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The replicative, cytopathic, and antigenic properties of simian immunodeficiency virus (SIV) variants
influence its replication efficiency in vivo. To further define the viral properties and determinants that may be
important for high-level replication in vivo and progression to AIDS, we compared a minimally pathogenic
SIVmne molecular clone with two highly pathogenic variants cloned from late stages of infection. Both variants
had evolved greater infectivity than the parental clone due to mutations in nef. Interestingly, a pol determinant
in one of the highly pathogenic variants also contributed to its increased infectivity. Furthermore, because
replication in vivo may also be influenced by the ability of a virus to evade the cellular immune response of the
host, we examined whether the variants were more capable of downregulating surface expression of class I
major histocompatibility complex (MHC). Decreased MHC class I expression was not observed in cells infected
with any of the viruses. Furthermore, the Nef proteins of the highly pathogenic variants only slightly reduced
surface MHC class I expression in transfected cells, although they efficiently downregulated CD4. Together,
these data demonstrate that mutations which can enhance viral infectivity, as well as CD4 downregulation, may
be important for efficient replication of SIV in the host. However, Nef-mediated reduction of MHC class I
expression does not appear to be critical for the increased in vivo replicative ability of highly pathogenic late

variants.

Human immunodeficiency virus (HIV) undergoes significant
and continuous genetic change throughout the course of infec-
tion, resulting in the evolution and selection of variant viruses
with distinct characteristics that may be important for persis-
tence and disease (55). Remarkably, HIV replicates continu-
ously throughout the course of infection (33, 57, 71), despite
the specific immune responses of the host against the infecting
virus. Furthermore, recent studies have shown that the extent
of HIV replication is predictive of the rate of progression to
AIDS (48, 49, 53, 54). Moreover, several phenotypic charac-
teristics of HIV type 1 (HIV-1) variants, including tropism,
coreceptor usage, replication rate, cytopathicity, and syncyti-
um-inducing ability, have been correlated with different stages
of infection and disease, suggesting that particular character-
istics are acquired by variants for persistence, efficient replica-
tion, and disease progression (4, 12, 16, 17, 19, 23-25, 28, 63,
69, 70). Specifically, efficient replication in T cells, greater
cytopathicity, and syncytium-inducing ability correlate with
progression to AIDS. However, which characteristics enable
variant viruses to continuously replicate in the host at high
levels is difficult to address because of the absence of a suitable
animal model for studying HIV pathogenesis. Thus, the full
complement of viral determinants that contribute to pathoge-
nicity are not well understood and could perhaps be best ad-
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dressed with the simian immunodeficiency virus (SIV)-ma-
caque model.

SIV infection of macaques is a primary animal model for
studying HIV pathogenesis (reviewed in reference 75). Al-
though most studies with the SIV-macaque model have fo-
cused on defining the molecular determinants of virulence by
using highly pathogenic strains and clones of SIV, the model
has also provided a system in which to study genetic and phe-
notypic changes in a primate lentivirus as they relate to the
development of AIDS (reviewed in reference 72). Importantly,
like variants of HIV-1 that emerge during infection of humans,
variant viruses that evolve in macaques infected with macro-
phage-tropic, minimally cytopathic, non-syncytium-inducing vi-
rus derived from Macaca nemestrina (SIVmneCLS8) are rapidly
replicating, are highly cytopathic, and may be syncytium induc-
ing in culture (31, 40, 56, 60, 61). They also have increased
ability to escape from host neutralizing antibody responses (11,
61). Furthermore, molecular clones of these variants replicate
more efficiently and cause disease in vivo, demonstrating that
emerging viral variants are more pathogenic and drive disease
progression (38-40, 61). Thus, the SIV model may be a useful
system to dissect which mutations that evolve in the virus
influence replication in the host and subsequent disease.

Early studies with a variety of HIV-1 variants demonstrated
that the envelope surface protein (env-SU) gene encodes the
primary determinant for changes in tropism, replication, and
cytopathicity (reviewed in references 45 and 50). Surprisingly,
the Env-SU region of SIVmne has not been found to be the
major determinant influencing in vitro replication and cyto-
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pathicity, although it affects syncytium induction, tropism, and
sensitivity to neutralizing antibodies (40, 61). Instead, muta-
tions in other regions of the virus, including those located in
the env transmembrane and gag-pol coding regions, confer
changes in replication and cytopathicity (39, 40). Together,
these data suggest that viral fitness is influenced by mutations
selected in multiple determinants.

