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Human i mmunodef i ci ency vi r us ( HI V) , t he causat i ve agent of t he acqui r ed i m-
munodef i ci ency syndr ome ( AI DS) , i nf ect s and r epl i cat es wi t hi n sever al t ypes of human
cel l s ( 1- 4) . Al t hough ear l y st udi es of t hi s r et r ovi r al pat hogen f ocused on CD4' T
l ymphocyt es as t he pr i nci pal t ar get cel l , t her e i s i ncr easi ng evi dence t hat i nf ect i on
of cel l s bel ongi ng t o t he monocyt e/ macr ophage ( M/ M) ' l i neage pl ays a cr uci al r ol e
i n t he pat hogenesi s and pr ogr essi on of t hi s di sease ( 2, 5, 6) . I n addi t i on, si nce M/ M
may di f f er f r omT cel l s i n t hei r i nt r acel l ul ar met abol i sm of dr ugs and t hei r r eact i on
t o l ymphoki nes, i t i s i mpor t ant t hat one consi der t he ef f ect of ant i r et r ovi r al t her -
apeut i c st r at egi es on cel l s of t he M/ Ml i neage .

Our gr oup has pr evi ousl y shown t hat 2' 3' - di deoxynucl eosi des ( ddN) , a f ami l y of
compounds l acki ng an hydr oxy gr oup at t he 3' posi t i on of t he sugar . noi et y, ar e pot ent
i n vi t r o i nhi bi t or s of HI Vr epl i cat i on i n bot h human Tl ymphocyt es and M/ M( 7- 9) .
I n addi t i on, sever al member s of t hi s f ami l y of dr ugs have been shown t o have cl i ni cal
act i vi t y when admi ni st er ed t o pat i ent s wi t h sever e HI V i nf ect i on ( 10- 12) . One of
t hese compounds, 3' - azi do- 2' 3' - di deoxyt hymi di ne ( AZT) pr ol ongs l i f e and i mpr oves
neur ol ogi c abnor mal i t i es ( 10, 12- 14) i n cer t ai n pat i ent s wi t h AI DS. The use of AZT,
however , i s associ at ed wi t h bone mar r ow suppr essi on and ot her t oxi c si de ef f ect s
( 15) , par t i cul ar l y i n pat i ent s wi t h est abl i shed AI DS, so t hat a r ecent f ocus of i nvest i -
gat i on has been di r ect ed t owar d devel opi ng st r at egi es t o over come t hi s pr obl em. One

Addr ess cor r espondence t o Rober t Yar choan, Bl dg . 10, Rm. 13N248, Nat i onal I nst i t ut es of Heal t h,
Bet hesda, MD20892 .

i Abbr evi at i ons used i n t hi s paper : AZddU, 3' - azi do- 2' 3' - di deoxyur i di ne ; AZT, 3' - azi do- 2' 3' - di de-
oxyt hymi di ne; AZTTP, 3' - azi do- 2' 3' - di deoxyt hymi di ne- 5' - t r i phosphat e ; dCTP, 2' - deoxycyt i di ne- 5' - t r i -
phosphat e ; ddA, 2' 3' - di deoxyadenosi ne ; ddC, 2' 3' - di deoxycyt i di ne ; ddI , 2' 3' - di deoxyi nosi ne ; ddT, 2' 3' -
di deoxyt hymi di ne ; D4T, 2' 3' - di deoxy- 2' 3' - di dehydr ot hymi di ne ; dTTP, 2' - deoxyt hymi di ne- t r i phosphat e ;
dUMP, 2' - deoxyur i di ne- 5' - monophosphat e, GM- CSF, Gr anul ocyt e- macr ophage col ony st i mul at i ng f act or ;
M/ M, Monocyt e/ macr ophages ; RT, r ever se t r anscr i pt ase .
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appr oach cur r ent l y under i nvest i gat i on i s t he use of gr anul ocyt e- macr ophage CSF

( GM- CSF) . GM- CSF i s a cyt oki ne t hat st i mul at es t he mat ur at i on and di f f er ent i a-

t i on of gr anul ocyt e and monocyt e bone mar r owpr ecur sor cel l s ( 16- 18) . I n addi t i on,

Hammer et al . ( 19, 20) have suggest ed t hat GM- CSF can i nhi bi t HI V r epl i cat i on

i n U937, a CD4+ cel l l i ne wi t h cer t ai n monocyt oi d pr oper t i es . However , Fol ks et

al . ( 21) have f ound t hat GM- CSF may act ual l y st i mul at e HI V r epl i cat i on i n a sub-

cl one of U937 .

Because of t he i nt er est i n usi ng GM- CSF i n pat i ent s wi t h HI Vr el at ed di sease

and t he conf l i ct i ng r esul t s obt ai ned i n monocyt oi d cel l l i nes, whi ch may or may not

be r el i abl e bi ochemi cal model s f or nor mal M/ M, we under t ook an i nvest i gat i on of

t he i n vi t r o ef f ect of GM- CSF on HI V r epl i cat i on i n pur i f i ed human per i pher al bl ood

M/ M, bot h as a si ngl e agent and i n conj unct i on wi t h di deoxynucl eosi des . Our r esul t s

show t hat GM- CSF enhances HI V r epl i cat i on i n f r esh M/ Mby sever al hundr ed- f ol d,

and mor eover , t hat i nf ect i on of such st i mul at ed cel l s can t ake pl ace- wi t h l ower con-

cent r at i ons of vi r us . I n spi t e of t hi s, t he net pot ency of AZT and r el at ed di deoxy-

t hymi di ne anal ogues i n i nhi bi t i ng HI V i nf ect i on i s mar kedl y i ncr eased i n t he pr es-

ence of GM- CSF. Thi s i ncr ease i n act i vi t y appear s t o r esul t f r om an enhanced cel l

ent r y of dr ug and pr oduct i on of phosphor yl at ed ( act i vat ed) dr ugs i n t he f ace of mi n-

i mal i ncr eases i n t he l evel s of t he compet i ng t hymi di ne t r i phosphat e . These r esul t s

may have i mpl i cat i ons f or t he desi gn of i mpr oved t her apeut i c st r at egi es f or pat i ent s

wi t h AI DS and r el at ed condi t i ons .

Mat er i al s and Met hods

Cel l s .

	

Monocyt e- enr i ched PMBC wer e obt ai ned f r omheal t hy, HI Vnegat i ve donor s usi ng

a cel l separ at or ( Fenwal C3000 ; Tr avenol I nc . , Deer f i el d, I L) . The PBMC wer e t hen f ur t her

enr i ched f or M/ Mby el ut r i at i on as descr i bed by Ger r ar d et al . ( 22) . M/ Mobt ai ned by el ut r i -

at i on f ol l owed by a 5- d cul t ur e wer e >95% nonspeci f i c est er ase posi t i ve ( Techni con I nst r u-

ment s Cor p. , Tar r yt own, NY) , and >95% act i vel y phagocyt i zed 0 . 8- P. l at ex beads ( Si gma

Chemi cal Co. , St . Loui s, MO) . I n addi t i on, t hey wer e <1% E- r oset t e posi t i ve, and 50%

OKT4A' ( Or t ho Di agnost i c Syst ems I nc . , Rar i t an, NJ) . Cel l vi abi l i t y ( as det er mi ned by

t r ypan bl ue excl usi on) was al ways >95%. I n some exper i ment s, H9, a T4' l ymphocyt i c cel l

l i ne, was used as cont r ol . Al so, i n cer t ai n exper i ment s, enr i ched l ymphocyt e popul at i ons wer e

obt ai ned by el ut r i at i on f ol l owed by i ncubat i on on pl ast i c di shes t o r emove adher ent cel l s .

These cel l s wer e <2° I o nonspeci f i c est er ase posi t i ve . I t shoul d be not ed t hat t he cont r ol M/ M

used i n t hi s st udy ( i . e. , el ut r i at ed cel l s cul t ur ed f or 5 d bef or e exposur e t o HI V) ar e di f f er ent

t han t he M/ Mpopul at i ons t hat f or med t he cor e of our pr evi ous paper on t he ef f ect of di deoxy-

nucl eosi des on HI V i nf ect i on i n M/ M( 8) .

Vi r us .

	

A monocyt ot r opi c st r ai n of HI V- 1, HTLVI I I Ba- L ( ki ndl y pr ovi ded by Dr s. S. Gar t -

ner and M. Popovi c, Nat i onal Cancer I nst i t ut e, Bet hesda, MD) , and a l ymphocyt ot r opi c

st r ai n, HTLVI I I B ( El ect r o- Nucl eoni cs Labor at or y I nc . , Si l ver Spr i ng, MD) , wer e used i n

t hese exper i ment s, as pr evi ousl y descr i bed ( 8) .

