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The current testing of anti-HIV drugs is hampered by the lack of a
small animal that is readily available and easy to handle; can be
infected systemically with HIV type 1 (HIV-1); harbors the major
HIV-1 target cells in a physiological frequency, organ distribution,
and activation state; and is established as a pharmacological
model. Here, we explored the potential of outbred Sprague–
Dawley rats that transgenically express the HIV-1 receptor complex
on CD4 T cells and macrophages as a model for the preclinical
evaluation of inhibitors targeting virus entry or reverse transcription. The concentrations of the peptidic fusion inhibitor enfuvirtide
or the nonnucleoside reverse transcriptase inhibitor efavirenz
required to inhibit HIV-1 infection of cultured primary CD4 T cells
and macrophages from human CD4 and CCR5-transgenic rats
differed by no more than 3-fold from those required for human
reference cultures. Prophylactic treatment of double-transgenic
rats with a weight-adapted pediatric dosing regimen for either
enfuvirtide (s.c., twice-daily) or efavirenz (oral, once-daily)
achieved a 92.5% or 98.8% reduction, respectively, of the HIV-1
cDNA load in the spleen 4 days after i.v. HIV-1 challenge. Notably,
a once-daily dosing regimen for enfuvirtide resulted in a ⬇5-fold
weaker inhibition of infection, unmasking the unfavorable pharmacokinetic characteristics of the synthetic peptide in the context
of an efficacy trial. This work provides proof of principle that
HIV-susceptible transgenic rats can allow a rapid and predictive
preclinical evaluation of the inhibitory potency and of the pharmacokinetic properties of antiviral compounds targeting early
steps in the HIV replication cycle.
animal model 兩 drugs 兩 efficacy trial

D

espite major achievements in HIV pharmacotherapy over
the past decade, there remains an urgent need for more
potent, less toxic, and conceptually novel antiretroviral drugs.
The process of anti-HIV drug development is facilitated by
efficient and predictive models capable of selecting the best
compounds at each decision point. The preclinical validation in
animal models is a critical complementation of in vitro efficacy
and toxicity assays to facilitate the prioritization of antiviral
compounds for phase I clinical trials. This notion is emphasized
by the fact that a number of compounds with relatively good
efficacy against HIV-1 in vitro, including dextran sulfate and the
nonnucleoside reverse transcriptase inhibitor (NNRTI) atevirdine, have failed in clinical trials (1, 2).
Native mice and rats are nonpermissive for HIV-1 (3). The
preclinical testing of anti-HIV drugs has thus concentrated on
various xenotransplant models, in which human hematopoietic
cells or tissues are transplanted into immunodeficient strains
of mice. These models include severe combined immunodeficiency (SCID) mice, in which human fetal thymus and liver are
simultaneously implanted under the kidney capsule [SCID-hu
(Thy/Liv) model] (3, 4). Three to five months posttransplantation, successfully vascularized grafts can be directly challenged with HIV-1 during a second surgical procedure. Three
to six weeks postinfection, end point analyses of grafts include
the quantification of the proviral load, CD4 T cell depletion,
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and overall graft viability, permitting an assessment of drug
efficacy and toxicity (5). As alternative yet related mouse
models for HIV-1 infection, human peripheral blood lymphocytes (PBL) can be adoptively transferred i.p. into either SCID
mice (hu-PBL-SCID model) or into sublethally irradiated mice
reconstituted with SCID bone marrow (Trimera mouse model)
(4, 6). However, all of these xenotransplant models do not
recapitulate the full spectrum, frequency, and physiological
organ distribution of HIV-1 target cells found in humans and
are technically very challenging and time-consuming. The
simian immunodeficiency virus (SIV)/HIV (SHIV) rhesus
macaque model has been of some value for preclinical testing
(7–11), but non-human primate studies are severely limited by
ethical concerns and high cost, resulting in small animal group
sizes and restricted accessibility.
In a conceptually different approach to the development of an
HIV animal model (12), we have recently generated immunocompetent transgenic rats on an outbred Sprague–Dawley background that express the HIV-1 receptor complex selectively on
CD4 T cells, macrophages, and microglia (13). In humans, these
cell types are the primary targets for productive HIV infection.
Ex vivo cell cultures from human CD4 and CCR5 (hCD4/
hCCR5)-transgenic rats were susceptible to infection by HIV-1,
leading to expression of early viral gene products. Furthermore,
primary macrophages and microglia supported a productive
infection by various recombinant and primary strains of HIV-1,
including YU-2, JR-CSF, Ada-M, Ba-L, as well as the primary,
patient-derived HIV-1 isolates C1 and O3. In contrast, T cell
cultures from double-transgenic rats did not allow a spreading
infection (13). After systemic HIV-1 challenge, lymphatic organs
from hCD4/hCCR5-transgenic rats contained different HIV-1
cDNA species and early viral gene products, demonstrating
HIV-1 susceptibility in vivo. Specifically, CD4 T lymphocytes
and macrophages residing in spleen, thymus, as well as in
peripheral blood from hCD4/hCCR5-transgenic rats expressed
EGFP from the nef locus after infection with a replicationcompetent HIV-1 reporter virus. Furthermore, doubletransgenic rats infected with the CCR5-using strain HIV-1YU-2
displayed a low-level plasma viremia up to 7 weeks postchallenge
as well as two jointed LTR (2-LTR) circles in spleen and thymus
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Results

