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ABSTRACT

The expression of xenogeneic TRIM5� proteins can restrict infection in various retrovirus/host cell pairings. Previously, we have
shown that African green monkey TRIM5� (AgmTRIM5�) potently restricts both human immunodeficiency virus type 1
(HIV-1) and simian immunodeficiency virus mac239 (SIVmac239) replication in a transformed human T-cell line (L. V. Coren, et
al., Retrovirology 12:11, 2015, http://dx.doi.org/10.1186/s12977-015-0137-9). To assess AgmTRIM5� restriction in primary cells,
we transduced AgmTRIM5� into primary rhesus macaque CD4 T cells and infected them with SIVmac239. Experiments with T-
cell clones revealed that AgmTRIM5� could reproducibly restrict SIVmac239 replication, and that this restriction synergizes with
an intrinsic resistance to infection present in some CD4 T-cell clones. AgmTRIM5� transduction of virus-specific CD4 T-cell
clones increased and prolonged their ability to suppress SIV spread in CD4 target cells. This increased antiviral function was
strongly linked to decreased viral replication in the AgmTRIM5�-expressing effectors, consistent with restriction preventing the
virus-induced cytopathogenicity that disables effector function. Taken together, our data show that AgmTRIM5� restriction,
although not absolute, reduces SIV replication in primary rhesus CD4 T cells which, in turn, increases their antiviral function.
These results support prior in vivo data indicating that the contribution of virus-specific CD4 T-cell effectors to viral control is
limited due to infection.

IMPORTANCE

The potential of effector CD4 T cells to immunologically modulate SIV/HIV infection likely is limited by their susceptibility to
infection and subsequent inactivation or elimination. Here, we show that AgmTRIM5� expression inhibits SIV spread in pri-
mary effector CD4 T cells in vitro. Importantly, protection of effector CD4 T cells by AgmTRIM5� markedly enhanced their an-
tiviral function by delaying SIV infection, thereby extending their viability despite the presence of virus. Our in vitro data sup-
port prior in vivo HIV-1 studies suggesting that the antiviral CD4 effector response is impaired due to infection and subsequent
cytopathogenicity. The ability of AgmTRIM5� expression to restrict SIV infection in primary rhesus effector CD4 T cells now
opens an opportunity to use the SIV/rhesus macaque model to further elucidate the potential and scope of anti-AIDS virus effec-
tor CD4 T-cell function.

The TRIM5� cellular protein is a well-studied resistance factor
(1) that is a major contributor to the inability of human im-

munodeficiency virus type 1 (HIV-1) to replicate in Old World
monkey CD4 T cells, especially those from rhesus macaque (2–6).
While endogenous TRIM5� does not restrict permissive virus-cell
pairings, expression of xenogeneic TRIM5� can make cells resis-
tant to infection (7–11). Experiments with xenogeneic expression
of TRIM5� have revealed a somewhat complicated pattern of re-
striction in a variety of virus-host pairings (5, 7–9, 11–14).

Cytoplasmic TRIM5� restricts infection rapidly after viral en-
try (15), disrupting reverse transcription (2–5, 16, 17) as well as
later stages of the infection process (16, 17). During restriction,
TRIM5� binds the retroviral capsid core, a capsid protein-coated
structure which contains all of the viral molecules required for
infection: the RNA genome, reverse transcriptase, and integrase.
While the exact mechanism of restriction is not completely under-
stood, two nonexclusive models posit that restricting TRIM5�
binds the capsid core by forming a cage-like structure (18) that
either causes the core to prematurely uncoat (16, 19–21), thereby
interfering with reverse transcription, or engages the ubiquitin
proteasome pathway through its ubiquitin ligase activity, causing
the destruction of the caged core complex (10, 17, 22–24). Because

TRIM5� binds cooperatively to the capsid core and its cytoplas-
mic concentration is limiting, restriction is saturable: increasing
amounts of viral cores entering the cell from high multiplicities of
infection (MOI) titrate out cytoplasmic TRIM5�, eliminating re-
striction (18, 25–28).

