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no acid position 9 in all SD strains examined, and a 
C-to-Y substitution at position 146 in only some SD 
strains. In addition, because the mutant cDNA is 
incomplete at the 5' end, we have been unable t o  
confirm that the distal dRanGAP transcript initiates 
at the equivalent point as the wild-type and proximal 
dRanCAP transcripts. If there is a difference here, i t  
should affect only the 5 '  untranslated leader and not  
the coding sequence. 

13. A genomic fragment encoding amino acids 1 through 
251 of the wild-type dRanCAP protein was cloned 
into the pQE30 expression vector (Qiagen) and ex- 
pressed in Escherichia coli. The gel-purified polypep- 
tide was injected into a rabbit, and subsequent bleeds 
were examined by protein immunoblot analysis for 
the ability t o  identify the wild-type and mutant 
dRanCAP proteins in Drosophiia testes. The ex- 
pressed protein was bound t o  nitrocellulose strips 
and incubated wi th crude antiserum t o  affinity purify 
the antibodies t o  RanCAP. 

14. Ten independently isolated SD lines from the United 
States (SD-MAD, 50-5, 50-72, and SD-Weymouth), 
Italy (SD-Roma, SD-Oviedo, and SD-V077), Spain 

(SD-Los Arenos), Japan (SD-NHZ), and Australia (SD- 
Armindale) were examined by protein immunoblot 
analysis and found t o  express both the 66-kD and 
40-kD proteins. Both proteins were present at con- 
sistent levels in testes, whole flies, carcasses (minus 
testes or ovaries), heads, larvae, and pupae. Because 
no somatic phenotypes are seen in SD heterozygotes 
or homozygotes, i t is likely that some step in sper- 
matogenesis, such as the high degree of chromatin 
compaction that takes place, is particularly sensitive 
t o  perturbations caused by expression of the truncat- 
ed dRanGAP. 

15. The apparent reduction in dRanCAP protein expres- 
sion in the P[(w-Sd)l2A] transformant is likely due 
t o  the particular location of the insert on the TM3 
chromosome, because both increased and decreased 
levels of dRanGAP expression are observed when 
P[(w-Sd)lZA] is remobilized t o  new insertion sites 
(C. Merrill and B. Canetzky, unpublished results). 

16. j. Brittnacher and B. Canetzky, Genetics 103, 659 
(1983). 

17. Although how the truncated dRanCAP is functionally 
altered remains unknown, it is worth noting that the 
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A central question in immunology is the origin of long-lived T cell memory that 
confers protection against recurrent infection. The differentiation of nai've T cell 
receptor transgenic CD8+ cells into effector cytotoxic T lymphocytes (CTLs) 
and memory CD8+ cells was studied. Memory CD8+ cells that were generated 
after strong antigenic stimulation were the progeny of cytotoxic effectors and 
retained antigen-specific cytolytic activity 10 weeks after adoptive transfer to 
antigen-free recipient mice. Thus, potential vaccines based on CTL memory will 
require the differentiation of na'ive cells into post-effector memory T cells. 

The engagement of T cell receptors (TCRs) nai've CD8+ lymphocytes differentiate into 
011 CD8+ T cells by antigen peptide-class I inemoiy cells is unclear. There are two mod- 
major histocompatibility complexes (pMHC) els for the developnlent of memory CD8+ 
on the surface of cells leads to the prolifera- cells. The linear differentiation inodel pre- 
tion and differentiation into CTLs, vvhich lyse dicts that meinoiy T cells are the progeny of 
cells presenting antigen pMHC (I).  After the CTLs that escape AICD. Conversely, weak 
effector phase, a period of death ensues dur- 
ing a~hich activated T cells undergo apopto- 
sis, known as activation-induced cell death 
(AICD) (2). The third phase of the T cell 
response is characterized by the appearance 
of menlory cells that persist for many years. 
Accelerated T cell responses seen upon re- 
exposure to antigen are due to increases in the 
frequency of antigen-specific T cells and to 
qualitative changes in memoly cells that al- 
low them to respond to antigen more effi- 
ciently than nai've cells (antigen hypei~eactiv- 
ity). However, the precise lineage by which 

antigenic stinlulation could result in memory 
T cells that are derived from a precursor that 
precedes CTLs and so differentiate tl~rough a 
lineage parallel to effectors (decreasing po- 
tential model) (3). 

