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Dominant, constitutively expressed antiretroviral factors, including TRIM5� and APOBEC3 proteins, are dis-
tinguished from the conventional innate immune systems and are classified as intrinsic immunity factors. Here, we
demonstrate that interferon alpha (IFN-�) treatment upregulates TRIM5� mRNA in rhesus monkey cells, which
correlates with the enhanced TRIM5�-mediated pre- and postintegration blocks of human immunodeficiency virus
replication. In human cells, IFN-� increases the levels of TRIM5� mRNA, resulting in enhanced antiviral activity
against N-tropic murine leukemia virus infection. These observations indicate that the TRIM5�-mediated antiviral
effects can be orchestrated by the conventional innate immune response. It is conceivable that TRIM5� plays an
essential role in controlling both the initial retroviral exposure and the subsequent viral dissemination in vivo.

Mammalian cells have developed diverse strategies to coun-
teract viral infection and replication. The main immune re-
sponse to viral infection consists of an innate defense and an
adaptive defense. The innate defense includes cytokines, com-
plements, local sentinel cells, and natural killer cells and is
essential in antiviral defense because it can be activated quickly
without any prior exposure to the invading virus (39). In addi-
tion to the conventional immune response, several nonimmune
strategies which target distinct steps in the retroviral life cycle
have been identified (5, 9, 15, 32, 33, 40). Since these antiret-
roviral factors are constitutively expressed in an immunologi-
cally naive host, their antiviral activities are considered to play
a crucial role in host defense.

TRIM5� is a restriction factor that blocks retrovirus infec-
tion at a postentry, preintegration stage of the viral life cycle
(20, 23, 29, 37, 41). Human TRIM5� (TRIM5�hu) potently
restricts N-tropic murine leukemia virus (N-MLV) (20, 23, 29,
41) but not human immunodeficiency virus type 1 (HIV-1).
Rhesus monkey TRIM5� (TRIM5�rh) expression in normally
HIV-1-permissive cells confers strong restriction of HIV-1
but not of simian immunodeficiency virus from macaques
(SIVMAC) (20, 23, 29, 37, 41). Recently, we have found that
TRIM5�rh also blocks the late phase of HIV-1 replication (31).
Similar to the well-characterized postentry restriction activi-
ties, TRIM5�rh is active against HIV-1 but not SIVMAC pro-
duction, whereas TRIM5�hu does not strongly block the late
phase of HIV-1 replication (31).

The TRIM5 gene shares the enhancer region with a well-
characterized interferon (IFN)-responsive gene, TRIM22 (38).
Moreover, the consensus IFN-stimulated response element
(TTTCACTTTC) is located within 40 bp upstream of the pu-
tative transcription start sites of human and rhesus monkey
TRIM5 genes (NCBI Entrez Gene analysis), suggesting that
TRIM5� expression is IFN responsive. Indeed, upregulation of

TRIM5� mRNA following type I IFN treatment was noted in
human HeLa and HepG2 cell lines (3), although its influence
on TRIM5�-mediated antiviral activities remains to be deter-
mined. In this study, we examined the levels of TRIM5�
mRNA and the TRIM5�-mediated antiviral activities in IFN-
treated human and rhesus monkey cells.

IFN-� increases the levels of TRIM5�rh transcript in rhesus
monkey cells. First, we examined the influence of alpha IFN
(IFN-�) treatment on the levels of TRIM5�rh transcript in
rhesus monkey FrhK4 cells. We used universal IFN-�, a hu-
man IFN-�A and -�D hybrid, which is active on most mam-
malian cells (PBL Biomedical Laboratories). FrhK4 cells were
treated with 100 U/ml of IFN-� for 0, 2, 4, 6, 24, and 48 h. Total
RNA was extracted by using TRIzol reagent (Invitrogen), and
5.0 �g of RNA was used to synthesize the first-strand DNA
with an oligo(dT) primer (SuperScript III first-strand synthesis
system; Invitrogen). One-tenth of the reverse transcription
(RT) products were used to amplify TRIM5�rh-specific cDNA
with primers 5�-GCAGGTACCATGCTCATGGAGGAGGT
TGCCCA-3� and 5�-ACGCTCGAGTCAAGCGTAATCTGG
AACATCGTATGGATAAGAGCTTGGTGAGCACAGAG
TCATG-3�. After IFN-� treatment, notable increases in the
levels of TRIM5�rh transcript were observed at 4 and 6 h,
while increases to a lesser degree were observed at 24 h (Fig.
1A). In order to estimate the degree of TRIM5�rh induction
upon IFN-� treatment, the RT products were serially diluted
and used as templates to amplify the TRIM5�rh-specific
cDNA. As shown in Fig. 1B, the undiluted RT product of the
control cells showed a signal level similar to that of the eight-
fold dilution of the IFN-�-treated sample. IFN-� treatment for
24 and 48 h resulted in approximate two- to fourfold increases
in the TRIM5�rh mRNA levels. The induction of TRIM5�rh

