he mi ni mumdet ect ed val ue, whi ch was - 1. 5
l ogl a PFU/ spl een. n = 4- 5/ gr oup.

Tabl e 3 .

	

Repl i cat i on of PV i n t he Spl eens of CB17 and

SCI D Mi ce

. PV- NK"

	

5. 5 ± 0. 2

PV- NK"

	

3 . 6 ± 0. 3

Logi o PFU/ spl een

SCI D

	

CB17

5 . 3 ± 0. 5

4. 0 ± 0. 5

3 d af t er i nf ect i on wi t h PV var i ant s, t he spl eens f r om mi ce wer e

homogeni zed and t i t r at ed f or PFU. n = 4- 5/ gr oup .

Fi gur e 10.

	

Repl i cat i on of PV var i ant s i n SCI D mi ce. Mi ce t r eat ed ei -
t her wi t h ant i ser um t o asi al o GMt or wi t h MEMas a cont r ol wer e i noc-

ul at ed wi t h ei t her PVNK- 1 or PVNKr l . PFU i n t he spl eens wer e exam-
i ned 3 d post i nf ect i on . Thr ee separ at e exper i ment s, each wi t h n = 4- 5,
ar e shown.

Nat ur al Ki l l er Cel l s I n Sever e Combi ned I mmunodef i ci ency Mi ce



t he r epl i cat i on of t he vi r us i n l ymphoi d cel l s l acki ng i n t he

SCI D. The hi gh r epl i cat i on of t he vi r us i n t hi s l ymphoi d

or gan ( whi ch pr obabl y r ef l ect s vi r us synt hesi s i n ot her l ym-

phoi d or gans) may expl ai n t he hi gher I FN l evel s i n t he

MCMVi nf ect ed CB17 mi ce t han i n t he SCI D mi ce at ear l y

st ages of i nf ect i on . Mor e vi r us r epl i cat ed i n t he spl eens of

t he NK cel l - depl et ed mi ce of ei t her t ype. At l at er st ages of

i nf ect i on t he t i t er s of vi r us decl i ned i n t he spl eens of t he CB17

mi ce but not of t he SCI D mi ce, whi ch event ual l y di ed ( Fi g. 5) .

Repl i cat i on of NKsensi t i ve and NK- r esi st ant

Var i ant s of PV i n SCI D Mi ce

I ni t i al l y, we compar ed t he gr owt h of t he PV var i ant s i n

SCI D vs. CB17 mi ce . I n cont r ast t o LCMV and MCMV,

whi ch r epl i cat ed bet t er i n CB17 t han i n SCI D spl eens, PV

NKr 1 and PVNK' 1 each r epl i cat ed t o compar abl e l evel s i n

t he spl eens of SCI D and CB17 mi ce ( Tabl e 3) . We next com-

par ed t he r epl i cat i on of t he NK cel l - r esi st ant PVNKr 1 wi t h

t he NK cel l - sensi t i ve var i ant , PVNK" , i n NK cel l - depl et ed

or nor mal SCI D mi ce. Fi g. 10 shows t hat , i n t hr ee exper i -

ment s, PVNKr 1 r epl i cat ed i n t he spl een t o si mi l ar l evel s i n

ei t her gr oup of mi ce, wher eas PVNKS1 r epl i cat ed t o hi gher

t i t er s i n mi ce depl et ed of NK cel l s .

Per si st ent I nf ect i on of SCI D Mi ce wi t h LCMV and PV

LCMVi s a r el at i vel y noncyt opat hi c vi r us t hat causes a per -

si st ent i nf ect i on i n mi ce unabl e t o cl ear t he vi r us wi t h a CTL

r esponse ( 45) . Such per si st ent l y i nf ect ed mi ce devel op a de-

gener at i ve di sease associ at ed wi t h i nf l ammat or y cel l i nf i l t r a-

