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Use of R5-tropic SHIVs to investigate the development of cross-reacting anti-HIV-1
neutralizing antibodies in virus-infected and vaccinated nonhuman primate models of HIV/AIDS

Program Description
The Viral Pathogenesis and Vaccine Section (VPVS) develops and uses SIV and SIV/HIV chimeric viruses (SHIVs) as
surrogates of HIV-1 to investigate virus-induced immunopathogenesis and to develop effective prophylactic vaccines in
nonhuman primate models. Toward this end, we have constructed X4- and R5-tropic SHIVs that durably infect macaques and
cause systemic depletion of CD4+ T cells in rhesus monkeys, resulting in clinical disease. Recent work has focused on 1)
recombination-mediated changes in co-receptor utilization that confer an augmented pathogenic phenotype and 2) the
development of cross-reacting neutralizing antibodies directed against the HIV-1 envelope glycoproteins in animals
inoculated with the R5-tropic SHIVAD8.

Recent Results
Intermolecular recombination between HIV‑1 strains circulating in an infected individual is now recognized to be a major
mechanism involved in the emergence of drug-resistant and immunological escape variants. HIV‑1 recombination has been
studied in vivo by inoculating individual rhesus macaques with X4- and R5-tropic SHIVs. In one of the infected monkeys, both
SHIVs were potently suppressed by week 12 post-inoculation, but a burst of viremia at week 51 was accompanied by an
unrelenting loss of total CD4+ T cells and the development of clinical disease (Fig. 1A). PCR analyses of plasma viral RNA
indicated an env gene segment, containing the V3 region from the inoculated X4 SHIV, had been transferred into the genetic
background of the input R5 SHIV by intergenomic recombination, creating an X4 virus with novel replicative, serological, and
pathogenic properties (Fig. 1B). These results indicate that the effects of retrovirus recombination in vivo can be functionally
profound and may even occur when one of the recombination participants is undetectable in the circulation as cell-free virus.

Figure 1: Timeline of recombination events occurring in a rhesus monkey following the inoculation of X4 and R5 SHIVs.
A. Levels of plasma viral RNA and CD4+ T cells in the dually infected animal.
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Figure 1: Timeline of recombination events occurring in a rhesus monkey following the inoculation of X4 and R5 SHIVs.
B. Composition of envelope genes in the plasma virus(es) present following infection.
Credit: NIAID

An R5-tropic SHIV that causes gradual losses of both memory and naïve CD4+ T lymphocytes, generates anti-viral CD4+ and
CD8+ T-cell responses, and generates sustained chronic immune activation while maintaining variable levels of plasma
viremia (102 to 105 RNA copies/ml for up to three years post-innoculation) and death from immunode ciency has been
generated (Fig 2).

Figure 2A. Plasma Viral Copies / ML
Credit: NIAID

Figure 2: The levels of plasma viremia (a) and absolute numbers of peripheral CD4+ T lymphocytes (b) in rhesus macaques
inoculated intravenously with the R5-tropic SHIVAD8.
SHIVs express the HIV envelope glycoprotein and can therefore be used to evaluate HIV-1 Env speci c neutralizing antibody
(NAb) responses. Developing an SHIV that is capable of eliciting broad and potent NAb responses and tracking the evolution
of this immune response might provide unprecedented insight into the factors associated with the development of bNAbs.
https://www.niaid.nih.gov/research/malcolm-martin-md
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Plasma from 14 R5-tropic SHIV-infected macaques was therefore screened for the presence of high-titered broadly reacting
neutralizing activity, and a single macaque (Rh CE8J) with potent cross-clade plasma NAb response was identi ed (Fig. 3).
Neutralization assays were carried out using samples taken at serial time points and indicated that the development of broad
plasma neutralization was unusually rapid and coincided with the development of autologous NAbs. Furthermore, serum
mapping studies suggested that the bNAbs interact with carbohydrates and are critically dependent on the N332 glycan (Fig.
4).

Figure 3: Development of potent broadly cross-clade neutralizing antibodies
directed against heterologous HIV-1 strains by a macaque (Rh CE8J)
inoculated with the R5-tropic SHIVAD8. Titers in each cell are color coded as
follows: gray, IC50 <1:100; green, 1:100< IC50 <1:300; yellow, 1:300< IC50
<1:500; orange, 1:500< IC50 <1:1000; red, IC50 >1:1000.
Credit: NIAID

Figure 4: The cross-reacting anti-HIV-1 neutralizing activity generated in macaque CE8J is directed against the gp120 N332 glycan epitope. Plasma
samples collected at serial time points were tested for neutralizing activity against JR-CSF, MGRM-C26, and SHIVAD8 pseudovirus variants containing an
N332A mutation. Cells are color coded as follows: gray, IC50 <1:100; green, 1:100< IC50 <1:300; yellow, 1:300< IC50 <1:600; orange, 1:600< IC50 <1:1000;
red, IC50 >1:1000.
Credit: NIAID
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Malcolm A. Martin
Title: Medical Officer (Job titles are sourced from the OPM. Keep in mind that the
OPM has a limited set of job classifications with which to describe a wide variety
of employees, so in some cases a generic job classification will be used if a more
specific one is not available.)
Agency: National Institutes of Health
In 2018, Malcolm A. Martin was a Medical Officer at the National Institutes of Health in Bethesda, Maryland. As our dataset only goes
as far back as 2004, it is likely that has worked in the federal government prior to 2004.
Malcolm A. Martin is a RF-00 under the code is for use by hhs only. payscale and is among the highest-paid ten percent of
employees in the National Institutes of Health.

Year

Occupation

Paygrade

Base Salary

Bonus

Location

2018

Medical Officer

RF-00

$262,650

$0

Bethesda, Maryland

2017

Medical Officer

RF-00

$262,650

$0

Bethesda, Maryland

2016

Medical Officer

RF-00

$257,500

$0

Bethesda, Maryland

2015

Medical Officer

AD-00

$248,865

$0

Bethesda, Maryland

2014

Medical Officer

AD-00

$239,293

$0

Bethesda, Maryland

2013

Medical Officer

AD-00

$239,293

$0

Bethesda, Maryland

2012

Medical Officer

AD-00

$239,293

$0

Bethesda, Maryland

2011

Medical Officer

AD-00

$239,293

$0

Bethesda, Maryland

2010

Medical Officer

AD-00

$239,293

$0

Bethesda, Maryland

2009

Medical Officer

AD-00

$234,601

$0

Bethesda, Maryland

2008

Medical Officer

AD-00

$230,001

$0

Bethesda, Maryland

2007

Medical Officer

AD-00

$211,926

$1,500

Bethesda, Maryland

2006

Medical Officer

AD-00

$209,000

$0

Bethesda, Maryland

2005

Medical Officer

AD-00

$201,778

$0

Bethesda, Maryland

2004

Medical Officer

AD-00

$194,017

$0

Bethesda, Maryland

FederalPay's Employee Information Policy
Federal employees' salaries are considered public information under 5 U.S.C. § 552, and in the interest of government
transparency FederalPay publishes the salary information of all federal employees who earn more than $100,000 per year, or who
are in the highest paid 10% of their agency. This data is published unmodified, as provided by the OPM.
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Employee Statistics

Malcolm A. Martin's 2018 pay is

 108%
higher than the average Medical Officer across all agencies.
Malcolm A. Martin's 2018 pay is

 29%
higher than the average pay of a RF employee at the National Institutes of Health.
Malcolm A. Martin's pay trend during his or her government career in the National Institutes of Health:

Data Sources
The information provided on these pages is sourced from the Office of Personnel Management (OPM)
Enterprise Human
Resources Integration (EHRI)
dataset. Postal Service data is managed exclusively by the USPS . All information is
displayed unmodified and as provided by the source agency.
Federal employee salaries are public information under open government laws (5 U.S.C. § 552). FederalPay provides
this data in the interest of government transparency — employee data may not be used for commercial soliciting or vending of
any kind. Learn more about the FederalPay Employees Dataset here.
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Source: www.federalpay.org/employees/national-institutes-of-health/martin-malcolm-a
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Viral Pathogenesis and Vaccine Section
NIAID/DIR
VIEW SITE (https://www.niaid.nih.gov/node/3146)

Building 4, Room 315
4 Memorial Drive
Bethesda, MD 20892
301-496-4012
mmartin@niaid.nih.gov

Research Topics
The Viral Pathogenesis and Vaccine Section (VPVS) develops and uses SIV and
SIV/HIV chimeric viruses (SHIVs) as surrogates of HIV-1 to investigate virus-induced
immunopathogenesis and to develop effective prophylactic vaccines in nonhuman
primate models. Toward this end, we have constructed X4- and R5-tropic SHIVs that
durably infect macaques and cause systemic depletion of CD4+ T cells in rhesus
monkeys, resulting in clinical disease. Recent work has focused on 1) recombinationmediated changes in co-receptor utilization that confer an augmented pathogenic
phenotype and 2) the development of cross-reacting neutralizing antibodies
directed against the HIV-1 envelope glycoproteins in animals inoculated with the
R5-tropic SHIVAD8.
https://irp.nih.gov/pi/malcolm-martin

1/6

3/18/2020

Malcolm A. Martin, M.D. | Principal Investigators | NIH Intramural Research Program

Recent Results
Intermolecular recombination between HIV‑1 strains circulating in an infected
individual is now recognized to be a major mechanism involved in the emergence
of drug-resistant and immunological escape variants. HIV‑1 recombination has been
studied in vivo by inoculating individual rhesus macaques with X4- and R5-tropic
SHIVs. In one of the infected monkeys, both SHIVs were potently suppressed by
week 12 post-inoculation, but a burst of viremia at week 51 was accompanied by an
unrelenting loss of total CD4+ T cells and the development of clinical disease (Fig.
1A). PCR analyses of plasma viral RNA indicated an env gene segment, containing
the V3 region from the inoculated X4 SHIV, had been transferred into the genetic
background of the input R5 SHIV by intergenomic recombination, creating an X4
virus with novel replicative, serological, and pathogenic properties (Fig. 1B). These
results indicate that the effects of retrovirus recombination in vivo can be
functionally profound and may even occur when one of the recombination
participants is undetectable in the circulation as cell-free virus.