Dr ugs.

	

AZT ( Wel l come Resear ch Labor at or i es, Resear ch Tr i angl e Par k, NC) , 2' 3' - di deoxy-

cyt i di ne ( ddC) , 2' 3' - di deoxyt hymi di ne ( ddT) , 2' 3' - di deoxyadenosi ne ( ddA) , 2' 3' - di deoxyi no-

si ne ( ddI ) ( Phar maci a Fi ne Chemi cal s, Pi scat away, NJ) , 2' 3' - di deoxy- 2' 3' - di dehydr ot hymi di ne

( D4T) ( suppl i ed by Devel opment al Ther apeut i cs Pr ogr am, DCT, NCI , Bet hesda, MD) , and

3' - azi do- 2' 3' - di deoxyur i di ne ( AZddU) ( ki nd gi f t of Dr . R. F. Schi nazi , VA Medi cal Cent er ,

Decat ur , GA) wer e di l ut ed i n di st i l l ed wat er and kept at 4' C unt i l used. The chemi cal st r uc-

t ur es of AZT, AZddU, ddT, and D4T ar e depi ct ed i n Fi g. 1 . Human r ecombi nant GM- CSF

( Sandoz Resear ch I nst . , East Hanover , NJ) was r econst i t ut ed i n di st i l l ed wat er at 500, 000

U/ ml st ock sol ut i on, and st or ed at 4' C unt i l used . Our GM- CSF pr epar at i on cont ai ns 5 . 6

x 106 chr oni c myel ogenous l eukemi a ( CML) uni t s per mi l l i gr am of gl ycopr ot ei n, as mea-
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FI GURE 1 .

	

Chemi cal st r uct ur e of

2' - deoxyt hymi di ne ( dT) and i t s di -

deoxynucl eosi de congener s, AZT,

ddT, D4T, and AZddU. The t er m

2' - deoxyt hymi di ne i s synonymous

N H
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wi t h t he t er m t hymi di ne .
0

sur ed by mi nor modi f i cat i ons of a r api d pr ol i f er at i on CML assay pr evi ousl y publ i shed by

Gr i f f i n et al . ( 23) .

[ 3 H] AZT ( sp act 3 Ci / mmol ) , and [ 3 H] D4T ( sp act 10 Ci / mmol ) ( Mor avek Bi ochemi cal ,

Br ea, CA) , wer e f r eeze- dr i ed and used i mmedi at el y af t er r econst i t ut i on .

Ant i vi r al Dr ug Assay.

	

The t est s of ant i vi r al act i vi t y wer e per f or med wi t h mi nor modi f i ca-

t i ons of a pr evi ousl y publ i shed pr ocedur e ( 8) . Br i ef l y, 105 pur i f i ed el ut r i at ed M/ Mwer e

seeded at day - 5 i n a 1- cm2 wel l of a 48- wel l pl at e ( Cost ar , Cambr i dge, MA) , and cul t i -

vat ed i n RPMI 1640 medi um( Gi bco Labor at or i es, Gr and I sl and, NY) suppl ement ed wi t h

20%heat - i nact i vat ed FCS ( Hycl one Labor at or i es, Logan, UT) , 2 MML- gl ut ami ne, 50 U/ ml

peni ci l l i n, and 50 t ~g/ ml st r ept omyci n ( Gi bco Labor at or i es) ( compl et e medi um) f or 5 d i n

t he pr esence or absence of 100 U/ ml of GM- CSF Unl ess st at ed ot her wi se, cel l s wer e t r eat ed

f r omday - 5 wi t h GM- CSF and t hen cul t ur ed i n t he cont i nuous pr esence of t hi s cyt oki ne .

Cel l s, vi r uses, and FCS wer e t est ed f or mycopl asma cont ami nat i on, and f ound negat i ve. At

day 0, M/ Mwer e pr eexposed f or 20 mi n t o var i ous concent r at i ons of dr ugs, and t hen chal -

l enged wi t h HTLUI I I B, , - , . ( 80, 000 cpm/ ml r ever se t r anscr i pt ase) as pr evi ousl y descr i bed ( 8) .

Thi s i s at l east 10 t i mes t he mi ni mum i nf ect i ve dose i n 5- d cul t ur ed M/ Mnot exposed t o

GM- CSF ( see Resul t s, Fi g . 2 b) . Cel l s wer e kept at 37° C i n a humi di f i ed at mospher e sup-

pl ement ed wi t h 5%C02 . 2 d af t er i nf ect i on ( day +2) cel l s wer e ext ensi vel y washed i n or der

t o r emove excess vi r us, and cul t i vat ed under t he same condi t i ons wi t h t he same concent r a-

t i ons of dr ugs as bef or e . Cel l s wer e t hen f ed ever y 4- 5 d . I n some exper i ment s, pur i f i ed l ym-

phocyt es st i mul at ed at day 0 wi t h PHA, 1 : 200 vol / vol ( Gi bco Labor at or i es) , or H9 T cel l s

wer e exposed t o 500 vi r al par t i cl es/ cel l of HTLU- I I I B ( 500 t i mes t he mi ni mumi nf ect i ve dose
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f or ATH8 cel l s, a T4 cel l cl one used as vi r us i nf ect i vi t y cont r ol ) . 20 U/ ml of human r I L- 2
( AmGen Bi ol ogi cal , Thousand Oaks, CA) pl us 15% vol / vol of human nat ur al I L- 2 ( ABI ,
Si l ver Spr i ng, MD) wer e added t o medi um f or l ymphocyt es ( but not f or ot her cel l s) .

Vi r al Det ect i on.

	

Vi r al pr oduct i on was assessed at days 2, 5, and 7 af t er vi r al chal l enge,
and t hen ever y 7 d, usi ng sever al di f f er ent met hods . ( a) r ever se t r anscr i pt ase ( RT) act i vi t y

was eval uat ed usi ng a pr evi ousl y descr i bed pr ocedur e ( 8, 24) . ( b) HI V- p24 ant i gen pr oduc-

t i on i nt o t he super nat ant was assessed by a RI A and by ELI SA ( DuPont Co. , Wi l mi ngt on,

DE) . ( c) Syncyt i a f or mat i on was eval uat ed at r egul ar t i me poi nt s by vi sual i nspect i on i n an

i nver t ed mi cr oscope .
Dr ug t oxi ci t y was assessed i n mock- i nf ect ed cel l s cul t i vat ed f or 14 d i n pr esence of di f f er ent

concent r at i ons of ddN, by t r ypan bl ue excl usi on, and by phagocyt i c act i vi t y usi ng 0 . 8- 1. t l at ex

beads .
Met abol i sm.

	

Anabol i c phosphor yl at i on of di deoxynucl eosi des was anal yzed usi ng mi nor
modi f i cat i ons of pr evi ousl y publ i shed pr ocedur es ( 25, 26) . Br i ef l y, ddNmet abol i smwas mea-

sur ed by i ncubat i ng 5 x 10 6 cul t i vat ed M/ Mor H9 T cel l s, i n t he pr esence or absence of

100 U/ ml of GM- CSF, i n 12- wel l pl at es ( Cost ar ) . Af t er 5 d of cul t ur e, cel l s wer e exposed

t o 10 uM [ ' H] AZT or 10 p, M [ 3 H] D4T f or 24 h i n 4 ml of compl et e medi um. Cel l s wer e

t hen har vest ed by gent l e scr api ng, count ed, pel l et ed af t er t hr ee washi ngs i n col d RPMI , and
i mmedi at el y f r ozen i n dr y i ce . Fr ozen cel l pel l et s wer e ext r act ed wi t h 500 i l l of 60% ( vol / vol )
met hanol , and t he met hanol ext r act s f ur t her heat ed at 95° C f or 1 . 5 mi n . The ext r act s wer e

cl ar i f i ed by cent r i f ugat i on at 12, 000 g f or 6 mi n . 200- t t l al i quot s wer e t hen l oaded ont o a

r adi al l y compr essed col umn of Par t i si l SAXand el ut ed wi t h an ammoni um phosphat e gr a-

di ent as pr evi ousl y descr i bed ( 24, 25) . Endogenous deoxyr i bonucl eosi de- 5' - t r i phosphat e pool s

and nucl eosi de ki nases wer e measur ed as pr evi ousl y descr i bed ( 27) .
St at i st i cs.

	

The st at i st i cal si gni f i cance of t he di f f er ence of vi r al suppr essi on by di deoxynucl eo-

si des i n GM- CSFst i mul at ed cul t ur es vs . cul t ur es wi t hout GM- CSF was assessed usi ng t he

t wo- t ai l ed st udent ' s t t est .

