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Contrasting Genetic Influence of CCR2 and 
CCR5 Variants on HIV-1 Infection and 

Disease Progression 
Michael W. Smith," Michael Dean," Mary Carrington," 
Cheryl Winkler, Gavin A. Huttley, Deborah A. Lomb, 

James J. Goedert, Thomas R. 07Brien, Lisa P. Jacobson, 
Richard Kaslow, Susan Buchbinder, Eric Vittinghoff, 
David Vlahov, Keith Hoots, Margaret W. Hilgartner, 

Hemophilia Growth and Development Study (HGDS), 
Multicenter AlDS Cohort Study (MACS), Multicenter Hemophilia 

Cohort Study (MHCS), San Francisco City Cohort (SFCC), 
ALIVE Study, Stephen J. O7Brien? 

The critical role of chemokine receptors (CCR5 and CXCR4) in human immunodeficiency 
virus-type 1 (HIV-I) infection and pathogenesis prompted a search for polymorphisms 
in other chemokine receptor genes that mediate HIV-1 disease progression. A mutation 
(CCR2-641) within the first transmembrane region of the CCR2 chemokine and HIV-I 
receptor gene is described that occurred at an allele frequency of 10 to 15 percent among 
Caucasians and African Americans. Genetic association analysis of five acquired im- 
munodeficiency syndrome (AIDS) cohorts (3003 patients) revealed that although CCR2- 
641 exerts no influence on the incidence of HIV-I infection, HIV-I-infected individuals 
carrying the CCR2-641 allele progressed to AlDS 2 to 4 years later than individuals 
homozygous for the common allele. Because CCR2-641 occurs invariably on a CCR5- 
+-bearing chromosomal haplotype, the independent effects of CCR5-A32 (which also 
delays AIDS onset) and CCR2-641 were determined. An estimated 38 to 45 percent of 
AlDS patients whose disease progresses rapidly (less than 3 years until onset of AlDS 
symptoms after HIV-1 exposure) can be attributed to their CCR2-+I+ or CCR5-+I+ 
genotype, whereas the survival of 28 to 29 percent of long-term survivors, who avoid 
AlDS for 16 years or more, can be explained by a mutant genotype for CCR2 or CCR5. 

T h e  nexus of chetnokine ~mmunobiology 
and AIDS pathogenesis has revealed un- 
tapped avenues for resolving patterns of 
HIV-1 disease progression, for clarifying 
epidemiologic heterogeneity, and for design 
of therapies (1-6). Identification of the 
CC-chetnokines, RANTES, M I P l a  and 
MIPIP, as suppressor factors produced by 
CD8 cells that counter infection by certain 
HIV-1 strain infections (7) previewed the 
critical identification of two chemokine re- 
ceptor molecules, CXCR4 (formerly named 
LESTRIfusin) and C C R i  (formerly CKR;), 
as cell surface coreceptors with CD4 for 
HIV-1 infection (8-13). Additional che- 
mokine receptors CCR2 and CCR3 also 

have been ~mplicated as HIV-1 coreceptors 
on certain cell types (12-14). HIV-l-in- 
fected patients harbor predotninantly mac- 
rophage-tropic HIV-1 isolates during early 
stages of infection, but accumulate increas- 
ing amounts of T cell-tropic siiains just 
before accelerated T cell depletion and pro- 
gression to AIDS. The identification of 
"dual"-tropic HIV-1 strains over the course 
of infection suggests that such strains may 
represent an intermediate between macro- 
phage- and T cell-tropic populations (1 1- 
13, IS). This tropic transition indicates that 
viral adaptation from C C R i  to CXCR4 
receptor use may be a key step in progres- 
sion to AIDS ( 16). 
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A common 32-base pair (bp) deletion 
mutation in the CCR5 gene that causes 
truncation and loss of CCR5 receptors on 
lymphoid cell surfaces of homozygotes was 
recently described (1 7-1 9). Genotype anal- 
ysis of more than 4000 individuals from 
multiple AIDS cohorts demonstrated that 
(CCR5-A321A32) deletion homozygosity 
was not uncommon (1 to 5%) among ex- 
posed uninfected individuals, but exceed- 
ingly rare ( ~ 0 . 1 % )  among infected individ- 
uals, indicating the CCR5d321A32 ho- 
mozygotes strongly resist HIV-1 infection 
(19-23). Further, the onset of AIDS was 
postponed 2 to 4 years in individuals het- 
erozygous for CCR5-A32 and the normal 
CCRS-+ allele in several large AIDS co- 
hort studies (1 9, 21, 22). 

Despite the CCRS data plus several HLA 
associations that influence HIV-1 exposure 
outcome (24-27), identified genetic factors 
can account for only a small proportion of 
the "long-term survivors" who continue to 
resist AIDS-defining illness 10 to 20 years 
after HIV-1 infection. For example, 80% of 
highly exposed uninfected individuals in 
these studies are not CCR5-A32lA32 ho- 
mozygotes (21), and more than 60% of 
long-term survivors are homozygous for the 
common allele (CCR5-+I+) (1 9, 21, 22). 

To identify alterations in chemokine re- 
ceptor genes implicated as HIV-1 corecep- 
tors (8, 12-14, 28-30), we screened the 
entire CCR2 gene for variants by means of 
the single-strand conformation polymor- 
phism (SSCP)/heteroduplex mobility assay 
(31 ). A G-to-A nucleotide substitution was 
detected at position 190 (counting from the 
ATG start codon) that substitutes the 
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CCR2-+ amino acid residue valine at po- 
sition 64 to isoleucine (CCR2-MI), a con- 
servative change located within the first 
transmembrane domain of the CCR2 recep- 
tor. That domain has a completely con- 
served amino acid sequence identity with 
CCR5, which suggests functional con- 
straints on mutational variation. The mu- 
tant CCR2-641 allele has a transmembrane 
sequence that is identical to the CCRS 

normal allele. Using both SSCP and se- 
quence-directed polymerase chain reac- 
tion-restriction fragment length polymor- 
phism (PCR-RFLP) assay (32), we deter- 
mined the allele and genotype frequencies 
of 3003 individuals enrolled in five prospec- 
tive AIDS cohorts. The CCR2-641 alter- 
ation was common in all ethnic groups with 
the following allele frequencies: 0.098 in 
Caucasians (n = 1847 individuals); 0.151 

