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ABSTRACT Anti-human immunodeficiency virus type 1 (anti-HIV-1) fusion peptides
have been studied for nearly 2 decades, but few candidates have found useful clini-
cal applications. One factor underlying the failure of such agents to reach the clinic
is their poor pharmacokinetic properties, and many efforts have been made to over-
come this problem. In this study, we modified C34, a peptide inhibitor of HIV-1 fu-
sion, at its conserved glycosylation site using polyethylene glycols (PEGs) of different
molecular weights. PEG40-NC, a conjugate of C34 and branched PEG 40 kDa (PEG40),
which has been previously shown to improve the pharmacokinetic profiles of pro-
teins, showed a significantly extended half-life (t1/2; 10.39 h in rats), which compen-
sated for decreased in vitro activity (50% effective concentration [EC50] of 18.51 nM).
PEG40-NC also showed a mechanism of action similar to that of C34. PEG40-NC
monotherapy in acutely simian-human immunodeficiency virus (SHIV)-infected rhe-
sus monkeys significantly suppressed viral load compared with a control treatment.
Efficacy was linked to the extended half-life and lymphatic exposure conferred by at-
tached PEG40. These results highlight the potential of further clinical investigations
of PEG40-NC in combination with antiretroviral therapy or other anti-HIV agents.

IMPORTANCE Poor pharmacokinetics have severely hindered the clinical use of anti-
HIV peptides. Different small molecules, such as lipid, cholesterol, and small PEG,
were designed to modify peptides to improve their pharmacokinetics. In this study,
we incorporated large branched PEG to anti-HIV peptide and obtained a conjugate
with extended half-life and improved in vivo efficacy. The strategy we developed in
this study can also be applicable for the development of other peptide candidates.

KEYWORDS HIV inhibitor discovery, peptide therapeutics chemical modification to
extend half-life, anti-HIV fusion peptide, pharmacokinetics

AIDS, caused by human immunodeficiency virus (HIV), remains a dangerous, pro-
gressive disease. About 37.9 million people globally were living with HIV in 2018,

with �1.7 million new infections worldwide (1). Highly active antiretroviral therapy
(HAART) is the standard of care for HIV infection. Three or more drugs targeting at least
two enzymes are used in HAART regimens to suppress replication and reduce plasma
viral loads below the limits of detection (�50 RNA copies/ml) of diagnostic tests (2–5).
However, several issues limit the ability of HAART to eradicate HIV, including develop-
ment of multidrug resistance (6), inability of drugs to reach latent HIV reservoirs (7, 8),
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and adverse effects. Thus, further efforts are required to discover and develop new
anti-HIV drugs.

Binding and fusion between viral and host cell membranes mediated by the
envelope glycoprotein (Env) (9) are essential for HIV-1 entry. Following Env binding to
CD4, dissociation of gp120 from gp41 induces exposure of the N-terminal fusion
peptide of gp41 and its insertion into the cell membrane. Then, three C-terminal heptad
repeats fold in antiparallel fashion onto the trimeric NHR (N-terminal heptad repeats)
coiled-coil to form a thermostable six-helix bundle (6-HB) (10–12), which brings to-
gether the viral and cellular membranes and lowers the free-energy barrier to fusion.
HIV-1 fusion is an attractive target for drug discovery with several important advan-
tages (13). However, only one HIV-1 fusion inhibitor, enfuvirtide (T20), has been
approved, and its clinical use has been seriously limited by its short half-life (t1/2), which
necessitates high-dose injections. Moreover, extended exposure can cause resistance
(14, 15), with mutant virions emerging in about 1 month (16). Several new fusion
inhibitors, such as T1249 (17), T1144 (16), sifuvirtide (18), SC22EK (15), HP23 (19), and
T2635 (16), have been generated using the CHR (C-terminal heptad repeats) peptide
C34 as a design template. However, rapid proteolysis and short half-lives are major
limitations. This has prompted the development of half-life extension strategies to
improve the pharmacokinetic profiles of anti-HIV-1 fusion peptides; these include
polyethylene glycol (PEG)ylation (20–22), lipidation (23–25), glycosylation (26), modifi-
cation with cholesterol (27), and addition of a maleimide group for covalent conjuga-
tion to human serum albumin (28–30). PEGylation is a common half-life extension
strategy: more than 10 PEGylated therapeutics have entered the clinic since the early
1990s, and over 20 PEGylated drugs are undergoing clinical trials (31).

