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Antibody-based protection against HIV infection by
vectored immunoprophylaxis
Alejandro B. Balazs1, Joyce Chen1, Christin M. Hong1, Dinesh S. Rao2, Lili Yang1 & David Baltimore1

Despite tremendous efforts, development of an effective vaccine
against human immunodeficiency virus (HIV) has proved an elu-
sive goal. Recently, however, numerous antibodies have been iden-
tified that are capable of neutralizing most circulating HIV
strains1–5. These antibodies all exhibit an unusually high level of
somatic mutation6, presumably owing to extensive affinity matura-
tion over the course of continuous exposure to an evolving antigen7.
Although substantial effort has focused on the design of immuno-
gens capable of eliciting antibodies de novo that would target
similar epitopes8–10, it remains uncertain whether a conventional
vaccine will be able to elicit analogues of the existing broadly neut-
ralizing antibodies. As an alternative to immunization, vector-
mediated gene transfer could be used to engineer secretion of the
existing broadly neutralizing antibodies into the circulation. Here
we describe a practical implementation of this approach, which we
call vectored immunoprophylaxis (VIP), which in mice induces
lifelong expression of these monoclonal antibodies at high concen-
trations from a single intramuscular injection. This is achieved
using a specialized adeno-associated virus vector optimized for
the production of full-length antibody from muscle tissue. We show
that humanized mice receiving VIP appear to be fully protected
from HIV infection, even when challenged intravenously with very
high doses of replication-competent virus. Our results suggest that
successful translation of this approach to humans may produce
effective prophylaxis against HIV.

Previous efforts to engineer humoral immunity using adeno-
associated virus (AAV)-based vectors resulted in modest antibody
production11, which was subsequently improved through the use of

alternative capsids12 and self-complementary AAV (scAAV) vectors13

that increase expression at the expense of carrying capacity. Recently,
scAAV vectors were used to direct expression of simian immunodefi-
ciency virus (SIV)-neutralizing immunoadhesins consisting of small,
artificially fused antibody fragments14. However, the efficacy of this
prophylaxis was limited by an endogenous immune response directed
against the immunoadhesin proteins. To ask whether newer capsid
serotypes and vector configurations might support long-lived expres-
sion of full-length human antibodies from muscle, we produced AAV
vectors with the capsid from serotype 8 (ref. 15) that expressed either
luciferase or 4E10 HIV neutralizing antibody driven from cytomegalo-
virus (CMV) promoters and administered them through a single injec-
tion of the gastrocnemius muscle (Fig. 1a). Within one week of vector
administration, either luciferase or antibody gene expression was
detectable (Supplementary Fig. 1a, left and right respectively).
Expression continued to rise, achieving maximum levels after 12–16
weeks and then decreasing two- to threefold before stabilizing for the
duration of the 64-week study. Given the long-lived nature of this
expression, it seemed possible that these vectors could be used to
engineer lifelong humoral immunity provided by full-length, fully
human antibodies. Hence, we performed a systematic process of vector
and transgene optimization to improve the expression characteristics
of this system (Supplementary Information). The heavy- and light-
chain variable regions of the HIV-neutralizing b12 antibody were
cloned into the vector, and AAV stock was produced for intramuscular
administration of 1 3 1011 genome copies into the gastrocnemius
muscle of two immunodeficient and two immunocompetent mouse
strains: NOD/SCID/cc (NSG), Rag2/cc (RAG), C57BL/6 (B6) and
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Figure 1 | VIP protects against HIV-mediated
CD4 cell depletion in humanized mice.
a, Xenogen imaging of a representative Rag2/cc
mouse 15 weeks after intramuscular injection of
1 3 1010 genome copies of AAV2/8 expressing
luciferase. b, Quantification of human IgG by
ELISA after intramuscular injection of 1 3 1011

genome copies of the optimized expression vector
producing b12-IgG in either immunodeficient
NOD/SCID/cc (NSG) and Rag2/cc (Rag2) or
immunocompetent C57BL/6 (B6) and Balb/C mice
(plot shows mean and standard error, n 5 4).
c, Concentration of human IgG in circulation as
measured by ELISA on serum samples taken 6
weeks after intramuscular injection of vector
expressing either luciferase or b12-IgG (ND, not
detected). d, Depletion of CD4 T cells in
humanized mice after intraperitoneal challenge
with 10 ng p24 NL4-3 into animals that received
AAV2/8 vectors expressing luciferase (left) or b12-
IgG1 (right) 6 weeks earlier (n 5 6).
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Balb/C. Mice produced the encoded antibody at serum concentrations
that were 100-fold higher than the levels achieved with the non-
optimized vector, and this level of expression persisted for at least 52
weeks (Fig. 1b compared with Supplementary Fig. 1a, right). In agree-
ment with previous studies of AAV-induced tolerance in mice16, we
detected very limited mouse antibodies raised against human b12-IgG
in B6 mice, whereas Balb/C animals generated detectable mouse
antibodies against the transgene (data not shown) that did not appear
to impact human IgG levels.