All 

0.4- 

n = W  AH _P 
0'2- [+/A321 0.61 0.0003"' 

[6411+] 0.64 0.001 "' 

Time since seroconversion (years) 

Fig. 1. Kaplan-Meier survival curves demonstrate the dependence of progression to AIDS-1 993 on 
CCR2 genotype in (A) MHCS and (B) combined "All" cohort analyses among seroconverters (33.47). 
CCR2-+/+ genotype survival is compared to CCR2-+/MI plus CCR2-64V641 individuals, because 
CCR2-MU641 indiidualS comprise few (-1%) members of each cohort. Number of patiits (n), 
statistical P value (4, and relative hazard (RH) based on the Cox proportional hazard models (35) are 
given. Summary statistics for each cohort for each AlDS endpoint is presented in Table 1. (C) Kaplan- 
Meier survival plots of time to AIDS-1 993 are shown for MHCS seroconverters genotyped for CCR2-641 
and CCR5-A32 polymorphisms. Curves represent compound genotypes of the CCR2ICCR5 com- 
pound locus as defined in text. (D) Survival analysis of combined "All" cohorts for AIDS-1993, based on 
compound locus gentoypes as in (C); (E) survival plots for MACS seroconvertors time-to-death, based 
on compound locus genotypes as in (C); and (F) survival analysis of combined 'All" cohorts time-to- 
death, based on compound locus genotypes as in (C) are shown. Summary statistics for each cohort 
and each AlDS endpoint are presented in Table 2 (CCR2 and CCR5 genotypes separated). (C) through 
(F) are for Caucasians only. 
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in African Americans (71 = 899): C.172 in 
Hispan~cs (71 = 21771, and C.2517 in As~ans  
( n  = 417). 

There were n o  significant iiifferences 111 

CCR2 allele or genotype frequencies in 
coinparisons of exposed (or h~gh-rlsk) un- 
infected (HI\'-) versus l~lfecred iHIV+)  
patients In any of five clinically iieflneii 
AIDS cohorts (33-39). A collection of 58 
extremely high-r~slz, exposed ~minfected in- 
dix-iduals (those \ n t h  documented receipt of 
HIV-1-contamlnared clottino factor, or fre- 
quent unprotected sexual encounters nit11 
hiyh-risk partners) ( 1  9 .  21. 37.  36) also 
showed C C R  allele/genorype frequencies 
not sign~ficantl\- d~fferenr from those of 
HI\'-1-infecreii indiv~iiuals 142). T h e  
CCRZ genotype frecluencies in each cohort 
anii each HIV-1 infection categorj- con- 
forlned to expectations of Hariiy-\X?einberg 
eq~ulibrium, filrther exclu~iing an\- signifi- 
cant effect of CCR2-641 on  HIV infection. 
X subgroup of 391 seroconlwter pa- 

tients (those \\-hose date of HI\ '- l  infection 
could be esrlnlated preciselv, because they 
enrolleci in the cohort hefore conr~erring 
from HIV-1 ant~l~oiiv-neiratlr.e to HIV-1 , L> 

antiboiiy-yositi,-e) fuom four cohorts 

(MACS, SFCC, hlHCS,  and ALIVE) (41 ) 
was anal\-led b!- comparing the  rare of 
progressLon t o  AIDS among iiitferent 
CCRZ genotypes, u s ~ n g  a Cox  proportion- 
al hazards   nod el (42) .  Three endpoints or 
AIDS def ini t~ons,  tnro of ~ h i c h  had been 
stipulated by C D C  (43)  (reflecting in- 
creasing morbiiiity) were considereii: ( i )  
AIDS- 1993 d e f l n ~ t i o ~ l  incluiles HI\'- 1 in- 
fection phla AIDS-defining illness, decline 
of CD4-T-lymphocytes to  51L7C cells/mmi 
or iiearh; ( l i )  the  inore stringent AIDS- 
1987 definition includes HI\'-1 mfectlon 
plus developme~lt of AIDS-defining Illness 
or death; and (lii) iieath during follow-up 
for an HI\'-1-infected patient (97"o of 
these had AIDS-1993). T h e  results of 
t h e e  analyses are lllustrared in Fig. 1 and 
rabulateii in Table 1. 

For three cohorts ( h I h C S ,  AIHCY, and 
SFCC) phis the comhl~leii cohort anal\-sis, a 
consistent 2- to 3-year postponement in 
l n e d i a ~ ~  rime to  AIDS outcome (i\hen the 
lnedian was reached by each definition) was 
obser\~eii for CCR2-+I641 plus CCR2-6411 
641 genotypes compared with patients ho- 
mo:ygous for the llormal CCR2 +/+ allele. 
The  CCR2 gellor\-pic prorectlon wa.; sratis- 

Table t .  S u l ~ v a  analyss for progresson to AIDS alTiong HI\/-1-nfecied n d v d u a s  as a f ~ ~ t i c t o n  of 
CCR2 genotype as n Flg. 1 .  Serocorver:ers of a ~ i  racla groups were arayzed for tile ALIVE. MACS, 
MHCS, and SFCC cohorts a r d  the co~nb~nai~on of al, the cohoris (41:. HGDS was excluded sirce ihls 
cohori has only se:op:evalent nd~vdua~s ,  A \' (1 df), P, and reaive hazard jRHj i,ie:e calculated for 
each var~able in the analysis of AIDS ouicotnes. T~tne to ADS-1993, AIDS-1987 and death i,iere 
ca,c~,,ated from the w~dpo' t i i  of the,: last HIV-1-negat~ve a r d  f~rst ant~body-pos~tive test 141. 53i. 
Seroconverto:~ :?/ere analyzed I r  a Cox propoqrona, hazard aralysis i42) Log Su~!va T w e  ve:sus Log 
T r t ~ e  plots icere examired fo: proporironalty a rd  they '~?~e:e reasorably pa:alle especally after the frrst 
fen !!ears of outcomes, The srgnf~cance of the Kaplar-Me~e: , og - ra~k  Chr-scluare results obtared fo: 
the aral!!ses \/5:e:e esseri~a!! the same as Cox propo~iional hazards wodels (54). Aral!!ses \ve:e age 
adysted for those n d v ~ d ~ ~ a l s  <30, 30 to 40. o: >40 years old. 

