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Table 3 Fitted initial (t = 0} values for the in vitro experiment

Variable Unit Fitted initial value at MOl of

2x10° 2x 10" 2x10% 2x10°
x{0) cells/mi 655 x 10° 650 x 10° 582%10° 494 % 10°
¥(0) cells/ml 647 x 10° 160 x 10° 689 x 10 0254
) RNA copies/ml 915 x 10° 1.05 x 10° 158 x 10° 821 x 10°
vsg(0) TCIDso/ml 431 0162 292 299

negative and Nef-positive HSC-F cells [cells/ml], the
total SHIV-KS661 viral load [RNA copies/ml], and the
infectious viral load [TCIDso/ml]. At each daily mea-
surement, almost all of the culture supernatant (99.93%)
was removed for viral counting; a small percentage of
cells (5.5%) were removed for counting and FACS analy-
sis, and the remaining cells were thoroughly washed and
replaced in fresh medium. The experiment was repeated
for four different values of the initial viral inoculum
(MOI). In total, we obtained 130 data points for quanti-
fying SHIV-KS661 viral kinetics in vitro (Table 1 and
Figure 3).

In examining the MOI = 2 x I 0 data, one can see
that the target cell population remains high (near its
initial value of approximately 6.46 x 10° cells/ml) until
just before the peak of the virus concentration, at which
point the target cell population decreases rapidly. The
total infected cell population, the total virus count
(RNA/ml), and the infectious virus count (TCID5q/ml)
all peak around ¢ = 3 days. Moreover, the rate of expo-
nential decay (downward slope) of the total virus and
the infected cell population after their respective peaks
are quite similar. This behavior is expected: since the

©®: TCIDso/ml @ RNA copies/ml
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Figure 2 Rates of RNA degradation and loss of infectivity for
SHIV-KS661. Stock virus was incubated under the same conditions
as the infection experiments, but in the absence of cells, then
sampled every day and stored at -80°C. After the sampling, the RNA
copy number (gray circles) and 50% tissue culture infectious dose
(black circles) of the samples were measured. Linear regressions

yielded a rate of RNA degradation of raya = 0.039 per day and a
rate of loss of viral infectivity of r; = 0.93 per day.

virus is being almost completely removed from the cul-
ture on a daily basis due to sampling and the RNA
degradation rate is very small (rzy4 = 0.039 per day);
the measured RNA count of virus is nearly equal to the
total number of virus produced over the preceding day
which should be proportional to the number of cells
producing virus. Similar reasoning should apply to the
decay of infectious virus - the net infectious virus mea-
sured after one day should also be approximately pro-
portional to the number of infected cells - but the rates
appear much less closely aligned in this case, perhaps
due to larger errors in the TCIDs, measurement techni-
que. Alternatively, the observed more rapid than
expected decrease of infectious virus could have a biolo-
gical cause. For instance, the co-infection of cells by
competent and defective interfering viruses at late stages
in the experiment could lead to an enhanced production
of the latter [40], thus successively reducing the fraction
of infectious particles. An increase in cell-death by-pro-
ducts could also contribute to the decline in virus infec-
tivity. In SIV and SHIV infections in vivo, a decreasing
viral infectiousness has been observed over time
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Figure 3 Fits of the mathematical model to experimental data
of SHIV-KS661 in vitro. HSC-F cells were inoculated with SHIV-
KS661 24 h before t = 0, and each in vitro experimental quantity
was measured daily from t = 0 d to 8 d. The curves show the best-
fit of the model (Egs.(5)-(8), lines) to the experimental data (points)
for the target cells, infected cells, and the total and infectious viral
load for the four different experiments conducted at different MCls.
All data were fitted simultaneously as described in the text. The

fitted t = 0 values of each quantity are given in Table 3.
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[7,41,42], but the timescale of this decay is longer than
that observed here and likely has an in-host origin.

A comparison of the experiments at the four different
MOI values shows that a decrease in the initial viral
inoculum serves primarily to delay the course of the
infection. The target cell populations drop to approxi-
mately half of their original values at ¢t ~ 1.9, 2.6, 3.5
and 4.1 days, respectively, for the four experiments in
order of decreasing MOI. Similarly the peaks of the
total viral RNA occur at ¢ ~ 3.0, 4.0, 5.0 and 5.5 days,
respectively. The experiments at lower MOI have
slightly lower viral and infected cell peaks, but differ
from those of the experiment at MOI = 2 x 10” by less
than a factor of three.

Relevant SHIV-KS661 viral kinetics measures
Having fixed the values of the rates of virion decay (r;
and rgx4) and the target cell death rate (4) using sepa-
rate experiments, we estimated the values and 95% CI
of the four remaining unknown parameters (85, 4, k,
kso) by fitting the model in Eqs.(5)-(8) to the full in
vitro dataset simultaneously (Table 2). The death rate of
infected cells was determined to be 4 = 1.18 per day
(95%ClI: 0.85-1.26 per day) which implies that the half-
life of infected cells (i.e., log2/a) is 14.1 h. Infected HSC-
F cells were found to produce k = 2.61 x 10* RNA
copies of virus per day.

From the directly fitted parameters, we also calculated
a number of important derived quantities and their 95%
CI, determined from the bootstrap fits (Table 2). One
key measurement of viral kinetics is the viral burst size,
which is the total number of virus produced by an
infected cell during its lifetime [18-20]. The total burst
size of SHIV-KS661 (including non-infectious and infec-
tious virus) is given in our model by k/a and was esti-
mated from our in vitro experiment to be 2.21 x 10*
RNA copies. The burst size of infectious SHIV-KS661,
kga/ﬂ, was 0.19 TCIDso

To broadly characterize viral kinetics, it is instructive
to calculate the basic reproductive number for the sys-
tem, which has the form Ry = Bspksoxo/(a(ri+rzna)) and
is interpreted as the number of newly infected cells
intrinsically generated by a single infectious cell at the
start of the infection [15-19,27]. The initial number of
HSC-F cells, xo, was approximately 6.46 x 10° cells/ml,
which, together with the values of the five estimated
parameters, yields an estimate for the basic reproductive
number of 62.8. This large value (62.8»1) implies that,
given a small initiating infected cell population, the
infection is overwhelmingly likely to spread to the entire
population of cells.

After the repetitive removal of cells and virus begins,
the basic reproductive number is effectively reduced,
much like the effect of quarantine on the
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epidemiological measure of Ry. When the effects of
removal are included in the calculation of the basic
reproductive number it has the form Rp* = Bspksoxo/((a
+0)(rr+rpna+rc)) which yields a smaller value of 7.01.
This value better characterizes the course of the infec-
tion in our system, for example, through the recursive
relation for the approximate fraction of eventually
infected cells, f; = I- exp(-Ry* f) [43]. Using this expres-
sion, we find that the fraction of target cells at the end
of the infection (I-f;) should be 9.01 x 10°%, which
implies an approximately final target cell concentration
is 5.87 x 10° cells/ml. This value agrees well with the
asymptotic concentration of Nef-negative HSC-F cells in
the MOI = 2 x 107 experiment, ~1.03 x 10* cells/ml.
The delay of the infection precludes an estimate of the
final target cell value at smaller MOI values.

Our model formulation also enables us to determine,
albiet not fully, two interesting quantities related to the
infectiousness of SHIV-KS66 virions. Parameter p
(where 0 <p£1) is the fraction of SHIV-KS66 virions
which are infectious at the time of production: the lar-
ger the value of p, the fewer defective virus particles are
produced by infectious cells. Parameter « is approxi-
mately the fraction of infectious virions which are mea-
sured in the TCIDs, assay, i.e., it is the ratio of TCIDs,
viral titer (vso) to the RNA count of infectious virions
(v)). It follows from Poisson statistics that 0 <a=1.47
TCIDsgq per infectious RNA copies of infectious virions.
While we cannot determine p and o individually in our
analysis, their product is given by kso/k = (opk)/k = op
= 863 x 10° TCIDs, per infectious RNA copies.
Because of the upper bounds on p and ¢, the value of
their product imposes a minimum condition on each:
5.87 x 10° < p £ 1 and 8.63 x 10 <0£1.47 TCIDs, per
RNA copies.

We can constrain these parameters further by consid-
ering the basic reproductive number R, = 62.8, which
implies that one infectious cell will infect 62.8 other
cells over the course of its infectious lifespan. Thus, one
infectious cell must produce at least 62.8 infectious vir-
ions over its lifespan, i.e., have a burst size of at least
62.8 infectious RNA copies. The burst size in infectious
virions is given by pk/a, so this requirement can be writ-
ten as pk/a = R, infectious RNA copies (or, equivalently,
p = aRy/k infectious RNA copies) which, based on the
values of these quantities from Table 2 implies that p >
2.84 x 103, Thus 2.84 x 10°SpS1, which means that at
least one in every 350 virions produced is infectious.
Since ap = 8.63 x 10°® TCIDg, per infectious RNA
copies, it follows that 8.63 x 10°° <a$3.04 x 107*
TCIDsg per infectious RNA copies, which means that 1
TCIDs, corresponds to at least 330 (1/3.04 x 107) infec-
tious virus, but perhaps as many as 120, 000 (1/8.63 x
10°9).
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Discussion

We have applied a simple mathematical model to quan-
titatively characterize the in vitro kinetics of SHIV-
KS661 virus infection in HSC-F cell cultures, leveraging
experimental data for total and infectious viral load,
along with target and infected cell dynamics, to fully
parameterize the system. Specifically, we determined
values for the rate of loss of infectivity and the RNA
degradation rate of SHIV-KS661, the target and infected
HSC-F cell half-life, the rate constant for infection of
target cells and the infectious and total viral production
rates of infected cells. From these fundamental quanti-
ties, we also estimated a number of important derived
quantities, including the burst size of an infected cell
and the basic reproductive number. Additionally, by
measuring both the total and infectious viral load within
the context of a mathematical model we were able to
provide a lower bound for the proportion of infectious
virions produced by infected cells.