Conceptually, xenogeneic expression of rhesus macaque
TRIM5� (rhTRIM5�) by gene transfer is an approach to protect
primary human CD4 T cells from HIV-1 in vivo (29–32). How-
ever, in vitro experiments have found that, while rhTRIM5�-
transduced cells protected human CD4 T cells in monoculture,
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there was no HIV-1 restriction in coculture with untransduced
cells (33, 34) due to cell-to-cell infection (33). Similar results were
observed with a stabilized human TRIM5� mutant that has a lon-
ger half-life (30). In contrast, our recent experiments found that
near-physiological expression of African green monkey TRIM5�
(AgmTRIM5�) in transformed human CD4 T cells provided po-
tent restriction against both HIV-1 and simian immunodeficiency
virus (SIV) in replication assays using both cell-free and cell-to-
cell infection challenges (34). Thus, unlike rhTRIM5� with
HIV-1, AgmTRIM5� could restrict both HIV-1 and SIV replica-
tion in the presence of infected cells. To extend our prior studies,
we examined the ability of AgmTRIM5� to restrict SIVmac239 in
primary rhesus macaque CD4 T cells as well as its impact on an-
tiviral function. Our results found that AgmTRIM5� could effec-
tively restrict SIVmac239 in primary CD4 T cells, and, importantly,
augment the ability of SIV-specific T cells to suppress viral repli-
cation in autologous CD4 T cells.

MATERIALS AND METHODS
Retroviral vector production. Retroviral vectors expressing AgmTRIM5�,
gorilla TRIM5� (gorTRIM5�), and the CM9-6 rhesus macaque T-cell
receptor (TCR), specific for the SIV CM9 epitope, were produced by
transfecting the pSMS-Agm (34), pSMS-gor (34), and pCM9-6 (35) con-
structs, respectively, into Phoenix RD114 clone 22 packaging cells (kind
gift of Hans-Peter Kleim, Fred Hutchinson Cancer Research Center, Se-
attle, WA) (36) using the TransIT-293 transfection agent (Mirus Bio).
Phoenix RD114 cells were cultured in Dulbecco’s modified Eagle’s me-
dium supplemented with 10% (vol/vol) heat-inactivated fetal bovine se-
rum (FBS), 10 mM HEPES buffer, 2 mM L-glutamine, 100 U/ml penicil-
lin, and 100 �g/ml streptomycin (all medium supplements were obtained
from Life Technologies, Inc.). Vector supernatants were clarified by filtra-
tion though a 0.45-�m filter.

CD4 T cell transduction. Primary rhesus macaque CD4 T-cell lines
were isolated from peripheral blood of several rhesus macaques by mag-
netic sorting with anti-CD4 paramagnetic microbeads through an LS col-
umn (Miltenyi Biotech). CD4 clones generated by limiting dilution were
tested for susceptibility to SIVmac239 prior to expansion and transduction
with retroviral vectors. Except as noted, clones with median levels of in-
fection susceptibility were selected for study. CD4 T-cell lines were cul-
tured in RPMI 1640 media supplemented with 10% (vol/vol) FBS, 10 mM
HEPES buffer, 2 mM glutamine, 50 U/ml interleukin-2 (IL-2; NIH AIDS
Reference and Reagent Program). Primary cell cultures were expanded by
biweekly stimulation by the addition of 30 ng/ml CD3 monoclonal anti-
body clone SP34-2 (BD Biosciences) and irradiated human peripheral
blood mononuclear cells (PBMCs), as previously described (37–39).
Transductions of primary cells were carried out as previously described
(35). Briefly, non-tissue culture-treated plates were coated with 20 �g/ml
RetroNectin (TaKaRa Bio) for 2 h, blocked with 2% (wt/vol) bovine se-
rum albumin (BSA) for 30 min at room temperature, and washed with
phosphate-buffered saline (PBS) prior to the addition of retrovirus super-
natant. Plates with vector supernatants were centrifuged at 1,500 � g for 2
h at 32°C prior to the addition of 1 � 106 to 1.5 � 106 CD4 T cells in 500
�l RPMI and IL-2 to 40 U/ml (final concentration). Plates then were
centrifuged at 1,500 � g for 1 h at 32°C. Cultures were analyzed for trans-
ductants by flow cytometry 48 to 72 h postransduction for either green
fluorescent protein (GFP) fluorescence (TRIM5� vectors) or CM9 pep-
tide-major histocompatibility complex class I (MHC-I)-phycoerythrin
(PE) tetramer (MBL, Inc.) staining. Cell lines expressing AgmTRIM5�
and gorTRIM5� were isolated with a BD FACSAria II flow cytometer (BD
Biosciences). CM9-6 transductants were isolated using the CM9-MHC
I-PE tetramer and anti-PE paramagnetic microbeads (Miltenyi Biotech).
Postsort purity ranged between 95 and 99% (data not shown).

