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Human immunodeficiency virus type 1 (HIV-1) Nef is a multifunctional protein that confers an ability to evade
killing by cytotoxic T lymphocytes (CTLs) as well as other advantages to the virus in vivo. Here we exploited
mathematical modeling and related statistical methods to estimate the impact of Nef activity on viral replication in
vivo in relation to CTLs. Our results indicate that downregulation of major histocompatibility complex class I
(MHC-I) A and B by wild-type Nef confers an advantage to the virus of about 82% in decreased CTL killing efficiency
on average, meaning that abolishing the MHC-I downregulation function of Nef would increase killing by more than
fivefold. We incorporated this estimate, as well as prior estimates of replicative enhancement by Nef, into a
previously published model of HIV-1 and CTLs in vivo (W. D. Wick, O. O. Yang, L. Corey, and S. G. Self, J. Virol.
79:13579–13586, 2005), generalized to permit CTL recognition of multiple epitopes. A sequence database analysis
revealed that 92.9% of HIV-1 epitopes are A or B restricted, and a previous study found an average of about 19
epitopes recognized (M. M. Addo et al., J. Virol. 77:2081–2092, 2003). We combined these estimates in the model in
order to predict the impact of inhibiting Nef function in the general (chronically infected) population by a drug. The
predicted impact on viral load ranged from negligible to 2.4 orders of magnitude, depending on the effects of the
drug and the CTL dynamical scenario assumed. We conclude that inhibiting Nef could make a substantial reduction
in disease burden, lengthening the time before the necessity of undertaking combination therapy with other
antiretroviral drugs.

Nef is a protein that is unique to simian immunodeficiency
virus (SIV) and human immunodeficiency virus (HIV) and is
not found in other viruses (40). The importance of this protein
in pathogenesis is clear from the striking attenuation of SIV-
and HIV-1-induced disease in macaques and humans when
Nef is defective (9, 11, 12, 13, 18, 26). However, the mechanism
behind this phenomenon remains a topic of debate.

A bewildering plethora of cellular effects have been de-
scribed, and it is unclear which of these play true physiologic
roles in vivo, given the potential experimental artifacts of
studying Nef expression in cells in vitro. Among the best-
described effects of Nef is downregulation of the major histo-
compatibility complex class I (MHC-I) molecule from the sur-
faces of HIV-1-infected cells (14, 16). Given the pivotal
protective role of HIV-1-specific CD8� cytotoxic T lympho-
cytes (CTLs) in HIV-1 infection and the requirement for
MHC-I presentation of viral epitopes for CTL function, it has
been proposed that this is an important mechanism for viral
immune evasion (8, 20).

Several studies of the interaction of HIV-1-specific CTLs with
infected cells in vitro have confirmed that Nef confers relative
resistance of HIV-1-infected cells to cytolysis by CTLs and inter-
feres with the ability of CTLs to suppress viral replication (8, 42,
53). The in vivo impact of this mechanism, however, has been
difficult to assess. Gross deletion of Nef affects several important
functions (such as CD4 downregulation and activation of infected

cells), and isolated point mutations that interfere with Nef func-
tion or expression are rapidly reverted (17, 23).

To date, one study has attempted to address the issue of
MHC-I downregulation by Nef in vivo, using the SIV macaque
model. Swigut et al. (41) devised mutations in SIV Nef that
were difficult to revert (small deletions) and knocked out the
MHC-I downregulatory function of Nef while preserving other
functions. In that pilot study, four macaques were infected with
SIV containing this defective Nef. After infection, a striking
pattern of compensatory Nef evolution was observed, resulting
in reconstitution of MHC-I downregulatory function through
an alternative motif resembling that of HIV-1 Nef. Due to the
small number of animals, however, it was impossible to assess
the impact of this phenomenon on immune containment in the
SIV-infected macaques.

