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Abstract

We previously reported that passive transfer of polyclonal neutralizing antibodies (NAbs) sufficient to generate
a titer of 1:38 in the plasma would confer sterilizing protection to 99% of macaques challenged intravenously
with 75 TCID50 of SHIVDH12. Neutralizing activity in that study was measured in an MT4 cell assay in which
infection was completely blocked (EC100). In the current study, the TZM-bl system was used to measure EC50

neutralizing titers in several of the same macaque plasma samples and the relationship between these titers and
in vivo protection was determined. The antiviral EC50 NAb titers measured in individual plasma samples were
higher than those previously obtained in the MT4 system. Furthermore, the geometric mean EC50 NAb titers
against pseudotyped SHIVDH12 were 33-fold greater than the EC100 titers measured in the MT4 cell assay against
the replication-competent SHIVDH12 inoculated into animals. An augmented probit regression model was used
to generate curves relating TZM-bl EC50 NAb titers and protection from a virus challenge; estimated titers
conferring various levels of protection were then determined. In TZM-bl assays using pseudotyped SHIVDH12,
representative percent in vivo protection=estimated EC50 titers were 99%=1:4467, 90%=1:1175, 80%=1:676,
50%=1:234, and 33%=1:141. Because it is likely that contributions from other arms of the immune system will
contribute to vaccine-induced control, the range of EC50 NAb titers we have derived may be more informative
for evaluating the protective value of NAb activity from TZM-bl assays.

Introduction

The development of an effective vaccine against the
human immunodeficiency virus (HIV) is critical for

controlling the acquired immunodeficiency syndrome (AIDS)
epidemic. Nonhuman primates have been extensively used in
conjunction with simian immunodeficiency virus (SIV) or the
chimeric simian=human immunodeficiency virus (SHIV) in
preclinical studies to monitor the effectiveness of new HIV-1
vaccine approaches. A variety of assays have been employed
to measure the antiviral cellular and humoral responses eli-
cited by these vaccines to delineate correlates of protection.
The results from studies involving both SIVs and SHIVs have
shown that prechallenge cellular responses alone do not
prevent virus acquisition, although they can reduce the peak
and set point levels of viremia.1–4 The contribution of vaccine-
induced neutralizing antibodies (NAbs) in controlling virus
infection has been more difficult to evaluate. Many vaccine
regimens were either not designed to elicit or failed to gen-

erate NAbs against the challenge virus.1–9 In a few SHIV-
based vaccine studies, the induction of vaccine-induced NAbs
was associated with sterilizing protection, although a contri-
bution of cellular immune responses could not be conclu-
sively ruled out.10,11 The most unambiguous demonstration
that preexisting NAbs can be protective comes from passive
transfer studies in which the administration of neutralizing
immunoglobulin (IgG) or neutralizing monoclonal antibodies
prior to virus challenge conferred sterilizing protection.12–17

Whereas passive transfer experiments represent a ‘‘proof of
concept’’ for NAb-mediated protection, a vaccine(s) capable
of consistently eliciting such antibodies against genetically
homologous or heterologous primate lentiviruses has not yet
been developed. Several characteristics intrinsic to these
viruses have made this a formidable challenge. First, NAbs
invariably target the viral envelope (Env) protein, which ex-
hibits a high degree of genetic and antigenic variability.18 A
second major obstacle involves the emergence of new anti-
genic variants in an infected individual, which escape NAbs
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generated against viruses present at earlier times.19–21 None-
theless, a few monoclonal NAbs, which target conserved re-
gions within the viral Env, have been generated from clinical
specimens collected from HIV-1-infected persons.22 Although
these types of antibodies are rarely detected,23,24 and it is
currently unknown how to elicit similar humoral responses,
the identification of these and additional NAbs that target
conserved Env epitopes is considered to be a critical step in
developing immunogens that can counter the effects of anti-
genic variability and drift.

Measurements of the level and breadth of NAb responses
in samples collected from vaccinees, infected individuals, or
HIV surrogate animal models have relied on a variety of an-
tiviral neutralization assays.17,20,21,25–30 Early assays were
based on the ability of NAbs to completely block or suppress
virus replication in peripheral blood mononuclear cells
(PBMCs) or T cell line cultures.16,17,26,29,30 Because these as-
says relied on the control of spreading virus infections, cul-
tures had to be maintained for extended periods of time for
the antiviral neutralization effects to become evident. These
labor-intensive systems were subsequently supplanted by
newer high-throughput assays. Currently, the TZM-bl re-
porter cell system is the most widely used NAb assay.28 It
utilizes replication-defective Env-pseudotyped challenge
viruses produced from transfected 293T cells and the read-
out is inhibition of virus entry (e.g., 50% reduction in virus-
induced luciferase activity or EC50). In studies assessing the
breadth of antivirus inhibition, the TZM-bl assay has been
employed to screen NAb activities in plasma samples from
infected individuals that are directed against HIV isolates
bearing genetically diverse viral Envs.23,25 Furthermore, be-
cause the same neutralization assay format is now used in
many laboratories, a degree of standardization in the HIV-1
vaccine field has been achieved that allows the results from
different laboratories to be compared.28 Although ever-
increasing amounts of data have been collected with the
TZM-bl system, little is known relating the NAb titers ob-
tained to the protection of individuals or animals subse-
quently exposed to primate lentiviruses.