the efficacy of the prototypic NNRTI efavirenz and of the
fusion inhibitor enfuvirtide for blocking HIV-1 infection in
cultured primary target cells that were derived from either
HIV-susceptible hCD4/hCCR5-transgenic rats or healthy human donors.
Activated primary T cells were pretreated with different
concentrations of efavirenz, challenged with an HIV-1NL4 –3
EGFP reporter virus, and analyzed for early viral gene expression on day 3 postinfection. In T cell cultures from both species,
the relative percentage of HIV-1-infected cells decreased in a
concentration-dependent manner (Fig. 1 A and B), and the
effective concentration, 50% (EC50), and EC80 values for efavirenz were in the nanomolar range and statistically indistinguishable for rats and humans (Table 1). Similarly, the EC50 and
EC80 values for efavirenz on HIV-1-infected spleen-derived
macrophages from double-transgenic rats and human monocytederived macrophages were quite comparable (Fig. 1 C and D and
Table 1). The infection of rat macrophages by a vesicular
stomatitis virus glycoprotein (VSV-G) pseudotyped HIV2ROD-A EGFP reporter virus or an HIV-1NL4 –3-based reporter
virus carrying multiple NNRTI resistance mutations in the
reverse transcriptase gene could not or only very inefficiently be
inhibited by efavirenz, respectively (Table 1), consistent with
analogous studies in human cells (16).
To test the antiviral ex vivo efficacy of the entry inhibitor
enfuvirtide, a synthetic peptide corresponding to a region in the
transmembrane subunit of the HIV-1 envelope glycoprotein
(17), we performed a virion-fusion assay (18, 19). Cells were
exposed to enfuvirtide and then challenged with HIV-1YU-2
virions carrying ␤-lactamase-Vpr chimeric fusion proteins
(BlaM-Vpr). The change in fluorescence emission of the cellpermeable CCF2 substrate after cleavage by BlaM-Vpr, which
enters the target cell cytoplasm by virion fusion, is a sensitive
marker for virus entry and can be quantified by flow cytometry.
The dose–response curves for enfuvirtide-mediated inhibition of
HIV-1 entry in T cells from hCD4/hCCR5-transgenic rats and
human donors almost superimposed (Fig. 2B), and as a result,
the EC50 and EC80 values were very similar (Table 1). This
virion-fusion assay could also be adapted to primary macrophage
cultures (Fig. 2 A), and the results obtained demonstrated a
similar antiviral potency of enfuvirtide in these HIV-susceptible
phagocytic scavengers from both species (Fig. 2C and Table 1).
In summary, the inhibitory efficacies of a prototypic NNRTI and
of a fusion inhibitor in primary HIV target cells from hCD4/
hCCR5-transgenic rats and humans are comparable.

