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Viremic controllers and elite controllers/suppressors maintain control over HIV-1 replication. 
Some studies have suggested that control is a result of infection with a defective viral strain, 
while others suggested host immune factors have a key role. Here we document two HIV-1 
transmission pairs: one consisting of a patient with progressive disease and an individual who 
became an elite suppressor, and the second consisting of a patient with progressive disease 
and a viremic controller. In contrast to another elite suppressor transmission pair, virus isolated 
from all patients was fully competent. These data suggest that some viremic controllers and 
elite suppressors are infected with HIV-1 isolates that replicate vigorously in vitro and are able 
to cause progressive disease in vivo. These data suggest that host factors have a dominant 
role in the control of HIV-1 infection, thus it may be possible to control fully pathogenic HIV-1 
isolates with therapeutic vaccination. 

1 Department of Medicine, Johns Hopkins University School of Medicine, 733 N. Broadway, BRB 880, Baltimore, Maryland 21205, USA. 2 Department of 
Pathology, School of Medicine and Tricore Reference Laboratories, University of New Mexico, Albuquerque, New Mexico, USA. 3 Howard Hughes Medical 
Institute, Johns Hopkins University School of Medicine, 733 N. Broadway, Baltimore, Maryland 21205, USA. *These authors contributed equally to this 
work. Correspondence and requests for materials should be addressed to J.N.B. (email: jblanks@jhmi.edu). 

Host factors dictate control of viral replication 
in two HIV-1 controller/chronic progressor 
transmission pairs
Robert W. Buckheit III1, Tracy G. Allen1,*, Angela Alme1,*, Maria Salgado1,*, Karen A. O’Connell1, Sarah Huculak1, 
Oluwaseun Falade-Nwulia1, Thomas M. Williams2, Joel E. Gallant1, Robert F. Siliciano1,3 & Joel N. Blankson1



ARTICLE

��

nature communications | DOI: 10.1038/ncomms1697

nature communications | 3:716 | DOI: 10.1038/ncomms1697 | www.nature.com/naturecommunications

© 2012 Macmillan Publishers Limited. All rights reserved.

Human immunodeficiency virus-1 (HIV-1) infection is usu-
ally characterized by intense viral replication and progres-
sive CD4 +  T-cell depletion. However, in defined subsets 

of infected individuals, the disease course is more benign. Long-
term non-progressors are HIV-1-infected individuals who, in the 
absence of therapy, maintain stable CD4 +  T-cell counts greater than 
500 cells µl − 1 for longer than 7 years. This clinical definition is inde-
pendent of the level of viremia, which can vary greatly in this sub-
set1. Another subset, viremic controllers (VCs), maintain low levels 
of viremia ( < 2,000 copies of HIV-1 RNA per ml, detectable by com-
mercially available viral load testing) in the absence of therapy. A 
third subset, elite suppressors (ES), suppresses viremia to below the 
clinical limit of detection (50 copies ml − 1). ES represent  < 1% of the 
HIV-1-infected population1.

Defective or attenuated HIV-1 isolates were initially thought to 
be responsible for the long-term non-progressor phenotype. Dele-
tions in viral genes such as nef have been shown to facilitate control 
of HIV-1 infection2–10, and rare, stable polymorphisms in HIV-1 
isolates from some ES have been documented11. It has been hypoth-
esized that these defective isolates may explain the clinical status of 
these patients. However, it has become increasingly clear that viral 
factors alone cannot explain the variable nature of HIV-1 infection. 
Several studies have shown that replication-competent HIV-1 can 
be isolated from ES12–14. Full genome sequence analysis of replica-
tion-competent viral isolates from ES revealed no large deletions12, 
and ongoing viral replication and evolution in ES have been docu-
mented in recent studies15–17. Taken together, these data suggest 
that, in some cases, infection with attenuated virus cannot explain 
elite suppression. There is an increasing appreciation for the role 
played by the host immune response in this phenotype. The HLA-
B*57 allele group is overrepresented in ES18–24, and the HIV-1- 
specific CD8 +  T-cell response in these patients is generally superior 
to that seen in patients with progressive disease20,25–27.

Data supporting a model of host control of viral replication comes 
from a previous study by our group examining an HIV-1 trans-
mission pair. Virus was transmitted from an HLA-B*57-positive  
patient who developed AIDS to a recipient who was positive for 
both HLA-B*57 and HLA-B*27 group alleles and who subsequently 
became an ES. The viruses infecting both individuals were shown 
to be closely related by phylogenetic analysis, but the virus isolated 
from the ES displayed a partial replication defect, and mutations 
in gag were shown to contribute to this viral attenuation. It was 
hypothesized that selective pressure from HIV-specific cytotoxic T 
lymphyocytes (CTLs) caused evolution of the transmitted virus and 
maintained key escape mutations in HLA-B*27-and HLA-B*57-gag 
epitopes that resulted in viral attenuation28. However, it is possi-
ble that selective pressure from the chronic progressors’ CD8 +  T 
cells resulted in mutations in HLA-B*57 epitopes early in his disease 
course. Some of these mutations, such as Gag T242N, have a signifi-
cant fitness cost29,30, thus the virus may have been attenuated before 
transmission, which could have contributed to the elite control of 
viral replication.

