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A selective advantage against infectious disease associated with increased 
heterozygosity a t  the human major histocompatibility complex [human leu- 
kocyte antigen (HLA) class I and class II] is believed t o  play a major role in 
maintaining the extraordinary allelic diversity of these genes. Maximum HLA 
heterozygosity of class I loci (A, B, and C) delayed acquired immunodeficiency 
syndrome (AIDS) onset among patients infected with human immunodeficiency 
virus-type 1 (HIV-I), whereas individuals who were homozygous for one or 
more loci progressed rapidly t o  AlDS and death. The HLA class I alleles B"35 and 
Cw"04 were consistently associated with rapid development of AIDS-defining 
conditions in Caucasians. The extended survival of 28 t o  40 percent of HIV- 
I-infected Caucasian patients who avoided AlDS for ten or more years can be 
attributed t o  their being fully heterozygous at HLA class I loci, t o  their lacking 
the AIDS-associated alleles B"35 and Cw"04, or t o  both. 

HLA class I and class I1 loci located within 
the human major histocoinpatibility conlplex 
(MHC) comprise the most polyinoiphic set of 
genes known in humans (1-3). Products of 
these genes present antigenic peptide to T cells, 
initiating an immune response and clearance of 
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the foreign material. Evolutionaiy and popula- 
tion studies have led to the general idea that the 
great diversity and even distribution of allelic 
fieq~lencies obseived in the class I and class I1 
genes of the h4HC (HLA in humans) are main- 
tained through selective forces, such as infec- 
tious disease morbidity (4, 5). The hypothesis 
of overdoininant selection (heterozygote advan- 
tage) at the MHC proposes that individuals 
heterozygous at HLA loci are able to present a 
greater vaiiety of antigenic peptides than are 
homozygotes, resulting in a more productive 
immune response to a diverse array of patho- 
gens (6) .  

Compelling evidence for the selective main- 
tenance of MHC diversity has come fkom anal- 
yses of the population distribution of HLA allele 
frequencies (7), the high incidence of nonsyn- 
onymous (codon altering) base substitutions 
among peptide-binding regions of HLA tran- 
scripts (a), persistence of inunerous polymor- 
phic MHC amino acid motifs for several inil- 
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lion years tlxough the emergence of multiple 
species (9), and a concordant increase in infec- 
tious disease sensitivity of species with in- 
creased MHC homozygosity (10). Several ex- 
aillples of HLA influence on human pathogen 
sensitivity have been described, particularly for 
interaction with malaria and hepatitis B (11). 

The AIDS epidemic is characterized by ex- 
treme heterogeneity in the clinical course as 
well as in the incidence of HIV-1 infection 
among exposed iildividuals (12, 13), which is 
probably a result of genetic valiants among 
HIV-1 strains and of host genetic differences 
such as variants in chen~olune and chernokine 
receptor shuctural genes (14, 15). More than 50 
repoi-ts examining a role for HLA variation in 
AIDS outcornes have appeared, however the 
reported associations have been difficult to gen- 
eralize or to affiim in multiple cohoi-ts (12, 16). 
Potential exvlanations for this difficultv involve 
a paucity of patients, limitations in patient clin- 
ical descriptions, failure to correct for nlultiple 
comparisons, and a reliance on serological typ- 
i n g ~  that can miss allele differences found by 
molecular typing. Nonetheless, concordant 
AIDS outcomes 111 sib pair analyses (17), the 
recument implication of two HLA haplotypes 
(A1 -C>V~-B~-DR~-DQZ and C>v4-B35-DRl- 
DQl) (12, 16, 18), plus the quasi-species pat- 
tern of HIV-1 change in infected patients (19) 
are strong indicators of HLA involvement in 
HIV pathogenesis. 