To test the ability of VIP to protect mice from challenge in vivo,
we adapted a previously described humanized mouse model17 that
exhibits CD4 cell depletion following challenge with replication-
competent HIV (Supplementary Fig. 5). We administered vector
expressing either luciferase or b12 antibody to NSG mice, produc-
ing stable serum b12 antibody concentrations of approximately
100mg ml21 within 6 weeks (Fig. 1c). These mice were adoptively
populated with expanded human peripheral blood mononuclear cells
(huPBMCs), which engrafted over a period of 2 weeks. Mice were then
challenged by intraperitoneal injection of the NL4-3 strain of HIV.
After HIV challenge, most mice expressing luciferase showed dramatic
loss of CD4 cells whereas mice expressing b12 antibody showed no
CD4 cell depletion (Fig. 1d).

To compare the protective abilities of the historically available
broadly neutralizing antibodies, vectors expressing b12, 2G12, 4E10
and 2F5 were produced and administered to NSG mice. Seven weeks
after administration, NSG mice produced 20–250mg ml21 of the indi-
cated antibodies (Fig. 2a). Interestingly, in vivo serum concentrations
of 4E10 and 2F5 were somewhat lower than those of b12 and 2G12,
despite comparable expression in vitro (Supplementary Fig. 3b),
perhaps resulting from the previously described self-reactivity of these
clones18. Transduced mice were adoptively populated with huPBMCs,
challenged by intravenous injection with HIV and sampled weekly to
quantify CD4 cell depletion over time (Fig. 2b). Animals expressing
b12 were completely protected from infection, whereas those expres-
sing 2G12, 4E10 and 2F5 were partly protected. Groups demonstrating
partial protection consisted of animals with delayed CD4 cell depletion
as well as animals that maintained high CD4 cell levels throughout the
course of the experiment. Interestingly, mice expressing 250mg ml21

of the 2G12 antibody were only partly protected, despite antibody

levels being over 300-fold higher than previously established half-
maximum inhibitory concentration (IC50) values for this antibody-
strain combination in vitro19. Eight weeks after challenge, mice were
killed and paraffin-embedded spleen sections underwent immuno-
histochemical staining for the HIV-expressed p24 antigen to quantify
the extent of infection (Fig. 2c). Remarkably, mice expressing b12 had
no detectable p24-expressing cells, whereas those expressing other
antibodies exhibited significant positive staining (Fig. 2d).

To determine the robustness of protection mediated by VIP, a large
cohort of mice expressing b12 antibody were adoptively populated
with huPBMCs. Before challenge, all mice expressed high levels of
human IgG, presumably owing to engrafted human B-cells (Sup-
plementary Fig. 6a), but only those receiving the b12-expressing vector
produced IgG specific for gp120, which reached 100mg ml21 (Sup-
plementary Fig. 6b). Mock-infected mice expressing either luciferase
or b12 demonstrated consistent high-level CD4 cell engraftment
throughout the course of the experiment, showing that transgene
toxicity was not contributing to CD4 cell loss (Fig. 3). In contrast, mice
expressing luciferase that received 1 ng of HIV experienced rapid and
extensive CD4 cell depletion. At higher doses, infection in luciferase-
expressing mice became more consistent and resulted in depletion of
CD4 cells below the level of detection in some cases (25, 125 ng doses).
Remarkably, all mice expressing b12 demonstrated protection from
CD4 cell loss, despite receiving HIV doses over 100-fold higher than
necessary to deplete seven out of eight control animals (Fig. 3).

As newer anti-HIV antibodies have become available, we have com-
pared the relative efficacy of b12 to VRC01 antibody. VRC01 neutra-
lizes over 90% of circulating HIV strains in vitro1, making it an
excellent candidate for human trials. We administered decreasing
doses of vector expressing either b12 or VRC01 to NSG mice and
monitored expression of the antibodies over time. For both antibodies,
we observed clear dose-dependent expression at all time points ana-
lysed (Supplementary Fig. 7a and Fig. 4, top). Mice expressing luci-
ferase or antibodies at various levels were adoptively populated with
huPBMCs. Just before challenge, a gp120-specific enzyme-linked
immunosorbent assay (ELISA) confirmed the effective antibody con-
centration in each group (Supplementary Fig. 7b and Fig. 4, middle).
After intravenous challenge with 10 ng of HIV, CD4 cells were mon-
itored to determine the impact of antibody concentration. An average
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Figure 2 | Comparison of protection mediated
by various broadly neutralizing HIV antibodies.
a, Concentration of antibody in circulation as
measured by total human IgG ELISA on serum
samples taken after intramuscular injection of
vectors expressing four broadly neutralizing HIV
antibodies (n 5 8). b, Comparison of the relative
effectiveness of four broadly neutralizing HIV
antibodies in protecting huPBMC-NSG
humanized mice against CD4 cell depletion after
intravenous HIV challenge with 5 ng p24 NL4-3
(n 5 8). c, HIV p24 detection by
immunohistochemical staining of sections taken
from spleens 8 weeks after challenge. Arrows
indicate cells scored as positive for p24 expression.
Scale bar, 40mm. d, Quantification of
immunohistochemical staining of spleen denoting
the relative frequency of p24-expressing cells in
spleens of infected animals. ND, not detected.
Asterisks indicate outcomes significantly different
from luciferase control mice versus mice
expressing antibodies by two-tailed t-test (n 5 4–6)
**P , 0.01, ***P , 0.0001. a, b, Show mean and
s.e.m.; d shows mean and s.d.
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b12 concentration of 34mg ml21 and VRC01 concentration of 8.3mg
ml21 protected mice from infection (Supplementary Fig. 7c and Fig. 4,
bottom). Groups expressing lower concentrations of b12 and VRC01
were only partly protected, with several animals showing no detectable
loss of CD4 cells and others exhibiting delayed CD4 cell depletion.