Timeline of recombination events occurring in a rhesus monkey following the
inoculation of X4 and R5 SHIVs.
Figure 1A

Composition of envelope genes in the plasma virus(es) present following infection.
Figure 1B
Figure 1: Timeline of recombination events occurring in a rhesus monkey following
the inoculation of X4 and R5 SHIVs. A. Levels of plasma viral RNA and CD4+ T cells in
the dually infected animal. B. Composition of envelope genes in the plasma virus(es)
present following infection.
An R5-tropic SHIV that causes gradual losses of both memory and naïve CD4+ T
lymphocytes, generates anti-viral CD4+ and CD8+ T-cell responses, and generates
sustained chronic immune activation while maintaining variable levels of plasma
viremia (102 to 105 RNA copies/ml for up to three years post-innoculation) and
death from immunodeficiency has been generated (Fig 2).
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Plasma Viral Copies / ML Total CD4+ Cells/jul Blood
Figure 2: The levels of plasma viremia (a) and absolute numbers of peripheral CD4+ T
lymphocytes (b) in rhesus macaques inoculated intravenously with the R5-tropic
SHIVAD8.
SHIVs express the HIV envelope glycoprotein and can therefore be used to evaluate
HIV-1 Env specific neutralizing antibody (NAb) responses. Developing an SHIV that is
capable of eliciting broad and potent NAb responses and tracking the evolution of
this immune response might provide unprecedented insight into the factors
associated with the development of bNAbs. Plasma from 14 R5-tropic SHIV-infected
macaques was therefore screened for the presence of high-titered broadly reacting
neutralizing activity, and a single macaque (Rh CE8J) with potent cross-clade
plasma NAb response was identified (Fig. 3). Neutralization assays were carried out
using samples taken at serial time points and indicated that the development of
broad plasma neutralization was unusually rapid and coincided with the
development of autologous NAbs. Furthermore, serum mapping studies suggested
that the bNAbs interact with carbohydrates and are critically dependent on the
N332 glycan (Fig. 4).

Development of potent broadly cross-clade neutralizing antibodies directed against
heterologous HIV-1 strains by a macaque (Rh CE8J) inoculated with the R5-tropic
SHIVAD8.
Figure 3: Development of potent broadly cross-clade neutralizing antibodies
directed against heterologous HIV-1 strains by a macaque (Rh CE8J) inoculated with
the R5-tropic SHIVAD8. Titers in each cell are color coded as follows: gray, IC50
<1:100; green, 1:100< IC50 <1:300; yellow, 1:300< IC50 <1:500; orange, 1:500< IC50
<1:1000; red, IC50 >1:1000.

The cross-reacting anti-HIV-1 neutralizing activity generated in macaque CE8J is
directed against the gp120 N332 glycan epitope.
Figure 4: The cross-reacting anti-HIV-1 neutralizing activity generated in macaque
CE8J is directed against the gp120 N332 glycan epitope. Plasma samples collected
at serial time points were tested for neutralizing activity against JR-CSF, MGRM-C26,
and SHIVAD8 pseudovirus variants containing an N332A mutation. Cells are color
https://irp.nih.gov/pi/malcolm-martin
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coded as follows: gray, IC50 <1:100; green, 1:100< IC50 <1:300; yellow, 1:300< IC50
<1:600; orange, 1:600< IC50 <1:1000; red, IC50 >1:1000.

Biography
Dr. Martin received an M.D. from Yale University School of Medicine in 1962 and,
following two years of clinical training in internal medicine at the University of
Rochester, joined NIH as a research associate. He initially investigated the replication
and gene regulation of SV40 and polyomaviruses and subsequently studied
endogenous murine and human retroviral sequences. Since 1984, his research
program has focused on HIV. Dr. Martin was appointed chief of the Laboratory of
Molecular Microbiology when it was established in 1981. He is a member of the
National Academy of Sciences and the recipient of numerous scientific awards.
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Production of Acquired Immunodeficiency Syndrome-Associated
Retrovirus in Human and Nonhuman Cells Transfected with an
Infectious Molecular Clone
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ARNOLD RABSON,' AND MALCOLM A. MARTIN'
Laboratory of Molecular Microbiology' and Laboratory of Immunoregulation,2 National Institute of Allergy and
Infectious Diseases, National Institutes of Health, Bethesda, Maryland 20892
Received 3 March 1986/Accepted 15 April 1986

We constructed an infectious molecular clone of acquired immunodeficiency syndrome-associated retrovirus.
Upon transfection, this clone directed the production of infectious virus particles in a wide variety of cells in
addition to human T4 cells. The progeny, infectious virions, were synthesized in mouse, mink, monkey, and
several human non-T cell lines, indicating the absence of any intracellular obstacle to viral RNA or protein
production or assembly. During the course of these studies, a human colon carcinoma cell line, exquisitely
sensitive to DNA transfection, was identified.

A group of T-lymphotropic retroviruses (RVs), with a
genomic structure characteristic of lentiviruses (34), has
been isolated from patients with acquired immunodeficiency
syndrome (AIDS), AIDS-related complex, and generalized
lymphadenopathy (2, 9, 23). During its propagation in vitro,
the virus selectively infects and ultimately kills the subset of
human T lymphocytes exhibiting the OKT4-Leu-3 phenotype (7, 20), the same cells that are profoundly affected in
individuals suffering from the disease (14, 15).
Mechanisms responsible for cell- and species-specific tropism(s) have been studied in a number of retroviral systems.
For both avian and murine RVs, restriction affecting the
interaction of the viral envelope glycoprotein and a specific
cell receptor has been demonstrated repeatedly and is responsible for the unique host range of xenotropic and
ecotropic mouse leukemia viruses (for a review, see reference 36). In the murine system, at least, retroviral restriction
or tropism may also be determined at a point subsequent to
adsorption and penetration. For example, the thymotropism
exhibited by many mink cell focus-forming murine leukemia
viruses very likely reflects the properties of enhancer elements present within the long terminal repeats of these
recombinant murine leukemia viruses (5). Furthermore, Fv-J
(29) restriction involves the interaction of viral capsid proteins (18, 19, 31) and certain cell component(s) during the
early phase of infection.
In this report, the potential restriction of AIDS RV replication in non-T4 lymphocytes was evaluated. Because the
transfection of an infectious molecular clone of the AIDS RV
provirus would bypass any barrier imposed by the interaction of virus particles with their receptors, intracellular
restriction affecting the expression of viral genes can be
readily examined. Cloned AIDS RV DNA was introduced
into 3 human lymphoid, 11 human nonlymphoid, and 3
nonhuman cell lines. The progeny, infectious virions, were
detected in 14 of the 17 transfected cell lines, indicating the
absence of any intracellular obstacle to viral RNA or protein
synthesis and assembly.
*

MATERIALS AND METHODS
Cells. The cell lines used in these studies are listed in Table
1. The three human lymphoid cell lines were propagated and
maintained in RPMI 1640 medium supplemented with heatinactivated (56°C for 30 min) 10% fetal calf serum. The
adherent cell lines listed in Table 1 were cultured in
Dulbecco modified Eagle minimal essential medium containing heat-inactivated 10% fetal calf serum. Normal human
peripheral blood lymphocytes (PBLs) were cryopreserved
and stored in liquid nitrogen until needed. Before use, the
PBLs were quickly thawed, washed, and prepared for infection as described previously (2).
Construction of an infectious molecular clone. The origin of
the NY5 and LAV AIDS RV isolates has been outlined
previously (2, 3). Molecular clones of integrated NY5 and
LAV proviruses were obtained from bacteriophage lambda
DNA libraries constructed from EcoRI-restricted preparations of virus-infected PBLs. NY5 proviral DNA, like other
North American isolates, contained a single EcoRI site at 5.7
kilobases (kb) and was cloned as two separate restriction
fragments containing either 5' or 3' flanking cellular DNA.
Integrated NY5 proviruses, cloned in EcoRI-digested X
Charon 4A (4), were identified by hybridization to 32p_
labeled pBenn6, which contains 6.5-kb AIDS RV sequences
mapping between 1.7 and 8.2 kb (8). Molecular clones
containing sequences located 3' to the EcoRI site at 5.7 kb of
LAV proviral DNA were isolated from a AJ1 (28) library
after hybridization with 32P-labeled pBenn4 (8). The cloned
NY5 and LAV proviruses were then transferred to EcoRIdigested pUC18 and subsequently used to construct fulllength clones.
Transfection assays. Nonlymphoid and lymphoid cells
were transfected by the calcium phosphate precipitation (16,
37) and electroporation (30) techniques, respectively, with
10 [ig of uncleaved plasmid DNA in each assay. Virus
production was monitored in non-T4 cells by cocultivation
with CD4+ A3.01 cells (106 cells of each type) 2 days after
transfection. Reverse transcriptase (RT) assays were carried
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TABLE 1. Cell lines used for transfection
Cell line

A3.01
BJAB

Description

Virus
productiona

Co-

Fil-

culture

trate

Source

or

reference

Human T-cell leukemia
Human B-cell lymphoma (EBV-)b
Human B-cell lymphoma (EBV +)c