Another hypothesized important effect of Nef is its ability to
drive T-lymphocyte activation and to increase HIV-1 replica-
tion, given the dependence of the virus on host cell activation-
dependent transcription factors. While this activity is not re-
quired for HIV-1 replication, particularly in immortalized
T-cell lines, there is a marked upregulatory effect in primary
cells. Nef boosts HIV-1 replication in primary peripheral blood
mononuclear cells (PBMC) in vitro (5, 6, 34, 39) and has been
observed to increase the target cell range in lymph nodes for
SIV infection in vivo (40).

Thus, antagonizing Nef is a potential strategy to attenuate
HIV-1 infection in vivo, by blocking the ability of Nef to down-
regulate MHC-I to circumvent CTL responses and/or blocking
the ability of Nef to enhance HIV-1 replication, thereby re-
ducing viremia and attenuating disease. Here we applied ex-
perimentally derived data on the reduction of CTL antiviral
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activity through Nef-mediated MHC-I downregulation in a
mathematical model to explore the consequences of antago-
nizing Nef function in vivo.

MATERIALS AND METHODS

Assessment of Nef impact on HIV-1 inhibition by HIV-1-specific CTL clones.
Virus suppression assays comparing NL4-3.1 viruses containing wild-type Nef
versus Nef with the M20A mutation (previously shown to selectively ablate
MHC-I downregulation by Nef) were performed as previously described in detail
(2). In brief, primary CTL clones (derived from the PBMC of HIV-1-infected
persons) were cocultured with HIV-1-permissive T-cell lines that had been in-
fected with NL4-3.1 containing wild-type Nef or NL4-3.1 containing M20A Nef
at a ratio of 1:4. Enzyme-linked immunosorbent assay for p24 antigen was
performed on about day 7, for comparison of viral replication in the absence and
presence of CTLs.

Models and statistical techniques. We derived estimates of the factor express-
ing increase in CTL activity (ICA) due to loss of MHC-I downregulation in Nef�

mutants from in vitro data as follows. We employed a two-compartment linear
ordinary differential equation (ODE) model of viral growth in vitro. (In 7 days,
no evidence of saturation of the growth curve was observed, so the linear model
was satisfactory.) Using X and Y for numbers of infected target cells in eclipse
and productive phases, respectively, the ODE model is dX/dt � �Y � (� � �)X;
dY/dt � �X � (� � �)Y. Here, �, �, and � are, respectively, the infection rate,
progression rate (inverse of eclipse period), and death rate other than from CTL
killing (inverse of infected-cell lifetime). Variable � is the product of a coefficient,
�, representing killing efficiency of the CTL clone, times either the ICA, which
we designate ƒ in equations, for the 	Nef virus or 1 for the wild-type virus.
Absent CTL killing, the basic reproductive number, R0, is given by ��/[�(� � �)],
from which we can derive the infection rate constant, �, given the other param-
eters. Let Nwt (no CTLs), Nwt (CTLs), Nmut (no CTLs), and Nmut (CTLs) denote
the amount (picograms) of HIV p24 in a glass well infected by wild-type or
mutant virus in the presence or absence of CTLs. These numbers were derived
from separate experiments. Let rwt [calculated as Nwt (CTLs)/Nwt (no CTLs)]
and rmut [calculated as Nmut (CTLs)/Nmut (no CTLs)] be the suppression ratios
for the two viruses. In order to estimate the ICA ƒ, we utilized a regression setup,
as follows. We assumed that the principal source of variation between experi-
ments with the same clone resided in coefficient � rather than measurement
error. (Some CTL clones did not exhibit significant suppression of wild-type virus
in some experiments.) Let function F(�) stand for V(�)/V(0), where V (assumed
to be proportional to Y) is given by the analytical solution of the model equations
at 7 days, with arbitrary initial conditions (does not affect the ratios), and other
parameter values as follows: � � 1.0, � � 0.3, and R0 � 7.0 (generates 1-log
growth every 2.5 days; taken as standard in vitro). Defining G( � ) as the func-
tional inverse of F( � ), we have the relationships G(rwt;i) � �mean � zi and
G(rmut;i) � f(�mean � wi), where i (index) � 1, …, N indicates experiment
number, and zi and wi represent independent, and identically distributed noise
terms. The (maximum-likelihood) regression estimates derived from this setup
are
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�̂mean