Anti-HIV Efficacies of an NNRTI or of a Fusion Inhibitor in Primary T
Cells and Macrophages from hCD4/hCCR5-Transgenic Rats and Humans
Are Comparable. We first investigated potential species differ-

Efavirenz Inhibits HIV-1 Infection in hCD4/hCCR5-Transgenic Rats in
Vivo. Next, we investigated the antiviral in vivo potency of the
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Fig. 1. Dose–response curves for the antiviral potency of the NNRTI efavirenz
in ex vivo cultures of primary T cells and macrophages from hCD4/hCCR5transgenic rats and humans. (A and B) Activated T cells from doubletransgenic rats and human donors were pretreated with efavirenz for 1 h and
subsequently challenged with VSV-G HIV-1NL4 –3 EGFP viruses. (C and D) Macrophages from double-transgenic rats and human monocyte-derived macrophages were pretreated with efavirenz overnight and then challenged with
VSV-G HIV-1NL4 –3 EGFP viruses. On day 3 postinfection, the percentage of
EGFP-positive cells was scored by flow cytometry. The percentage of infected
cells in untreated controls was set at 100%, and relative levels of HIV-1
infection are shown. Each experiment was performed in triplicate, and one to
four experiments were conducted. Given are arithmetic means ⫾ SD of one
experiment. EC50 and EC80 values were determined by using Prism software
(GraphPad, San Diego, CA) and are shown in A and in Table 1.

imental studies on aspects of HIV-1- and protease inhibitorinduced peripheral neuropathy (14, 15).
In this work, we explored the suitability of hCD4/hCCR5transgenic rats to serve as a model for a rapid, quantitative,
and predictive evaluation of anti-HIV compounds. Ex vivo and
in vivo proof-of-principle efficacy studies were conducted for
two clinically approved antiretroviral drugs, the NNRTI efavirenz (Sustiva) and the peptidic fusion inhibitor enfuvirtide
(T-20, Fuzeon).

Table 1. Comparable anti-HIV efficacy of the NNRTI efavirenz and of the fusion inhibitor enfuvirtide in cultured
primary cells from hCD4/hCCR5-transgenic rats and humans
Inhibitory concentration, nM
Macrophages
Drug and species
Efavirenz
Human
Rat
Rat
Rat
Enfuvirtide
Human
Rat

T cells

Virus

EC50*

EC80*

EC50*

EC80*

HIV-1NL4-3
HIV-1NL4-3
HIV-1NL4-3 RTmut
HIV-2ROD-A

6 (1)
13 ⫾ 6 (4)
3,100 ⫾ 600 (2)
⬎50,000 (2)

20 (1)
50 ⫾ 17 (4)
15,000 ⫾ 5,000 (2)
⬎50,000 (2)

24 ⫾ 14 (3)
21 ⫾ 13 (2)

93 ⫾ 57 (3)
112 ⫾ 83 (2)

352 ⫾ 308 (2)
227 ⫾ 135 (2)

144 ⫾ 32 (2)
116 ⫾ 3 (2)

434 ⫾ 99 (2)
460 ⫾ 105 (2)

HIV-1YU-2
HIV-1YU-2

76 ⫾ 65 (2)
32 ⫾ 7 (2)

*EC50 and EC80 values were derived from the dose–response experiments described in Figs. 1 and 2 and from experiments conducted in
an analogous manner. Shown is the arithmetic mean ⫾ SEM from independent experiments performed employing cells from one to
four donors (shown in parentheses); each infection was done in triplicate.
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Fig. 2. HIV-1 virion fusion is efficiently blocked in T cells and macrophages
from hCD4/hCCR5-transgenic rats by enfuvirtide. (A) HIV-1YU-2 virion fusion in
rat macrophages was analyzed by multiparameter flow cytometry as described in Materials and Methods. Shown are representative FACS dot plots
for the detection of CCF2 substrate cleavage in rat macrophages which were
either mock-infected (Left) or HIV-1YU-2-infected either in the absence (Middle) or presence (Right) of enfuvirtide. (B and C) Dose–response curves on T
cells (B) and macrophages (C) from both species. The percentage of infected
cells in untreated control cells was set at 100%. Two experiments were
performed, each in triplicate. EC50 and EC80 values were determined by using
Prism software and are shown in Table 1.