We now present two additional HIV-1 transmission pairs each 
consisting of a patient with progressive disease and a patient who 
controlled viral replication. These cases differ from the previously 
reported case because the viruses isolated from all patients were 
shown to replicate equally well in vitro, suggesting that host factors 
can control replication of fully pathogenic HIV.

Results
Patient characteristics. The first transmission pair consists of a  
40-year-old male, a chronic progressor (CP1), and a 37-year-old 
female, a viremic controller (VC1). Infection was first documented in 
CP1 in 1996, and antiretroviral therapy (ART) was initiated in 1998. 
The patient had a long history of poor adherence to multiple regimens, 
and his viral load fluctuated dramatically, as shown in Fig. 1a.  

CD4 +  T-cell counts progressively declined to the current level of 
200 cells µl − 1. His partner, VC1, was also diagnosed with HIV-1 
infection in 1996. She was originally started on ART for unknown 
reasons in 1998. Her baseline CD4 +  T-cell count was 741 cells µl − 1, 
and her baseline viral load was 1,184 copies ml − 1. She was taken off 
treatment in 2000 due to poor adherence (Fig. 1b). Since that time, 
plasma HIV-1 RNA has ranged from  < 50 to 400 copies ml − 1, and 
she has maintained an average CD4 +  T-cell count of 921 cells µl − 1.

The second pair consists of a 35–year-old male, a chronic pro-
gressor (CP2), and a 21–year- old female who became an ES (ES38). 
CP2 was found to be infected with HIV-1 in June 2010, and has since 
maintained plasma HIV-1 RNA levels of approximately 30,000 cop-
ies ml − 1. His CD4 +  T-cell count reached a nadir of 273 cells µl − 1 
before initiation of ART (Fig. 1c). ES38, who tested negative for 
HIV-1 in 2008, was also diagnosed with HIV-1 infection in June 
2010, but has maintained a plasma HIV-1 RNA level of less than 
50 copies ml − 1 and an average CD4 +  T-cell count of 935 cells µl − 1 
(Fig. 1d).

Sequence analysis confirms transmission. To confirm transmis-
sion of virus between the relevant patients, virus was cultured from 
each patient’s CD4 +  T cells with a sensitive coculture assay, as pre-
viously described31. Full-length sequence analysis was performed, 
and the resulting genomes were compared with each other and to 
the consensus B-clade sequence. No large deletions, premature stop 
codons, frame shifts or other gross defects were seen in the isolates 
cultured from any of the patients.

The number of synonymous nucleotide changes, as well as a 
number of amino-acid differences, between transmission partners, 
are shown in Table 1. Phylogenetic analysis was performed, and full-
length env sequences from both transmission pairs were compared 
with other HIV-1 env sequences obtained from the Los Alamos data-
base (Fig. 2a). For both the CP1/VC1 and CP2/ES38 pair, sequences 
within a pair were more similar to each other than to other B-clade 
isolates, reflecting a common ancestor consistent with viral transmis-
sion within the pairs. Representative sequence alignments (Fig. 2b)  
demonstrate that the sequences within the transmission pairs are 
closely related. There are rare sequence polymorphisms unique to 
each transmission pair. Comparative alignments of sequences from 
CP1 and VC1 revealed unique polymorphisms in tat at nucleotide 
positions 100 and 101, where aspartic acid (D) is followed by a 
histadine (H). The combination of these two amino acids at these 
positions occurs in only 5.3% of B-clade isolates in the Los Alamos 

c

a
1e5 1,500

H
IV

 p
la

sm
a 

R
N

A
(c

op
ie

s 
m

l–1
)

C
D

4 T
 cells (cell µl –1)

d

1e4
1e3
1e2
1e1

1

1,000

500

0
0 2 4 6 8 10 12 14

0

Years since diagnosis

b
1e5 1,500

H
IV

 p
la

sm
a 

R
N

A
(c

op
ie

s 
m

l–1
)

H
IV

 p
la

sm
a 

R
N

A
(c

op
ie

s 
m

l–1
)

C
D

4 T
 cells (cell µl –1)

1e4
1e3
1e2
1e1

1

1e5
1e4
1e3
1e2
1e1

1

1,000

500

0
0 2 4 6 8 10 12 14
Years since diagnosis

1e5 1,500

H
IV

 p
la

sm
a 

R
N

A
(c

op
ie

s 
m

l–1
)

1e4

1e3
1e2

1e1
1

1,000

500

0

1,500

C
D

4 T
 cells (cell µl –1)

C
D

4 T
 cells (cell µl –1)

1,000

500

0

Years since diagnosis
0.5 1 0

Years since diagnosis
0.5 1

Figure 1 | Comparison of natural history of infection between transmission 
pairs. CD4 +  T-cell counts (blue) and viral load (red) are observed over time 
for (a) CP1, (b) VC1, (c) CP2 and (d) ES38. Open squares denote viral loads 
below the limit of detection of the assay. Periods of antiretroviral therapy are 
indicated by shaded regions for CP1, CP2 and VC1.
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HIV sequence database (Fig. 2b). This strongly suggests that the two 
patients are indeed a transmission pair. Similarly, unique polymor-
phisms were seen in rev and vpu. Unique polymorphisms in tat also 

confirmed transmission between CP2 and ES38: isolates from both 
patients had a combination of a phenylalanine (F) followed by a his-
tadine (H) at positions 100 and 101, which is present in  < 1% of 
B-clade isolates in the Los Alamos database (Fig. 2b).