mRNA was dose dependent in that the highest concentration
of IFN-� (100 U/ml) showed the strongest signal (Fig. 1C). On
the other hand, treatments with heat-inactivated IFN-� or
1,000 U/ml of human gamma IFN (IFN-�; PBL Laboratories)
for 6 h did not increase the TRIM5�rh mRNA levels (Fig. 1D).
We thus concluded that IFN-� treatment specifically increased
the levels of TRIM5�rh mRNA in rhesus monkey cells. More-
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over, transfection of double-stranded RNA poly(I:C) resulted
in a mild increase in the TRIM5�rh mRNA level (Fig. 1E).

IFN-� enhances the TRIM5�rh-mediated antiviral activities
on HIV-1 replication. To address the influence of IFN-� treat-
ment on the TRIM5�rh-mediated postentry restriction of
HIV-1 infection, we first examined whether IFN-� treatment
could render FrhK4 cells less permissive to a vesicular stoma-
titis virus G protein (VSV-G)-pseudotyped HIV-1 vector in-
fection. A green fluorescent protein (GFP)-carrying HIV-1
vector was produced as described previously (28). We pre-
treated FrhK4 cells with 0, 10, 20, 50, and 100 U/ml of IFN-�
for 6 h, followed by infection with increasing amounts of HIV-1
vectors. The IFN-� treatment marginally enhanced (up to
threefold) the postentry restriction in FrhK4 cells (Fig. 2A).

We then examined the influence of TRIM5�rh upregulation
on the TRIM5�rh-mediated block of the late phase of HIV-1
replication. FrhK4 cells were transfected with an HIV-1 infec-
tious molecular clone, pNL4-3 (2), by using Fugene6 (Roche).
After overnight transfection, the culture supernatants were
replaced with fresh growth media containing various concen-
trations of IFN-�. Two days after transfection, the culture
supernatants were harvested to determine the viral titers in
GHOST(3)R3/X4/R5 cells (26). Increasing concentrations of
the IFN-� treatments correlated with reduced HIV-1 titers
from the treated cells (Fig. 2B), and treatment with 100 U/ml
of IFN-� led to a sevenfold reduction in HIV-1 titers.

Since IFN-� induces a series of antiviral factors, we tested
whether the IFN-�-mediated antiviral effect on HIV-1 produc-
tion was mediated by the upregulated TRIM5�rh or by other
antiviral factors. In order to dissect the influence of TRIM5�rh

upregulation from the other antiviral factors, we used two
anti-TRIM5�-short-hairpin-RNA (shRNA) constructs, pLKO1-H3
and pLKO1-H4 (OpenbioSystems), which were used to disrupt
TRIM5�rh mRNA in our previous study (31). FrhK4 cells were
transfected with 0.2 �g of pNL4-3 along with 1.0 �g of the
shRNA-expressing plasmids or their parental plasmid, pLKO1.
After overnight transfection, the culture supernatants were
replaced with fresh growth media containing various concen-
trations of IFN-�. Two days after transfection, viral titers in the
supernatants were determined. TRIM5�rh knockdown by
pLKO1-H3 and -H4 abrogated the effects of IFN-� on HIV-1
production, whereas the parental pLKO1 vector did not affect
the IFN-�-mediated antiviral activities (Fig. 2B and C). In
contrast, production of SIVMAC1A11 (24), which is resistant to
the TRIM5�rh-mediated postintegration block (31), was not
affected by the IFN-� or shRNA treatment (Fig. 2C). These
observations indicate that TRIM5�rh plays a central role in the
IFN-�-mediated block of HIV-1 production in rhesus monkey
cells.

We then compared viral titers and the levels of p24 release
from the IFN-�-treated and untreated FrhK4 cells. p24 con-
centrations in the supernatants were analyzed with a p24 en-
zyme-linked immunosorbent assay kit (Zeptmatrix). The re-
duction of viral titers upon IFN-� treatment correlated well
with the reduced p24 level in the supernatant (Fig. 2D), sug-
gesting that IFN-� reduced the HIV-1 titers by reducing the
number of virions in the supernatants.