administered to six hCD4/hCCR5-transgenic rats at a weightadjusted, pediatric dose of 25 mg/kg per day by once-daily oral
gavage. Six control group animals received an equivalent volume of
PBS. Rats were dosed 3 days before and 4 days after tail vein
challenge with HIV-1YU-2. On day 7, animals were killed, and the
HIV-1 cDNA load in DNA extracts from splenocytes was determined by quantitative duplex PCR analysis.
HIV-1 cDNA was readily detected in splenocyte extracts from
PBS-treated, HIV-1YU-2-challenged hCD4/hCCR5-transgenic
rats, ranging from 3 to 414 HIV-1 cDNA copies per ng of DNA
(Fig. 3A). As a specificity control, no HIV-1 cDNA could be
amplified from samples of a hCD4-single transgenic animal
(animal 142) challenged with the identical infectious dose,
demonstrating that the amplified HIV cDNA in samples from
double-transgenic rats had been generated de novo after a
receptor complex-mediated infection in vivo. Importantly, oral
efavirenz treatment had a drastic antiviral activity: the HIV-1
cDNA load in splenocytes from HIVYU-2-infected animals from
the efavirenz group was reduced by 98.8% (1.92 log10) relative
to the control group (Fig. 3A). This antiviral activity was highly
significant according to the Mann–Whitney U test (P ⬍ 0.0025).
To confirm this result independently, DNA extracts from splenocytes were reanalyzed in a second duplex PCR, this time
amplifying circularized HIV-1 cDNA genomes containing two
joined LTRs. The presence of these 2-LTR circles in a cell is an
established surrogate for successful HIV entry, reverse transcription, and nuclear import (20). In good agreement with the
results for total proviral DNA, splenocyte samples from the
efavirenz group showed a concordant reduction in 2-LTR circles
by 99.0% (2.0 log10, P ⬍ 0.0025) (Fig. 3B). Thus, HIV-1susceptible hCD4/hCCR5-transgenic rats allowed a rapid and
quantitative drug testing, and they demonstrated a high antiviral
activity of an orally bioavailable reverse transcriptase inhibitor at
a pediatric dosage.
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Fig. 3. Efavirenz inhibits HIV-1 infection in vivo. hCD4/hCCR5-transgenic rats
were treated with either efavirenz at 25 mg/kg per day (efavirenz group) or
PBS (control group) by once-daily oral gavage for 3 days. On day 3, animals
from both experimental groups as well as a hCD4-single transgenic rat (rat
142) were challenged i.v. with HIV-1YU-2. Dosing was continued in both treatment groups for 4 more days, and then all animals were killed, and their
spleens were removed. The antiviral efficacy was assessed by determining the
load of either total HIV-1 proviral DNA (A) or HIV-1 2-LTR circles (B), relative to
a rat GAPDH standard in DNA extracts from splenocytes by duplex PCR. Results
given for animal groups are the arithmetic mean ⫾ SEM. Nonparametric
statistical analyses were performed by using the Mann–Whitney U test; the
asterisks indicate P ⬍ 0.0025.

Prophylactic Treatment with Enfuvirtide Markedly Diminishes the
Proviral Load, but Its in Vivo Potency Depends on the Dosing Regimen.

