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Substitution of Y223F disrupts the ability of simian immunodeficiency virus (SIV) Nef to down-modulate
major histocompatibility complex (MHC) class I from the cell surface but has no effect on other Nef functions,
such as down-regulation of CD4, CD28, and CD3 cell surface expression or stimulation of viral replication and
enhancement of virion infectivity. Inoculation of three rhesus macaques with the SIVmac239 Y223F-Nef variant
revealed that this point mutation consistently reverts and that Nef activity in MHC class I down-modulation
is fully restored within 4 weeks after infection. Our results demonstrate a strong selective pressure for a
tyrosine at amino acid position 223 in SIV Nef, and they constitute evidence that Nef-mediated MHC class 1
down-regulation provides a selective advantage for viral replication in vivo.

The Nef protein is a regulatory factor of human and simian
immunodeficiency viruses (HIV and SIV, respectively) that is
important for efficient viral replication and persistence in vivo
(11, 20, 21). Several in vitro activities of HIV and SIV Nef
which may be relevant for viral pathogenicity have been de-
scribed. Nef down-regulates cell surface expression of CD4 (1,
4, 14, 38), CD28 (39), and major histocompatibility complex
class I (MHC-I) molecules (25, 26, 34). It also alters the nor-
mal function of the T-cell-receptor (TCR)-CD3 signaling com-
plex in T lymphocytes and modulates cellular activation path-
ways (3, 5, 18, 33, 35). Furthermore, Nef induces Fas ligand
expression and might promote the killing of bystander cells
(15, 41). Finally, Nef increases the infectivity of viral particles
and enhances viral replication in primary lymphocytes and in
human lymphoid tissue ex vivo (8, 12, 16, 24, 30, 36). Recent
findings suggest that several conserved in vitro functions of Nef
are independently selected in HIV type 1 (HIV-1)-infected
individuals and contribute to AIDS pathogenesis (7). How-
ever, the exact role of Nef in AIDS pathogenesis still remains
unclear.

Several lines of evidence suggest that MHC-I down-regula-
tion might contribute to efficient viral replication and disease
induction in vivo. Both HIV-1 and SIV proteins down-regulate
steady-state expression of MHC-I complexes assembled with A
and B, but not C, heavy chains from the surfaces of T lympho-
cytes and macrophages (9, 26). Selective down-regulation of
HLA-A and HLA-B antigens protects HIV-infected cells from
killing by cytotoxic T cells and by natural killer cells in vitro (9,
10). Such protection likely helps HIV-1 to evade the host
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immune response in vivo (for reviews, see references 13 and
31). Recently, it has been demonstrated that only nef alleles
obtained during the asymptomatic phase of HIV-1 infection
efficiently down-modulate MHC-I (7). Thus, a selective pres-
sure for this particular Nef function apparently exists only in
immunocompetent hosts.

These results are highly suggestive. However, the physiolog-
ical relevance of MHC-I down-regulation has been called into
question, particularly since this effect requires relatively high
Nef expression levels (25, 26, 34). To date no direct evidence
that MHC-I down-regulation contributes to viral spread in vivo
has been provided. To address this point, we analyzed a Nef
variant of the pathogenic SIVmac239 clone, containing a
Y223F substitution in the unique C-terminal region of Nef
(38), both in vitro and in vivo in rhesus macaques. Flow cy-
tometry analysis of Jurkat T cells, transfected with a bicistronic
vector coexpressing Nef and green fluorescent protein (GFP)
(28), confirmed previous reports (38, 39), showing that this
alteration disrupts MHC-I down-regulation but does not affect
down-regulation of cell surface expression of CD4, CD28, and
CD3 molecules (Fig. 1). Furthermore, the Y223F-Nef in-
creased SIV infectivity and replication, with an efficiency un-
distinguishable from that of 239wt Nef (reference 38 and data
not shown). Thus, the Y223F substitution in SIV Nef selec-
tively disrupts MHC-I down-regulation.

Three juvenile rhesus macaques, Mm10029, Mm10030, and
Mm10031, were infected by intravenous inoculation of SIV-
mac239 Y223F-Nef, containing 5 ng of p27 produced by trans-
fected 293T cells. The animals were healthy and seronegative
for SIV, D-type retroviruses, and simian T-lymphotropic virus
type 1 at the time of infection. Sera and cells were collected at
regular intervals, and serological, virological, and immunolog-
ical analyses of all samples were performed as described pre-
viously (6, 19, 24, 40). The same methods were used to quan-
titate viral replication in animals infected with the Y223F
variant and in historical controls that received similar doses of
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FIG. 1. Substitution of Y223F in 239-Nef selectively disrupts down-regulation of MHC-I. Jurkat T cells were transiently transfected with a
control vector expressing GFP alone or with plasmids coexpressing GFP and the truncated 239nef*, 239wt, or 239Y223F nef genes. CD4, MHC-I,

CD28, and CD3 expression was analyzed by two-color flow cytometry.

virus. During acute infection, the levels of p27 gag antigenemia
and of viral RNA in cell-free plasma for Mm10030 and
Mm10031 were similar to those of some 239wt-infected ani-
mals (Fig. 2A and B). In the remaining animal, Mm10029, the
amount of detectable p27 (226 pg/ml) was intermediate be-
tween SIVmac239wt (3,612 = 2,741 pg/ml; n = 15) and ANU
infection (68 = 45 pg/ml; n = 4) (Fig. 2A). Thus, the Y223F-
Nef variant was capable of enhancing SIVmac replication dur-
ing acute infection.