� ��i�1
N �G
rmut;i�

2

�i�1
N G
rmut;i�

�
To construct confidence intervals, we combined a bootstrap technique with a
sensitivity analysis. We stored residuals from the individual experiments as
G(rwt;i) � �̂mean � reswt;i and G(rmut;i)/f̂ � �̂mean � resmut;i and resampled from
all the residues of each type; then we derived new mock sets of ratios as r̃wt;i �
F(reswt

* � �̂mean and r̃mut;i � F(f̂ resmut
* � f̂ �̂mean), where a randomly resampled

residual of the corresponding type was selected for each experiment. Finally, we
redid the regression estimates using the bootstrapped data sets, simultaneously
selecting nuisance parameters �, �, and R0 independently from uniform distri-
butions on [0.9; 1.2], [0.25; 0.3], and [5; 10], respectively. We repeated this
procedure 200 times and determined the 0.025 and 0.975 percentiles; these are
reported as 95% confidence intervals.

The in vivo model of CTLs and HIV and the parameters are described in the
appendix.

RESULTS

Estimation of Nef interference with the antiviral activity of
HIV-1-specific CTLs. To determine a modeling parameter for
the impact of Nef on CTL antiviral activity, we utilized experi-
mental data from an in vitro system. A previously reported data
set (2) was analyzed to estimate the reduction of CTL activity by
Nef when at least three independent measurements were avail-
able. MHC-I C-restricted CTLs were excluded from this analysis
because Nef does not downregulate MHC-I C and therefore has
no impact on the antiviral activity of those CTLs. Six MHC-I A-
and B-restricted epitopes were examined. The estimation was
carried out as explained in Materials and Methods.

Analysis of MHC-I restriction of known HIV-1 CTL
epitopes. Given that Nef does not downregulate MHC-I C mol-
ecules (7) and therefore has no effect on C-restricted CTLs (2),
we estimated the distribution of A- and B- versus C-restricted
CTL epitopes by analyzing the Los Alamos National Laboratory
HIV Immunology Database. Scanning all epitopes for which
MHC-I restriction was reported (as of 27 July 2007) (27), we
found that 41.3% were A restricted, 51.7% were B restricted, and
7.1% were C restricted (Fig. 1). These percentages were similar to
those reported in other studies (54, 24), which reported the rel-
ative dominance of MHC-I B and A over C.

Adjustment of an ODE model of CTL and HIV-1 interaction
to include the influence of Nef in vivo. We previously described
a deterministic rate equation (ODE) model (47, 48, 49) of the
in vivo relationship of CTLs with HIV-1, utilizing parameters
derived from in vitro and in vivo experimental data (50).
Whereas CTLs were previously considered a homogeneous
population, we now expanded the model to include multiple
distinct epitope-specific responses and MHC-I restrictions.

FIG. 1. Frequencies of MHC-I A, B, and C restriction of HIV-1
epitopes in the Los Alamos database.
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Based on the known properties of MHC-I molecules and the
described effects of Nef on MHC-I downregulation, these re-
sponses were assigned distinct activation and killing parame-
ters based upon MHC-I A or B versus C restriction.

These parameters considered two MHC-I-specific observa-
tions. First, levels of MHC-I C complexes are 10-fold lower
than levels of A or B complexes, due to either low concentra-
tions of high-affinity epitopes for the MHC-I-C molecule (28)
or preselection of peptides transported to nascent MHC-I mol-
ecules (43). However, we assumed that presented C-restricted
epitopes had immunogenicity equivalent to that of A- and
B-restricted epitopes (for the justification, see Discussion).
Second, Nef downregulates cell surface MHC-I A and B but
not C molecules (7) and has thus been shown to reduce the
antiviral efficiency of A- and B- but not C-restricted HIV-1-
specific CTLs (2).