The antiviral efficacy of the entry inhibitor enfuvirtide in
hCD4/hCCR5-transgenic rats was tested in an experimental
setup analogous to the efavirenz study. In two treatment groups,
enfuvirtide was administered by s.c. injection at 4 mg/kg per day,
corresponding to the dosage generally applied in HIV-infected
children (21). The first group of rats received this daily enfuvirtide dosage divided into two injections at ⬇12-h intervals, as
recommended in humans, whereas the second group was injected only once daily. All rats were challenged i.v. on day 3 with
HIV-1YU-2 at a 10-fold lower infectious dose than was used in the
efavirenz study.
The twice-daily enfuvirtide treatment group showed a ⬎10fold reduction (92.8%; 1.14 log10) of the HIV-1 cDNA load in
splenocyte extracts relative to the water-injected control group
(Mann–Whitney U test; P ⬍ 0.018) (Fig. 4), demonstrating a high
antiviral potency of a prophylactic application of the fusion
inhibitor in this small animal model. In contrast, the reduction
of the HIV-1 cDNA load in the once-daily treatment group was
only modest (⬇2-fold) and did not reach statistical significance
(P ⫽ 0.33). Again, no HIV-1 cDNA could be amplified from
samples of the hCD4-single transgenic animal (animal 53) (data
not shown). In summary, enfuvirtide treatment markedly diminished the proviral load in a secondary lymphoid organ in
HIV-1-infected hCD4/hCCR5-transgenic rats, but the antiviral
in vivo potency of the synthetic peptide strongly depended on the
dosing regimen.
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Fig. 4. Enfuvirtide blocks HIV-1 entry in vivo. hCD4/hCCR5-transgenic rats
were treated s.c. with either enfuvirtide at 4 mg/kg per day either twice daily
or once daily. The control group was treated twice daily with distilled water.
On day 3, animals from all three groups and one hCD4-single transgenic rat
(rat 53; data not shown) were challenged i.v. with HIV-1YU-2. Dosing was
continued, and the experiment was terminated on day 4 postinfection. The
antiviral efficacy of enfuvirtide was assessed by duplex PCR as described for
Fig. 3A. Results given for animal groups are the arithmetic mean ⫾ SEM.
Nonparametric statistical analyses were performed by the Mann–Whitney U
test; the asterisk indicates P ⬍ 0.018; n.s., not significant (P ⫽ 0.33).

Discussion
Information on the antiviral in vitro and in vivo potency, toxicity,
and pharmacological properties, including bioavailability and
pharmacokinetics, guides the development and advancement of
anti-HIV compounds. A rapid preclinical validation in a readily
available HIV-susceptible small animal would facilitate an evidence-based prioritization of compounds for phase I clinical
trials. In this work, we provide proof of principle that rats, which
transgenically express the HIV-1 receptor complex on biologically relevant target cells, recapitulate the antiviral potency and
basic pharmacological properties of two different anti-HIV
drugs that are widely used in HIV-infected patients. Both the
orally administered NNRTI efavirenz and the s.c.-injected peptidic fusion inhibitor enfuvirtide had a high antiviral efficacy in
this small animal model.
First, the potencies of these prototypic anti-HIV drugs on
cultured primary T cells and macrophages from transgenic rats and
humans were comparable, with EC50 and EC80 concentrations
differing by no more than 3-fold. Similarly, rat cells revealed a lack
of antiviral efficacy of the NNRTI when a drug-resistant HIV-1 or
HIV-2 strain was tested. On the level of HIV-infected primary cells
ex vivo, this observation indicates conserved modes of drug metabolism and action and supports the validity of a rat–human
cross-species extrapolation of drug efficacy also in an in vivo
context. Second, the overall reduction in the spleen-associated HIV
cDNA load achieved by enfuvirtide or efavirenz treatment in a
7-day trial in the transgenic rat model, 1.14 log10 and 1.92 log10,
respectively, was within the range seen for the reduction in plasma
viral load in monotherapy studies in HIV-infected adults. Kilby and
colleagues (17) reported that patients receiving 200 mg of enfuvirtide per day by twice-daily injection experienced a ⬇1.6 log10
median decline in plasma HIV RNA in a 7-day dosing period (17).
Similarly, oral efavirenz monotherapy in an HIV-infected patient at
200 mg per day for 7 days resulted in a ⬇1.5 log10 decline in HIV
RNA in plasma (22). Although the cross-species comparison for the
antiviral in vivo potency of these two drugs is promising, the testing
of additional compounds in the transgenic rat model will be
1018 兩 www.pnas.org兾cgi兾doi兾10.1073兾pnas.0607414104