Resul t s

Fr esh el ut r i at ed M/ Mcul t ur ed f or 5 d bef or e exposur e t o HTLVI I I Ba- L wer e con-

si st ent l y f ound t o be i nf ect ed i n t hese exper i ment s ( Fi g . 2) . I n t he absence of GM-

CSF, vi r al pr oduct i on was det ect abl e no ear l i er t han day 7 and t hen i ncr eased, bei ng

det ect abl e at l east up t o day 35 ( Fi g . 2 A) . I t shoul d be not ed t hat t he M/ Mpopul a-

t i on and t he cul t ur e condi t i ons used ar e cr i t i cal var i abl es i n exper i ment s such as

t hese, si nce t he degr ee of HI V i nf ect i on and vi r al suppr essi on by di deoxynucl eo-

si des may var y subst ant i al l y dependi ng on t he exact M/ Mpopul at i on and condi -

t i ons ( 8) . Cul t ur i ng t he el ut r i at ed M/ Mf or 5 d bef or e exposur e t o vi r us and dr ugs

i s t hus an i mpor t ant var i abl e t hat shoul d be t aken i nt o consi der at i on .

M/ Mexposed cont i nuousl y t o 100 U/ ml GM- CSF showed a hi gh t i t er of vi r al

pr oduct i on ( at l east 10 t i mes mor e t han wi t hout t hi s cyt oki ne) , consi st ent l y det ect -

abl e by day 5 . Vi r al pr oduct i on was sust ai ned f or at l east 35 d . No subst ant i al en-

hancement of vi r al pr oduct i on was seen i n most exper i ment s usi ng l ower concent r a-

t i ons of GM- CSF, i . e . , 1 and 10 U/ ml ( dat a not shown) . Si nce GM- CSF i nduces

pr ol i f er at i on of monocyt es, we wonder ed whet her t he i ncr ease i n vi r al pr oduct i on

was si mpl y due t o t he GM- CSFi nduced i ncr ease i n cel l number . However , t he number

of cel l s 7 d af t er vi r al chal l enge r anged up t o 20- f ol d hi gher f or M/ Mexposed t o

GM- CSF as compar ed wi t h unexposed cel l s, wher eas t he i ncr ease i n p24 pr oduc-

t i on at day 7 was - 100- 1, 000- f ol d . ( Tabl e I and Fi g . 2 A) . Fur t her mor e, i n ear l y

exper i ment s, we t est ed t he mi ni mumvi r al dose capabl e of i nduci ng consi st ent and

pr oduct i ve i nf ect i on i n M/ M. We f ound t hat whi l e t he mi ni mumHTLVI I I Ba- L i n-

f ect i ve dose f or unt r eat ed M/ Mwas 8, 000 cpm/ ml of RT, as l i t t l e as 80 cpm/ ml of
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FI GURE 2 .

	

Ki net i cs of HTLV
I I I Ba- t , i nf ect i on i n M/ Mwi t h
or wi t hout GM/ CSF 100 U/ ml .
( A) HI Vp24 gag pr oduct i on
( pg/ ml ) i n M/ M exposed at
day 0 t o 80, 000 cpmRT/ ml of
HTLVI I I B. - L and cul t ur ed i n
compl et e medi umas descr i bed .
Super nat ant s wer e har vest ed f or
p24 assays ever y 4- 7 d . At each
of t hese t i me poi nt s, cel l s wer e
washed, and f r esh medi a was

added . ( 0) M/ Mwi t hout GM-
CSF; ( O) M/ Mexposedt o GM-

CSF f r omday - 5 t o day 28; ( A)
M/ Mexposed t o GM- CSF f r om

day - 5 t o day 0; ( zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA" ) M/ Mex-
posed t o GM- CSF f r om day 0
t o day 28 . ( B) HI V- p24 gag pr o-
duct i on ( pg/ ml ) i n M/ Mexposed
t o di f f er ent mul t i pl i ci t y of i nf ec-
t i on of HTLVI I I Ba- L. Open
symbol s r epr esent M/ Mt r eat ed
wi t h GM- CSF f r omday - 5 t o
day 30 . Cl osed symbol s r epr e-
sent unt r eat ed M/ M. ( 0/ * )
M/ M exposed t o 80, 000 cpm
RT/ ml ; ( A/ " ) M/ Mexposed t o
8, 000cpmRT/ ml ; ( p/ " ) M/ M
exposed t o 800 cpm RT/ ml ;

( O/ " ) M/ Mexposed t o 80 cpm
RT/ ml .

t he same vi r us pr epar at i on i nduced vi r al i nf ect i on i n GM- CSFt r eat ed M/ M( Fi g .

2 B) . Thus, i t i s unl i kel y t hat t he i ncr ease i n cel l number per se caused by GM- CSF

account s f or t he maj or enhancement of vi r al pr oduct i on obser ved i n our st udi es .

Syncyt i a f or mat i ons wer e easi l y det ect ed, st ar t i ng f r omday 9, i n GM- CSFM/ M

exposed t o HTLVI I I Ba- L ( Fi g . 3) . At t hi s t i me, mul t i nucl eat ed gi ant cel l s wer e seen

i n cul t ur e, i n associ at i on wi t h an i nhi bi t i on of cel l r epl i cat i on . Fr om day 20, gi ant

cel l s became pycnot i c . However , t hey mai nt ai ned t hei r abi l i t y t o pr oduce a l ar ge

amount of vi r us at l east up t o day 35 . I n one exper i ment , we subj ect ed HI Vexposed

GM- CSFst i mul at ed M/ Mt o t hr ee cycl es of f r eezi ng and t hawi ng t o expl or e whet her

t hi s woul d r el ease addi t i onal vi r al par t i cl es t hat mi ght be sequest er ed wi t hi n i n-

t r acyt opl asmi c vacuol es ; however no i ncr ease i n HI V- p24 ant i gen was obser ved ( dat a

not shown) .

As shown i n Fi g. 2 a and i n Tabl e I , M/ Mt r eat ed wi t h GM- CSF onl y bef or e

vi r us chal l enge ( t hat i s f r om day - 5 t o day 0) , f ol l owed by ext ensi ve washi ng t o

r emove t hi s cyt oki ne, i ni t i al l y gave r at es of vi r al pr oduct i on compar abl e wi t h t hose
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TABLE I

Vi r us Pr oduct i on and Vi r al Suppr essi on by AZT i n El ut r i at ed MI M Tr eat ed wi t h GM- CSF

or Medi a Al one at Di f f er ent Ti me Poi nt s and Exposed t o HI V- 1/ HTLV- I I I ea _L

105 f r esh el ut r i at ed M/ M wer e pl aced i n cul t ur e at day - 5 i n 1 ml of compl et e medi um, and t r eat ed wi t h

GM- CSF 1 . 00 U/ ml f r om day - 5 t o 28, f r om day - 5 t o day 0, or f r om day 0 t o 28 . On day 0, M/ Mwer e

exposed t o sal i ne or AZT f or 20 mi n and chal l enged wi t h HTLV- I I I Ba - 1 80, 000 cpm RT/ ml whi l e mai n-
t ai ni ng AZT i n t he medi a . Vi r al r epl i cat i on was assessed by HI V- p24 ant i gen pr oduct i on i n t he super na-
t ant s . The l evel of i nf ect i on i s expr essed i n pg/ ml ( number s i n par ent heses show t he per cent of vi r al suppr essi on) .
Resul t s r epor t ed her e r epr esent a t ypi cal exper i ment .

seen i n cel l s cont i nuousl y exposed t o GM- CSF. Af t er day 14, however , a subst ant i al

wani ng i n vi r al pr oduct i on was seen, and f r omday 35 af t er vi r al chal l enge t hi s l evel

became si mi l ar t o t he vi r al yi el d obt ai ned i n GM- CSFunexposed M/ M. Vi r al pr oduc-

t i on i n M/ Mt r eat ed wi t h GM- CSF st ar t i ng f r omday 0 was l ess enhanced t han t hat

obser ved wi t h cont i nuous t r eat ment f r omday - 5 . I n some exper i ment s, we i nf ect ed

bl ood- der i ved M/ Mt hat had been al l owed t o mat ur e f or 5 d on pl ast i c di shes, wer e
f ur t her pur i f i ed by adher ence, and t hen exposed t o GM- CSF. GM- CSF di d not have
any subst ant i al ef f ect on HI V r epl i cat i on i n t hese 5- d adher ent M/ M( dat a not shown) ,
possi bl y because of t he r el at i vel y l ow number of hi gh- af f i ni t y GM- CSF r ecept or s
i n mat ur e macr ophages ( 28, 29) . Thi s i s a t opi c f or f ur t her r esear ch .

I n si mi l ar exper i ment s, we exposed el ut r i at ed M/ Mcul t i vat ed f or 5 d i n t he pr es-

ence or absence of GM- CSF t o HTLVI I I B, a l ymphocyt ot r opi c vi r al st r ai n ( Fi g.