Nef is a critical factor for high-level replication of both HIV
and SIV in the host. The inability of a SIV mutant with nef
deleted to replicate efficiently and cause disease in macaques
first marked the importance of this gene for pathogenesis (36).
Additionally, a cohort of long-term HIV survivors with low
viral loads have been shown to harbor only nef deletion viruses,
further demonstrating nef’s importance for replication and dis-
ease (21, 42, 46). However, while these studies establish a
significant role for nef in modulating viral replication, other
studies have shown that nef deletion SIV can still cause disease
in newborn, and occasionally adult, macaques (5, 6, 18). Thus,
the exact role of nef in disease remains unclear.

Several functions have been ascribed to the Nef protein that
may have relevance to its ability to promote efficient viral
replication and, therefore, disease progression in vivo. For
example, Nef enhances viral replication and increases virion
infectivity by CD4-dependent and -independent mechanisms
(1, 13, 14, 30, 43, 51, 59, 66). It may also affect viral replication
by altering cell signaling mechanisms that regulate chemokine
and interleukin-2 (IL-2) production from infected macro-
phages and T cells, respectively (3, 7, 58, 62, 65, 68, 73).
Furthermore, Nef mediates downregulation of surface CD4
and major histocompatibility complex (MHC) class I expres-
sion (26, 64). Decreased surface expression of CD4 may en-
hance virion infectivity, alter T-cell receptor signaling, and
impair immune functions of CD4" T cells (43, 59, 65). Down-
regulation of MHC class I may assist virus replication in vivo by
protecting infected cells from CD8 cytotoxic T-lymphocyte
(CTL)-mediated killing (15). Interestingly, nef variants are se-
lected with disease progression, suggesting that particular ac-
tivities may be associated with replication and persistence (31,
41). However, despite these intriguing observations, the im-
portance and relevance of each of these activities for efficient
viral replication in vivo remain unclear.

To further delineate the properties and determinants of
viruses that may be critical for SIV replication in vivo and
progression to AIDS, we compared a minimally pathogenic,
parental SIVmne clone (SIVmneCLS8) with two highly patho-
genic variant viruses (SIVmnel70 and SIVmne027) cloned
from late stages of infection (31, 38-40). We found that nef
alleles from the variants enhanced viral infectivity, and they
effectively downregulated surface expression of CD4 but not
MHC class I. Furthermore, a determinant in the pol region of
the late variant SIVmne027 also conferred greater infectivity.
These data suggest that mutations selected during the course
of infection that enhance infectivity and CD4 downregulation
may be critical for efficient viral replication in vivo. However,
Nef-mediated MHC class I downregulation may play a limited
role as an immune escape mechanism for SIV.

MATERIALS AND METHODS

Viruses. The molecular cloning and in vitro phenotypes of SIVmneCLS,
SIVmne170, and SIVmne027 have previously been described in detail (31, 37-40,
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56, 60, 61). Importantly, SIVmneCLS is representative of variants found in the
early stages of infection, and SIVmne170 and SIVmne027 are representative of
variants found at later stages of infection following inoculation with STVmneCLS.
SIVmne170 was cloned from late stages of infection when CD4* cell counts were
low and there were clinical signs of AIDS following inoculation with SIVmneCLS.
SIVmne027 was cloned from lymph node tissue of a macaque with declining
CD4™ cell counts and early signs of AIDS. This animal was inoculated with the
SIVmne isolate from which SIVmneCL8 was cloned (8, 31). The in vivo patho-
genicities of SIVmnel170 and SIVmne(027 have been recently described (38).
Compared to SIVmneCLS8, SIVmnel70 and SIVmne027 cause rapid disease
progression and replicate to significantly higher levels in the host. In vitro, all
viruses are dualtropic for T cells and macrophages and use the same coreceptors
(CCRS and Bob/GPR15) for entry. However, SIVmne170 and SIVmne027 rep-
licate more efficiently in peripheral blood mononuclear cells than STVmneCLS,
and they are more cytopathic for the CD4" T-cell population than SIVmneCLS.
Finally, neither SIVmne170 nor SIVmne027 is sensitive to neutralizing antibod-
ies against SIVmneCLS8 or serum from macaques challenged with these variants.