NTe performed survival and genetic associ- 
ation analyses to address two hypotheses: (i) 
that overall or specific locus heterozygosity at 
the HLA class I loci confers relative resistance 
to AIDS progression and (ii) that individual 
alleles at the class I loci vaiy in their influence 
on progression to AIDS. HLA class I loci were 
inolecularly typed with DNA from iildividuals 
enrolled in five AIDS cohorts: Multicenter 
AIDS Cohoi-t Shldy (MACS), Multicenter He- 
mophilia Cohoit Study (MHCS), Hemophilia 
Gro\v-th and Developnlent Study (HGDS), San 
Francisco City Clinic Cohoi-t (SFCC), and 
AIDS Linked to Intravenous Experieilce 
(ALIVE) Study (20, 21). Suivival analyses in- 
corporated data derived from HIV-1-positive 
individuals with lu~ow~l  dates of infection and 
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tested HLA association with progression to 
three endpoints (15, 22): (i) AIDS-1993, which 
includes HIV-1 infection plus an AIDS-defin- 
ing illness, a decline of CD4+ T lynlphocytes to 
<200 cellsimni3, or death; (ii) AIDS-1987, 
which includes HIV-1 infection plus an AIDS- 
defining illness or death; and (iii) death. 

An individ~~al ~vho  is hoinozygous at HLA- 
A, HLA-B, and HLA-C displays a limited vaii- 
ety of class I n~olecules available for antigen 
presentation to cytotoxic T lymphocytes 
(CTLs) relative to an individual heterozygous 
for each class I locus. If rnaxi~nunl diversity in 
the repertoire of antigen-presenting nlolecules 
is advantageous in prolonging time to AIDS 
after HIV-1 infection, then hornozygosity at 
class I genes should associate with more rapid 
progression to AIDS. This idea was tested by a 
genotype suwival analysis of 498 seroconrreit- 
ers (patients who had enrolled in at-iisk AIDS 
cohoit studies ~vhe11 their HlV- 1 antibody status 
was negative and subseq~~ently became HIV-1 
antibody positive). The analysis used a Cox 
propoitional hazards model (23) to exainine the 
rate of progression to tlree AIDS endpoints in 
Caucasian, Afiican American, and coinbined 
ethnic groups. The results demonstrate a highly 
significant association of HLA class I homozy- 
gosity with rapid progsession to AIDS in C~LI-  
casians, Afiican Americans, and the colnbiiled 
ethnic gsoup analyses for all tlree AIDS end- 
points (Fig. 1A and Table 1). The obsei-vation is 
apparent when a single HLA class I locus is 
hoinozygous while the other two are heterozy- 
gous (RH = 1.5 to 4.4. Table 1; Fig. 1, A to D) 
and becoines more prono~ulced when two or 
tlree HLA class I loci are homozygous (RH = 

2.9 to 4.8, Table 1; Fig. 1, A to D). 
Because HLA class I loci are tightly Indeed 

and occur in linkage disequilibrium in certain 
populations (paiticularly HLA-B and -C, \vhich 
are separated by 100 kb on cliromosoine 6) 
(24), the effect of hornoq~gosity may be due to 
a single class I locus, rather than to all three. 
Ho~ilever, homozygosity for HL.4-A, HLA-B, or 
HLA-C each predisposed their cai~iers to nlore 
rapid progression to AIDS compared with het- 
erozygous indiaiduals at each respective locus 
(Fig. 1, B to D, and Table 1). Furtheirnore, the 
relatia ely rapid progressioil of individuals ~ilith 
any single locus homozygosity (HLA-A, -B, or 
-C) was enhanced when a second or third HLA 
class I locus was also homozygous (Fig. 1, B to 
D), as suggested in Fig. 1A. The data suggest 
that each locus contlibutes separately to the 
protective effect associated ~ i ~ i t h  class I het- 
eroq~gosity. Tliree of four patients in our co- 
hoits who progressed to AIDS-1987 in less than 
12 months of HIV-1 infection were homozy- 
gous at one or more HLA class I loci. 