We estimated the half-life of SHIV-infected HSC-F
cells to be 14.1 h. In clinical studies of patients or ani-
mals, it is extremely difficult to continuously measure
the number of infected cells during infection. This is
because the amount of infected cells in peripheral blood
(PB) is very small. For example, in HIV-1 infected
patients, there are only about 10? infected cells per 10°
peripheral blood mononuclear cells at their set point
[14]. Thus, measuring the number of infected cells in
PB during the early phase of infection is technically dif-
ficult. In HIV-1 humanized mice, infected cells in PB
are not detectable even during the acute phase when
80-90% of target cells in the spleen and lymph nodes
are infected (K. Sato and S. Iwami, unpublished data).
For this reason, the death rate of infected cells in vivo
has primarily been estimated from the viral load decay
(or the decay of infectious virus) after the peak of an
acute infection [11,16,17,20,27] or after antiviral drug
administration [10,14,15,22]. The maximum half-lives of
HIV-1 and SIV-infected cells were both initially esti-
mated - by analysis of in vivo viral decay under antiviral
therapy - to be ~24 h [14,27], but drug combinations
with higher efficacy have reduced the estimates to ~17
and ~11 h, respectively [12,22,44]. Our in vitro estimate
of the half-life, based on direct observations of Nef-posi-
tive cell decay, agrees well with these indirect in vivo
measures, despite the absence of immune effects.

We determined an SHIV-KS661 viral burst size of
2.21 x 10* RNA or 0.19 TCIDg, for HSC-F cells. Cur-
rent estimates of viral burst size in the literature rely on
inhibiting multiple rounds of infection by antiviral
drugs, washouts of infected cells, serial dilutions of
infected cells, or infection by single-cycle virus
[11,20,21,45,46]. The inhibition of the multiple rounds
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of infection, however, can introduce additional con-
founding factors on the viral burst size as discussed in
[20]. Here, we have calculated the burst size of SHIV-
KS661 in HSC-F cells indirectly by estimating the viral
production rate and the average lifespan of infected cells
over the course of a typical infection. Our estimate is
quite close to the ~5 x 10* RNA value determined in
recent SIV single-cycle virion experiments in vivo [20],
which, notably, was 10-100 times higher than most pre-
viously measured values. We also calculated a basic
reproductive number for SHIV-KS661 in HSC-F cell
cultures as approximately 62.8 for the initial stages of
the infection and approximately 7.01 for the entire
course, when the effects of manual removal of virus and
cells are included. The latter value implies that reducing
viral growth by about 85.7% for the entire course with
antiviral intervention, for example, would prevent viral
spread in vitro given the daily sampling.

It is widely believed that retroviruses are predomi-
nantly defective, with less than 0.1% of virions in plasma
or culture media being infectious [47-49]. On the other
hand, it has recently been suggested that HIV-1 virions,
for example, are inherently highly infectious, but that
slow viral diffusion in liquid media and rapid dissocia-
tion of virions from cells severely limit infections in cul-
tures (i.e,, in assays measuring infectivity) [50,51]. On
both sides of this debate, however, studies have often
relied on measurements of the proportion of infectious
virus in stock samples, or on measurements of the infec-
tious/non-infectious ratio over the course of an in vitro
experiment. These direct measurements of the infectiv-
ity ratio in a virus sample are necessarily confounded by
a continuous loss of infectious virus, driven by thermal
deactivation and RNA degradation and, as such, these
analyses cannot address the question of what fraction of
virus are infectious at the time of production. Here, we
have estimated the production rates of both infectious
and non-infectious virus, allowing for a novel quantita-
tive specification of the fraction of newly generated
virus that is infectious. This fundamental quantity is
important in understanding the role and influence of
defective virus particles [48-50,52]; and, to our knowl-
edge, this has not been measured before for any virus
strain. We determined the theoretical minimum value
for the proportion of infectious virions among newly
produced virus, p, to be 8.62 x 10°%, by calculating the
ratio of the infectious to total viral production rates ksy/
k. The ratio of the production rates, however, is actually
p multiplied by ¢, where « is the conversion factor
from RNA count of infectious virions to TCIDs, (i.e.,
roughly the fraction of infectious virions that are actu-
ally measured in a TCIDs, titration assay). Therefore,
since « is likely much less than one, the proportion of
infectious virus is likely much higher. In fact, using the
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measured basic reproductive number, we estimate that
the minimum value of p is approximately 2.84 x 1073,
meaning that at least 1 of every 350 virions produced is
infectious. Determining this quantity is particularly
important in determining the true efficiency of infec-
tious virus replication. In previous publications [53,54],
it was reported that vif-deficient HIV-1 showed
decreased production of infectious virus due to the inhi-
bition of the viral replication process by host factors
such as APOBEC3 protein. Our method suggests a
novel and more reliable way to determine the effect of
the host-viral protein interaction on infectious viral
replication.

In another aspect of viral infectivity, we found that the
SHIV-KS661 virion infectious half-life at 37°C was 17.9
h. While this quantity is vital for understanding viral
dynamics in vitro, and represents an important, strain-
specific physical property of the virion, it is unlikely to
strongly influence in vivo dynamics, due to the extre-
mely high physical clearance rate in the blood (virion
half-lives are on the order of minutes) [23].

Conclusions

To conclude, by using a simple mathematical model for
SHIV-KS661 infection on HSC-F cells and an abundant,
diverse experimental dataset, we have been able to reli-
ably estimate the parameters characterizing cell-virus
interactions in vitro. Based on these estimated para-
meters, we have provided a quantitative description of
SHIV-KS661 kinetics in HSC-F cell cultures which is
consistent with previous studies of lentiviruses and pro-
vides a number of novel quantities. Most notably, our
analysis provides an estimate of the minimum fraction
of infectious virus produced by an infected cell. Qur
improved method for quantifying viral kinetics in vitro -
which depends crucially on detailed time-course infor-
mation about the infection of cells in addition to that of
virus (both total particle count and infectious titer) -
could be applied to other viral infections. The method
could likely improve the understanding of the differ-
ences in replication across different strains [25,55] or
between complete and protein-deficient viruses [53,54];
the differences in viral pathogenesis [6]; and the effects
of anti-viral therapies [9,13]. Quantifying the in vitro
viral kinetics for viruses such as HCV [56,57], for which
a convenient animal experimental model has not been
established, is of particular interest. Since the method
presented here allows for the complete resolution of all
viral kinetic parameters, it also enables the identification
of the mechanisms of action for new antiviral com-
pounds. Indeed, repeating the experimental infection
under various antiviral concentrations would distinctly
reveal which parameters (e.g., half-life of infected cells,
infectious viral burst size) are affected by the antiviral
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and to what extent. Furthermore, the inhibitory concen-
tration of the compound could be independently deter-
mined for each parameter. Thus, our synergistic
approach, combining experiments and mathematical
models, has broad potential applications in virology.

Methods

Virus and cell culture

The virus stock of SHIV-KS661 [5] was prepared in a
CD4" human T lymphoid cell line, M8166 (a subclone
of C8166) [58]. The stock was stored in liquid nitrogen
until use. Establishment of the HSC-F cell line has been
previously described [59]. This is a cynomolgous mon-
key CD4" T-cell line from fetal splenocytes that were
immortalized by infection with Herpesvirus saimiri sub-
type C. The cells were cultured in RPMI-1640 medium
supplemented with 10% fetal calf serum at 37°C and 5%
CO, in humidified condition.

In vitro experiment

Each experiment was performed using 2 wells of a 24-
well plate with a total suspension volume of 2 ml (1 ml
per well) and an initial cell concentration of 6.46 x 10°
cells/ml in each well. Because the initial cell concentra-
tion is close to the carrying capacity of 24-well plates
and the doubling time of HSC-F cells is not short, the
population of target cells, in the absence of SHIV-KS661
infection, changes very little on the timescale of our
experiment. We therefore neglected the effects of poten-
tial regeneration of HSC-F cells when constructing the
mathematical model.

Cultures of HSC-F cells were inoculated at different
MOIs (2.0 x 107, 2.0 x 10% 2.0 x 10°°, 2.0 x 10°%; MOI
= TCID50/cell) of SHIV-KS661 and incubated for 4 h at
37°C. After inoculation, cells were washed three times to
remove the infection medium and placed in fresh media.
Subsequently, the culture supernatant was harvested
daily for 9 d, along with a small fraction of the cells
(5.5%) for counting of viable and infected cells. The
remaining cells were then gently washed three times
and placed in a fresh, virus-free, medium. Separate
experiments (not shown) determined that free virus was
not completely removed, but that virus concentration in
the supernatant dropped to 0.066% of its value prior to
this sampling and washing procedure. Harvested culture
supernatants were frozen and stored at -80°C until they
were assayed via RT-PCR and TCIDs, titration, as
described below.

Count of viable and infected cells

Virus infection of the HSC-F cells was measured by
FACS analysis using markers for intracellular SIV Nef
antigen expression. The counts of total and viable cells
were first determined using a cell counting chamber
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(Burker-turk, Erma, Tokyo, Japan) with trypan blue
staining. Viable HSC-F cells (gated by forward- and
side-scatter results) were examined by flow cytometry to
measure the intracellular SIV Nef antigen expression
(see Figure 4). Cells were permeabilized with detergent-
containing buffer (Permeabilizing Solution 2, BD Bios-
ciences, San Jose, CA). The permeabilized cells were
stained with anti-SIV Nef monoclonal antibody (04-001,
Santa Cruz Biotechnology, Santa Cruz, CA) labeled by
Zenon Alexa Fluor 488 (Invitrogen, Carlsbad, CA), and
analyzed on FACSCalibur (BD Biosciences, San Jose,
CA).