Another aspect of Nef that was now incorporated into the
model was Nef-mediated enhancement of HIV-1 replication in
primary CD4� T lymphocytes. A detailed study of HIV-1 rep-
lication in a single-cycle system demonstrated that Nef doubled
replication (5) and thus suggested that R0 (replication over the
2-day life cycle of HIV-1) is increased by a factor of 2. Other
studies reported growth curves, which allow estimation of the
difference between R0 for wild-type and Nef-defective strains
by approximation with a simple model for growth rate: (R0 �
1)/g, where g is generation time. Analysis of published data
indicates that this difference ranges from 0.74 to 2.2; assuming
that R0 is not less than 2.0 for a Nef-defective strain, this
implies a somewhat smaller impact on replication (Table 1).
These studies suggest that the effect of Nef is most pronounced
in resting PBMC that are subsequently activated—as further
demonstrated by the Nef independence of HIV-1 growth in
immortalized cell lines (53). Thus, in vivo, this enhancement
likely depends on the activation status of the target cells; with
this caveat, we incorporated into some simulations a potential
Nef enhancement effect of R0(nonfunctional Nef) �
0.5R0(functional Nef).

Use of this modified ODE model to predict the in vivo
impact of blocking Nef. This model was now utilized to derive
theoretical estimates of the impact on viremia level (VL) and
CTL frequencies that would result from antagonizing the var-
ious functions of Nef. We modeled the impact of blocking the
effect of Nef on A- and B-restricted CTL epitopes, with or
without also blocking direct enhancement of replication, in
several in vivo scenarios of CD8 T-cell activation and activity.
The negative effect of MHC-I downregulation on CTL killing
of target cells was assumed to be a factor of 5.6 (Table 2) (i.e.,
about 82% loss, relative to a Nef-defective strain) for A- and
B-restricted epitopes and none for C-restricted epitopes. We

considered two previously described “defect” scenarios for
CTL functionality in vivo (48), which we call here defective
memory (DM) and defective killing (DK); they were motivated
by studies of immunological dysfunction and the evident in-
ability of CTLs to clear an HIV infection. In the former, HIV
is hypothesized to be controlled by a pool of short-lived effec-
tor-memory CTLs; in the latter, long-lived resting memory
cells form but activation or killing rates are diminished relative
to levels seen for infections by other viruses. Both models are
capable of replicating the observed timing and response levels
seen in primary HIV viremia. (For the mathematical details,
see the appendix.) We also considered two hypotheses about
the impact of Nef on resting CD8 T-cell activation. As down-
regulation of MHC-I by Nef is not observed in dendritic cells
(8, 31, 45, 52), no effect of Nef was assumed for naïve-cell
activation (which requires an antigen-presenting cell). For
memory cell activation, we permitted two scenarios: no impact
of Nef on activation of resting memory cells (NIM) and the
same impact (SIM) as on killing, because memory CD8 T cells
may not require an antigen-presenting cell to become activated
but rather are activated directly by encounter with a target cell
displaying antigen.

First, we modeled the effect of blocking Nef activity in a
hypothetical individual with a typical number of CTL epitope
responses of 19 (1), including one C-restricted epitope. (The
activation and killing parameters were assigned randomly [see
below]; other parameters in the model are listed in Tables A1
and A2 in the appendix.) Figure 2 was generated assuming the
DM scenario and shows the effect on VL of a 100%-effective
drug, given at day 100, that interferes with MHC-I downregu-
lation by Nef in infected target cells but without assuming an
enhancement effect on R0. [VL is expressed as log(infected
cells), rather than the more-usual virions per ml.] Figure 2a
shows no impact on activation in memory cells (NIM; in model
terms, the ICA factor applies to the killing but not the activa-
tion parameter); Fig. 2b shows the same impact on activation
in memory cells as for killing target cells (SIM; ICA applies to
both). Figure 3a and b show similar curves for the DK scenario.
Figures 4 and 5 illustrate the predicted impact of the drug,
assuming now a 50% enhancement of replication by Nef,
blocked by the drug.