We have previously administered purified IgG containing
high titered polyclonal NAbs against SHIVDH12 to 21 pigtailed
macaques (Macaca nemestrina) and determined the NAb titer
(1:38) in the plasma required to protect 99% of the animals
against an intravenous (IV) challenge of 75 TCID50.

15 This
protective titer was derived using Reed–Muench analysis31 of
the data from a 14-day spreading infection assay, which mea-
sures the complete inhibition of SHIVDH12 replication in cell
cultures at the limiting dilution end point. The current study
was undertaken to assess the protective NAb titers in several of
the same animal plasma samples using the TZM-bl reporter
system. Because the two assays used different readouts (com-
plete inhibition of spreading infections and 50% reduction of
virus entry), statistical approaches were developed to compare
the NAb titers derived from both systems and to compile sets of
deduced NAb titers conferring a range (33–99%) of protection
against the SHIV infection in challenged animals.

Materials and Methods

Viruses stocks and titrations

The preparation of the original macaque PMBC-derived
SHIVDH12 stock has been previously described.32 Replication-

competent 293T-derived SHIVDH12 was generated by trans-
fecting 293T cells with 7.5 mg of the full-length pSHIVDH12

plasmid molecular clone DNA32 using Lipofectamine 2000
(Invitrogen, Carlsbad, CA) according to the manufacturer’s
recommendations. The transfected cells were incubated for
48 h, virus-containing supernatants were collected, filtered
through a 0.45-mm filter (Costar, Corning, NY), and aliquots
were stored at �708C. To generate 293T-derived SHIVDH12

pseudotyped virus, two separate plasmids were constructed.
The first contained a �2 frameshift mutation that was intro-
duced beginning at nucleotide 306 of the env gene of the
full-length CCR5-tropic SHIVAD8 molecular clone (R. Willey
and R. Sadjadpour, unpublished), creating the plasmid
pSHIVAD8env�. A plasmid expressing the SHIVDH12 env gene,
pCMVDHenv, was generated by polymerase chain reaction
(PCR) amplification of the rev, vpu, and env genes from the
pHIV-1DH12 molecular clone33 and subcloning into the NotI
sites of the pCMVbeta expression plasmid (Clontech, Palo
Alto, CA). Both plasmids (5mg pSHIVAD8env� and 2mg
pCMVDHenv) were cotransfected into 293T cells and the
resulting pseudotyped virus was collected and stored as
described.

The PBMC and 293T cell-derived virus stocks were titrated
by end point dilution in the TZM-bl cell line20, 21 and mea-
suring luciferase activity expressed as relative luminescence
units (RLU). Four-fold serial dilutions of the virus stocks were
performed in complete Dulbecco’s modified Eagle’s medium
(DMEM) containing 10% heat-inactivated fetal bovine serum
(FBS) and supplemented with 25 mM HEPES, 2 mM gluta-
mine, 100 units=ml of penicillin, and 100mg=ml of strepto-
mycin. Forty microliters from each virus dilution was added
to each of four replicate 96-well flat bottom culture wells
(Costar, Corning, NY), followed by the addition of 10 ml of
heat-inactivated pigtailed macaque plasma (diluted 1:4). Re-
plicate cultures without virus (mock infected) were also tested
in parallel for each titration. Following a 1-h incubation at
378C, 1�104 TZM-bl cells in 150 ml DMEM medium and DEAE
dextran (20mg=ml) were added to each well (DEAE dextran
final concentration 15mg=ml) and the cultures were incubated
for an additional 28 h. The 28-h incubation time was selected
to minimize additional rounds of virus replication. Cultures
were incubated for 48 h when pseudotyped virus was titered.
Following the virus incubation period, the medium was re-
moved from each well by aspiration, the cells were lysed in
80 ml of luciferase cell lysis buffer (Promega, Madison, WI),
and the RLU in 30ml of each lysate was measured using a
commercial luciferase detection kit (Promega, Madison, WI)
and an LB940 Multilabel Reader (Berthold Technologies,
Dresher, PA). The RLU was determined from each set of
replicate wells and adjusted for background activity by sub-
tracting the RLU measured in the mock-infected cultures. The
amount of replication-competent PBMCs and 293T-dervied
virus required to give 5�104 RLU per well was derived from
titration curves. In the case of the pseudotyped virus stock, the
amount of virus required to give 1�105 RLU was determined.