Total and infectious viral load quantification

We followed the kinetics of both the total and infectious
SHIV-KS661 viral load. The total viral load was mea-
sured with a real-time PCR quantification assay, as
described previously [5], with minor modifications.
Briefly, total RNA was isolated from the culture super-
natants (140 pl) of virus-infected HSC-F cells with a
QIAamp Viral RNA Mini kit (QIAGEN, Hilden, Ger-
many). RT reactions and PCR were performed by a
QuantiTect probe RT-PCR Kit (QIAGEN, Hilden, Ger-
many) using the following primers for the gag region;
SIV2-696F (5-GGA AAT TAC CCA GTA CAA CAA
ATAGG-3’) and SIV2-784R (5-TCT ATC AAT TTT
ACC CAGGCA TTT A-3’). A labeled probe, SIV2-731T
(5°-Fam-TGTCCA CCT GCC ATT AAG CCC G-
Tamra-3’), was used for detection of the PCR products.
These reactions were performed with a Prism 7500
Sequence Detector (Applied Biosystems, Foster City,

' N
(0] (i)
g g g
8" 2
g . 8
CE 8 il
&1 @
< ©
0% et 102 1t ot
(iv)
8. g
5 *
8 @ 8]
21 & g 821 [ —
D g 8| e
: P 10! 102 10® 104
FsC Nef

Figure 4 Flow cytometry analysis of HSC-F cells stained with
Nef antigen. Representative data at 1 day (i and ii) and 5 days (i
and iv) post-inoculation with SHIV-KS661 at an MOI of 2 x 107 are
shown. The viable cell population, gated by the data of forward
(FSC) and side scatter (SSC) (region surrounded with a solid line in
(i) and (i), respectively), was fractionated by Alexa-488-labeled Nef
staining in (ii) and (iv). The counts within the M1 regions and the
remaining parts of the total counts are defined as the fraction of
Nef- positive (infected) and Nef-negative (target) cells, respectively.
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CA) and analyzed using the manufacturer’s software.
For each run, a standard curve was generated from dilu-
tions whose copy numbers were known, and the RNA
in the culture supernatant samples was quantified based
on the standard curve. The infectious viral load was
measured by TCIDs, assay in HFC-S cell cultures using
96-well flat bottom plates at cell concentrations of 1.0 x
10° cells/ml. The titer of the virus was determined as
described by Reed and Muench [60].

Rate of RNA degradation and loss of infectivity for SHIV-
KS661 in the culture condition

The RNA degradation and thermal deactivation of
SHIV-KS661 was measured by incubating 4 ml of stock
virus, without cells, in a 35 mm Petri dish under the
same conditions as the infection experiments {in RPMI-
1640 medium supplemented with 10% fetal calf serum
at 37°C and 5% CO, in humidified condition). Aliquots
of the stock (500 pl) were sampled every day from day 0
to day 5 and stored at -80°C (see Figure 2). The RNA
copy number and 50% tissue culture infectious dose of
the samples were measured as described above.

Mathematical model and fitting
We simultaneously fit Eqs.(5)-(8) to the concentration of
Nef-negative and Nef-positive HSC-F cells and the
infectious and total viral loads at four different MOIs
(Figure 3) using nonlinear least-squares regression
(FindMinimum package of Mathematica7.0) which
minimizes the following objective function:

4 9 2 9 2

SSR = Z [Z {long(t,-) — logxf(t;)} + Z {logyj(tf) - logy]'?(ti)}
j= =1 i=1

9 9
+Z {longNA}'(t,‘) - longNAf(ti)}Z+ Z [logusoj(t,') — logllsu;f’(l,')]zil

i=1 i=1

where x;(t,), yi(t), vanaj(ti), and vsg(t) are the model-
predicted values for Nef-negative cells, Nef-positive
cells, total RNA viral load and infectious (TCIDs) viral
load, given by the solution of Egs.(5)-(8) at measure-
ment time ¢; (¢; = 0, 1, 2, ..., 8 d). Index j is a label for
the MOI of the four experiments (i.e., for MOI: 2.0 x
107, 2.0 x 10% 2.0 x 10°, and 2.0 x 10°%). The variables
with superscript “e“ are the corresponding experimental
measurements of those quantities. Note that the HSC-F
cells were inoculated with SHIV-KS661 24 h before ¢ =
0. Experimental measurements below the detection limit
(marked “d.l.” in Table 1) were excluded when comput-
ing the SSR. Alternative fits with various weights on the
infectious viral load to account for larger errors in the
TCIDs, value [61], were also performed, but these did
not significantly alter the extracted parameter values
(Additional files 4, 5, 6, 7, 8, 9). To derive the 95% con-
fidence interval for each parameter, we employed the
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bootstrap method [62,63], estimating parameter values
using 256 replicates of the four data sets and calculating
the 2.5 and 97.5 percentiles.

Additional material

pu
Additional file 1: Fit of a mathematical model which includes an
eclipse phase of infection to experimental data of SHIV-KS661 in
vitro. Testing a variant of the model which incorporates an "eclipse”
phase of infection to represent the cell’'s period of latency prior to virus
production (see Additional file 2 for more detailed information).

Additional file 2: Additional documentation for Additional files 1.
Detailed explanation of mathematical models used in Additional files 1.

Additional file 3: Table for estimated parameters in Additional files
1. Parameters values, initial values and derived quantities for the in vitro
experiment with eclipse model.

Additional file 4: Fit of the mathematical model with SSRW (W =
0.0007) to experimental data of SHIV-KS661 in vitro (a). Fitting with
weight of W = 0.0007 on the infectious viral load to account for larger
errors in the TCIDsg value (see Additional file 8 for more detailed
information).

Additional file 5: Fit of the mathematical model with SSR™ (W =
0.1) to experimental data of SHIV-KS661 in vitro (b). Fitting with
weight of W = 0.7 on the infectious viral load to account for larger errors
in the TCIDsp value (see Additional file 8 for more detailed information).

Additional file 6: Fit of the mathematical model with SSRY (W = 10)
to experimental data of SHIV-KS661 in vitro (c). Fitting with weight of
W = 10 on the infectious viral load to account for larger errors in the
TCIDsp value (see Additional file 8 for more detailed information).

Additional file 7: Fit of the mathematical model with SSR™ (W =
10000) to experimental data of SHIV-KS661 in vitro (d). Fitting with
weight of W = 10000 on the infectious viral load to account for larger
errors in the TCIDs, value (see Additional file 8 for more detailed
information).

Additional file 8: Additional documentation for Additional files 4, 5,
6, 7. Detailed explanation of mathematical models used in Additional
files 4, 5,6, 7.

Additional file 9: Table for estimated parameters in Additional files
4, 5, 6, 7. Parameters values and derived quantities for the in vitro

experiment with various SSR™s,

List of abbreviations

SHIV: simian/human immunodeficiency virus; HIV-1: human
immunodeficiency virus type-1; MDCK: Madin Darby canine kidney; HF:
hollow-fiber; ICsq: 50% inhibitory concentration; HCV: hepatitis C virus; HA:
hemagglutination assay; TCIDsq: 50% tissue culture infection dose; PFU:
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Molecular Requirements for T Cell Recognition of N-Myristoylated
Peptides Derived from the Simian Immunodeficiency Virus Nef
Protein
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We have recently isolated a rhesus macaque cytotoxic T cell line, 2N5.1, that specifically recognizes an N-myristoylated 5-mer
peptide (C,,-Gly-Gly-Ala-Ile-Ser [C14nef5]) derived from the simian immunodeficiency virus (SIV) Nef protein. Such Cl14nef5-
specific T cells expand in the circulation of SIV-infected monkeys, underscoring the capacity of T cells to recognize viral lipopep-
tides; however, the molecular basis for the lipopeptide antigen presentation remains to be elucidated. Here, functional studies
indicated that the putative antigen-presenting molecule for 2N5.1 was likely to have two separate antigen-binding sites, one for
interaction with a C,,-saturated acyl chain and the other for anchorage of the C-terminal serine residue. Mutants with alanine
substitutions for the second glycine residue and the fourth isoleucine residue were not recognized by 2N5.1 but interfered with
the presentation of C14nef5 to 2N5.1, indicating that these structural analogues retained the ability to interact with the antigen-
presenting molecules. In contrast to the highly specific recognition of C14nef5 by 2N5.1, an additional cytotoxic T cell line, SN45,
established independently from a Cl4nef5-stimulated T cell culture, showed superb reactivity to both C14nef5 and an N-myris-
toylated Nef 4-mer peptide, and therefore, the C-terminal serine residue was dispensable for the recognition of lipopeptides by
the SN45 T cells. Furthermore, the mutants with alanine substitutions were indeed recognized by the SN45 T cells. Given that
N-myristoylation of the Nef protein occurs in the conserved motifs and is critical for viral pathogenesis, these observations pre-

dict that the lipopeptide-specific T cell response is difficult for viruses to avoid by simply introducing amino acid mutations.

Modern immunology has established a central paradigm for
antigen (Ag) presentation that major histocompatibility
complex (MHC) class I and class II molecules bind peptide Ags
and present them to CD8* and CD4 ™ T cells, respectively (1). The
important role of MHC-restricted T cells in various aspects of
acquired immunity has been noted, and effective protein vaccines
have been developed to control many infectious diseases. Subse-
quently, the repertoire of Ags recognized by T cells has been ex-
panded to include not only proteins, but also lipidic molecules.
Human group 1 CD1 molecules (CD1a, -b, and -c) are capable of
binding glycolipids and presenting them to T cells. Such glycolip-
id-specific group 1 CD1-restricted T cells have been shown to
expand significantly in response to mycobacterial infections, and a
role for them in controlling intracellular microbes has been sug-
gested (2-5).