No significant differences in viral fitness between isolates. Pre-
vious studies have suggested that attenuation in infecting viruses 
could explain the clinical outcome of infection2–11. In addition, in a 
previously reported transmission pair, there was clear viral attenu-
ation in the isolate cultured from the ES, which could have con-
tributed to elite suppression28. To determine whether differences 
in viral fitness could explain the status of both transmission pairs, 
we isolated replication-competent virus from the latent reservoir of 
each patient. Multiple isolates were obtained from each patient, and 
viral replication was compared using healthy donor CD4 +  T cells. 
For the first transmission pair, viral isolates from VC1 were as fit as 
isolates from CP1 (Fig. 2c). The second transmission pair showed 
similar results, with no differences in viral fitness seen in isolates 
cultured from CP2 and ES38 (Fig. 2c). All viral isolates replicated as 
efficiently as the HIV-1BAL reference strain.

The role of host factors in the control of viral replication. As no 
differences were seen in the replication of viruses from each mem-
ber of the two transmission pair, and as all viruses were as fit as the 
reference strain HIV-1BaL, we sought to determine whether cellu-
lar factors could be having a predominant role in determining the 
clinical phenotype. Subjects who are heterozygous for the delta 32 
mutation in CCR5 have slower progression of HIV-1 disease32. The 
CCR5 gene was analysed by PCR, and all patients were determined 
to have two wild-type CCR5 alleles.

Table 1 | Differences in viral isolates in each transmission pair.

Gene Synonymous mutations Amino-acid changes

Sequence analysis: CP1 compared with VC1
  Pol 31 7
  Gag 23 24
  Rev 1 7
  Vpr 2 7
  Vpu 2 12
  Tat 2 8
  Env 53 125
 N ef 14 15
  Vif 9 8
  LTR 2

Sequence analysis: CP2 compared with ES38
  Pol 9 7
  Gag 10 7
  Rev 2 5
  Vpr 3 2
  Vpu 0 0
  Tat 2 4
  Env 6 39
 N ef 8 4
  Vif 6 8
  LTR 2
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Figure 2 | Analysis of viral sequences confirms transmission between patients. (a) Phylogenetic tree of env sequences from the CP1/VC1 and 
CP2/ES38 transmission pairs. Phylogenies were estimated by using a ‘classical’ approach, functioning under maximum-likelihood optimality criterion. 
Representative B-clade isolates are shown, and A, C and D outgroups are denoted. (b) Tat amino-acid sequences for CP1 and VC1 (top) and Tat amino-
acid sequences for CP2 and ES38 (bottom) are compared with consensus B-clade sequence. Rare polymorphisms in Tat, shared within each transmission 
pair, are highlighted. (c) Fitness of viral isolates from transmission pairs. CD4 +  T cells from healthy donors were infected, and production of viral p24 was 
measured over time. Error bars represent standard errors of the means from three independent experiments. On the left, growth kinetics of replication-
competent isolates from CP1 (blue) and VC1 (red) are compared with BaL (purple), and on the right growth kinetics of replication-competent isolates 
from CP2 (orange) and ES38 (brown) are compared with BaL (purple).
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Human leukocyte antigen (HLA)-typing was also performed 
on each patient. It is interesting to note that ES38 is HLA-B*57:03 
positive. This is a protective allele group that is overrepresented in 
ES18–24. No known protective HLA alleles were present in VC1, 
CP1 or CP2 (Table 2). A single-nucleotide polymorphism (SNP) 
associated with the HLA-C promoter (rs9264942) has also been 
implicated in the control of viral replication in a genome-wide asso-
ciation study33. Of the four patients, none were homozygous for the 
protective allele (Table 2).

Natural killer (NK) cells have been implicated in delaying the 
progression of HIV-1 disease. The interaction between the NK 
cell receptor KIR3DS1 and HLA-Bw4-80Ile motif has been shown 

to be protective34. We sought to determine whether our patients  
possessed this protective combination. None of our patients were 
positive for the KIR3DS1-activating allele (Table 2), and only ES38 
was positive for an HLA-B Bw4-80Ile motif.

