
VIROLOGY

Functional Analysis of HIV Type 1 Nef Gene Variants
from Adolescent and Adult Survivors of Perinatal Infection

Jun Zuo,1 Jeffrey Suen,1 Alanna Wong,1 Martha Lewis,1 Ali Ayub,1 Marvin Belzer,2

Joseph Church,2 Otto O. Yang,1 and Paul Krogstad1

Abstract

Throughout the world, infants and children with HIV-1 infection are increasingly surviving into adolescence and
adulthood. As HIV Nef is an important determinant of the pathogenic potential of the virus, we examined nef
alleles in a cohort of extreme long-term survivors of HIV infection (average age of 16.6 years) to determine if Nef
defects might have contributed to patient survival. HIV nef gene sequences were amplified for phylogenetic
analysis from 15 adolescents and adults infected by mother-to-child transmission (n = 10) or by blood transfusion
(n = 5). Functional analysis was performed by inserting patient-derived nef sequences into an HIV-derived vector
that permits simultaneous evaluation of the impact of the Nef protein on MHC-I and CD4 cell surface ex-
pression. We found evidence of extensive nef gene diversity, including changes in known functional domains
involved in the downregulation of cell surface MHC-I and CD4. Only 3 of 15 individuals (20%) had nef alleles
with a loss of the ability to downregulate either CD4 or MHC-I. Survival into adulthood with HIV infection
acquired in infancy is not uniformly linked to loss of function in nef. The Nef protein remains a potential target
for immunization or pharmacologic intervention.

Introduction

In both resource-rich and developing areas of the world,
untreated pediatric HIV-1 infection is characterized by

early onset of disease and poor survival. Before antiretroviral
medications were available, most infected children in the
United States developed symptomatic disease within 1 year
and 50% progressed to AIDS by 5 years of age.1,2 In early
reports, the median and mean ages of survival for perinatally
infected children in the United States and Europe were esti-
mated to be 8.0 and 9.4 years, respectively.2,3 Higher early
mortality rates have been described for infants in countries
hardest hit by the AIDS pandemic; using individual data from
seven randomized mother-to-child transmission (MTCT) in-
tervention trials, Newell et al. estimated overall mortality rates
in African children born to HIV-infected mothers to be as high
as 35% at 1 year and more than 50% at 2 years of age.4

A variety of viral, host, and treatment factors determine the
tempo of disease progression in children and adults. Clearly,
antiretroviral therapy and improved strategies for the pre-
vention and treatment of opportunistic infections have dra-
matically reduced morbidity and mortality in HIV-1-infected
children, and survival into adulthood is now the norm in the
United States.5,6 However, in some cases, mutations in the

HIV-1 nef gene have been associated with marked delay in the
natural progression of disease in untreated individuals. The
nef gene encodes the 27-kDa cytoplasmic Nef protein with
several effects that enhance the pathogenic potential of HIV.
Among these, Nef reduces the surface expression of MHC-I A
and B molecules of infected cells, allowing escape from de-
tection by cytotoxic T cells.7,8 Nef also binds to both CD4 and
components of the intracellular trafficking machinery, in-
ducing CD4 internalization from plasma membranes and ly-
sosomal degradation. This may impair CD4 T cell function,
limit repeated HIV infection of individual cells, and facilitate
the egress of virions. Furthermore, Nef appears to reduce
expression of CD28 and CXCR4 and to augment the infec-
tivity of viral particles, enhancing viral entry and replication.9

Specific structural features and motifs have been identified
in Nef that are responsible its diverse biochemical activities.
N-terminal myristoylation promotes Nef protein interactions
with cellular membranes and is essential to its activity. A
polyproline (PXXPXR) motif and a pair of downstream cat-
ionic residues (RR) interact with protein kinases involved in
cellular activation, a function that may be required for viral
replication in resting cells.10,11 A three amino acid (FPD) motif
is responsible for dimerization, an event required for down-
regulation of both MHC-I and CD4. Beyond dimerization,
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other conserved motifs have been identified that must be
maintained for downregulation of CD4 and MHC-I. A series
of acidic residues (EEEE) binds to PACS-1, a molecule in-
volved in endosome to Golgi trafficking, potentially leading
to the retention of MHC -I molecules in the trans-Golgi ap-
paratus.9 The pathway for CD4 downregulation involves Nef
interactions with the CD4 through a tryptophan–leucine (WL)
motif, simultaneous binding at two nearby leucine residues to
the AP-1 and AP-2 proteins of the adaptor complex in cla-
thrin-coated pits, and with the V-ATPase proton pump that
ultimately results in CD4 endocytosis.7