IFN-� upregulates TRIM5�hu mRNA and enhances posten-
try restriction against N-MLV. We next examined the influ-
ence of IFN-� treatment on the levels of TRIM5�hu mRNA.

FIG. 1. IFN-� increases the levels of TRIM5�rh transcript in rhesus
monkey cells. (A) FrhK4 cells were treated with IFN-� (100 U/ml) for the
indicated periods of time. As a control, untreated FrhK4 cells were used.
After treatment, total cellular RNA was isolated and TRIM5�rh mRNA
was detected by RT-PCR (upper panel), along with �-tubulin mRNA as
a control (lower panel). (B) FrhK4 cells were treated with IFN-� (100
U/ml) for the indicated periods of time. Serially diluted RT products
(equivalent to 0.5, 0.25, 0.125, 0.063, and 0.031 �g of total RNA samples)
were used to detect the TRIM5�rh-specific transcript. (C) Frhk4 cells
were treated with various concentrations of IFN-�, and the TRIM5�rh
mRNA was detected by RT-PCR. Untreated cells were used as a control.
(D) FrhK4 cells were treated with IFN-� (100 U/ml), heat-inactivated
(h.i.) IFN-� (100 U/ml), IFN-� (1,000 U/ml), and heat-inactivated IFN-�
(1,000 U/ml) for 6 h, and the TRIM5�rh mRNA was detected by RT-
PCR. (E) FrhK4 cells were transfected with double-stranded RNA
poly(I:C) by using Oligofectamine (Invitrogen). As a positive control,
Frhk4 cells were treated with IFN-� (100 U/ml) for 4 h. Total RNA was
isolated from the treated or untreated cells (control).
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The human cell lines TE671 and HeLa were treated with 100
U/ml of IFN-� for 4 h. The total cellular RNA was extracted,
and the TRIM5�hu-specific mRNA was detected by RT-PCR.
An oligo(dT) primer was used for the first-strand synthesis,
while TRIM5�hu-specific primers, 5�-GCGAATTCCACCAT
GGCTTCTGGAATCCTG-3� and 5�-GGCTCGAGTCAAGC
GTAATCTGGAACATCGTATGGATAAGAGCTTGGTG
AGCACAG-3�, were used for PCR. As shown in Fig. 3A,
IFN-� treatment increased the levels of TRIM5�hu mRNA
approximately eight- and fourfold in TE671 and HeLa cells,
respectively. Similarly, approximately fourfold increases in the
TRIM5�hu mRNA were observed in phytohemagglutinin-stim-
ulated peripheral blood lymphocytes (PBL) after treatment
with IFN-� for 4 h (Fig. 3B). A marginal increase in the
TRIM5�hu mRNA was also noted when the PBL were infected
with HIV-1 NL4-3 at a multiplicity of infection of 0.5 (Fig. 3C).
Since TRIM5�hu is known to block infection of N-MLV, we
tested the influence of IFN-�-mediated TRIM5�hu upregula-
tion on N-MLV infectivity. pCIG-N, which expresses N-MLV
Gag-Pol, was used to produce VSV-G-pseudotyped, GFP-car-
rying N-MLV vector (7). IFN-� treatment rendered TE671
cells approximately fivefold less permissive to a VSV-G-
pseudotyped N-MLV vector (Fig. 3D). In contrast, IFN-�-
mediated TRIM5�hu upregulation in TE671 cells did not affect
infection of a VSV-G-pseudotyped HIV-1 vector (Fig. 3D) or
HIV-1 production from infectious molecular clones pNL4-3
and p89.6 (10) (Fig. 3E).

Dominant, constitutively expressed antiviral factors, includ-
ing TRIM5� and APOBEC3G, are distinguished from the
conventional innate immune systems and are often classified as
intrinsic immunity factors (1, 6, 25). Here, we showed that
TRIM5� mRNA was upregulated by IFN-� treatment, which
correlated with the enhanced antiviral activities in rhesus and
human cells. These observations indicate that the TRIM5�
expression can be orchestrated by the conventional innate im-
mune response. TRIM5� has been thought to be a constitu-
tively expressed factor targeting an incoming retroviral capsid.
This notion has led to an image of TRIM5� as a factor which
protects a host from an initial retroviral exposure. However,
considering the antiviral activity against the late stage of HIV-1
replication and the IFN-� responsiveness, TRIM5� is more
likely an antiviral factor which controls both initial retroviral
exposure and subsequent viral dissemination in the exposed
host. It is plausible that cells constitutively express low levels of
TRIM5� to block possible retroviral infection but that they
upregulate TRIM5� expression upon viral invasion for better