CCR2- +,'- ve:sus CCR2- -1641 o: CCR2 E4I/G4I 
Co?ort 

n,'everts );'/P value R 3 

AIDS- 1993 
ALIVE 26'57 0 00,0 96 ' .02 
MACS 4031253 1 9716.96 0.80 
M3CS ' 8312 24 0.7610.38 0.80 
SFCC I 76, 1 20 1.74/0.13 0.75 
A11 8881554 4.42/0.04 0.80 

Caucas~a~  675,443 6.08~'0.01 0.74 
African Aiierican 154,78 0.42,'0 52 1.13 

AIDS-1987 
ALIVE 
MACS 
MHCS 
SFCC 
A 

Caucas ah 
APcan A-nerrcan 

ALIVE 
MACS 
MHCS 
SFCC 
All 

Caucas~an 
Afr~can ArlieYican 

t~cally significant for coml~ined analysis 
1~1th AIDS-1987, AIDS-1993, and death 
endpoints. T h e  ALI\'E cohort, lvhich is 
colnposed of 94'% African Americans, did 
nor sho~v  a CCRZ genotype association m 
the su rv~r~a l  analysis (44).  W h e n  Caucasian 
participants alone were examined, the corn- 
hined analysis showed significant (or highly 
significant) 1~ostponement of AIDS among 
CCR2--1641 plus CCR2-6411641 genotypes 
for each clinical AIDS eniipoint d e f ~ n ~ r i o n .  
T h e  sign~ficant relative hazards for Cauca- 
sian seroconverters ranged from 9.69 to 
17.14, indicating that indi~iduals  with a 
CCR2--I- genotype progress to AIDS 
40% lnore rapidly than patients carrying 
the CCR2-641 allele. 

T h e  protective effect exerted by the 
CCR2-641 allele anil included genotypes is 
also apparent from a defined disease cate- 
gory analysis, ~vh ich  allol\~s the inclusion of 
both seroconverters and HIV-1 seropreva- 
lent individuals (Fig. 2).  Each individual 
cohort plus conlhi~led cohorts Lvere divided 
into relatively rapid progressors versus slo~v 
progressors and llonprogressors on the basis 
of the rn~iipoint of their survival iiistribu- 
tion. T h e  CCR2-641 allele freLluency nas  
consistently lower alnollg rapid progre,sor, 
to  AIDS than in the slolv or nonprogressor 
group who al~oid AIDS (by each clinical 
detlnition) for greater t l ~ a n  6 to 12.5 years 
after ~nfectinn. T h ~ s  analysls ~ncluded 1746 
patxnt i ,  and 111 e17ery case, the  cohorts 
showed ,I 30 to 89% increase in CCR2-641 
allele frequency 111 the slow and nonpro- 
qressor category (Fig. 1). Similarl\, tvhen 
the fieiluency of CCR2--1641 genotypes 1s 
c o m p a ~ d  among disease categories, the 
lleterozygote genotype frequency 1s greater 
111 the slo~v and nonprogressor categories for 
11 of 12 colnparisons (fcxlr cohorts, three 
AIDS outcomes; Fig. 2)  (45) .  

CCR5-A3?/- l~eteroz~gotes  also denl- 
onstrate a slower progressloll to AIDS liaied 
on  stuLiies of these same and other cohorts 
(1 9 ,  21 . 22). Because the CCR2 and CCR5 
locl are very tightly linked (-19 lzb apart) 
on chromoiome 3 (1 9. 29, 301, nJe exam- 
ined the co-occurrence and genotypic 
indepen~ience of CCRS and CCR2 allelei 
among patients froin the same co- 
horts. .L\nal.isis of the tn.o locus geno- 
types for 2916 pntlents showed that three 
genotypes (CCR2-6411641, CCR5-SlA.32; 
CCR2--1641, CCRj-A32/h32; and CCR2- 
641/641. CCR5-A321132) Lvere abient, in- 
dicating that the mutant alleles of the t ~ v o  
genes are in itrong, perhaps complete, link- 
age disequillhrium n.it11 each other (g = 
54.91; 4 J f ;  P < 0.09?1). This lneans that 
CCR5-A32 mvariably occurs 011 a chromo- 
solnal haplotype (linked-gene allele coinhi- 
~ la t ion l  that 1s CCR2--,  whereas CCR2- 
6.11 occurs on  a haplotyye that contains 



CCR5-+.  .%s a consequence of the  tight 
chrolllosomal linlzage pl~ls  alternative 
haplot\-pei carrying each ~ l n ~ t a n t  allele, 
the  two nlutant haplotypes (CCR2-+) -  
(CCR5-132)  anci (CCRZ-641)-(CCRS-+) 
p h ~ s  the  t~vo-locus normal haplotype 
(CCR2.- ) - (CCRS-+)  can l ~ e  considered 
as three alleles of a coml-.ined CCR2ICCR5 
colllpouncl locus producing three recogni:- 
able genotypes deslgnateci ai: [+/+I ;  
[+/132]; alld [641/+] representing (CCR2- 
+ I + ;  CCRS--I+); (CCR2-+I- ;  CCRS- 
+/132):  and (CCR2-+/641: CCRS--I+) 
compo~~nc i  genet\-pes, respectively. 

.L\ s~lrvl\-al analyiis of the  effect ot hoth 
CCR2 and CCRS gen i~ypes  on progression 

to  AIDS-1993 anil on progressloll to cleat11 

for ~I\.L> cohorts (LIHCS and R'lilCS, re- 
spectlr,elv) plus a coinl?ineil cohort analysis 
of seroconverters 1s presenteil (Fig. 1, C 
throuqh F).  This analysis allows the  in&- 
penLlent evaluation of CCR2-641 allLl 
CCRS-132 containing eenotvpei as sepa- 
rate categories compare~i to [+, '+I,  1~u t  re- 
morr1ng the  mutant- l~ear~ng genotvpei at 
one locus from the  analyiis of the  other. 
T h e  Cox proportional 11a:ardi llloclel re- 
vealed highly iignilicant postpollelllent of 
.%IDS onset for CCR2-641-conta11111-i~ ge- 
notypes and also for C;CRS-+I132 het- 
erozygotes compared to the  [-/-I indlvld- 
uali, 11omo:vgous for nornlal allele5 at each 
locus (F1g. 1,  C through F). 