+
+

+ 8
ND 22

-

ND ATCC CCL86

Human rhabdomyosarcoma cells
CHP126 Human neuroblastoma
cells
HMB2
Human melanoma cells
CAPAN-1 Human pancreatic carcinoma cells
SK-OV-3 Human ovarian carcinoma cells
T47D
Human breast carcinoma cells
CaCO-2 Human colon carcinoma cells
SK-CO-1 Human colon carcinoma cells
HT-29
Human colon carcinoma cells
SW480
Human colon carcinoma cells
SW1463 Human rectal carcinoma cells

+

Raji
A-204

Mink

COS-1
NIH 3T3

Mink lung epithelial
cells
Monkey kidney cells
transformed by simian virus 40
Mouse fibroblast cells

+

ATCC HTB82

-

ND 1

+

ND 39
+ ATCC HTB79

+

+
-

+
+

+

ATCC HTB77

ND 39
+

ATCC HTB37

ND ATCC HTB39

ND

+

ATCC HTB38

ND

+

ATCC CCL228

ND

+

ATCC CCL234

+
+
+

ND ATCC CCL64
+

12

ND ATCC CCL92

+, Production; -, no production. ND, Not determined.
h EBV-, Epstein-Barr virus negative.
EBV +, Epstein-Barr virus positive.

a
c

out at various times after cocultivation as described previ-

ously (8).
In situ hybridization. Transfected cell preparations were
sedimented onto polylysine-coated glass slides, fixed in
periodate-lysine-paraformaldehyde-glutaraldehyde, and pretreated with HCl and proteinase K to allow the labeled probe
to enter the cells (10, 11). Cells were prehybridized in 10 mM
Tris (pH 7.4)-2x standard saline citrate (SSC) (lx SSC is
0.15 M NaCl plus 0.015 M sodium citrate [pH 7.4])-50%
formamide-1 x Denhardt solution (0.02% polyvinylpyrrolidone, 0.02% Ficoll [Pharmacia Fine Chemicals,
Piscataway, N.J.], 0.02% bovine serum albumin)-200 p.g of
yeast tRNA per ml at 45°C for 2 h and were hybridized in this
solution plus 10% dextran sulfate, 5 puM dithiothreitol, and
106 cpm of 35S-labeled AIDS RV RNA in 10-pul reaction
mixtures. Subgenomic viral DNA fragments present in pBl
(3), pBenn6 (8), pBll (3), and a recombinant plasmid (pRGB) which contains a 1.35-kb HindIII fragment mapping
between 8.25 and 9.6 kb on the proviral DNA were
subcloned into SP6/T7 vectors (Promega Biotec, Madison,
Wis.), and the pooled DNAs were transcribed with 35Slabeled UTP (Amersham Corp., Arlington Heights, Ill.). The
labeled RNAs were incubated with 40 p.M NaHCO3-60 p.M
Na2CO3 [pH 10.2] before hybridization to facilitate their
entry into cells.
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Hybridization was performed at 45°C for 8 h. The samples
were then washed in 2x SSC at 22°C for 10 min, with two
changes; 2x SSC-0.1% Triton X-100 at 60°C for 30 min; 2x
SSC plus RNase A (40 jig/ml) and RNase T1 (10 U/ml) at
37°C for 30 min; and 2 x SSC at 60°C for 10 min. All solutions
except those with RNase A contained 5 ,uM dithiothreitol
and 1 ,uM EDTA. Autoradiography was performed for 1 to 2
days as described previously (11).
CAT assays. Chloramphenicol acetyltransferase (CAT)
assays with pSV2CAT DNA have been described previously
(13). The uptake of pSV2CAT DNA into transfected cells
was monitored by dot blot hybridization using 32P-labeled
pUC18 DNA.
RESULTS
Construction of full-length clones of the AIDS RV provirus.
Our previous experience indicated that only a minority of
cloned murine leukemia virus proviral DNAs were infectious
after their introduction into susceptible cells. Therefore, we
decided to take advantage of the single EcoRI site that
virtually bisected (located at 5.7 kb) the proviruses of North
American AIDS RV isolates (3), and we elected to mix and
match 5' and 3' halves of integrated proviral DNAs that had
been obtained from different infected cellular DNA libraries.
Representative examples are shown in the top portion of Fig.
1. XN5' consisted of a 20.2-kb EcoRI fragment in A Charon
4A that was cloned from a library of NY5-infected PBLs.
XL3 and XL4 were isolated from LAV-infected cellular DNA
preparations with a 3' AIDS RV probe and consisted of 7.5and 13.6-kb EcoRI inserts, respectively, in a XJ1 phage
vector. An 8.3-kb BamHI-EcoRI subclone of XN5' was
introduced into BamHI-EcoRI-digested pUC18 to generate a
plasmid designated pN5'. Because pN5' contained a single
EcoRI site, EcoRI fragments containing the 3' half of the
AIDS RV provirus could be readily introduced, thereby
generating full-length and potentially infectious constructs.
The EcoRI segments from XL3 (both orientations) and XL4
were inserted into pN5' (Fig. 1). Of note is the presence of a
unique Hincdll site at 8.7 kb in pNL4-3; a HincIl site at this
position (representing a restriction enzyme site polymorphism in the parental LAV virus stock) had been previously
identified in an isolate from Alabama (3).
Infectivity of full-length AIDS RV proviral DNA constructs was monitored after electroporation into A3.01 cells.
We have previously reported that the A3.01 cell line is >95%
Leu-3+ Leu-8' Leu-1+ and is exquisitely sensitive to AIDS
RV infection, exhibiting the same viral cytopathic effect
observed in infected PBLs, including cell death (8). Only the
pNL4-3 DNA construct was infectious after its introduction
into A3.01 cells (Fig. 2). Syncytia were visualized in cultures
transfected with pNL4-3 DNA as early as day 9. This was
followed by a peak of RT activity on day 16, as well as by a
profound reduction in the number of viable cells. pNL3-2
DNA failed to elicit any cytopathic effect or RT activity after
its electroporation into A3.01 cells. Because pNL3-2 contained the same 5' 5.7 kb of AIDS RV sequences present in
the infectious plasmid pNL4-3, an alteration affecting viral
sequences mapping 3' to the EcoRI joint most likely explains
the loss of biological activity.
Transfection of the infectious molecular clone of the AIDS
RV into nonhuman T cells. Viral infectivity studies indicate
that, with few exceptions (24, 27), the AIDS RV can only be
propagated in the Leu-3-OKT4 helper-inducer subset of
human T lymphocytes. This selective cell tropism most
likely reflects the interaction of AIDS RV particles with a
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FIG. 1. Construction of full-length clones of AIDS RV. Integrated NY5 and LAV proviruses were cloned in X Charon 4A (XN5') or XJ1
(XL3 and XL4), respectively (A). The EcoRI inserts of XL3 (both orientations) and XL4 were introduced into the EcoRl site of plasmid pN5'
DNA, which contained the BamHI-EcoRI segment from XN5' (see Materials and Methods) (B). Only inserts are shown. A schematic diagram
of AIDS proviral DNA is shown at the top of the figure. Abbreviations: B, BamHI; E, EcoRI; H, HincII; K, KpnI.

specific receptor(s) (7, 21, 26) on the surface of CD4+
lymphocytes. However, intracellular restriction involving,
for example, the activity of viral promoter or enhancer or the
assembly of viral proteins and genomic RNA into infectious
virions has not been formally ruled out. The existence of
such an intracellular block could readily be evaluated with
an infectious clone of the AIDS provirus, since the barrier
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Days after transfection

FIG. 2. Kinetics of virus infection after transfection of A3.01
cells. On day 0, pNL4-3 (0), pNL3-2 (A), or pNL3-1 (-) was
introduced into A3.01 cells by electroporation, and 106 viable cells
were placed in culture. The number of viable cells in the culture
(
) and RT activity (-- -) were monitored on the days indicated.

imposed by a specific cell receptor would no longer be a
factor.
pNL4-3 DNA was introduced into the 16 non-T cell lines
listed in Table 1, which included both human and nonhuman
cells. Because none of these transfected cells would be
expected to express the putative receptor for the AIDS RV,
it seemed very unlikely that progeny, virus particles produced as a result of the initial transfection, would reinfect
other cells in the culture. Because insufficient numbers of
virions would be generated to be detected directly by the RT
assay, CD4+ A3.01 cells were added to the cultures 48 h
after transfection to amplify any virions that appeared. The
presence of virus was monitored by RT assays at various
times after cocultivation. Of the 16 non-T cell lines, 13
yielded infectious AIDS RV particles as a consequence of
transfection with pNL4-3 DNA (Fig. 3 and Table 1). In most
cases, the peak of RT activity was detected 14 to 16 days
after transfection (12 to 14 days after cocultivation with
A3.01 cells); cocultures of COS-1 (monkey) and SK-OV-3
(human ovarian carcinoma) cells exhibited more rapid kinetics of virus production. A repeat of the experiment depicted
in Fig. 3 gave similar results. In a parallel experiment that
omitted cocultivation with A3.01 cells, no RT was detected.
To rule out the possibility that the non-T cell lines might
harbor a cryptic lymphotropic virus with RT activity, each
was cocultivated with A3.01 cells for 4 weeks; no infectious
virus was detected. In addition, when the noninfectious
molecular clone of the AIDS RV, pNL3-1, was transfected
into each of the cell lines listed in Table 1, no infectious
virions were generated, even after 4 weeks of coculture.
We were interested in ascertaining whether the progeny,
virus particles synthesized in non-T cells, entered A3.01
cells by cell-to-cell transfer or whether they budded into the
tissue culture medium and subsequently adsorbed to viral
receptors on the CD4+ target cells. Cell-free supernatants
obtained from eight (A204, CAPAN-1, CaCO-2, HT-29,
SK-OV-3, SW480, SW1463, COS-1) of the cell lines 48 h
after transfection and prepared by filtration of tissue culture
medium through 0.45-,um-pore membranes were used to
infect phytohemagglutinin-stimulated PBLs. Infectious
AIDS RV was present in all of the supernatants tested, with
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FIG. 3. Kinetics of RT activity in transfected cells cocultivated with A3.01 cells. On day 2 after transfection with the infectious molecular
clone pNL4-3, 106 cells were cocultured with 106 A3.01 cells, and RT activity was monitored on the days indicated. See Table 1 for the
description of each cell line.