How these biochemical activities of Nef actually affect
pathogenesis is not fully clear, but Nef is clearly a determinant
of lentivirus virulence. This was first shown in the SIV-rhesus
macaque model; full gene deletions prevented the maintenance
of high viral loads12 but nef mutants engineered with a pre-
mature stop signal quickly reverted back to wild type, sug-
gesting a strong selection pressure for functional forms of Nef
protein. In a later experiment, macaques were infected with
SIV containing deletions that selectively ablated MHC-I
downregulation; the virus rapidly evolved to develop new
motifs for this function, demonstrating its importance in vivo.13

The impact of nef point mutations on the outcome of disease
in children has been examined in a small number of re-
ports.14,15 In one, nef mutations were identified in eight long-
term survivors of perinatal infection. Virus from two of these
patients had large deletions; one of these children was
asymptomatic with undetectable plasma HIV RNA with no
antiretroviral therapy at 10 years of age, and the other had
only moderately symptomatic disease at 12 years of age.
These reports involved patients likely infected with subtype B
HIV-1, but one recent report16 examined nef sequences from
24 children from South Africa with slow progression of dis-
ease (median age 6.7 years) , extending these observations to
pediatric HIV-1 infection with subtype C virus. In this study,
missense mutations and small deletions in the amino termi-
nus of the nef gene were identified that would likely interfere
with the biochemical activities of Nef, but functional studies
were not performed.16 In a recent genetic analysis involving
six children ranging in age from 7 to 10 years old, two South
African children infected with subtype C virus were also
found to have mutations in nef predicted to alter function.17

We hypothesized that some HIV-infected children sur-
vived from infancy to adolescence and adulthood because
they were initially infected with nef-defective HIV variants,
slowing the progression of disease until the availability of
potent antiretroviral therapy in the late 1990s. A related pos-
sibility was considered, that the relative immaturity of cellular
immune function in early childhood would render dispens-
able Nef functions required for immune evasion, allowing
HIV to acquire mutations that impair its function. To examine
these possibilities, we examined viral nef gene sequences and
their function in a cohort of adolescents and adults with HIV
infection acquired by perinatal mother-to-child transmission
and transfusion in early childhood.

Materials and Methods

Study subjects

We studied a cohort of 15 adolescents who were enrolled
at Children’s Hospital Los Angeles (CHLA) between 2001
and 2003, including 13 described in a prior study of T cell

parameters.18 Eight of these 13 were subsequently enrolled in
a study of the impact of HIV replication on thymopoiesis19

and followed into early adulthood (19.2 to 21.4 years, median
21.1 years). These studies were approved by Institutional
Review Boards of CHLA and the University of California, Los
Angeles (UCLA) and informed consent was obtained from
study participants or their parent or guardians. Information
on CD4 lymphocyte counts and HIV-1 viral load and other
demographic variables (age, gender, mode of infection,
treatment histories) were collected by chart review (Table 1).
Four of the individuals studied were infected by transfusions
given during neonatal care; patient 1-02 was only known to
have received a transfusion in the first 2 years of life. Patients
1-05 and 1-06 are identical twins who acquired HIV-1 through
the same blood transfusion; their clinical course has been ex-
tensively described.20 The remaining youths were docu-
mented to have been born to HIV-infected women and were
all diagnosed before 4 years of age by conventional methods;
none of these had other known risk factors for HIV infection.
The majority of the adolescents and adults studied were re-
ceiving therapy consisting of regimens containing three or
four antiretroviral agents at the time of blood sampling.

Sequence analysis of patient nef alleles

HIV nef alleles were amplified by PCR from peripheral
blood mononuclear cell (PBMC) DNA at limiting dilution,
determined by serial 2-fold dilutions to the point at which less
than 50% of reactions generated a product.

In all, 124 nef sequences, each 509 nucleotides long (amino
acids 31–199, HXB2 numbering), were aligned with NL4-3
and Consensus B nef from the LANL HIV database using
CLUSTAL W. The alignment was manually edited in the
proper reading frame using BioEdit. The edited alignment
was used to reconstruct the phylogeny using both neighbor-
joining and maximum likelihood methods as implemented in
PHYLIP 3.6. The neighbor-joining tree was statistically eval-
uated using 1000 bootstrap replicates.