Virus neutralization assays

The collection and preparation of plasma samples from
pigtailed macaques, 24 h following the administration of anti-
HIV-1 neutralizing IgG, have been previously described.15,17

All samples, including plasma collected from a naive pigtailed
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macaque that had not received any IgG, were heated to 568C
for 1 h and insoluble material was removed by centrifugation
prior to use. Each sample was initially diluted 1:4 in DMEM
followed by 2-fold serial dilutions in 1:4-diluted naive pig-
tailed macaque plasma, so that all of the cultures assayed
contained the same amount of total pigtailed macaque plasma
(final dilution of 1:20 with virus; 1:80 after the addition of
cells). Dilutions of the different virus stocks were prepared in
DMEM so that 40ml would generate the desired amount of
RLU per well. Each titration also contained wells without
virus for measurements of background luciferase activity. A
total of 10ml of each diluted plasma was added to the ap-
propriate wells, the plates were incubated for 1 h at 378C, and
TZM-bl cells were added as described above. The lowest di-
lution for all plasma samples, mixed with virus prior to the
addition of cells, was 1:20. Cultures were incubated for 28
or 48 h following the addition of cells for the replication-
competent and pseudotyped viruses, respectively, and the
RLU determined as described above. Plasma dose–response
curves from the titrations were plotted and the plasma dilu-
tion causing a 50% reduction in the RLU, compared to virus
with naive plasma controls, was determined as described
below. Two independent titration experiments were per-
formed for each virus and plasma sample.

Neutralization EC50 determinations
and statistical analyses

EC50s were calculated from the TZM-bl assays using the
four-parameter logistic model for each plasma sample and
individual virus preparations; the EC50s from replicate assays
were then averaged. If neither replica reached the 50% level,
an EC50 value, which was half of the lowest observed value for
any other plasma sample, was used. The relationship between
the titers determined in the TZM-bl and MT4 assays was es-
timated using linear regression and Pearson’s correlation.

Probit regression was used to model the relationship be-
tween the titers for complete suppression of virus replication
obtained from the MT4 cell neutralization assay and in vivo
protection using all 21 monkeys.34 Probit regression assumes
that the probability of infection for a given MT4 readout¼X is
given by �(aþ bx) where a and b are estimated using maxi-
mum likelihood and F(z) is the standard normal cumulative
distribution function evaluated at z. Titers for various levels of
protection (e.g., 33%, 99%) were determined from the probit
model estimates and the method of profile likelihood was
used to construct 95% confidence intervals.35 Likelihood ratio
tests were used to test whether a relationship (i.e., nonzero
probit slope b) between the MT4 cell neutralization assay and
in vivo protection existed.

An augmented probit regression was used to relate TZM-bl
readouts to in vivo protection. For the 11 macaques with ex-
perimentally measured neutralization titers, standard probit

regression applied and the probability of in vivo protection
given a TZM-bl readout¼ x is given by �(aþ bx), as described
above. For the 10 monkeys with no plasma samples, a range of
plausible TZM-bl values, based on MT4 assay readouts and
linear regression, was obtained. For those monkeys with just
an MT4 assay readout¼X, the probability of protection is
given by a weighted average of�(aþ bx1), �(aþ bx2), … ,
where the potential TZM-bl readouts x1, x2 … are weighted
according to their probability given the MT4¼X. Intuitively,
given a tight linear relationship between the MT4 and TZM-bl
readouts, there will be a tight interval of plausible TZM-bl
readouts. Importantly, this approach does not simply substi-
tute the unobserved TZM-bl titer with its predicted value
based on MT4 and linear regression, but takes into account the
uncertainty of the prediction. As was the case for the MT4
assay, likelihood methods were used to estimate parameters,
to obtain the ID33, ID99, etc., CIs, and to test for the existence
of a relationship between neutralization titers and in vivo
protection (see the Appendix).