FIG. 2. IFN-� enhances the TRIM5�rh-mediated blocks of HIV-1
replication. (A) FrhK4 cells were pretreated with 0, 4, 20, or 100 U/ml
of IFN-� for 6 h and then infected with increasing amounts of GFP-
expressing HIV-1 vector. Two days after infection, the GFP-positive
cell populations were determined by flow cytometry (left panel). The
relative HIV-1 vector infectivity in IFN-�-treated cells (mean � stan-
dard deviation [SD]) is shown in the right panel. (B) FrhK4 cells
(1.0 � 105) were transfected with 0.2 �g of pNL4-3 along with 1.0 �g
of either pBlueScriptII (control), a parental shRNA plasmid (pLKO1),
or TRIM5�-specific shRNA constructs (pLKO-H3 and pLKO-H4).
After overnight transfection, the culture supernatants were replaced
with fresh growth media containing various concentrations of IFN-�.
Two days after transfection, culture supernatants were harvested to
determine HIV-1 production. Viral titers were shown as infectious

units per milliliter in GHOST(3)R3/X4/R5 cells. (C) FrhK4 cells
(1.0 � 105) were transfected with 0.2 �g of pNL4-3 or pSIVMAC1A11
along with 1.0 �g of pLKO1, pLKO-H3, or pLKO-H4. After overnight
transfection, the culture supernatants were replaced with fresh growth
media containing 100 U/ml of IFN-�. Two days after transfection,
culture supernatants were harvested and viral titers were determined
in GHOST(3)R3/X4/R5 cells (mean � SD). (D) FrhK4 cells (1.0 �
105) were transfected with 1.0 �g of pNL4-3. After overnight transfec-
tion, the culture supernatants were replaced with fresh growth media
containing 100 U/ml of IFN-�. Two days after IFN-� treatment, cul-
ture supernatants were harvested to determine the viral titers and p24
concentrations (mean � SD).
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control of retroviral replication. Recently, Chen et al. (8) re-
ported that IFN-� can enhance APOBEC3G-mediated antivi-
ral activity in resting T cells. These observations may offer an
attractive possibility that the other antiviral factors of intrinsic
immunity, such as Fv1 (5), cross talk with the innate immunity
in response to viral infection.

Primate TRIM5� proteins have distinct pre- and postint-
egration restriction activities against a wide range of retrovi-
ruses and lentiviruses, yet generally lack the activity against
their own host-specific viruses (20, 23, 29, 31, 37, 41). Intrigu-
ingly, even IFN-�-mediated upregulation of TRIM5� failed to
restrict SIVMAC and HIV-1 in rhesus and human cell lines,
respectively (Fig. 2 and 3). These findings suggest that retro-
viruses and lentiviruses had to evade TRIM5�-mediated re-
striction in order to colonize certain species. Lentivirus infec-
tion is known to trigger IFN-� production from several cell
types, especially from plasmacytoid dendritic cells (17, 42).
Considering that TRIM5� can block two distinct steps of ret-
roviral/lentiviral replication and is IFN-� responsive, crossing a
species barrier seems to be a very difficult task for a lentivirus;
the virus needs to overcome the two TRIM5�-mediated re-
strictions, which are likely to be upregulated after viral
infection, as well as the other potent antiviral factors such as

APOBEC3 proteins (33, 40). This is probably the reason for
the narrow host ranges of lentiviruses and why no group has
managed to adapt HIV-1 to replicate in rhesus monkey cells.
Indeed, recently developed simian-tropic HIV-1 strains were
generated by introducing partial gag or vif sequences from
SIVMAC before serial passages in simian cells (21, 22). Further
understanding of the TRIM5�rh-mediated blocks of HIV-1
replication will be necessary to develop a rhesus monkey-tropic
HIV-1 without using SIV-derived sequences.