Unlike bacteria, viruses do not possess their own lipids, and
thus, lipid-specific adaptive immunity may not function effi-
ciently against viral infections. However, viruses can indeed bio-
synthesize their own lipopeptides by utilizing the host cellular
machinery. Human (HIV) and simian (SIV) immunodeficiency
viruses borrow the host-derived N-myristoyl-transferase and its
substrate, myristoyl-coenzyme A (CoA), for coupling a saturated
C,, fatty acid (myristic acid) to the N-terminal glycine residue of
theNefprotein (6). Thislipidation reaction, referred to asN-myris-
toylation, is a key modification for anchoring the Nef protein to
the plasma membrane, thereby assisting its immunosuppressive
activity (7). Interestingly, our previous study indicated that the
host-acquired immunity was equipped with cytotoxic T cells ca-
pable of monitoring the N-myristoylation of the Nef protein (8).
A rhesus macaque CD8™" T cell line, 2N5.1, specifically recognized
an N-myristoylated, but not unmodified, 5-mer peptide of the SIV
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Nef protein. Furthermore, the number of N-myristoylated Nef
peptide-specific T cells was increased significantly in the circula-
tion of SIV-infected monkeys, and the plasma viral load in in-
fected monkeys was found to correlate reciprocally with the num-
ber oflipopeptide-specific T cells (8). Taken together, these results
point to an intriguing possibility that, in addition to peptides and
lipids, viral lipopeptides may comprise a new repertoire of Ags
recognized by host T cells.

To gain insight into the molecular basis for lipopeptide Ag
presentation, we established an additional CD8* T cell line, SN45,
independent of 2N5.1, that recognized the same N-myristoylated
5-mer peptide. A comparative study of the two T cell lines detected
different molecular patterns for the recognition of lipopeptide
Ags. Strikingly, the mutant with a C-terminal serine deletion and
the mutants with alanine substitutions of the N-myristoylated
5-mer peptide were recognized by the SN45 T cells, suggesting that
pathogenic viruses may find difficulties in escaping from the lipo-
peptide-specific T cell responses by simply introducing amino
acid mutations.
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C14nef3 C14nef4 Cl4nefs C14nef6
§-GGA gccm %—GGAIS %—GGAI SM
413.30 526.38 613.42 744.46
(414.3) (527.4) (614.4) (745.5)
C14GAAIS C14GGAAS
%—GAAIS gGGAAS
627.43 571.37
(628.5) (572.4)

C6nef5 C10nefs C18nei5 C22nef5
%GGAIS %—GGAIS §»GGAIS §GGAIS
501.29 557.36 669.48 725.54
(502.4) (558.4) (670.5) (726.6)

FIG 1 Synthetic lipopeptides used in this study. The names and the chemical
structures are shown. The monoisotopic mass of each compound, as well as the
observed m/z of the [M + H]™ (in parentheses), are also shown.

MATERIALS AND METHODS

Synthesis of lipopeptide Ags. Chemical reagents were purchased from
Nacalai Tesque (Kyoto, Japan) unless otherwise indicated. The lipopep-
tide Ags listed in Fig. 1 were synthesized as described previously (8).
Briefly, peptides were synthesized by a manual 9-fluorenylmethoxy car-
bonyl (Fmoc) solid-phase peptide synthesis technique using Wang resin
precoupled with a relevant C-terminal amino acid (EMD Chemicals,
Gibbstown, NJ). Acylation was carried out by reacting the N-terminal
amino acid group with acid anhydrides prepared with N,N'-diisopropyl-
carbodiimide, followed by the release of the acylated peptides in 95%
trifluoroacetic acid. Purification of the crude samples was performed by
high-performance liquid chromatography (HPLC) with a gradient elu-
tion based on water and methanol with 0.1% trifluoroacetic acid. After
freeze-drying, the purified samples were subjected to liquid chromatog-
raphy (LC)-mass spectrometry, using a C;4 column (GL Sciences, Tor-
rance, CA) with a solvent system of water and methanol with 0.1% formic
acid. The observed m/z of the [M + H]™ for each purified sample was
consistent with the monoisotopic mass (Fig. 1), thus confirming the iden-
tity of the synthesized lipopeptides.

Establishment of lipopeptide-specific rhesus macaque T cell lines
and flow cytometric analysis. The C,,-Gly-Gly-Ala-Ile-Ser (Cl4nef5)-
specific T cell line 2N5.1 was described previously (8). Another C14nef5-
specific T cell line, SN45, was obtained independently from a SIV-infected
monkey (MMS521). Peripheral blood mononuclear cells (PBMCs) (1.2 X
107/well) were cultured with C14nef5 at a concentration of 5 ug/ml, and
antigenic stimulation was repeated every 2 weeks in the presence of irra-
diated autologous PBMCs. Interleukin 2 (IL-2) was added at 0.3 nM after
the second stimulation, and the concentration was gradually increased to
3 nM by the fourth stimulation. RPMI 1640 medium (Invitrogen, Carls-
bad, CA) supplemented with 10% heat-inactivated fetal calf serum (FCS)
(HyClone, Logan, UT), 2-mercaptoethanol (Invitrogen), penicillin, and
streptomycin was used for T cell culture. The expression of T cell
markers on the T cell line was analyzed by flow cytometry, as described
previously (8).

T cell assays. T cells (5 X 10%/well) were incubated with each synthetic
lipopeptide (5 pg/ml) in the presence of irradiated autologous or alloge-
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FIG 2 Specific recognition of C14nef5 by SN45. (A) The surface expression of
T cell markers was analyzed for SN45 by flow cytometry (filled histograms). A
dashed line in each panel indicates a negative-control histogram. (B) SN45 T
cells (5 X 10%well) were stimulated with the indicated Ags (5 pg/ml) in the
presence of irradiated autologous PBMCs (3 X 10°/well), and the amount of
IFN-vy released into the culture medium was measured. Assays were performed
in triplicate, and mean values and standard deviations (SD) are shown.

neic PBMCs (3 X 10%/well), using 96-well flat-bottom microtiter plates.
In some experiments, irradiated allogeneic PBMCs (2 X 10°/well) were
preincubated for 30 min with test competitors (0.5 pg/ml or 5 pg/ml),
and then, responder T cells (5 X 10%well) and Cl4nef5 (50 ng/ml) were
added. After 24 h, aliquots of the culture supernatants were collected, and
the amount of either gamma interferon (IFN-y) or granulocyte-mac-
rophage colony-stimulating factor (GM-CSF) released into the medium
was measured using Mabtech ELISA kits (Nacka Strand, Sweden). To
examine if the T cell response might be mediated by MHC or CD1 mole-
cules, PBMCs (3 X 10°/well) were incubated with saturating amounts (5
pg/ml) of monoclonal antibodies (Abs) to CD1a (10H3), CD1b (b3.1),
CD1c (M241), MHC class I (W6/32), and MHC class II (L243) or nega-
tive-control Ab (P3) for 20 min before the addition of responder T cells
(5 X 10%well) and the C14nef5 Ag (5 pg/ml). Alternatively, the LLC-MK2
rhesus macaque kidney epithelial cell line was transiently transfected with
rhesus macaque group 1 CD1 genes (CDIA, CDI1B, and CDIC) (9) or
MM521-derived MHC class I genes (Mamu-A1%*02, Mamu-A1*110, and
Mamu-B*56) and used as Ag-presenting cells (2.5 X 10%/well) in the T cell
assays described above.

TCR cloning. T-cell receptor (TCR) cloning was performed by the
inverse-PCR method (10, 11). Briefly, total RNA was extracted from 1 X
10° T cells, and oligo(dT)-primed double-stranded cDNA was synthe-
sized from 0.25 pg of the total RNA using PrimeScript reverse transcrip-
tase (TaKaRa Bio, Inc., Otsu, Japan), RNase H (New England BioLabs,
Inc., Ipswich, MA), Escherichia coli DNA polymerase I (New England
BioLabs, Inc.), and E. coli DNA ligase (New England BioLabs, Inc.), fol-
lowed by treatment with T4 DNA polymerase (New England BioLabs,
Inc.) for blunt-end formation. The blunt-ended DNA was then circular-
ized with T4 DNA ligase (New England BioLabs, Inc.) and used as a tem-
plate for inverse PCR with a pair of Ca- or Cp-specific primers oriented in
opposite directions. The primers used were as follows: TCRa forward,
5'-GGG TCG ACG ACC TCA TGT CTA GCA CAG T-3'; TCRa reverse,
5"-GCA TGC GGC CGC CCT GCT ATG CTG TGT ATC-3'; TCRB for-
ward, 5'-GGG TCG ACA CAG CGA CCT TGG GTG GG-3'; TCRB re-
verse, 5'-GCA TGC GGC CGC GGT CAA GAG AAA GGA TTC-3'. The
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TABLE 1 TCR usage of 2N5.1 and SN45

Sequence”
T cell line Genes Va VB Junction Ja 1B
TCRa
2N5.1 TRAV35-TRAJ54 GTYFCAG QNW GAQKLVEFG
SN45 TRAV4-TRAJ6 VYYCLVG GGGYVLTFG
TCRB
2N5.1 TRBV27-TRBJ27 YLCASSY SGQA YEQYEGP
SN45 TRBV3-TRBJ27 YFCASSQ DLGAGEV YEQYFGP

“ The TCR usage of the two T cell lines was determined by inverse PCR, and the deduced amino acid sequences of the junctional regions are shown.

amplified TCR genes were cloned into pBlueScript II (Stratagene, La Jolla,
CA). More than 10 clones were sequenced, using the BigDye Terminator
v3.1 Cycle Sequencing Kit (Applied Biosystems, Carlsbad, CA).

