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ABSTRACT

Elite controllers or suppressors (ES) are HIV-1-infected patients who maintain undetectable viral loads without antiretroviral
therapy. The mechanism of control remains unclear, but the HLA-B�57 allele is overrepresented in cohorts of these patients.
However, many HLA-B�57 patients develop progressive disease, and some studies have suggested that infection with defective
viruses may be the cause of the lack of high levels of virus replication and disease progression in ES. We therefore performed a
comprehensive comparative in vivo and in vitro characterization of viruses isolated from well-defined ES. For this purpose, we
first performed full-genome sequence analysis and in vitro fitness assays on replication-competent isolates from HLA-B�57 ES
and HLA-B�57 chronic progressors (CPs). Under our experimental conditions, we found that isolates from ES and CPs can repli-
cate in vitro. However, since inherently these assays involve the use of unnaturally in vitro-activated cells, we also investigated
the replication competence and pathogenic potential of these HIV isolates in vivo using humanized BLT mice. The results from
these analyses demonstrate that virus isolates from ES are fully replication competent in vivo and can induce peripheral and sys-
temic CD4 T cell depletion. These results provide the first direct in vivo evidence that viral fitness does not likely determine clini-
cal outcome in HLA-B�57 patients and that elite suppressors can control replication-competent, fully pathogenic viruses. A bet-
ter understanding of the immunological bases of viral suppression in ES will serve to inform novel approaches to preventive and
therapeutic HIV vaccine design.

IMPORTANCE

Elite suppressors are HIV-1-infected patients who have undetectable levels of viremia despite not being on antiviral drugs. One
of the most fundamental questions about this phenomenon involves the mechanism of control. To address this question, we iso-
lated virus from elite suppressors and from HIV-1-infected patients who have the usual progressive disease course. We com-
pared how well the isolates from the two groups of patients replicated in culture and in humanized mice. Our results suggest that
elite suppressors are capable of controlling HIV-1 due to the possession of unique host factors rather than infection with defec-
tive virus.

Understanding the mechanisms involved in the natural control
of human immunodeficiency virus type 1 (HIV-1) replica-

tion may lead to the design of an effective HIV-1 vaccine. Patients
known as elite controllers or suppressors (ES), who maintain viral
loads below the limit of detection of clinical assays without anti-
retroviral therapy (ART), represent fewer than 1% of all HIV-1
infected patients (1–3). Previous reports have suggested that some
ES and long-term nonprogressors, who maintain stable CD4
counts for prolonged periods, are infected with attenuated or de-
fective virus (4–12). However, in other studies, replication-com-
petent HIV-1 isolates were cultured from some ES (13–15), and
full-genome sequence analysis of these replication-competent iso-
lates did not reveal any large deletions or signature mutations
(13). It has been very challenging to isolate virus from ES, and
full-length genotypic analyses have been performed on replica-
tion-competent isolates obtained from fewer than 10 ES (11, 13,
16–18) and just 3 HLA-B�57-positive ES (13, 16, 18). Further-
more, studies comparing the growth kinetics of replication-com-
petent virus from ES to those of multiple isolates from patients
with progressive disease have not been performed. Host factors

clearly contribute to elite suppression of viral replication. The
HLA-B�57 allele is overrepresented in cohorts of ES (19–24) and
has been associated with HIV control in large genome-wide asso-
ciation studies (25, 26). HIV-1 epitopes that are presented by
HLA-B�57 proteins are conserved and immunodominant, and
robust HIV-1-specific T cell responses have been documented in
HLA-B�57 ES (19, 20, 27–30). However, many HLA-B�57 pa-
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tients are viremic and develop progressive disease (19). To deter-
mine the in vivo contribution of viral fitness to the clinical out-
come in HLA-B�57 patients, we (i) isolated replication-
competent virus from CD4� T cells from 18 HLA-B�57 patients,
(ii) performed full-genome sequence analysis, (iii) demonstrated
their in vitro replication competence, and (iv) evaluated their abil-
ity to establish a de novo infection, deplete CD4� T cells, and
establish latency in vivo using BLT humanized mice. Our results
strongly suggest that some ES are indeed capable of controlling
replication of fully pathogenic HIV-1 isolates.

MATERIALS AND METHODS
Patient population. We studied 24 HIV-1-seropositive individuals.
Eleven were elite suppressors (ES), who maintained viral loads of �50
copies/ml without antiretroviral therapy; 3 were viremic controllers
(VCs), who had viral loads of greater than 50 copies/ml but less than 2,000
copies/ml; and 10 were chronic progressors (CPs), who had pre-ART viral
loads of �2,000 copies/ml. Replication-competent virus was obtained
from 5 of the 11 ES. Table 1 lists the clinical characteristics of the patients
used for the study. The protocol was approved by the Institutional Review
Board of Johns Hopkins University School of Medicine. Informed con-
sent was obtained before phlebotomy. The study was approved by the
Johns Hopkins University Institutional Review Board. All study subjects
were older than 21 years of age, and informed written consent was ob-
tained from all subjects prior to enrollment into the study.