Plasmid constructs. Chimeric viruses containing regions of the highly patho-
genic proviral clones, SIVmnel70 and SIVmne027, in the background of the
minimally pathogenic clone, SIVmneCLS8, were constructed using conserved
restriction sites (31, 38-40). The restriction site positions are numbered accord-
ing to the sequence of SIVmneCL8 (GenBank accession no. M32741). To con-
struct clone 8/027gag, the portion of gag between Dralll (position 851) and Nsil
(position 1886) that includes the gag capsid (CA) and nucleocapsid (NC) se-
quences was excised from pMneCL8 and replaced with the homologous se-
quences from pSIVmne027. To construct 8/027pol, the region between Nsil
(position 1886) and Hpal (position 3868) that includes the protease (PR) and
reverse transcriptase (RT) sequences was removed from pMneCL8 and replaced
with the homologous sequences from pSIVMne027. For the clone 8/027vif, the
region between Hpal (position 3868) and BstBI (position 5343) that contains the
coding region of integrase (IN) and most of vif was excised from pMneCL8 and
replaced with the homologous sequences from pSIVmne027. For each of these
clones, multiple steps were required to introduce the indicated regions of
pSIVmne027 into pMneCLS. To construct the nef chimeric viruses, 8/170nef and
8/027nef, pMneCLS8 was digested with Nhel (position 8216) and Sphl (located in
the polylinker of pUC18) to remove a piece of the overlapping envelope trans-
membrane protein-coding region and the entire nef coding region and 3’ long
terminal repeat (LTR). These sequences were replaced with the nef-3' LTR
sequences from either pSIVmne170 or pSIVmne027. As previously described,
the LTR sequences are highly conserved. Mutations are not present in known
elements important for transcription (39, 40). Partial sequencing and restriction
site mapping of the chimeric viruses confirmed the presence of the variant
sequences within the SIVmneCL8 provirus. Chimeric viruses 170/8 and 027/8
were previously described (39, 40).

For transient-transfection experiments, the nef genes from SIVmneCLS,
SIVmne170, and STVmne027 were cloned into the expression plasmid pIRES2-
EGFP (Clontech, Palo Alto, Calif.) to coexpress Nef and green fluorescent
protein (GFP) from a single message. Each nef gene was obtained from the
proviral clones by PCR amplification using DNA primers that flank the transla-
tional start and stop codons of nef. To facilitate cloning, EcoRI and Sall sites
were incorporated into the forward (Nef-ST-RI, 5'-GACTGAATTCACCTAC
CTACAATATGG-3' [positions 8531 to 8557]) and reverse (Nef-End-Sall, 5'-G
TCCCTGTCGACTCAGCTAGTTTCCTTC-3" [positions 9330 to 9357]) prim-
ers, respectively. (The underlined sequences are the EcoRI and Sall sites.) PCR
amplification was carried out in 50-pl reaction mixtures by using 7ag plus long
enzyme and buffer conditions recommended by the manufacturer (Stratagene,
La Jolla, Calif.) and each primer at a final concentration of 250 nM. PCR was
performed using the following conditions: denaturation at 94°C for 5 min fol-
lowed by 35 cycles of a three-step amplification reaction (denaturation at 94°C
for 30 s, annealing at 58°C for 30 s, and extension at 72°C for 1 min). An
additional extension of 5 min at 72°C followed the final cycle. A sample of each
reaction mixture was examined on a 0.8% agarose gel to verify amplification of
the expected 826-bp products. The products were digested with EcoRI and Sall
and inserted into the multiple cloning site of the pIRES2-EGFP vector. The
sequence of each PCR-amplified nef allele was determined to verify that it was
identical to the sequence in the provirus from which it was cloned. The nef gene
from HIV NLA4-3 was cloned into the vector by using a similar strategy but with
PCR primers based on the HIV NL4-3 sequence (HIV-NEF2-RI, 5'-GCTTGG
AAAGGAATTCGCTATAAGATG G-3' [positions 8843 to 8870] and HIV-
NEF3-SALI 5'-CTGGAAAGTCGACAGCGGAAAGTCCCTTG-3' [positions
9502 to 9530]).

Infectivity assay. To examine the infectivities of SIVmneCLS8, SIVmnel70,
SIVmne027, and chimeric clones, stocks of infectious virus were produced by
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transient transfection of 293T cells. Two hundred fifty thousand 293T cells were
plated into wells of six-well plates and cultured in Dulbecco modified Eagle
medium (DMEM) supplemented with 10% heat-inactivated (56°C for 30 min)
fetal bovine serum, 2 mM L-glutamine, 100 U of penicillin per ml and 100 pg of
streptomycin per ml (DMEM complete). The following day the cells were trans-
fected by the FuGene6 method (Roche, Indianapolis, Ind.), using 2 g of each
proviral clone. After overnight incubation, the cells were washed once with
phosphate-buffered saline (PBS), and fresh DMEM complete was added to each
culture. At 48 h posttransfection, the supernatants were harvested, passed
through a 0.2-pm-pore-size syringe filter (Corning Inc., Corning, N.Y.), and
immediately used for infection or stored at —80°C. To determine the virus titer
of each stock, serial dilutions of supernatants were tested for infectious virus by
using SMAGTI cells as described by Chackerian et al. (10). The amount of SIV
p27%“¢ antigen in each virus stock was determined by antigen enzyme-linked
immunosorbent assay according to the protocol of the manufacturer (Coulter-
Immunotech, Miami, Fla.). Infectivity was reported as the number of blue (in-
fected) cells per nanogram of SIV p2757.