peaks of RT detected 5 to 14 days after infection of the PBLs
(Table 1). No virus was detected when the supernatants of
mock-infected cultures were examined.
Replication of the AIDS RV in non-T cells was also
monitored by in situ hybridization. Viral RNA was readily
detected in the A204 rhabdomyosarcoma cell line 2 days
after transfection (Fig. 4A). RNase treatment of the
transfected cell preparation before hybridization reduced the
signal to background levels (zero to two grains per cell).
Assuming that five grains above background (seven or more
grains per cell) indicated the presence of AIDS RV RNA,
approximately 6.7% of the A204 cells were synthesizing viral
RNA 48 h after transfection. The number of cells expressing
viral RNA fell precipitously thereafter, to 0.2% on day 3 and
to 0 (out of 105 A204 cells examined) on day 7. The recovery
of virus by cocultivation with A3.01 cells on days 2 and 3 but
not on day 7 (data not shown) is consistent with these in situ
hybridization results. Similar transient expression of AIDS
RV RNA was observed in BJAB, SW480, and NIH 3T3 cells
transfected with pNL4-3 DNA (data not shown).
Failure to obtain a chronic AIDS RV-producing line. Because the non-T cell lines listed in Table 1, which synthesized infectious virus particles after transfection, apparently
lacked the receptor(s) that would permit the initial burst of
virions to spread throughout the culture, the possibility
existed that cells continuously producing virus might be
isolated from the mass culture of the transfected cells.
Therefore, A204 cells were cotransfected with pSV2NEO
and pNL4-3 DNAs (in a molar ratio of 1:10, respectively),
and G418-resistant cells were selected as described previously (35). In a companion experiment, no G418-resistant
clones were obtained from mock-transfected cells. None of
the 92 G418-resistant cell clones that were isolated during a

3-week period synthesized infectious AIDS RV after
cocultivation with A3.01 cells. This result suggested that the
resistant A204 cells, although containing the pSV2NEO
gene, harbored either a defective copy or no proviral DNA.
This finding also raised the possibility that nonlymphoid cells
undergoing productive infection with the AIDS virus may
also be killed in the process.
Identification of a human cell line that is exquisitely sensitive
to transfection by cloned AIDS RV proviral DNA. During the
examination of cell-free filtrates obtained from nonlymphoid
cells transfected with the infectious clone of the AIDS
provirus, we observed that one of the supernatants contained high levels of RT activity. A more careful evaluation
of the human colon carcinoma cell line SW480 revealed that
substantial amounts of RT activity were detectable 24 h
posttransfection (Fig. 5); these levels gradually fell to background levels over a 3-week period. When the experiment
depicted in Fig. 5 was monitored by in situ hybridization, 25
and 19% of the transfected SW480 cells were found to be
synthesizing viral RNA on days 1 and 2, respectively (Fig.
4B). In comparison with a cloned human CD4+ lymphocyte
cell line (S. Koenig, unpublished data) productively infected
with the AIDS RV (Fig. 4D), SW480 cells, expressing viral
gene products, contained two to five times more grains.
We considered the possibility that the unique susceptibility of SW480 cells to cloned AIDS RV proviral DNA might
represent a more global sensitivity to DNA transfection.
Therefore, pSV2CAT DNA was introduced into the seven
cell lines indicated in Table 2; conversion of chloramphenicol to its acetylated form, as well as DNA uptake, was
measured in each case. When normalized for DNA uptake,
SW480 cells were at least five times more efficient in CAT
gene expression than any of the other cells lines examined.
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FIG. 5. Kinetics of RT activity in SW480 cells transfected with
the infectious clone pNL4-3. On day 0, 3 x 106 SW480 cells were
transfected with the infectious clone pNL4-3 by the calcium phosphate precipitation method, and RT activity in the tissue culture
medium was monitored on the days indicated. 0 and A indicate the
results of two independent experiments.

DISCUSSION
A major conclusion of our experiments involving the
transfection of an infectious molecular clone of the AIDS
virus into several different cell lines is that the interaction of
AIDS RV particles with their receptor(s) is clearly the
principal determinant of cell tropism. Once this cell surface
restriction is negotiated, viral RNA and proteins are synthesized and assembled into infectious and cytopathic virions,
irrespective of cell type. Although this result might have
been inferred from earlier studies which showed that the
AIDS RV-trans-activating determinant functioned in a variety of cell types (33), this is the first report to demonstrate
that non-T cells of four different mammalian species are
capable of generating infectious virus.
Unlike the situation with the cloned provirus of HTLV-II,
which required cotransfection and selection with G418 (6),
infectivity with pNL4-3 DNA was observed after its introduction into the CD4+ A3.01 cells without the use of
selective pressure. A characteristic feature of transfecting
non-T cells with the cloned AIDS RV provirus is the
relatively short period (usually up to 7 days) during which
progeny are synthesized. This transient production of
virions, shown graphically in Fig. 5, most likely reflects the
failure of the input DNA to stably integrate into the chromosome of the transfected cells. Concatemers of the cloned
viral DNA formed during calcium phosphate precipitation
(16, 37) may function as pseudointegrated templates for
AIDS RV RNA synthesis for relatively brief periods of time,
after which they are degraded or otherwise eliminated.
Another explanation for the transient expression of virus
production after transfection is that cells are killed as a
consequence of synthesizing and assembling viral gene products. Proving cell death after the introduction of viral DNA
in the systems we used is technically very difficult. At best,
about 20% of transfected cells (in the case of SW480) were
synthesizing viral RNA during the first 48 h after transfection. Unlike experiments with CD4+ lymphocytes in which
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virtually all of the cells are killed by waves of newly
synthesized virions, nonlymphocytes, dying as a result of a
productive virus infection, would be replaced in the
monolayer by neighboring cells lacking the receptor(s) for
secondary infection by the progeny, AIDS RV particles, and
would thereby escape detection. Furthermore, the failure to
obtain G418-resistant cells that produce infectious viral
particles after cotransfection with pSV2NEO and pNL4-3
DNAs is certainly consistent with the death of nonlymphocytes expressing AIDS RV gene products.
Transfection of the cloned AIDS RV provirus resulted in
virus production in 13 of the 16 non-T cells examined. The
three instances in which no virus was detected should not be
presently viewed as examples of intracellular restriction.
Although no virus was generated after the introduction of the
infectious clone into Raji cells, a second B-lymphocyte line
(BJAB) synthesized replication-competent virions (Table 1).
Factors associated with the transfection assay per se, such
as the efficiency of DNA uptake, could very likely be
responsible for the failure to detect virus particles in all of
the cell lines examined.
A by-product of these investigations was the discovery of
a human colon carcinoma cell line that was particularly
sensitive to transfection. AIDS RV virions were demonstrable in cultures of SW480 cells 24 h posttransfection, thereby
obviating the necessity for cocultivation with CD4+ target
cells. This susceptibility to transfection also extended to
non-RV DNAs in experiments involving pSV2CAT DNA.
At the present time, we have no explanation for this unique
property of SW480 cells. Certainly, the augmented expression of transfected DNA is not due to increased DNA uptake
(Table 2), nor is it a characteristic feature of colon carcinoma
cells, since four other cell lines (Table 1) failed to exhibit this
property of SW480 cells.
We (3) and others (17, 25, 32, 38) have noted that the
genomic heterogeneity of the AIDS RV genome affects
primarily env gene sequences. Because the studies described
in this report demonstrate that the main determinant of cell
tropism involves the interaction of the viral envelope and
cell receptor(s), it is tempting, from an evolutionary viewpoint, to link env variability to the appearance of the AIDS
virus as a human pathogen. Stripped of its capsid and
envelope proteins, the cloned viral DNA was expressed as
TABLE 2. Relative CAT activity in cells transfected with

pSV2CAT
% Con-

CAT
DNA
uptakeb activityc

Cell line

Description

versiona

SW480
SK-CO-1
SK-OV-3
CAPAN-1
A-204

Human colon cells
Human colon cells
Human ovarian cells
Human pancreatic cells
Human rhabdomyosarcoma
cells
Human melanoma cells
Mouse fibroblasts

83.0
6.8
33.8
10.2
3.2

1.0
1.2
2.0
0.7
1.1

100
7
20
18
4

0.5
0.7

0.2
0.8

3
1

HMB2
NIH 3T3

aCAT assays were done with equivalent amounts of protein from each cell

lysate (100 ,ug per assay). After analysis by ascending thin-layer

chromotography, the rates of conversion were determined by scintillation
counting. CAT activity of mock-transfected cell lysates was less than 0.1%.
b DNA uptake was determined by dot blot hybridization using 32P-labeled
pUC18 DNA. Membranes were subsequently monitored in a liquid scintillation counter, and DNA uptake was normalized relative to that of SW480 cells.
The counts hybridized per nminute varied from 2,338 (HMB2) to 29,700