We previously developed a series of PEGylated T20 peptides with extended half-lives
in vivo through site-specific attachment of small linear PEGs (2 and 5 kDa) (21).
However, most PEGylated drugs use large branched PEGs (�40 kDa) (31), as these show
decreased immunogenicity and increased half-life compared with linear low-molecular-
weight (MW) PEGs. Moreover, molecules of �16 to 20 kDa are thought to have
increased lymphatic exposure and retention within lymph nodes (22, 32, 33), where HIV
reservoirs are located (34). Based on our previous work with T20 (21, 26), in this study
we attached large branched PEGs (40 kDa) to different C34 sites to obtain a more
potent HIV-1 fusion inhibitor. C34 is a first-generation HIV-1 fusion inhibitor with more
potent anti-HIV-1 activity than T20 (10). Furthermore, we have demonstrated C34 has
a different resistance mechanism with T20 and retained high antiviral activity against
T20-resistant strains (35). However, the low solubility of C34 undermines its potential
use as a clinical drug (36).

RESULTS AND DISCUSSION

We constructed PEG-C34 conjugates using thiol-maleimide Michael reactions (Fig. 1)
(21, 35). C34 is a 34-mer peptide derived from the gp41 CHR (residues 628 to 661) and
includes Asn637, which forms a conserved glycosylation site in native gp41 (37). We
hypothesized that a hydrophilic PEG chain attached at Asn637 could potentiate the
antiviral activity of C34. A single Cys was introduced at the N or C terminus of the C34
sequence, or Asn637 was replaced with Cys. Linear methoxy-PEG-maleimides (mPEG-
Mal) of 2 and 5 kDa were used to modify these three sites one at a time, and the optimal
PEGylation site was identified using antiviral activity assays. Large branched mPEG-Mal
(10, 20, and 40 kDa) was also used to investigate the impact of MW on antiviral activity.
All reactions were completed in 10 min, with yields of �70%. Conjugates were purified
using high-performance liquid chromatography (HPLC) with high purity (�95%), and
matrix-assisted laser desorption/ionization (MALDI)–time of flight (TOF) mass spectra
confirmed the attachment of a single PEG chain.

The antiviral activities of peptides and conjugates against the laboratory-adapted HIV-1
strain NL4-3 were investigated. Anti-HIV-1 activity was measured using the Reed and
Muench method (38) in TZM-b1 cells. All peptides and conjugates inhibited replication of
HIV-1 NL4-3 at nanomolar concentrations (Fig. 2). C34NC, the internal Cys-conjugated C34,
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showed higher antiviral activity than the N- or C-terminally conjugated C34s and the parent
C34 peptide, potentially because Cys and Asn are structurally similar residues. In contrast,
terminal addition of Cys changes the length of the peptide and alters the structure of the
terminal Trp and Leu residues. Consistently, the 50% effective concentrations (EC50s) for
small linear PEGylated peptides (PEG2- and PEG5-modified C34) showed the same trends
as Cys-incorporated C34s. Terminal PEG2 or PEG5 modification decreased antiviral activity
significantly, but PEGylation with small linear PEGs at the internal Cys did not affect activity.
Thus, the attached PEG chain at the native glycosylation site of C34 likely mimicked the
native glycan as previously reported (39).

Asn637 was chosen as the modification site for large branched PEGs. C34NC was
PEGylated with branched PEGs (10, 20, and 40 kDa) to assess the impact of PEG MW on
antiviral activity. When PEG MW was increased from 10 to 20 kDa, the activity of
PEGylated C34 decreased. However, a slight increase in inhibitory activity was observed
when PEG MW was increased from 20 to 40 kDa. Because high-MW PEGs are optimal for
peptides and protein drugs, we hypothesized that losses of in vitro activity with
increasing PEG size would be compensated by prolonged residence in blood and
higher lymphatic exposure in vivo.