Table 1. Clinical Characteristics

of the Study Population

Characteristic Total N = 15

Age at entry 16.3 (2.2)
Gender (F/M) 9F/6M
CDC classification

N 1
A 0
B 5
C 9

Log plasma viral load (copies/ml) 3.9 (1.0)
Race/ethnicity

Black 6
Hispanic/Latino 6
White 3

CD4 + (cells/ll) 349 (207)
CD4% 17.9 (16.0)
CD8 + (cells/ll) 778 (807)
CD8% 49.3 (54)

Values shown are the mean with standard deviation in parentheses.
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Production of pseudotyped HIV vectors to express
patient-derived nef alleles

The ability of patient-derived nef alleles to downregulate
MHC-I and CD4 was analyzed by expressing the Nef proteins
from an HIV vector, as recently described.21 In brief, patient
nef alleles were amplified in bulk from cellular DNA using
primers containing XbaI and BspEI tails, digested with these
enzymes, and subsequently cloned into the plasmid
AA1305#18, replacing the original nef allele. This plasmid
contains an HIV genome with deletions that abrogate ex-
pression of the vpr, vpu, and envelope coding domains; the
cDNA for the murine CD24 (mCD24)/heat-stable antigen
(HSA) has been inserted in the place of the vpr reading frame.
To generate infectious virus containing patient nef alleles,
single-round infectious pseudotyped virus was produced by
cotransfecting 293T cells with the whole-genome plasmid
AA1305#18 and a plasmid encoding the envelope glycopro-
tein from VSV (VSV-G) using FuGENEHD (Roche). Super-
natants from these cells were collected on days 2 and 3
posttransfection. Virus production was quantified by p24
antigen ELISA (PerkinElmer, Waltham, MA). Transfections
typically produced greater than 200 ng/ml of p24. Nef gene
sequences from recombinant viruses used for functional
testing clustered with the sequences isolated directly from
plasma from the same individual.

Functional analysis of nef alleles

The ability of Nef proteins to downregulate HLA A*02 on
infected cells was assessed as previously reported.21 Briefly,
the T1 lymphocyte line was infected at 37�C for 4 h with
*0.5 ml of pseudotyped virus stocks containing 200–500 ng
p24 antigen. Parallel infections were performed with viruses
carrying either wild-type HIVNL4-3 nef (positive control for
both CD4 and MHC-I downregulation), M20A nef (positive
control for CD4 downregulation and negative control for
MHC-I downregulation), LL > AA nef (negative control for
CD4 downregulation and positive control for MHC-I down-
regulation), and DNef (negative control for both CD4 and
MHC-I downregulation). On day 4 postinfection 2 · 105 cells
were stained with antimurine CD24/HSA-FITC antihuman
CD4-APC (BD Pharmingen) and antihuman HLA A*02-PE,
washed twice, and fixed with 1% paraformaldehyde. At least
5 · 104 live cells were counted using a FACSCalibur flow
cytometer, and data were analyzed using FlowJo software
(Tree Star, Ashland, OR). Maximum levels of HLA A*02 and
CD4 were determined using the DNef mutant. The relative
efficiency of HLA A*02 or CD4 downregulation function of
patient nef alleles was calculated based on MFI (median fluo-
rescence intensity), as follows: Downregulation = (MFID Nef -
MFIpatient)/(MFID Nef - MFINL4-3). By definition, the effi-
ciencies of DNef and wild type NL4-3 nef are 0 and 100%,
respectively.

Results

Patients

Fifteen HIV-infected adolescents were enrolled in this
study, with a median age of 16.5 years at study (range: 13.3 to
20.2). Using PCR methods described by others,22 we deter-
mined that none of these youths was a carrier of the D32-base-
pair deletion within the coding region of CCR5 (data not

shown). All but one had developed moderately symptomatic
HIV infection or AIDS by the time of enrollment (Table 1). At
the time of collection of specimens, 13 were receiving anti-
retroviral therapy. Patient 1-01 had never received anti-
retroviral therapy, and was the only nonprogressor enrolled.
Patient 1-03 had been treated unsuccessfully with several
antiretroviral regimens in the past and had recently had
treatment suspended due to a hospitalization for pancreatitis.
Two individuals had undetectable HIV plasma viral loads
while the other 13 had viral loads ranging from 509 to
1,046,000 copies per ml.