Animals. The rhesus macaques (Macaca mulatta) used in this study
were treated humanely in accordance with institutional regulations, and
the experimental protocols were approved by the Committee for Experi-
mental Use of Non-Human Primates at the Institute for Virus Research,
Kyoto University. For infection, SIVmac239 (12) was inoculated intrave-
nously at a dose of 2,000 50% tissue culture-infective doses (TCID;).

Nucleotide sequence accession numbers. Sequences were deposited
in the DDBJ/GenBank/EMBL databases under the following accession
numbers: AB701289 (2N5.1 o chain), AB701290 (2N5.1 B chain),
AB701291 (SN45 a chain), and AB701292 (SN45 @ chain).

RESULTS

Establishment of an additional C14nef-specific T cell line, SN45.
We had previously isolated a rhesus monkey T cell line, 2N5.1,

that specifically recognized the N-myristoylated 5-mer lipopep-
tide (Cl4nef5) derived from the SIV Nef protein (8). Another
Cl4nef5-specific T cell line, termed SN45, was obtained indepen-
dently by repeated stimulation of rhesus macaque PBMCs with
Cl4nef5. As for 2N5.1 (8), the SN45 T cells were CD4™ and
CD8a™ (Fig. 2A), and produced IFN-vy in response to Cl4nef5,
but no response was observed when myristic acid and the 5-mer
peptide were added as a free form (Fig. 2B). Therefore, the SN45 T
cells specifically recognized the 5-mer peptide that was conjugated
covalently with myristic acid.

The TCR usage of 2N5.1 and SN45 was determined by inverse
PCR, in which the TCR genes were randomly cloned and se-
quenced. For both T cell lines, a single pair of TCR a and B chains
was detected, suggesting that the cell lines were clonal. Both T cell
lines expressed distinct Vo and VB families and exhibited clono-
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FIG 3 Involvement of MHC and CD1 molecules in the recognition of Cl4nef5 by 2N5.1 and SN45. Autologous PBMCs (3 X 10°/well) were preincubated with
a saturating amount {5 pg/ml) of the indicated Abs and cultured with 2N5.1 (A and B) and SN45 (C) T cells (5 X 10%*/well) in the presence (+) or absence (—)
of Cl4nef5 (5 pg/ml). Note that these Abs were used to block relevant human T cell responses specifically and are known to recognize the corresponding monkey
molecules efficiently (9, 23-26). nega. cont., negative control. (D and E) The LLC-MK2 rhesus macaque cell line was transiently transfected by lipofection with
rhesus macaque CD1 genes or MM521-derived MHC class I genes (Mamu-A1*02, Mamu-A1*110, and Mamu-B*56) and tested for the ability to present Cl4nef5
to 2N5.1 (D) and SN45 (E). The transfection efficiency was approximately 50%, as determined by flow cytometric analysis of CD1-transfected cells labeled with

relevant anti-CD1 Abs. The error bars indicate standard deviation (SD).
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typic variations in the junctional region, except for the SN45
TCRa chain, which was germ line encoded without N additions
(Table 1). Therefore, the recognition of the Cl4nef5 lipopeptide
by 2N5.1 is unlikely to be mediated by invariant-type TCRs. It
remains to be addressed whether SN45 may represent a new subset
of semi-invariant TCR-expressing cells, but obviously, the cells
are distinct from the CD1d-restricted, Va24™ natural killer (NK)
T cells (13). Ab-blocking experiments suggested that none of the
classical MHC molecules and group 1 CD1 molecules could me-
diate the lipopeptide Ag presentation to 2N5.1 (Fig. 3A and B) and
SN45 (Fig. 3C). Furthermore, rhesus macaque cell transfectants
expressing rhesus macaque group 1 CD1 molecules (CD1a, CD1b,
and CDIc) and those expressing MM521-derived MHC class [
molecules (Mamu-A1*02, Mamu-A1¥110, and Mamu-B*56)
failed to present C14nef5 to the T cell lines (Fig. 3D and E). There-
fore, the molecular identity of the Ag-presenting molecules for the
Cl4nef5 lipopeptide has not yet been determined, but as shown
below, functional studies predicted that two discernible molecules
exist in rhesus macaques that are capable of presenting N-myris-
toylated peptides to T cells.

2N5.1, but not SN45, was stimulated by all the donors tested.
While the presentation of peptide Ags to T cells is mediated by
highly polymorphic MHC molecules, the activation of glycolipid-
specific T cells depends on non-MHC-encoded molecules of the
CD1 family that are virtually monomorphic. To gain insight into
the yet unidentified Ag-presenting molecules for the Cl4nef5 li-
popeptide, we wished to determine if the restriction elements for
the two lipopeptide-specific T cell lines might be shared function-
ally among individuals. Allogeneic PBMCs derived from all 9 do-
nor rhesus macaques tested could present the Cl14nef5 lipopeptide
Ag to 2N5.1 (Fig. 4A). In sharp contrast, only a single donor
(MM460), and not the other 2 donors (MM450 and MM499), was
capable of presenting Cl4nef5 to SN45 (Fig. 4B). The superb ca-
pacity of MM450- and MM499-derived PBMCs to present Agto T
cells was confirmed by demonstrating that the two donors were
able to present Cl4nef5 to 2N5.1 (Fig. 4A). Studies of 8 additional
monkeys revealed that two donors (MM1774 and MM1795), but
not the other 6, could present the Ag to SN45 (Fig. 4C), indicating
that the capacity to activate SN45 was not shared broadly among
the subjects. Thus, these results suggested that the Ag-presenting
molecules for 2N5.1 and SN45 were different.

Distinct patterns of Ag recognition by 2N5.1 and SN45. We
then compared the two Cl4nef5-specific T cell lines in terms of
their abilities to recognize an array of related compounds. We first
examined whether the T cell lines might differentially recognize
Ags with altered peptide lengths and amino acid compositions.
Both cell lines were obtained by repeated stimulation with
Cl4nef5 in an in vitro culture, and the 2N5.1 T cells faithfully
recognized Cl4nef5, but not N-myristoylated 3-mer (Cl4nef3;
C,4-GGA), 4-mer (Cl4nef4; C,,-GGAI), and 6-mer (Cl4nefs;
C,4,-GGAISM) peptides of the Nef protein (Fig. 54, left) (8). Pur-
thermore, an alanine substitution (underlined) for either the sec-
ond glycine residue (C,,-GAAIS) or the isoleucine residue (C,,-
GGAAS) of Cl4nef5 resulted in total abrogation of the antigenic
activity (Fig, 5B, left) (8). In sharp contrast, the SN45 T cells rec-
ognized Cl4nef4, as well as Cl4nef5 (Fig. 5A, right), and were
capable of reacting to the mutated Ags, albeit less efficiently to
C14-GGAAS (Fig. 5B, right).

We next addressed whether the length of the acyl chain impacts
the efficiency of T cell activation. Pentamer Nef peptides conju-
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FIG 4 Responses of 2N5.1 and SN45 to Cl4nef5 in the presence of either
autologous or allogeneic PBMCs. MM450-derived 2N5.1 T cells (A) and
MM521-derived SN45 T cells (B) were stimulated with Cl4nef5 (+) or un-
stimulated (—) in the presence of irradiated autologous or allogeneic PBMCs.
The amount of IFN-+y released into the medium was measured as for Fig. 2B.
(C) For SN45, additional studies were performed with 8 allogeneic donors, and
the amount of GM-CSF released into the medium was measured. The error
bars indicate SD.

gated with either shorter saturated fatty acids (Cénef5 and
Cl10nef5) or longer saturated fatty acids (C18nef5 and C22nef5)
were synthesized and tested for the ability to stimulate the T cell
lines. As shown in Fig. 5C, both 2N5.1 (top) and SN45 (bottom)
exhibited the highest reactivity to the authentic Ag with a satu-
rated C,, fatty acid. It was also noted that, whereas SN45 failed to
respond to any of the altered Ags tested (Fig. 5C, bottom), 2N5.1
showed moderate reactivity to C10nef5 (Fig. 5C, top).
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FIG 5 Responses of 2N5.1 and SN45 to an array of synthetic lipopeptides. (A) 2N5.1 (left) and SN45 (right) T cells were stimulated with either the N-
myristoylated Nef 3-mer (Cl4nef3), 4-mer (Cl4nef4), 5-mer (Cl4nef5), or 6-mer (Cl4nef6) peptide, and the IFN-vy response of the T cells was measured. (B)
T cells were stimulated with Cl4nef5 (C,,-GGALIS) or each of the mutants with alanine substitutions (C,,-GAAIS and C,,~-GGAAS), and the IFN-vy response of
the T cells was measured. The error bars indicate SD. (C) 2N5.1 (top) and SN45 (bottom) T cells were stimulated with a Nef 5-mer peptide that was either
unconjugated (C,) or conjugated with a saturated C, C,, C, 4, C;35, 0 C,, fatty acid, and the IEN-v response of the T cells was assessed. The ratio of each response

to the response to C14nef5 is shown as the antigenic activity.