To address the issue of CD8+ cell memoly 
differentiation, vve analyzed the development of 
transgenic meinoiy CD8+ cells that express a 
H-2Db-restricted TCR (B6.2.16) specific for a 
male antigen (H-Y) (4). Activation of B6.2.16 
CD8- cells with male cells ( 5 )  or H-Y peptide 
(6) gives rise to long-lived anti-H-Y memoiy 
CD8+ cells that persist in the absence of anti- 
gen. In the absence of markers that distinguish 

truncation eliminates the lysine residue at position 
533, which is the presumed target site for covalent 
linkage t o  the small ubiquitin-related modifier 
SUMO-1 (8. Saitoh, R. T. Pu, M. Dasso, Trends Bio- 
chem. Sci. 22, 374 (1997); R. Mahajan, L. Gerace, F. 
Melchior, j. Cell Bioi. 140, 259 (1998)]. Because this 
modification is essential for targeting dRanGAP t o  
nuclear pore structures, subcellular mislocalization of 
the truncated dRanCAP is one potential consequence. 
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cinimidyl ester (CFSE), then incubated with 
H-Y peptide (7 ) .  The proliferation of B6.2.16 
CD8+ cells was controlled by using various 
doses of H-Y peptide for 4 days of culture, and 
cell division was monitored by measuring 50% 
decreases in CFSE fluoresceilce (Fig. 1A). 
Staining of cells with the TCR-clonotypic 
monoclonal antibody (1nAb) T3.70 (8) revealed 
that all of the divided CD8+ cells in culture 
were B6.2.16 TCR-positive (9). Low doses of 
antigen resulted in little cell division and little 
detectable anti-H-Y cytolytic activity (0.1 nM 
H-Y peptide: 4 %  specific lysis). At 100 nM 
H-Y peptide we obseived s~ibstantial cell divi- 
sion and a high degree of cytolytic activity 
(>50% specific lysis), demonstrating that anti- 
gen dose can control the differentiation of anti- 
:I-Y CTLs (1 0). 

At a fixed antigen concentration (100 nM) 
over 4 days in culture, B6.2.16 CD8+ cells 
proliferated over the first five cell divisions 
(generation 1: 2 X 10" cells; generation 5, 
29 X lo4 cells) then decreased (generation 9, 
6 X 10%ells) due to AICD (Fig. 1B). We 
observed an increase in anti-H-Y cytolytic 
activity with each generation (Fig. 1C). The 
cytolytic activity of CD8+ cells remained 
constant until generation 7:  after which it 
diminished; presumably because of AICD. 
The onset and maintenance of cytolytic ac- 
tivity over the course of cell division corre- 
lated with accuinulation of cytoplasmic per- 
forin, a inolecule required for efficient target 
cell lysis by CTLs (11) (Fig. ID), and by five 
divisions eveiy CD8+ cell was positive for 
intracellular perforin (Fig. 1E) (12). Because 
eveiy B6.2.16 CD8+ cell had cytolytic ma- 
chinery after five cell divisions, all cells had 
differentiated into effectors. 

between effector and memory C D ~ +  cells: vve To examine the effect of antigen dose on 
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B6.2.16 CD8+ cells were adoptively trans- 
ferred to antigen-free mice deficient for the 
reconlbii~ation-activating gene 1 (RAG- 1) (1 3). 
After 21 or 70 days, we compared the ability 
of the two populations to give rise to anti- 
H-Y CTLs after in vitro challenge with H-Y 
peptide (14). Low antigen doses, vvhich 
failed to drive the differentiation of cytolytic 
effectors: did not drive the differentiation of 
memoly cells (Fig. 2A). However, cells in- 
cubated with 100 nM H-Y peptide undei~vent 
substailtial cell division and gave rise to 
meinoiy cells. Thus; strong antigen stimula- 
tion was required for the productioil of mein- 
oiy CD8+ cells. 