To i-t~le out the possibility that obseived 
HLA class I homozygosity might be lnarlung 
overall homozygosity at other AIDS-influenc- 
ing loci within or outside the HLA region, nine 
short tandem repeat (STR or microsatellite) loci 

~vithin a 10-I\/% region encompassing HLA (25) 
were genotyped in these patients and tested in a 
Cox analysis. In addition, a group of 16 STR 
loci located on other human clron~osomes were 
similarly tested in the combined cohoits. No 
statistically significant association [with correc- 
tions for multiple tests (26)] was found for any 
AIDS outcomes (P 2 0.2) nor was any signif- 
icant correlation among HLA homozygosity 
and STR hornozygosity detected in these co- 
hoits (27), indicating that the obseived effects 
of HLA class I homozygosity on AIDS progres- 
sion are due to the HLA class I genes or other 
vei-y closely linked genes. 

Although HLA class I heterozygosity is 
strongly associated with protection against 
AIDS, about 75% of the patients that pro- 
gressed to AIDS ~vitl~in 4 years of HIV-1 in- 
fection were heterozygous at all three class I 

loci. It was of interest to determine whether 
individual class I alleles had an effect on pro- 
gsession, some of ~vh ic l~  nlay override the pro- 
tective effect of heterozygosity at class I loci. 
Analysis of 330 Caucasian and 144 African 
American seroconverters [analyzed separately 
for allele and genotype distribution because of 
the differences in allele freq~~encies between the 
two ethnic gsoups (2, 24)] revealed six alleles 
(A29, B27, B35, B41, Cu~"04, and Cu~*12) of 
63 detected that showed significant association 
with disease progression (28). Two of these, 
B"35 and C~:*04, were highly significant in 
Caucasians (28) (RH = 2.34, P = 2 X lop6; 
and RH = 2.41, P = 2 X respectively); 
this was also true when coi-rections for nlultiple 
tests were used (P = 1 x and 1 X 
respectively). 

The association of HLA-B*35 and HLA- 

Fie. 1. Kaolan Meier A 
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test. (A) Association , 
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loci and progression t o  z 0.4 

AIDS-1987. Relative ,g 
hazards, RH, and the 2 02- 
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zygous group (41). The , , 
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for age groups (<30, 30 o,2 

t o  40, and >40 years) 
and for race in analyses o. 
where ethnic groups 
were combined. Mixed Years snce seroconvers~on 
racial groups were an- 
alyzed because there is no  a priori reason t o  expect that  a heterozygosity effect would differ among 
ethnic groups. Because the Kaplan Meier curves suggest that  the relative hazards vary over t ime, 
we also applied nonparametric numerical tests (log-rank and Wilcoxon) t o  the Kaplan Meier 
analysis. The P values f rom this analysis were comparable t o  those obtained f rom the Cox model  
analysis. (B t o  D) Association between homozygosity for individual class I loci [HM-A (B), H M - B  (C), 
and H M - C  (D)] and progression t o  AIDS-1987. Study participants were divided into three groups: 
individuals who were heterozygous at all three loci; individuals homozygous at the specified locus, but 
heterozygous at both of the other t w o  loci; and individuals homozygous at the specified locus and also 
at one or both of the other t w o  loci. RH and P values for the t w o  groups are given as a comparison of 
homozygotes wi th heterozygotes at all three loci. Influence of HM-BX35 (E) and HM-Cw*04 (F) on 
progression t o  AIDS-1987 among combined Caucasian cohorts. Survival analysis of individuals wi th one 
or t w o  copies o f  the BX35 allele compared wi th individuals lacking BX35 are shown. RH and corre- 
sponding P values are given for the t w o  BX35-bearing genotypes (+/BX35 and B*35/BX35) compared 
wi th the BX35-negative genotypes. Analyses for (F) were the same as those for (E) wi th Cw*04 
substituted for B*35. 
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Cw*04 was analyzed for both homozygous and allele except B*35) with sapid progression (Fig. gression (RH = 2.3, P = 2 X as does 
heteroq~gous influence on three AlDS end- 1E: RH = 2.2, P = 2 X lop5), whereas even HLA-C+V*O~/CIV*O~ homozygosity (RH = 5.2, 
points among combined and separate Cauca- more rapid AIDS progression was obselved P = 0.002). Associations determined ~ i ~ i t h  a 
sian cohorts (Fig. 1, E and F, and Table 2). The among HLA-B*35/B*35 homozygotes (Fig. 1E: dominant genetic model (\vhich combines 
results a f f i~~ l l  the strong association of H L A -  RH = 9.1, P = 5 X lo-"). Similarly HLA-  +iB*35 and B*35JB*35 individuals; Table 2) 
B*35/+ heterozygotes (+ indicates any HLA-B  C~:*04/+ heterozygosity promotes rapid pro- were highly significant for MACS and com- 