A role for the Cl4nef5 serine residue in lipopeptide Ag pre-
sentation. SN45 recognized both Cl14nef4 and Cl4nef5 (Fig. 5A),
suggesting that the C-terminal serine residue of Cl4nef5 was dis-
pensable for the activation of the T cells. On the other hand, 2N5.1
recognized C14nef5, but not C14nef4 (Fig. 5A), which pointed to
a critical role for the serine residue either as an anchoring residue,
as part of the T cell epitope, or both. We favored the hypothesis
that the serine residue of C14nef5 functions as an anchoring resi-
due because it was shared among many N-myristoylated proteins.
We reasoned that if this was the case, even an excess amount of
Cl4nef4 could not replace Cl4nef5 at the Ag-binding site. To
address this directly, Ag-presenting cells were preincubated with
excess amounts of Cl4nef4, and then the 2N5.1 T cells and the
authentic Cl4nef5 Ag were added to the culture. As predicted,
Cl4nef4 (C,,-GGAI) failed to interfere with the 2N5.1 T cell re-
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FIG 6 Inhibition of the response of 2N5.1 to Cl4nef5 by competitors. Irradi-
ated autologous PBMCs were preincubated with excess amounts of the indi-
cated blockers, for which mutated residues are underlined, and then the 2N5.1
responder cells and the Cl4nef5 Ag were added to the culture as described in
Materials and Methods. After 24 h, the culture supernatants were collected,
and the amount of IFN-y released into the medium was measured. The error
bars indicate SD.
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sponse to Cl4nef5 (Fig. 6A). In sharp contrast, preincubation
with excess amounts of the mutants with alanine substitutions
(underlined) (C,,~-GAAIS and C,,~-GGAAS) resulted in dose-de-
pendent inhibition of the 2N5.1 cell response to C14nef5 (Fig. 6B
and C, respectively). Therefore, the C-terminal serine residue
played a critical role in the activation of 2N5.1 cells and likely
mediated an anchoring function. Furthermore, we found that ex-
cess amounts of the 5-mer peptide with a short acyl chain (Cé6-
GGAIS) failed to block the response of 2N5.1 and SN45 T cells to
Cl4nef5 (Fig. 6D and data not shown). Taken together, these re-
sults, obtained from inhibition experiments with an array of
blockers, indicated that, whereas the attached myristic acid was
important for the activation of both T cell lines, the C-terminal
serine residue played a different role.

DISCUSSION

The analysis of the two CD8" T cell lines, 2N5.1 and SN45, that
recognized the same lipopeptide Ag, Cl4nef5, revealed their
shared and unshared properties, allowing us to grasp the molecu-
lar basis for lipopeptide Ag presentation and T cell activation (Fig.
7). One of the most remarkable similarities is that the optimal
length of the attached acyl chain is C,, (Fig. 5C). Both T cell lines
failed to recognize Ags with alonger saturated acyl chain (C18nef5
and C22nef5), suggesting that the putative Ag-presenting mole-
cules, tentatively termed LP1 for 2N5.1 and LP2 for SN45, may
form a hydrophobic pocket with a depth suitable for accommo-
dating the attached myristic acid. It should also be noted that the
Ag with a C|; acyl chain (C10nef5) was able to stimulate 2N5.1,
but not SN45 (Fig. 5C), pointing to the possibility that the reduced
hydrophobic interaction of the short acyl chain with the LP1 Ag-
presenting molecules might be compensated for by an additional
interaction, such as that mediated by an anchoring amino acid
residue of the peptide, as discussed below. Such additional modes
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2N5.1

FIG 7 Schematic model of the putative Ag-presenting molecules for 2N5.1
(LP1) and SN45 (LP2). LP1 (left) has two separate Ag-binding sites, one for the
acyl chain and the other for the anchoring serine residue (triangle) of Cl4nef5.
The second (glycine) and fourth (isoleucine) residues (solid circles) are posi-
tioned outward for preferential interaction with the 2N5.1 TCR. Note that
even the Nef 5-mer peptide with a saturated C,, acyl chain (C10nef5) can bind
to LP1 for recognition by 2N5.1, although its affinity for LP1 is lower than that
of Cl4nef5. LP2 (right) also has an acyl-chain-binding pocket, but the serine
residue critical for binding to LP1 is dispensable while the isoleucine residue
(dashed circle) is essential. The myristic acid only fits into the hydrophobic
pocket of LP2, and Ags with a longer or shorter acyl chain fail to be presented
to the SN45 cells.

of interaction may be absent or only weak for LP2, resulting in a
failure of SN45 to recognize C10nef5.

The present study also detected substantial differences in Ag
recognition between the two cell lines. The C-terminal serine res-
idue of Cl4nef5, a crucial element for the N-myristoylation motif
(6), was an absolute requirement for recognition by 2N5.1, as the
T cell line recognized C14nef5, but not C14nef4 with a C-terminal
serine deletion (Fig. 5A). The excess amount of Cl14nef4 failed to
inhibit the 2N5.1 reactivity to Cl4nef5, favoring the idea that this
residue functions as an anchor for the stable binding of LP1 (Fig. 7,
left, triangle). As discussed above, this interaction may play a sig-
nificant role in capturing C10nef5, which has only weak affinity
for the acyl-chain-accommodating pocket. Furthermore, the mu-
tants with alanine substitutions (underlined) (C,,-GAAIS and
C,,~-GGAAS) were not recognized by 2N5.1 but were able to in-
hibit its recognition of Cl4nef5, indicating that the mutants in-
deed bound to LP1. Therefore, it would be reasonable to predict
that the second glycine and the isoleucine residues (Fig. 7, left,
solid circles) would be positioned preferentially for T cell recog-
nition. A

The putative Ag-presenting molecule, LP2, which mediates Ag
presentation to SN45, appears much less stringent in terms of Ag
binding. The Cl4nef4 Ag lacking the C-terminal serine residue
could be recognized by SN45 as efficiently as or even more effi-
ciently than Cl4nef5 (Fig. 5A), immediately excluding the an-
choring model proposed for LP1 (Fig. 7, right, dashed circle). As
Cl4nef3 failed to stimulate SN45, the fourth amino acid residue,
isoleucine, would be particularly important for either binding to
LP2, T cell recognition, or both. As described above, Ag binding to
LP2 is likely to depend heavily on the full range of C,, acyl chain
interactions with the hydrophobic pocket.

Our study indicates that the T cell Ag repertoire of N-myris-
toylated peptides includes those with 4-mer and 5-mer peptides.
Typically, N-myristoylation occurs for proteins with the N-termi-
nal motif Gly-X-X-X-Ser/Thr (in which X is any amino acid) (6),
and thus, the Ag diversity that can be generated as a result of
amino acid alterations would be greatlylimited compared with the
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8- to 10-mer peptides presented by polymorphic MHC class I
molecules. This indicates that, although introducing amino acid
mutations in the target proteins is an efficient strategy that patho-
genic viruses, such as HIV, have evolved to escape from cytotoxic
T cell attack, the short stretch of the N-terminal amino acid resi-
dues of the Nef protein that contains N-myristoylation signal is
hard to mutate without affecting the function of the protein. This
also points to the possibility that the discrimination of foreign
lipopeptides from self by the immune system may not be safely
and strictly enforced. Viral infections are often associated with or
followed by manifestations of autoimmune disorders (14-18),
which could possibly be accounted for by the development of viral
lipopeptide-specific T cells that may cross-react with self lipopep-
tides. On the other hand, products of a fraction of oncogenes, such
as c-src, are N-myristoylated to function, and previous studies
detected highly upregulated expression of N-myristoyl-trans-
ferase in cancer cells (19-22). Therefore, the aberrant or dysregu-
lated expression of N-myristoylated cancer-associated proteins
may result in activation of lipopeptide-specific T cells capable of
recognizing abnormal cells derived from the self. The present
study can potentially shed light on a new aspect of viral immunity,
cancer immunity, and autoimmunity that has never been appre-
ciated previously.
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A new simian-human immunodeficiency virus (SHIV), carrying env from an uncloned HIV-1 subtype C
clinical isolate (97ZA012), was generated through intracellular homologous recombination, a DNA
repair mechanism of the host cell. PCR fragments amplified from an existing SHIV plasmid (a 7-kb
fragment from the 5’ end and a 1.5-kb fragment from the 3’ end) and a 4-kb fragment amplified from
97ZA012 cDNA containing env were co-transfected to human lymphoid cells. The resulting recombi-
nant was subjected to serial passage in rhesus peripheral blood mononuclear cells (RhPBMCs).
The resulting SHIV 972A012 was replication competent in RhPBMCs and monkey alveolar macrophages,
and possessed CCR5 preference as an entry co-receptor. Experimental infection of rhesus macaques
with SHIV 97ZA012 caused high titers of plasma viremia and a transient but profound depletion of
CD4* T lymphocytes in the lung. Animal-to-animal passage was shown to be a promising measure for
further adaptation of the virus in monkeys.

In vitro passage
Alveolar macrophage
In vivo passage
Animal model
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Introduction

Human immunodeficiency virus (HIV) infections have been a
major global public health issue since their initial recognition in
the 1980s. Globally, approximately 33 million individuals are
living with HIV, 1.8 million people die of HIV-related complica-
tions, and 2.6 million people newly acquired the virus in 2009
(UNAIDS, 2010). Establishment of effective preventive measures
is urgently needed to control the epidemic.

Extensive genomic diversity is a characteristic trait of HIV. HIV
type 1 (HIV-1), the major genotype of the virus, comprises four
subgroups: M, N, O, and P. Subgroup M further comprises
numerous subtypes and circulating recombinant forms (CRFs),
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which are recombinant viruses among subtypes. Among the
subtypes, subtype C plays a leading role in the epidemic, account-
ing for nearly 50% of global HIV infections (Hemelaar et al., 2011).
Greater numbers of viral particles are detected in the vaginal
secretions of pregnant individuals infected with subtype C than
from persons infected with subtypes A or D (John-Stewart et al.,
2005), potentially making subtype C more transmissible than
others and rendering it predominant in the current epidemic.
A compact V1/V2 loop and threonine at 316 located in the V3 loop
of Env, distinct features shared by many subtype C isolates, may
contribute to preferential replication of these viruses in the
genital tract (Walter et al,, 2009).