We then generalized the model to predict the likely benefit
across a typical population of individuals that were assigned a
random (binomial) distribution of epitopes modeled after that
in untreated, chronically infected individuals, reported by
Addo et al. (1) to have a median of 18.5, with a range of 8 to
42. The restriction of each epitope was also chosen randomly,
with probabilities of 0.929 for A and B and 0.071 for C. In
order to incorporate the observed half-log variation in steady-
state VL observed in a population study (30), we randomized
the immune parameters, multiplying activation and killing pa-
rameters by a log-normal random variable with a mean of 1
and standard deviation of 8 (we increased the latter relative to
another study [47] because the larger number of epitopes pro-
duced an averaging effect on VL). The factor ICA produced by
blocking Nef downregulation of MHC-I A and B was similarly
randomized to have the mean reported in Table 2 (last line)
and related standard deviation (0.76; not shown in the table).
We proceeded to simulate 200 times (dropping runs in which
VL was uncontrolled) under each of various combinations of

TABLE 1. Estimates of a replicative enhancement factor

Study

R0

Difference Ratio
(range)a

Chowers et al. (6) 2.2 1:36, 2:10
Miller et al. (34) 0.79 1:12, 1:37
Spina et al. (39) 0.74 1:31, 1:40

a Assumes R0 of the Nef-defective strain in the interval �2:0, 6:0.

VOL. 83, 2009 EFFECT OF BLOCKING HIV-1 NEF 2351



assumptions about MHC-I downregulation of killing and/or
activation of CTLs recognizing MHC-I A- or B-restricted
epitopes, infectivity enhancement, and in vivo CTL scenario
(DM or DK) (Table 3).

DISCUSSION

Despite strong clinical evidence for a central enhancing
role for Nef in the immunopathogenicity of HIV-1 infection,
the precise mechanisms remain obscure. Among the multi-
tude of effects that Nef has on cells, it is unclear to what
extent individual effects might affect pathogenesis in vivo. In

this study, we modeled the potential impact of blocking two
well-defined Nef effects: downregulation of the MHC-I mol-
ecule, leading to immune evasion of CTLs, and enhance-
ment of HIV-1 replication in primary CD4� T lymphocytes.

With respect to CTL functionality in vivo, we considered the
DM and DK scenarios, adapted from reference 48. In the
former, HIV-1 replication is controlled in the steady-state pe-
riod by a pool of short-lived effector-memory cells; long-lived,
resting memory cells are assumed not to be formed. Other
scenarios, which permit the formation of long-lived central
memory cells but assume a defect in activation or killing effi-

FIG. 2. Impact in vivo of blocking MHC-I downregulation by Nef (DM scenario). (a) NIM scenario; (b) SIM scenario.

FIG. 3. Impact in vivo of blocking MHC-I downregulation by Nef (DK scenario). (a) NIM scenario; (b) SIM scenario.
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ciency of HIV-specific CTLs (relative to normal CTLs, which
eradicate other viral infections), can also produce the 2- to
3-log drop in VL observed after primary viremia. In the study
reported in reference 48, an experiment was proposed (adop-
tive transfer of carboxyfluorescein succinimidyl ester-labeled
SIV-specific CTLs to vaccinated and unvaccinated macaques)
that might distinguish the cases, but to our knowledge it has
not been performed. However, the observation that HIV-1-
specific CTL responses tend to rapidly decay after epitope
escape mutation (38, 19) or antiretroviral drug suppression of

HIV-1 replication (22, 37) lends more support to the DM
scenario, and our model incorporating this scenario yields
more realistic viremia peaks and steady-state levels.

We ran models varying these assumptions. Assuming block-
ing of Nef effects on CTL activation and killing and direct viral
replication enhancement, the DM scenario predicted a drop in
viremia of 1.4 orders of magnitude, and the DK scenario pre-
dicted a drop of 2.4 orders of magnitude. Interestingly, and
perhaps surprisingly, blocking of the Nef effect on CTL killing
efficiency alone in the DM scenario yielded only a small and

FIG. 4. Impact in vivo of blocking MHC-I downregulation and enhanced replication by Nef (DM scenario). (a) NIM scenario; (b) SIM
scenario.