Here we demonstrate that broadly neutralizing human antibodies
expressed by VIP are capable of protecting animals from even high-
dose HIV exposure in vivo. Human-to-human HIV transmission rates
vary with behaviour but do not generally exceed one per hundred
heterosexual exposures20, and recent studies have demonstrated that
infections are generally initiated by a single founder strain21.
Humanized mice with b12 serum concentrations of 100mg ml21 were
resistant to HIV infection at challenge doses 100-fold higher than
necessary to infect the vast majority of animals, suggesting that this
level of protection may far exceed what would be necessary to provide
protection against HIV infection in humans. In contrast to previous
approaches, VIP produces full-length antibodies that are identical in
sequence to those produced by the immune system22. Recent experi-
ments have suggested that full-length antibody structures possess
superior in vitro neutralization activity compared with modified archi-
tectures such as immunoadhesins23. Use of such naturally occurring
antibody architectures should also reduce immune responses against

the transgene, which were previously shown to reduce the effectiveness
of prophylaxis against SIV14.

Our results demonstrate that VIP administration results in long-
lived production of human antibodies at super-prophylactic levels in
immunocompetent animals. Clinical trials involving AAV have
demonstrated remarkable success when targeting immunoprivileged
sites such as retinal tissue24, but transduction of liver resulted in an
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Figure 3 | Robustness of CD4 cell protection mediated by b12 antibody.
CD4 cell depletion in huPBMC-NSG humanized mice as a result of intravenous
challenge with the dose of NL4-3 indicated on the far right. Mice expressing
luciferase (left plots) were susceptible to CD4 cell loss, whereas those expressing
b12 (right plots) demonstrated protection from HIV at all doses (n 5 8).
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Figure 4 | Determination of the minimum protective dose of VRC01 in
vivo. Top, VRC01 expression over time as a function of dose as determined by
total human IgG ELISA on serum samples taken after AAV administration
(n 5 8). Mice receiving luciferase-expressing vector exhibited no detectable
human antibodies (n 5 12). Middle, concentration of VRC01 in serum 1 day
before challenge, 3 weeks after adoptive transfer of human PBMCs and 15 weeks
after intramuscular administration of the indicated dose of AAV, as determined
by a gp120-specific ELISA to measure the fraction of antibodies capable of
binding HIV (n 5 8–12). Bottom, CD4 cell depletion in huPBMC-NSG
humanized mice as a result of intravenous challenge with 10 ng of NL4-3 into
animals expressing a range of VRC01, demonstrating the minimum dose of
antibody necessary to protect against infection. Top and bottom plots show mean
and standard error, middle plot shows individual animals and mean (n 5 8–12).

LETTER RESEARCH

5 J A N U A R Y 2 0 1 2 | V O L 4 8 1 | N A T U R E | 8 3

Macmillan Publishers Limited. All rights reserved©2012



adaptive immune response against vector capsid25. Studies in non-
human primates have shown that the elicitation of capsid-specific
cytotoxic T-lymphocytes is limited to AAV capsids that exhibit hep-
arin-binding activity26. Interestingly, serotypes lacking heparin-bind-
ing activity, including AAV8, did not induce CTL responses,
suggesting that AAV8-based vectors, like the one we have used, may
circumvent previously observed immunological barriers to long-term
transduction. Additionally, in contrast to liver transduction, admin-
istration of AAV by intramuscular injection has been shown to result
in very long-lived, albeit low-level, factor IX expression27, suggesting
that the route of administration can significantly impact the duration
of expression. Although the expression level attainable in humans
remains to be determined, it is worth noting that the significantly
longer serum half-life of a human antibody in humans28, as opposed
to mice29, may result in higher steady-state levels than those observed
in the present study. Regardless of this, our results suggest that even if
VIP administration in humans results in serum antibody concentra-
tions 100-fold lower than those observed in mice, it may still confer
protection against HIV infection.

Given the urgency that exists in combating the ongoing global HIV
pandemic and the incremental progress towards a vaccine, novel mod-
alities of prophylaxis must be explored towards solving this global
health crisis. Our work demonstrates the feasibility of directly trans-
lating the existing repertoire of broadly neutralizing antibodies into
functional immunoprophylaxis with robust protective abilities in vivo.
As more potent broadly neutralizing HIV antibodies continue to be
isolated30, VIP can deliver these in concert with existing antibodies to
provide increased potency, broader coverage and greater resistance to
escape mutations. This approach may find broad use in the rapid
development of effective prophylaxis against any existing or future
infectious disease for which broadly neutralizing antibodies can be
isolated. Beyond infectious diseases, VIP can be applied to therapeutic
regimens in which continuous production of monoclonal antibodies in
vivo is desirable. Given the level of protection that VIP has demon-
strated in vivo, we believe that highly effective prophylaxis through
expression of existing monoclonal antibodies against HIV in humans
is achievable.