4) . I n agr eement wi t h our pr evi ous exper i ence, i n t he absence of GM- CSF we ob-

t ai ned i nconsi st ent vi r al r epl i cat i on usi ng t hi s st r ai n ; pr oduct i ve i nf ect i on was at -

t ai ned i n onl y t hr ee of si x exper i ment s usi ng M/ Mnot exposed t o GM- CSF, and
i n t he pr oduct i ve cul t ur es t her e was a del ayed, l ower peak of vi r al pr oduct i on, as
compar ed wi t h t he r esul t s obt ai ned usi ng t he monocyt ot r opi c st r ai n HTLVI I I Ba- l , .
However , HTLVI I I B r epl i cat i on i n M/ Mexposed t o GM- CSF was consi st ent and
easi l y det ect abl e st ar t i ng f r om 7 d af t er vi r us exposur e, wi t h a peak of vi r al pr oduc-

t i on af t er 14- 21 d of cul t ur e - 20 t i mes gr eat er t han t he maxi muml evel obt ai ned

wi t hout GM- CSF. We al so t r i ed t o def i ne t he mi ni mumi nf ect i ve dose i n t hese cel l s . As
shown i n Fi g . 4, we obser ved t hat i n t he absence of GM- CSF, at l east 100 t i mes mor e

Day af t er

i nf ect i on AZT No GM- CSF
GM- CSF

( day - 5 t o day 28)

GM- CSF

( day - 5 t o day 0)

GM- CSF

( day 0 t o day 28)

7

, am

0 70 61, 703 51, 100 8, 000

0 . 1 60 ( 14%) <31 ( 100%) <31 ( 100%) <31 ( 100%)

1 <31 ( >56%) <31 ( 100%) <31 ( 100%) <31 ( 100%)

10 <31 ( >56%) <31 ( 100%) <31 ( 100%) <31 ( 100%)

14 0 9, 800 144, 500 305, 000 59, 000

0 . 1 7, 500 ( 23%) <31 ( 100%) 34 ( 99 . 9%) <31 ( 100%)

1 <31 ( 100%) <31 ( 100%) <31 ( 100%) <31 ( 100%)

10 <31 ( 100%) <31 ( 100%) <31 ( 100%) <31 ( 100%)

28 0 21, 000 265, 400 119, 100 137, 100

0 . 1 24, 500( 0%) 445 ( 99 . 8%) 3, 131 ( 97 . 3%) 65 ( 99 . 9%)

1 185 ( 99 . 2%) <31 ( 100%) <31 ( 100%) <31 ( 100%)

10 <31 ( 100%) <31 ( 100%) <31 ( 100%) <31 ( 100%)
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FI GURE 3 .

	

Syncyt i a f or mat i on at day 14 i n GM- CSF- t r eat ed M/ Mexposed t o HI V1/ HTLV

I I I sa_L . M/ Mwer e t r eat ed wi t h GM- CSF 100 U/ ml f r om day - 5, t hen exposed at day 0 t o
HTLVI I I Ba- L 80, 000 cpmRT/ ml , i n t he pr esence or absence of 0 . 1 AMAZT or 10' i MddT.
( A) GM- CSFt r eat ed M/ Mwi t hout HTLVI I I Ba - L ; ( B) GM- CSFt r eat ed M/ Mexposed t o HTLV
I I I Ba- L ; ( C) GM- CSF- t r eat ed M/ Mexposed t o HTLVI I I B. - L i n t he pr esence of 0 . 1 hMAZT;
( D) Same as C, except t hat M/ Mwer e cul t ur ed i n t he pr esence of 10 I t M ddT.

HTLVI I I B was r equi r ed t o br i ng about a pr oduct i ve i nf ect i on of M/ M, compar ed

wi t h t he dose of HTLVI I I B r equi r ed t o do so i n t he pr esence of GM- CSF Thus,

i n our hands, GM- CSF i nduced i n M/ Man enhancement of HTLVI I I B r epl i ca-

t i on i n conj unct i on wi t h a subst ant i al r educt i on ( at l east 100- f ol d) of t he mi ni mum
i nf ect i ve dose of HTLVI I I B, an ot her wi se nonmonocyt ot r opi c st r ai n of HI V- 1 .

Al so consi st ent wi t h our pr evi ous r epor t ( 8) , AZT i nduced i nhi bi t i on of HTLV
I I I Ba- L r epl i cat i on i n M/ Mpr ecul t i vat ed f or 5 d i n medi a al one ( Tabl e I ) . Over 90%

suppr essi on of vi r al r epl i cat i on was obt ai ned wi t h 1 AMAZT, and 23 %suppr essi on
was obt ai ned wi t h 0 . 1 AM. I nt er est i ngl y, despi t e t he subst ant i al i ncr ease i n HI V
pr oduct i on i nduced i n such cel l s by GM- CSF al one, AZT was much mor e pot ent

i n i nhi bi t i ng vi r al r epl i cat i on i n t he pr esence of t hi s cyt oki ne ( Fi g . 5 A) ; >98% i nhi -

bi t i on of vi r al r epl i cat i on was achi eved wi t h 0. 1 AMAZT, and even wi t h 0. 01 AM

AZT, N90% vi r al suppr essi on was obser ved ( t hi s was not due t o an ar t i f act of i n-
cr eased cel l deat h, a poi nt we wi l l addr ess l at er i n t hi s ar t i cl e) . Thi s ef f ect was not
seen i n f r esh, monocyt e- depl et ed l ymphocyt es ; i n t hese cel l s, 10 AMAZTcompl et el y
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Ki net i cs of HTLV- I I I B i nf ect i on i n M/ Mexposed t o GM- CSF 100 U/ ml at day - 5,
and chal l enged at day 0 wi t h di f f er ent mul t i pl i ci t y of i nf ect i on of t he l ymphocyt ot r opi c st r ai n
HTLVI I I B. Open symbol s r epr esent M/ Mt r eat ed wi t h GM- CSF f r omday - 5 t o day 30 . Cl osed
symbol s r epr esent cont r ol M/ Mcul t i vat ed i n medi a al one f r om day - 5 t o day 30 . ( 0/ * ) M/ M
exposed t o 10, 000 HTLV- I I I B par t i cl es/ cel l ; ( 0/ zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA" ) M/ Mexposed t o 1, 000 HTLVI I I B par t i -
cl es/ cel l ; ( 0/ 0) M/ Mexposed t o 100 HTLVI I I B par t i cl es/ cel l ; ( O/ " ) M/ Mexposed t o 10
HTLVI I I B par t i cl es/ cel l . Shown her e i s a r epr esent at i ve exper i ment i n whi ch some det ect abl e
i nf ect i on wi t h HTLVI I I B was at t ai ned i n M/ Mnot exposed t o GM- CSF Whi l e subst ant i al vi r al

r epl i cat i on was consi st ent l y achi eved i n GM- CSFexposed M/ Mi n al l exper i ment s, no det ect -
abl e vi r al r epl i cat i on was obt ai ned i n t hr ee out of si x exper i ment s i n M/ Mnot exposed t o GM- CSF.

i nhi bi t ed HI V1/ HTLVI I I B r epl i cat i on i n t he absence of GM- CSF, and nei t her

st i mul at i on of vi r al pr oduct i on nor enhancement of ant i vi r al act i vi t y of AZT was

seen wi t h exposur e of l ymphocyt es t o 100 U/ ml GM- CSF ( dat a not shown) . Thi s

i s i n agr eement wi t h t he r esul t s obt ai ned by Wal ker and Bur gess ( 28) , i n whi ch no

subst ant i al amount of GM- CSF r ecept or s coul d be det ect ed on T l ymphocyt es .

To det er mi ne whet her GM- CSF enhancement of ant i vi r al act i vi t y i n M/ Mwas

speci f i c f or AZT, or was al so seen wi t h ot her 2' 3' - di deoxy anal ogues of t hymi di ne,

we t est ed t he ef f ect of GM- CSF on t hr ee AZT congener s, ddT, D4T, and AZddU.

Al t hough AZddU i s i n f act a ur i di ne congener , i t i s phosphor yl at ed by t hymi di ne

ki nase ( 30) and i n t hi s sense act s as congener of AZT. We al so st udi ed t hr ee ot her

2' 3' - di deoxynucl eosi des, ddC, ddA, and ddI , dr ugs wi t h di f f er ent bases and whi ch

ar e phosphor yl at ed i n human cel l s by di f f er ent ki nases compar ed wi t h AZT. The

r esul t s obt ai ned wi t h t he monocyt ot r opi c st r ai n HTLVI I I Ba - L ar e shown i n Fi g. 5 .