Direct infection of CD4 T-cell clones. SIVmac239 stocks were produced by
transfecting human embryonic kidney 293T cells with p239macSPXL (gift of

Ronald Desrosiers) using the TransIT-293 transfection agent (40). Virus
supernatants were collected at 48 and 72 h posttransfection and stored as
aliquots at �80°C prior to use. For infection, 1 � 106 to 1.5 � 106 CD4 T
cells were infected with 80 �l to 160 �l of the SIVmac239 virus stock in 1 ml
of medium for a multiplicity of infection (MOI) of 1 with 2 �g/ml hexadi-
methrine bromide in a 15-ml tube (2058; BD Falcon).

Suppression of virus spread assay. CD4 T-cell clones that were sus-
ceptible to infection and not SIV specific were infected with SIVmac239 at
an MOI of �0.001, labeled with CellTrace violet (CTV) by using the
provider’s procedure (Life Technologies), and then cocultured with au-
tologous SIV-specific effector CD4 T cells or those with an irrelevant
specificity at a 1:5 (target-to-effector) ratio in a round-bottom tube (2058;
BD Falcon). Cells were maintained in IL-2-supplemented RPMI 1640
media as described above. Suppression was analyzed by flow cytometry
for infection by CD4 surface and intracellular Gag staining in the CTV-
labeled population and by comparing the frequency of SIV-specific in-
fected targets versus irrelevant CD4 T cell effector cocultures at multiple
time points. Cultures with uninfected targets were included in each assay
as negative controls.

Flow cytometry analysis of infected cells. Cells (0.5 � 106 to 1 � 106)
were analyzed for SIV infection by surface staining with CD4-peridinin
chlorophyll protein (PerCP)-Cy5.5 (clone OKT4) and human CD45-al-
lophycocyanin (APC) (BD Biosciences), followed by an intracellular stain
with the p27CA-specfic 2F12-PE antibody (Quality Biological, Inc.). Stain-
ing for the CM9-6 TCR was carried out using CM9-MHC-I tetramer
combined with CD3, CD4, and CD45 antibodies (BD Biosciences). The
2F12 antibody was labeled using the Zenon-PE antibody labeling kit (Life
Technologies) by following the recommended protocol. Analyses were
performed as previously described (39). Briefly, surface-labeled cells were
washed prior to resuspension in the BD Cytofix/Cytoperm solution and
incubated at room temperature for 30 min. Cells were fixed with 4%
(wt/vol) paraformaldehyde in Dulbecco’s PBS (D-PBS; Life Technolo-
gies) for 20 min at room temperature, followed by the addition of 3.5 ml of
0.1% (wt/vol) saponin (Sigma-Aldrich) in D-PBS and Zenon-PE-conju-
gated 2-F-12 for 30 min at room temperature in the dark and immediately
analyzed by an LSRII flow cytometer (BD Biosciences). Data analysis was
performed using FCS Express (De Novo Software, Los Angeles, CA). Cells
were gated as follows (Fig. 1). Live single cells were gated by forward
scatter height (FSC-H) and by forward side scatter area (FSC-A), then
lymphocytes were gated by side scatter area (SSC-A) by forward side scat-
ter area, then rhesus macaque T cells were gated from any remaining
human feeder cells by human CD45 staining, and finally TRIM5�-ex-
pressing versus untransduced cells were gated by GFP fluorescence.

RESULTS
AgmTRIM5� restricts SIVmac239 replication in primary rhesus
CD4 T cells. To examine the extent of AgmTRIM5� restriction
of SIVmac239 replication in primary rhesus macaque CD4 T
cells, we transduced T-cell clones with a retroviral vector con-
taining both the AgmTRIM5� gene isolated from Tantalus Af-
rican green monkey (9) and the eGFP gene. Based on our prior
study, this vector produces nearly physiological levels of
AgmTRIM5� and confers a 2- to 3-log level of restriction to
HIV-1 and SIV replication in a transformed human CD4 T-cell
line (34). To provide a negative control for ectopic expression
of TRIM5�, we also transduced the primary CD4 T-cell clones
with a gorilla TRIM5� gene. Our prior study found that
gorTRIM5� expression induced only weak SIV restriction in
the human cell system (34). GFP-positive AgmTRIM5�- and
gorTRIM5�-transduced cells were exposed to SIVmac239 at an
MOI of 0.1 and examined by flow cytometry for productively
infected cells, i.e., the loss of surface CD4 and presence of in-
tracellular Gag. At day 4 postinfection, three representative
AgmTRIM5�-transduced clones, 34, 2, and 22, contained rela-
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tively low levels of CD4�/Gag�-infected cells (5 to 6%) com-
pared to the levels present in the gorTRIM5�-transduced cells,
10 to 28%, and untransduced clones, 25 to 30% (Fig. 2A).
Overall, the results from analyzing seven clones found
AgmTRIM5� restriction to replication in primary CD4 T cells
(data not shown).