METHODS SUMMARY
AAV2/8 was produced by transient transfection and purification from culture
supernatant by PEG precipitation and caesium chloride ultracentrifugation.
Virus was quantified by quantitative PCR (qPCR) against CMV sequences and
functionally validated in vitro to confirm gene expression before use in vivo. Mice
were given single injections with purified vector in the gastrocnemius muscle.
Antibody concentration in the serum was determined using an ELISA specific
for either total human IgG or human IgG against HIV-gp120. Humanized mice
expressing antibodies were produced by adoptive transfer of expanded huPBMCs
into mice previously transduced with AAV vectors. HIV challenge was performed
by intraperitoneal or intravenous injection, and blood was sampled weekly to
determine the ratio of CD4 to CD8 cells by flow cytometry.

Full Methods and any associated references are available in the online version of
the paper at www.nature.com/nature.

Received 25 July; accepted 21 October 2011.

Published online 30 November 2011.

1. Wu, X. et al. Rational design of envelope identifies broadly neutralizing human
monoclonal antibodies to HIV-1. Science 329, 856–861 (2010).

2. Walker, L. M. et al. Broad and potent neutralizing antibodies from an African donor
reveal a new HIV-1 vaccine target. Science 326, 285–289 (2009).

3. Scheid, J. F. et al. Sequence and structural convergence of broad and potent HIV
antibodies that mimic CD4 binding. Science 333, 1633–1637 (2011).

4. Wu, X. et al. Focused evolution of HIV-1 neutralizing antibodies revealed by
structures and deep sequencing. Science 333, 1593–1602 (2011).

5. Walker, L. M. et al. Broad neutralization coverage of HIV by multiple highly potent
antibodies. Nature 477, 466–470 (2011).

6. Zhou, T. et al. Structural basis for broad and potent neutralization of HIV-1 by
antibody VRC01. Science 329, 811–817 (2010).

7. Scheid, J. F. et al. Broad diversity of neutralizing antibodies isolated from memory
B cells in HIV-infected individuals. Nature 458, 636–640 (2009).

8. Kwong, P. D. & Wilson, I. A. HIV-1 and influenza antibodies: seeing antigens in new
ways. Nature Immunol. 10, 573–578 (2009).

9. Burton, D. R. et al. HIV vaccine design and the neutralizing antibody problem.
Nature Immunol. 5, 233–236 (2004).

10. Dormitzer, P. R., Ulmer, J. B. & Rappuoli, R. Structure-based antigen design: a
strategy for next generation vaccines. Trends Biotechnol. 26, 659–667 (2008).

11. Lewis, A. D., Chen, R., Montefiori, D. C., Johnson, P. R. & Clark, K. R. Generation of
neutralizing activity against human immunodeficiency virus type 1 in serum by
antibody gene transfer. J. Virol. 76, 8769–8775 (2002).

12. Fang, J.et al.Stable antibody expression at therapeutic levelsusing the 2Apeptide.
Nature Biotechnol. 23, 584–590 (2005).

13. McCarty, D. M. Self-complementary AAV vectors; advances and applications. Mol.
Ther. 16, 1648–1656 (2008).

14. Johnson, P. R. et al. Vector-mediated gene transfer engenders long-lived
neutralizing activity and protection against SIV infection in monkeys. Nature Med.
15, 901–906 (2009).

15. Gao,G.P.et al.Novel adeno-associatedviruses fromrhesusmonkeys asvectors for
human gene therapy. Proc. Natl Acad. Sci. USA 99, 11854–11859 (2002).

16. Breous, E., Somanathan, S. & Wilson, J. M. BALB/c mice show impaired hepatic
tolerogenic response following AAV gene transfer to the liver. Mol. Ther. 18,
766–774 (2010).

17. Kumar, P. et al. T cell-specific siRNA delivery suppresses HIV-1 infection in
humanized mice. Cell 134, 577–586 (2008).

18. Haynes, B. F. et al. Cardiolipin polyspecific autoreactivity in two broadly
neutralizing HIV-1 antibodies. Science 308, 1906–1908 (2005).

19. Binley, J. M. et al. Comprehensive cross-clade neutralization analysis of a panel of
anti-human immunodeficiency virus type 1 monoclonal antibodies. J. Virol. 78,
13232–13252 (2004).

20. Wawer, M. J. et al. Rates of HIV-1 transmission per coital act, by stage of HIV-1
infection, in Rakai, Uganda. J. Infect. Dis. 191, 1403–1409 (2005).

21. Salazar-Gonzalez, J. F. et al. Deciphering human immunodeficiency virus type 1
transmission and early envelope diversification by single-genome amplification
and sequencing. J. Virol. 82, 3952–3970 (2008).