A n  allalytical ilnnmary for each cohort's 

[CCR2-CCR5] 
CCR% Compound genotype 

--- ., - " .  - .  - - . . . . ,  
641 (allele) +-641 (qenotype) [+/A321 [641/+] Rapd 

25 25 20 

20 
15 

15 15 

10 10 l o  

5 5 5 

0 0 0 
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Fig. 2. Anayss o i  CCR2-541 allele and genotype frequencies ia l  races) and CCR2/CCR5 c o ~ ~ p o u n d  
locus genotypes (Caucasans only) ~ i ~ t h  reierence to progression to ADS in each cohor and n all 
patents based on three ADS endponts. Seroconverers who progressed to desgnated o t l i co~ les  
before the cuto f i t~ i ie  li? = 640) were colnpared ?vith seroconveriers pltls se,-oprevaents (n = 660; those 
viho were h V - 1  antbody-pos~tve ~ " h e ~ i  enro led n the cohori' ~ / h o  suvived outcome-free ior at least 
that long. Ctltofis In years, were chosen as the tme  where app,-oxmately half the seroconveriel-s had 
progressed to the outcorne. Tlnes for the outcomes and cohoris were : (for AIDS-I 935) IMACS, 6 years. 
MriCS. 9 years: SFCC, 12.5 years: and A .  8 years: iior ADS-1 987) IMACS 7.5 years: MrlCS, < 1.5 
years: SFCC. 14.5 years: and A 10 years; (for death! IMACS, 8 years; MHCS, 11.5 years; SFCC, 14 
years: and A 12 years i31-38). Number o i  patents n each dsease catego1-y I S  I~sted below the bar 
graph. The X' analyses of alleles and genotypes had one and i~*:o degrees oifreedorn, respectively. P 
values are ndcated by ' i<0.05:. '- 1<0.01), and -"^ (<0.0001'1. For CCR2 allele and genotype ileft 
panel), a pat.ents are ncuded, regardess o i  CCR5 genotype. Slo1.s or nonprogressors to ADS had 
hgher CCR2-641 allele freauences than d d  more rapd progressors n evep cohori-outcome comb- 
nailon S n a r l y ,  n all comparsons the CCR2+/641 and 541/641 genotypes are lnore irenuenr n the 
longer-term sun,Is,/ors who have a b n o m a  sgn test, p = 6 x CCR2--/+; CCR5--/A32 Irlght 
pane) eqtlas ;-/A321 compound genotype prevalence n deined dsease categores and CCR2--/MI, 
CCR5-+/- enuals [64//-: compouna genorype prevalence n defned dsease caiegores. CCR2-641 
and CCR5-A32 alee ireqtlences ?vere also elevated n slo?v progressors In analyses o i  ndv~dual  and 
combnea cohors 151) 

survlr,al curves 1i  presenteii (Table 2 )  for 
CCRS-+/A32 versus CCRS--I- for all ce- 
roconr-ertors; cornpounil CCRL-CCRS lo- 
cus genotype claises, [+ /+]  17ersus [+/A321 
and [ + / + I  versui [641/+] (also illustrated in 
Fig. 1 ) ;  and comhlnecl analysii of CCR2-+I  
+; CCRS--/+ versu. all mutant genotypes 
at elther locus. Theie  data reaffirm the  
protective effects of CCR5 (1 7-1 9 )  anil 
show that the CCR2-641 protection is as 
strollg a i  and indepeniient o f t h e  CCRS-+/  
1 3 2  influence. T h e  CCR2 effect increases 
a h e n  the CCRZ-6411- and CCRj-+/A32 
i~ l l~ jec t s  are evaluated as separate categories. 
l~ecause the  re1atir.e hasariii for each cohort 
in Table 2 (CCR2 and CCRS genotypes 
separated) are lower than 111 Tahle 1. \vhich 
includes CCR5-A32/+ 11erero:ygotes In the 
CCRL-+I+ group. T h e  results are hlghly 
signiticant for coml~inecl cohort analysei for 
each .%IDS endpoint (Table 2) .  T h e  CCRS- 
A32 protective effect 1s also strengthened 
\\.hen CCR2-641-containing genotypes are 
ex-aluated separately (Table 2; CCR2 and 
C C R j  separated verius CCRS only). Vi;hen 
mutant yenotypes for CCRL and C C R j  are 
coml?~necl as a single genetic category (Ta-  
ble 1, CCR2 anil C C R j  grouped), the  sta- 
rlstical significance for genetic ~ n t ~ u e n c e  
reachei as lour ai 6.3 X 1L1-Vfor combineil 
cnhort progreislon to .%IDS-1993 (Table 
1). 1ndir.iduali ~71th a mutant yenotype at 
elther CCR2 or C C R j  sho~v  hazards rela- 
tlr7e to nor~na l  of9 .51 to 9.71 in statistically 
significant analyses. 

.% J e f ~ n e d  disease category analysis urlng 
c o r n p o u ~ ~ d  two-locus genotypes (Fig. 2) 
sho\vs that the 11etero:ygote frequencies for 
hot11 CCR2 and CCR5 mutant haplotypes 
\\.ere ele\~ateil 111 slon or nonprogressors rel- 
2tir.e to the rapid progressors. for the  
anal\-sis tor CCR2 separately, the ii-equency 
o t  C C R  and CCR5 mutant genotypes was 
significantly greater among slow pr(qgressors 
for both AIDS-1993 and ileath nit11 corn- 
blllecl cohort analyses plus for the M.%CS 
cohort alone. T h e  mutant alleles CCR2-641 
anil CCRS-d32, and genotypes containing 
them, are less frequent 111 the more r apd  
progressors in all three cohorts and n h e n  all 
three LAIDS outcorr~es (17 of 18 cornpari- 
sons) (46) are considered, afflrmlng the pro- 
tectlve effects s11o\\711 111 the survi~al  analvsis. 