Virus isolation and sequence analysis. Isolation of replication-com-
petent virus from bulk CD4� T cells was performed as previously de-
scribed (13). Briefly, total CD4� T cells were isolated by negative selection
using the Miltenyi CD4� T cell isolation kit II. The CD4� T cells were
cultured with irradiated donor cells and phytohemagglutinin (PHA) at a
final concentration of 0.5 �g/ml in the presence of interleukin-2 (IL-2)
and T cell growth factors. After 2 days, PHA was removed and PHA-
activated donor blasts were added to the culture. HIV p24 Gag antigen was
measured at days 14 and 21 (Perkin-Elmer). Replication-competent iso-

lates were obtained from 10 CPs, 3 VCs, and 5 ES (Table 1). We were not
able to isolate replication-competent virus from 6 other ES. Isolates from
one ES (ES 38) have been previously described (18). RNA was isolated
from positive-well supernatants. Full-genome sequence analysis of viral
isolates was performed as previously described (13). nef clones from the
replication-competent virus were compared to proviral nef clones ampli-
fied by PCR. Phylogenetic analysis suggested that the replication-compe-
tent isolates were representative of the virus archived in the latent reser-
voir of these patients (data not shown). Resistance mutation predictions
were performed using Geno2Pheno database (http://www.geno2pheno
.org/).

Sequence analysis of virus amplified from humanized mice. Mouse
spleen and thymus samples were collected, and proviral DNA was ex-
tracted using the QIAamp DNA Blood Minikit (Qiagen). Nested PCR was
then performed to amplify proviral Gag and Nef, and sequence analysis
was performed as previously described (13).

Generation of humanized BLT mice. BLT mice were generated as
previously described (31, 32). Briefly, 6- to 8-week-old NOD.Cg-Prkdc-
scid Il2rgtm1Wjl/SzJ (NSG) mice (Jackson Laboratory) were irradiated
with 200 cGy and implanted with fetal thymus and liver tissue underneath
the kidney capsule. CD34� cells isolated from autologous fetal liver were
used to transplant between 2 � 105 and 3 � 105 cells per mouse. Recon-
stitution of BLT mice with human immune cells was monitored in periph-
eral blood by flow cytometry every 3 to 4 weeks as previously described
(31). Mice were maintained by the Division of Laboratory Animal Medi-
cine under specific-pathogen-free conditions at the University of North
Carolina at Chapel Hill in accordance with protocols approved by the
Institutional Animal Care and Use Committee.

Flow cytometry analysis. Mononuclear cells (MNCs) from BLT mice
were isolated from the bone marrow, spleen, lymph nodes, lung, liver, and
thymic organoid tissues as previously described (32). Live cells were iden-
tified based on their characteristic side scatter versus forward scatter. Sub-
sequently, live human MNCs were identified with mouse anti-human
CD45� (clone HI30; BD Pharmingen) to determine the percentage of
human reconstitution. Lymphocytes were gated through human CD45�

TABLE 1 Clinical dataa

Patient 
ID 

Patient 
group 

HLA-B*57 
allele 

Year HIV 
Diagnosed 

Year 
Treatment 
Initiated 

Pre-ART 
CD4+ T 

cell count  
(cells/ul) 

Pre-ART 
Viral Load 
(copies/ml)  

Last CD4+ 
T cell 
count 

(cells/ul)  

Last 
Viral 
Load 

(copies/
ml) 

IUPM *  Tropismθ 
Drug 

Resistance 
MutationsΨ 

ES22 ES 57:03 2009 NA NA NA 1068 <50 0.036 R5 No 
ES24 ES 57:03 2009 NA NA NA 1582 <50 4.57 R5 No  
ES38 ES 57:03 2010 NA NA NA 1141 <50 1.21 R5 No 
ES39 ES 57:01/03# 2009 NA NA NA 972 <50 0.21 R5 No 
ES40 ES 57:01 2007 NA NA NA 815 <50 0.08 R5 No 
VC3 VC 57:03 2002 NA NA NA 442 319 6 R5 No 
VC4 VC 57:01 2003 NA NA NA 421 1837 2.54 X4 No 
VC6 VC 57:02 2008 NA NA NA 644 405 >1 R5 No 
CP3 CP 57:01 2007 2007 18 297092 289 <50 1.6 X4 No  
CP4 CP 57:01 1998 2008 155 95313 574 <50 40.5 X4 No  
CP5 CP 57:01 1993 1997 692 23118 357 <50 81.7 R5 No  
CP6 CP 57:03 1999 NA NA NA 254 452049 847.8 R5 No 
CP7 CP 57:01 1992 NA NA NA 25 100000 4009 X4 No 
CP8  CP 57:03 1988 2006 275 13000 508 65 1.6 X4 No  
CP9 CP 57:03 2005 2010 483 3234 438 <50 1.6 R5 No  