The three macaques that received the Y223F-Nef variant
became chronically infected and survived the 1st year of infec-
tion. In contrast, about 60 to 70% of 239wt-infected animals
die of AIDS within this period (20). Cell-associated viral loads
were comparable or only slightly reduced compared to 239wt
infection in Mm10029 and Mm10030 (Fig. 2C). Mm10031
showed about 100-fold-reduced frequencies of infectious pe-
ripheral blood mononuclear cells (PBMC) by week 20 after
infection and very low levels of viral plasma RNA (Fig. 2B and
C). The SIVmac239 Y223F-Nef-infected animals remained
clinically healthy throughout the 56-week observation period.
All three animals exhibited transient anemia to varying degrees
from week 4 to 8 postinfection (p.i.). However, blood counts
recovered thereafter. Mm10030 developed a moderate persis-
tent lymphadenopathy by week 4 after infection. In Mm10030

and Mm10031 the percentage of CD4" T cells declined slowly
during the investigation period (Fig. 3A). Mm10029 also
showed declining CD4™ lymphocyte counts until 28 weeks p.i.,
followed by partial recovery. The percentage of CD4* CD29*
memory T cells decreased transiently at 2 weeks p.i. (Fig. 3B),
when maximum levels of viral replication were observed (Fig.
2). Overall, the characteristics of infection with the Y223F-Nef
variant were more similar to those of 239wt than nef-deleted
infection. However, it is remarkable that the three macaques
that received the Y223F variant are clinically healthy at 56
weeks p.i., whereas the majority of 239wt-infected macaques
develop simian AIDS and die within the 1st year. Our results
suggest that the Y223F variant might be more effectively con-
trolled by the antiviral immune response than 239wt.

Point mutations in nef that disrupt important functions re-
vert rapidly in infected animals (6, 20). Therefore, we analyzed
the stability of the Y223F substitution in vivo. As shown in Fig.
4, Nef activity in MHC-I down-regulation was efficiently re-
stored by 4 weeks p.i. Next, we investigated whether the phe-
notypic reversions correlated with the selection of revertants.
SIV sequences spanning the entire nef gene were amplified
from recombinant PBMC DNA or from viral plasma RNA as
described previously (19, 24). Sequence analysis revealed that
most nef alleles obtained after the acute phase of infection
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FIG. 2. Replication of the SIVmac239 Y223F variant in acutely infected rhesus macaques. (A) Peak levels of p27 plasma antigenemia observed
at 2 weeks p.i. For comparison, values obtained from four macaques infected with ANU and from 15 animals infected with 239wt are indicated.
(B) Viral RNA load. The detection limit for viral RNA is approximately 40 copies/ml (40). (C) Number of infectious cells per 1 million PBMC.
For comparison, average values obtained from rhesus macaques infected with STIVmac239 ANU ([J) or wild-type SIVmac239 (M) are shown in

panels B and C.

predicted reversion of Y223F—Y (data not shown). Rever-
sions were consistently observed in all three animals, and forms
containing a tyrosine at position 223 in Nef predominated
throughout the course of infection.

Our results demonstrate that a point mutation of Y223F in
SIVmac239 Nef reverts efficiently in infected macaques. The
Y223F change selectively disrupts MHC-I down-regulation,
having no detectable effect on functional Nef activity in down-
modulation of CD3, CD28, and CD4 cell surface expression.
Furthermore, it did not reduce the ability of Nef to increase
the infectivity of viral particles or to stimulate SIV replication
in PBMC or in 221 cells. Therefore, our results are evidence
that Nef-mediated MHC-I down-regulation is associated with
a selective advantage for SIVmac replication in vivo. Our find-
ings are in agreement with those of a recent study suggesting
an important role of the C-terminal domain of SIVmac Nef in
viral pathogenesis (23).