Results

Plasma NAb titers measured in the TZM-bl system

We previously reported that sterilizing protection of 99% of
macaques inoculated intravenously with 75 TCID50 of
SHIVDH12 required the passive transfer of antiviral IgG suf-
ficient to generate a plasma NAb titer of 1:38 prior to virus
exposure.15 This level of neutralizing activity was determined
using Reed–Muench statistical analysis31 of a 14-day spread-
ing infection neutralization assay in MT4 cells in which
plasma samples from 21 IgG recipients were evaluated. In the
current study, the antiviral titers of several of the same plasma
samples were measured in the TZM-bl neutralization system
to compare the protective in vivo NAb titers deduced from
assays that differed both in format and readout. The neutrali-
zation sensitivities of three different SHIVDH12 preparations
were evaluated using the TZM-bl assay (Table 1). Replication-
competent SHIVDH12, prepared in macaque PBMCs and in-
oculated intravenously into the monkey recipients of the
neutralizing IgG in the previous study, is designated SHIV
PBMC. Infectious full-length SHIVDH12, produced in 293T
cells following transfection with pSHIVDH12, is designated
SHIV 293T. Replication-incompetent virus, pseudotyped with
the SHIVDH12 Env, was generated in 293T cells as described in
Materials and Methods and is designated SHIV (Pseudo)
293T. These three SHIV preparations were chosen to evaluate
(1) producer cell effects (SHIV PBMC vs. SHIV 293T) and (2)
pseudotyping [SHIV (Pseudo) 293 vs. SHIV 293T] on the
neutralization titers obtained in the TZM-bl system.

Plasma samples, collected 24 h following passive transfer,
were available for testing from 11 of the original 21 animals
and the dilution capable of reducing virus infectivity by 50%

Table 1. SHIVs Used in Neutralization Assays

Virus Origin Properties

SHIV PBMC Infected macaque PBMCs Replication-competent SHIVDH12 inoculum used in macaque studies
SHIV 293T Transfected 293T cells Replication-competent SHIVDH12 used in tissue culture experiments
SHIV (Pseudo) 293T Transfected 293T cells Pseudotyped replication incompetent virus bearing SHIVDH12 envelope
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in the TZM-bl assay was determined. The titrations from one
of two replicate neutralization assays for all of the plasma
samples tested and for the three SHIV preparations are shown
in Fig. 1. Visual inspection of the titration curves indicated
that with one exception, all of the plasma samples had NAb
activity sufficient to reduce the infectivity of all three viruses
in TZM-bl cells by more than 50%. A 50% reduction was not
attained with the 96P076 plasma sample against the SHIV
PBMCs in either replicate assay at the lowest dilution (1:20) of
plasma tested (Fig. 1, top panel). The NAb inhibition curves
exhibited a general shift toward the higher plasma dilutions
when the virus tested was produced in 293T cells, versus
PBMCs, indicating that the SHIV 293T and SHIV (Pseudo) 293T
stocks were more sensitive to NAbs than the SHIV PBMCs.

Based on the data shown in Fig. 1, EC50 neutralization titers
were calculated for the three viruses against individual
monkey plasma samples using the four-parameter logistic
model described in Materials and Methods. The average EC50

titers, determined from replicate TZM-bl assays, were then
compared to the NAb titers previously determined in the MT4
cell system (Table 2, Observed). An increase in the TZM-bl-
derived EC50 NAb titers was observed for all of the monkey
plasma samples compared to those reported for SHIV PBMCs
in our previous study, with the exception of 96P076 men-
tioned earlier. The geometric mean (gm) of the NAb titers
measured against SHIV PBMCs in the TZM-bl system was
4.3-fold higher than that obtained using the MT4 cell assay.
This increase was not unexpected as the TZM-bl readout re-
lied on a 50% reduction (EC50) in virus entry versus the
complete block [100% neutralization (EC100)] of spreading
virus infections in MT4 cells. Furthermore, the gm NAb titers
measured for SHIV 293T and SHIV (Pseudo) 293T in the TZM-
bl assay were 20.6- and 33.1-fold higher, respectively, com-
pared to the NAb titers previously measured in MT4 cells
using SHIV PBMCs. Thus, both the cell of origin and the use of
pseudotyped virus affected neutralization sensitivity in the
TZM-bl system.

Determining in vivo protection titers

As noted earlier, Reed–Muench analysis of data from our
previous study, in which NAb titers were defined as the
highest dilution of plasma preventing virus infection in MT4
cell cultures, predicted that a neutralizing titer of 1:38 would

confer 99% protection to macaques challenged intravenously
with 75 TCID50 of SHIVDH12. When probit regression was
used to analyze the neutralization results for the 21 macaques
evaluated in the previous study, a significant relationship
between the MT4 cell-derived titers and the probability of
infection was observed ( p¼ 0.02). Based on the probit model,
an NAb titer of 1:50 (95% CI 1:25, 1:4300) was required to
confer 99% protection (Fig. 2).