CP10 CP 57:01 2001 2002 32 391922 588 276 16.29 R5 Yes (NRTI) 
CP12 CP 57:03 1999 1999 200 200000 321 <50 >1 X4 No 

CP13 CP 57:03 2002 NA NA NA 875 13870 8.08 X4 
Yes(NRTI 

and PI) 
a #, could not distinguish between HLA-B�57:01 and HLA-B�57:02; �, infectious units per million (IUPM) was determined by limiting-dilution culture analysis using
purified CD4� T cells; �, tropism of isolates as determined by culture analysis in MT-2 cells; �, drug resistance mutations were predicted using the Geno2Pheno
database.
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cells and CD3 (clone HIT3a; BD Pharmingen) cells for T cell subsets. T
cells (CD45� CD3� gate) were further analyzed for CD4 (RPA-T4; BD
Pharmingen) and CD8 (clone SK1; BD) subsets. For the identification of
resting CD4� T cells, analysis was performed as previously described (32).
All flow cytometry data were collected and analyzed using BD FACSDiva
software.

Exposure of BLT mice to HIV. Humanized BLT mice were adminis-
tered 200 �l of HIV at a concentration of approximately 325 ng/ml p24.
All mice were exposed via tail vein injection. Mice were bled to determine
the presence of viral RNA in the plasma beginning at 1 week postexposure.

Analysis of HIV infection. RNA from the plasma was isolated using
the RNeasy Minikit (Qiagen). Levels of viral RNA were quantified with a
one-step real-time reverse transcriptase PCR (RT-PCR) assay using the
following primers and probe: 5=-CATGTTTTCAGCATTATCAGAAGG
A-3=, 5=-TGCTTGATGTCCCCCCACT-3=, and 5=-6-carboxyfluorescein
(FAM)-CCACCCCACAAGATTTAAACACCATGCTAA-Q (nonfluores-
cent quencher)-3= (Applied Biosystems).

Establishment and assessment of HIV latency in BLT mice. HIV ex-
posure was performed as described above. At 2 weeks postexposure, an-
tiviral therapy consisting of tenofovir disoproxil fumarate, emtricitabine,
and raltegravir was administered intraperitoneally (i.p.) as previously de-
scribed (32). On day 20 of therapy, the dose of tenofovir disoproxil fuma-
rate was lowered to 102 mg/kg body weight and maraviroc was added at
61.5 mg/kg body weight. After a period of suppression of viral replication
was achieved, lymph nodes, spleen, liver, lung, and bone marrow were
harvested from the animal, and cells were isolated from these tissues and
from peripheral blood as described above. The cells from all tissues were
combined, and the resting human CD4� T cells were isolated via negative
selection (Stemcell Technologies, Vancouver, Canada) (32). The enriched
resting cells were cultured in the presence of 15 nM efavirenz and 1 �M
raltegravir for 1 day as to limit the potential contribution of nonintegrated
HIV DNA to the outgrowth assay results. The resting cells were then
stimulated and cocultured with feeder cells as previously described (33). A
maximum-likelihood method was used to calculate the frequency of rest-
ing cell infection (33). The results are expressed as infectious units per
million resting CD4� T cells (IUPM).

Viral tropism assay. Positive supernatants from each patient were
used to infect MT-2 cells (obtained from the NIH AIDS Research and
Reference Program) as previously described (34). Tropism was deter-
mined by the degree of replication in these cells as determined by the p24
assay (Perkin-Elmer).

Viral fitness assay. Viral fitness was analyzed as described previously
(13). Peripheral blood mononuclear cells (PBMCs) from a healthy donor
were activated for 2 days with IL-2 and PHA. CD4� T cells were isolated
(by magnetically activated cell sorting [MACS] with a CD4� T cell isola-
tion kit II) and infected by spinoculation (1,200 � g for 2 h) with equal
quantities (200 ng/ml) of p24 from primary patient isolates or with Ba-L
or IIIB laboratory HIV-1 strains as controls. Supernatant samples were
taken over the course of 7 days. Viral replication was quantified using p24
enzyme-linked immunosorbent assay (ELISA) (Perkin-Elmer). The me-
dian p24 concentrations for each point were determined for each group of
patients and were compared using the Mann-Whitney nonparametric
test.

CD4 and HLA downregulation. CD4� T cells from healthy HLA-A2�

donors were obtained and infected as described above. On days 3, 5, and 7,
the cells were stained with allophycocyanin (APC)-Cy7-conjugated anti-
CD4 antibody, APC-conjugated anti-CD3 antibody, and phycoerythrin
(PE)-conjugated HLA-A2 antibody (Becton Dickinson) and then fixed
and permeabilized with Cytofix/Cytoperm solution (Becton Dickinson).
Intracellular staining for Gag was then performed with phycoerythrin-
conjugated KC57 antibody (Beckman Coulter) as previously described
(35, 36). The HLA-A2 downregulation ratio was defined as the mean
fluorescence intensity (MFI) of HLA-A2 on cells that were positive for
intracellular Gag divided by the MFI of HLA-A2 on CD4� T cells that
were Gag negative. The CD4 downregulation ratio represents the fraction

of all CD4� T cells that were Gag positive and CD4 low. The Mann-
Whitney nonparametric test was used to compare CD4 and HLA down-
regulation for each group of patients.

