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A Quantitative Measurement of Antiviral Activity of Anti-Human
Immunodeficiency Virus Type 1 Drugs against Simian
Immunodeficiency Virus Infection: Dose-Response Curve Slope
Strongly Influences Class-Specific Inhibitory Potential
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Simian immunodeficiency virus (SIV) infection in macaques is so far the best animal model for human immunodeficiency virus
type 1 (HIV-1) studies, but suppressing viral replication in infected animals remains challenging. Using a novel single-round
infectivity assay, we quantitated the antiviral activities of antiretroviral drugs against SIV. Our results emphasize the importance
of the dose-response curve slope in determining the inhibitory potential of antiretroviral drugs and provide useful information
for regimen selection in treating SIV-infected animals in models of therapy and virus eradication.

H ighly active antiretroviral therapy (HAART) has significantly
reduced the morbidity and mortality of human immunode-
ficiency virus type 1 (HIV-1) infection (17, 18, 29), but eradication
is still an unrealistic goal due to a low level of viral persistence in
treated subjects (30). When treatment is interrupted, a rapid re-
bound of viremia can be observed in most infected individuals (9,
15, 19). A major barrier to eradication is the extremely stable res-
ervoir of latent virus in resting memory CD4™ T cells (7, 8, 14, 33,
38). As a result, lifelong treatment is required to suppress viral
replication and prevent disease progression to AIDS. In the mean-
time, drug resistance and rebound viremia can develop under sub-
optimal treatment conditions (10, 25, 37). Therefore, quantita-
tion of the antiviral activity of antiretroviral drugs and drug
regimens is important and could help to choose regimens that
produce the maximum level of suppression. Using a novel single-
round infectivity assay with high sensitivity, Shen et al. showed
that the dose-response curve slope was a neglected yet crucial di-
mension in measurement of antiviral activity (32). Slope values
are class specific for anti-HIV-1 drugs and define intrinsic limita-
tions on antiviral activity for different classes (23, 32).

Infection of macaques with some forms of simian immunode-
ficiency virus (SIV) causes a disease that closely resembles HIV-1
infection in humans, making the SIV-macaque system the best
animal model to study HIV-1 pathogenesis and potential inter-
vention strategies (2, 3, 11, 20, 24, 31, 36). Treatment studies in
SIV-infected animals have yielded valuable insights for antiretro-
viral therapy (1, 3, 16, 27, 28). Currently, there is a great need for
an animal model of HAART in which virus eradication strategies
can be explored. Achieving suppression of SIV replication to an
extent comparable to that seen in HIV-1-infected humans on
HAART is the critical first step in the development of models
for viral eradication strategies (12, 26). However, it is still not
clear what regimen is optimal for suppressing SIV replication
in vivo. A quantitative study of the antiviral activities of current
antiretroviral drugs against SIV infection could guide regimen
selection to maximize inhibitory potential. It is particularly
important to determine whether the dose-response curve slope
is a critical determinant of activity against SIV, as it is in activity
against HIV-1 (23, 32).
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To measure the antiviral activities of current antiretroviral
drugs against SIV, we developed a single-round infectivity assay
for SIV with wide dynamic range and high sensitivity (Fig. 1A).
The proviral backbone used for the assay was modified from SIV/
17E-Fr Anef GFP (22). Nucleotides 171 or 272 of env were mu-
tated (QuickChange II; Agilent Technologies) separately to intro-
duce stop codons to prevent endogenous env expression (Anef
Aenv GFP 1 and 2), resulting in viruses capable of only single-
round infection (Fig. 1A). The env gene from SIVmac239 was
cloned into the previously described pGAG expression vector (4)
to replace gag. The hepatitis B virus (HBV) posttranscriptional
regulatory element (PRE) contained in this vector enables high-
level, Rev-independent expression of SIV Env. Western blot anal-
ysis (polyclonal antibody to SIV gp120/160; Abcam) showed no
Env (gp160 and gp120) production by cells transfected with the
Anef Aenv GFP 1 or Anef Aenv GFP 2 constructs alone, whereas
cotransfection of these proviral constructs and the env expression
vector yielded Env as expected (Fig. 1B). Pseudoviruses were gen-
erated by cotransfecting 293T cells with Anef Aenv GFP 1 and the
Env expression vector. Infections were carried out in primary
CD4" T cells from healthy rhesus macaques. Because activated
CD4™" T cells are the principal target cells for HIV-1 and SIV in
vivo, macaque cells were stimulated with 5 pg/ml concanavalin A
and 100 U/ml interleukin-2 (IL-2) as described by Zhang et al.
(39). Thus, the analysis presented here reflects inhibitory effects in
activated CD4™" T cells, and it is important to note that there may
be quantitative differences in the effects in other cell types. After
72 h of stimulation, CD4™ T cells were isolated using the Miltenyi
CD4™" T cell isolation kit for nonhuman primates according to the
manufacturer’s instructions. The macaque CD4" T cells were
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FIG 1 Asingle-round SIV infectivity assay for quantitation of antiviral activity in vitro. (A) Proviral construct used to generate pseudotyped SIV for infections. The GFP
coding sequence was inserted into the nef gene. Stop codons were introduced into the N-terminal region of the env gene (at nucleotide position 171 or 272), to render the
viruses capable of only a single round of infection. (B) Detection of gp160 and gp120 in concentrated virions by Western blot analysis. The indicated proviral constructs
were transfected alone or with an env expression plasmid into HEK293T cells. Concentrated virion preparations were made by ultracentrifugation of the supernatant
from transfected cells. The envelope protein (gp160/gp120) was detected by blotting with a polyclonal antibody (Abcam). (C) Expression of GFP by infected CD4* T
cells. Concentrated virions were used to infect primary rhesus macaque CD4™ T cells. Representative dot plots of GFP expression are shown for virions made by
transfecting a proviral construct alone (left) or together with an env expression plasmid (right). PerCP, peridinin chlorophyll protein.