FIG. 5. Impact in vivo of blocking MHC-I downregulation and enhanced replication by Nef (DK scenario). (a) NIM scenario; (b) SIM
scenario.
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transient drop; this phenomenon results from the nonlinear
dynamics that establishes steady-state viremia. These results
suggest that both of these functions may have key roles in Nef
enhancement of HIV-1 pathogenesis.

Our model incorporated the assumption that fewer HLA-I C
epitopes are presented on the surface of infected cells but that
those presented are as immunogenic as A and B epitopes,
based on several biological observations. First, the cell surface
expression of HLA-I C has been noted to be about a tenth of
that of HLA-I B/C molecules, due to differences in intracellu-
lar tracking (36, 55). Second, CTLs can be highly sensitive for
recognizing their cognate epitope, requiring as few as 10 pep-
tide-HLA complexes on the cell surface for triggering of the
T-cell receptor (21). Third, the relative abundance of HLA-I C
versus A and B molecules on the cell surface (36, 55) correlates
well with the previously reported distribution of C- versus A-
and B-restricted HIV-1-specific CTL epitopes in detailed stud-
ies of infected persons (24, 54) and across all reported HIV-1
CTL epitopes (see Results). Finally, although the frequencies
of appearance of epitopes in the Los Alamos database may be
questioned as being subject to reporting bias, the distribution
of A, B, and C epitopes matches the detailed studies of indi-
viduals we have cited, and the laboratory methods for detecting
epitope specificities are not intrinsically biased, using the same
methodology for A versus B versus C.

We have assumed 100%-efficient blocking of Nef activity in
the various modeled scenarios. A less efficient blockade would
have a smaller impact; in our simulations, the order of magni-
tude of diminishment in viremia was roughly proportional to
the efficiency of the drug. Thus, a drug that was 50% efficient
at blocking MHC-I downregulation or HIV-1 enhancement
functions of Nef would be predicted to mediate about half the
log unit reduction in viremia of a fully efficient drug.

There are at least two reasons that our models may under-
estimate the impact of Nef on immune control of HIV-1 in
vivo. First, Nef may not only enhance virion production by
infected cells but also increase the cell range of the virus by
activating otherwise insufficiently activated cells to promote
replication (40). Thus, blocking the enhancing activity of Nef
may have a greater impact on HIV-1 replication than described
in the models. Second, reduction of HIV-1 replication may
indirectly improve the antiviral activity of CTLs, through in-
creased preservation of CD4� helper cells and/or reduced im-
mune activation, and thus, CTL function may not be constant,
as assumed in the models.

Another point that could not be easily considered in our
models is the observation that Nef activities probably vary
depending on the stage of disease. For example, the MHC-I-
downregulatory ability of Nef appears to be lost in immuno-
suppressed pediatric and late-stage AIDS patients (4, 15, 25,
46) and varies according to the breadth of the CTL response in
vivo (29). Nef therefore appears to adapt its function to various
selective pressures, and its activities are not fixed; in particular,
the MHC-I downregulation function may be traded off to some
degree for enhanced viral replication (3). This suggests that
blockade of certain activities such as MHC-I downregulation
may have degrees of impact that vary according to the clinical
status of a patient. In late-stage disease (AIDS), the ICA may
decrease toward 1 and the RF may increase; since most of the
theoretical impact of blocking Nef (Table 3) arises from the
first factor, the impact on viral load may be lowered (by as
much as several logs).

Because disease progression is tightly linked with VL (33),
reducing viremia by blocking the activities of Nef in vivo could
offer a therapeutic avenue to retard disease in HIV-1-infected
persons. Based on observations regarding the rate of periph-
eral blood CD4�-T-cell decline and VL (32), a 1.4- to 2.4-
order-of-magnitude drop in viremia through Nef blockade
would translate to a reduction in the rate of CD4�-T-cell
decline by at least 40 cells/mm3 per year. This would delay the
onset of need for antiretroviral therapy (currently recom-
mended at a drop to a CD4�-T-cell count of 350 cells/mm3

blood or lower) and/or development of clinical AIDS by years
for the average infected individual. Given the problems of
increasing drug resistance and negative metabolic sequelae of
antiretroviral drug treatment, such a delay could have a great
impact on the clinical management of HIV-1.