Wi t h each of t he AZT congener s, t her e was an enhancement of ant i vi r al act i vi t y

i n t he pr esence of GM- CSF ( Fi g . 5 A) . Consi st ent wi t h our pr evi ous r esul t s, t he

ED5o f or AZT i n el ut r i at ed M/ Mcul t ur ed f or 5 d was - 0 . 1 AM, whi l e i t decr eased

down t o bet ween 0. 001 and 0. 01 AMwhen t hese M/ Mwer e exposed t o GM- CSF.

ddT i t sel f i nduced compl et e vi r al i nhi bi t i on at 10 AMi n el ut r i at ed M/ M, t he ED5o

bei ng 1 A. M. Thi s r esul t i s r emar kabl e i nasmuch as ddT does not have st r ong ant i -
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Vi r al suppr essi on as a f unct i on of dr ug concent r at i on i n M/ Mt r eat ed wi t h or wi t hout
GM- CSF 100 U/ ml f r om day - 5 and exposed t o HTLVI I I B. - L 80, 000 cpmRT/ ml i n pr esence
of var i ous concent r at i ons of ddN. ( O) M/ Mt r eat ed wi t h GM- CSF. ( zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA" ) Cont r ol M/ Mnot ex-
posed t o GM- CSR ( A) Per cent of vi r al suppr essi on i n M/ Mexposed t o f our di f f er ent di deoxy-
nucl eosi de anal ogues of deoxyt hymi di ne as not ed. ( B) Per cent of vi r al suppr essi on i n M/ Mex-
posed t o di deoxynudeosi des not r el at ed t o deoxyt hymi di ne as not ed. Vi r al r epl i cat i on was assessed
by HI Vp24 gag pr oduct i on af t er 21 d of cul t ur e . Aver age cont r ol p24 gag pr oduct i on ( wi t hout
dr ugs) was as f ol l ows: M/ Mnot t r eat ed wi t h GM- CSF, 20, 500 pg/ ml ; GM- CSFt r eat ed M/ M,
223, 000 pg/ ml . Resul t s shown ar e t he mean t SEMof t hr ee or mor e separ at e exper i ment s,
except i n t he case of D4T and t he l owest concent r at i ons of ddC and ddl , whi ch wer e eval uat ed
i n onl y t wo exper i ment s . ( ' ) p < 0. 05 ; ( ' ' ) p < 0. 005 : ( n . e. ) p val ue not eval uat ed ( onl y t wo ex-
per i ment s per f or med) .

HI V act i vi t y i n T cel l s i n our hands ( 7) . However , i n t he pr esence of GM- CSF, t he
ED50 was l ower ed t o 0. 1 j . M. I n a si mi l ar manner , t he ED5o of D4T was bet ween
0. 1 and 1 uMf or unt r eat ed M/ M, and bet ween 0. 01 and 0. 1 AMf or GM- CSFexposed
M/ M. Fi nal l y, AZddUwas onl y par t i al l y ef f ect i ve i n our hands i n el ut r i at ed M/ M
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af t er 21 d of cul t ur e, even at t he hi ghest concent r at i ons t est ed ( - 60% pr ot ect i on

at 100 AMaf t er 21 d of cul t ur e) . However , 10 pMAZddU i nduced compl et e vi r al

suppr essi on i n GM- CSFt r eat ed M/ M, wi t h an ED50 of 0. 1- 1 p. M. These dat a wer e

conf i r med i n t wo di f f er ent exper i ment s by det er mi nat i on of RT act i vi t y i n cul t ur e

super nat ant s ; t he r esul t s wer e subst ant i al l y par al l el t o t hose obt ai ned measur i ng HI V

p24 ant i gen pr oduct i on ( dat a not shown) . We al so t est ed t he abi l i t y of AZT and

i t s congener s t o i nhi bi t syncyt i a f or mat i on . As shown i n Fi g . 3, l ow concent r at i ons

of AZT and ddT compl et el y i nhi bi t ed syncyt i a i nduced by HI V i nf ect i on i n GM-

CSFexposed M/ M; si mi l ar ef f ect s wer e seen wi t h D4Tand AZddU( dat a not shown) .

We asked whet her GM- CSF had an ef f ect on vi r al i nf ect i on and/ or on ant i vi r al

act i vi t y of AZT i n H9, a T l ymphocyt i c cel l l i ne. Nei t her i ncr ease of vi r al pr oduc-

t i on nor enhancement of ant i vi r al act i vi t y of AZT and r el at ed congener s was seen,

i n agr eement wi t h dat a obt ai ned wi t h AZT i n f r esh l ymphocyt es ( dat a not shown) .

Fi nal l y we exposed M/ Mt o t he l ymphocyt ot r opi c st r ai n HTLVI I I B i n t he pr es-

ence or absence of GM- CSF. The r esul t s, shown i n Fi g . 6, ar e subst ant i al l y par al l el

t o t hose obt ai ned wi t h t he monocyt ot r opi c st r ai n HTLVI I I B. - L, showi ng an over al l

pot ent i at i on of vi r al suppr essi on by AZT and r el at ed congener s i n M/ Mexposed

t o GM- CSF. Thus, t he r esul t s i ndi cat ed t hat AZT and each of t he cl osel y r el at ed

congener s t est ed ar e 10 or mor e t i mes mor e act i ve at suppr essi ng r epl i cat i on of t wo

di f f er ent st r ai ns of HI V i n GM- CSFexposed M/ Mt han i n M/ Mnot exposed t o

GM- CSF.

By cont r ast , when we t est ed t he ef f ect of GM- CSF on ot her di deoxynucl eosi des

not r el at ed t o AZT, we f ound t hat t her e appear ed t o be some r educt i on of ant i - HTLV
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Same as Fi g . 5, except t hat t he l ymphocyt ot r opi c st r ai n HTLVI I I B ( 1, 000 vi r al par -

t i cl es/ cel l ) was used . Vi r al r epl i cat i on was assessed by HI Vp24 gag pr oduct i on af t er 21 d of cul -

t ur e . Cont r ol gag pr oduct i on ( wi t hout dr ugs) was as f ol l ows : M/ Mnot t r eat ed wi t h GM- CSF,

2, 150 pg/ ml ; GM- CSFt r eat ed M/ M, 21, 600 pg/ ml . Resul t s shown her e r epr esent a t ypi cal ex-

per i ment .
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I I I Ba- 1, act i vi t y i n f r esh M/ Mi n t he pr esence of GM- CSF ( Fi g . 5 B) . Compar abl e

r esul t s wer e obt ai ned usi ng t he ot her HI V- 1 st r ai n, HTLVI I I B ( Fi g . 6) . Our dat a

do not di st i ngui sh whet her t hi s r epr esent ed unchanged ant i - HI V act i vi t y i n t he pr es-

ence of an i ncr eased ef f i ci ency of vi r al r epl i cat i on, or al t er nat i vel y, an act ual r educ-

t i on of ant i - HI V act i vi t y . I n ei t her case, t he r esul t s i ndi cat e t hat GM- CSF seems

t o enhance t he ant i - HI V ef f ect of AZT and i t s congener s i n M/ M, whi l e t he ef f ect

of sever al ot her di deoxynucl eosi des i s unchanged or possi bl y even r educed i n M/ M

cul t ur ed wi t h t hi s cyt oki ne .

To det er mi ne whet her t he enhanced ant i vi r al act i vi t y of AZT and i t s congener s

by GM- CSF mi ght be due t o an i ncr eased cel l t oxi ci t y, we assessed t hi s par amet er

by t wo di f f er ent met hods . I n t he absence of GM- CSF, M/ Mf ai l ed t o showany dr ug-

r el at ed t oxi ci t y, as assessed by t r ypan bl ue excl usi on, at concent r at i ons up t o 100

AMAZT, 500 AMddT, 10 AMD4T, or 100 AMAZddU ( dat a not shown) . Al so,

no i nhi bi t i on of phagocyt i c act i vi t y was seen at t he same concent r at i ons . I n t he pr es-

ence of GM- CSF, phagocyt osi s was subst ant i al l y unaf f ect ed by dr ugs ( Tabl e I I ) . How-

ever , hi gh concent r at i ons of AZT and AZddU di d l ower t he number of M/ Mex-

posed t o GM- CSF i n a dose- dependent f ashi on ( Tabl e I I ) ; i n t he case of AZT, a

50%r educt i on of vi abl e M/ Mwas obt ai ned at 10 A. M. On t he ot her hand, 1 AM