The humoral immune reaction directed against subtype C virus
is unequal to that directed against subtype B virus. Virus-
neutralizing antibodies mounted in individuals infected with
subtype C are directed against the alpha-2 helix in the Env C3
region. This region is rarely immunogenic in subtype B virus
infection (Moore et al., 2008), indicating a conformational differ-
ence in Env between these subtypes. The development of a
tractable animal model for subtype C is thus necessary to
establish a strategy for effective induction of neutralizing anti-
bodies directed against the protein of this particular subtype.
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Simian-human immunodeficiency virus (SHIV) carrying Env
derived from subtype C would be an especially vital tool because
it would allow for evaluation of the effectiveness of vaccine-
induced immunity in the context of virus infection in vivo.

However, only a few subtype C SHIVs are available, and none
reproducibly replicates to high titers and induces disease in
monkeys. In addition, limited numbers of SHIVs utilize the CCR5
molecule as an entry co-receptor. The scarcity of available SHIV
strains is attributed to the difficulty in generating an infectious
chimeric virus. SHIVs have been generated through recombinant
DNA techniques involving implantation of a chunk of genes, such
as tat, rev, vpu, and env, from the molecular clone of parental HIV-
1 into the backbone of the SIV239 molecular clone. This method
does not always lead to successful generation of infectious SHIV.
Two presumable reasons may explain this difficulty: (1) incom-
patibility of a particular clone from the parental HIV-1 swarm
with the SIV backbone and (2) inadequate employment of “break-
points,” sites of recombination, for the given parental clones of
HIV-1 and SIV. The generation of SHIVs by the conventional
technique (i.e., recombination of HIV-1 genes from a molecular
clone verified to be infectious to human cells with an SIV back-
bone at breakpoints that are reasonably assumed to be appro-
priate) may represent a major bottleneck for the development of
new SHIV strains.

Intracellular homologous recombination (IHR) is a cellular
mechanism for the restoration of DNA double-strand breaks.
It also takes place when exogenously introduced DNA fragments
share “homologous sequences” (Srinivasan et al, 1989).
The mechanism has been attributed to the generation of infectious
HIV-1 particles from cell lines carrying multiple defective pro-
virus genomes (Inoue et al., 1991). IHR also causes generation of
infectious HIV-1 through co-transfection of truncated viral cDNA
clones into the cells (Kalyanaraman et al., 1988; Srinivasan et al.,
1989) or through recombination between exogenous sequences
and integrated chromosomal HIV sequences (Clavel et al., 1989;
Srinivasan et al., 1989). It is then utilized as a measure to readily
generate recombinant HIV-1 (Cheng-Mayer et al., 1990; Hertogs
et al.,, 1998; Kellam and Larder, 1994).

We reasoned that generation of SHIV through IHR could
circumnavigate the above-mentioned issues and accelerate the
process as follows: (1) DNA fragments prepared by polymerase

chain reaction (PCR) with ¢cDNA from an uncloned HIV-1 genome
would provide a continuum of heterogeneous sequences that
potentially contain competent clone(s) in the context of infection
in monkey cells in vitro and monkeys in vivo when combined with
an SIV backbone, and (2) random occurrence of [HR within “homo-
logous sequences” would likely produce multiple SHIV genomes
with breakpoints at various sites, increasing the chance for emer-
gence of a virus with favorable fitness. In addition, co-transfection
of DNA fragments into cells susceptible to viral infection would
subject the generated recombinant virus to multi-round replication,
causing selection/evolution of a replication-competent virus. Based
on this reasoning, we embarked on IHR-mediated generation of
SHIV to investigate the utility of these potential advantages.

Results
Generation of recombinant virus through IHR

To generate a novel SHIV carrying the env gene derived from a
clinical isolate of subtype C HIV-1 through IHR, we prepared three
DNA fragments by PCR as depicted in Fig. 1. Approximately
1100 bps of overlapping sequence (where IHR was expected to
take place) were shared by Fragments I and III, 1400 bps were
shared by Fragments II-a and III, and 1200 bps were shared by
Fragments 1I-b and III (Fig. 1).

Although we envisioned that recombination between the
two DNA fragments could theoretically take place at any base
within these overlaps, potentially resulting in generation of multi-
ple sets of recombinant genomes, only replication-competent
recombinant(s) would emerge as representative following trans-
fection with these fragments into susceptible cells for lentiviral
replication and multi-round replication cycles. To test this hypoth-
esis, mixtures of Fragments I, II-a, and Il (Transfection #1)
or Fragments I, II-b, and Il (Transfection #2), 0.2 ug of each
DNA preparation, were co-transfected to human T-lymphoid cell
line C8166-CCR5 celis. The cultures were maintained for 3 weeks
to monitor emergence of recombinant virus by microscopic obser-
vation because the parental HIV-1 97ZA012, which contributed the
env gene to the transfection, was known to induce syncytia in the
cells (data not shown). Transfection #1 produced syncytia on day

SHIV KS661
A: SIVU3Not-F A Fragment | gragment -a
——— -—
B: SHenv2R B —"'—',5
C: SHenv5.5F Fragment ll-b
D: SIVUSEco-R E,
S —
E: SHenv6F D
Lottt nef
— LA OO AR | I |
-1 97ZA012 1 THiwe L
HIV-1 F — T '
LR pol vor onv LTR
F
F: HIV-1vpr-F LA Fragment Il -
G: OFM19R G

[E]: SiVgene [__]:HIV-1 gene === : PCR product -~ : PCR primer

Fig. 1. Schematic representation of HIV-1/SHIV genome organizations and PCR fragments employed for co-transfection. Filled boxes represent genes derived from SIV.
Open boxes represent genes derived from HIV-1. SHIV KS661, existing SHIV, carries tat, rev, vpu, and env genes from subtype B HIV-1 89.6. Broad lines represent PCR
fragments; Fragments I and Il-a/ll-b were amplified using plasmid DNA of SHIV KS661 as a template. Fragment [ll was amplified from cDNA of the HIV-1 97ZA012 genome
as a template. Arrows represent PCR primers whose identifiers are depicted in the figure.
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14 post-transfection, and Transfection #2 caused syncytia on day
15. A small portion of each culture was collected on the day of
syncytia emergence and co-cultivated with uninfected C8166-
CCR5 cells to determine whether the syncytia would spread. Both
initiated robust syncytia formation within 24 h post co-cultivation,
suggesting generation of a recombinant virus capable of replicating
in C8166-CCRS5 cells. Culture supernatants collected at 3 days post-
co-culture, viz. 17 days post-Transfection #1 and 18 days post-
Transfection #2, were combined and used as starting material for
in vitro selection/adaptation.

In vitro passage of the recombinant virus

Because we aimed to generate a new SHIV strain to be used in
a macaque model, which requires a virus with the capacity to
replicate to a high titer, we first subjected the “syncytium-
inducing agent,” which emerged through IHR, to sequential
passage in rhesus macaque PBMCs (RhPBMC). We envisioned
that a certain population of the recombinant carrying a suitable
genotype from the parental virus swarm and appropriate recom-
bination breakpoints might outgrow and/or evolve through the
passage. Newly generated recombinant viruses are known in
general to be less replication competent, especially in RhPBMCs.
Such viruses have replicated better when inoculated into CD4+*
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cell-enriched RhPBMCs by deletion of CD8* cells (Chen et al,
2000; Kamada et al., 2006). Although the viral agent was robustly
replicating in human C8166-CCRS5 cells, we followed the previous
observations and inoculated 100 pl filtered culture supernatant of
the cells into 2 x 10° rhesus macaque CD4* cell-enriched RhPBMCs
(Passage #1). Virus replication was monitored by virion-associated
reverse transcriptase (RT) activity released in the culture super-
natant (Fig. 2).

Passage #1 revealed that the virus indeed replicated in CD4+*
cell-enriched RhPBMCs (Fig. 2A). The virus replicated to an initial
peak of RT activity on day 3 with 2000 cpm/pl supernatant
equivalent, and replication was then reduced somewhat on day
4 (1250 cpm), likely because of the addition of fresh CD4+
cell-enriched PBMCs. Replication increased again to 2170 cpm
on day 5, the highest RT activity in this passage. The RT activity
was maintained at a high level during the subsequent 2 days
(1900-2000 cpm), then declined rapidly on day 8. Cryopreserved
culture supernatant (50 pl) collected from day 5 of Passage #1
was inoculated to 2 x 10% newly prepared CD4* cell-enriched
RhPBMCs to confirm the observed replication property of the
virus (Passage #2). Although replication in Passage #2 took longer
than that in Passage #1, the Passage #2 virus also replicated to a
high titer, 2180 cpm/pl supernatant equivalent on day 8, followed
by a sharp decline on day 9 (1250 cpm; Fig. 2B).