(SK-OV-3); mock-transfected cultures contained less than 200 cpm.
' CAT activity was normalized for conversion and DNA uptake relative to
that of SW480 cells.
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infectious virus in virtually all cells tested. One could
propose that an alteration more profound than is normally
observed in the env region of different AIDS RV isolates
drastically alters the cell and species target of a progenitor to
the AIDS virus. In the process, such a virus could lose its
original tropism and assume a new ecological niche: the
helper and inducer CD4+ lymphocytes of humans.
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Abstract
In the absence of an effective and safe vaccine against HIV-1, the administration of
broadly neutralizing antibodies (bNAbs) represents a logical alternative approach to
prevent virus transmission. Here, we introduced two mutations encoding amino acid
substitutions (M428L and N434S, collectively referred to as ‘LS’) into the genes
encoding the crystallizable fragment domains of the highly potent HIV-speciﬁc
3BNC117 and 10-1074 bNAbs to increase their half-lives and evaluated their efﬁcacy in
blocking infection following repeated low-dose mucosal challenges of rhesus
https://www.nature.com/articles/s41591-018-0001-2
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macaques (Macaca mulatta) with the tier 2 SHIVAD8-EO. A single intravenous infusion of
10-1074-LS monoclonal antibodies markedly delayed virus acquisition for 18 to 37
weeks (median, 27 weeks), whereas the protective effect of the 3BNC117-LS bNAb was
more modest (provided protection for 11–23 weeks; median, 17 weeks). Serum
concentrations of the 10-1074-LS monoclonal antibody gradually declined and became
undetectable in all recipients between weeks 26 and 41, whereas the 3BNC117-LS bNAb
exhibited a shorter half-life. To model immunoprophylaxis against genetically diverse
and/or neutralization-resistant HIV-1 strains, a combination of the 3BNC117-LS plus
10-1074-LS monoclonal antibodies was injected into macaques via the more clinically
relevant subcutaneous route. Even though the administered mixture contained an
amount of each bNAb that was nearly threefold less than the quantity of the single
monoclonal antibody in the intravenous injections, the monoclonal antibody
combination still protected macaques for a median of 20 weeks. The extended period
of protection observed in macaques for the 3BNC117-LS plus 10-1074-LS combination
could translate into an effective semiannual or annual immunoprophylaxis regimen for
preventing HIV-1 infections in humans.

Download PDF

Main
Because an effective anti-HIV-1 vaccine is not currently available nor imminent, new
approaches are needed to prevent HIV transmission. Such new strategies have
included the use of bNAbs, isolated from infected persons with high titers of anti-HIV1 neutralizing activity1,2,3. bNAbs are capable of neutralizing most circulating strains,
targeting different nonoverlapping epitopes on the HIV-1 envelope spike, such as the
CD4-binding site3,4,5, variable loop 1 and 2 (V1V2 loop)2,6, V3 loop1,7,8, the membrane
proximal region9 and a series of epitopes spanning the gp120–gp41 interacting
region10,11. Several bNAbs, including 3BNC117, VRC01, PGT121 and 10-1074, can protect
macaques from simian–HIV (SHIV) infections12,13,14,15,16,17. In addition, these antibodies
have been reported to control virus replication in chronically SHIV-infected
https://www.nature.com/articles/s41591-018-0001-2
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monkeys18,19,20,21. Human studies using the VRC01 or 3BNC117 monoclonal antibodies,
which target the CD4-binding site, or the 10-1074 monoclonal antibody, which binds to
the base of the gp120 V3 loop and surrounding glycans, have shown that the antibodies
are generally safe and active in vivo22,23,24,25. bNAb administration transiently reduces
plasma viremia and delays rebound during treatment interruption in individuals with
an HIV-1 infection22,23,24,25,26,27.
We previously reported that single intravenous (i.v.) injections of native VRC01,
3BNC117 or 10-1074 bNAbs (20 mg per kg body weight) prevented virus acquisition in
macaques following repeated low-dose (RLD) challenges with tier 2 SHIVAD8-EO as
compared to control monkeys that received no anti-HIV-1 neutralizing monoclonal
antibodies12. In that study, the 3BNC117 and 10-1074 bNAbs protected monkeys for a
median of 13 and 12.5 weeks, respectively, whereas VRC01, possessing lower
neutralizing activity against SHIVAD8-EO, blocked infection for a shorter period of time
(a median of 8 weeks). In addition, the VRC01 monoclonal antibody, carrying a twoamino-acid substitution (LS) introduced into its crystallizable fragment domain that
increased its serum half-life by two- to threefold12,28, was also evaluated. As compared
to the unmodiﬁed VRC01, the VRC01 monoclonal antibody with the LS substitution
(VRC01-LS) exhibited a longer median protective effect (14.5 versus 8.0 weeks).
Here we have examined two aspects of anti-HIV-1 immunoprophylaxis: (1) the longterm efﬁcacy of the more potent 3BNC117 or 10-1074 bNAbs with the LS substitution in
the crystallizable fragment infused individually through the i.v. route; and (2) the
prevention of virus acquisition via the combination of LS-mutant 3BNC117 and 10-1074
monoclonal antibodies administered subcutaneously (s.c.). Our results show that a
single infusion of the 10-1074-LS monoclonal antibody protected four of six monkeys
challenged on a weekly basis for more than 6 months. In addition and despite volume
limitations (1.0 ml), s.c. combination immunoprophylaxis conferred protection in ﬁve of
six monkeys against RLD virus challenge for a median of 20 weeks.
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Results
Neutralizing potency of the LS-modiﬁed monoclonal antibodies
To examine the anti-SHIVAD8-EO neutralizing activity of the native12 and LS-modiﬁed
forms of 3BNC117 and 10-1074, we performed virus neutralization assays using either
pseudotyped (Fig. 1a) or replication-competent (Fig. 1b) viruses during infections of
TZM-bl cells. The half-maximal inhibitory concentrations (IC50s) of the native and LSmodiﬁed forms of the 3BNC117 and 10-1074 monoclonal antibodies were nearly
indistinguishable in the TZM-bl pseudovirus assay (0.07 versus 0.09 µg/ml and 0.08
versus 0.08 µg/ml, respectively). Similarly, assays using replication-competent
SHIVAD8-EO showed IC50 values for the native and LS-modiﬁed forms of 3BNC117 and
10-1074 of 0.11 versus 0.11 µg/ml and 0.09 versus 0.08 µg/ml, respectively. The
corresponding 80% inhibitory concentration (IC80) values were 0.24 versus 0.37 µg/ml
and 0.15 versus 0.15 µg/ml for native and LS-modiﬁed forms of 3BNC117 and 10-1074
monoclonal antibodies, respectively. We conclude that the LS-modiﬁed forms of
3BNC117 and 10-1074 have neutralization activities similar to those of the native
antibodies in these in vitro assays.

https://www.nature.com/articles/s41591-018-0001-2

4/36

3/18/2020

A single injection of crystallizable fragment domain–modified antibodies elicits durable protection from SHIV infection | Nature Medicine

Fig. 1: Neutralization sensitivity of broadly acting neutralizing anti-HIV-1
monoclonal antibodies against SHIVAD8-EO.

a, Top, neutralizing activity of the indicated bNAbs was determined against SHIVAD8-EO
pseudovirions using TZM-bl target cells. Bottom, the calculated IC50 and IC80 values for
the antibodies. b, Top, neutralizing activity of the indicated bNAbs was determined
against replication-competent SHIVAD8-EO in a single-round TZM-bl infectivity assay in
the presence of indinavir. Bottom, the calculated IC50 and IC80 values for the
antibodies. The neutralization assays were repeated three times with similar results.
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3BNC117-LS or 10-1074-LS monoclonal antibody administration confers long-term
protection against repeated mucosal SHIV challenges
To determine the protective efﬁcacy of 3BNC117-LS and 10-1074-LS monoclonal
antibodies in macaques, we performed intrarectal (i.r.) RLD challenge experiments. All
monkeys were inoculated with 10 tissue culture infectious dose 50 (TCID50) of
SHIVAD8-EO at weekly intervals until they became viremic, as determined through realtime RT-PCR analysis (Fig. 2a). This inoculum size was previously shown to be
equivalent to 0.27 animal infectious dose 50 (AID50)12. Twelve control monkeys, which
received no monoclonal antibodies, became infected after two to six challenges, with a
median of three weekly virus exposures needed to infect all 12 monkeys (Fig. 2b). The
protective efﬁcacy of 3BNC117-LS or 10-1074-LS was assessed following a single i.v.
infusion of each monoclonal antibody (20 mg per kg body weight) in six monkeys. The
macaques were challenged beginning one week after bNAb administration, and in
addition to levels of viral RNA, we measured serum bNAb concentrations, anti-SHIV
neutralizing titers and anti-bNAb responses.
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Fig. 2: Crystallizable fragment domain–modiﬁed HIV monoclonal antibodies
confer durable protection against repeated low-dose IR SHIVAD8-EO challenges.

a, Experimental design for assessment of the protective efficacy of monoclonal
antibodies in rhesus macaques. Single doses of the indicated individual monoclonal
antibodies (20 mg per kg body weight) or combination monoclonal antibodies (7.5 mg
per kg body weight of each monoclonal antibody) were administered either i.v. or s.c.
Macaques were challenged with SHIVAD8-EO via the i.r. route weekly, beginning 1 week
following monoclonal antibody (mAb) infusion. b, Plasma viral loads in rhesus
macaques receiving no monoclonal antibody (controls; n = 12) challenged weekly with
SHIVAD8-EO. c,d, Plasma viral loads in rhesus macaques (n = 6 per group) challenged
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weekly with SHIVAD8-EO beginning 1 week after i.v. administration of 3BNC117-LS (c) or
10-1074-LS (d) monoclonal antibody.