then infected and cultured using our previously described proce-
dure for human CD4* T cells (32). For infection of every 1 million
primary CD4" T lymphoblasts, we used a 100-ng p27 input of
prestandardized (by p27 ELISA; Zeptometrix) pseudotyped SIV.
This amount of input virus is in the linear range of infectivity
curves and below virus concentrations at which the level of infec-
tion reaches a plateau. The input gives about 20% infection (Fig.
1C). Because flow cytometric analysis allows detection of individ-
ual infection events, a 20% infection level still leaves a very wide
dynamic range to assess inhibition of infection by antiretroviral
drugs (32). No infection was detected when pseudoviruses gener-
ated without the Env expression vector were used, indicating that
env expression in trans was required for infectivity. Thus, the
pseudoviruses are only capable of a single round of infection. We
chose a single-round infectivity assay over multiround assays to
avoid complexities introduced by the growth and death of target
cells and viral growth and evolution over time. Previous studies
have shown that single-round assays more directly reflect the de-
gree of inhibition by antiretroviral drugs (13, 23, 32).

Antiretroviral drugs were acquired from Merck and the AIDS
Research and Reference Reagent Program, NIH, and were pre-
pared as previously described (32). Single-round infectivity assays
were carried out as previously described (32). Dose-response
curves were obtained by normalizing the percentage of green flu-
orescent protein (GFP)-positive cells without drug treatment to
100% (Fig. 2C). Inhibition data were analyzed using the median
effect model (5, 6), which provides a rigorous description of dose-
response relationships (equations 1 and 2), as follows:

log (f,/f,) = mlog (D/ICs) (1)
or,
fa= B (2)
L (fcso>’"
D

For inhibition of SIV infection, f, is the fraction of infection
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events affected by the drug and f, is the fraction of events unaf-
fected by the drug (f, + f,, = 1). D is the drug concentration, ICs,
is the drug concentration that causes 50% of the maximum inhib-
itory effect, and m is the slope of the dose-response curve. The
slope parameter is analogous to the Hill coefficient (21) and re-
flects cooperativity, typically in the case of multiple ligands bind-
ing to a multivalent site. By fitting data to the median effect model
(equation 1) using least-square regression analysis, we obtained
the ICs, and the slope (m value) from each dose-response curve
(see Table S1 in the supplemental material). At high concentra-
tions of the integrase inhibitors raltegravir and L870812, a low
level of GFP expression in a small fraction of cells with uninte-
grated virus is evident. This effect was corrected as described pre-
viously (32).