t i on i n many of t he maj or or gans and ul t i mat el y sever e

gl omer ul onephr i t i s associ at ed wi t h an ant i vi r al ant i body-

dependent i mmune compl ex di sease ( 45, 46) . We t her ef or e

quest i oned whet her LCMV woul d est abl i sh an asympt om-

at i c per si st ent i nf ect i on i n SCI D mi ce. Adul t SCI D mi ce i n-

f ect ed wi t h LCMV i nt r aper i t oneal l y di d not succumb t o i n-

f ect i on, and wer e per si st ent l y i nf ect ed 56 d af t er i nf ect i on,

as i ndi cat ed by LCMV PFU i n t he bl ood ( 5 . 8 ± 0 . 2 l ogl o

PFU/ ml ; n = 5) . PVi nf ect ed mi ce al so became per si st ent l y

i nf ect ed . Wher eas at 53 d post i nf ect i on no vi r us was r ecov-

er ed f r omt he bl ood of CB17 mi ce, t he t i t er s of PVNK, l and

PVNKr 1 i n SCI D mi ce wer e 2 . 7 ± 0. 5 and 3 . 4 ± 0. 3 l ogl o

PFU/ ml , r espect i vel y ( n = 5 per gr oup) .

Di scussi on

Sever al concept ual poi nt s can be made f r omt hi s st udy. The

f i r st i s t hat t hi s r epor t under l i nes t he need f or speci f i c adap-

t i ve i mmune r esponses f or cl ear ance of vi r us i nf ect i ons, as

i n t hei r absence a cyt opat hi c vi r us such as MCMV wi l l ki l l

t he host and a l ess cyt opat hi c vi r us such as LCMV or PV

wi l l est abl i sh a per si st ent i nf ect i on i n t he host . SCI D mi ce

al so f ai l t o cl ear r eovi r us i nf ect i ons ( 2) . Second, t hi s r epor t

conf i r ms t hat NK cel l s wi l l r egul at e t he synt hesi s of some

but not ot her vi r uses at ear l y st ages of i nf ect i on and shows

t hat a sel ect i ve r educt i on i n t he NK cel l r esponse wi l l br i ng

about deat h mor e r api dl y i n a host l acki ng T and B cel l r e-

sponses . Thi r d, i t shows t hat t he ant i vi r al pr oper t i es of NK
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cel l s ar e not dependent on T cel l or B cel l f unct i ons . Many

f or ms of " nat ur al cyt ot oxi ci t y" ar e act ual l y ADCC( 24) , but

t hi s r epor t i ndi cat es t hat NKcel l s can medi at e t hei r ant i vi r al

act i vi t y agai nst MCMV and t he NK- sensi t i ve PVNKS1 i n-

dependent l y of any f or mof nat ur al ant i body or vi r us- speci f i c

ant i body i nduced at ear l y st ages of i nf ect i on . Ser a f r ommi ce

used i n t he MCMV st udi es wer e moni t or ed t o ensur e t hat

t he mi ce wer e, i ndeed, ant i body def i ci ent . Four t h, t hi s r e-

por t shows t hat t he act i vat i on and pr ol i f er at i on of NK cel l s

pr oceeds i n vi vo i ndependent l y of mat ur e T cel l and B cel l

f unct i on . Much has been made about t he possi bi l i t y of T

cel l r egul at i on of t he NK cel l r esponse due t o t he abi l i t y of

T cel l s t o make I L2 and I FN- . y, whi ch can pot ent i al l y st i mu-

l at e NKcel l act i vi t y and pr ol i f er at i on, and due t o t hei r pot en-

t i al abi l i t y t o make f act or s such as TGF- / 3, whi ch mi ght sup-

pr ess NK cel l cyt ol yt i c act i vi t y and pr ol i f er at i on ( 47) . Thi s

r epor t shows t hat NKcel l s can become act i vat ed i n i nf ect i on

and pr ol i f er at e and event ual l y decl i ne i n act i vi t y i n t he ab-

sence of any r egul at i on by T cel l s. Fi f t h, r ecent r epor t s of

t he pr esence of NK 1 . 1+, CD3+ cel l s and t hei r possi bl e r ol e

i n hybr i d r esi st ance ( 14) , coupl ed wi t h our own st udi es i ndi -

cat i ng t hat non- MHC- r est r i ct ed ( CD8+) T cel l s can me-

di at e nat ur al r esi st ance t o MCMV ( 11, 15) , have l ed us t o

quest i on t he i dent i f i cat i on of t he ef f ect or cel l i n t he pr evi ous