The LS-modiﬁed bNAbs were well tolerated in all 12 monkeys. In the six 3BNC117-LS
bNAb recipients, 11 to 23 challenges were required to establish infection, and the
median time to virus acquisition was 17 weeks for this group of monkeys (Fig. 2c). In
the case of the 10-1074-LS recipients, 18 to 37 virus challenges were needed to
establish an infection, and the median time to virus acquisition was 27 weeks (Fig. 2d).
The median times to virus acquisition in the recipients of the native 10-1074 and
3BNC117 monoclonal antibodies were 12.5 and 13 weeks, respectively12. Thus, the 101074-LS bNAb conferred a 2.2-fold increase (12.5 to 27) in the number of challenges
needed to establish an infection compared with the unmodiﬁed 10-1074 monoclonal
antibody, whereas the 3BNC117-LS bNAb conferred a modest 1.3-fold (13 to 17
challenges) improvement. The protective effects of the 3BNC117-LS and 10-1074-LS
bNAbs were also compared to the control cohort using Kaplan–Meier analysis, in
which the percentage of macaques remaining uninfected was plotted against the
number of SHIVAD8-EO challenges (Fig. 3a). As indicated in Fig. 3b, the recipients of
3BNC117-LS and 10-1074-LS monoclonal antibodies were signiﬁcantly more resistant to
SHIVAD8-EO acquisition than the control monkeys (P = 0.004 and 0.004, respectively).
Furthermore, 10-1074-LS was signiﬁcantly different from native 10-1074 (P = 0.026),
whereas the 3BNC117-LS was not statistically different from its native form (P = 0.108).
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Fig. 3: Protective effects of 3BNC117-LS and 10-1074-LS monoclonal antibodies
against virus acquisition in rhesus macaques.
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a, Kaplan–Meier analysis was used to assess infection rates for controls and recipients of
3BNC117-LS and 10-1074-LS monoclonal antibodies and their native forms. The
https://www.nature.com/articles/s41591-018-0001-2
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percentage of uninfected rhesus macaques following SHIVAD8-EO i.r. challenge was
assessed for the monoclonal antibody recipients (n = 6 per group) and control monkeys
(n = 12). b, P values were determined using Wilcoxon rank-sum test (two-sided)
comparing the number of challenges resulting in infections of control monkeys versus
the individual monoclonal antibody–recipient group or between different monoclonal
antibody–recipient groups.

In vivo protective activity is dependent upon monoclonal antibody
pharmacokinetics
To determine how LS-modiﬁed bNAbs in monkey sera relate to protection, we
measured the concentrations of these antibodies at various times after administration.
The serum concentrations of 3BNC117-LS in ﬁve of six recipients gradually declined
and became undetectable between weeks 16 and 22 following infusion (Fig. 4a and
Supplementary Table 1). One 3BNC117-LS monoclonal antibody recipient (DFH3),
however, experienced rapid decay of the administered antibody, and the monoclonal
antibody concentrations in this monkey declined to undetectable levels by week 5
postinfusion. In contrast, none of the six macaques infused with the 10-1074-LS bNAb
exhibited a rapid loss of the administered monoclonal antibodies; bNAbs were
measurable until weeks 26–41 in this cohort of monkeys (Fig. 4b and Supplementary
Table 1). The median serum-neutralizing activities of the 3BNC117-LS and 10-1074-LS
monoclonal antibodies 1 week after infusion were 1:2,538 and 1:9,840, respectively (P =
0.0022, Wilcoxon rank-sum test; Supplementary Fig. 1). These values are similar to
comparable titers (1:3,248 and 1:7,163) measured at 1 week following infusion of the
native 3BNC117 and 10-1074 bNAbs, respectively12. Thus, despite exhibiting similar
neutralization activities against SHIVAD8-EO in vitro (Fig. 1), the neutralization titers of
each bNAb at 1 week following infusion were different from one another in vivo, with
higher titers measured for native 10-1074 and 10-1074-LS compared to native 3BNC117
and 3BNC117-LS.
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Fig. 4: Serum antibody concentrations in rhesus macaques infused with
crystallizable fragment domain–modiﬁed monoclonal antibodies.
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a, Concentrations of 3BNC117-LS antibody were measured in serum over the course of
6 months following a single i.v. infusion (20 mg per kg body weight) of the 3BNC117-LS
monoclonal antibody using the TZM-bl cell assay. b, Concentrations of 10-1074-LS
antibody were measured in serum for 9 months after i.v. infusion of a single 20 mg per
kg body weight dose of 10-1074-LS monoclonal antibody using a TZM-bl cell assay.
The assay was performed twice.

The introduction of the LS-encoding mutations into the gene encoding VRC01
extended its serum half-life by two- to threefold12,28. The half-life of 3BNC117-LS
ranged from 1.5 to 3.2 weeks (median, 2.8 weeks), whereas native 3BNC117 had a halflife of 0.7 to 1.7 weeks (median, 1.4 weeks), as shown in Supplementary Table 2.
Similarly, the half-life of 10-1074-LS ranged from 3.0 to 4.9 weeks (median, 3.8 weeks)
and the native monoclonal antibody exhibited a half-life of 0.6 to 3.2 weeks (median,
1.0 week), as shown in Supplementary Table 2. Thus, the LS-encoding mutation
increased the half-lives of native 3BNC117 and 10-1074 by 2.0- and 3.8-fold, respectively
(P = 0.0044 for 3BNC117-LS versus 3BNC117 and P = 0.0014 for 10-1074-LS versus 101074).
bNAb combination immunoprophylaxis prevents SHIV acquisition
In view of the extraordinary genetic diversity of HIV-1, it is likely that prophylaxis
against HIV-1 in humans will require a combination of bNAbs targeting different
epitopes on the viral envelope. In addition, i.v. antibody administration is far less
desirable as a means of prophylaxis in humans than injection via the s.c. route. To
evaluate the protective efﬁcacy of combining bNAbs, we administered 3BNC117-LS plus
10-1074-LS monoclonal antibodies (7.5 mg per kg body weight of each) in a clinically
https://www.nature.com/articles/s41591-018-0001-2
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relevant volume of 1 ml s.c. to a cohort of six macaques, which were challenged weekly
with 10 TCID50 of SHIVAD8-EO, as described above. This monoclonal antibody dose was
nearly three times lower than that used when each bNAb was i.v. administered
individually (20 mg per kg body weight of each), as described earlier. As shown in
Fig. 5a, combination monoclonal antibody prophylaxis conferred protection for 15 to 24
challenges in ﬁve of the six recipients. One monkey (DFM6) became infected after only
six i.r. challenges. The median time to virus acquisition for the entire cohort was 20
weeks (P = 0.004 compared to untreated controls, Wilcoxon rank-sum test; Fig. 5b).
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Fig. 5: Protection efﬁcacy of combination 3BNC117-LS plus 10-1074-LS
monoclonal antibody administered s.c. to rhesus macaques.

a, Plasma viral loads in rhesus macaques (n = 6) challenged repeatedly with SHIVAD8-EO
beginning 1 week after the s.c. administration of a single dose of the 3BNC117-LS plus
10-1074-LS monoclonal antibody mixture (7.5 mg per kg body weight of each). b,
Kaplan–Meier survival curves show the percentage of rhesus macaques remaining
uninfected following repeated SHIVAD8-EO i.r. challenges required to establish infection
of monoclonal antibody–combination recipients (n = 6) or controls (n = 12). P values
were determined using the Wilcoxon rank-sum test (two-sided) comparing the number
of challenges resulting in infection of the controls and monoclonal antibody–
combination recipients. c,d, Concentrations of 10-1074-LS and 3BNC117-LS monoclonal
antibodies were measured, using the TZM-bl cell assay, in serum of rhesus macaques
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administered a single injection of the monoclonal antibody mixture s.c. Antibody
concentrations were measured twice.

The concentrations of the 3BNC117-LS and 10-1074-LS monoclonal antibodies in sera
from individual macaques were determined longitudinally (Fig. 5c,d). The serum
concentrations of 3BNC117-LS monoclonal antibody declined to undetectable levels
between 5 and 9 weeks in all but one of the six recipients (Fig. 5d and Supplementary
Table 3). The sixth monkey, DFD7, maintained measurable concentrations of the
3BNC117-LS monoclonal antibody until week 18 following s.c. administration. In
contrast, the 10-1074-LS bNAb gradually declined in ﬁve of the six monkeys and was
detected in circulation until weeks 18–27 post administration in all ﬁve of these
monkeys (Fig. 5c and Supplementary Table 3). One macaque (DFM6) experienced rapid
loss of both monoclonal antibodies and became infected after six weekly challenges
(Fig. 5a). The pattern of anti-HIV-1 serum neutralizing titers in recipients of the
3BNC117-LS plus 10-1074-LS monoclonal antibody mixture paralleled the serum
concentrations of the 10-1074-LS monoclonal antibody, but not that of the 3BNC117-LS
monoclonal antibody, in this macaque cohort (compare Supplementary Fig. 2 with
Fig. 5c,d). Taken together, these results show that the 10-1074-LS monoclonal antibody
was solely responsible for the protection of ﬁve of the six macaques after week 7.
Monoclonal antibody concentration and neutralization activity predict the
probability of infection
We used probit regression analysis to estimate an S-shaped curve that describes the
per-challenge probability of infection as a function of the serum monoclonal antibody
concentration (Supplementary Tables 1 and 3). The estimated probit curve for these
studies is shown in Fig. 6a. Likelihood ratio tests indicated that the same probit curve
could be applied for each of the following monoclonal antibodies: native 3BNC117 and
3BNC117-LS; native 10-1074 and 10-1074-LS; and the 3BNC117-LS plus 10-1074-LS
combination. Thus, a given amount of monoclonal antibody from any of the ﬁve types
https://www.nature.com/articles/s41591-018-0001-2
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evaluated predicted the same per-challenge infection probability. The serum
monoclonal antibody concentration, corresponding to a per-challenge infection
probability of 1%, was calculated to be 2.67 μg/ml (95% conﬁdence interval, 1.85–3.48
for all of the monoclonal antibodies evaluated). As shown in Fig. 6b, the median
monoclonal antibody serum concentrations at breakthrough of infection were
calculated to be 0.13 and 1.07 μg/ml for native 10-1074 and 10-1074-LS, respectively;
0.20 and 0.28 μg/ml for native 3BNC117 and 3BNC117-LS, respectively; and 0.67 μg/ml
for the bNAb combination. The slightly higher breakthrough plasma bNAb
concentration observed for the 10-1074-LS monoclonal antibody (1.07 μg/ml)
compared to the three other individual bNAbs analyzed in Fig. 6b cannot be presently
explained despite the similar potencies of these antibodies when measured in vitro
(Fig. 1). Perhaps this difference reﬂects currently unknown variables affecting bNAb
activity in vivo that are not operative in vitro.
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Fig. 6: Antibody concentration predicts the probability of infection.