HLA typing. Genomic DNA was isolated from peripheral blood
mononuclear cells using the QIAamp DNA Blood Minikit (Qiagen). The
HLA-B locus was amplified, followed by bidirectional sequencing of ex-
ons 2, 3, and 4 with AlleleSEQR HLA-B (Abbott). Sequences were then
obtained on 3130 XL (Applied Biosystems) and assembled with Assign
software (Conexio Genomics, Australia).

For HLA typing of the human tissue used to reconstitute the human-
ized BLT mice, the thymus/liver organoid was harvested at necropsy and
cells were extracted. DNA was purified using the QIAamp DNA Blood
Minikit (Qiagen).

Nucleotide sequence accession numbers. The sequences determined
in this study have been submitted to GenBank (accession numbers
KF384798 to KF384908).

RESULTS

We studied virus isolated from 18 HLA-B�57 patients; 5 of these
were ES, 10 were chronic progressors (CPs), and 3 were patients
known as viremic controllers (VCs), who maintained plasma virus
levels of between 50 and 2,000 copies of HIV-1 RNA/ml (Table 1).
As shown in Fig. 1, all the isolates from the 3 patient groups rep-
licated vigorously in vitro in IL-2/PHA-activated CD8-depleted
CD4� T cells, and the median growth curves from the 3 patient
groups were not significantly different. Full HIV-1 genome se-
quencing performed for all 18 isolates revealed no large deletions
in any of the genes, and drug resistance mutations, which could
potentially affect viral fitness, were present in only 2 CPs (Table 1).
However, viral isolates from CPs were more likely to be CXCR4-
tropic than virus isolated from ES, consistent with higher levels of
ongoing viral replication in CPs (Table 1).

Escape mutations in HLA-B�57-restricted Gag epitopes have
been well characterized and have been shown to have a fitness cost
in vivo (37–39) and in vitro (40–42). We compared the frequency
of mutations in HLA-B�57 epitopes in the different groups of
patients and found that isolates from CPs and VCs were more
likely to contain escape mutations in Gag, Nef, and integrase than
isolates from ES (Fig. 1 and 2; see Table S1 in the supplemental
material). In contrast, there was no significant difference in the
frequency of escape mutants in HLA-B�57-restricted epitopes in
other viral genes (Fig. 2). Multiple studies have highlighted the
importance of Nef in viral pathogenesis in vivo (43, 44). Nef plays
a key role in CD4 (45) and HLA-A and HLA-B molecule (46)
downregulation. Sequence analysis demonstrated that all isolates
had intact nef genes. We thus assessed these parameters in all 18
isolates. As shown in Fig. 3, there was no significant difference in
the downregulation of CD4 or HLA-A2 by isolates from the dif-
ferent patient groups. Taken together, our findings suggested that
isolates from HLA-B�57 ES are fully replication competent, with
functional nef genes and fewer cytotoxic T lymphocyte (CTL) es-
cape mutations in Gag and Nef than seen in CPs.

Having established the in vitro replication competence of these
viruses, we proceeded to perform an in vivo analysis of their rep-
lication competence and their ability to induce CD4� T cell de-
pletion and to establish latency. To address these important issues,
we used BLT humanized mice (47, 48). BLT mice are generated by
transplantation of immunodeficient mice previously implanted
with human fetal thymic and liver tissue with autologous CD34�

hematopoietic stem cells (31). The humanized BLT mice used for
the experiments in this study were derived from 5 different tissue
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samples. Prior to infection, the presence of human cells in periph-
eral blood was confirmed by flow cytometry. The peripheral blood
of the BLT mice used for experiments in this study had on average
68.5% (	6.6%) human (CD45�) cells, of which 47.9%

(	12.45%) expressed human CD3. Of the CD3� human T cells,
83.6% (	2.9%) also expressed human CD4. Once the presence of
human cells was confirmed in all the animals, they were inocu-
lated via tail vein injection with 4 isolates from 3 ES (including the

(1/1)         

                      KAF9   HW9    YT9 
 
                       85          120                           
                    ...|....|  ....|....|...   
          
CONSENSUS_B Nef     KGALDLSHF  HTQGYFPDWQNYT  
 
ES22 (1/1)          .A...I...  .............  
 
ES24 (12/12)        .A.......  .............  
 
ES38 (1/1)          .A.......  N............ 
 
ES39 (1/1)          SA.M.....  ....F.....C.. 
 
ES40  .A.V.....  ....F........  
 
VC3  (4/5)          .........  .............  
VC3  (1/5)          .........  ............. 
 
VC4  (3/4)          .........  .............  
VC4  (1/4)          .....F...  .............  
 
VC6  (1/1)          Q..F.....  .............  
 
CP3  (4/7)          .A.V.....  N........H...  
CP3  (3/7)          ...V.....  N........H...  
 
CP4  (5/6)          .........  N............  
CP4  (1/6)          .........  N............  
 
CP5  (10/10)        .A.......  N............  
 
CP6  (4/5)          NA.R...F.  N............  
CP6  (1/5)          NA.R...F.  N............  
 