wor k document i ng a r ol e f or NK cel l s i n nat ur al r esi st ance

t o vi r uses ( 10, 11, 12, 31) . Thi s pr evi ous wor k, whi ch was

done bef or e ant i bodi es t o mouse CD3 wer e avai l abl e, di d not

absol ut el y r ul e out t hat CD3+ cel l s expr essi ng NK cel l but

not ot her T cel l ant i gens medi at ed al l of t he obser ved an-

t i vi r al ef f ect s . The demonst r at i on i n t hi s pr esent r epor t of

enhanced t i t er s of NK- sensi t i ve but not NK- r esi st ant vi r uses

i n NK cel l - depl et ed SCI D mi ce, whi ch l ack CD3+ cel l s,

gi ves f ur t her suppor t t o t he t hesi s t hat pr ot ot ypi cal CD3 -

NK cel l s do, i ndeed, medi at e nat ur al r esi st ance t o vi r us i n-

f ect i ons.

A sur pr i si ng obser vat i on dur i ng t hese st udi es was t hat at

3 d af t er LCMV i nf ect i on, most ( >75%) of t he cel l s i n cycl e

wer e of t he NK cel l phenot ype ( CZ1+, Mac- 1+) , i n con-

t r ast t o uni nf ect ed mi ce, i n whi ch onl y 26%of t he cel l s i n

cycl e di spl ayed t he CZ1I phenot ype. Thi s suggest s t hat t he

vi r us i nf ect i on i nhi bi t s t he pr ol i f er at i on of non- NK cel l s but

al l ows f or NK cel l pr ol i f er at i on . Thi s i s consi st ent wi t h t he

wel l document ed r epor t s t hat I FN i nhi bi t s cel l di vi si on of

many cel l s, i ncl udi ng t hose of t he myel oi d l i neage ( 42, 48) .

The NK cel l r esponse t o I FN i s i n mar ked cont r ast t o t hat

of ot her cel l s i n t hat cel l di vi si on i s st i mul at ed, possi bl y by

I FN- i nduced i nt er medi at es ( 4- 6) . I FNand NK cel l s may have

si mi l ar r ol es i n t he body i n t hat t hey bot h may cont r ol un-

want ed cel l pr ol i f er at i on . I FN can exer t i t s cont r ol by di r ect l y

i nhi bi t i ng cel l di vi si on ( by downr egul at i ng pr ot o- oncogene

expr essi on) ( 42, 48, 49) , wher eas NK cel l s can exer t t hei r

cont r ol by di r ect l ysi s of di vi di ng cel l s . Per haps NKcel l s evol ved

t o become st i mul at ed r at her t han i nhi bi t ed by I FN i n or der

t o augment t he host ' s cel l gr owt h cont r ol mechani sm.

One unusual r esul t was our f i ndi ng t hat bot h MCMVand

LCMV gr ew t o much hi gher t i t er s i n t he spl eens of CB17

t han i n SCI D mi ce at ear l y t i me poi nt s af t er i nf ect i on . Thi s
i s l i kel y t o r ef l ect t he avai l abi l i t y of T and/ or B t ar get cel l s



f or t hese vi r uses, r at her t han any ant i vi r al host r esponse mech-

ani sm. Bot h vi r uses have been shown t o r epl i cat e i n l ympho-

cyt es ( 50- 52) , and t i t er s of MCMVi n t he l i ver , wher e i t r epl i -

cat es i n hepat ocyt es and macr ophages, wer e not el evat ed i n

CB17 mi ce over SCI D mi ce. Sur pr i si ngl y, however , PV di d

not r epl i cat e t o hi gher t i t er s i n CB17 mi ce, pr obabl y i ndi -
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