22. Fang, J. et al. An antibody delivery system for regulated expression of therapeutic
levels of monoclonal antibodies in vivo. Mol. Ther. 15, 1153–1159 (2007).

23. West,A. P. Jr,Galimidi, R.P., Gnanapragasam,P.N.P.&Bjorkman,P. J. Singlechain
Fv-based anti-HIV proteins: potential and limitations. J. Virol. doi:10.1128/
JVI.05848-11 (19 October 2011).

24. Maguire, A. M. et al. Safety and efficacy of gene transfer for Leber’s congenital
amaurosis. N. Engl. J. Med. 358, 2240–2248 (2008).

25. Manno, C. S. et al. Successful transduction of liver in hemophilia by AAV-Factor IX
and limitations imposed by the host immune response. Nature Med. 12, 342–347
(2006).

26. Vandenberghe, L. H. et al. Heparin binding directs activation of T cells against
adeno-associated virus serotype 2 capsid. Nature Med. 12, 967–971 (2006).

27. Jiang, H. et al. Evidence of multiyear factor IX expression by AAV-mediated gene
transfer to skeletal muscle in an individual with severe hemophilia B. Mol. Ther. 14,
452–455 (2006).

28. Morell, A., Terry, W. D. & Waldmann, T. A. Metabolic properties of IgG subclasses in
man. J. Clin. Invest. 49, 673–680 (1970).

29. Petkova, S. B. et al. Enhanced half-life of genetically engineered human IgG1
antibodies in a humanized FcRn mouse model: potential application in humorally
mediated autoimmune disease. Int. Immunol. 18, 1759–1769 (2006).

30. Diskin, R. et al. Increasing the potency and breadth of an HIV antibody using
structure-based rational design. Science doi:10.1126/science.1213782 (27
October 2011).

Supplementary Information is linked to the online version of the paper at
www.nature.com/nature.

Acknowledgements We thank J. Wilson for AAV8-related plasmids and assistance,
D. Burton for b12 and 2G12 expression plasmids, G. Nabel for 4E10, 2F5 and VRC01
expression plasmids, and the Caltech Protein Expression Center for providing purified
antibodies. The following reagents were obtained through the AIDS Research and
Reference Reagent Program, Division of AIDS, NIAID, NIH: pNL4-3 from M. Martin, and
TZM-bl cells from J. Kappes and X. Wu. We thank J. Bloom, D. Kotton, D. Majumdar,
G. Mostoslavsky, R. O’Connell and A. Sigal for comments, and other members of the
Baltimore laboratory for their assistance in performing this work. This project was
supported by the Bill and Melinda Gates Foundation through Grand Challenges in
Global Health Initiative (awarded to D.B.) Grand Challenge grant 37866 and by the
National Institutes of Health (HHSN266200500035C) through a contract from the
National Institute of Allergy and Infectious Disease (NIAID) and by the Joint Center for
Translational Medicine. A.B.B. is supported by amfAR postdoctoral research fellowship
107756-47-RFVA. D.S.R. is supported by career development award 1K08CA133521
from the National Institutes of Health.

Author Contributions A.B.B. and D.B. conceived the study with assistance from L.Y.
A.B.B. designed the experiments. A.B.B., J.C. and C.M.H. performed experiments. A.B.B.,
J.C. and C.M.H. analysed the data. D.S.R. performed immunohistochemistry and
analysis. A.B.B. and D.B. wrote the paper with contributions from all authors.

Author Information Reprints and permissions information is available at
www.nature.com/reprints. The authors declare no competing financial interests.
Readers are welcome to comment on the online version of this article at
www.nature.com/nature. Correspondence and requests for materials should be
addressed to D.B. (baltimo@caltech.edu).

RESEARCH LETTER

8 4 | N A T U R E | V O L 4 8 1 | 5 J A N U A R Y 2 0 1 2

Macmillan Publishers Limited. All rights reserved©2012

www.nature.com/nature
www.nature.com/nature
www.nature.com/reprints
www.nature.com/nature
mailto:baltimo@caltech.edu