CD8 +  T-cell response in ES. To determine how pressure from 
HIV-1-specific CTL responses might have led to differences in viral 
evolution in the patients, we performed interferon (IFN)-γ enzyme-
linked immunosorbent spot (ELISPOT) assays to determine which 
epitopes were targeted in Gag and Nef. The epitope DQ15 (Gag 
219–233) was targeted by both CP1 and VC1, but mutations in this 
region were observed only in isolates from CP1 (Fig. 3). Similarly,  

VC1 CTL epitopes
CP1 CTL epitopes
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Figure 3 | Gag sequences from VC1 and CP1. Patient-specific CTL epitopes were identified by IFN-γ ELISPOT, and are highlighted for each patient. 
Numbering indicates amino-acid position in Consensus B-Clade Gag.

Table 2 | Cellular factors of viral control.

Transmission pair 1 Transmission pair 2

CP1 VC CP2 ES

HLA-A A*23 A*23, A*29 A*01, A*33 A*02, A*74
HLA-B B*15, B*35 B*07, B*39 B*08, B*35:01 B*52:01, B*57:03
HLA C SNP rs9264942 T/T T/C T/T T/T
HLA-B Bw4-80Ile  −   −   −   + 
KIR3DS1  −   −   −   − 
CCR5 WT/WT WT/WT WT/WT WT/WT

The bold text indicates cellular factors of viral control that have previously been described to be protective in other ES cohort studies.
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a mutation was present in NP15 (Gag 331–346), an epitope targeted 
by VC1, indicating potential virologic escape in this subject.

CP2 and ES38 each targeted several epitopes in Gag (Fig. 4). Inter-
estingly, ES38 made responses to peptides that contained previously 
characterized HLA-B*57-restricted epitopes, and both ES38 and 
CP2 had mutations in HLA-B*57-restricted Gag and Nef epitopes, 
including L90V and H121N in Nef and I147L, G248A, I247V and 
E312D in Gag. In addition, an S173T mutation that has been seen 
in HLA-B*57 individuals35 was present adjacent to the immunodo-

minant HLA-B*57-restricted KF11 epitope (gag 162–172) in both 
patients. The presence of these mutations in both patients, including 
CP2 who is not positive for HLA-B*57 (Table 2), would suggest that 
either CP2 was originally infected with virus from an HLA-B*57-
positive patient, or that ES38 transmitted virus to CP2 after these 
mutations developed. Phylogenetic analysis of clonal nef sequences 
(Fig. 5a) amplified from resting CD4 +  T cells from both patients 
was performed, but the results could not definitively distinguish 
between the two hypotheses.

10 20 30 40 50 60 70 80
....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|

CONSENSUS B MGARASVLSGGELDRWEKIRLRPGGKKKYKLKHIVWASRELERFAVNPGLLETSEGCRQILGQLQPSLQTGSEELRSLYN
ES38 Gag ...........D.................Q........................K......E....A........K..F.
CP Gag ...........D.................Q........................K......E....A........K..F.

90 100 110 120 130 140 150 160
....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|

CONSENSUS B TVATLYCVHQRIEVKDTKEALEKIEEEQNKSKKKAQQAAADTGNSSQVSQNYPIVQNLQGQMVHQAISPRTLNAWVKVVE
ES38 Gag ..........G.D........D..............P.T...........................L.............
CP2 Gag ............D........D..............P..............F..............L.............

170 180 190 200 210 220 230 240
....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|

CONSENSUS B EKAFSPEVIPMFSALSEGATPQDLNTMLNTVGGHQAAMQMLKETINEEAAEWDRLHPVHAGPIAPGQMREPRGSDIAGTT
ES38 Gag ............T............................................AQ.....................
CP2 Gag ............T............................................AQ..........D..........

250 260 270 280 290 300 310 320
....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|

CONSENSUS B STLQEQIGWMTNNPPIPVGEIYKRWIILGLNKIVRMYSPTSILDIRQGPKEPFRDYVDRFYKTLRAEQASQEVKNWMTET
ES38 Gag .......A...S...V.............................K.........................D........
CP2 Gag ......VA...S...V.............................K.........................D........

330 340 350 360 370 380 390 400
....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|

CONSENSUS B LLVQNANPDCKTILKALGPAATLEEMMTACQGVGGPGHKARVLAEAMSQVTNSATIMMQRGNFRNQRKTVKCFNCGKEGH
ES38 Gag ..........R.....M..G.............................M...T.V...K.........I..........
CP2 Gag ..........R.....M..G.............................M...T.V...K.........I..........

410 420 430 440 450 470 480
....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|

CONSENSUS B IAKNCRAPRKKGCWKCGKEGHQMKDCTERQANFLGKIWPSHKGRPGNFLQS~~~~RPEPTAPPEESFRFGEETTTPSQKQ
ES38 Gag L.R................................................RPES....S...........G.A......
CP2 Gag L.R.......R........................................RPES....S...........G.A......