Infection of PBMCs. Peripheral blood mononuclear cells (PBMCs) were iso-
lated from pig-tailed macaque (M. nemestrina) blood by Ficoll-Hypaque centrif-
ugation as previously described (60). Animals were negative for SIV and simian
type D retrovirus. Cells were stimulated with 10 p.g of phytohemagglutinin (Difco
Laboratories, Detroit, Mich.) per ml and 50 U of IL-2 (Roche, Indianapolis,
Ind.) per ml in RPMI complete medium for 3 days. Cells were then concentrated
by centrifugation and washed once with RPMI complete, and duplicate cultures
of 2 X 10° cells were infected with the SIVmne variants at a multiplicity of
infection (MOI) of 0.001 in 1 ml of RPMI complete. The following day, the cells
were pelleted by centrifugation, washed twice with PBS to remove residual
cell-free virions, and resuspended in 3 ml of RPMI complete plus 50 U of IL-2
per ml. Every 3 days, 2 ml of supernatant was removed from each culture and
replaced with fresh RPMI complete plus 50 U IL-2 per ml. Supernatants were
stored at —70°C until they were assayed for p275“¢ by SIV p275“¢ antigen enzyme-
linked immunosorbent assay.

Flow cytometric analysis of infected and transfected cells. CEMx174 cells (5 X
105) were infected at an MOI of 1 with SIVmneCL8, SIVmnel70, or
SIVmne027. Viruses used for infection were generated by transfection of
CEMx174 cells as previously described (40). At sequential time points postin-
fection, viable cells were harvested and examined for surface CD4 and MHC
class I expression by two-color fluorescence-activated cell sorting (FACS) anal-
ysis. The antibodies used for staining were anti-human CD4-fluorescein isothio-
cyanate (RPA-T4; BD Pharmingen, San Diego, Calif.) and anti-HLA-ABC-
phycoerythrin (PE) (W6/32; Dako, Carpinteria, Calif.). Cells were fixed in 1%
paraformaldehyde. and 10,000 gated cells were analyzed for surface CD4 and
MHC class I expression with a Becton Dickinson FACS analyzer.

Downregulation of CD4, CD3, and MHC class I by the variant nef alleles
expressed from the pIRES2-EGFP vector was examined in the Jurkat E6-1 cell
line. Jurkat cells were transfected with 20 pg of plasmid DNA by electroporation
using a Bio-Rad Gene Pulser apparatus equipped with a capacitance extender
unit (250 V, 960 wF). Cells were then reseeded into RPMI complete medium and
analyzed at 24 to 36 h posttransfection, when GFP expression was determined to
be highest. Cells were harvested and stained with anti-CD4-PE (RPA-T4),
anti-HLA-ABC-PE, or anti-CD3-PE (HIT3a; BD Pharmingen), fixed with 1%
paraformaldehyde in PBS, and analyzed by two-color FACS. Fifty thousand
gated cells were acquired for analysis, and the levels of CD4, MHC class I, and
CD3 expression in the GFP-positive cell population were examined.

RESULTS

Infectivity of SIVmne variants. To determine whether the
highly pathogenic variants, SIVmnel70 and SIVmne(27,
cloned from late stages of infection were more infectious than
the parental virus, SIVmneCLS8, we compared their infectivi-
ties by using the SMAGI assay (10), which detects single cycles
of infection. In each of the three independent experiments
shown, both SIVmnel70 and SIVmne027 demonstrated
greater numbers of blue cells per nanogram of SIV p275%
antigen (Fig. 1A). Five- to 10-fold and 15- to 30-fold more blue
cells were counted in sMAGI cell cultures infected with
SIVmnel70 and SIVmne(27, respectively, than in those in-
fected with SIVmneCLS8. The total amount of cell-free p275*¢
antigen produced from the 293T cells transfected with each
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FIG. 1. Infectivity and replication of SIVmne variant viruses.
(A) Infectivity of SIVmne variants. Dilutions of virus stocks were used
to infect SMAGI cells as described in Materials and Methods. Infec-
tivity is reported as the mean number of blue cells per nanogram of
SIV p27%% antigen * the standard error of the mean. Results from 3
of 10 independent experiments are shown. (B) Replication of SIVmne
variants in pig-tailed macaque PBMCs. Duplicate cultures of cells were
infected at an MOI of 0.001 with each virus. Data are representative of
those from three independent experiments.

provirus was similar (data not shown), suggesting that equiva-
lent amounts of virus were released over a 24-h period. Thus,
the differences in infectivity of these viruses were likely not
determined by transcriptional or posttranscriptional events
leading to viral protein expression. Additionally, PBMCs in-
fected with either SIVmne170 or SIVmne027 produced higher
levels of SIV p27%“¢ antigen than did those infected with
SIVmneCLS (Fig. 1B), indicating that the increase in infectiv-
ity of the variants was associated with enhanced replicative
ability. Together, these data demonstrate that highly patho-
genic late-stage variant viruses acquire mutations that enhance
replication by increasing virion infectivity.