required to define more carefully the accuracy of its predictive value
for HIV-infected humans.
Outbred Sprague–Dawley rats are the most widely used and best
validated small animal model for basic studies on bioavailability,
pharmacokinetics, and pharmacodynamics of virtually all drug
candidates, and pharmaceutical companies use these rodents for
large proportions of their mandatory toxicity testing (23). This fact
greatly enhances the utility of the HIV-susceptible transgenic rats
for preclinical drug efficacy studies. Furthermore, the antiviral in
vivo efficacy of the synthetic enfuvirtide peptide in hCD4/hCCR5transgenic Sprague–Dawley rats was strongly dependent on the
dosing regimen; a once-daily administration was markedly inferior
(⬇5-fold lower inhibition) in its antiviral potency compared with a
twice-daily regimen. This result is consistent with the known
unfavorable pharmacokinetic properties of enfuvirtide, with a short
median half-life of the peptide in rats as well as in humans (median
t1/2 ⫽ ⬇2 h) (17). The results from the two treatment groups in our
enfuvirtide study suggest that unfavorable pharmacokinetic properties affecting the trough concentration of a compound can be
reflected in a loss of antiviral efficacy, which further validates the
model. In principle, established pharmacokinetic analyses could be
conveniently conducted in the course of an efficacy evaluation
because repeated blood draws of up to 1.5 ml are possible in
HIV-infected rats. Thus, a comprehensive preclinical evaluation of
anti-HIV compounds, addressing antiviral in vivo potency with a
dynamic range of up to 3 orders of magnitude as well as toxicity and
pharmacokinetics, can be performed in hCD4/hCCR5-transgenic
rats in ⬍2 weeks. As an additional advantage over current xenotransplant models, HIV-susceptible hCD4/hCCR5-transgenic rats
harbor both CD4 T cells and macrophages in a physiological
frequency, organ distribution, and activation state. Notably, in
HIV-infected patients these major HIV target cell populations
provide distinct milieus with respect to the effectiveness of antiretroviral therapy (24–27). Furthermore, because of the ease of
breeding and handling large numbers of these immunocompetent
transgenic rats, even medium-throughput in vivo drug screening
approaches appear feasible. Despite only transient HIV-1 replication in vivo (13), the current study suggests that the hCD4/hCCR5transgenic rat model is well suited to evaluate new antiviral lead
compounds targeting viral entry or reverse transcription, and they
may thus help guide the selection of effective antiviral compounds
to treat HIV-1 disease in humans. In addition, the testing of
alternative anti-HIV strategies, such as integrase inhibitors as well
as gene therapy approaches, can be envisioned. Building on such
exciting applications for the current form of the model, we are now
pursuing different strategies, including virus modifications, adjuvant pharmacostimulation, and additional genetic manipulations of
the host, to enhance HIV replication in this rodent model further.
Materials and Methods
Transgenic Rat Model. The generation and initial characterization

of hCD4/hCCR5-transgenic rats has been reported in ref. 13.
Animal experiments were conducted according to the German
Animal Welfare Act and with authorization of the Regierungspräsidium Karlsruhe (35-9185.81/G-100/02); experiments were
supervised by animal welfare officers of Heidelberg University.
Primary Cells. Cultures of primary T lymphocytes and macrophages from transgenic rats and random human donors were
generated as reported in refs. 12, 28, and 29.
Virus Stocks. The HIV-1YU-2 proviral DNA was cloned directly
from brain tissue of a patient who died of AIDS dementia
complex (30). The generation of replication-competent HIV1YU-2 stocks for in vivo infection studies has been reported in ref.
13. Virus stocks were characterized for p24 concentration and
for infectious titer (TZM-BL IU) as described in ref. 29. The
molecular clones HIV-1NL4 –3 E⫺ EGFP, which carries an egfp
Goffinet et al.

Antiviral Drugs. Enfuvirtide (Roche, Indianapolis, IN) was freshly
dissolved in distilled H2O at 9 mg/ml and further diluted in H2O.
Efavirenz (Bristol–Myers Squibb, Jacksonville, FL) was purchased as a drinking solution at 30 mg/ml and diluted in PBS.