A major goal of this study was to relate EC50 levels, de-
termined in the TZM-bl system, to neutralizing titers confer-
ring protection to macaques challenged with SHIVDH12 and to
include plasma samples from all 21 macaques, previously
evaluated using the MT4 cell neutralization assay, in the
analysis. As noted earlier, plasma specimens from only 11 of
the original animals were available. To obtain EC50 values for
the 10 monkeys with no plasma samples available for testing
in the TZM-bl system, linear regression was used to compare
the neutralization titers obtained against all three SHIV
preparations in both assays. Eighty percent prediction inter-
vals for the EC50 values of these 10 animals were determined
from these regression curves (Fig. 3, Table 2 predicted).

To estimate the relationship between the EC50 neutralization
titers for all 21 macaques and protection from a subsequent
SHIV infection, the augmented probit regression model de-
scribed in Materials and Methods was used. Figure 4a shows
the estimated probit fitted curve for SHIV (Pseudo) 293T; the
experimentally determined results plus the predicted data with
the 80% intervals are each indicated. The fitted curves for all
three SHIV preparations relating protection in vivo with TZM-
bl neutralization titers are presented in Fig. 4b. Estimated titers,
conferring various levels of protection, were derived from these
probit curves and are shown in Table 3 along with the p-value
for the test of a relationship between NAb titer and protection.
Taken together, the analyses for all three viruses show a sig-
nificant relationship between EC50 titers and protection from
infection ( p¼ 0.02 or 0.01).

The NAb titers for SHIV PBMCs provide a direct compar-
ison of the two assay formats to predict protection against a
SHIVDH12 infection. As noted above, probit regression esti-
mated that a titer of 1:50, against the SHIV PBMCs in the MT4
assay, would protect 99% of the challenged animals. When the
same virus and plasma samples were evaluated in the TZM-bl
system, 99% protection in vivo required a titer of 1:1096 (95%
CI 1:174, 1:2�1011). If SHIV (Pseudo) 293T was the test virus

FIG. 1. Neutralization of replication-competent and pseudotyped SHIVDH12 preparations with pigtailed macaque plasma
specimens. Plasma samples were collected from the indicated animals 24 h following transfer of neutralizing IgG and
immediately prior to SHIVDH12 challenge. The Nab activity was titrated using the TZM-bl assay.
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evaluated in the TZM-bl assay, the calculated 99% titer in-
creased to 1:4467 (95% CI 1:978, 5.0�107). A 99% protective
NAb titer may be too difficult to achieve with any vaccine
regimen or may not be required in lieu of contributions by
other components of the immune system. Therefore, the lower
protection estimates and corresponding NAb titers shown in
Table 3 may provide for a more realistic evaluation of the
results derived from the TZM-bl analyses. In this regard, more
modest NAb titers (1:234; CI 1:53 to 1:618) would be required
to achieve 50% protection in vivo when pseudotyped virus
is used to screen NAb in plasma samples using the TZM-bl
assay. It is also important to note that the estimated protective
NAb titers shown for the SHIV (Pseudo) 293T are potentially
the most applicable to current studies assessing NAb activity
since pseudotyped HIV-1, SIV, and SHIV preparations are the
most commonly used viruses in TZM-bl assays to measure
plasma NAb levels in preclinical vaccine experiments.

Discussion

The development and use of engineered cell lines, in
combination with Env-pseudotyped viruses able to activate
reporter genes,20,21 have greatly simplified measurements of

NAbs present in HIV-1-infected individuals and in SIV- and
SHIV-infected animals and have reduced the interlaboratory
variability in monitoring neutralizing activity.28 The TZM-bl
cell-based assay has standardized and facilitated high-
throughput screenings for broadly reacting neutralizing ac-
tivities23,25,36,37 and studies of the emergence of neutralization
escape variants in HIV-infected individuals.20,21,38 Despite the
plethora of anti-HIV and SIV=SHIV NAb data generated with
the TZM-bl system, the assay has yet to yield information
relating the virus neutralization titers obtained to in vivo NAb
levels that confer protection to individuals or animals exposed
to virus.