We next used surface plasmon resonance (SPR) to assess binding of the internally
PEGylated C34 conjugates. N36, a 36-mer peptide from the NHR of gp41, is the target of
C34 (40). SPR showed that all conjugates bound N36 with affinities (Kd [dissociation
constant]) of 124 to 424 nM, similar to that of C34 (Kd � 185 nM) (Fig. 3). PEG2-NC and
PEG5-NC showed slightly stronger binding to N36 than C34, contrary to our experiences
using PEGylated T20 (21). This result strongly suggested that Asn637 was an optimal site for
C34 modification. Binding affinity decreased with increasing PEG MW (PEG10-NC, PEG20-
NC, and PEG40-NC), consistent with the antiviral activity of these molecules. Although the
MW of PEG40-NC was almost twice that of PEG20-NC, the binding affinities of these
conjugates were similar. These results suggested that attachment of PEGs, including PEG40,
at C34 Asn637 did not significantly affect the intrinsic affinity of C34 for gp41 NHR.

C34 has an almost featureless structure and can form a stable �-helical structure in
complex with N36 in aqueous media (10, 40). We further evaluated the effect of the

FIG 1 Synthesis and characterization of PEG-C34 conjugates. (A) Reactions were conducted in phosphate buffer (pH 7.2)
at room temperature. Reaction progress was monitored by analytic HPLC, and the products were purified by semiprepara-
tive HPLC. (B) The large branched mPEG-Mal structure. (C) HPLC chromatogram (reaction mixture). (D) MALDI-TOF mass
spectrum of PEG40-NC.
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internally conjugated PEG chain on the conformation of C34 and its complex with N36
using circular-dichroism (CD) spectroscopy. Like C34, PEG-NC did not show minimum
�-helical conformation at 222 nm (Fig. 4A), suggesting that the PEG chain did not alter the
secondary structure of C34; all peptides displayed unordered coil structures in phosphate-

FIG 2 Antiviral activities of PEG-C34 conjugates against HIV-1 NL4-3. EC50 and EC90 values were
determined from three independent experiments and reported as the means � standard deviations. (A)
EC50, EC90, and CC50 (50% cytotoxic concentration) values of all peptides. (B) EC50 values of all peptides.
*, P � 0.05 (Student’s t test).

FIG 3 Interaction of C34 and internally PEGylated C34 with N36 by SPR. The N36 peptide was immobi-
lized on the CM5 sensor chip surface. Solutions containing different concentrations of C34 or conjugates
were flowed over the chip surface. Concentrations of 1 �M are shown.
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buffered saline (PBS) with �-helicities ranging from 14% to 29%. In contrast, the C34/N36
complex formed a typical �-helix with an �-helical content of 91% (Fig. 4B). All PEG-NCs
showed CD spectra similar to that of C34 in the presence of N36, except for PEG10-NC,
which showed moderately increased helical content compared with C34-N36. These results
suggested that even large internal PEG chains had little impact on the secondary confor-
mation of the C34-N36 complex, which is essential for antiviral activity.

The CD results were seemingly inconsistent with the antiviral activity and SPR analyses,
in which the higher-MW PEGs had a negative impact on inhibitory activity and binding
affinity for N36. We speculate that this discrepancy is largely due to different modes of
action. In the CD experiment, PEG-NC bound to free N36 in aqueous solution, and the large
internal PEG chain probably faced outside the 6-HB and did not affect the C34-N36
interaction. However, in the antiviral activity analyses, the N-terminal fusion peptide in-
serted into cell membrane. In this case, N36, which was included in the NHR and closed to
the N-terminal fusion peptide, was fixed in high density on the surface of TZM-b1 cells,
making binding more sensitive to steric hindrance. Similarly, the high density of N36
immobilized on the sensor chip in SPR experiments may have resulted in the weaker
affinities observed for large PEGylated C34 than for PEG2-NC and PEG5-NC.