In clinical trials, systemic administration of IFN-� in HIV-
1-infected patients showed little or no clinical benefit with
notable toxicity, suggesting that HIV-1 is not particularly sen-
sitive to IFN-� treatment in vivo (11, 13, 18, 34). However, in
some human cell types and at relatively high concentrations
(100 to 10,000 U/ml), type I IFN is known to inhibit HIV-1
replication at early and late steps (12, 35, 36). Among them,
the observations that IFN-� (i) inhibits HIV-1 reverse tran-
scription in infected monocytes (4), (ii) reduces the virion
infectivity (19, 30), and (iii) induces a defect in a late stage of
virus maturation (30) are particularly interesting in that these
phenotypes are reminiscent of the TRIM5�rh-mediated anti-
viral activities in rhesus monkey cells. In this study, we did not
use high doses of IFN-� treatment to avoid possible artifacts

FIG. 3. IFN-� upregulates TRIM5�hu mRNA and enhances postentry restriction against N-MLV in human cells. (A) TE671 and HeLa cells
were treated with 100 U/ml of IFN-� for 4 h. A 1.0-�g amount of total RNA was used to synthesize the first-strand DNA, and one-tenth of the
RT products were used to detect TRIM5�hu and �-tubulin transcripts. Serially diluted RT products (equivalent to 0.1, 0.05, 0.025, 0.0125, 0.0063,
and 0.0031 �g of total RNA samples) were used to detect the TRIM5�hu-specific transcript. (B) Activated PBL from a healthy donor were treated
the same as described forTE671 and HeLa cells in panel A. (C) Activated PBL from a healthy donor were infected with HIV-1 NL4-3 at a
multiplicity of infection of 0.5 for 48 h. Heat-inactivated (h.i.) virus (NL4-3, preincubated at 56°C for 1 h) was also used as a noninfectious control.
The TRIM5�rh-specific transcript was detected by RT-PCR. (D) TE671 cells were pretreated with 0, 20, or 100 U/ml of IFN-� for 4 h and then
infected with GFP-expressing N-MLV and HIV-1 vectors. Three days after infection, the GFP-positive cell populations were determined by flow
cytometry (mean � SD). (E) TE671 cells (1.0 � 105) were transfected with 0.2 �g of pNL4-3 or p89.6 by using Fugene6 (Roche). After overnight
transfection, the culture supernatants were replaced with fresh growth media containing 0, 20, or 100 U/ml of IFN-�. Two days after transfection,
culture supernatants were harvested to determine HIV-1 production. Viral titers were determined in GHOST(3)R3/X4/R5 cells (mean � SD).
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resulting from the IFN-�-mediated global host translational
shutoff. Further careful studies will be necessary to address
whether TRIM5�hu is involved in the IFN-�-mediated blocks
of HIV-1 replication in certain human cell types.

Recently, we have shown that TRIM5�rh blocks the late
phase of HIV-1 replication. When 293T cells were transfected
with 1.0 �g of TRIM5�rh-expressing plasmid and 0.1 �g of
pNL4-3, TRIM5�rh protein reduced both the progeny virus
titer and the p24 concentration in the supernatant approxi-
mately 100-fold (31). Under this condition, the virion infectiv-
ity (6,302 infectious units [IU]/ng p24) was similar to that of
the control (7,490 IU/ng p24). In contrast, when 293T cells
were transfected with 0.25 �g of TRIM5�rh plasmid and 0.1 �g
of pNL4-3, TRIM5�rh expression reduced the viral titer and
the p24 concentration 10- and 2-fold, respectively (31), result-
ing in reduced virion infectivity (1,460 IU/ng p24). These ob-
servations suggest that high levels of TRIM5�rh expression
block the late phase of HIV-1 replication predominantly by
reducing the number of HIV-1 virions but that modest
TRIM5�rh expression blocks HIV-1 production by reducing
the virion infectivity as well as the virion numbers. This ap-
pears to be the case with endogenous TRIM5�rh in rhesus
monkey cells. Disruption of TRIM5�rh mRNA in FrhK4 cells
enhanced the HIV-1 titer and the p24 concentration in the
supernatants approximately 10- and 2-fold, respectively. Up-
regulation of TRIM5�rh upon IFN-� treatment reduced both
the HIV-1 titer and the p24 release (Fig. 2D), while the virion
infectivity was unchanged (1,770 IU/ng, control; 1,760 IU/ng,
with IFN-� treatment). Thus, the primary mode of TRIM5�rh-
mediated late restriction upon IFN-� treatment is the reduc-
tion in the number of HIV-1 virions in the supernatants.

TRIM5� is a member of the large family of TRIM proteins.
Like TRIM5�, several TRIM proteins, such as TRIM14, -21,
-22, -25, and -34, are upregulated following IFN treatment or
viral infection (16, 27, 38). Although their biological properties
are poorly characterized, some of them are reported to exhibit
antiviral activities or to play a critical role in eliciting host
antiviral innate immunity (14, 27). We are currently examining
whether these factors have any antiviral effects on the late
stages of the retroviral life cycle.
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