AZT was devoi d of cyt ot oxi ci t y i n monocyt es exposed t o GM- CSF, and t hi s concen-

t r at i on i s >100 t i mes t he ED5o descr i bed ear l i er under t hese condi t i ons . Si mi l ar l y,

ddT and D4T di d not subst ant i al l y af f ect cel l vi abi l i t y at concent r at i ons up t o 500

and 10 AM, r espect i vel y . Thus, whi l e GM- CSF does have an ef f ect on t he t oxi ci t y

of AZT and anal ogues at t he same t i me as i t i ncr eases t hei r ant i vi r al act i vi t y, >9570

HI Vsuppr essi on by AZT anal ogues i n GM- CSFt r eat ed M/ Mi s obt ai ned at con-

cent r at i ons 10- 500 t i mes ( dependi ng on di f f er ent AZT anal ogues) l ower t han t hose

necessar y t o i nduce such vi r al i nhi bi t i on i n HI V- exposed T l ymphocyt es ; mor eover ,

TABLE I I

Toxi ci t y of Di deoxynucl eosi des i n M/ MExposed t o GM/ CSF

10 5 f r esh el ut r i at ed M/ Mexposed t o 100 U/ ml GM- CSF wer e cul t i vat ed f or 14 d i n 2 ml of

compl et e medi um i n t he pr esence of di f f er ent concent r at i ons of ddN . Vi abi l i t y was measur ed

by t r ypan bl ue excl usi on met hod, and phagocyt osi s was eval uat ed af t er a 1- h i ncubat i on wi t h

0 . 8 Et l at ex beads ; vi abl e cel l s i ngest i ng at l east t wo beads wer e consi der ed posi t i ve .

Dr ug Concent r at i on

Tot al

x 10 4/ ml

vi abl e cel l s

Per cent of cont r ol

Phagocyt i c act i vi t y

( per cent posi t i ve cel l s)

' UM

No dr ug - 5 . 2 - 92

AZT 1 6 . 1 >100 90

10 2 . 6 50 89

100 2 . 4 46 88

AZddU 10 5 . 7 >100 98

100 3 . 7 71 95

1, 000 3 . 1 60 94

ddT 10 6 . 4 >100 95

100 5 . 4 >100 93

500 6 . 3 >100 96

D4T 1 6 . 4 >100 96

10 4 . 6 89 93
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i n t he case of AZT, l i t t l e or no t oxi ci t y i s obser ved at dr ug concent r at i ons t ypi cal l y
at t ai ned i n vi vo ( 1- 3 uM) .

To eval uat e some possi bl e mechani sms r esponsi bl e f or t he i nt er act i on of GM- CSF

and AZT congener s i n f r esh M/ Mcul t i vat ed f or 5 d, we st udi ed t he met abol i sm

of AZT and D4T i n M/ Mwi t h or wi t hout GM- CSF. The r esul t s ar e summar i zed

i n Fi g. 7 and i n Tabl e I I I . I n t he absence of GM- CSF, M/ Mhad l owl evel s of i nt r a-

cel l ul ar AZT 5' - t r i phosphat e ( AZTTP) . As can be seen by t he hi gh AZT5' - mono-

phosphat e/ AZT5' - di phosphat e ( AZTMP/ AZTDP) r at i o i n Fi g. 7 A, GM- CSF does

not el i mi nat e t he r el at i ve bl ock at t he l evel of t hymi dyl at e ki nase t hat i s char act er -

i st i c f or AZT met abol i sm. Exposur e of t he M/ Mt o GM- CSF dr amat i cal l y i ncr eased

t he i nt r acel l ul ar l evel s of bot h par ent AZT and i t s mono- , di - , and t r i phosphat e anabo-

l i t es . I n par t i cul ar , AZTTP l evel i ncr eased >15- f ol d . These ef f ect s wer e not seen i n

H9 T cel l l i ne exposed t o GM- CSF. I n par t , t he i ncr ease i n AZTTP i n M/ Mex-

posed t o GM- CSF may be due t o an i ncr ease i n t he cel l ent r y of AZT, as evi denced
by t he hi gher i nt r acel l ul ar l evel s of AZT as par ent compound. Al so, GM- CSF may
have an ef f ect on t he l evel of i nt r acel l ul ar t hymi di ne ki nase . The act i vi t y of t hi s en-
zyme, whi ch cat al yzes t he i ni t i al phosphor yl at i on of AZT and r el at ed congener s,
and t hymi di ne as wel l , i s ver y l owi n M/ Mwhen compar ed wi t h T cel l s ( 8, 31) . M/ M
exposed t o GM- CSF had appr oxi mat el y a t wof ol d i ncr ease i n t hymi di ne ki nase com-

par ed wi t h cont r ol M/ Mcul t ur ed wi t hout GM- CSF ( dat a not shown) . A si mi l ar
i ncr ease i n phosphor yl at i on was obt ai ned wi t h D4T act i ve met abol i t es of D4T wer e

bar el y det ect abl e i n M/ Munexposed t o GM- CSF, wher eas l ar ge amount s of bot h

FI GURE 7 .

	

Typi cal i on exchange ( Par t i si l - 10 SAX) HPLC el ut i on pr of i l e of 6070 met hanol i c ex-
t r act s of el ut r i at ed M/ M( A) or H9 T cel l s ( B) i ncubat ed f or 24 h wi t h 10 WM [ 3H] AZT ( sp act
3 Ci / mmol ) and of el ut r i at ed M/ M i ncubat ed f or 24 h wi t h 10 pM [ 3 H] - 2' 3' - di deoxy- 2' 3' -
dehydr ot hymi di ne ( D4T, sp act 10 Ci / mmol ) ( C) . Anal yses wer e car r i ed out usi ng r adi al com-
pr essi on col umns of Par t i si l - 10 SAXequi l i br at ed and devel oped wi t h 0. 01 Mammoni umphos-
phat e, pH 3 . 6, f or 15 mi n, f ol l owed by a l i near gr adi ent t o 0 . 6 Mammoni um phosphat e, pH
3 . 8, over t he next 25 mi n, and f i nal l y by a 15 mi n i socr at i c el ut i on wi t h 0. 6 Mammoni umphos-
phat e, pH 3 . 8 . Sampl e vol ume : 200 pl . 1- mi n f r act i ons wer e col l ect ed, and dat a ar e expr essed
as dpm/ 10 6 cel l s . Not e t hat t he or di nat e ut i l i zes a l ogar i t hmi c r at her t han a l i near scal e because
of t he mar ked accumul at i on of AZT at t he 5' - monophosphat e l evel and t he r esul t i ng di spar i t y
i n peak hei ght s bet ween t hose f or AZTMP and f or AZTTP. ( p) Cont r ol ( no GM- CSF) ; ( O)
GM- CSF t r eat ed cel l s .
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TABLE I I I

I nt r acel l ul ar Phosphor yl at i on of AZT and D4T t o Thei r Act i ve Moi et i es ; Compar i sons t o Level s

of Endogenous Compet i ng dTTP Pool s i n M/ Mand H9 T Cel l s Exposed t o GM- CSF

For phosphor yl at i on st udi es, 5 x 106 M/ Mor H9 wer e cul t i vat ed f or 5 d i n 4 ml of compl et e medi um i n t he

pr esence or absence of GM- CSF 100 U/ ml . Af t er 5 d, cel l s wer e exposed t o 10 pM[ 3 H] AZT, or 10 'UM

[ 3 H] D4T . Af t er 24 h, cel l s wer e har vest ed ( M/ Maf t er gent l e scr api ng t o det ach adher ent cel l s) , count ed,

pel l et ed, and i mmedi at el y f r ozen . Ext r act i on was per f or med as descr i bed ( see t ext ) . For endogenous dTTP

pool s, 2 x 10 7 cel l s wer e cul t i vat ed f or 5 d wi t h/ wi t hout GM- CSF 100 U/ ml , t hen har vest ed, count ed, pel l et -

ed, and i mmedi at el y f r ozen . Endogenous dTTP pool s wer e est i mat ed as descr i bed ( see t ext ) .

D4Tand i t s mono- , di - , and t r i phosphat e moi et i es wer e det ect ed i n GM- CSFexposed

M/ M. I ndeed, t he l evel s i n such cel l s wer e compar abl e wi t h t hose seen i n H9 Tcel l s .

We al so st udi ed t he endogenous 2' - deoxyt hymi di ne- 5' - t r i phosphat e ( dTTP) pool ,

whi ch compet es wi t h AZTTP and r el at ed congener s at t he l evel of vi r al RT. We

f ound t hat t he concent r at i on of dTTP was ver y l ow i n t hi s popul at i on of M/ M, as

pr evi ousl y r epor t ed ( 8) f or M/ Mt est ed under di f f er ent condi t i ons, and dTTP i n-

cr eased l ess t han t wof ol d i n M/ Mexposed t o GM- CSF f or 5- 7 d ( Tabl e I I I ) . I n

t he cur r ent wor k, we obser ved t hat el ut r i at ed M/ Mcul t ur ed f or 5 d i n medi a al one

have a ver y l ow l evel of endogenous dNTPs compar ed wi t h t he l evel s obt ai ned i n

ot her M/ Mpopul at i ons ( 8) . Thus, GM- CSFexposed M/ Mhave a subst ant i al l y hi gher

r at i o of AZTTP/ dTTP t han cont r ol M/ M, a r esul t t hat mi ght expl ai n t he i ncr eased

act i vi t y of AZT and r el at ed congener s i n such cel l s .