PASSAGE #2

PASSAGE #4

Q
N -
o
@
®

DAYS POST INFECTION

Fig. 2. Passage of the recombinant virus through RhPBMCs. Recombinant virus that emerged from C8166-CCRS cells co-transfected with PCR fragments was serially passed
through RhPBMCs (A-E). A small amount of supernatant was collected from each culture daily, and virion-associated reverse transcriptase (RT) activity was assessed. RT
activities were represented as radioactive counts per minute (cpm) induced by 1 pl culture supernatant equivalent. CD4* cell-enriched RhPBMCs were employed for
Passages #1-3 (A-C), and whole RhPBMCs were utilized for Passages #4 and #5 (D and E). Filtered culture supernatant was used to pass virus from existing culture to new
culture, except from Passage #2 to #3, in which the mixture of cells and supernatant was inoculated to freshly prepared cells.
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Because the virus appeared to reproducibly replicate in CD4*
cell-enriched RhPBMCs, we next examined whether the virus
could replicate in unmanipulated RhPBMCs, a cell preparation
without enrichment of CD4* cells, by taking a small portion of
the ongoing culture on day 8 and co-cultivating it with fresh
whole RhPBMCs (Passage #3). For this experiment, we monitored
the RT activity of the culture supernatant from Passage #2 daily
and decided to set up Passage #3 because of a substantial increase
in RT activity on day 8. Passage #3 resulted in robust virus
replication that reached 5,250 cpm/pl supernatant equivalent on
day 7, then declined during the following days, suggesting that
it possessed replication capacity in unmanipulated RhPBMCs
(Fig. 2C). To determine whether we could reproduce this observa-
tion in a more rigorous setting, culture supernatant without
cells, collected on day 7 from Passage #3, was inoculated into
whole RhPBMCs newly prepared from normal rhesus macaques
(Passage #4). The virus replicated robustly to a high titer, reach-
ing 1850 cpm/ul supernatant equivalent on day 5, followed
by a rapid decline (Fig. 2D). To confirm the observation, we inocu-
lated supernatant collected on day 5 of Passage #4 into another
RhPBMC preparation without manipulation a second time
(Passage #5). The virus reproducibly replicated in primary monkey
cells, with a peak of RT activity on day 5 post-infection (2280 cpm;

103

Fig. 2E). We concluded that a new recombinant virus capable
of replicating in RhPBMCs was generated/evolved through IHR/
in vitro passage. We designated the culture supernatant collected
on day 5 from Passage #5 as SHIV 97ZA012 and subjected it to
further characterization.

Genomic organization of SHIV 97ZA012

To elucidate the genomic organization of SHIV 97ZA012, the nt
sequence was determined on cDNA that was reverse-transcribed
from virion-associated viral genomic RNA prepared from the culture
supernatant. The obtained sequence was compared with those of
SHIV KS661 and HIV-1 97ZA012 (Fig. 3). Genomic analysis revealed
that the 5 and 3’ breakpoints were at the 282nd nt of env gp120,
upstream of the V1/V2 loop, and the 756th nt of the env gp41
cytoplasmic domain, respectively (Fig. 3A). The breakpoints that
gave rise to replication-competent virus were not necessarily at the
interface of genes juxtaposed to each other. This is also the case in
many CRFs of HIV-1, examples of naturally occurring recombinants
(Carr et al, 2001; Guimaraes et al., 2008; Koulinska et al.,, 2001;
Perez et al., 2006; Piyasirisilp et al., 2000).

SimPlot (Lole et al., 1999) analysis revealed that the genomic
fragment derived from HIV-1 97ZA012 did not completely match

A ~ SHIV KS661
— HIV-1 97ZA012
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60 .
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. |8
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Fig. 3. Genomic organization of SHIV 97ZA012. (A) Breakpoints in SHIV 97ZA012 were analyzed by the SimPlot program with SHIV KS661 (gray) and HIV-1 97ZA012
(black) as references. Schematic SHIV genome organization was aligned to similarity plot for a visual purpose. (B) Phylogenetic analysis of SHIV 97ZA012 env portion. The
gene portion identified in (A), between nt 6429 and 8325 (in HIV-1 HXB2) and derived from HIV-1 97ZA012, was subjected to phylogenetic analysis with the
corresponding sequence of the reference virus isolates. The phylogenetic tree was generated by the neighbor-joining method.
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the registered sequence of the virus (GenBank Accession No.
AF286227). To ascertain that the recombinant virus indeed carries
the env sequence derived from HIV-1 97ZA012, we conducted a
phylogenetic analysis of the sequence with the corresponding
region of HIV-1 strains belonging to subtype B or C, including the
registered sequence of 97ZA012 (Fig. 3B). The supposed 97ZA012-
derived sequence naturally formed a subcluster with the regis-
tered sequence and was positioned in the cluster of subtype C
strains in the phylogenetic tree. We concluded that the observed
difference in sequences between SHIV 97ZA012 and the regis-
tered HIV-1 97ZA012 was within the extent of quasispecies of a
single isolate.

Replication properties of SHIV 97ZA012 in C8166-CCR5 cells
and RhPBMCs

To characterize the replication properties of SHIV 97ZA012, we
inoculated the virus into human C8166-CCR5 cells and RhPBMCs.
Because HIV-1 is unable to replicate in monkey cells, the relative
replication capability of the newly generated virus to the parental
HIV-1 97ZA012 was assessed in C8166-CCR5 cells. SHIV KS661,
which provided the backbone for SHIV 97ZA012, was also
examined. In RhPBMCs, replication of SHIV 97ZA012 was com-
pared with that of SIV239, the most widely used SIV. The viruses
were normalized to an infectious unit (multiplicity of infection
[MOI]=0.01 or 0.1 median tissue culture infective dose [TCIDsq/
cell]) and inoculated into these cells. Replication of the viruses
was monitored by virion-associated RT activity in the culture
supernatant (Fig. 4). Because C8166-CCR5 cells were highly
susceptible to HIV-1/SIV and progressed to cell death, infections
at a higher multiplicity (MOI=0.1) resulted in lower peak RT
activities compared with those at a lower multiplicity (Fig. 4A).
Regardless of multiplicity, SHIV 97ZA012 exhibited a slower
replication kinetic compared with that of the parental HIV-1
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Fig. 4. Replication of SHIV 37ZA012 in C8166-CCR5 cells {A) and RhPBMCs (B). The
replication property of SHIV 97ZA012 in these cells was compared with those of
HIV-1 97ZA012, SHIV KS661 (A) and SIV239 (B). The viruses were normalized by
the infectious unit (MOI=0.01 and 0. 1 TCID50/cell) and spinoculated to these
cells at 1200 x g for 60 min. Gray symbolsflines represent virus replication at
MOI=0.01, and black symbols/lines represent virus replication at MOL=0.1.
Culture supernatant was collected daily, and virion-associated reverse transcrip-
tase activities were assessed.

97ZA012, likely due to the chimeric structure of the virus
(Li et al., 1992; Shibata et al,, 1991) or to the result of adaptation
to monkey cells. SHIV KS661 also exhibited faster replication
kinetics compared with SHIV 97ZA012.

While SHIV 97ZA012 exhibited a slower replication profile
compared with the reference viruses in C8166-CCR5 cells, repli-
cation of SHIV 97ZA012 in RhPBMCs was comparable with that of
SIV239 (Fig. 4B). Infection at a MOI=0.01 resulted in somewhat
more production of progeny in SIV239 than in SHIV 97ZA012
during the first 3 days. When the experiment was set up at a
MOI=0.1, SIV239 produced markedly more progeny than did
SHIV 97ZA012 during the first 3 days of infection, while SHIV
97ZA012 replicated to higher titers than did SIV239 at day 4 and
thereafter. To estimate the total production of progeny virus
during the observation period, the areas under the curve (AUC)
of each virus were compared. The AUC of SHIV 97ZA012 was
approximately 1.5-fold greater than that of SIV (data not shown).
Based on these data, we concluded that SHIV 97ZA012 is as
replication competent as SIV239 in rhesus macaque PBMCs.

Co-receptor preference of SHIV 97ZA012

The parental HIV-1 97ZA012 strain reportedly utilizes CCR5 as
an entry co-receptor (Broder and Jones-Trower, 1999). The chimeric
structure of gp120 carried by SHIV 97ZA012 (between KS661,
which was originally derived from HIV-1 89.6, and 97ZA012) and
uncertainty of the co-receptor preference of 97ZA012 Env in the
context of the SHIV/macaque cell system prompted us to subject
SHIV 97ZA012, along with control viruses, to a co-receptor usage
assay. Each virus, normalized by an infectious unit, was inoculated
to RhPBMCs in the presence of 5 uM AMD3100 (a small-molecule
CXCR4 inhibitor), AD101 (a small-molecule CCR5 inhibitor), or both.
Virus replication was monitored for 7 days by virion-associated RT
activity release in the culture supernatant (Fig. 5). SIV239, which
has been established as a CCR5-utilizing virus, replicated to a high
titer in the absence of any inhibitor (Fig. 5A). AMD3100 had little
impact on the replication of the virus, as described previously
(Zhang et al., 2000). In the presence of AD101 or both inhibitors,
however, replication of SIV239 was substantially impaired. In
contrast, SHIV KS661, which has been reported to predominantly
utilize CXCR4 as an entry co-receptor (Matsuda et al, 2010),
exhibited a replication profile opposite to that of SIV239: no
impairment of replication in the presence of AD101, but remarkably
delayed replication in the presence of AMD3100, and complete
suppression in the presence of both inhibitors (Fig. 5B). When
control viruses exhibited the replication profiles described above,
SHIV 97ZA012 exhibited a replication profile similar to that of
SIV239: no impact on replication in the presence of AMD3100, but
complete suppression when AD101 was present in the culture
(Fig. 5C). Based on these results, we concluded that SHIV 97ZA012
is a CCR5-utilizing virus, as is the parental HIV-1 97ZA012 in
human cells.

Replication of SHIV 97ZA012 in macrophages

Many CCR5-utilizing HIV-1 strains replicate in monocyte-
derived macrophages, which is a biological property called
“macrophage tropism.” Macrophage tropism has been shown to
be associated with viral neurotropism (Gorry et al, 2001), a
subject to be investigated in non-human primate AIDS models.
To clarify the biological property of the virus in macrophages,
SHIV 97ZA012, along with macrophage-tropic and non-
macrophage-tropic viruses, normalized by RT activity was inocu-
lated to rhesus macaque primary alveolar macrophage (RhAM)
cultures prepared from three uninfected animals. Virus replica-
tion was monitored by virion-associated RT activity released in
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