ICs, is the most widely used measure of drug potency, but the
clinical concentrations of HIV-1 drugs are usually much higher
than the ICsgs. This is also the case for treating SIV-infected ma-
caques. Under such conditions, the shape of the dose-response
curve (slope) must be considered in evaluating drug activity. The
importance of the dose-response curve slope in determining drug
activity is illustrated in Fig. 2. In this experiment, the integrase
inhibitor L870812 has a lower ICs, than the protease inhibitor
atazanavir (ATV) (Fig. 2B and E), suggesting that L870812 is a
more potent inhibitor. However, at concentrations approximately
10-fold higher than the IC;, of L870812 (1 wM), the fraction of
infection events unaffected by the drug was much higher for
1870812 than for ATV (Fig. 2), indicating that ATV is actually the
better inhibitor in the treatment-relevant concentration range, as
aresult of the steeper slope of its dose-response curve (Fig. 2). This
observation further emphasizes the fact that the dose-response
curve slope is a neglected but critical dimension in the measure-
ment of antiviral activity.

The ICsgs calculated from each dose-response curve are shown
in Fig. 3A. The IC;s for the nucleoside reverse transcriptase in-
hibitors (NRTIs) and fusion inhibitors (FIs) are generally in the
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FIG 2 Measurement of IC;, and m using single-round infectivity assay. (A) Log-log dose-response curve for the integrase inhibitor L870812. Each point
represents the mean from more than three experiments. The IC,, of L870812 is shown by the arrow. (B) Linearized dose-response curve for L870812 based
on median effect model. The IC,, of L870812 is shown by the arrow. (C) Representative flow cytometry plots showing detection of cells that were infected
in the absence (left) or presence (right) of 1 puM L870812. (D) Log-log dose-response curve for the protease inhibitor ATV. Each point represents the mean
from more than three experiments. The IC5, of ATV is shown by the arrow. (E) Linearized dose-response curve for ATV based on median effect model.
The IC,, of ATV is shown by the arrow. (F) Representative flow cytometry plots showing detection of cells that were infected with virions generated in the
absence (left) or presence (right) of 1 pM ATV.
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FIG 3 IC;, and m values of anti-HIV-1 drugs against SIV infection in vitro. (A) The IC;s of anti-HIV drugs from different classes. Values for the NNRTIs were
all greater than 100 M, the highest concentration tested, and are not shown. (B) m values for antiretroviral drugs from different classes. Definitions for drug
name abbreviations are as follows: 3TC, lamivudine; ABC, abacavir; AZT, zidovudine; d4T, stavudine; ddI, didanosine; FTC, emtricitabine; TDF, tenofovir
disoproxil fumarate; ATV, atazanavir; APV, amprenavir; DRV, darunavir; IDV, indinavir; LPV, lopinavir; NFV, nelfinavir; SQV, saquinavir; TPV, tipranavir;
T20, enfuvirtide; RAL, raltegravir; EFV, efavirenz; NVP, nevirapine; TMCI125, etravirine.
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FIG 4 Estimated IIP, . values * standard deviations for five representative
drugs against SIV infection in rhesus macaques. The values were calculated

using equation 3. Here D is the maximum concentration of the drug in plasma
at the doses used to treat experimental SIV infection.