TRIM5� restriction can be overcome by exposure to high lev-
els of virus (25–28), conditions that are present during cell-to-cell
virus spread (41–50). To examine the durability of resistance over
time as the exposure to cell-free and cell-associated virus in-
creases, AgmTRIM5�-transduced cells were analyzed at 4, 5,
and 6 days postinfection. The frequency of infected cells at all
three time points was lower for the AgmTRIM5�-transduced
cells, 2% at day 4, 11% at day 5, and 37% at day 6 (Fig. 2B), than
that in either the gorTRIM5� (4%, 40%, and 98%, respectively) or
untransduced cell cultures (10%, 48%, and 100%, respectively).
The gorTRIM5� culture showed at most a slight restriction com-
pared to the untransduced culture (4% versus 10%) at day 4 (Fig.
2B). However, by day 5 there was little difference between the two
cultures (40% versus 48%), consistent with the weak SIV restric-
tion by gorTRIM5� previously observed (34). Thus, xenogeneic
expression of TRIM5� per se has little effect on SIV replication.
Remarkably, by day 6 the majority (63%) of AgmTRIM5�-trans-
duced T cells showed no signs of infection, being CD4� and Gag�,
while essentially all of the gorTRIM5� and untransduced control
T cells were infected (98% and 100%, respectively). Thus, despite
the high levels of SIVmac239, AgmTRIM5� expression was able to
markedly restrict viral replication, protecting transduced cells
from infection (Fig. 2A and B).

AgmTRIM5� restriction acts synergistically with natural re-
sistance in CD4 T-cell clones. We have observed that primary
rhesus CD4 T-cell clones exhibit various degrees of susceptibility
to SIVmac239 infection, with some having strong blocks to produc-
tive infection (51). For these experiments, we observed that out of
41 CD4 T-cell clones at day 5 postinfection, 17% were highly sus-

ceptible (�50% of cells infected) and 20% were highly resistant to
infection (�5% of cells infected; M. T. Trivett and D. E. Ott,
unpublished data). To determine if this intrinsic resistance to in-
fection could augment AgmTRIM5� restriction, we combined
these two factors. CD4 T-cell clones from the same donor animal
were screened for their relative susceptibilities to SIVmac239 infec-
tion. Clones found to be exceptionally susceptible or resistant
were used to produce AgmTRIM5�-transduced cells that were
infected with our SIVmac239 stock and compared to infected, un-
transduced clones. Untransduced sensitive clones had significant
levels of CD4�/Gag�-infected cells 5 days postinfection (24% in
the representative data), which increased to essentially 100% after
13 days (Fig. 3A). Even though the resistant cells showed about
half of the frequency of infected cells at the day 5 time point, few
uninfected cells remained after 13 days (Fig. 3). Interestingly,
there were some resistant cells in the culture that had downregu-
lated CD4 yet remained Gag negative after 13 days. This is not due
to CD4 antibody staining, because the OKT4 monoclonal anti-
body used is not blocked by gp120SU binding. Thus, the decrease
in CD4 likely is due to infection. Perhaps these cells are in an
earlier phase of virion production where Nef and Env downregu-
late CD4 surface expression before Gag accumulates to levels that
are detectable (52). Indeed, CD4� cells are not substantially pres-
ent in the resistant/AgmTRIM5� culture (Fig. 3B); thus, this pop-
ulation is induced by infection. Also, the Gag fluorescence inten-
sity of the CD4� cells markedly shifts from day 5 to day 13 in all of
the cultures, consistent with an increase in Gag with time (Fig. 3).
Finally, the CD4� population is not discrete; rather, it is present as
a continuum of Gag antibody fluorescence ranging from Gag� to
Gag�, suggesting an accumulation of Gag in the cells over time.
Taken together, the intrinsic resistance present in some CD4 T
cells can be a relatively short-lived inhibitor of viral replication
under these conditions.