METHODS
Construction and cloning of modular AAV transfer vectors. To construct the
AAV transfer vector, oligonucleotides encoding the 145-base-pair (bp) AAV2-
derived inverted terminal repeat 1 (ITR1) in the ‘flip’ orientation and ITR2 in the
‘flop’ orientation flanked by unique restriction sites were synthesized (Integrated
DNA Technologies) and annealed before ligation into PBR322 plasmid vector.
Subsequently, promoters, transgenes and polyadenylation signals flanked by com-
patible sites were amplified by PCR and cloned between the ITRs, resulting in a
modular AAV transfer vector in which unique combinations of restriction sites
flanked each element.
AAV virus production and purification. AAV8 was purified from culture super-
natants as described31,32 with some modifications. 293T cells were maintained in
DMEM medium supplemented with 10% fetal bovine serum, 1% penicillin–
streptomycin mix (Mediatech) and 1% glutamine (Mediatech) in a 5% CO2 incub-
ator at 37 uC. Three days before transfection, four 15 cm plates were seeded with
3.75 3 106 cells each in 25 ml media. Two hours before transfection, media was
changed to 15 ml of fresh media. The AAV backbone vector was co-transfected
with helper vectors pHELP (Applied Viromics) and pAAV 2/8 SEED (University
of Pennsylvania Vector Core) at a ratio of 0.25:1:2 using BioT transfection reagent
(Bioland Scientific). The total amount of DNA used per transfection was 80mg.
Five AAV virus collections were performed at 36, 48, 72, 96 and 120 h after
transfection. For each time point, media was filtered through a 0.2mm filter and
15 ml of fresh media was gently added to the plate. After collection, approximately
75 ml of 53 PEG solution (40% polyethylene glycol, 2.5 M NaCl) was added to the
total volume of supernatant collected (,300 ml) and the virus was precipitated on
ice for at least 2 h (ref. 33). Precipitated virus was pelleted at 7,277g for 30 min
(Sorvall RC 3B Plus, H-6000A rotor) and re-suspended in 1.37 g ml21 caesium
chloride. Resuspended virus was split evenly into two Quick-Seal tubes (Beckman)
and spun at 329,738g at 20 uC for 24 h (Beckman Coulter, Optima LE-80K, 70Ti
rotor). Fractions of 100–200ml were collected in a 96-well flat-bottom tissue
culture plate, and a refractometer was used to quantify the refractive index of
5ml of each fraction. Wells exhibiting refractive indexes between 1.3755 and
1.3655 were combined and diluted to a final volume of 15 ml using Test
Formulation Buffer 2 (TFB2, 100 mM sodium citrate, 10 mM Tris, pH 8)34.
Virus was loaded onto 100 kDa MWCO centrifugal filters (Millipore) and sub-
jected to centrifugation at 500g at 4 uC until 1 ml retentate remained. Retained
virus was then again diluted to 15 ml total volume in TFB2 and this process was
repeated such that the virus was washed three times. Final retentate volume was
between 500–1000ml total, which was aliquoted and stored at 280 uC.
AAV quantification and functional validation. Purified AAV was quantified by
qPCR essentially as described35 with the following modifications. Frozen aliquots
of AAV were thawed and diluted tenfold in digestion buffer containing 10 units of
DNase I (Roche) and incubated at 37 uC for 30 min. DNase-digested virus was
serially diluted and 5ml of each dilution was used in a 15ml qPCR reaction with
PerfeCTa SYBR Green SuperMix, ROX (Quanta Biosciences) and primers
designed against the CMV enhancer (59 CMV: AACGCCAATAGGGACTT
TCC and 39 CMV: GGGCGTACTTGGCATATGAT) or the luciferase transgene
(59 Luc: ACGTGCAAAAGAAGCTACCG and 39 Luc: AATGGGAAGTCACGA
AGGTG). Samples were run in duplicate on an Applied Biosystems 7300 Real
Time PCR System. The following cycling conditions were used: one cycle of 50 uC
for 2 min, one cycle of 95 uC for 10 min, 40 cycles of 95 uC for 15 s and 60 uC for
60 s. Virus titre was determined by comparison with a standard curve generated
using either a purified DNA fragment cut with XhoI/NheI from the pVIP luciferase-
expressing vector or a reference standard consisting of purified AAV2/8 expressing
4E10 antibody previously titred against the DNA standard.

To validate the functional activity of each lot of the titred virus, we performed in
vitro infection assays using 293T cells and measured the concentration of the
antibody in the cell supernatant. Twenty-four hours before infection, 12-well
plates were seeded with 500K cells in 1 ml of media. Two hours before infection,
media was replaced with 500ml per well of fresh media. Genome copies (1011) of
each virus were added to each well and allowed to infect for 6 days. Supernatants
were removed and quantified for total IgG production by ELISA.
Mouse strains. Immunodeficient NOD/SCID/cc (NSG), immunocompetent
C57BL/6 (B6) and Balb/C mice were obtained from the Jackson Laboratory.
Immunodeficient Rag2/cc mice were obtained from A. Berns.
AAV intramuscular injection and bioluminescent imaging. Aliquots of previ-
ously titered viruses were thawed slowly on ice and diluted in TFB2 to achieve the
predetermined dose in a 40ml volume. Mice were anaesthetized by isofluorane
inhalation and a single 40ml injection was administered into the gastrocnemius
muscle with a 28G insulin syringe. At various times after vector administration,
mice were either bled to determine antibody concentration in serum or imaged
using a Xenogen IVIS 200 Series imaging system (Caliper Lifesciences). To image,
mice were anaesthetized by isofluorane inhalation and given 100ml of 15 mg ml21

D-luciferin (Gold Biotechnology) by intraperitoneal injection. Images were taken
between 5 and 10 min after D-luciferin injection.
Quantification of antibody production by ELISA. For detection of total
human IgG, ELISA plates were coated with 1mg per well of goat anti-human
IgG-Fc antibody (Bethyl) for 1 h. Plates were blocked with 1% BSA (KPL) in
TBS for at least 2 h. Samples were incubated for 1 h at room temperature in
TBST containing 1% BSA (KPL), then incubated for 30 min with HRP-conjugated
goat anti-human kappa light chain antibody (Bethyl). Sample was detected with
TMB Microwell Peroxidase Substrate System (KPL). A standard curve was
generated using either Human Reference Serum (Lot 3, Bethyl) or purified
Human IgG/Kappa (Bethyl).