T h e  c~unulative effects of CCR2 and 
CCRS mutant alleles over six ~n twva l s  after 
HI\'-1 infection (Flg. 3)  show a marked 
Increase of mutant genotypes for 130th 
CCR2 anil CCR5 amcmg patlents that sur- 
x-ir-e without progressi~lg to AIDS over 
longer periods. T h e  elevatecl heterozygote 
trequency for the  t w ~  lncl 111 long-term 
survivors (pa t~en t s  s ~ ~ r \ ~ ~ \ ~ ~ u g  Inore than 16 
!-ears and free of AIIDS) emphasize the  pro- 
tective effect of both loci. T h e  cliffere~lce 111 
obserr-eel mutant genotype ( e ~ t h e r  CCRL or 



REPORTS 
Table 2. Effects of CCR2 and CCR5 genotypes on progression to AIDS outcomes in survival analyses of Caucasian seroconverters. Non-Caucasians were 
excluded because of the absence of CCR5-A32 allele in these populations (18-22) plus the potentially different CCR2 survival (44). Cox proportional hazard 
analyses were performed as described in Table 1. CCR5;CCR2 genotypes were analyzed in three ways: (i) +/A32 versus + / + for CCR5 alone; (ii) CCR5 and 
CCR2 separated into the compound genotypes [64I/+] or [641/641], and [+/A32] versus [ + / + ] normal at both loci, illustrated in Fig. 2, C through F; and (iii) 
CCR5 and CCR2 grouped together: [ + / + ] versus [+/64I], [641/641], [+/A32], or [64I/A32]. Caucasians from the ALIVE cohort are included in the analyses of 
combined "AH" cohorts. Sample sizes for the three analyses described above vary slightly because: (i) analysis of CCR5 alone includes some individuals 
without CCR2 genotypes; (ii) separate analysis of the CCR2 and CCR5 genotypes excludes 17 (CCR2-+/64I; CCR5-+/A32) double heterozygotes because 
too few were available for separate analysis, and combining them with either single locus heterozygote category would be arbitrary; and (iii) group analysis of 
CCR2 and CCR5 includes patients with both CCR2 and CCR5 genotypes including (CCR2-+/64I; CCR5-+/A32). A complete CCR2 and CCR5 separate 
analysis that included the 17 double heterozygotes as a separate composite genotypic category was performed as well. Relative hazards (P values) for the 
combined cohorts of this analysis including four composite genotypes [ + / + ] ; [641/641] or [641/+]; [+/A32]; and [64//A32] for three outcomes were: 
AIDS-1993, RH = 0.72 (P = 0.07); AIDS-1987, RH = 0.81 (P = 0.07); death, RH = 0.79 (P = 0.06). RH and P values for genotypes other than the double 
heterozygotes were identical to the values listed in the CCR2 and CCR5 separated genotype analysis. The co-occurrence of CCR2 and CCR5 protective 
variants does not appear to confer additional protection, but the double heterozygote is rare in these groups. 

Cohort 

MACS 
MHCS 
SFCC 
All 

MACS 
MHCS 
SFCC 
All 

MACS 
MHCS 
SFCC 
All 

CCR5: 

n/events 

356/228 
169/115 
159/112 
692/456 

359/182 
169/84 
159/73 
695/339 

359/142 
169/65 
159/52 
695/259 

CCR5 only 

+/+] versus [+/A32] 

X2/P value 

2.23/0.14 
7.75/0.005 
1.14/0.28 
9.69/0.002 

1.67/0.20 
1.64/0.20 
0.65/0.42 
3.78/0.05 

4.76/0.03 
1.08/0.30 
0.85/0.36 
5.85/0.02 

RH 

0.77 
0.45 
0.78 
0.68 

0.78 
0.67 
0.79 
0.76 

0.60 
0.70 
0.73 
0.67 

CCR2: 

n/events 

331/215 
156/107 
153/109 
648/432 

334/173 
156/78 
153/71 
651/322 

334/136 
156/60 
153/51 
651/247 

CCR2 and CCR5 genotypes separated 

+/+] versus [64I/+] or 
[641/641] 

X2/P value RH 

AIDS-1993 
3.88/0.05 0.68 
2.03/0.15 0.66 
3.95/0.05 0.59 

10.81/0.001 0.64 
AIDS-1987 

2.99/0.08 0.67 
1.54/0.22 0.64 
4.33/0.04 0.47 

10.21/0.001 0.58 
Death 

2.30/0.13 0.68 
3.55/0.06 0.37 
1.31/0.25 0.63 
7.76/0.005 0.58 

CCR5: [+/+] versus 
[+/A32] 

X2/P value 

3.12/0.08 
8.40/0.004 
2.35/0.13 

13.11/0.0003 

1.99/0.16 
3.14/0.08 
1.63/0.20 
6.75/0.009 

6.22/0.01 
2.84/0.09 
1.00/0.32 
9.42/0.002 

RH 

0.71 
0.39 
0.69 
0.61 

0.74 
0.52 
0.68 
0.67 

0.52 
0.50 
0.70 
0.57 

CCR2 and CCR5 grouped 

[+/+] versus [+/A32], [64I/+], 
[641/A32], or [641/641] 

n/events 

339/222 
159/109 
159/112 
665/444 

342/178 
159/80 
159/73 
668/331 

342/140 
159/62 
159/52 
668/254 

X2/P value 

6.25/0.01 
8.49/0.004 
5.19/0.02 

20.42/0.0000063 

4.47/0.03 
3.29/0.07 
4.72/0.03 

13.84/0.0002 

7.25/0.007 
4.45/0.04 
2.26/0.13 

14.50/0.0001 

RH 

0.70 
0.52 
0.64 
0.63 

0.71 
0.62 
0.58 
0.64 

0.60 
0.51 
0.64 
0.59 

CCR5) frequency in patients with different 

times to AIDS from the frequency in all 849 

patients (arrow in Fig. 3) allows an estimate 

of the fraction of rapid progressors (AIDS in 

<3.5 years) and long-term survivors (>16 

years without progressing to AIDS) that 

can be attributed to CCR2/CCR5 genetic 

factors (47). For long-term survivors, the 

attributable risk conferred by [+/A32] and 

[+1641] genotypes is 29% for AIDS-1993; 

28% for AIDS-1987 and 28% for death. For 

rapid progressors, the estimate for [+/+] 

genotypes is 42% for AIDS-1993; 38% for 

AIDS-1987, and 45% for death. 