490 500
....|....|....|....|....|

CONSENSUS B EPIDKELYPLASLRSLFGNDPSSQ*
ES38 Gag .....D..................*
CP2 Gag ........................*

456 476466

486 496

10 20 27 37 47 57 65 75
....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|

CONSENSUS B MGGKWSKRSVVGWPTVRERMR~~~RAEPAADGVGAVSRDLEKHGAITSSNTAANNADCAWLEAQEEE~~EVGFPVRPQVP
ES38 Nef .......I.AD..SR......RAGT.....E....A.....R.........VT...A...VA....DDE...........
CP2 Nef ....C..I.AD..SR......RAGP.....E....A.....R.........VT...A...VA....DDE...........

85 95 105 115 125 135 145 155
....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|

CONSENSUS B LRPMTYKGALDLSHFLKEKGGLEGLIYSQKRQDILDLWVYHTQGYFPDWQNYTPGPGIRYPLTFGWCFKLVPVEPEKVEE
ES38 Nef .....F.A........N........VW.............N................P...............D.D....
CP2 Nef .....F.A.V......N........VW.............N................P...............D.D....

165 175 185 195 205
....|....|....|....|....|....|....|....|....|....|..

CONSENSUS B ANEGENNSLLHPMSLHGMDDPEREVLVWKFDSRLAFHHMARELHPEYYKDC*
ES38 Nef ..T....C......Q.....T.K.........H...N.V..........N.*
CP2 Nef ..T....C......Q.....T.K.............N.V..........N.*

STLQEQIGW
.......A...

....
KAFSPEVIPMF

............T..

ISPRTLNAWV
......L........

.............Q.

...S...V.......

VW ...........N...
PP..............P

KGALDLSHF YHTQG

HLA-B*57 Epitopes
ES38 CTL Epitopes
CP2 CTL Epitopes

WQNYTGYFPDW

QASQEVKNW

T

F.A........N...

Figure 4 | Gag and Nef Sequences from CP2 and ES38. Patient-specific CTL epitopes were identified by IFN-γ ELISPOT, and are highlighted for each 
patient. HLA-B*57-restricted epitopes are indicated. Numbering indicates amino acid position in consensus B-clade Gag or Nef.



ARTICLE

��

nature communications | DOI: 10.1038/ncomms1697

nature communications | 3:716 | DOI: 10.1038/ncomms1697 | www.nature.com/naturecommunications

© 2012 Macmillan Publishers Limited. All rights reserved.

It has been shown that some escape mutations in HLA-B*57-
restricted epitopes in Gag have a negative effect on viral fitness15,30 
and may contribute to elite control. ES38 did not possess the T242N 
mutation, which is known to revert when transmitted to HLA-
B*57-negative individuals36–38. Nonetheless, to determine whether 
other mutations in this gene had significant effects on fitness, we 
cloned the gag genes from CP2 and ES38 and compared infection 
of healthy donor CD4 +  cells with these isolates to infection with 
NL4-3. There was no significant difference in the infectivity of virus 
expressing patient-derived Gag (Fig. 5b,c). Thus, the difference in 
the level of viral control in these patients cannot be attributed to 
differences in viral fitness. In addition, the infection levels of both 
viruses was similar to that of the reference strain, further suggesting 
that ES38 was exerting control over a virus that replicates as well in 
vitro as does virus from a patient with progressive disease. Taken 
together, these data suggest that viral fitness is not the determining 
factor that explains differences in the clinical outcome seen in the 
patients in both of the reported transmission pairs.

ES38 was positive for the HLA-B*57 allele, which has been  
associated with elite control of HIV-1 replication in many stud-
ies. However, VC1 does not have any known protective HLA  
alleles; therefore, we compared multiple aspects of her HIV-1- 
specific immune response to those seen in CP1. As shown in Fig. 6a,  

stimulation of peripheral blood mononuclear cells (PBMCs) with 
overlapping Gag peptides resulted in a substantially higher percent-
age of IFN-γ-expressing HIV-specific CD4 +  T cells that coexpressed 
interleukin (IL)-2 in VC1 compared with CP1, consistent with pre-
vious studies showing the preservation of IL-2 secretion in aviremic 
individuals39–42. CD8 +  T-cell responses have been intensely stud-
ied in ES. It has been shown that CTLs from ES are more likely to 
upregulate cytolytic granules containing perforin and granzyme 
B20,25,27. These cells are also more likely to coexpress IFN-γ and 
tumour necrosis factor (TNF)-α43, which is a known correlate of 
cytotoxic activity44. IFN-γ-expressing HIV-specific CD8 +  T cells 
from VC1 fit this profile and coexpressed more perforin and TNF-
α in response to stimulation with Gag and Nef peptides than did 
CD8 +  T cells from CP1 (Fig. 6b–d). To determine whether this 
phenotype was associated with actual inhibition of viral replication, 
a suppression assay was performed. Because CP1 was on HAART, 
CD4 +  T cells from both patients were incubated for a week before 
infection with pseudotyped virus. Freshly isolated CD8 +  T cells 
from CP1 had no effect on CD4 +  T-cell infection, whereas CD8 +  T 
cells from VC1 substantially reduced the percentage of infected cells 
(Fig. 6e). In a traditional inhibition assay where there was no prein-
cubation of CD4 +  T cells before stimulation and infection, CD8 +  
T cells of VC1 were seen to be as effective as those from a cohort of 
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HLA-B*57 ES in controlling replication-competent virus in vitro, 
whereas CD8 +  T cells from patients with progressive disease and 
uninfected individuals had low inhibitory activity (Fig. 6f).