For detection of gp120-binding IgG, ELISA plates were coated with 0.04–
0.10mg per well HIV-1 gp120MN protein (Protein Sciences) for 1 h. Plates were
blocked with 1% BSA (KPL) in TBS for at least 2 h. Samples were incubated for 1 h
at room temperature in TBST containing 1% BSA (KPL), then incubated for
30 min with HRP-conjugated goat anti-human IgG-Fc antibody (Bethyl).
Sample was detected with TMB Microwell Peroxidase Substrate System (KPL).
A standard curve was generated using either purified b12 or VRC01 protein as
appropriate for the samples.
HIV virus production and titring. 293T cells were maintained in DMEM
medium supplemented with 10% fetal bovine serum, 1% penicillin–streptomycin
mix (Mediatech), 1% glutamine (Mediatech) in a 5% CO2 incubator at 37 uC.
Three days before transfection, two 15 cm plates were seeded with 3.75 3 106 cells
each in 25 ml media. Two hours before transfection, media was changed to 15 ml
of new media. Forty micrograms of the pNL4-3 plasmid36 encoding an infectious
molecular clone of HIV was transfected using Trans-IT reagent (Mirus) according
to the manufacturer’s instructions. Supernatant collections were performed at 24,
48 and 72 h after transfection and 15 ml of fresh media was gently added back to
plate after each harvest. Pooled supernatants were filtered using a 0.45mm filter to
remove cell debris and aliquoted for storage at 280 uC. HIV was quantified fol-
lowing the manufacturer’s instructions using an Alliance HIV-1 p24 antigen
ELISA kit (Perkin-Elmer).
In vitro HIV protection assay. In vitro neutralization assays in luciferase reporter
cells were performed as described37 with the following modifications. TZM-bl
cells from the National Institutes of Health AIDS Research and Reference
Reagent Program were maintained in DMEM medium supplemented with 10%
fetal bovine serum, 1% penicillin–streptomycin mix (Mediatech), 1% glutamine
(Mediatech) in a 5% CO2 incubator at 37 uC. Before the assays, TZM-bl cells were
trypsinzed, counted and re-suspended in a concentration of 105 cells per millilitre,
in a total volume of 15 ml. Cells were mixed with 75mg ml21 DEAE-dextran
and varying concentrations of each antibody as indicated and allowed to incubate
on ice during the preparation of the virus. To prepare virus dilutions, stock NL4-3
was diluted to 250 ng ml21 in growth media and subsequently fourfold serially
diluted in the assay plate. One hundred microlitres of media containing 10,000
cells pre-incubated with antibody were added to wells containing previously
diluted virus. Infection was allowed to proceed for 48 h in a 5% CO2 incubator
at 37 uC. Before reading the plate, 100ml of BriteLite reagent (Perkin Elmer) was
added to each well, and the plate was incubated for 2 min at room temperature.
One hundred and twenty microlitres of each well was then transferred to an
opaque plate and read by VICTOR3 (Wallac 1420 VICTOR3 plate reader,
PerkinElmer).
Production of humanized mice for in vivo challenge. Humanized mice were
produced essentially as described17 with the following modifications. Human
peripheral mononuclear blood cells (AllCells) were thawed from 280 uC,
expanded in RPMI medium supplemented with 10% fetal bovine serum, 1%
penicillin–streptomycin mix(Mediatech),1% glutamine (Mediatech), 50mM
b-mercaptoethanol, 10 mM HEPES(Gibco), 13 non-essential amino acids
(Gibco), 13 sodium pyruvate (Gibco) and stimulated for T-cell expansion with
5mg ml21 phytohemagglutinin (Sigma) and 10 ng ml21 human IL-2 (Peprotech)
in a 5% CO2 incubator at 37 uC. Cells were expanded for 7–13 days before use. For
engraftment, 2 million to 4 million cells were injected intraperitoneally into NSG
mice in a 300ml volume of media.
HIV protection experiments. One day before HIV challenge, blood samples from
each mouse were subjected both to ELISA for antibody quantification and flow
cytometry to determine baseline CD4/CD8 ratios. The following day, mice were
challenged through either intraperitoneal or intravenous injection of 100ml con-
taining the specified dose of HIV diluted in PBS. Infected mice were subjected to
weekly blood sampling to determine the ratio of CD4 to CD8 cells in the
T-lymphocyte subset by flow cytometry.
Flow cytometry. Blood samples were taken from mice by retro-orbital bleeding
and were centrifuged for 5 min at 1,150g in a microcentrifuge to separate plasma
from cell pellets. Plasma was removed and frozen for future analysis and cell pellets
were re-suspended in 1.1 ml of 13 RBC lysis buffer (Biolegend) and incubated on
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ice for at least 10 min to remove red blood cells. After lysis, samples were
pelleted at 1,150g in a microcentrifuge for 5 min at room temperature, and
stained with 65ml of a cocktail containing 5ml anti-human CD3-FITC, 5ml
anti-human CD4-PE, 5ml anti-human CD8a-APC antibodies (Biolegend) and
50ml of phosphate buffered saline supplemented with 2% fetal bovine serum
(PBS1). Samples were washed with 1 ml PBS1 and again pelleted at 1,150g in a
microcentrifuge for 5 min. Pelleted cells were re-suspended in 200ml of PBS1