Mutation of Y223F consistently reverted between 2 and 4
weeks after infection. The efficiency of reversion indicates a
strong selective pressure for a tyrosine at position 223 in SIV
Nef. However, stop codons in Nef usually revert even faster,
within 1 to 2 weeks p.i. (20). The slightly delayed selection of
revertants might be explained by the fact that the specific
nucleotide change required to restore Y223 simply takes more
time to occur than the changes required for reversion of a
premature stop codon. However, we have previously observed
that even three point mutations in Nef can revert within 2
weeks p.. (6). Notably, in SIV-infected macaques the virus-
specific cytotoxic T-lymphocyte (CTL) response usually peaks
after about 2 weeks (22). Thus, the efficient selection of rever-
tants between weeks 2 and 4 p.i. likely reflects the selective
pressure to restore the ability of Nef to down-regulate MHC-I
due to an efficient antiviral CTL response.

The Y223F mutation that disrupted MHC-I down-regula-
tion predominated only very early after infection. The forms
that evolved thereafter expressed wild-type Nef and replicated

relatively efficiently compared to SIV with nef deleted. Nota-
bly, however, all three animals showed a nonprogressor or
slow-progressor phenotype. These findings suggest that the
inability of the virus to down-modulate MHC-I during the
acute phase of infection might have long-term beneficial effects
on the clinical outcome of infection. It has been shown that the
levels of HIV-1 replication during acute infection are an im-
portant prognostic marker for disease progression and that
long-lasting effects can be obtained by short-term antiviral
therapy during primary HIV-1 and SIV infection (27, 32, 37).
Down-regulation of MHC-I by Nef likely protects infected T
cells from recognition and destruction by the host immune
system (10). The Y223F mutation should enhance viral prop-
agation and provide a selective advantage for SIV replication
only after the onset of the antiviral immune response. It was
beyond the scope of this study to quantitate the CTL responses
in both Y223F-Nef- and 239wt-infected animals. It is conceiv-
able, however, that impaired MHC-I down-regulation early
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FIG. 3. CD4" T-cell counts in macaques infected with the SIV-
mac239 Y223F-Nef variant. Shown are percentages of total CD4" T
cells (A) and of CD4"CD29" memory T cells (B) in peripheral blood
of the three animals inoculated with the SIVmac239 Y223F-Nef vari-
ant.
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FIG. 4. Phenotypic reversions of the Y223F-Nef mutant in vivo.
Viral RNA was isolated from plasma obtained from Mm10029 at the
indicated number of weeks p.i. (wpi), reverse transcribed, and sub-
jected to nested PCR. Amplified PCR fragments were cloned as a pool
into a vector coexpressing Nef and GFP from a single bicistronic RNA.
Subsequently, the effects of these nef alleles on CD4 and MHC-I
expression were determined as described in Materials and Methods.
Similar results were obtained with plasma samples obtained from
Mm10030 and Mm10031.

after infection results in enhanced presentation of viral anti-
gens and enables the infected host to mount stronger CTL
responses, resulting in more-efficient immune control than in
239wt infected-macaques.

SIV and HIV-1 Nef proteins use different surfaces to down-
regulate MHC-I cell surface expression (2, 17, 25, 29, 38).
Therefore, our results with the SIV macaque model cannot be
directly applied to HIV-1-infected humans. Nonetheless, we
believe that MHC-I down-regulation likely plays a similar role
in efficient viral persistence of both HIV-1 and SIVmac infec-
tion. First, both HIV-1 and SIV Nef proteins use a similar
mechanism to down-regulate MHC-I expression, which re-
quires the conserved tyrosine residue Y320 in class I heavy
chains and involves the accelerated endocytosis of the MHC-I
complex from the cell surface (38). Second, we have recently
demonstrated that nef alleles obtained from asymptomatic
HIV-1-infected individuals, but not those derived from AIDS
patients, effectively down-modulate MHC-I (7). Concordant
with the results of the present study, these findings strongly
suggest that MHC-I down-regulation by both SIV and HIV-1
Nef contributes to viral spread in vivo.

Much remains to be done to fully elucidate the relative
contributions of the different in vitro Nef activities to viral
pathogenesis. However, accumulating evidence suggests that
multiple Nef functions, including CD4 down-regulation, con-
tribute to efficient replication in vivo (7, 19). Furthermore,
independent Nef functions are modulated during disease pro-
gression to optimize viral spread at different clinical stages of
HIV-1 infection (7). Thus, HIV-1 and SIV have evolved com-
plex mechanisms for efficient viral persistence in vivo. We
utilized the Y223F mutation because it was highly selective for
MHC-I down-regulation and because a single homologous
substitution minimizes the risk that additional Nef functions or
interactions are affected. While this possibility cannot be en-
tirely dismissed, it is highly likely that the reversion of the
Y223F substitution indeed reflects a selective pressure for Nef-
mediated MHC-I down-regulation in vivo. However, because
of the efficient and rapid selection of revertant viruses, our
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study does not provide information on the consequences of
inefficient class I down-modulation for viral persistence and
disease progression. Therefore, studies with STVmac239 mu-
tants containing difficult-to-revert deletions in the C-terminal
domain of Nef are required to further clarify the importance of
MHC-I down-regulation for SIV replication and AIDS patho-
genesis in infected rhesus macaques.
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