Although PEG40-NC, the largest PEG-modified C34 peptide in this study, showed a
slightly decreased affinity for N36 and moderately weakened inhibition of HIV-1 NL4-3
in vitro, we hypothesized that the attached PEG40 would extend plasma circulation
time, compensating for the loss of inhibitory activity. We next evaluated the in vivo
stability of PEG40-NC using a simple, rapid, and sensitive system developed by Li et al.
(41). PEG40-NC (1.7 �mol/kg of body weight) or C34 was subcutaneously injected into
each rat, and sera were harvested at different times. The serum dilutions required for

FIG 4 CD spectra of C peptides and their complexes with N36. C peptides (40 �M) were incubated at
37°C for 30 min in PBS (5 mM, pH 7.2) in the absence (A) and presence (B) of equimolar amounts of N36,
and then the CD spectra were recorded at 20°C.
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50% inhibition of infection were calculated according to ex vivo antiviral activity
analyses. As shown in Fig. 5A, serum activity in C34-treated rats peaked in 1 h, with a
serum dilution that inhibited 50% of virus infection of 1:2,275, and then declined
quickly. No inhibitory serum activity was detected after 4 h. These results showed that
C34 was rapidly adsorbed and cleared from circulation. In contrast, PEG40-NC peaked
in serum at 23 h postinjection, with a serum dilution that inhibited 50% of virus
infection of 1:53.42. At this time, the plasma concentration of PEG40-NC, calculated
based on the EC50, was about 7.50-fold above the EC90 determined for PEG40-NC
(132.49 nM [Fig. 2A]).This plasma concentration is expected to be effective in vivo. The
anti-HIV activity of sera dropped slowly; even after 72 h, PEG40-NC still exhibited potent
inhibitory activity, with a serum dilution that inhibited 50% of virus infection of 1:4.29.
Thus, the large branched PEG40-modified C34 showed a slower but much more
sustained release profile from the injection site, which was attributable to the long-
lasting effect of PEG40. The plasma concentrations in Fig. 5B were calculated from
serum dilutions and the corresponding EC50 values (Fig. 2A). Significant differences
were also observed between C34 and PEG40-NC. The half-life of PEG40-NC was about
10.39 h, significantly longer than that of C34 (t1/2 � 0.60 h). This improvement in the
pharmacokinetic profile following attachment was in line with previous results (42–45).

These results encouraged us to further explore the therapeutic efficacy of PEG40-NC
in vivo. Eight Chinese rhesus monkeys were infected with a strain of simian-human
immunodeficiency virus, SHIVSF162P3, and randomly assigned to two groups (groups A
and B, four monkeys each, subcutaneously treated with saline or PEG40-NC once daily
from the 7th day to the 35th day postinfection). Blood was collected before infection
and at different times postinfection, and the plasma SHIV RNA viral load was deter-
mined. As shown in Fig. 6A, the plasma viral loads of all monkeys in the control group
reached peaks ranging from 7.8 to 8.2 log10 RNA copies/ml on day 11 postinfection,
demonstrating the establishment of acute infection. Viral loads declined naturally
thereafter but remained above 6 log10 RNA copies/ml between days 21 and 32, except
for monkey A2, with a viral load of 5.55 log10 RNA copies/ml on day 28. However, viral
loads in the PEG40-NC-treated group peaked lower than in group A, with SHIV RNA viral
loads ranging from 6.23 to 7.12 log10 RNA copies/ml on day 11 (Fig. 6B).