The analysis of the sensitive cells expressing AgmTRIM5� cells
(Fig. 3A) showed some restriction at day 5 postinfection (9% in

FIG 1 Flow cytometry gating strategy used to study TRIM5�-transduced cells. Gated plots for analysis of infection in untransduced or TRIM5�-transduced cells
are shown (left to right): cells gated for live singlets, live singlets gated for lymphocytes (Lymphs), human feeders removed from the lymphocyte population by
gating for human CD45-negative cells, and TRIM5�-transduced cells from the GFP� gate as well as untransduced cells from the GFP� gates.
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the infected cells versus 24% in the untransduced cells), yet after
13 days, essentially all of the cells in the culture were CD4� and
nearly all were Gag�. In contrast, the AgmTRIM5�-transduced
resistant clone exhibited robust restriction; no detectable infected
cells were observed at day 5, whereas 11% of infected cells were
observed in the untransduced cells. Furthermore, this effect was
durable, with 52% uninfected CD4�/Gag� cells remaining in the
AgmTRIM5� culture at day 13 while essentially all of the untrans-
duced cells were infected at that time point. Also, there were fewer
of the CD4�/Gag� cells at day 13 in the AgmTRIM5�-transduced

resistant clone culture than in the other cultures, suggesting fewer
cells in early-stage infection. Therefore, AgmTRIM5� expression
appears to act synergistically with this uncharacterized intrinsic
cellular resistance factor to more effectively restrict SIV expres-
sion.

CD4 effector cells are susceptible to SIV infection in suppres-
sion assays. In our studies of anti-SIV responses in CD8 T cells, we
employ the retrovirus-mediated transfer of various SIV-specific
TCR genes to evaluate effector functions of different TCR/CD8
T-cell combinations in a defined in vitro system (35). Of the pa-
rameters we evaluate, the most direct and physiologically relevant
measure of antiviral function is the ability of SIV-specific CD8 T
cells to specifically suppress SIV spread between autologous target
CD4 T cells (35, 39). Applying this approach to study SIV-specific
effector CD4 T cells is complicated by the possibility that the ef-
fectors themselves are substrates for infection. To study the extent

FIG 2 SIVmac239 restriction by AgmTRIM5� and gorTRIM5�. Flow cytom-
etry analyses for SIV infection in untransduced CD4 T-cell clones and those
expressing AgmTRIM5� or gorTRIM5� are presented. Plots of gated cells are
shown for CD4 staining on the y axis and SIV Gag staining on the x axis. (A)
SIVmac239 restriction in 3 representative clones (clones 34, 2, and 22) at day 5
postinfection. (B) SIVmac239 restriction in the representative clone 128 at days
4, 5, and 6 postinfection. Data presented are representative of three indepen-
dent trials.

FIG 3 AgmTRIM5� restriction effect is enhanced in naturally resistant CD4
T-cell clones. Flow cytometry analyses for SIV infection in untransduced CD4
T-cell clones and those expressing AgmTRIM5� at days 5 and 13 postinfection
are presented. Plots of gated cells are shown for CD4 staining on the y axis and
SIV Gag staining on the x axis. (A) Relative SIVmac239 infection in a naturally
susceptible CD4 T-cell clone. (B) Relative SIVmac239 infection in a naturally
resistant clone. Data presented are representative of three independent trials.
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of effector cell infection during suppression, CD4 T-cell clones
transduced with the CM9-6 TCR were used as effectors in our
suppression of the virus spread assay. This MHC class I-restricted
TCR was chosen due to the lack of an appropriate MHC class
II-restricted TCR and our prior successful transfer experiments
with CM9-6 in CD8 T cells (35). Since both effectors and targets
express CD4, the targets were labeled with the CTV fluorescent
dye to differentiate them from the CVT� effectors in flow cytom-
etry analyses (Fig. 4A). Suppression is evaluated by comparing the
frequency of infected targets in the SIV-specific CD4 effector cell
cocultures with that of the untransduced effector cocultures. In a
representative flow cytometry analysis of SIV-specific clone A
cells, the CTV-labeled targets at day 5 revealed strong suppression
of SIV replication (Fig. 4B): 65% of the CD4 targets in the untrans-
duced effector coculture were infected, while only 3% of those
with the SIV-specific effectors were infected. Despite this initially
robust suppression, at day 7, there was little difference between the
two cultures: 68 to 78% of the target cells were infected (Fig. 4B).
Thus, the suppression exhibited by the SIV-specific CD4 effectors,
while initially effective, was not durable, potentially due to SIV
infection of the effectors themselves.