CD4 and MHC class I downregulation on infected cells. To
determine whether there were changes in the ability to de-
crease surface expression of either CD4 or MHC class I, we
infected CEMx174 cells with the variant viruses and examined
CD4 and MHC class I surface expression at sequential time
points postinfection by FACS analysis. Decreased CD4 surface
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FIG. 2. CD4 and MHC class I downregulation in CEMx174 cells infected with SIVmne variant viruses. Levels of CD4 and MHC class I surface
expression were determined by FACS at 3 weeks postinfection with the indicated viruses. Data are representative of those from three independent

experiments.

expression was observed within 2 days of infection, although
MHC class I levels were high and indistinguishable from those
in the uninfected control cells (data not shown). By 3 weeks
postinfection, when the cells had become chronically infected,
the early virus, SIVmneCLS8, and each of the late variants,
SIVMnel70 and SIVmne027, had completely downregulated
CD4 surface expression (Fig. 2). Even at this late stage of
infection, no difference in MHC class 1 expression was ob-
served in cells infected with any of the viruses compared with
the uninfected control cells, although the infected cells pro-
duced high levels of cell-free p275“¢ and contained at least one
proviral genome per cell as determined by quantitative Taq-
man PCR (data not shown).

Because MHC class I downregulation by the SIVmne vari-
ants may occur only in monkey and not in human cells, we
examined whether the variant viruses could downmodulate
MHC class I surface expression in the SMAGI indicator cells,
which were derived from a rhesus macaque mammary tumor
cell line (10). Although the majority of the cells stained blue
following infection at an MOI of 1, MHC class I levels in the
infected cell cultures remained similar to those in the unin-
fected cell cultures (data not shown). Together, these data
suggest that the ability to downmodulate MHC class I is not a
characteristic of highly pathogenic SIV variants that emerge
late in infection.

Determinants of infectivity. Variant nef alleles of HIV-1 and
SIV have been shown to differ in their ability to enhance viral
infectivity (1, 9, 31). To determine whether the nef alleles of
the late variants from SIVmnel70 and SIVmne(27 contained
mutations that increased viral infectivity compared to nef of
the early virus, SIVmneCLS, we created chimeric viruses that
contained the nef coding regions from either SIVmnel70 (8/
170nef) or SIVmne027 (8/027nef) but were isogenic with re-
spect to SIVmneCLS8. The infectivity of each chimeric virus
was five- to sixfold greater than that of the wild-type early virus,
SIVmneCLS8 (Fig. 3), demonstrating that both late variants
evolved increased infectivity due to mutations in nef. Interest-
ingly, 8/170nef was slightly more infectious than wild-type
SIVmnel70, suggesting that mutations in Nef alone could ac-
count for the enhanced infectivity of this virus. By contrast,
8/027nef was less infectious than wild-type SIVmne027, indi-
cating that in addition to nef, another determinant may also
enhance its infectivity.

To address whether other viral determinants may contribute

to the infectivity of SIVmne(027, but not SIVmne170, we con-
structed additional chimeric viruses (Fig. 4A), and tested their
infectivity with the SMAGTI single-cycle infection assay (Fig. 4B
and C). Interestingly, the chimeric virus 027/8, which contains
the 5" half of SIVmne027 and 3’ half of SIVmneCLS, was as
infectious as the 8/027nef chimera, demonstrating an infectiv-
ity determinant in the 5" half of SIVmne027. To identify which
region increased infectivity, the 5’ half of SIVmne(027 was
further subdivided and the individual regions were introduced
into the SIVmneCLS8 provirus. The resulting chimeric viruses
harbored the gag (8/027gag), PR-RT (8/027pol), or IN-vif (8/
027vif) region of SIVmne(027 but were isogenic with respect to
SIVmneCL8. Of these chimeras, only 8/027pol showed an in-
crease in viral infectivity compared to wild-type SIVmneCLS.
The three- to fourfold enhancement in infectivity by the pol
determinant was equal to that of the nef gene from SIVmne027
(8/027nef). By contrast, a chimeric virus containing the 5’ half
of SIVmne170 and the 3" half of SIVmneCLS8 (170/8) was only
as infectious as SIVmneCLS, suggesting that the pol infectivity
mutation was unique to SIVmne027 (Fig. 4C). Together, these
data demonstrate that highly pathogenic viruses that evolve
during infection contain mutations in nef which enhance infec-
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FIG. 3. Infectivity of nef chimeric viruses. The nef coding regions of
SIVmnel70 and SIVmne027 were inserted into the parental provirus,
SIVmneCLS, as described in Materials and Methods. Infectivity was
determined by infection of SMAGTI cells and is reported as the mean
number of blue cells per nanogram of p27%“¢ antigen *+ the standard
error of the mean. Infections are representative of three independent
experiments.
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or between SIVmneCL8 and SIVmnel70. (B) Infectivity of SIVmneCL8/SIVmne027 chimeras. (C) Infectivity of SIVmneCL8/SIVmnel70
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of p27%“¢ antigen * the standard error of the mean. The results are representative of those from three independent experiments.