Thus, viral replication was suppressed by treatment with PEG40-NC. Thereafter, viral
loads in the PEG40-NC-treated group decreased more dramatically than in group A. The
plasma viral loads of monkey B1 declined to nearly undetectable levels (1,000 copies/ml) by
2 weeks following initial treatment, with a value of 3.02 log10 RNA copies/ml. Viral RNA
levels in all treated monkeys were reduced to below 6 log10 RNA copies/ml between days

FIG 5 Pharmacokinetic analyses of C34 and PEG40-NC in rats. (A) The serum dilutions required for 50% inhibition of virus infection. (B)
Plasma concentrations of peptides were calculated based on the serum dilutions and the corresponding EC50 values. Half-lives were
estimated using the equation t1/2 � 0.693/k, where k is the rate constant for concentration decay. Four rats (two males and two females)
were used for each peptide. Error bars represent standard deviations (SDs) from four independent experiments (four rats for each group).
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21 and 32 and then rebounded slightly after therapy was stopped. Thereafter, viral loads
began to decline slowly from day 6 after dosage withdrawal until to the end of the
observation period (Fig. 6C). The difference in viral loads for control group A and the
PEG40-NC-treated group B was statistically significant (P � 0.0126) for the treatment period
(days 7 to 36 postinfection). Subcutaneous administration of PEG40-NC was well tolerated
at the dosage used, and the animals exhibited no clinical signs of toxicity.

In a previous study (24), T20 administered once daily showed no protective effect in
SHIV-infected monkeys because of its short half-life. Viral kinetics in T20-treated mon-
keys were similar to those in control animals. We speculated that C34 would not show
a therapeutic effect in SHIV-infected monkeys using the same protocol because C34 has

FIG 6 Treatment of SHIVSF162P3-infected rhesus monkeys with PEG40-NC. Four monkeys were subcuta-
neously treated with saline (A) or 1.38 �mol/kg of PEG40-NC (B) on the 7th day postinfection. Plasma viral
loads in SHIV-infected monkeys were measured using a quantitative real-time reverse transcription-PCR
(qRT-PCR) assay. The average viral loads of PEG40-NC-treated monkeys were compared with those of
saline-treated monkeys (C). Error bars in panel C represent SDs from four independent experiments (four
monkeys for each group).The horizontal dashed line at 3 log10 RNA copies/ml indicates the limit of
detection of the assay. P � 0.0126 for the therapy period.
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a pharmacokinetic profile similar to that of T20. However, PEG40-NC exhibited clear
therapeutic efficacy despite steric hindrance problems impeding binding to the NHR.
Therapeutic efficacy mainly results from the extended half-life and extended lymphatic
exposure. These results highlight the potential for clinical development of PEG40-NC.

Conclusion. We developed a highly potent therapeutic against HIV with long-lasting
efficacy in vivo by PEGylating C34 with a 40-kDa branched PEG. Covalent attachment of
PEG40 to proteins prolongs their half-lives by preventing kidney filtration and proteolysis
(31). Small peptides are often inactivated by modification with high-MW PEGs owing to
impaired binding to their receptors. To date, no peptides PEGylated with PEG40 have been
approved for clinical use. We have demonstrated that modification of C34 with PEG40 at a
suitable site significantly improved its pharmacokinetic profile while retaining binding to its
target protein. Monotherapy with this conjugate in SHIV-infected rhesus monkeys showed
a significant protective effect. This conjugate may have clinical utility in combination with
antiretroviral therapy regimens. Furthermore, PEGylation with large branched PEGs may
also aid the clinical development of other peptides.

MATERIALS AND METHODS
Materials and instrumentation. Peptides were synthesized using a standard solid-phase 9-fluorenyl-