To deteilnine if memory CD8+ cells arose 
f ~ o m  differentiated effector CTLs or from 
progenitors that developed before effector 
CTLs, we measured the ability of post- and 
pre-effector B6.2.16 CD8+ cells to give rise 
to memory cells after adoptive transfer. The 
progeny of pre-effector cells did not generate 
any more anti-H-Y CTLs than adoptively 
transfei~ed nai've cells (Fig. 2, B and C) (15). 
Only cells derived from activated B6.2.16 
CD8+ cells that had divided more than five 
times in vitro gave rise to a greater llu~llber of 
H-Y CTLs than adoptively transferred nai've 
cells. Memoly CD8+ cells were smaller than 
activated cells (foivard light scatter in arbi- 
trary units: activated cells 497, memory cells 
390 '- 2; iz = 5) and remailled CD44'" (mean 
fluorescence intensity, MFI: 496 '- 23, n = 

2) even 10 weelts after adoptive transfer, 
whereas ilai've cells remained CD44I0 (MFI: 
280 -C 8; iz = 3). It is unlikely that the 
progeny of activated B6.2.16 CD8' cells 
were stimulated by persistent antigen from 
the adoptive transfer procedure. First, activat- 
ed B6.2.16 CD8' cells were depleted of an- 
tigen-presenting cells (>95% pure) before 
adoptive transfer, and second; H-Y peptide- 
H-2D" molecules on the surface of cells are 
short-lived ( 6 ) .  To exclude the possibility 
that memory CD8+ cells were derived from 
the small amount (<5%) of undivided cells 
present after 4 days of culture, we adoptively 
transferred activated B6.2.16 CD8+ cells that 
were depleted of undivided cells by fluores- 
cence activated cell so~ting (FACS). After 21 
days; the number of anti-H-Y CTLs generat- 
ed from the FACS-purified B6.2.16 CD8' 
cells [1.0 ( 1  0.6) X lo3 per mouse, iz = 31 
was comparable ~vith that of unsorted CD8- 
cells of similar generation number [median 
generation of division was 6; 2 ( 1  1) X lo3 
per mouse, 12 = 31. Thus, the contribution of 
undivided B6.2.16 CD8- cells from day 4 
culh~res in generating anti-H-Y CTLs after 
adoptive transfer and antigen challenge was 
negligible, and therefore memoly CD8- cells 
were the progeny of anti-H-Y CTLs. 

The quailtitation of CTL precursor fre- 
quency after antigen rechalle~lge may result 
in an underestimation of the number of mern- 

Fig. 1. Differentiation of 
anti-H-Y CTLs in vitro. 
Analysis of cell division by 
flow cytometry of CFSE- 
labeled CD8- cells from 
B6.2.16 transgenic mice 
activated (A) with various 
doses of H-Y peptide for 4 
days or (B) with 100 nM 
H-Y peptide for up to 4 
days. (C) Cytolytic ability 
of CFSE-labeled, activated 
B6.2.16 CD8- cells that 
had undergone cell divi- 
sions after culture with 
H-Y peptide at 100 nM. 
(D) lntracellular perforin 
staining on CFSE-labeled 
B6.2.16 CD8+ cells is ex- 
pressed as the times fluo- 
rescence intensity above 
the isotype control in each 
generation of cell divi- 
sion (relative fluorescence 
intensity, RFI). (E) Intra- 
cellular perforin staining 
(open histogram) and iso- 
type control (closed histo- 
gram) of CFSE-labeled, ac- 
tivated 86.2.16 CD8+ cells 
from generation number 5. 
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Fig. 2. Generation of memory CD8+ cells requires at least five cell divisions. Numbers of anti-H-Y 
CTL precursors were quantitated by limiting dilution analysis from mice adoptively transferred with 
CFSE-labeled na'ive (n) or activated 86.2.16 CD8- cells that had undergone a defined number of cell 
divisions after culture with 100 nM H-Y peptide. Each filled circle represents an individual animal, 
and the open triangle denotes the mean number of anti-H-Y CTL precursors (CTL-p) per mouse. (A) 
Twenty-one days after adoptive transfer, the number of anti-H-Y CTL precursors derived from 
CFSE-labeled B6.2.16 CD8- cells that were incubated with 100 nM H-Y peptide (mean = 3 X lo3,  
n = 5) was greater than the number of CTL precursors derived from na'ive cells (mean = 0.6 X lo3,  
n = 4) (0.01 > P > 0.005) or activated cells incubated with H-Y peptide at 10 nM (mean = 0.3 X 
lo3, n = 7) (0.002 > P > 0.001), 1 nM (mean < 0.1 X lo3, n = 3) (0.002 > P > 0.001), or 0.1 
nM (mean < 0.1 X lo3, n = 2) (0.05 > P > 0.02). (0) After 21 days, the number of anti-H-Y CTL 
precursors derived from 86.2.16 CD8- cells of median generation number 9 (mean = 3 X lo3,  n = 
4) was greater than the number of CTL precursors derived from na'ive cells (mean = 0.6 X lo3 ,  n = 
4) (0.02 > P > 0.01) or activated cells of median generation 0 (mean = 0.2 X lo3,  n = 7) (P < 
0.001), 1 (mean = 0.2 X lo3,  n = 5) (0.005 > P > 0.002), or 5 (mean = 1 X lo3, n = 6) (0.05 > 
P > 0.02). (C) After 70 days, the number of anti-H-Y CTL precursors derived from cells of median 
generation number 9 (mean = 7 x lo3 ,  n = 4) was greater than the number of CTL precursors 
derived from na'ive cells (mean = 1.9 X lo3, n = 3) (0.05 > P > 0.02), activated cells of median 
generation 0 (mean = 0.2 X lo3,  n = 3) (0.05 > P > 0.02), or 1 (mean = 0.5 X lo3,  n = 3) (0.1 > 
P > 0.05). The frequencies of anti-H-Y CTL precursors in mice injected with 86.2.16 CD8+ cells 
incubated with 0.1 nM or 1 nM were below the level of detection, therefore they are nominally 
considered to have a number of less than 0.1 X lo3  B6.2.16 CD8- cells per mouse. 