To examine this possibility, we measured the infection status of
the effectors. Flow cytometry analysis gated on CTV� revealed
that both the transduced SIV-specific and untransduced effector
cells were infected by virus produced from the target cells. Indeed,
the amounts of infected effector cells were approximately half that
of the target cells in the day 5 coculture with irrelevant effectors,
with 65% of the target cells infected (Fig. 4B, upper left plot) and
32% to 49% of the effector cells infected (Fig. 4C). By day 7, the
levels of infected cells rose in both the SIV-specific and irrelevant
effector cultures to nearly that of their corresponding targets.
These data show that, as expected, CD4 effectors are readily in-
fected as they suppress viral replication in the target cells.

AgmTRIM5� restriction extends the durability of virus sup-
pression by CD4 T-cell effectors. The data described above sug-
gest that the initially effective suppression by the SIV-specific ef-
fectors ultimately is lost as the effector population becomes
infected (see day 5 versus 7 data in Fig. 4B and C). To examine
whether reducing infection could increase the durability of sup-
pression by CD4 effectors, we transduced AgmTRIM5� into ge-
netically modified CM9-specific clones. Suppression assays with
these transduced cell clones (representative results with clone B
are shown in Fig. 5) showed that the SIV-specific cells expressing
AgmTRIM5� maintained suppression of SIVmac239 in the CTV-
labeled targets through day 7 (Fig. 5A), with only 6% of the targets
showing signs of productive infection. In contrast, the SIV-spe-
cific cells without AgmTRIM5� showed only a modest level of
suppression at day 5 (10% infected targets) compared to the irrel-
evant clone culture control (25% infected targets). In total, our
experiments demonstrated that the relatively weak suppression of
the SIV-specific CD4 effectors was not durable at day 7 without
AgmTRIM5�.

Examining the status of the CD4 effector populations re-
vealed strong restriction of SIV infection in the AgmTRIM5�-
transduced SIV-specific T cells at day 5, with only 8% produc-
tively infected cells versus 79% and 90% in the irrelevant and
SIV-specific cells, respectively (Fig. 5B). While the frequency of
infected effector cells in the AgmTRIM5�-transduced culture
did rise to 22% at day 7, the non-AgmTRIM5� cultures showed
no restriction at this time point, containing 94% and 85% in-

fected cells. Taken together, these results show that SIV restric-
tion induced by AgmTRIM5� preserves an uninfected pool of
CD4 effector cells and provides for stronger and more durable
viral suppression.

FIG 4 SIV-specific effector CD4 T cells exhibit a direct antiviral effect and are
susceptible to infection during virus suppression. (A) Flow cytometry plots dem-
onstrating CTV labeling differentiation between CTV� CD4� effectors and CTV
CD4 targets in coculture are presented. (B and C) Flow cytometry analyses for SIV
infection in untransduced CD4 T-cell clones and those expressing the CM9 TCR at
days 5 and 7 postinfection are presented. Plots of gated cells are shown for CD4
staining on the y axis and SIV Gag staining on the x axis. (B) Flow cytometry
analysis gated on targets. (C) Flow cytometry analysis gated on targets. Data pre-
sented are representative of five independent trials.
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DISCUSSION

Here, we find that AgmTRIM5�-mediated restriction can both
enhance and prolong the antiviral function of SIV-specific rhesus
macaque CD4 T cells in our virus suppression assay. This effect
correlates with reduced levels of infection in the AgmTRIM5�-
expressing SIV-specific effector CD4 T-cell clones, suggesting that
the infected effector cells lose their function by either cytopatho-
genicity or elimination by their fellow effector cells. Thus, the
enhanced virus suppression activity in the transductants likely is
due to AgmTRIM5� restriction protecting the effector T cells
from the cell-free or cell-to-cell exposure to virus generated by
infected target cells.