The protective effect of the CCR2-64I 

allele in delaying the onset of AIDS among 

prospective cohorts is of similar magnitude 

and in addition to the protection observed 

in CCR5-+/A32 heterozygotes. Approxi­

mately one quarter of the HIV-1-infected 

long-term survivors who avoided AIDS for 

more than 16 years can be attributed to 

their CCR2/CCR5 genotype (Fig. 3). How­

ever, there are important differences be­

tween CCR2 and CCR5 that bear on their 

effects and interpretations. 

First, the CCR2-64I mutation has no 

noticeable effect on HIV-1 infection, 

whereas CCR5-A32 homozygotes are 

strongly resistant (19-23). Second, the 

CCR5-A32 mutation results in a truncated 

E3 [641/641] 

• [64I/A32] 

^ [64I/+] 

• [+/A32] 

40 

AIDS-1987 

Fig. 3. Frequencies of the pro­
tective genotypes ([+/A32], 
[+/64I], [64I/A32], and [641/ 
64!\) in six categories of in­
creasing survivorship during 
HIV-1 infection in Caucasians. 
Genotypic frequencies were 
calculated separately for time 
to AIDS-1993, AIDS-1987, 
and death, from seroconvert­
ers which were <3.5, 3.5 to 
< 7 , and 7 to < 1 0 years. In 
addition, genotypic frequen­
cies were calculated for sero­
converters and seropreva-
lents whose time to the out­
come or in study without de­
veloping AIDS was 10 to < 13, 
13 to <16 , and >16 years. 
The number of people ob­
served in each category is 
shown above each column. 
The average frequency of 
these variants in Caucasians 
(36%) is shown as an arrow for 
comparison of progression 
categories. Contingency tests 
of the three common geno­
types ( [+/+] , [+/A32] , and 
[+/64I]) were performed for 
time to AIDS-1993 [x

2 (10) = 
25.44, P = 0.005], AIDS-
1987 definition [x

2 (10) = 14.64, P = 0.015], and death [x
2 (10) = 19.27, P = 0.04]. Contingency tests 

of [ + / + ] versus all others for time to AIDS-1993 [x
2 (5) = 24.22, P = 0.0002], AIDS-1987 definition [x

2 

(5) = 14.21, P = 0.01], and death [x
2 (5) = 19.57, P = 0.002] were also performed. 

3.5to<7 7to<10 10to<13 13to<16 
Years since HIV-1 infection 
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tors and indirect evidence for the same 27, E, Kroner, ibld.' 9, 275 39. Of 2993 typed indiv~duals in f~ve cohorts (33), 445 
atnong chetnokine receptors ( 1  4 ,  52). Fur- 28. R. :. Atchson etal., Science 274, 1924 (1996). were h~gh-r~sk un~nfected and 2548 were HIV-1 in- 

thernlore, the amount of C C R j  on  lympho- 29. C. Combadere, S. K. Ahuja, H. L. Tiffany, P. M. fected. No significant d~fference In CCR2 allele or 
Murphy, J. Leukocyte Biol. 60, 147 (1996). genotype frequency was apparent between hlgh- 

cytes varies markedly among individuals 30, M, Samson, O, Labbe, C, Moliereau, G, ,,assart, M, risk exposed uninfected ind~viduais versus HlV-1- 
with the same CCRS genotype, suggesting Parmenter, Biochemistry 35, 3362 ( I  996). Infected patents (alleles: x2 = 0.31; P = 0.86; ge- 

that factors other than CCR5 genotype 31, The codlng region of the CCR2 gene was ampllf~ed notypes g = 1.12; P = 0.57). The same lack of 

contribute to CCR5 abundance (53). These ~ 1 1 t h  primers CCR2F3: 5 '  ATGCT GTCCA CATCT d~fference was observed when nd~vidua cohoris 
CGTTC and CCR2R3: 5 '  CCCAA AGACC CACTC were examined. 

could be other genes (for example, CCRZ), ATTTG (1 to 327 bp); CCR2F4: 5 '  ATTAC TCTCC 40. G = 0.44; P = 0.5. Only Caucasian nd~viduals were 
ligand binding, or other chemokine recep- CATTG TGGGC and CCR2R4: 5 '  GGAAA TTATT examined in ths analysis. CCR5-A32/A32 homozy- 

tors, (iii) ~h~ ~ ~ ~ 2 . 6 4 1  tnutation be CCATC CTCGTG (277 to 604 bpi; CCR2Fl: 5 '  gotes were excluded to remove known protect~ve 
TTCTG TTTAT GTCTG TGGCC and CCR2R6: 5 '  effects (19-22) because none of these would have 

tracking a linked mutation through linkage GATTG ATGCA GCAGT GAGTC (555 to 904 bpi; CCR2-641 genotypes due to linkage disequilibrium 
diseq~lilibri~lm. This may involve a regula- and CCR2F5: 5 '  CCAAG CCACG CAGGT GACAG (see text). 

tory or mutation in the C C R ~  -5 and CCR2R5: 5 '  TTATA AACCA GCCGA GACTT 41. Seroconverter patents included 891 subjects with a 
(852 to 1083 bp). The products were resolved on 6% maximum ntenlal of 3 years between an HV-1 ant- 

gene but not CCR5-132 because acrylam~de gels (37.5: l  acrylam1de:bis-acrylam~de) body-negat~ve test date and their f~rst HIV-I anti- 
the CCR2-641 mutation travels on a differ- contalnng 10% glycerol at room temperature. The body-pos~t~ve test date. Seroconvers~on date was 

ent haplotype. W e  sequenced the complete entire CCR2 coding regon was examned by SSCP the midpoint between the last HIV-1 antibody-nega- 
in 127 ~ndiv~duals. One common synonymous nucle- tive and first positive c n ~ c  v~sits. N~nety patients en- 

coding regions d CCRS and CCR2 ,tide substtution was dscovered (N260N; f = 0,461, rolled in the SFCC study before 31 December 1980 
tnutant homozygotes and did not find any and three additional var~ants (CCRZ: V52V, P47L, were Included usng Imputed seroconverson dates 

other nucleotide changes (3 1 ). and S87A) were found in fewer than 1 % of chromo- based on ther date of first HIV-1 antibody positive, 