Sequence analysis of patient nef alleles

Phylogenetic trees were constructing using 124 nef se-
quences from the 15 subjects in order to determine their re-
lationship to each other, as well as to NL4-3 and the Clade B
consensus nef. An average of eight sequences was obtained
from each subject (median = 7), aligned with NL4-3 Nef and
Clade B consensus nef, then used to construct both a neighbor-
joining (NJ) (see Fig. 1) and a maximum likelihood (ML) tree.
The NJ tree was evaluated with 1000 bootstrap replicates.
Sequences from individual patients clustered together with
high ( > 95%) support for all subjects except subject 1-01. None
of the patient sequences clustered with the laboratory strain
HIVNL4-3. Subject sequences were approximately 3–8% di-
vergent from Clade B consensus nef, as is expected for typical
Clade B isolates. There was approximately 1–3% diversity
within the cluster of sequences from each subject, as expected
for typical HIV quasispecies. Similar results were obtained
with maximum likelihood trees (data not shown). Overall, the
results of the phylogenetic analysis indicate that the sequences
isolated from the plasma of the study subjects and cloned for

FIG. 1. Analysis of nef gene alleles from HIV-1-infected
youths. A phylogenetic tree is shown representing 124 se-
quences from 15 subjects. An average of eight sequences
were obtained from each subject, aligned together with NL4-
3 and Clade B consensus nef, and then used to construct a
neighbor-joining tree. The tree was evaluated with 1000
bootstrap replicates. Sequences from individual patients
clustered together with high ( > 95%) support for all subjects
except subject 1-01. Sequences isolated from recombinant
viruses used for functional testing are marked with an as-
terisk; all others are sequences isolated directly from plasma.
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functional testing are unique Clade B quasispecies, without
evidence of laboratory contamination.

There was substantial variability in the predicted amino
acid sequences of the nef alleles in our study participants
(Fig. 2). Patient 1-03 contained a deletion of nef predicted to
remove the COP1 binding domain mediating retention in
endosomes, as well as mutations in the V-ATPase binding
domain required for CD4 endocytosis. The same patient
had a substitution (F to L) in the FPD dimerization motif
required for downregulation of both MHC-I and CD4. As

described previously, Patients 1-05 and 1-06 were identical
twins who acquired HIV in the first month of life via a
blood transfusion from a common donor.20 Viral se-
quences from patient 1-06 had a WL to WP substitution,
potentially disrupting CD4 internalization. This substitu-
tion was not present in virus from the twin designated 1-
05, suggesting functional differences in the two nef alleles.
Nef sequences from patient 1-09 predicted a two amino
acid deletion in the polyproline region involved in MHC-I
downregulation.

FIG. 2. Comparison of amino acid sequence alignment of consensus Nef sequences from patients to wild-type consensus B
nef. The boxes highlight residues implicated in Nef interactions with cellular proteins.
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Functional studies of patient-derived nef alleles

Reporter viruses representing the viral quasispecies were
generated to examine the ability of patient-derived nef alleles
to downregulate MHC-I and CD4 expression, using flow cy-
tometry to measure these molecules on the surface of cells
expressing a reporter virus that encoded the murine CD24
antigen (Fig. 3).21 Controls included wild-type HIVNL4-3 and
three mutants of this laboratory strain: a nef null-mutant
‘‘Dnef’’ and two variants with nef genes containing mutations
previously shown to selectively interfere with either MHC-I
(M20A) or CD4 downregulation (LL > AA).21

Although we noted an abundance of polymorphisms and
deletions in patient nef alleles, only three patients were found
to harbor HIV nef sequences that altered or ablated Nef
function (Fig. 3). The reporter virus containing 1–10 nef alleles
had no ability to downregulate either MHC-1 or CD4, even
though 1–10 nef sequences contained no mutations in known
functional motifs. In contrast, nef alleles from two adolescents
(1-03 and 1-06) had mutations that interfered with CD4
downregulation. In the case of 1-03, MHC-I downregulation
also appeared to be partially lost, a finding consistent with the
presence of deletions in the COP1-binding domain. Nef from
patient 1-06 did not reduce CD4 cell surface expression, likely
because of disruption of the WL dipeptide motif noted above
(Figs. 3 and 4). The ability to downregulate both MHC-I and
CD4 was retained in the rest of study subjects (Fig. 4). To our
surprise, nef from patient 1-09 retained wild-type function

even though it contained several mutations in functional
motifs.

Discussion

In this cohort of extremely long-term survivors of perinatal
HIV-1 infection, 124 distinct HIV nef sequences from 15 pa-
tient samples were analyzed. Deletions and truncations were
uncommon, comprising less than 20% of alleles in a given
patient sample. Since the majority of these nef gene sequences
encoded a full-length Nef protein, amino acid sequences were
analyzed for smaller mutations within functional motifs for
MHC-I downregulation, CD4 downregulation, and cellular
activation. Comparison of the consensus of the sequences
from each patient to that of the consensus B HIV-1 Nef protein
revealed that a subset of the cohort was infected with HIV
with mutations in key functional residues of the viral protein.
However, sequence analysis did not accurately predict the
functional properties of the nef alleles. Proviral DNA from
only 3 of the 15 patient specimens contained mutations that
impaired Nef-mediated downregulation of CD4 or MHC-I
molecules, and the nef genes from one of those (1–10) had no
mutations in key functional residues.