Di scussi on

I n t hi s r epor t , we have f ound t hat GM- CSF act i vat es t he r epl i cat i on of HI VI

i n f r esh M/ Mcul t ur ed f or 5 d, yet at t he same t i me i t pot ent i at es t he ant i - HI V

act i vi t y of AZT and r el at ed congener s i n f r esh M/ M. Fur t her mor e, we show t hat

t hi s ef f ect on AZT may be account ed f or by a pr ef er ent i al enhancement of AZT

cel l ent r y and subsequent phosphor yl at i on i nduced by GM- CSR Si mi l ar consi der a-

t i ons appl y t o ot her di deoxy anal ogues of t hymi di ne.

We wi sh t o st r ess t hat any speci f i c cl i ni cal or t her apeut i c i nf er ence f r omour dat a

shoul d be made onl y wi t h gr eat caut i on at t hi s t i me. Never t hel ess, t he i nf ect i on of

cel l s bel ongi ng t o t he M/ Ml i neage i s i ncr easi ngl y r ecogni zed as an i mpor t ant event

i n t he pat hogenesi s of AI DS ( 2, 5, 32) . M/ Mar e cur r ent l y bel i eved t o be one of

t he ear l i est cel l s i nf ect ed af t er exposur e t o HI V ( 33) , and may pl ay an i mpor t ant

r ol e i n spr eadi ng HI V t hr oughout t he i mmune syst em( 34) . I n addi t i on, monocyt e-

Cel l t ype AZT AZTMP

pmol / 1

AZTDP

o6cel l s

AZTTP dTTP AZTTP/ dTTP

M/ M 1 . 25 1 . 40 <0 . 015 <0 . 015 1 . 26 <0 . 012

M/ M + GM- CSF 11 . 16 35 . 84 0 . 135 0 . 155 1 . 9 0 . 082

H9 1 . 29 78 . 59 0 . 4 0 . 42 27 . 9 0 . 015

H9 + GM- CSF 1 . 69 86 . 66 0 . 35 0 . 31 - -

D4T D4TMP D4TDP D4TTP dTTP D4TTP/ dTTP

pmol / 10 6 cel l s

M/ M 0 . 08 <0 . 015 <0 . 015 <0 . 015 1 . 26 <0 . 012

M/ M + GM- CSF 4 . 42 0 . 45 0 . 16 0 . 49 1 . 9 0 . 258

H9 1 . 96 0 . 115 0 . 045 0 . 19 27 . 9 0 . 007
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der i ved cel l s appear t o be t he pr i mar y t ar get f or HI V i nf ect i on of t he ner vous syst em
( 2, 5, 35) . Thus, f act or s t hat i nf l uence t he degr ee of r epl i cat i on of HI V i n M/ M
may i nf l uence t he cour se of HI V i nf ect i on i n pat i ent s . Whi l e cer t ai n st r ai ns of HI V
have been r epor t ed t o r epl i cat e i n per i pher al bl ood monocyt es i n t he absence of ex-
ogenous st i mul at i on( 2, 8, 32) , we show her e t hat st i mul at i on of t hese cel l s by GM-
CSF mar kedl y enhances t hei r capaci t y t o per mi t r epl i cat i on of HI V. I ndeed, even
t he l ymphocyt ot r opi c st r ai n of HI V1, HTLVI I I B, whi ch i n our hands does not
r epl i cat e wel l i n unst i mul at ed M/ M, r epl i cat es qui t e ef f i ci ent l y i n M/ Mexposed t o
GM- CSF. I t i s concei vabl e t hat i n our syst em, GM- CSF st i mul at es t he pr oduct i on
of host - cel l t r anscr i pt i onal f act or s t hat i n t ur n can pot ent i at e vi r al t r anscr i pt i on or
post t r anscr i pt i onal event s ( 36) .

I t i s of not e t hat anot her mar r ow gr owt h f act or , macr ophage- CSF ( M- CSF or
CSF1) has been shown by Gendel man et al . ( 37) t o enhance HI V pr oduct i on by
M/ M. I n t he case of CSFl - st i mul at ed M/ M, however , most of t he HI V pr oduct i on
was r epor t ed t o be sequest er ed i n vacuol es, whi l e wi t h GM- CSF, abundant vi r us

was r el eased i nt o t he medi a. Even t hough we f ai l ed t o f i nd evi dence of an i ncr ease

i n p24 r el eased i nt o t he medi a by di sr upt i ng GM- CSF- exposed M/ Musi ng t hr ee

cycl es of f r eeze- t hawi ng, t hi s woul d not compl et el y excl ude t he possi bi l i t y t hat GM-

CSF i nduced a l i mi t ed f or m of vi r us sequest r at i on i n i nt r acyt opl asmi c vacuol es ; t o

speci f i cal l y addr ess t hi s poi nt , one woul d have t o exami ne GM- CSFexposed HI V- i n-

f ect ed M/ Mby EM.

I t i s of i nt er est t hat GM- CSF t r eat ment of t ar get M/ Mpot ent l y enhances t he

r epl i cat i on of t he l ymphocyt ot r opi c st r ai n HTLVI I I B i n t hese cel l s ; i n t hi s cont ext

GM- CSF has a net ef f ect of conver t i ng a l ymphocyt ot r opi c vi r us t o a monocyt ot r opi c

vi r us ( Fi g . 4) . Thus, t he avai l abl e dat a f r om t hi s and ot her st udi es suggest t hat GM-

CSF i s, i f anyt hi ng, an even mor e pot ent st i mul us f or HI V r epl i cat i on i n M/ Mt han

CSF1 ( 37, 38) . GM- CSF i s pr oduced by a number of cel l s i n vi vo ( 39- 45) . As one

such cel l i s t he T l ymphocyt e ( 39, 42, 43) , i t i s possi bl e t hat GM- CSF mi ght pl ay

a cent r al r ol e i n t he pr ogr essi on of HI V i nf ect i on t o AI DS. Ant i geni c st i mul at i on

of T cel l s may l ead t o GM- CSF pr oduct i on, whi ch may t hen l ead t o enhanced HI V

r epl i cat i on i n macr ophages and, i n t ur n, spr ead of vi r us t o mor e T cel l s .
At t he same t i me, GM- CSF mar kedl y enhances t he ant i - HI V ef f ect of AZT and

cl osel y r el at ed dr ugs i n M/ M. I t appear s t o do so by subst ant i al l y i ncr easi ng i nt r a-
cel l ul ar AZTTP l evel s, whi l e exer t i ng onl y a sl i ght ef f ect on t he l evel s of compet i ng
endogenous dTTP. To some degr ee, t he enhanced phosphor yl at i on of AZT may be
due t o a GM- CSFi nduced i ncr ease i n t hymi di ne ki nase ( whi ch not onl y cat al yzes
t he i ni t i al phosphor yl at i on of t hymi di ne and r el at ed ddNanal ogues, but al so i s r epor t ed
t o act on AZddU [ 30] ) . However , t hi s does not appear t o be t he onl y mechani sm

r esponsi bl e . M/ Mst i mul at ed wi t h GM- CSF and exposed t o AZT have subst ant i al l y

hi gher l evel s of i nt r acel l ul ar AZT as unphosphor yl at ed compound t han unst i mu-

l at ed M/ M, suggest i ng t hat GM- CSF may al so sel ect i vel y enhance t he cel l ent r y

of AZT and r el at ed dr ugs i nt o M/ M. I t i s wor t hwhi l e t o poi nt out t hat AZT and

i t s nor mal count er par t , 2' - deoxyt hymi di ne, ver y l i kel y per meat e t he cel l membr ane

of l ymphocyt es and er yt hr ocyt es vi a di f f er ent mechani sms ( 46) ; t hus, l ymphoki nes

may have di f f er ent i al ef f ect s on t he ent r y of di f f er ent nucl eosi des . Al so, i n t he case
of t he physi ol ogi c 2' - deoxynucl eosi de- 5' - t r i phosphat e, some of t he endogenous t hymi -
di ne pool s may depend heavi l y on de novo synt hesi s f r om2' - deoxyur i di ne- 5' - mono-
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phosphat e ( dUMP) , and be r egul at ed by f eedback mechani sms . The physi ol ogi c

2' - deoxynucl eot i de may t her ef or e not be af f ect ed i n pr eci sel y t he same way as t hose

ar i si ng f r omddN, by changes i n membr ane t r anspor t or di f f usi on . Addi t i onal st udi es

wi l l be r equi r ed t o det ai l t he mechani sm( s) r esponsi bl e f or t he ef f ect of GM- CSF

on t he phosphor yl at i on of AZT and r el at ed anal ogues, and t he mechani sms r espon-

si bl e f or t he r educed ant i vi r al act i vi t y of ddNnot r el at ed t o AZTi n GM- CSFexposed

M/ M.