tivity. Interestingly, mutations in pol can also enhance infectiv-
ity.

Nef-mediated CD4 and MHC class I downregulation. Nef
activities such as CD4 downregulation may be masked by other
viral proteins during infection (20). To determine whether Nef
from the late variant SIVmne clones downregulated either
CD4 or MHC class I more efficiently than Nef of SIVmneCLS,
we transfected Jurkat cells with bicistronic Nef-GFP expres-
sion vectors and examined CD4 and MHC class I expression in
the GFP-positive population by FACS analysis (Fig SA). Com-
pared to cells transfected with the vector without nef sequences
(control), expression of the SIVmneCL8 Nef (CLS8) did not
reduce the percentage of GFP-positive cells expressing CD4
(37.6% vs. 39.4%). Furthermore, there was no difference in the
percentage of GFP-positive cells expressing high levels of
MHC class I (99.0% for the control versus 99.4% for
SIVmneCLS8 Nef) or in the mean fluorescence intensity (MFTI).
In contrast, expression of nef alleles from the late variant
viruses, SIVmne170 and SIVmne027, resulted in 75 and 90%
decreases in the number of GFP-positive CD4* cells, respec-

tively. Interestingly, while the level of Nef expression was suf-
ficient for CD4 downregulation, neither late variant Nef effi-
ciently decreased surface MHC class I expression. Although
the percentage of GFP-positive cells expressing moderate lev-
els of MHC class I was greater for cells expressing SIVmne170
Nef (12%) and SIVmne027 Nef (17%) than for the control
(1%), there was no decrease in the MFI of MHC class I for
cells expressing the SIVmnel70 nef allele relative to the con-
trol and only a 1.2-fold decrease in the MFI of MHC class I for
cells expressing the SIVmne027 nef allele. Additionally, each
SIVmne nef allele had a limited ability to decrease CD3 ex-
pression (data not shown). As a control for both CD4 and
MHC class I downregulation, the nef gene from HIV-1 NL4-3
was expressed from the bicistronic vector. As previously shown
(2), NL4-3 Nef downregulated both CD4 and MHC class I
surface expression (Fig. 5B). The percentage of CD4* GFP-
positive cells decreased by 90%, and while the percentage of
GFP-positive cells expressing high levels of MHC class I de-
creased by only 16%, the MFI of the GFP-positive, MHC class
I-positive population was reduced by fourfold relative to the



6430 PATEL ET AL.

A

Control

Control

Class [

HIV

nef

It

e ey
P
GEP >

FIG. 5. Nef-mediated CD4 and MHC class I downregulation in
Jurkat cells. CD4 and MHC class I downregulation by SIV nef variants
(A) or the HIV-1 NL4-3 nef (B) is shown. The pIRES2-EGFP vector
without nef (control) or containing the nef genes from SIVmneCL8
(CLS8), SIVmnel70 (170), SIVmne027 (027), or HIV-1 NL4-3 (HIV
nef) was transiently transfected into Jurkat cells by electroporation.
CD4 and MHC class I surface expression in the GFP-positive cell
populations were monitored by FACS.