We and others have previously reported the levels of NAbs
required for protection against virus challenge in the X4-
tropic SHIV macaque animal model following the transfer of
anti-HIV-1 neutralizing IgG or monoclonal antibodies.12–17 In
earlier experiments, we used a 14-day MT4 cell-based neu-
tralization assay and reported that a plasma NAb titer of 1:38
at the time of virus challenge would protect 99% of the ani-
mals against SHIVDH12 infection, as determined by Reed–
Muench analysis.15 In the current study, the same data were
evaluated using standard probit regression. An advantage of
probit regression is its ability to provide confidence intervals

Table 2. Comparisons of NAb Titers

NAb assay in MT4 cells
NAb assay in TZM-bl cells

Observed

SHIV PBMCs
SHIV PBMCs SHIV 293T SHIV (Pseudo) 293T

Animal ID
Sterilizing
protection

NAb titer in plasma
(complete inhibition of

spreading infection)
NAb titer in plasma

EC50 (SD)
NAb titer in plasma

EC50 (SD)
NAb titer in plasma

EC50 (SD)

98P049 Yes 1:123 1:332 (65) 1:2531 (580) 1:4074 (505)
98P031 Yes 1:123 1:413 (125) 1:1481 (117) 1:1812 (529)
98P043 Yes 1:40 1:117 (3) 1:820a 1:1484 (11)
98P045 Yes 1:18 1:52 (24) 1:428 (94) 1:1015 (41)
98P046 No 1:18 1:66 (12) 1:371 (16) 1:843 (14)
98P023 Yes 1:15 1:54 (12) 1:430 (66) 1:854 (117)
98P021 Yes 1:13 1:36 (25) 1:201 (8) 1:375 (93)
98P061 Yes 1:12 1:195 (23) 1:392 (76) 1:417 (48)
98P082 No 1:7 1:177 (5) 1:275 (81) 1:278 (10)
98P042 Yes 1:6 1:30 (9) 1:68 (11) 1:92a

96P076 No 1:3 1:5b 1:55 (7) 1:96 (1)

Predicted

SHIV PBMCs SHIV PBMCs SHIV 293T SHIV (Pseudo) 293T

Animal ID
Sterilizing
protection

NAb titer in plasma
(complete inhibition of

spreading infection)

NAb titer in plasma
(80% prediction

interval for EC50)c

NAb titer in plasma
(80% prediction

interval for EC50)

NAb titer in plasma
(80% prediction

interval for EC50)

98P024 Yes 1:40 1:55–1:420 1:480–1:1272 1:1717–1:2230
94P011 Yes 1:8 1:14–1:109 1:107–1:284 1:158–1:491
98P035 No 1:7 1:13–1:97 1:95–1:251 1:139–1:433
94P040 Yes 1:5 1:10–1:73 1:69–1:184 1:101–1:315
94P028 No 1:4 1:18–1:61 1:56–1:149 1:82–1:256
96P088 Yes 1:4 1:8–1:61 1:56–1:149 1:82–1:256
96P081 No 1:4 1:8–1:61 1:56–1:149 1:82–1:256
94P032 No 1:3 1:6–1:48 1:34–1:114 1:63–1:195
94P029 No 1:3 1:6–1:48 1:34–1:114 1:63–1:195
94P027 No 1:3 1:6–1:48 1:34–1:114 1:63–1:195

aAn EC50 neutralization titer was obtained from only one replicate.
bEstimated EC50; a 50% neutralization titer could not be obtained for either replicate.
c80% predicted TZM-bl NAb titer intervals based on a linear regression model for animals for which plasma was no longer available (see

Fig. 3).
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FIG. 2. Probit regression analysis relating the NAb titers determined in the MT4 cell assay and protection from SHIVDH12

infection. Titers for different levels of protection for 21 macaques were determined from probit model estimates and profile
likelihood was used to construct 95% confidence intervals as described in Materials and Methods and in the Appendix. The
NAb titer estimated to protect 99% of challenged animals is indicated by the vertical dotted line.

FIG. 3. Linear regression analyses comparing NAb titers determined in the TZM-bl cell and MT4 cell assays. The black dots
indicate the experimentally derived data using available plasma samples from 11 macaques. The vertical lines indicate 80%
prediction intervals for EC50 values for the 10 animals from which no plasma samples were available as described in
Materials and Methods. The three SHIV preparations used for neutralization assays are indicated.
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that reflect the uncertainty based on smaller sample sizes (21
monkeys). Probit regression analysis estimated that a plasma
NAb titer of 1:50 (95% CI 1:25, 1:4300) determined in the MT4
cell assay would protect 99% of virus-challenged animals.
This titer is similar to that (viz. 1:38) predicted by Reed–
Muench,31 although there is uncertainty about the actual
value as reflected in the confidence interval.