017 CD8' cells; presuinably because not all cells gave rise to the greatest number of 
menlory CD8' cells can give rise to CTLs memory cells (Table 1) and ailti-H-Y CTL 
(16). However, the progeny of post-effector precursors. Differences ill the recovery of 
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lntracellular perforin lntracellular perforin 1 10 100 Effector to target ratio 

Fig. 3. Ex v i v o  c y t o l y t i c  f u n c t i o n  o f  86 .2 .16  C D 8 +  m e m o r y  cells. l n t r a c e l l u l a r  p e r f o r i n  s t a i n i n g  
(open  h i s t o g r a m )  a n d  i s o t y p e  c o n t r o l  ( c losed  h i s t o g r a m )  of 86.2.16 C D 3 -  cel ls  h a r v e s t e d  from (A) 
n a i v e  B6.2.16 t ransgen ic  m i c e  a n d  (0) r e c i p i e n t  m i c e  70 d a y s  a f t e r  a d o p t i v e  t r a n s f e r  with a c t i v a t e d  
B6.2.16 C D 8 -  cel ls  (4 d a y s  with 1 0 0  nM ant igen) .  (C) D i r e c t  e x  vivo c y t o l y s i s  o f  a n t i g e n - l a b e l e d  
t a r g e t s  by n a l v e  B6.2.16 C D 8 -  ce l l s  (c losed t r iang les ) ,  86 .2 .16  C D 8 -  cel ls  a c t i v a t e d  in v i t r o  for 2.5 
days  ( o p e n  circles), a n d  86 .2 .16  C D 8 -  m e m o r y  ce l l s  7 0  d a y s  a f t e r  a d o p t i v e  t r a n s f e r  t o  a n t i g e n - f r e e  
hos ts  (c losed boxes). 