The  CCR5-A32 and CCR2-641 poly- somes. CCR2-641 homozygotes (one Caucasian because the ikelhood of infecton before 1 January 
and one African American) were sequenced through 1978 (a 3-year window of infect~on) was extremely 

morphisms are present in the protective the entlre cod~ng region of CCR2 (Including the low (50.01). Seroconversion dates for the mputed 

heterozygous or homozygous states in 30 to CCR2A exon) and CCR5, as well as 500 bp of the SFCC subjects were set at 60 days, 120 days, and 

40% of people in every ethnic group, ~h~ upstream region of both genes. No nucieotide 180 days before the date for first ant~body positive 
aterat~ons were dentified. More than 100 ndviduals vlslt for patients enrolled in 1978, '1 979, and 1980, 

detnonstration that having tnutant alleles at have been screened by SSCP across the CCR5 respect~vely (38). 
these genes is protective against progressing gene. A total of 16 additional varlants n the codlng 42. Proportonal Hazard Regression, S i ~ z  Release 6.10, 

to AIDS has important implications for region have been identfed (M. Carrington etal. ,  n SAS Institute, Cary, NC. 
preparation). All of these varlants are rare (54%) 43. Centers for Dsease Control, Morb. Moft. IVkiy. Rep. 

therapy, because chemokine receptors are and none IS found exclusively on the CCR2-641 36 (slipplement 1) (14 August 1987); 1b1d. 41 (1 8 
required cellular ports for HIV-1 cell entry haplotype December 1992) Ths publ~cat~on contans a revised 

and spread. 32 Genotypes were determined by SSCP and wlth a classification system for HIV infect~on and an ex- 
PCR-RFLP assay usng a Esa BI s~te ~ntroduced ~nto panded surveillance case definition for AIDS among 
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African Amer cans, respectively) may contr b ~ t e  to 
the absence of a s~ rvva l  effect of CCR2 genotypes 
seen in Table 1 Alternatively, the r e s ~ t s  may reflect 
the relatively shorier period of follos:v-LC, beca~se  the 
ALIVE began enrollment in 1998 (53), In s~ppo r t  of 
the latter explanation IS the elevated CCR2--/64l 
"protective' genotype freq~ency among ALIVE slow 
progressors relat~ve to rapid progressors to AIDS for 
the three ADS endpoints (Fig 2). Beca~se  this r e s ~ l t  
is not statistically significant, the c o n c l ~ s ~ o n  remalns 
tentat~ve ~ n t i l  longer follo~,+!-~p of African American 
cohoris becomes available. 

45, BecaJse the f o ~ r  cohoris show no slgnflcant dffer- 
ences in CCR2 allele or genotype freq~ency, they 
$,+!ere pooled to test for significant differences be- 
b:veen rapid and slov! or nonprogressors, 'vhlch 
were apparent In addltlon, CCR2-641 contaning ge- 
notypes were hgher In all cohorts for 24 of 24 com- 
parlsons t w o  genotypes, f o ~ r  cohoris, three ADS 
o~tcomes).  Beca~~se  these compar'sons are nterde- 

pendent, v!e applied aslgn test to elght comparisons 
( f o ~ r  cohorts, tv!o genotypes) to detect P 5 3.304 
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0.032;. 

47. M. L. -ellin, Acta L1nio li:t Contra Cancn,m 9, 531 
(1 953) Fstmates of a t t r ib~tabe r sk $,+!ere camp-lted 
for Ca~casans  Fig. 3;; they hkely vay  among ethnic 
groLps, par i~c~lar ly beca~se  of the differences n 
CCR5-132 f req~enc~es In Aslans and Afr can Amer- 
icans :l3-221. 

45. S. Rana et a/., J !/irol. 71, 321 9 (1997; 
49. J. C. Stephens et a/., in preparat~on. 
53. C. C. B l e ~  et a/., Proc ,Natl. Acad. Sci L1.S.A. 94, 

1925 (1 997;; S. Q n et a/., J, /rrirri,*nol. 26, 643 
'1 9961. 

51. J. ~ L c k e r  eta/. ,  Cell 87, 437 (1 996). 
52. A. Ben-Bara~ch, D. F. M~ch~el,  J. J. Oppenheim, 

J Biol Cl2err. 270, 11 703 (1 9951; 0. M Z Hos:vard 
e t a / .  Trends Biotecbnol 14. 46 (19961. J. M. Wana 
and J Oppenheirn e t a / .  personal comm~nicat on 

53. L. WJ eta/. ,  J. Exp. Med. 185, 1681 (1997). 
54 M W. Smith eta/., data not shol,+!n. 
55. We gratef~lly acknowledge the patients, ther faml- 

les, and c n clans .+!ho have pariiclpated In the 
ALIVF, MAGS, MHCS, IGDS,  and SFCC cohort 
s t~d ies .  We thank R. Boaze, R. Byrd, S. Ce\~ar~o, B. 
Gerrard, P. Lloyd, M. McNally, M. Malasky, S Shres- 
tha, E Topper, and M. Weedon for technlca assist- 
ance, and S Edelste~n, A. M ~ n o z ,  S. Donf~eld, F. 
Gomperts, J. G~org~ ,  and J. Oppenhelm for he lp f~ l  
~ I S C J S S ~ O ~ S .  The Frederick Biomedical S~percom- 
p ~ t i n g  Center projlided comp~tational resoJrces 
~ s e d  In some of oLr analyses. Additional analyses 
and data ment~oned here can be Inspected at rex.n- 
ci.nih.gov:RFSFARCH:basic~Igd~front_paue htm. 