The major aim of the current study was to determine the
relationship between neutralization titers determined in the
TZM-bl assay and protection in the SHIV=macaque model.
The strong linear relationship between the neutralization ti-
ters obtained from the TZM-bl and MT4 cell assays (Fig. 3)
allowed us to incorporate data from all 21 monkeys from the
original study and link the TZM-bl EC50 results with the
subsequent protection=infection of SHIV-inoculated animals.
It should be noted that the confidence intervals derived from
the augmented probit model incorporate the uncertainty in
the estimates arising from the sample of 21 monkeys as well as

the additional uncertainty involving approximating the TZM-
bl titers for 10 of these animals.

Our results indicate that when neutralization of SHIV
PBMC was assessed in the TZM-bl system, a titer of 1:1096
was estimated to confer 99% protection against a SHIVDH12

challenge (Table 3). This NAb titer is significantly higher than
the protective titer (1:50) determined by probit regression
analysis of the data derived from the previously reported MT4
cell neutralization assay. When SHIV (Pseudo) 293T was used
as the test virus in the TZM-bl system, the plasma NAb titer
calculated to confer 99% protection increased to 1:4467. The
titers determined in the MT4 cell and TZM-bl assays are
clearly based on different readouts making a direct compari-
son difficult. Furthermore, the use of the more sensitive 293T
cell-derived and pseudotyped viruses both contributed to
protective neutralizing titers that were much higher than
those obtained from the MT4 cell assay using SHIV PBMCs.
The influences of cell of origin and pseudotyping on the NAb

FIG. 4. Augmented probit regression analyses relating EC50 NAb titers determined using the TZM-bl system and protection
from SHIVDH12 infection. (a) The 11 dots are the experimentally derived EC50 titers from the 11 macaques from which plasma
samples were available. The horizontal lines represent predicted 80% confidence intervals for EC50 titers for the 10 animals
from which plasma specimens were no longer available. NAb titers for different levels of protection were determined as
described in Materials and Methods and the Appendix and a fitted curve for this data set is shown. (b) Fitted curves from
augmented probit analyses relating NAb titers, determined in the TZM-bl system against the indicated SHIVs, and in vivo
protection are shown.

Table 3. Animal Protective Neutralizing Antibody Titers

% Protection

Assay Virus
Animals

(n) p-Value 99 90 80 50 33

MT4 cell SHIV PBMCs 21 0.02 50 (24.7, 4.303)a 20 (11, 249) 14 (8, 79) 7 (3, 14) 5 (1, 8)
TZM-bl SHIV PBMCs 21 0.02 1096 (174, 2.8211) 229 (73, 5.776) 118 (45, 6.804) 34 (2.5, 107) 18 (<1, 46)
TZM-bl SHIV 293T 21 0.007 2204 (587, 7.126) 661 (263, 5.144) 398 (185, 6.983) 151 (40, 365) 93 (8, 192)
TZM-bl SHIV (Pseudo)

293T
21 0.009 4467 (978, 4.977) 1175 (438, 1.775) 676 (299, 1794) 234 (53, 618) 141 (8, 308)

The NAb titers calculated from the augmented probit analyses shown in Figs. 2 and 4b are indicated in bold.
a95% confidence interval.
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titers are consistent with other studies, which reported that
virus produced from 293 T cells was more sensitive to neu-
tralization than genetically identical preparations generated
in PBMCs and that pseudotyped virus was more sensitive to
neutralization than replication-competent virus produced
from 293 T cells.27,39 However, depending on the source of
Nab tested, target cells used in the assay may also influence
Nab titers obtained.40 Nonetheless, the range of protective
neutralizing titers shown in Table 3 for SHIV (Pseudo) 293T
may be most relevant when interpreting NAb efficacy in view
of the widespread use of pseudotyped rather than replication-
competent virus in the TZM-bl assay.

Protection mediated by antiviral NAbs can be defined in
several ways when considered in the context of primate len-
tivirus infections. This includes the suppression of virus
replication=set point viremia, the prevention=delay of disease,
or the conferral of sterilizing immunity. In our experiments,
protection has been defined as blocking the establishment of
a SHIVDH12 infection in 99% of inoculated macaques, subse-
quent to the transfer of neutralizing IgG. This is an extremely
stringent definition of NAb-mediated protection when ap-
plied to the possible beneficial effects derived from prophy-
lactic vaccines, which may elicit multiple types of immune
responses in addition to the production of NAbs. For exam-
ple, previous reports have described anti-SIV=SHIV vaccine
regimens that elicit cytotoxic T lymphocyte responses that are
capable of reducing peak viremia and set point virus loads.1–3

6,8,9 Furthermore, antibody-dependent cell-mediated cyto-
toxicity activity (ADCC), observed during both HIV and SIV
in vivo infections and associated with reduced plasma viral
loads and slower disease progression,41–43 is not measurable
in standard NAb assays, and could contribute to the ‘‘pro-
tection’’ seen following passive transfer of neutralizing IgG, as
previously reported.44 Therefore, the range of NAb titers
shown in Table 3 should be viewed in the context of these
antibodies acting in concert with other vaccine-induced im-
mune responses. It is worth noting that the range of neutral-
ization activities shown was based on protecting animals
from an intravenous SHIVDH12 challenge of 75 TCID50. It is
likely that lower NAb titers might be required to protect
macaques against smaller virus inocula or via a mucosal ra-
ther than an intravenous route.