Table 1. N u m b e r s  o f  B6.2.16 CD8-  cells recovered 
f r o m  RAG-1-def ic ient  rec ip ient  mice.  N a ~ v e  a n d  
act ivated 8 6  2 1 6  C D 8  cells, adop t i ve ly  t rans-  
ferred t o  recip ient  mice,  w e r e  harvested f r o m  
hosts a f te r  2 1  a n d  7 0  days. Cel l  numbers  w e r e  
calculated b y  s t a i n ~ n g  w i t h  T3.70 m A b  c lono typ ic  
fo r  06.2.16 TCR expression a n d  an t i -CD8 m A b  t o  
de te rmine  t h e  percentage o f  posi t ive cells i n  each 
recipient animal .  Values are t h e  m e a n  I SEM f r o m  
(n) recip ient  mice.  

l o 4  recovered cells (n) 
Median 

generat ion 
D a y  2 1  D a y  7 0  

- 6.7 I 2 0 (4) 3.9 I 0 1 (3) 
Activated 

0 0 .30  I 0.01 (4) 1.9 I 0.2 (4) 
1 1 . 3 = 0 3 ( 5 )  3 . 1 = 1 . 0 ( 5 )  
5 3 .4  I 0.7  (6) 7.0 I 3.7 (2) 
9 5.8 I 0.5 (4) 8.6 I 1.7 (5) 

CD8+ memory cells may be due in part to 
differences in the ability of cells, at various 
stages of differentiation, to home to the 
spleen and lymph nodes. However, 10 weelts 
after adoptlve transfer fewer post-effector 
cells (25 I 5, 1.1 = 4) than na'ive cells (75 1 
10, iz = 2) were required to generate one 
anti-H-Y CTL precursor after challenge with 
antigen in a limiting dilution assay. There- 
fore, the progeny of anti-H-Y CTLs generat- 
ed more long-lived memory cells that had 
antigen hyperreactivity. 

The memory cells derived from activated 
B6.2.16 CD8- cells of median generation 9 
retained the presence of illtracellular perforin 
(activated cells: 1.6 I 0.1 times that of the 
isotype control, 11 = 6; nai've cells, 1.1 I 0.1 
times more) up to 70 days in the absence of 
antigen (Fig. 3; A and B), as in human mem- 
ory CD8+ cells (1 7). We tested their ability 
to lyse antigen-labeled targets directly ex 
vivo (18). When compared ~vi th  equal nurn- 
bers of nai've cells, memory cells hall-ested 
after adoptive transfer had seven times higher 
specific lysis (Fig. 3C). This degree of lysis 

was slightly higher than B6.2.16 CD8- cells 
activated in vitro for 2.5 days with 100 nM 
H-Y peptide. Therefore, memory CD8+ cells 
had cytolytic lnachinely and were capable of 
direct cytolysis after 10 weelts without 
antigen. 

Our finding that memory CD8+ cells are 
derived from the progeny of cytotoxic effec- 
tors supports a linear differentiation model of 
rnemory cell development. The progeny of 
cytotoxic effectors are prone to AICD (19), 
yet they are the precursors of anti-H-Y mem- 
ory cells. Therefore, we propose that a selec- 
tive mechanism allows a low ~ r o ~ o r t i o n  of 

A A 

post-effector cells to escape apoptosis and 
differentiate into memory cells. This is in 
contrast to an instructive mechanism pro- 
posed by the decreasing potential model; in 
which different signals transduced by the 
TCR and costimulatoly molecules of nai've 
cells lead to the differentiation of effector and 
memory cells, which develop along separate 
pathway (20). 

Although our results do not support the 
differentiation of effector and memoly CD8' 
cells along separate lineages, the dichotomy 
of effector B cell and memory B cell differ- 
entiation is well established (21). Long-lived 
memory B lymphocytes produce anti-viral 
antibodies after pathogen rechallenge thus 
providing protective immunity (22). Howev- 
er, the highly desirable induction of protec- 
tive CTL memory by vaccination has proved 
difficult (23). The linear differentiation of 
memory CD8+ cells predicts that effective 
CTL memory can only be generated after 
complete effector cell differentiation. These 
findings may allo~v the development of vac- 
cines that induce protective cytotoxic T cell 
memoly. 
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HLA and HIV-1: Heterozygote 
Advantage and B*35-Cw*04 
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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 inain- 
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 though the emergence of rnultiple 
species (9), and a concordant increase in infec- 
tious disease sensitivity of species with in- 
creased MHC hornozygosity (10). Several ex- 
amples of HLA influence on hurnan 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 exarninlllg 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 f o u ~ d  by 
molecular typing. Nonetheless, concordant 
AIDS outcomes in sib pair analyses (17), the 
recument irnplicatioil 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 Cohoi-t 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 ~~IO\I ' I I  dates of infection and 
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