low wM range, except for azidothymidine (AZT), which has an
ICs, below 0.1 wM (Fig. 3A). The IC,4s of integrase inhibitors (IIs)
are lower (Fig. 3A). The IC;.s of protease inhibitors (PIs) vary
widely (Fig. 3A). Not surprisingly, the ICs obtained for a given
drug against SIV were higher than those observed for the same
drug against HIV-1 (32). As discussed above, the slopes of dose-
response curves must also be considered. As previously reported
for HIV-1 infection in humans (23, 32), each drug class showed a
characteristic slope value for inhibition of SIV infection (Fig. 3B).
The NRTIs and IIs all showed slopes close to 1 (Fig. 3B). The
slopes of the FIs were ~1.8 (Fig. 3B). The PIs all showed slopes
greater than 2, with a range from 2.4 to 2.9 (Fig. 3B). Nonnucleo-
side reverse transcriptase inhibitors (NNRTIs) did not inhibit STV
infection, and the slopes are shown as zero (Fig. 3B). These results
strongly support the conclusions of studies in the HIV-1 system
(23, 32) which indicate that the dose-response curve slope
strongly influences the intrinsic activity of antiretroviral drugs in
suppressing viral replication, regardless of the retrovirus targeted.

To better evaluate the antiviral activities of anti-HIV-1 drugs,
we previously developed a new index termed instantaneous inhib-
itory potential (ITP), which takes into account all three parameters
in the median effect equation (ICs,, drug concentration, and
slope) (32). IIP is equal to log(1/f,) and can be thought of as the
number of logs by which single-round infection events are re-
duced at clinically relevant drug concentrations. IIP can be calcu-
lated from equation 3, as follows:

1P = log (1/f,) =log [1 + (D/ICsy)™] (3)

Here, D is the plasma drug concentration achieved with stan-
dard dosing. D varies over time due to drug metabolism in vivo.
We calculated IIP values for five representative drugs for which
information on plasma drug concentration in treated rhesus ma-
caques was available (34, 35; our unpublished data). Peak plasma
concentrations were used to calculate IIP, so the values are shown
asIIP, .. (Fig. 4). Among these five drugs, darunavir with ritona-
vir boosting (DRV/r) had the highest IIP (~6), meaning that
DRV/r reduced the single-round infectivity of SIV by up to 6 logs
at expected plasma concentrations. This value is high enough so
that DRV/r monotherapy might be able to reduce viremia to un-
detected levels in infected rhesus macaques. ATV/r has an IIP
value close to 4.4 (Fig. 4), much higher than azidothymidine
(AZT), tenofovir disoproxil fumarate (TDF), or L870812 has
(close to 2), suggesting that drugs from NRTT or II classes may not
have activities as high as those of PIs when used to treat SIV infec-
tion in rhesus macaques. For most drugs, the maximal tolerated
dose has not been established in the SIV system. However, when
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this dosing is established, the plasma drug concentrations can be
combined with the IC,, and m values presented here and used to
compute IIP with equation 3. With more extensive pharmacoki-
netic data, it will also be possible to compute average IIP values
over the whole dosing interval. In humans, these values show the
same patterns of drug class variation as IIP , values (see Table S2
in the supplemental material). IC5, and m values for inhibition of
HIV-1 are shown for purposes of comparison in Table S3 in the
supplemental material. We have recently described a method that
allows prediction of the combined effects of multiple antiretrovi-
ral drugs based on the pharmacodynamics parameters (ICs, and
m) of individual drugs (23), and therefore, it should also be pos-
sible to predict combined effects in the macaque system.

In conclusion, this study provides a quantitative measurement
of the antiviral activities of antiretroviral drugs against SIV infec-
tion. Our results demonstrate with a distinct virus the importance
of the dose-response curve slope in determining antiviral activity.
The dose-response curve slope strongly influences class-specific
inhibitory potential against SIV infection. The IIP index takes the
drug concentration, ICs,, and dose-response curve slope into con-
sideration, therefore making it a more accurate way to evaluate
drug efficacy. We believe this study may facilitate the selection of
regimens that can maximally suppress SIV replication in vivo for
use in models of antiretroviral therapy and viral eradication.
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