We ar e pr esent l y i n t he pr ocess of eval uat i ng how exposur e of M/ Mt o GM- CSF

af f ect s t he met abol i sm of anot her di deoxypyr i mi di ne, ddC, and a di deoxypur i ne,

ddA, i n or der t o del i neat e t he basi s f or t he di f f er ent i al ef f ect s obser ved on ant i vi r al

act i vi t y . Pr el i mi nar y r esul t s i ndi cat e t hat by cont r ast t o t he >10- f ol d enhancement

of AZTTP i nduced by GM- CSF, t her e i s onl y a t wof ol d enhancement of ddCTP.

The compet i ng physi ol ogi c nucl eot i de, 2' - deoxycyt i di ne- 5' - t r i phosphat e ( dCTP) , how-

ever , was bel ow t he l i mi t of det ect i on of our assay i n bot h of t hese cul t ur ed popul a-

t i ons of M/ M, and f or t hi s r eason, we coul d not cal cul at e t he ef f ect of GM- CSF

on t he ddCTP/ dCTP r at i o. Al so, whi l e ddATP and dATP wer e measur abl e i n M/ M

exposed t o GM- CSF, t hey wer e bel ow t he l i mi t of det ect i on i n t he medi a- cont r ol

( unst i mul at ed) M/ M. Thus, whi l e t hese pr el i mi nar y r esul t s suggest t hat t he i ncr ease

i n ddCTP i nduced by GM- CSF was subst ant i al l y l ess t han t he i ncr ease of AZTTP,

and t hat t he i ncr ease of ddATP was l i kel y coupl ed wi t h a subst ant i al i ncr ease i n

t he compet i ng dATP, addi t i onal exper i ment s wi l l be needed t o f ul l y char act er i ze

t he ef f ect s of GM- CSF on t he i nt r acel l ul ar bi ochemi st r y of t hese di deoxynucl eo-

si des . Never t hel ess, we can specul at e t hat t he l i mi t ed net act i vat i on of met abol i sm

of such nont hymi di ne ddN i s pr obabl y not suf f i ci ent t o over come t he dr amat i c i n-

cr ease i n vi r al yi el d i nduced by GM- CSF st i mul at i on.

GM- CSF i s cur r ent l y bei ng st udi ed as a suppl ement ar y dr ug f or t he t r eat ment

of AI DS because of t he possi bi l i t y t hat i t may count er act t he mar r ow suppr essi on

i nduced by HI V i nf ect i on or by AZT admi ni st r at i on . The r esul t s r epor t ed her e sug-

gest t hat one may wi sh t o cl osel y moni t or pat i ent s when usi ng GM- CSF i n t he set -

t i ng of HI Vi nf ect i on si nce i t mi ght enhance vi r al r epl i cat i on. However , as al so shown

her e, t he si mul t aneous admi ni st r at i on of GM- CSF wi t h AZT, D4T, or r el at ed ana-

l ogues may i nduce a pot ent ant i vi r al ef f ect i n monocyt es . Coul d such a combi nat i on

al so i ncr ease AZT t oxi ci t y i n vi vo i n mar r ow bl ood- f or mi ng cel l s? The answer i s

not known ; however , a r ecent st udy suggest ed t hat i n cont r adi st i nct i on t o our r esul t s

obt ai ned i n M/ M, GM- CSF mi ght r educe t he phosphor yl at i on of AZT i n bone

mar r ow cel l s whi l e i ncr easi ng t he l evel s of t hymi di ne t r i phosphat e ( 47) . I t i s t hus

concei vabl e t hat GM- CSF may act t o i ncr ease t he over al l t her apeut i c i ndex of AZT

and r el at ed t hymi di ne anal ogues. The si mul t aneous admi ni st r at i on of t hese t wo agent s,

t her ef or e, may be wor t h expl or i ng i n pat i ent s wi t h sever e HI V i nf ect i on .

Summar y

We have i nvest i gat ed t he i nf l uence of gr anul ocyt e- macr ophage CSF ( GM- CSF)

on t he r epl i cat i on of HI V- 1 i n cel l s of monocyt e/ macr ophage ( M/ M) l i neage, and

i t s ef f ect on t he ant i - HI V act i vi t y of sever al 2' 3' - di deoxynucl eosi de congener s of t hymi -

di ne i n t hese cel l s i n vi t r o. We f ound t hat r epl i cat i on of bot h HTLVI I I Ba- L ( a

monocyt ot r opi c st r ai n of HI V1) and HTLVI I I B ( a l ymphocyt ot r opi c st r ai n) i s

mar kedl y enhanced i n M/ M, but not i n l ymphocyt es exposed t o GM- CSF i n cul -
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t ur e . Mor eover , GM- CSF r educed t he dose of HI V r equi r ed t o obt ai n pr oduct i ve

i nf ect i on i n M/ M. Even i n t he f ace of t hi s i ncr eased i nf ect i on, GM- CSF al so en-

hanced t he net ant i - HI V act i vi t y of 3' - azi do- 2' 3' - di deoxyt hymi di ne ( AZT) and sev-

er al r el at ed congener s : 2' 3' - di deoxyt hymi di ne ( ddT) , 2' 3' - di deoxy- 2' 3' - di dehydr ot hy-

mi di ne ( D4T) , and 3' - azi do- 2' 3' - di deoxyur i di ne ( AZddU) . I nhi bi t i on of vi r al

r epl i cat i on i n GM- CSFexposed M/ Mwas achi eved wi t h concent r at i ons of AZT and

r el at ed dr ugs, whi ch wer e 10- 100 t i mes l ower t han t hose i nhi bi t or y f or HI V- 1 i n

monocyt es i n t he absence of GM- CSF. Ot her di deoxynucl eosi des not r el at ed t o AZT

showed unchanged or decr eased ant i - HI V act i vi t y i n GM- CSFexposed M/ M. To

i nvest i gat e t he possi bl e bi ochemi cal basi s f or t hese ef f ect s, we eval uat ed t he met abo-

l i smof sever al dr ugs i n M/ Mexposed t o GM- CSF We obser ved i n t hese cel l s mar kedl y

i ncr eased l evel s of bot h par ent and mono- , di - , and t r i phosphat e anabol i t es of AZT

and D4T compar ed wi t h M/ Mnot exposed t o GM- CSF. By cont r ast , onl y l i mi t ed

i ncr eases of endogenous compet i ng 2' - deoxynucl eosi de- 5' - t r i phosphat e pool s wer e

obser ved af t er GM- CSF exposur e. Thus, t he r at i o of AZT5' - t r i phosphat e/ 2' - deoxyt hy-

mi di ne- 5' - t r i phosphat e and 2' 3' - di deoxy- 2' 3' - di dehydr ot hymi di ne- 5' - t r i phosphat e/ 2` - de-

oxyt hymi di ne- 5' - t r i phosphat e i s sever al - f ol d hi gher i n GM- CSFexposed M/ M, and

t hi s may account f or t he enhanced act i vi t y of such dr ugs i n t hese cel l s .

Taken t oget her , t hese f i ndi ngs suggest t hat GM- CSF i ncr eases HI VI r epl i cat i on

i n M/ M, whi l e at t he same t i me enhanci ng t he ant i - HI V act i vi t y of AZT and r el at ed

congener s i n t hese cel l s . These r esul t s may have i mpl i cat i ons i n expl or i ng new t her -

apeut i c st r at egi es i n pat i ent s wi t h sever e HI V i nf ect i on .

We t hank Dr . S. Gar t ner and M. Popovi c f or pr ovi di ng t he HTLVI I I Ba- L st r ai n of HI V1,

Dr . R. F. Schi nazi f or pr ovi di ng AZddU, Dr . J . M. Pl uda and T. L. Ger r ar d f or hel pf ul

di scussi ons, M. J . Cur r ens f or t echni cal assi st ance, Y. Wi l son f or hel p i n t he HPLC anal ysi s,

and P Fr at ant oni , L . Fowl er , and C. Mar t i n f or bl ood donor assi st ance .

Recei ved f or publ i cat i on 6 Oct ober 1988 and i n r evi sed f or m 22 November 1988 .
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