CP7  (3/5)          ...V.....  N............  
CP7  (2/5)          ...V.F...  N............  
 
CP8  (5/5)          ...F.....  N...F........  
 
CP9  (2/2)          .........  .............  
 
CP10 (3/4)          ...V.....  N...F....H...  
CP10 (1/4)          ...V.F...  N...F....H...  
 
CP12  (1/1)         .....F...  N............  
 
CP13  (1/2)         ...I.I...  .............  
CP13  (1/2)         ...V.I...  ............. 

ISW9      KF11   TW10        

                       150         165      240                      
                   ....|....|   ...|....|..   |....|....   
       
CONSENSUS_B Gag        AISPRTLNAW  KAFSPEVIPMF  TSTLQEQIGW   
 
ES22 (1/1)         ..........  ...........  ........D.   
 
ES24 (13/13)       ..........  ...........  ..........   
 
ES38 (1/1)         .L........  ...........  ........A.   
 
ES39 (1/1)         ..........  ...........  .....D..A.   
 
ES40 (1/1)         .L........  ...........  ..........   
 
VC3  (3/3)         PL........  ...........  ..N.....A.   
 
VC4  (4/6)         .L........  ...........  ..N.....A.   
VC4  (2/6)                      ..........  ..N.....A.   
 
VC6  (1/1)         .L........  ...........  ....R...D.   
 
CP3  (4/5)         .L........  ...........  ..N....VA.   
CP3  (1/5)         .L........  ...........  ..N.....A.   
 
CP4  (6/6)         .L........  ...........  ..N.....A.   
 
CP5  (1/3)         P.........  ...........  ..N.......  
CP5  (1/3)         PL........  ...........  ..N.......    
CP5  (1/3)         .L........  ...........  ..N.......    
 
CP6  (4/4)         PL........  .N.........  ..N.....A.   
 
CP7  (1/1)         P.T.......  ...........  ..N.....R.    
 
CP8  (1/2)         P.........  ...........  ..N.......   
CP8  (1/2)                     ...I.......  ..N.......   
 
CP9  (2/2)         PL........  ...........  ..N.....N.    
 
CP10 (2/2)         .L........  ...........  ..N.......   
 
CP12 (1/1)         PL........  .N.........  ..N.....T.   
 
CP13 (1/2)         PR........  ...........  ..N.....A.   
CP13 (1/2)         R...TS....  ...........  ..N.....A.   
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FIG 1 (A) Growth kinetics of 18 HIV-1 isolates cultured from CD4� T cells from HLA-B�57� patients. The patients were ES (red), VCs (green), or CPs (blue).
Two laboratory strains (black) were included for comparison. The isolates were all cultured in activated CD4� T cells from the same HIV-1 negative donor. (B)
Median growth curve for each group of patients. (C and D) Sequence variation within the three HLA-B�57-03-restricted Gag (C) and Nef (D) epitopes for each
isolate. The red and blue boxes denote two distinct but overlapping Nef epitopes, HW9 (116 to 124) and YT9 (120 to 128), respectively. Comparisons of the degree
of sequence variation were made using the Mann-Whitney test.
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previously described CCR5-tropic isolate ES8-43 [13]) and 2 iso-
lates from 2 CPs. Infection was monitored longitudinally using
plasma viral load analysis and by determining the levels of CD4� T
cells in peripheral blood. As shown in Fig. 4, mice infected with all
ES and CP viral isolates developed persistent viremia, with steady-
state viral loads ranging from 103 to 106 copies/ml. A significant
decline (�20%) in peripheral CD4� T cells was observed over the
time course of the experiment in the majority of infected mice.
Mice infected with the CXCR4-tropic CP4-2B isolate had the most
dramatic decline in CD4� T cells, consistent with data from prior
studies in this model with R5 (68) and X4 (44) laboratory isolates.
Interestingly, significant differences in viral loads were seen in 2

isolates cultured from the same ES (ES38-5 and ES38-9) that could
not be attributed to sequence differences or to different donor
tissue used for the generation of the humanized mice (see Table S2
in the supplemental material). These results demonstrate the in
vivo replication capacity of these viruses and their intrinsic ability
to induce CD4� T cell depletion.

Having observed a decrease in the levels of peripheral blood
CD4� T cells, we investigated the effect of each of these viruses on
the levels of CD4� T cells in different tissues. For this purpose,
tissues from each infected BLT mouse were collected and used to
prepare single-cell suspensions for flow cytometry analysis. As
shown in Fig. 5, there was a reduction in the levels of CD4� T cells

A 
RT

B
Integrase

C
Vpr

D
Vif

E
Rev

F
Envelope

IVW9 IAW9

                      250       380      
                .|....|..  |....|...   

CONSENSUS_B RT  IVLPEKDSW IATESIVIW

ES22            ......... .........
ES24            ......... .T.......
ES38            .M..D.E.. .T.......
ES39            V....Q... .S.......
ES40            V....QE.. .T.......

VC3             ......... ....G.I..
VC4             .E..D.... .........
VC6             .E...R... .........