methoxy carbonyl (Fmoc) protocol at Beijing Scilight Biotechnology LLC (Beijing, China) and purified by
high-performance liquid chromatography (HPLC) (purity � 95%). Peptides were protected by C-terminal
amidation and N-terminal acetylation and characterized by MALDI-TOF mass spectrometry. The
laboratory-adapted strain NL4-3 used in the infectivity assay was isolated and propagated in the
European Research Infrastructures for Poverty Related Diseases project. TZM-bl cells were obtained from
the NIH AIDS Research and Reference Reagent Program (USA) and propagated in Dulbecco’s modified
Eagle medium (DMEM) containing fetal calf serum (10%, vol/vol), penicillin (100 U/ml), and streptomycin
(100 �g/ml). SHIVSF162P3 was obtained through the NIH AIDS Research and Reference Reagent Program.
Sprague-Dawley rats (male, 7 weeks old, 150 to 180 g) were purchased from Beijing HFK Bioscience
(Beijing, China) and fed for 2 days before pharmacokinetic analyses. mPEG-MAL (2, 5, 10, 20, and 40 kDa)
was purchased from Beijing Kaizheng Biotech Development (Beijing, China). All other chemicals were
purchased from various commercial sources and were analytical grade. HPLC analyses were performed
on an Agilent 1200 system (Agilent, USA) equipped with a UV detector. MALDI-TOF mass spectra were
recorded on a Bruker BIFLEX III spectrometer (Bruker Daltonics, Germany). All experiments with viruses
were performed in an approved biosafety level 3 (BSL3) containment laboratory.

Synthesis of PEGylated C34. The mono-Cys-incorporated C34 (cC34, C34c, or C34NC; 10 mg) and
mPEG-MAL (1.50 equivalent) were dissolved in sodium phosphate buffer (10 ml, 5 mM; pH 7.5) at room
temperature. Reactions were monitored by analytical HPLC on an Agilent C18 column (4.6 by 250 mm) at
40°C with a linear gradient (10% to 90% MeCN containing 0.1% trifluoroacetic acid [TFA] over 25 min,
flow rate of 1 ml/min, for mPEG2KDMAL, mPEG5KDMAL, and mPEG10KDMAL modifications). The reaction
was monitored by analytical HPLC on a Komasil column (4.6 � 250 mm) at 40°C with a linear gradient
(35% to 45% MeCN containing 0.1% TFA over 25 min, flow rate of 1 ml/min, for mPEG40KDMAl
modification). When the peptides disappeared, the products were purified by HPLC on the correspond-
ing semipreparative column to yield PEG2-C34 (12 mg, 82%), C34-PEG2 (13 mg, 85%), PEG5-C34 (15 mg,
70%), C34-PEG5 (16 mg, 75%), PEG2-NC (13 mg, 88%), PEG5-NC (19 mg, 89%), PEG10-NC (31 mg, 87%),
PEG20-NC (49 mg, 90%) or PEG40-NC (96 mg, 92%) as a white powder. The products were confirmed by
MALDI-TOF mass spectrometry; the average molecular weights of C34-PEG2, C34-PEG5, PEG2-NC,
PEG5-NC, PEG10-NC, PEG20-NC, and PEG40-NC were 6,645, 9,305, 6,487, 9,147, 15,001, 23,413, and
44,647, respectively.

HIV inhibition assay. The antiviral activities of PEG-NC conjugates were measured as previously
described (21, 35). Briefly, TZM-b1 cells were incubated on a tissue culture plate (96 well, 1 � 104

cells/well) at 37°C overnight, then titrated PEG-NC conjugates were added (100 �l in DMEM), followed
by 200 50% tissue culture infective doses (TCID50) of HIV-1NL4-3. Cells (100 �l) were harvested after
incubation at 37°C for 48 h and lysed using a lysis reagent (Promega; 100 �l). Luciferase activity was then
measured, and the EC50 and EC90 values were calculated using the Reed and Muench method (38) based
on the percent inhibition of luciferase activity.

CD analysis. The secondary structures of peptides and peptide-N36 complexes were measured using
a Chirascan spectropolarimeter (Applied Photophysics Ltd., UK) as described previously (21, 26). Briefly,
each peptide or complex was dissolved in PBS (5 mM, pH 7.2) at a concentration of 40 �M for both
peptides and N36. The solution was incubated at 37°C for 30 min, and then the CD spectra were recorded
at 20°C with a bandwidth of 1.0 nm and a scanning speed of 5 nm/min. The spectra were corrected by
blank subtraction of the signals from solvent. The �-helicities of the compounds were determined
according to the software CDNN (calculating the ratio of protein secondary structure).