In this study, we found that the Nef sequences found in
subject 1-06 lost the ability to downregulate CD4 at some
point. The twin subjects 1-05 and 1-06 were initially infected
by a common source, infusion of a contaminated blood unit,
and experienced a nearly identical clinical course, including

FIG. 3. Downregulation of cell sur-
face MHC-I and CD4 molecules by pa-
tient-derived Nef proteins. T1 cells were
infected by pseudotyped HIV vectors
expressing nef sequences derived from
the study subjects and downregulation
of cell surface HLA A*02 and CD4
molecules was analyzed using flow cy-
tometry. (A) In the upper panel, viable
T1 cells were selected by examining
forward and side scatter properties. In
the lower panel, infected cells (M1 re-
gion) were detected by expression of
mCD24 marker. The shaded area repre-
sents mock-infected T1 cells in a repre-
sentative histogram. (B) Representative
plots demonstrate HLA- A*02 (horizon-
tal axis) and CD4 (vertical axis) down-
regulation in T1 cells (gated) infected by
vectors expressing Nef from wild-type
HIV (positive control) and four study
subjects: the twins, 1-05 and 1-06, 1-03,
and 1-10. Negative controls include
LL > AA mutant (loss of CD4 down-
regulation), M20A mutant (loss of MHC-
I downregulation), and a DNef mutant.
Numbers represent percentages of cells
in each quadrant of total infected T1
cells. (C, D) Histograms demonstrate
functional loss of both HLA A*02 (C)
and CD4 (D) downregulation by Nef
from 1-03 and 1–10, functional loss of

CD4 downregulation (D) in Nef from 1-06, and retained functions of Nef from 1-05. These results are representative of at least
three independent experiments for each study subject.
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the development of AIDS-defining illnesses and severe CD4
lymphocytopenia.20 At the time of study, both had low CD4 T
cell concentrations (340 and 297 cells/ll, respectively) and
had recently begun new antiretroviral regimens. HIV se-
quence analysis performed during our previous study of these
twins20 revealed that in 1995 a mutation was already present
in the HIV Nef sequences from 1-06 that explains the loss of
CD4 downregulation, suggesting that this function of Nef
may be dispensable once severe CD4 depletion has occurred.
Similarly, HIV Nef in subject 1-03 had lost CD4 down-
regulation and partially MHC-I downregulation. This indi-
vidual was 20 years old at enrollment, with severe CD4
depletion ( < 10 cells/ll) and ongoing plasma viral load de-
spite multidrug antiretroviral therapy. By contrast, HIV Nef
in subject 1-10 (17 years of age at entry with CD4 + T cells of
691 cells/ll) had completely lost both CD4 and MHC class I
downregulation despite the absence of clearly deleterious
mutations in the nef gene. This phenotype has been described
on occasion in adults,23 and indicates that loss of Nef function
may occur simply by the accumulation of multiple mutations.

Our study is subject to several limitations. Clearly, the
small sample size makes it difficult to extrapolate these data to
all HIV-infected adolescents. However, the medical histories
of these participants in this study are typical of those born
prior to the introduction of antiretroviral therapy in 1987:
most had survived AIDS-defining illnesses in the past and
had already failed one or more antiretroviral regimens. It is
also important to note that our functional analysis focused on
two of the best described functions of Nef, but did not ex-
amine the potential impact of nef sequence polymorphisms on
the in vitro replication of HIV. Thus, our focus on the loss of
Nef-mediated downregulation of MHC-I or CD4 may un-
derestimate the true impact of Nef polymorphisms on long-
term survival of perinatally infected individuals.

Nonetheless, the study of the retention of key HIV Nef
residues in long-term survivors, especially those surviving
perinatal infection, reinforces the intrinsic importance of this
viral protein. In addition, retention of specific amino acid
residues or motifs needed for Nef function suggests the po-

tential importance of Nef as a vaccine target, as the selective
pressure induced by a vaccine could impair virus replication,
slowing disease progression following infection. Further-
more, retention of Nef activity in most of these adolescents
and young adults suggests that targeting Nef with small
molecule inhibitors could be a potentially useful therapeutic
strategy.
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