Discussion
Understanding the mechanisms of control of viral replication in 
VC and ES may lead to effective immunotherapy of HIV-1 infec-
tion. Determining the role of viral fitness versus host factors in 
these patients is critical, because it bears directly on the fundamen-
tal mechanism of elite control of HIV-1 replication. Unfortunately, 
isolating replication-competent virus from ES has proven to be 
extremely challenging. As a result, many studies have focused on 
the analysis of proviral and/or plasma sequences from ES. Some 
studies have not found any deleterious mutations or large dele-
tions45,46, whereas others have reported significant deletions2–11 
and/or reductions in the fitness of recombinant viruses expressing 
viral genes amplified from ES46–49. The results of these studies are  
limited by the fact that many proviral clones are not replication  

competent and the viruses in the plasma of ES typically contain 
attenuating escape mutations not found in virus archived in rest-
ing CD4 +  T cells50. Full genome sequence analysis has been per-
formed for less than ten replication-competent isolates cultured 
from ES CD4 +  T cells11,12,28,51, and there has been only one doc-
umented case of viral transmission from a CP to an ES described 
in the literature28. The two transmission pairs presented here are 
unique because they stand in contrast to the previously reported 
transmission pair: in this study, viruses isolated from both VC1 and 
ES38 were fully replication competent and as fit as viruses isolated 
from their partners with progressive HIV-1 disease. In the previous 
study, the ES was found to have an attenuated viral isolate. While 
we hypothesized that the diminished fitness in this patient was due 
to escape mutations that developed in response to strong selective 
pressure from CTL, it is also possible that viral attenuation preceded 
transmission and contributed to ES28. However, in this report, we 
have shown for the first time that replication-competent isolates 
obtained from patients who controlled viral replication had no 
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evidence of attenuation and had the potential to cause progressive 
disease in vivo. This strongly suggests that in some cases elite sup-
pression is not the result of infection with attenuated viruses. While 
ES38 is HLA-B*57:03 positive, no other known cellular factors 
could explain viral control in either of these transmission pairs. The 
HLA-C-related SNP and the delta 32 CCR5 mutation that confer 
relative protection against HIV-1 infection were not present in any 
of our patients, and all patients lacked the combination of KIR3DS1 
and protective HLA-B alleles. CD8 +  T cells have been extensively 
studied in control of HIV-1 infection, and strong evidence supports 
their key role in delaying disease progression20,25–27. While we 
were unable to perform detailed HIV-specific CD8 +  T-cell analysis 
in ES38 due to a lack of cells, it is likely that HIV-specific HLA-
B*57-restricted CTL had a role in elite control of viral replication. 
VC1 did not have any known protective HLA allele, but, unlike CP1, 
she had polyfunctional HIV-specific CD4 +  T cells, and her HIV-
specific CD8 +  T cells expressed substantial levels of perforin and 
TNF-α on activation and were as effective at inhibiting HIV-1 rep-
lication as CD8 +  T cells from many HLA-B*57-positive ES. Thus, 
the differences in CD8 +  T-cell function can probably explain the 
difference in clinical outcomes seen in these patients.

These data support the hypothesis that ES are infected with virus 
that replicates as well as virus that causes progressive disease, and a 
combination of host immune factors, unique to ES, enables control 
of viral replication. While infection with an attenuated virus can 
increase the chance of early and prolonged control of viral repli-
cation, this study and others supports a model in which host fac-
tors have a dominant role in determining the clinical outcome of 
infection. These results are consistent with the macaque model of 
elite control, in which animals with protective major histocompat-
ibility complex alleles are capable of controlling fully replication- 
competent laboratory strains of SIV (reviewed in ref. 52). Intrigu-
ingly, in two distinct elite monkey models, depletion of CD8 +  T 
cells with monoclonal antibodies results in the transient loss of con-
trol of viral replication53,54, implying that these cells have a major 
role in elite suppression.

Importantly, these data suggest that ESs have a unique capacity to 
restrict viral replication, independent of the fitness of the infecting 
virus. Our sequence analysis suggests that ES31 may have infected 
CP2 who then went on to develop a rapid decline in his CD4 +   
T-cell count. Overall, the data presented here provide the strongest 
evidence to date that in some cases host factors rather than viral fit-
ness determine clinical outcome. Thus, by identifying the contribu-
tion of individual host factors, the mechanism of elite suppression 
could form the basis for a therapeutic vaccine for HIV-1.

Methods
Patient consent. All patients were provided written, informed consent, and the 
handling of all patient samples was in accordance with the policies dictated by  
the Johns Hopkins University regulations.