SPR analysis. The binding affinities of C34 and PEG-NC conjugates for N36 peptide were analyzed
using a Biacore biosensor system (Biacore 3000; Biacore Co., Ltd.) according to a previously described
procedure (21). Briefly, N36 was immobilized on a carboxymethyl dextran-coated sensor chip (CM-5,
research grade) using standard primary amine coupling. C34 or PEG-NC conjugates in PBS containing
Tween 20 (0.05%, vol/vol) at graded concentrations (0.125 to 4 �M) were flowed over the sensor chip
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surface at a rate of 20 �l/min. C34 was used as a positive control. Bovine serum albumin was used as a
negative control instead of peptide N36. Kinetic parameters were calculated using Biacore evaluation
software (version 4.1).

Pharmacokinetic analysis. The pharmacokinetic profile of PEG40-NC was studied in 7-week-old
Sprague-Dawley rats (n � 4; 180 to 200 g) as described previously (21, 24, 35). A single subcutaneous
injection of PEG40-NC or C34 (1.7 �mol/kg in physiological saline) was given to each rat (35). Blood
samples (300 �l) were collected from the tail vein before administration and at different intervals after
injection (3, 6, 9, 20, 23, 29, 48, 72, and 96 h). All blood samples were collected into microcentrifuge tubes
containing heparin (5 �l, 5,000 IU/ml) and aprotinin (6 �l, 50 trypsin inhibitor units [TIU]/ml). Plasma
samples were obtained by centrifugation of a whole-blood sample for ex vivo anti-HIV-1NL4-3 activity
evaluation as described previously (24, 35). The highest dilution of plasma samples that inhibited 50% of
virus infection was identified based on the single-cycle assay. The plasma concentrations of C34 and
PEG40-NC were calculated according to the dilutions and EC50 values. Half-lives were estimated using the
equation t1/2 � 0.693/k, where k is the rate constant for concentration decay.

Evaluation of therapeutic efficacy. The in vivo therapeutic efficacy of PEG40-NC was evaluated in
acutely SHIVSF162P3-infected Chinese rhesus macaques as reported previously (24). Briefly, eight adult
Chinese rhesus macaques (3 to 4 kg) were screened and inoculated intravenously with SHIVSF162P3 (100
TCID50). The TCID50 was determined by infection of macaque peripheral blood mononuclear cells.
Macaques were divided randomly into the acute infection treatment group (n � 4) and the control group
(n � 4). Macaques in the former and latter groups received PEG40-NC (1.38 �mol/kg in saline) and 0.9%
saline solution (1 ml), respectively, by subcutaneous injection once daily for 28 days beginning on day 7
post-virus inoculation. Blood samples were collected on days 1, 4, 7, 11, 14, 18, 21, 25, 28, 32, 36, 42, 49,
and 70 postinoculation. Viral RNA was extracted from cell-free plasma using the QIAmp viral RNA minikit
(Qiagen, Valencia, CA). Plasma viral loads were measured using a One Step PrimeScript reverse
transcription-PCR (RT-PCR) kit (TaKaRa) and a PerkinElmer ABI 7500 instrument. RNA levels were deter-
mined using SHIV-gag primers and probes following primary infection. Primers and probes for real-time
PCR were as previously described (24, 46). RNA standards (103 to 1013 copies/ml) were prepared in our
laboratory. Reactions were performed in duplicate for each sample.

Ethics statement. The protocol (no. SQIMCAS20) for the pharmacokinetic study in rats was approved
by the Institutional Animal Care and Use Committee (IACUC) of the Institute of Microbiology, Chinese
Academy of Sciences. The protocol (no. XJ19001) for the in vivo efficacy study in rhesus monkeys was
approved by the IACUC of the Institute of Laboratory Animal Science, Chinese Academy of Medical
Sciences, where the study were carried out. All experiments involving SHIV-infected animals were
performed in an animal biosafety level 3 (ABSL-3) laboratory. All monkeys were anesthetized with
ketamine hydrochloride prior to procedures (10 mg/kg).
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