CP3             ......ED. .........
CP4             .E..D.... .........
CP5             .E....... .........
CP6             ......... .........
CP7             .E....E.. .........
CP8             ......... .........
CP9             .E....E.. .T....I..
CP10            .K....... .........
CP12            ......... .........
CP13            ......... .S.......

SW10 KF9

                         130         180                  
                  ..|....|..  ..|....|.           

CONSENSUS_B Int   STTVKAACWW KTAVQMAVF

ES22              .A........ .........
ES24              .......... .........
ES38              .......... .........
ES39              .......... .........
ES40              .S........ R........

VC3               .N........ .........
VC4               ..M....... .........
VC6               .A........ .........

CP3               .N........ .........
CP4               .NA....... ........L
CP5               CN........ .........
CP6               .AA....... .........
CP7               .NA....... .........
CP8               .N........ .........
CP9               ..A....... .........
CP10              .AAL...... .........
CP12              ..A....... .........
CP13              ..A....... .........

AW9                      

                  30           
                  |....|... 

CONSENSUS_B Vpr   AVRHFPRIW

ES22              .......V.
ES24              .......L.
ES38              .........
ES39              .......P.
ES40              .......V.

VC3               .......T.
VC4               ..K....P.
VC6               .......A.

CP3               .......P.
CP4               .........
CP5               .......P.
CP6               .......V.
CP7               ..K.Y..P.
CP8               .......V.
CP9               .......P.
CP10              .........
CP12              .......P.
CP13              .......L.

KY10  

                        20         
                  .|....|... 

CONSENSUS-B Rev   KTVRLIKFLY

ES22              .......TI.
ES24              ..........
ES39              Q...F.....
ES38              .A..I.....
ES40              .......L..

VC3               ....F.....
VC4               QA..I..A..
VC6               RII.I..IF.

CP3               E..KV.....
CP4               .A........
CP5               .A.....V..
CP6               LA..A..Y..
CP7               .A........
CP8               ......RR..
CP9               .......Y..
CP10              ....F.....
CP12              .A.....S..
CP13              .IA.I.....

IF9 LW9

                      35          85                   
                  ....|....   ....|.... 

CONSENSUS-B Vif   ISRKAKGWF LGQGVSIEW

ES22              V..G.Q..L .........
ES24              ..K...... .........
ES40              .T...Q... .........
ES39              T..R..... .........
ES38              V....R... .........

VC3               S.K...R.I .........
VC4               V.G.V.... .........
VC6               V.K..MR.A .........

CP3               ..KE..... .........
CP4               ...R.Q... .........
CP5               ....T.R.. .........
CP6               ......... .........
CP7               N.K...... .........
CP8               R.G..RK.. .........
CP9               ..K...E.S .........
CP10              R.G.T...G .........
CP12              ......... .........
CP13              ..K.....V .........

KW11 

60               
                  .|....|.... 

CONSENSUS-B Env   KAYDTEVHNVW

ES22              ...........
ES24              .V.........
ES38              .G.KK.A..I.
ES39              ...........
ES40              ......M....

VC3               ...N.......
VC4               ..FE.......
VC6               .S.........

CP3               RG....A....
CP4               RG.EK.A....
CP5               .S.EA.A....
CP6               ...N..K....
CP7               ...EK......
CP8               R..EK......
CP9               ...K..A....
CP10              ..HH.......
CP12              .S.N..K....
CP13              ...EK......

FIG 2 Variations within HLA-B�57-restricted epitopes. Sequence analysis of epitopes in reverse transcriptase (A), integrase (B), Vpr (C), Vif (D), Rev (E), and
Env (F) is shown.
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obtained from the tissues from infected animals that was similar to
that observed in peripheral blood. Specifically, the mice infected
with the CXCR4-tropic virus had the largest reduction in systemic
CD4� T cell levels (Fig. 5B). The rest of the mice infected with the
ES viruses and the mice infected with the CP6 virus showed inter-
mediate levels of CD4� T cell depletion in all tissues analyzed.
These results demonstrate that ES viruses are capable of replicat-
ing systemically and depleting CD4� T cells in tissues in a manner
that reflects peripheral blood levels.

Having established that these viruses are capable of robust rep-
lication in vivo and systemic depletion of CD4� T cells, we pro-
ceeded to investigate whether viruses from ES patients can estab-
lish latent infection in vivo. For this purpose we used an animal
infected with the ES38-9 virus. We chose this virus because it
demonstrated a typical profile of partial systemic CD4� T cell
depletion (Fig. 5). After confirming sustained HIV infection in
peripheral blood at two different time points, ART consisting of