Table 1. Survival analysis of the effect of homozygosity at the three HLA 
class I loci -A, -5, and -C on susceptibility to progression t o  three AlDS 
endpoints (AIDS-1993, AIDS-1987, and death) for seroconverters of 
MACS, MHCS, SFCC, and ALIVE (20-22). HLA class I typing is described in 
(40). Homozygosity at one locus only and homozygosity at two or three 
loci were considered as covariables in a Cox model analysis (only five 
individuals were homozygous at HLA-A, -5, and -C loci, precluding a robust 
statistical treatment of triple homozygotes). Relative hazards (RH) and 
their P values are given for AIDS-1993, AIDS-1987, and death. There were 
not a sufficient number of African Americans homozygous for two or three 
HLA class I loci to provide a robust analysis. Homozygosity at each of the 

loci (HLA-A, -5, and -C) was considered as a Cox model explanatory 
variable. Each analysis was performed on seroconverters in combined 
cohorts, separately for Caucasians and African Americans, and for all 
ethnicities. Analyses were performed without considering specific allele 
protection and also as adjusted for the AlDS accelerating effects of B*35 
and Cw"04 (47). RH values were similar, and adjusted values are presented 
here. A survival analysis was also performed after adjusting the RH values 
for the protective effects of CCR5-132, CCRZ-641, and SDF1-3'A (22). The 
results (27) revealed no epistatic interaction of these loci with HLA 
homozygosity because the adjusted RH and P values were largely consis- 
tent with those reported here. Dashes indicate no data available. 

Homozygous at one Homozygous at two Homozygous for locus 

AlDS HLA-I locus or three HLA-I loci 

outcome 
Nlevents HLA-A HLA-B HLA-C 

AIDS-1993 
AIDS-1 987 
Death 

AIDS-1 993 
AIDS-1 987 
Death 

AIDS-1 993 
AIDS-1987 
Death 

All ethnicities 
1 X I O - ~  1.62 0.005 2.81 
1 x 1.69 0.006 3.83 
2 x l o - 5  1.58 0.04 3.09 

Caucasians 
2 x l o - 5  1.52 0.03 3.32 
1 X I O - ~  1.71 0.009 4.48 
4 x  1.56 0.06 3.54 

African Americans 
- 2.98 0.01 2.57 
- 2.68 0.13 1.32 
- 2.62 0.20 0.00 

Table 2. Caucasian seroconverters were analyzed for MACS, MHCS, and SFCC 
cohorts and the combination of all cohorts. The alleles B"35 and Cw'04 are 
each considered as codominant allele variables in a Cox proportional hazards 
model, that is, the allele variable has a value of 0, 1, or 2 corresponding to the 
number of copies of the allele carried by the individual. The analysis for 
B*35/+ and Be35/B*35 considers the effect of 5'35 without taking into 
account the presence or absence of Cw"04; likewise, the analysis of Cw'04 
ignores the effect of 8'35. Because these two alleles are in strong, positive 
linkage disequilibrium in Caucasians (24) (that is, on most chromosomes 
where one of these alleles is present the other is present also), an additional 
analysis was made for individuals carrying one of these alleles but not both. 
The three pairs of columns on the right give the results of analyses in which 