control. This indicated that there was no defect in the Jurkat
cell line used that would affect Nef’s ability to decrease either
CD4 or MHC class 1. Thus, these data demonstrate that
SIVmne Nef evolves to efficiently downmodulate CD4 but not
MHC class I. Furthermore, they are in agreement with the
infection experiments (Fig. 2). Thus, Nef-mediated down-
modulation of MHC class I may not be an important immune
escape mechanism for late-stage SIVmne variants.
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Comparison of the variant Nef sequences. To determine
which mutations might be important for changing the func-
tional activity of SIVmne Nef, we compared the predicted Nef
amino acid sequences of the late variant SIVmne clones,
SIVmne170 and SIVmne027, with that of SIVmneCLS (Fig. 6).
Overall, the variant Nefs were highly conserved (94% identi-
cal) with that of SIVmneCLS8. Tyrosine residues at positions
223 and 226 and the aspartic acid residue at position 155 that
had been previously shown to be important for MHC class I
downregulation in mutagenesis studies using the SIVmac239
nef gene were conserved among these viruses (67). Further-
more, amino acids residues P73, A74, and D204, which were
shown to be important for CD4 downmodulation, were also
conserved between the variant Nef proteins (34, 35, 44). Mu-
tations that were conserved between the two late variants oc-
curred at four positions in the central region of Nef (I87M,
N95D, I111M, and M144I). Of these mutations, only three
(D95 in the acidic domain, M111, and 1144) are also found in
the Nef protein of SIVmac239. Interestingly, the asparagine-
to-aspartic acid and isoleucine-to-methionine mutations at
amino acid positions 95 and 111, respectively, have been found
to be selected within 4 to 8 weeks following infection with
SIVmneCLS (31), suggesting their importance early during in
vivo replication. By contrast, the isoleucine-to-methionine mu-
tation at amino acid position 87 typically appeared later in the
course of infection. These data implicate the N95D and I111 M
mutations in Nef-mediated downregulation of CD4 and en-
hanced infectivity.

DISCUSSION

Using molecular clones of SIVmne from different stages of
infection and disease, we previously demonstrated that vari-
ants of SIV which evolve during an infection have increased
pathogenicity and drive disease progression (38). The data
support a model in which variant viruses acquire mutations
that increasingly enhance their fitness for replication in the
host. Such mutations could affect the intrinsic replicative abil-
ity of the viruses and/or immune escape mechanisms. Interest-
ingly, changes in the envelope surface protein that confer neu-
tralization resistance are among the earliest mutations found
in variant viruses isolated from macaques inoculated with the
minimally pathogenic virus SIVmneCLS8. These mutations en-
hance viral replication in vivo but not in vitro (11, 38, 61).
However, enhancement of pathogenicity appears to require
mutations in other genetic loci, which together increase the
replicative and cytopathic properties of the virus. Indeed, we
have mapped replicative and cytopathic determinants to gag
and env transmembrane coding sequences (39, 40). Here, we
provide evidence for the selection of nef and pol mutations that
enhance viral infectivity. Furthermore, the Nef protein also
evolves a greater ability to downmodulate CD4 from the sur-
face of cells, but downregulation of MHC class I molecules is
minimal. These data demonstrate that selected mutations
which enhance viral replication and potentially disrupt the
function of infected CD4™ T cells may be critical for pathoge-
nicity of the variant viruses. The lack of extensive downregu-
lation of MHC class I by late variant viruses suggests that this
function may not be important for efficient viral replication in
the host at late stages of infection and disease. Successful
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FIG. 6. Comparison of the predicted Nef sequences of the SIVmne variants. Differences in the Nef protein sequences of SIVmnel70 and
SIVmne027 are shown relative to that of SIVmneCLS8. The amino acid position number is indicated above the sequence. The amino acid sequence
is shown in single-letter code. Residues in the variants that are identical to those in SIVmneCLS are represented by dots. Specific amino acid

differences are shown.

avoidance of the host immune response and disease progres-
sion may therefore primarily depend upon genetic variation,
efficient virus replication, and the ability to disrupt CD4" T-
helper cell viability and function.

A recent study by Carl et al. has shown functional changes in
HIV-1 Nef as infected individuals progressed to AIDS, sug-
gesting that particular properties of Nef may be associated with
different stages of infection (9). Interestingly, with progression
to AIDS, Nef either maintains or evolves enhanced ability to
downregulate CD4 and stimulate virus replication, but it be-
comes inefficient at downmodulating MHC class I expression.
Furthermore, in ex vivo human lymphoid tissue cultures, Nef-
mediated CD4 downregulation correlates with increased
CD4* T-cell depletion and enhanced viral replication (29). In
addition, site-directed mutations in the STVmac239 nef, which
abolish the ability to downregulate CD4 and enhance infectiv-
ity, attenuate replication in macaques (35). Our studies on late
variant SIVmne nef alleles are in agreement with these data.
Importantly, we demonstrate by using variant viruses of known
pathogenicity that a nef allele with limited activity acquires the
ability to downmodulate CD4 and increase viral infectivity but
not an efficient ability to downregulate MHC class 1. These
data may be interpreted to suggest that the ability to down-
regulate MHC class I is not significantly enhanced because late
variants are adapted to replication in an immunocompromised
environment where there is no pressure to escape from the
host’s CTL response. However, both late variant viruses,
SIVmne170 and SIVmne(27, are rapidly replicating and highly
cytopathic for macaque CD4™" T cells, and they replicate effi-