It is also interesting to compare the protective neutraliza-
tion titers shown in Table 3 for SHIV (Pseudo) 293T in the
TZM-bl assay with published NAb titers measured in HIV-1-
infected individuals using pseudotyped virus in the same
assay. One study, assessing the neutralizing activities present
in pooled sera from HIV-1 clade A- through D-infected indi-
viduals and directed against pseudotyped viruses bearing
‘‘early’’ envelope glycoproteins of diverse geographic origin,
reported geometric mean NAb titers ranging from 1:97 to
1:361 in individual pools.27 Another study, comparing levels
of plasma NAbs in HIV-superinfected individuals with pa-
tients carrying a single virus strain, reported that both cohorts
had TZM-bl EC50 titers of approximately 1:100 and noted that
this level of neutralizing activity was insufficient to block
superinfection.45 Finally, in a passive transfer study involving
the administration of a mixture of neutralizing monoclonal
antibodies (2G12, 2F5, and 4E10) to HIV-1-infected individ-
uals undergoing interruption of antiretroviral therapy, a
plasma NAb titer of >1:200 was calculated to suppress virus
rebound in 50% of responding patients.46 Although this latter

report differed markedly from our passive transfer experi-
ment (HIV-1 vs. SHIV; humans vs. macaques; suppression of
a preexisting infection vs. control of an acute infection; EC70

vs. mean NAb EC50 titer determinations in the TZM-bl assay),
the plasma NAb titers predicted to suppress viremia or
achieve protection in 50% of patients or monkeys, respec-
tively, were surprisingly similar (1:200 vs. 1:234). Our results
have related the NAb titers deduced from TZM-bl assays and
the control of lentivirus replication in vivo. However, the re-
lationship of these titers to protection of humans following
exposure to HIV-1 remains to be determined.

Appendix

In this appendix, we provide details on maximum likeli-
hood estimation and confidence interval construction using
the probit and augmented probit models. Let X be the log10

titer using the MT4 cell assay. The probit model assumes that
the probability a monkey becomes infected is given by
�(aþ bX), where F(z) is the standard normal cumulative
distribution function evaluated at z and a,b are unknown
parameters to be estimated. Let y¼ 1 if a monkey is infected
and 0 otherwise. We estimate the unknown parameters by
maximizing the log-likelihood:

l(a, b)¼
Xn

i¼ 1

yi lnf�(aþ bXi)gþ (1� yi)lnf1��(aþ bXi)g:

To construct 95% profile likelihood confidence intervals
for the ID50¼x¼� a=b, we form the profile log-likelihood,
l(x, b(x)), where b(x) is the maximum likelihood estimate of
b for a fixed o. See Cox and Hinkley35 for details. Confidence
intervals for the ID99 and ID33 etc. are similarly constructed. A
likelihood ratio test is used to test whether b is 0.

For the TMZ-bl assay, 10 monkeys have missing readouts
but were evaluated in the MT4 cell assay. Let x be the log10

EC50 based on the TMZ-bl assay. For monkeys with x missing
we assume that there is a linear relationship between the MT4
assay log10 titer X and the TMZ-bl log10 EC50 x:

x¼ h0þ h1Xþ e,

where e has a Gaussian distribution with mean 0 and variance
s2. The parameters h0, h1, s2 are estimated using least squares
and treated as fixed. Under the above assumptions, it can be
shown that for a monkey with an MT4 cell assay value of X,
the probability of infection is given by

Ef�(aþ bx)g¼�
aþ b(h0þ h1X)ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

1þ (bs)2
q

8><
>:

9>=
>;

,

where the expectation E is with respect to the (Gaussian)
distribution of x, which has a mean h0þ h1X and variance s2.
We construct the augmented probit log-likelihood by using
the above expression for the probability of infection in the
probit log-likelihood for the 10 monkeys with unknown x. For
the 11 monkeys for which x is measured, we use �(aþ bx).
Estimates of a,b are obtained by maximizing the augmented
probit log-likelihood. Profile likelihood and likelihood ratio
tests were used to construct confidence intervals and test if b
were 0.
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