9 May 1997, acceoted 25 J ~ n e  1997 

A1 B1 , a Steroid Receptor Coactivator Am pi if ied binds to the  transcriptional integrators 
CREB billdlng protein (CBP) and the  in Breast and Ovarian Cancer closely related ~ 3 0 0 ,  a l ~ i c l ~  interact directly 

Sarah L. Anzick, Juha Kononen, Robert L. Walker, 
David 0. Azorsa, Minna M. Tanner, Xin-Yuan Guan, 
Guido Sauter, Olli-P. Kallioniemi, Jeffrey M. Trent, 

Paul S. Meltzer* 

Members of the recently recognized SRC-1 family of transcriptional coactivators interact 
with steroid hormone receptors to enhance ligand-dependent transcription. AIBl, a 
member of the SRC-1 family, was cloned during a search on the long arm of chromosome 
20 for genes whose expression and copy number were elevated in human breast 
cancers. AlBl amplification and overexpression were observed in four of five estrogen 
receptor-positive breast and ovarian cancer cell lines. Subsequent evaluation of 105 
unselected specimens of primary breast cancer found AIBl amplification in approxi- 
mately 10 percent and high expression in 64 percent of the primary tumors analyzed. 
AIBl protein interacted with estrogen receptors in a ligand-dependent fashion, and 
transfection of AlBl resulted in enhancement of estrogen-dependent transcription. 
These observations identify AlBl as a nuclear receptor coactivator whose altered ex- 
pression may contribute to development of steroid-dependent cancers. 

G e n e  alnplification is a frequent mecha- 
nistn of increased gene expression in human 
cmcers. In  breast cancer, colnmonlv a m ~ l i -  , A 

fied chromosomal regions are derived from 
17q12, 8q24, and l l q 1 3  and encode erbB-2, 
c - m y ,  and cyclin D l ,  respectively (1 ) .  Mo- 
lecular cytogenetic studies of breast cancers 
have revealed the  occurrence of additional 
regions of increased D N A  copy number 
whose target genes are unknown, including 
20q (2).  Recently, a e  used chrolnosotne mi- 
crodissection and hybrid selection to clone 

S. L. Anzck, J. Kononen, R. L Wal*er, D D. Azorsa, 
X.-Y. G ~ a n ,  C.-P Kall on~emi, J M. Trent, P S. Meltzer, 
Laborator; of Cancer Genetics. Nat~onal I ~ m a n  Ge- 
nome Research Instit~te, National lnst i t~tes of Iealth, 
Bethesda, MD, USA. 
M M Tanner, Laboratop1 of Cancer Genet cs, lnst i t~te of 
Med cai Technology, Un'vers'ty of Tampere and Tampere 
Universty hospital. Post Office Box 637. FIN-33131 
Tampere, F~nland. 
G Sa~ter ,  n s t l t ~ t e  for Pathology, Un~\lersty of Basel, 
Schonbe nstrasse 43 4003 Basel. Shvitzerland. 

expressed sequences from 20q in an  attetnpt 
to identi67 genes of biological significance 
(3).  In  this fashion, n-e isolated partial cD- 
NAs for a candidate target gene termed 
AIB1 (amplified in breast cancer-11, which 
was ubiquitousl\- expressed in nortnal 11~lman 
tissues (3).  W e  now report that AIBl  is a 
member of the  SRC-1 fatnilv of nuclear re- 
ceptor (NR)  coactivators, that it is amplified 
and overexmessed in breast and ovarian can- 
cer cell lines as well as in breast cancer 
biopsies, that it interacts with estrogen re- 
ceptor (ER), and that it functions to en- 
hance ER-dependent transcription. 

Sequence analysis of partial AIBl  cD- 
NAs  provided the  first evidence of similar- 
ity between AIBl  and the  SRC-1 family. 
SRC-1 and TIF2 are closelv related tran- 
scriptional coactivators recently isolated on 
the  basis of their affinitv for NRs 14, 5). 
Although the mechanism of action of 

'To $,+!horn correspondence s h o ~ l d  be addressed E-mal. SRC-1 h a m o t  been cornpletely 
pmeltzeranhgr n ~ h  gov in  addition to interacting with NRs, SRC-1 

with the  basal ;ranscription machinery (6). 
T o  further characterize AIB1, the  full- 

length c D N A  \vas cloned and sequenced 
(7), revealing a n  open reading frame that 
encodes a protein of 1420 amino acids with 
a preciicted molecular Inass of 155 k D  (Fig. 
1) .  Database searches 1vit11 BLASTP iden- 
tified a highly significant siluilarity of AIB1 
with TIF2 (45% amino acid identity) and 
SRC-1 (33% anlino acid identity) (8). Like 
TIF2 and SRC-1, AIBl  contains a basic 
helix-loop-helix (bHLH) domain preceding 
a PAS (Per/Amt/Sim) region, serine- and 
threonine-rich regions, and a charged clus- 
ter. There is also a glutatnine-rich region 
that,  unlike SRC-1 and TIF2, contains a 
polyglutamine tract. AIBl  also contains 
three copies of the  conserved LXXLL tnotif 
(L = leucine, X = any amino acid), which 
r a s  recently demonstrated to be critical to 
the  coactivator receptor interaction (9,  10). 

Because of this strong sequence similar- 
ity, we evaluated the  amplification and ex- 
pression of AIB1 in a series of ER-positive 
and -negative breast and ovarian cancer cell 
lines (1 1 ) .  AIBl  gene copy number was 
determined by fluorescence in situ hybrid- 
ization (FISH) (Fig. 2).  High-level amplifi- 
cation of AIBl  (>20-fold) was observed in 
three ER-positive breast carcinoma cell 
lines (BT-474, MCF-7, and ZR75-1) and in 
one ovarian carcinotna cell line (BG-1) 
(Fig. 2, A and B). Overall, AIB1 was am- 
plified in four of five ER-positive cell lines 
tested and in zero of six ER-nega~ive cell 
lines (12) .  T o  determine Ivhether AIBl  
amplification also occurred in  ~lncultured 
cells from tumor biopsies, \ve screened 105 
unselected breast cancer specimens for 
AIBl  alnplification by FISH. T e n  speci- 
luens of primary tumors (9.5%) demonstrat- 
ed alnplification ofAIB1,  although the  am- 
plification levels were not as high as in the  
cell lines (1 3 ) .  

Pre\,ious interphase FISH studies have 
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