In addition to our suppression assays, we also observed
AgmTRIM5�-mediated resistance to SIV replication in primary
T-cell clones when directly challenged with virus. AgmTRIM5�
reduced the extent of initial infection and reduced the kinetics

of virus spread in the transduced T-cell clones compared to
gorTRIM5�, a weakly restricting TRIM5� protein, or untrans-
duced cells. It is important to consider that TRIM5� restriction
inherently is not absolute: the effect is saturated by high levels of
virus. Thus, in all of our studies, while AgmTRIM5� reduced the
kinetics of SIV spread, it did not prevent infection of at least some
of the cells. Our culture conditions, being a closed system with
long-term contact with infected cells and virions, might present a
higher effective MOI than physiologically encountered by many T
cells in vivo. Thus, SIV restriction in AgmTRIM5�-transduced
CD4 T cells might be more effective in vivo than in vitro. Never-
theless, the ability to prevent rapid infection of the CD4 effector
cells, providing more time for them to exert their virus-specific
function, should increase their contribution to the CD4-mediated
antiviral response.

While less studied than their CD8 counterparts, generation of a
strong virus-specific CD4 T-cell response has been closely corre-
lated with less pathogenic disease outcomes and elite control in
HIV-infected individuals (53, 54). In this context, our in vitro
suppression/infection data support the concept that infection di-
minishes the contribution of the CD4 T-cell compartment to an-
tiviral immunity in vivo (53–56). Therefore, providing resistance
to CD4 T cells might allow this compartment of the immune re-
sponse to contribute its full potential. The expression of restricting
TRIM5� proteins has been proposed as a strategy to protect hu-
man CD4 T cells (29, 31–33, 50, 57–59). However, despite strong
levels of HIV-1 restriction by rhTRIM5� and stabilized human
TRIM5� in replication assays that contain only the modified
TRIM5�-expressing cells, restriction failed to protect CD4 T cells
in the presence of infected unmodified CD4 T cells (50, 59), con-
ditions certainly encountered in vivo. Our results reveal that
AgmTRIM5� can resist this type of infected-cell challenge, mak-
ing it the only TRIM5� protein reported to date that provides such
restriction. For this reason, using AgmTRIM5� restriction in the
SIV/rhesus macaque model is an ideal system for studying the
concept of TRIM5�-mediated restriction as a means to protect
CD4 T-cell function in both virus suppression assays and adoptive
transfer experiments. In light of our findings, selection of intrin-
sically resistant cells for these AgmTRIM5� experiments would
provide for even greater resistance.

Even though AgmTRIM5� transduction holds promise as an
approach to evaluate TRIM5� restriction, one caveat to using this
protein in rhesus macaques is that it contains a 37-amino-acid
region with a unique 20-amino-acid duplication within its B30.2/
SPRY domain that is responsible for SIVmac restriction (9, 60).
While the immunogenicity of AgmTRIM5� in rhesus macaques is
unknown, short-term adoptive transfer experiments probably are
feasible given its overall close relationship with rhTRIM5�. Nev-
ertheless, future experiments will need to be designed to account
for this possibility.

Our finding that AgmTRIM5� can enhance CD4-mediated vi-
ral suppression has important in vivo implications. Extrapolating
our results in vivo predicts that any virus-specific CD4 effector
response in an infected individual can be severely and preferen-
tially hindered by cell-to-cell-mediated viral infection of CD4 ef-
fectors. Thus, introducing resistance into these cells should in-
crease the efficacy of the CD4 effector response. This approach
also could be used to more broadly protect the CD4 T-cell com-
partment as a whole to prevent immunodeficiency due to loss of
helper T cells and their vital functions. While AgmTRIM5� re-

FIG 5 Virus-specific effector CD4 T cells, expressing AgmTRIM5�, are pro-
tected from infection during virus suppression and exhibit enhanced antiviral
activity. Flow cytometry analyses for SIV infection in untransduced CD4 T-cell
clones, those expressing CM9 TCR, and those expressing both CM9 TCR and
AgmTRIM5� at days 5 and 7 postinfection are presented. Plots of gated cells
are shown for CD4 staining on the y axis and SIV Gag staining on the x axis. (A)
Flow cytometry analysis gated on targets. (B) Flow cytometry analysis gated on
targets. Data presented are representative of three independent trials.
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striction is a convenient and potentially powerful approach to
experimentally study AIDS viruses in the rhesus macaque model,
its clinical use is unlikely. However, the CCR5 gene inactivation
CD4 T-cell therapy currently undergoing clinical trials (61) could
be focused on protecting the SIV-specific CD4 effector cell com-
partment to implement this concept.
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