a, Probit regression was used to model the probability of infection based on antibody
concentrations in serum of rhesus macaques at the time of each SHIVAD8-EO challenge.
The probability of infection for the control monkeys (n = 12) was estimated to be 0.27.
The fitted probability, determined using the probit regression model, is plotted for all
recipients of LS-modified monoclonal antibodies (n = 18) and native monoclonal
antibodies (n = 12; previously reported12). Each red circle indicates the monoclonal
antibody concentration at the time of virus challenge resulting in infection; blue circles
indicate the monoclonal antibody concentration at the time of virus challenge not
resulting in infection. A monoclonal antibody concentration of 2.67 μg/ml in serum was
predicted to have a 0.01 per-challenge infection probability. b, Concentrations of
monoclonal antibodies in sera from rhesus macaques at the time of virus acquisition.
The tops and bottoms of each box represent 75th and 25th percentiles, respectively.
The bars above and/or below each box (whiskers) represent the entire spread of the
data points, and the heavier line represents the median value for each group (n = 6 per
group, except for controls, where n = 12). Some of the data points on the box plots are
superimposed.

The protective efﬁcacy of different serum antibody concentrations, relative to the perchallenge risk of infection, was also determined. Antibody efﬁcacy was deﬁned as
100% × ((1 – (per-challenge infection probability at a given antibody
concentration)) / (per-challenge infection probability with no antibody)) (see statistical
analysis in the Methods for details). The antibody efﬁcacies were 97% (95% conﬁdence
interval, 92–100%) and 61% (95% conﬁdence interval, 49–77%) for all of the wild-type
and crystallizable fragment domain–modiﬁed 3BNC117 and 10-1074 bNAbs used in this
study at serum concentrations of 3.0 and 1.0 μg/ml, respectively.
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Anti-antibody responses against human monoclonal antibodies can cause their
rapid decay in macaques
Macaque recipients of human anti-HIV-1 bNAbs variably produce anti-antibodies that
are associated with accelerated bNAb clearance, and in prevention experiments, this
leads to virus acquisition12. In the current study, one monkey (DFH3), in the cohort of
six 3BNC117-LS monoclonal antibody recipients, developed anti-antibodies at 3 to 4
weeks after infusion and experienced a decline of bNAb concentrations to
undetectable levels by week 5 (Fig. 4a and Supplementary Fig. 3a). The most striking
example of anti-antibody production occurred in the bNAb combination experiment,
where four of six monkeys developed speciﬁc anti-3BNC117-LS antibodies after 4 to 6
weeks, and one of these macaques (DFM6) also produced anti-antibodies to the 101074-LS component of the mixture in a similar time frame (Supplementary Fig. 3c,d). As
expected, the generation of anti-antibodies against both 3BNC117-LS and 10-1074-LS
monoclonal antibodies in monkey DFM6 was associated with a rapid decline of both
serum bNAb concentrations (Fig. 5c,d) and measurable neutralization titers in this
animal (Supplementary Fig. 2), resulting in the establishment of infection.

Discussion
The most striking result obtained in this study is the long period of protective efﬁcacy
conferred by a single injection of crystallizable fragment domain–modiﬁed human
anti-HIV-1 neutralizing antibodies in macaques compared to that previously
reported12. A single i.v. infusion of the 10-1074-LS bNAb protected a cohort of six
monkeys for up to 8.5 months (18–37 weeks). The introduction of the LS substitution
into 10-1074 lengthened the median time until SHIVAD8-EO acquisition from 12.5 to 27
weeks. The administered 10-1074-LS bNAb was measurable in the serum for 26–41
weeks and had a calculated half-life of 3.8 weeks.
The effects of LS on 3BNC117 were more modest than those on 10-1074 and were
consistent with a shorter half-life (2.6 versus 3.8 weeks), a smaller increase in half-life
https://www.nature.com/articles/s41591-018-0001-2
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(2- versus 3.8-fold) and a lower initial serum concentration (Supplementary Table 2).
These observations are also entirely in accordance with the observation that native
3BNC117 has a shorter half-life than 10-1074 in humans (17 versus 24 d)22,23. This
difference in pharmacokinetics notwithstanding, a serum concentration of 2.68 μg/ml
for either LS-modiﬁed bNAb derivative was calculated to protect 99% of the macaque
recipients.
We tested combination immunoprophylaxis via the s.c. route, employing the 3BNC117LS plus 10-1074-LS monoclonal antibodies, which target different gp120 epitopes, to
model potential exposure to genetically diverse and/or resistant HIV-1 strains.
Unexpectedly, four of six of these monkeys developed high titers of anti-3BNC117-LS
antibodies within 5–9 weeks of administration, which resulted in the rapid elimination
of this monoclonal antibody. This loss of the 3BNC117-LS component of the bNAb
combination could be viewed as the biological equivalent of the previously reported
emergence of viral variants resistant to an administered anti-HIV-1 monoclonal
antibody20,23,26,27,29,30. Nonetheless, the inclusion of 10-1074-LS in the administered
bNAb combination resulted in the maintenance of neutralizing activity in serum for
several months, prevented the establishment of a virus infection for an additional 6–14
weeks and was solely responsible for the observed protection (median, 20 weeks) in
this cohort of SHIVAD8-EO-challenged macaques.
Development of anti-antibodies against the administered human bNAbs in macaques
was not unexpected. In fact, bNAb concentrations and neutralization titers invariably
declined in 15 of the 24 monkeys infused with 3BNC117-LS and/or 10-1074-LS
monoclonal antibodies when anti-bNAb titers exceeded a titer of 1:1,000
(Supplementary Fig. 3a–d). Although the generation of such antibodies will always
remain a problem in the context of monkey recipients of human monoclonal
antibodies, it is highly unlikely that a cross-species immune response of this frequency
and potency and the attending rapid clearance of administered bNAbs will occur in
humans. In this regard, two recent clinical studies have reported that VRC01
administered to healthy human adults failed to elicit detectable anti-antibodies24,25,
https://www.nature.com/articles/s41591-018-0001-2
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and 3BNC117 and 10-1074 showed stable pharmacokinetics in humans after repeated
dosing over a period of 6 months (data not shown).
Before the development of an effective vaccine against hepatitis A virus, pre-exposure
immunoprophylaxis through administering immunoglobulin intramuscularly was
common practice and conferred protection for 3–5 months31. In the absence of an
effective HIV vaccine or the development of one in the immediate future, it is not
unreasonable to contemplate a similar use of crystallizable fragment domain–modiﬁed
anti-HIV monoclonal antibodies, such as those described in this report, which, in the
case of 10-1074-LS bNAb, conferred protection in macaques against SHIVAD8-EO for
more than 6 months.
Although this study reports a promising preclinical result relevant to HIV-1 prevention,
it must be remembered that to be clinically effective for immunoprophylaxis, bNAbs
must be capable of preventing the acquisition of genetically diverse populations of the
virus, not a molecularly cloned SHIV expressing a single envelope protein. The planned
extension of the LS-modiﬁed bNAb results reported here to humans in a phase 1
clinical trial to evaluate the pharmacokinetics of 3BNC117-LS administered to groups of
individuals with and without HIV infections thus represents the next step in this
process (http://www.clinicaltrials.gov/; NCT03254277).