Development of Nef inhibitors as therapeutic approaches
would certainly face the major hurdle of HIV-1 resistance muta-
tion, given the high sequence variability of Nef. Still, some of the
most potent antiretroviral drugs currently available are highly

TABLE 3. Theoretical impact of an anti-Nef drug on VL, from a
simulated population study

CSa ASb RFc ICA
	logVL

Mean SE

1 1 1.0 5.6 0.0021 0.0034
1 1 0.5 5.6 0.18 0.0083
1 1 0.5 1.0 0.18 0.0074

1 2 1.0 5.6 1.29 0.50
1 2 0.5 5.6 1.37 0.53
1 2 0.5 1.0 0.18 0.0078

2 1 1.0 5.6 0.62 0.17
2 1 0.5 5.6 1.20 0.18
2 1 0.5 1.0 0.63 0.021

2 2 1.0 5.6 1.81 0.84
2 2 0.5 5.6 2.4 0.81
2 2 0.5 1.0 0.63 0.022

a CTL scenario: 1, DM; 2, DK.
b Activation scenario: 1, downregulation of killing only; 2, downregulation also

of activation in memory cells.
c Replication factor (multiplies R0 in the Nef-defective strain).

TABLE 2. Estimates of Nef interference with CTL activity

na Epitope Protein Restriction ICAb CIc

8 ILKEPVHGU RTd A*02 8.29 2.76, 14.4
15 SLYNTVATL Gagp17 A*02 8.08 3.93, 11.7
3 HTQGYFPDW Nef B*57 2.47 0.77, 6.76
4 YFPDWQNYT Nef B*57 2.12 0.91, 3.82
3 KAFSPEVIPMI Gag B*57 2.34 0.74, 5.56
4 RPAEPVPLQL Rev B*07 9.36 3.39, 40.7
37 5.59 3.92, 7.37

a Number of experiments.
b Estimated.
c Confidence interval (95% bootstrap statistical and model sensitivity confi-

dence).
d RT, reverse transcriptase.
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susceptible to resistance through point mutations in their targets
but remain effective when used in proper combinations. Thus, it is
likely that a Nef inhibitor would require administration in com-
bination with other drugs that reduce viral replication to limit the
emergence of resistance mutations.

In summary, we have modeled the effects of blocking two
major Nef activities in vivo, finding that such a blockade could
reduce viremia by more than an order of magnitude through
direct reduction of viral replication and in creased efficiency of
CTL responses. The results suggest that designing a drug tar-
geted against Nef could have significant clinical effects in de-
laying disease progression. In addition, having such a molecule
could also be helpful to experimentally distinguish between the
DM and DK models. Seeking Nef antagonists could therefore
be a worthwhile pursuit for clinical and research purposes.

APPENDIX

For the HIV infection process we assumed the two-compart-
ment model (1). The parameters, before randomization, were
as shown in Table A1. The model of HIV-specific CD8s in vivo
was introduced in reference 48. In brief, the model has com-
partments representing naïve and memory, resting and acti-
vated, and effector status of cells and compartments for cells in
the cell cycle that are derived from an activated cell that has
undergone a number of divisions. We assumed the pro-
grammed-proliferation scenario (activated cells undergo at
least eight divisions without the necessity of re-encountering
antigen). The thymopoiesis rate (� in Table A2) was chosen to
establish before infection a steady-state precursor CD8 com-
partment of 105 naïve, resting, HIV-specific cells (per epitope
recognized).

For this work, the DM model was defined as follows: � and
� � 5 � 10�10 (omitting downregulation or randomization
factors) and �MR � 0.33. The DK model was defined as fol-
lows: � and � � 2 � 10�10 and �MR � 0.00017. We generalized
the model to include arbitrary numbers of epitopes. The killing
parameter, �e (and, in the second activation scenario, the pa-
rameter �e for memory cells), associated with an epitope was
diminished by 1 over the ICA factor for MHC-I A- and B-
restricted epitopes and Nef functional strains.
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