Ex Vivo HIV-1 Virion-Fusion Assay. The flow cytometry-based HIV-1
virion-fusion assay was conducted as described in refs. 18 and 19.
Briefly, primary T cells and macrophages were pretreated with the
indicated concentrations of enfuvirtide for 30 min. Subsequently,
cells were challenged with HIV-1YU-2 BlaM-Vpr virions (50 ng per
2 ⫻ 106 T cells or per ⬇2 ⫻ 105 macrophages) for 3–4 h, washed,
and then loaded with CCF2/AM dye overnight. Fusion was monitored with a three-laser BD FACSAria Cell Sorting System (BD
Biosciences, San Jose, CA).
Ex Vivo Efficacy Testing of Efavirenz. Macrophages were pretreated
overnight and T cells for 1 h with efavirenz at the indicated
concentrations, and then they were subsequently challenged with
single-round VSV-G HIV-1NL4–3 EGFP reporter virions (200–500
ng of p24 per 3 ⫻ 106 T cells or per ⬇2 ⫻ 105 macrophages). On
day 3 postinfection, the percentage of EGFP-positive T cells and
macrophages was scored by flow cytometry on a FACSCalibur by
using BD CellQuest Pro 4.0.2 software (BD PharMingen, San Jose,
CA).

with an equivalent volume of distilled water. On day 3, all rats were
challenged i.v. with HIV-1YU-2 (6.7 ⫻ 105 TZM-BL IU; 500 ng of
p24 per rat). In both efficacy studies, one HIV-nonsusceptible,
hCD4-single transgenic rat was challenged with the identical virus
inoculum. Dosing was continued for 4 more days postchallenge, and
then all animals were killed. Total DNA was prepared from
single-cell suspensions of splenocytes by using DNeasy tissue kits
(Qiagen, Valencia, CA), and it was analyzed by quantitative duplex
PCR.
Quantification of HIV-1 DNA Species. The amount of total HIV-1

cDNA and HIV-1 2-LTR circles in splenocyte extracts was analyzed
by quantitative duplex PCR by using the ABI 7500 sequence
detection system (Applied Biosystems, Foster City, CA). Total
HIV-1 cDNA was amplified by using a primer pair specific for LTR
U5 and gag and the probe 5⬘-[fluorescein (FAM)]-CAGTGGCGCCCGAACAGGGA-[rhodamine (TAMRA)]-3⬘ as reported in refs.
33 and 34. For quantification of 2-LTR circle junctions a forward
primer annealing at U5, a reverse primer annealing at U3 and the
probe 5⬘-(FAM)-TCCACACTGACTAAAAGGGTCTGGGGATCTCT-(TAMRA)-3⬘ were used (33, 34). For standard curves,
dilutions of pHIV-1NL4–3 E⫺ EGFP and pU3U5 covering 5 logs
were used, supplemented with DNA from uninfected cells. Results
obtained for HIV-1 cDNA species were normalized to the amount
of cellular DNA, which was quantified in the same reaction by
amplification of the rat GAPDH gene DNA (reagents from Applied Biosystems). For the latter, dilutions of genomic DNA extracted from primary rat T cells were used for standard curves. The
cycling program was as follows: 2 min at 50°C; 10 min at 95°C; 40
cycles of 15 s at 95°C then 1 min at 60°C. All samples were run in
duplicate. Data analysis was performed by using the 7500 system
software. The lowest detection limit ranged from 0.02 to 0.03 copies
per ng of DNA and from 0.05 copies per ng of DNA for total HIV-1
cDNA and for 2-LTR circles, respectively. Some values for extracts
of the treatment groups had to be extrapolated.

similar design were performed (animal age, 8 weeks; weight range,
140–306 g). For the NNRTI study, groups consisting of six hCD4/
hCCR5-transgenic rats were treated with either efavirenz at 25
mg/kg per day or PBS by once-daily oral gavage for 3 days. On day
3, rats from both experimental groups were anesthesized and
challenged by tail vein injection through a plastic catheter with
HIV-1YU-2 (6.7 ⫻ 106 TZM-BL IU; 5,000 ng of p24 per rat) as
described in ref. 13. For the fusion inhibitor study, groups consisting
of five or six hCD4/hCCR5-transgenic rats were treated with
enfuvirtide at 4 mg/kg per day, applied by either twice-daily or
once-daily s.c. injection. The control group was injected twice daily
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