raltegravir, tenofovir, and emtricitabine was initiated (Fig. 6).
Upon therapy initiation, a dramatic drop in viral load was noted.
The viral load remained suppressed for the duration of treatment.
At 5 weeks after therapy initiation, lymphoid tissue was harvested
and a mononuclear cell suspension from each tissue prepared.
Resting cells were then isolated via negative antibody selection
using magnetic beads. The resting state of the CD4� T cells was
confirmed by the lack of expression of HLA-DR and CD25 (Fig.
6C). HIV expression was induced by maximum stimulation of the
cells via addition of medium containing PHA, IL-2, and allogeneic
irradiated PBMCs. Induced HIV was then further propagated by
the addition of allogeneic CD8 T cell-depleted, PHA-activated
PBMCs. Under these conditions, HIV induction from latency was
evident in 6/6 cultures containing 5 � 105 resting cells and in 3/8
cultures containing 105 resting cells. No outgrowth was observed
in 8 wells containing 2.5 � 104 resting cells. Based on these data,
the frequency of resting cell infection was determined, using a
maximum-likelihood method, to be 5.2 infectious units per mil-
lion resting CD4� T cells (IUPM). These results are similar to
what was observed previously in this system with the reference
HIV-1 isolate JR-CSF and demonstrate the susceptibility of the ES
virus to ART and its ability to establish latency in vivo (32).

Escape mutations in HLA-B�57 epitopes have been associated
with diminished viral fitness, and reversion to the wild-type se-
quence has been observed after the virus is transmitted to HLA-
B�5701-negative recipients (37, 39). Isolates ES38-5, ES38-9, and
CP4-2B all contained multiple escape mutations and were inocu-
lated into humanized mice that were negative for the B�57 allele
(see Table S2 in the supplemental material). No reversion of these
escape mutations was seen in bulk sequence of virus amplified
from thymus and spleen, even after 4 months of infection in the
case of mice infected with ES38 isolates (Fig. 7), consistent with a
recent study that showed that no reversion of Gag escape muta-
tions occurred until after more than a year after transmission of
HIV-1 to HLA-B�57-negative donors (39). These data suggest
that the virus can replicate efficiently in vivo and induce CD4� T
cell depletion even when potentially attenuating escape mutations
are present.

DISCUSSION

In the vast majority of cases, when untreated, HIV infection re-
sults in progressive loss of CD4� lymphocytes, resulting in immu-
nodeficiency, susceptibility to rare opportunistic infections and
cancers, and ultimately death. The most notable exemptions are
individuals who can naturally and completely control HIV infec-
tion. These rare individuals are designated elite suppressors. The
mechanisms by which ES control viral replication and avoid dis-
ease progression are still not fully understood. Studies have shown
that some macaques are capable of controlling pathogenic simian
immunodeficiency virus (SIV) isolates (49, 50), but studies in hu-
man ES have yielded conflicting results. While some studies have
suggested that some ES are infected with attenuated or defective
virus, others have shown that some ES are infected with replica-
tion-competent virus. We have documented the transmission of
replication-competent HIV-1 isolates from CPs to ES (16, 18),
and studies have shown persistent viremia in ES (51–53), evolu-
tion of plasma virus over time (54–56), and a decrease in the
frequency of latently infected CD4� T cells in ES treated with
highly active ART (HAART) (57). However, other studies com-
paring individual viral proteins from ES and CPs have reported
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FIG 3 Downregulation of CD4 and HLA-A2 in primary CD4� T cells infected
with HIV-1 isolates. The isolates were laboratory isolates (black) or HIV-1
isolates cultured from ES (red), VCs (green), or CPs (blue). Each symbol
represents an individual isolate. The HLA-A2 downregulation ratio (A) is the
MFI of HLA-A2 on cells that were positive for intracellular Gag divided by the
MFI of HLA-A2 on CD4� T cells that were Gag negative. The CD4 downregu-
lation ratio (B) represents the fraction of all CD4� T cells that were Gag pos-
itive and CD4 low. The horizontal lines represent the median level of down-
regulation for each group of patients. The Mann-Whitney test was used to
compare the degrees of CD4 and HLA-A2 downregulation in the different
patient populations.
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reduced fitness of ES Gag (10, 58), Env (59), reverse transcriptase
(60), and Nef (61) proteins. It seems unlikely that the majority of
ES are infected with isolates that have four or more different at-
tenuated genes, and a major caveat is that these studies have uni-
formly analyzed plasma isolates. There is strong evidence that ES
plasma isolates have accumulated escape mutations which may
have a negative effect on fitness (62–64). These attenuating muta-

tions are largely absent from proviral clones and replication-com-
petent isolates cultured from the latent reservoir of ES (62–64).
Since isolates from the reservoir are more likely to be representa-
tive of the transmitted virus, it is important to study the fitness of
virus from this compartment rather than virus that has subse-
quently evolved to evade the immune response. This is illustrated
by a prior study where we demonstrated a significant reduction in