heterozygosity for 8'35 but not Cw"04, for Cw"04 but not B"35, and for 
B*35 and Cw'04 together were considered as explanatory variables in a 
Cox model. Homozygotes for either or both of these alleles were excluded 
from this analysis (39). The results of a survival analysis in which the RH 
was adjusted by considering the protective genotypes of CCR5, CCRZ, and 
SDF1 (75) as additional covariants were virtually identical t o  the unad- 
justed RH and P values presented here (27). Failure t o  observe significant 
association for either HLA-BX35 or HLA-Cw"04 for MHCS and SFCC may 
reflect small sample size or a biased depletion of very rapid progressors t o  
AlDS in both of these cohorts (20, 32), diminishing ability t o  observe HLA 
8'35 and Cw'04 influence on rapid progression. Dashes indicate no data 
available. 

B*35/- and Cw"04/+ and BX35, no Cw"04 Cw*04, no 8'35 Cw*04 and B*35 
AIDS outcome Nlevent B *35/B*35 Cw*O4/Cw*O4 genotypes genotypes genotypes 

and cohort 
RH P RH P RH P RH P RH P 

AIDS-1993: 
Combined 3291252 1.83 9 x 1.82 2 x  1.89 0.28 1.84 0.04 1.79 0.001 
MACS 1951173 1.69 0.003 1.57 0.005 16.0 ~ x I O - ~  1.77 0.07 1.82 0.008 
MHCS 58134 1.28 0.60 1.67 0.26 0.0 0.99 2.29 0.43 1.54 0.37 
SFCC 68143 1.36 0.52 0.89 0.84 4.51 0.17 0.00 0.99 1.01 0.99 

AIDS-1987: 
Combined 3301208 2.35 3 x 2.29 3 x  2.73 0.09 2.41 0.004 2.28 2 x  
MACS 1961151 2.57 1 x I O - ~  2.18 ~ x I O - ~  14.5 ~ x I O - ~  2.41 0.01 2.93 1 x 
MHCS 58130 1.60 0.33 2.25 0.08 0.00 0.99 7.25 0.08 1.95 0.17 
SFCC 68126 2.06 0.22 1.35 0.65 16.3 0.03 0.00 0.99 1.58 0.49 

Death: 
Combined 3301167 2.20 2 x 2.10 5 x  l o - 6  1.64 0.50 1.93 0.06 2.01 0.001 
MACS 1961124 2.76 I x I O - ~  2.12 2 x 12.3 0.001 2.28 0.02 2.93 6 x  
MHCS 58124 0.92 0.87 0.98 0.97 0.00 0.99 0.00 1.00 0.99 0.99 
SFCC 68118 0.81 0.78 0.95 0.95 0.00 0.99 - - 0.92 0.91 
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R E P O R T S  

bined analyses (P 5 0.003 for all endpoints) of 1.4 to 2.3 (Table 3). 
\vhich included considerably more individuals Because of the high frequency of HLA 
than the other cohorts. Caucasians having HLA- class I locus hon~ozygosity and of B*35- or 
Cw*04 also progressed more rapidly to both C~t5*04- bearing individuals (26 and 24% re- 
AIDS-1993 and AIDS-1987 (P 5 2 X lo-'; spectively; Table 3), there is ail appreciable 
Table 2). fraction of rapid progressors and long-telm 

Among Caucasians, progression to AIDS- sun~ivors that can be attributed to HLA geno- 
1987 and to death was accelerated to about 
the same extent among individuals ~ v h o  were 
heterozygous for HLA-B*35 alone (that is, 
without HLA-c~7*04), for HLA-Cw*04 alone 
(without HLA-B*35), or for both alleles (Ta- 
ble 2). The Cox analyses revealed highly 
significant P values for HLA +/B*35;+/ 
Cu*04 double heterozygotes ( P  = 2 X lop5)  
and for single HLA +/C~l*04 (~ilithout B*35; 
P = 0.004) individuals to AIDS-1987, but 
there were too few HLA +/B*35 (without 
Cw*04) to achieve statistical significance 
( A T  = 4 individuals; P > 0.05). 