Virus isolation and sequence analysis. Culture of replication-competent virus 
and full genome sequence analysis of proviral and plasma virus were performed  
using a modified, highly sensitive coculture assay12. Clonal nef sequences were  
amplified from resting CD4 +  T cells as previously described16. Classical, maxi-
mum likelihood and Bayesian phylogenetic analysis were performed as described 
previously15. The nested primers used in the study are as follows: LTR1 out  
(5′-cacacaaggctayttccctga-3′), LTR2 out (5′-TCCYCYTGGCCTTAACCGAAT-3′);  
LTR3 inner (5′-ACTGTCTAGATGGATGGTGCTWCAAGYTAGT-3′), LTR4  
inner (5′-ACTGCTCGAGTCCTTCTAGCCTCCGCTAGTC-3′); 5 gag Outer  
(5′-GCGAGAGCGTCAGTATTAAGC-3′), 3 gag outer (5′-TCTTTATCTAA 
GGGAACTGAAAAATATGCATC-3′); 5 gag In (5′-GGGAAAAAATTCGGTTA 
AGGCC-3′), 3 gag In (5′-CGAGGGGTCGTTGCCAAAGA-3′); 5 outer FL  
(5′-GCCCCTAGGAAAAAGGGCTGTTGG-3′), 3 outer FL (5′-CCTTGCCCCT 
GCTTCTGTATTTCTGC-3′); 5 inner FL (5′-TGCAGGGCCCCTAGGAAAAAG 
GGCTG-3′), 3 inner FL (5′-CATGTACCGGTTCTTTTAGAATCTCCCTGT-3′), 
5 integrase outer (5′-ACTCCATCCTGATAAATGGACAG-3′), 3 integrase outer 
(5′-AATCCTCATCCTGTCTACTTGCC-3′); 5 integrase inner (5′-GAAAATT 
GAATTGGGCAAGTC-3′), 3 integrase inner (5′-CCACACAATCATCACCT 
GCC-3′); accessory outer 1 (5′-CGGGTTTATTACAGGGACARCARA-3′),  

accessory outer 2 (5′-GGCATGTGTGGCCCARAYATTAT-3′); accessory inner 1 
(5′-GGTGAAGGGGCAGTAGTAATACAA-3′), accessory inner 2 (5′-CCCATA 
ATARACTGTGACCCACAA-3′); 5 Env outer (5′-ATGGCAGGAAGAAGCG 
GAGACAG-3′), RT4.2 (5′-GCTCAACTGGTACTAGCTTGAAGCACC-3′);  
5 Env inner (5′-GATAGACGCGTAGAAAGAGCAGAAGACAGTGGCAATG-3′), 
3 Env inner (5′-CCTTGTGCGGCCGCCTTAAAGGTACCTGAGGTCTGAC 
TGG-3′); 5 Nef outer (5′-GTAGCTGAGGGGACAGATAGGGTTAT-3′),  
3 Nef outer (5′-GCACTCAAGGCAAGCTTTATTGAGGC-3′); 5 Nef inner  
(5′-CGTCTAGAACATACCTAGAAGAATAAGACAGG-3′), 3 Nef inner  
(5′-CGGAATCCGTCCCCAGCGGAAAGTCCCTTGTA-3′).

Viral fitness assay. Viral fitness was analysed as described previously12. PBMCs 
from healthy donors were cultured for 2 days in the presence of IL-2 and phytohae-
magglutinin. CD4 +  T cells were isolated (MACS, CD4 +  T cell isolation Kit) and 
infected by spinoculation55 (1,200 g for 2 h) with equal quantities (200 ng ml − 1) 
of p24 from primary patient isolates, and with HIV-1BAL as a reference strain. 
Supernatant samples were taken over the course of 7 days. Viral replication was 
quantified using p24 ELISA (Perkin Elmer).

To study the effect of mutations in HLA-B*57 epitopes on gag fitness, gag from 
patient viral isolates was amplified by PCR. The resulting amplicon was digested 
with BSSHII and SbfI restriction enzymes and ligated into a previously described 
pNL4-3-∆Env GFP NL43dE vector56. The pNL4-3-∆Env GFP NL43dE vector with 
patient-specific gag was transformed into Stbl-3 cells (Invitrogen) to amplify, and 
co-transfected into 293T cells with an X4 Env plasmid to produce single round 
replication pseudovirus expressing patient-specific gag. After a 3-day transfection, 
cellular debris was removed by centrifugation and filtration through Steriflip filters 
(Millipore). Virus was collected by ultracentrifugation at 1,200 g for 2 h at 25 °C. 
CD4 +  T cells from healthy donor PBMCs were isolated by magnetic bead separa-
tion (Miltenyi), and were infected by spinoculation with NL4-3 (control), ES31-gag 
and CP2-gag pseudoviruses. Infection was analysed after 3 days of infection by 
measuring green fluorescent protein (GFP) expression using a flow cytometer.  
The results were normalized by transfection efficiency.