FIG 4 In vivo replication and pathogenesis of HIV isolates from ES and CPs. BLT humanized mice were exposed to HIV-1 isolates that were cultured from either
ES or CPs. Each isolate was used to infect two mice. The mice were bled periodically to obtain plasma for viral load analysis via real-time RT-PCR and blood
mononuclear cells for flow cytometric analysis. For each isolate, the left panel shows viral load analysis (the dotted line represents the limit of detection for the
viral load assay), and the right panel shows the percentage of peripheral blood CD4� T cells. Different symbols represent different mice. One mouse infected with
isolate CP4-2B and one mouse infected with isolate ES40 died shortly after day 28 and day 42 of infection, respectively.
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FIG 5 HIV isolates derived from elite suppressors are pathogenic in vivo and result in systemic CD4� T cell depletion. Mononuclear cells were isolated from
various tissues at necropsy. The percentage of T cells that express CD4 was calculated for each tissue. The bars represent the average for two animals. Results are
from BLT mice infected with HLA�B57 elite suppressor-derived isolates (A), HLA�B57 chronic progressor-derived isolates (B), or noninfected BLT mice (C).
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fitness of a replication-competent isolate containing escape mu-
tations in HLA-B�57-restricted epitopes in Gag compared to an
isolate without escape mutations in these epitopes obtained from
the same ES (65). In this study, we show that the growth kinetics of
replication-competent virus isolated from CD4� T cells of HLA-
B�57-positive ES and CPs are comparable. We also demonstrate
that the isolates have a similar ability to downregulate HLA and
CD4 proteins in vitro.

Having established the in vitro fitness of the viruses obtained

from the ES, we evaluated their replication capacity and ability to
induce CD4� T cell depletion in vivo. This analysis is particularly
important because the in vivo substrate for replication represents a
rich milieu of different components, all interacting in multiple
ways that cannot be recapitulated ex vivo with cultured cells that
represent only a single substrate entity in an artificial activation
state. Furthermore, prior studies have shown that SIV isolates that
appeared to be fully replication competent in vitro were attenu-
ated when they were inoculated into nonhuman primates (43, 66).
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We therefore determined the replication capacity of a subset of
these isolates in humanized mice. We chose BLT humanized mice
because they represent the most advanced and complete system to
investigate HIV replication in vivo. Specifically, BLT mice are fully
reconstituted with all the types of human cells involved in HIV
replication, including T cells, macrophages, and dendritic cells.
BLT mice have been validated for the study of HIV transmission,
pathogenesis, and HIV persistence (32, 68), and our recent studies
have shown significant differences in the level of viremia in vivo
when these mice are infected with attenuated versus wild-type
viral isolates (44, 67). The presence of robust replication of all the
isolates studied in BLT mice and their ability to induce CD4� T
cell depletion presented here represent the first evidence to date
that isolates from ES are capable of establishing a pathogenic in-
fection in vivo. Our data also show that viral fitness is not likely to
determine whether an HLA-B�57-infected patient becomes an ES
or a CP. The fact that viruses from ES patients replicate efficiently
in vivo allowed us to show that replication of ES viruses in vivo is
efficiently suppressed by ART. The ability to suppress the replica-
tion of ES viruses by ART made it possible to then demonstrate
that these viruses can persist in vivo and establish a latent infec-
tion.

Our study has some limitations. We were not able to isolate
virus from all ES, which is consistent with our prior work that
showed that these patients have a very low frequency of latently
infected CD4� T cells. However, we cannot rule out the possi-
bility that some HLA-B�57 ES are not infected with replica-
tion-competent virus. Furthermore, the in vitro evaluation of
virus fitness is dependent on the use of primary cells activated

in vitro in an artificial manner. This can mask important effects
such as the role of Nef in HIV replication. However, the dem-
onstration that isolates from HLA-B�57 ES have intact nef
genes, can replicate efficiently in vitro, and are capable of effec-
tive downregulation of CD4 and HLA-A2 strongly suggests that
Nef is functional in these viruses and not likely to contribute to
the ES phenotype observed. Another limitation is the fact that
the in vivo evaluation of these viruses was performed in a
mouse model where human cells replace the endogenous im-
mune system. However, it should be noted that this type of
experiment cannot be performed in humans. Also, because of
the limited species tropism of HIV, these experiments cannot
be performed in nonhuman primates either. Therefore, BLT
humanized mice represent a viable and useful alternative to
perform these types of investigations.

In summary, this is the first study to show that these ES
isolates replicate effectively in vivo and eventually cause CD4�

T cell depletion. This study also shows that ES isolates are
pathogenic and capable of causing immunosuppression in vivo.
Therefore, our results imply that infection with attenuated or
defective viruses is not likely to be the cause of elite suppression
in all patients. The finding that control of fully pathogenic
HIV-1 is possible has major implications for the design of
HIV-1 vaccines. In addition, in future experiments it will be
important to determine whether this ES phenotype can be re-
capitulated in vivo by creating humanized mice with hemato-
poietic stem cells derived from these patients and challenging
them with autologous and heterologous viruses.

FIG 7 Limited variation occurs within three HLA-B�57-03-restricted Gag and Nef epitopes during HIV infection of BLT Mice. HIV-1 isolates were amplified
from the thymuses and spleens of BLT humanized mice at week 16 (isolates ES38-5 and ES38-9), week 8 (isolate ES8-43), and week 4 (isolates CP4-2B and
CP6-2E), and Gag and Nef epitopes were analyzed. The red and blue boxes denote two distinct but overlapping Nef epitopes, HW9 (116 to 124) and YT9 (120
to 128), respectively.
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