To quantify the effect of locus hoinozygos- 
ity and HLA-B*35 plus HLA-C~v*04 on accel- 
erating disease relative to alternative genotypes, 
we conlputed the relative risk (which examines 
the strength of the effect) and the athibutable 
fraction (25, 30) (which esti~nates the fiaction 
of individuals who progress rapidly or sunlive 
without AIDS progression because of their 
HLA genotype) for various AIDS endpoints 
(Table 3). The relative risk for early progression 
( 5 6  years) to AIDS ranged fiom 1.3 to 2.5 for 
HL4 homoqgosity, for B*35 or Cu.*04 geno- 
type susceptibility, or for both. Conversely, fill1 
HLA heterozygosity for all genotypes other 
than those with B*35 or Cw*04 alleles increas- 
es the likelihood of longer survival (that is, 
greater than 10 years before AIDS) by a factor 

type. More precisely, the attributable fraction 
for rapid progression (within 6 years of in- 
fection) to AIDS is 8 to 11% for class I 
homozygosity, 7 to 26% for bearers of B*35 
or C*v*04 or both genotypes, and 19 to 32% 
for both. Alternatively bet~ileen 28 to 40% of 
the study palticipants who avoid AIDS for 10 
or more years do so because they are fully 
heterozygous for alleles other than B*35 or 
Cn'*04 (31). 

Our data reveal a strong association of the 
alleles B"35 and Clv"04 wit11 accelerated 
AIDS progression, but it is not certain ~ i~he th -  
er one or both of these alleles, or undiscov- 
ered loci in the HLA acting on AIDS progres- 
sion, are responsible. A direct effect of HLA 
allele products on progressioil to AIDS is 
plausible, given their role in antigen presen- 
tation to 7 cells and the evidence indicating 
that CTLs play an important role in protec- 
tion against HIV-1 (12, 32). However, the 
failure of B*35/C~v*04 to protect against 
AIDS progression may not reflect a simple 
failure to present HIV-1 epitopes because 
significant HIV epitope presentation has been 
reported for both of these alleles (IS, 33). 

One ~nechanism to explain rapid progres- 
sion to AIDS in individuals with celtain HLA 
genotqpes may involve the regulation of natural 
killer (X) cell activity. A number of studies 

Table 3. Combined Caucasian cohorts were partit ioned in to  t w o  arbitrarily defined disease categories: (i) 
seroconverter patients who  progress t o  AlDS outcome i n  5 6  years after HIV-1 infection and (ii) 
seroconverter patients who  avoid AIDS outcome for 2 1 0  years. Relative risk (RR) and attributable 
fraction (AF) were computed on t he  basis o f  established methods (29, 30). Freq. susc. genotype, 
frequency o f  susceptible genotype. 

Risk factor and & ,  

Rapid progression t o  
Freq. susc. AIDS* 

Long-term survival* 

AIDS outcome genotype 
RR P AF (%) RR P AF (%) 

HLA class I 
homozygosity 

AIDS-1993 320 26.3% 1.46 0.007 10.8 2.23 0.005 47.6 
AIDS-1987 316 26.3% 1.37 0.15 8.9 1.61 0.02 30.8 
Death 313 26.3% 1.33 0.40 8.0 1.41 0.03 23.2 

B*35, Cw*04 homo/ 
heterozygotes 

AIDS-1993 320 2,4.0% 1.31 0.07 6.8 1.82 0.02 38.3 
AIDS-1987 316 24.0% 2.18 8 x l o 5  22.0 1.70 0.009 34.7 
Death 313 24.0% 2.45 0.004 25.8 1.80 0.0002 37.9 

HLA-homozygotes 
or B+35, Cw+04 
genotypes 

AIDS-1993 320 46.7% 1.52 0.0008 19.4 2.27 6 X 40.4 
AIDS-1987 316 46.7% 2.02 0.0002 32.3 1.78 0.0002 29.3 
Death 313 46.7% 1.93 0.03 30.2 1.73 8 X 27.9 