Genetic polymorphisms. HLA-A and HLA-B locus allele identification was 
performed as previously described12. CCR5 from all patients was amplified from 
genomic DNA using gene-specific primers. The presence or absence of the CCR5 
∆32 mutation was determined by relative size of the resulting PCR fragment.  
HLA-C SNP genotyping (rs9264942) was performed using the Applied Biosystems 
7300 real-time PCR System allelic discrimination assay (Applied Biosystems), 
following the manufacturer’s guidelines. Primers and probes were developed by 
Custom TaqMan SNP Genotyping assays (ABI). Determination of the KIR3DS1 
and HLA-B Bw4-80Ile allele was performed using the Olerup SSP 104.101 KIR 
Genotyping 12 Lot71E and 104.201 KIR ligand genotyping Lot85E kits, following 
the manufacturer’s guidelines.

Immunologic assays. Cytokine expression was determined by an intracellular  
cytokine staining assay as previously described28. PBMCs were stimulated  
overnight with either HIV-1 Gag Nef peptides at a concentration of 5 µg ml − 1.  
For CD8 +  T-cell analysis, patient-specific Gag or Nef peptides determined by  
IFN-γ ELISPOT were used. For CD4 +  T-cell cytokine analysis, overlapping pep-
tides spanning the entire amino-acid sequence of B-clade consensus Gag  
were used. Conjugated antibodies specific for perforin (Diaclone Research), IL-2 
(BD Biosciences), INF-γ (BD Biosciences) and TNF-α (BioLegend) were used to 
examine cytokine expression by flow cytometry.

The Cytolytic T-cell effect for VC1 compared with healthy donors, viremic 
patients and ES was determined by a CD8 suppression assay. PBMCs were isolated 
from patients, and CD8 +  T cells were positively selected using Miltenyl magnetic 
beads (MACS, CD8 +  T cell Isolation kit). CD8 +  T cells were depleted of CD16 +  
cells (Invitrogen, Dynal Beads) to remove contaminating NK cells. CD4 +  T cells 
were isolated by negative selection using Miltenyi magnetic beads. Purity of  
depletion was analysed by flow cytometry. CD4 +  T cells were infected by  
spinoculation at 1,200 g for 2 h with replication-competent NL4-3 virus, in which 
GFP is engineered into nef. Autologous CD8 +  T cells were added at a 1:1 ratio to 
CD4 +  T cells, and infection between cultures with and without CD8 +  T-cell  
addition were compared. Fluorescence-activated cell sorting analysis was  
performed 5 days after infection.

To compare cytolytic T-cell effects between VC1 and CP1, PBMCs were 
isolated and cultured for 3 days in stimulating media. CD4 +  T cells were isolated 
after 3 days, and maintained in stimulating media for another 4 days to diminish 
the inhibitory effect of the antiretroviral drugs that CP1 was on. The CD4 +  T cells 
were spinoculated at 1,200 g for 2 h with single-cycle pseudotyped NL4-3 virus. 
This virus was used to minimize the differences in the amount of replication that 
occurred in the patients’ CD4 +  T cells. Autologous CD8 +  T cells, isolated directly 
ex vivo, were added at a 1:1 ratio to CD4 +  T cells, and infection between cultures 
with and without CD8 +  T-cell addition. Fluorescence-activated cell sorting  
analysis was performed 5 days after infection.

To produce the replication-competent NL4-3, the pNL4-3-∆Nef GFP vector 
was transformed into Stbl-3 cells (Invitrogen) to amplify, and transfected into 
293T cells to produce pseudovirus. After a 3-day transfection, cellular debris was 
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removed by centrifugation and filtration through Steriflip filters (Millipore). Virus 
was collected by ultracentrifugation at 1,200 g for 2 h at 25 °C.

To produce the single-cycle NL4-3, the pNL4-3-∆Env GFP NL43dE vector was 
transformed into Stbl-3 cells (Invitrogen) to amplify, and co-transfected into 293T 
cells with an X4 Env plasmid to produce single round replication pseudovirus. 
After a 3-day transfection, cellular debris was removed by centrifugation and filtra-
tion through Steriflip filters (Millipore). Virus was collected by ultracentrifugation 
at 1,200 g for 2 h at 25 °C.

Reactive CTL epitopes were defined by IFN-γ ELISPOT. As previously 
described28, whole blood was taken from each patient and PBMCs were isolated  
by Ficoll gradient centrifugation. PBMCs were aliquoted into each well of  
96-well MultiScreen (Millipore) plates with conjugated IFN-γ antibody. Cells were 
activated with overlapping peptides spanning the entire amino-acid sequence of 
B-clade consensus gag and nef. Alternatively, cells were activated with peptides 
representing conserved epitopes in HLA-B*57. PBMCs were cultured overnight, 
and subsequently analysed. Quantification of spot-forming units was performed 
independently and in a blinded manner.

Nucleotide sequences accession numbers. Full genome sequences from each  
patient have been submitted to the nucleotide core GenBank database and have 
been assigned accession numbers JN397362 to JN397365.
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