ciently and cause accelerated disease in naive macaque hosts
compared to the early virus, SIVmneCLS (38). Even during the
postacute stages of infection with these variant viruses, the
steady-state viral load is significantly higher that that found in
SIVmneCLS8-infected macaques, indicating that viral replica-
tion is poorly controlled by the host immune response. Thus,
an explanation for why there may not be selection for nef
mutations that enhance MHC class I downregulation is that
viruses with increased inherent replicative and cytopathic
properties sufficiently disrupt and destroy CD4" T-helper re-
sponses required for priming and maintaining virus-specific
immune responses. Virally induced loss of CD4" T-helper
responses against HIV or SIV could establish a state of toler-
ance to the virus (47). Also, CTL responses may be evaded by
virus-induced Fas ligand (CD95L) expression in infected cells
(27, 74).

The mutations in SIVmne Nef that enhance infectivity and
CD4 downmodulation are distinct from those amino acids pre-
viously shown to be important by mutagenesis studies of SIV-
mac239 Nef (34, 35, 44). P73, A74, and D204 are all highly
conserved in the SIVmne variants. However, similarly to Hei-
decker et al. (31), we note several mutations in the central
domain of SIVmne Nef, particularly N95D and 1111 M, which
correlate with an increase in infectivity as well as CD4 down-
modulation. Furthermore, Swigut et al. have shown that chang-
ing tyrosine 223 to phenylalanine in SIVmac 239 Nef specifi-
cally disrupts the ability to downregulate MHC class I without
altering other known Nef functions, including CD4 down-
modulation and infectivity (67). In vivo, there is a strong se-
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lective pressure for restoring the tyrosine residue at position
223 (52). Although the reversion of Y223 coincides with the
decrease in primary viremia and likely appearance of anti-SIV
CTLs, if Y223 has other important functions related to virus
replication, it would be selected rapidly, similar to the case for
functionally significant mutations in the envelope transmem-
brane protein (32, 40). By comparison, Y223 is highly con-
served among the SIVmne clones. Thus, changes at amino acid
residues other than those previously identified by site-directed
mutagenesis may modulate Nef’s ability to downmodulate
MHC class I or CD4 and enhance infectivity. Finally, it is
intriguing that mutations in P73, A74, and D204 of SIVmac239
Nef attenuate viral replication in vivo, despite having no effect
on MHC class I downregulation (35). This provides further
evidence that Nef-mediated MHC class I downregulation is
not sufficient for the positive effects of Nef on SIV virulence.
Nevertheless, it will be important to determine whether variant
viruses cloned from intermediate asymptomatic stages of in-
fections initiated with the minimally pathogenic SIVmneCLS8
virus evolve greater ability to downregulate MHC class I. Fur-
thermore, in vivo studies will be necessary to prove whether the
Nef D95 and M111 mutations contribute to the enhanced
replicative ability of SIVmne variants.

In addition to Nef, mutations selected in other determinants
may enhance infectivity. We demonstrated that SIVmne027
has an infectivity determinant in pol that is not present in
either the minimally pathogenic SIVmneCLS8 or the highly
pathogenic SIVmne170. At this time it is unclear how a mu-
tation in pol enhances infectivity. A comparison of the se-
quences from the SIVmne variants identifies only three amino
acid residues within the determinant that are unique to
SIVmne027 (39). One mutation is located in the amino-termi-
nal region of PR and the other two mutations are in the RNase
H domain of RT. It is important to note that the activity of the
SIVmneCLS8 RT is similar to that of the SIVmac239 RT (22);
therefore, it is unlikely that the mutations in SIVmne027 RT
have arisen simply because the SIVmne RT has suboptimal
activity. Additionally, the SIVmnel70 variant virus is highly
pathogenic (38), but the pol region does not enhance infectiv-
ity. Further investigation will be necessary to identify the im-
portant amino acid residues and mechanism of how the deter-
minant increases infectivity and to determine if it functions
independent of Nef. Intriguingly, we previously demonstrated
that the SIVmne027 virus has the ability to replicate in un-
stimulated PBMCs (39), and the determinant important for
this phenotype maps to the 5’ region of the virus. Furthermore,
our preliminary data also demonstrate that SIVmne027 is
highly adapted to replication in either macrophage-resting-T-
cell or dendritic-cell-resting-T-cell cocultures compared to ei-
ther SIVmne170 or SIVmneCLS8 (J. T. Kimata and P. G. Patel,
unpublished data). We hypothesize that this determinant may
confer a selective advantage upon SIVmne027 for replication
in lymph nodes, the tissue from which it was directly cloned. In
vivo studies will be required to establish the determinant’s
importance for infection and pathogenesis.
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