*For rapid progressors, the risk factors include homozygosity at one or more class I loci, the presence of a t  least one B135 
or CwX04 allele, or both. For slow- and long-term survivors, alternative protective factors (ful l  heterozygosity, absence 
of BX35 or CwX04 allele, or both) were considered in computing values. 

have indicated that rapid disease progression 
after HIV-1 infection is correlated ~ i ~ i t h  de- 
creased hK cell activity (34). Like CTLs, NK 
cells are involved in su~eillance and killing of 
foreign or infected cells through a mechanism 
involving HLA molecules (35). Fuithe~more, 
both HLA homoqrgosity and the B 'Vj -c~ .*04  
haplotype have been shown to be associated 
wit11 reduction in XK cell number and activity 
(36). Recently, the HIV-1-encoded nef gene 
product has been sl~o\vn to down-regulate HLA 
class I n~olecules (37) and perhaps protect in- 
fected cells from CTL-mediated blling (38). 
The relations arnong HLA genetic effects de- 
scribed here, the i1nn1~1nological consequences 
of HIV-1 neJ; and XK cell activity are areas that 
rneiit ku-ther investigatio~~. 

The average time to AIDS after infection is 
about 10 years (13), and an effective CTL 
response is thought to keep the virus in check 
for many years in most individuals. However, 
HIV- 1 ~u~dergoes a high rate of mutation within 
a single host and escape ln~ltant isolates that 
evade the host i~lxnune systenl evolve in most 
individuals, resulting in AIDS (15). The data 
presented here show that maxinlal heterozygos- 
ity at the HL.4 class I loci slows progression to 
AIDS and AIDS-related death. A parsinlonious 
explanation for this finding is that. overall, het- 
eroqgotes present a broader range of Hnr-1 
peptides than do hoinozygotes and, therefore, it 
talces longer for escape nlutants to arise in 
heterozygotes than in holl~ozygous individuals. 
In any case, that heterozygotes have a signifi- 
cantly delayed time to death provides strong 
suppolt for the hypothesis of overdoillinant se- 
lection at the I\/IHC class I loci and affmns the 
previous indications that infectious diseases 
play a role in selection for heterozygosity (6; 
39). 
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CwX04 (2.41, 2 x lo-'), and CwX72 (0.61, 0.03); and were presented successively on a circle (list presentation phase), and then one 
in African Americans AX29 (3.96, O.OI), BX27 (6.86, of them (test stimulus) changed color; the monkeys had t o  make a single motor 
0.01), and BX41 (3.89, 0.03). ~ l l  associations except response toward the stimulus that immediately followed the test stimulus in 
BX35 and CwX04 were not  significant (P > 0.3) after 
correction for multiple comparisons. Neither BX35 the list. Correct performance in this task depends on memorization of the serial 
nor CwX04 displayed significant acceleration t o  AIDS order of the stimuli during their presentation. I t  was found that changes in 
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neural activity during the list presentation phase reflected the serial or ier  of 
the stimuli; the effect on cell activity of the serial order of stimuli during their 
presentation was at least as strong as the effect of motor direction on cell 
activity during the execution of the motor response. This establishes the serial 
order of stimuli in a motor task as an important determinant of motor cortical 
activity during stimulus presentation and in  the absence of changes in periph- 
eral motor events, in contrast t o  the commonly held view of the motor cortex 
as just an "upper motor neuron." 

Ever since Lashley's famous paper in 1951 ( I ) ,  and motor fimctions (for example; comprehend- 
the imagination of psychologists and neurosci- ing a sentence, playing a musical instrument). 
entists allke has been captured by the problem of Moreover, serial order information must often 
serial order in behavior. Accurate representation be transiently kept in working memoly before 
of temporal order is crucial for both percephlal being translated to motor output, as, for exam- 
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