Methods
Rhesus monkeys
Thirty rhesus macaques (Macaca mulatta) of Indian genetic origin, 2–4 years of age,
were housed and cared for in accordance with Guide for Care and Use of Laboratory
Animals Report no. NIH 82-53 (Department of Health and Human Services, Bethesda,
Maryland, 1985) in a biosafety level 2 NIH facility. All animal procedures and
experiments were performed according to protocols approved by the Institutional
https://www.nature.com/articles/s41591-018-0001-2
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Animal Care and Use Committee of National Institute of Allergy and Infectious Disease,
NIH. Monkeys were not randomized, and the data were not collected in a blinded
manner. The macaques used in this study did not express the MHC class I Mamu-A*01,
Mamu-B*08 and Mamu-B*17 alleles. No monkeys were excluded from the analysis.
Nine of the twelve control monkeys and recipients of the native 3BNC117 (n = 6) and 101074 (n = 6) bNAbs were reported in a previous study12. Blood was drawn regularly to
monitor viral infection, passively transferred monoclonal antibody concentrations and
serum neutralizing activity.
Monoclonal antibodies
The 3BNC117 monoclonal antibody is a recombinant, fully human IgG1 λ antibody
recognizing the CD4-binding site on the HIV-1 gp120 envelope5. This antibody was
cloned from an HIV-1-infected viremic controller in the International HIV Controller
Study5,32, and the mutations encoding the LS substitution were introduced to the
heavy chain–encoding gene of 3BNC117 bNAb through site-directed mutagenesis.
Plasmids encoding the heavy and light chain genes were transiently cotransfected and
expressed in Chinese hamster ovary cells (clone 5D5-5C10), and supernatant was
puriﬁed using standard methods. The resulting puriﬁed monoclonal antibody,
designated 3BNC117-LS, was used for i.v. and s.c. injections of macaques. 10-1074 is a
recombinant, fully human IgG1 λ monoclonal antibody recognizing the base of the
gp120 V3 loop and surrounding glycans on the HIV-1 envelope protein8. The 10-1074
monoclonal antibody was cloned from an African donor (patient 10) infected with an
HIV-1 clade A virus33. LS-encoding mutations were introduced into the heavy chain–
encoding gene of 10-1074, expressed in Chinese hamster ovary cells (clone 3G4), and
the puriﬁed bNAb, designated 10-1074-LS, was used in the study. A single dose (20 mg
per kg body weight) of each monoclonal antibody was infused i.v. to individual
monkeys.
To model immunoprophylaxis via the more clinically relevant s.c. route, a bNAb
combination, which included both 3BNC117-LS and 10-1074-LS monoclonal antibodies
https://www.nature.com/articles/s41591-018-0001-2
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(7.5 mg per kg body weight of each), in a total volume of 1 ml, was administered s.c. into
the medial inner thigh of individual animals using a 1-inch, 25-gauge needle.
Virus challenge
The origin and preparation of the tissue-culture-derived SHIVAD8-EO stock has been
previously described34; the infectivity of virus stock was titrated on peripheral blood
mononuclear cells (PBMCs) from rhesus macaques. SHIVAD8-EO is an molecularly
cloned derivative of SHIVAD8 that is R5 tropic and possesses multiple properties typical
of pathogenic HIV-1 isolates34,35,36. It exhibits a tier 2 neutralization-sensitivity
phenotype, replicates to high levels in rhesus macaque PBMCs, generates sustained
levels of plasma viremia and causes irreversible depletion of CD4+ T cells, resulting in a
symptomatic and ultimately fatal immunodeﬁciency associated with opportunistic
infections (Mycobacterium sp., Pneumocystis sp., Cryptosporidium sp.) in infected
monkeys. All animals were inoculated through the i.r. route with 10 TCID50 of SHIVAD8EO

at weekly intervals until infection became established. This inoculum size was

previously shown to be equivalent to 0.27 AID5012. A pediatric speculum was used to
gently open the rectum, and a 1-ml suspension of virus in a tuberculin syringe was
slowly infused into the rectal cavity.
Neutralization antibody assay
The in vitro potency of each monoclonal antibody was assessed using two types of
neutralization assays: (1) TZM-bl entry assay with a pseudotyped virus and (2) TZM-bl
infection assay using a replication-competent virus. The pseudotyped virus expresses
the SHIVAD8-EO envelope antigen and the luciferase reporter gene. In the case of the
replication-competent virus assay, the indinavir protease inhibitor was added to the
medium (ﬁnal concentration of 1 µM) to prevent a second round of viral replication.
Neutralization activity was quantitated by the relative decrease in the luciferase
activity compared to infection of TZM.bl cells in the absence of monoclonal antibodies.
Neutralization curves were subjected to ﬁtting through nonlinear regression using a
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ﬁve-parameter equation using GraphPad Prism. The antibody concentrations required
to inhibit infection by 50% or 80% are reported as the IC50 or IC80, respectively.
Measurement of 3BNC117-LS and 10-1074-LS monoclonal antibody concentrations
Serum concentrations of 3BNC117-LS and 10-1074-LS bNAbs were determined using
TZM.bl neutralization assays as previously described23. Sera were heat-inactivated for
1 h at 56 °C, and neutralizing activity was measured against two HIV-1 strains. HIV-1
strain Q769.d22 is highly sensitive to 3BNC117 but resistant to 10-1074, whereas the
X2088_c9 strain is highly sensitive to 10-1074 but resistant 3BNC117. ID50 values were
derived using ﬁve-parameter curve ﬁtting. Serum concentrations of 3BNC117-LS and
10-1074-LS were then calculated through multiplying the respective sera ID 50 titers by
the IC50 values. Murine leukemia virus (MuLV)-pseudotyped viruses were used to
detect nonspeciﬁc neutralizing activity in serum, which was excluded from analyses.
Measurement of 3BNC117-LS and 10-1074-LS neutralizing activity
The neutralization activity, present in serum samples collected from rhesus macaques
infused with monoclonal antibodies, was assessed through TZM-bl assay with
pseudotyped SHIVAD812,16. The IC50 neutralization titer was calculated as the dilution of
serum causing a 50% reduction in relative luminescence units (RLUs) relative
to diluted sera from untreated animals.
Pharmacokinetic analysis
Blood samples were collected before and weekly following administration of the
bNAbs. Monoclonal antibody serum concentrations were determined as described
above. Pharmacokinetic parameters were estimated by performing a noncompartmental analysis using WinNonlin 6.3.
Anti-antibody responses
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ELISAs were performed to evaluate anti-3BNC117-LS or anti-10-1074-LS antibody
responses in sera collected from macaques administered these monoclonal antibodies.
ELISA plates (96 well) were coated with 3BNC117-LS or 10-1074-LS monoclonal
antibodies in PBS (2 µg/ml), incubated at 4 °C overnight and blocked with 5% BSA at
room temperature for 1 h. Plates were washed six times with PBS-Tween (PBS-T), and
serial, ﬁvefold dilutions of serum samples were prepared in 2% BSA. The diluted serum
samples were added to plates and incubated at room temperature for 1 h, followed by
six washes of each plate with PBS-Tween. Horseradish peroxidase (HRP)-conjugated
Fcγ-speciﬁc anti–human IgG, (Jackson ImmunoResearch Labs) was added for 1 h at
room temperature, followed by six washes of each plate with PBS-T.
Tetramethylbenzidine (TMB)–HRP substrate was added to each well, and the
absorbance developed after adding 0.5 M H2SO4 was measured at 450 nm on a EMax
Plus Microplate Reader using Softmax Pro 6 software (Molecular Devices, CA, US).
Blank wells containing assay diluent were used to determine the background signal;
mean optical density (OD) values exceeding ﬁvefold (ranging from 0.26 to 0.29) that of
blank wells from each plate were used as cutoff. The dilution of each sample above the
cutoff value was then calculated. The log values of these dilutions were reported as the
ﬁnal endpoint anti-bNAb titers.
Plasma viral RNA quantiﬁcation
Plasma viral RNA levels were determined through modiﬁed two-step quantitative
reverse transcription using Applied Biosystems PCR (ABI Prism 7900HT). Experimental
samples were analyzed in parallel with a simian immunodeﬁciency virus (SIV) gag RNA
standard; the lower limit of detection using this assay was 100 copies/ml.
Cell culture
HEK293T and TZM.bl cells were maintained in the DMEM media supplemented with
10% FBS, 4 mM L-glutamine and 1 × penicillin–streptomycin. Cells were passaged twice
a week and incubated at 37 °C, 10% CO2.
https://www.nature.com/articles/s41591-018-0001-2
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Statistical analysis
Between-group comparisons were performed using the Wilcoxon rank-sum test. The
relationship between per-challenge infection and antibody concentration at the time
of challenge was speciﬁed by a probit regression model: P(infection at challenge) = Φ(A
+ B mAb), where A and B are parameters to be estimated; mAb is the actual or imputed
antibody concentration at the time of the challenge; and Φ is the standard normal
cumulative distribution function. Because the monoclonal antibody concentrations
were missing for some challenges, a linear mixed-effects model was ﬁtted to the
repeated monoclonal antibody readouts. Empirical Bayes–predicted monoclonal
antibody concentrations were used to impute values for challenges with missing
monoclonal antibody readouts. ID01 was deﬁned as the antibody concentration
resulting in an estimated per-challenge probability of infection of 0.01.
Likelihood ratio tests were performed to examine whether the different groups of
monoclonal antibodies (native-10-1074, 10-1074-LS, native-3BNC117, 3BNC117-LS and
combination of the two LS-modiﬁed bNAbs) had different slopes and intercepts. For
each group, in turn, separate models were ﬁtted to allow for a group-speciﬁc intercept
and a group-speciﬁc intercept and slope. For each group, likelihood-ratio tests
supported the simpler model with a single intercept and slope for all groups (P > .05).
Additional likelihood-ratio tests were performed to conﬁrm that other functions (i.e.,
log, quadratic) of the infused monoclonal antibody did not provide a signiﬁcantly
better prediction. A random-effects probit model was also assessed, and the variance
of the intercept term was estimated at zero.
We calculated the reduction in the per-challenge probability of infection for a given
antibody concentration, as compared to that with no antibody, using the formula
antibody efﬁcacy = 1 – Φ(a + b mAb) / Φ(a), where a and b are the maximum-likelihood
estimates of A and B. The nonparametric bootstrap procedure was used to form
conﬁdence intervals for ID01 and antibody efﬁcacy. All tests are two-sided, and P
values less than 0.05 are considered signiﬁcant.
https://www.nature.com/articles/s41591-018-0001-2
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Reporting Summary
Further information on experimental design is available in the Nature Research
Reporting Summary linked to this article.
Data availability
The data sets generated and/or analyzed in supporting the ﬁndings of this study are
available in the manuscript (and Supplementary Information). All other data are
available from the corresponding authors on reasonable request.
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