supplemented with 2mg ml21 propidium iodide (Invitrogen) and analysed on a
FACSCalibur flow cytometer (Beckton-Dickinson). Samples were first gated by
CD3 expression before determining the ratio of CD4 to CD8 cells within this
subset. Samples containing fewer than 20 CD31 events were excluded from the
analysis.
Histological staining for HIV p24. At the conclusion of the in vivo challenge
experiments, spleens were removed from mice and immersed in 10% neutral
buffered formalin for 24 h. After fixation, tissues were removed and placed in
70% ethanol until standard paraffin embedding and processing. Sections (4mm
thick) were then taken and immunohistochemical staining was performed for
HIV-p24 detection using the Kal-1 murine monoclonal antibody and standard
antigen retrieval techniques38. The slides were reviewed by a pathologist (D.S.R.)

on an Olympus BX51 light microscope and images obtained using a SPOT Insight
Digital Camera (Diagnostic Instruments).
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Supplementary Figure 1 – Development of a muscle-optimized AAV-based antibody expression 
vector 
 
a, (left) Quantitation of luciferase activity by Xenogen imaging of Rag2-/-"c-/- mice receiving 
intramuscular injection of 1x1010 or 1x1011 GC of AAV2/8 encoding luciferase demonstrates long-term 
dose-dependent expression (n=2). (right) Concentration of human IgG in circulation as measured by total 
human IgG ELISA on serum samples taken after intramuscular injection of 1x1010 or 1x1011 GC of 
AAV2/8 expressing 4E10-IgG1into Rag2-/-"c-/- mice  (n=2).  Antibody production is dose-dependent and 
is maintained for at least 64 weeks. b, Comparison of luciferase activity 15 weeks after intramuscular 
injection of 2x109 GC of AAV2/8 vectors expressing luciferase from a panel of promoters (n=2). c, 
Design of the CASI promoter combining the CMV enhancer and chicken !-actin promoter followed by a 
splice donor (SD) and splice acceptor (SA) flanking the ubiquitin enhancer region. d, Comparison of 
luciferase activity from vectors driven by CASI as compared to conventional promoters 8 weeks after 
intramuscular injection of 1x109 GC of AAV2/8 encoding luciferase driven by the indicated promoter 
(n=2). e, Comparison of luciferase activity 6 weeks post-administration of CMV-driven vectors with or 
without WPRE, terminated by the indicated polyadenylation signal (n=2). f, Schematic representation of 
the VIP expression vector for antibody expression indicating the inverted terminal repeats (ITR), the 
CASI promoter, an IgG1 heavy chain linked to kappa light chain separated by a self-processing 2A 
sequence, a WPRE for improved expression and SV40 late-polyadenylation signal. Antibody V-regions 
of heavy and light chains are cloned into the vector at positions indicated in red.  

e 
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pVIP-CMV-Luciferase-W-SV40
5365 bp
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Supplementary Figure 2 – Map of the modular pVIP vector 
 
Schematic representation of the pVIP transfer vector with unique restriction sites flanking each modular 
element designated in red.  AAV sequences begin immediately following the XhoI restriction site with a 
145bp “flip”-ITR from AAV2 followed by a SpeI restriction site and the immediate early CMV promoter.  
The promoter is followed by a NotI restriction site and one additional C residue to mimic a Kozak 
consensus sequence prior to the ATG of the luciferase transgene.  The 3’ end of the transgene is 
terminated with a TAA stop codon followed by one additional A residue prior to the BamHI site.  The 
WPRE element follows this restriction site and continues until an Acc65I restriction site that precedes an 
SV40 polyadenylation signal and HindIII restriction site.  Finally, a second 145bp AAV2 “flop”-ITR is 
located prior to an NheI site. 
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Supplementary Figure 3 – Optimization of the IgG1 transgene in vitro 
 
a, Schematic representation of the IgG1 transgene that was optimized for expression in vitro.  
Highlighted are the heavy and light chain signal sequences (blue) the F2A self-processing peptide (green) 
and the predicted splice donor and acceptor sites (red lines). b, Comparison of antibody expression in 
vitro by ELISA following transfection with vectors carrying the antibody transgene shown above with 
standard or optimized F2A sequences that include a furin cleavage site. c, Comparison of 4E10 antibody 
expression in vitro by ELISA following transfection with vectors carrying 4E10 with natural or human 
growth hormone (HGH) derived signal peptides fused to the heavy chain gene, the light chain gene or 
both genes. d, Comparison of 4E10 antibody expression in vitro by ELISA following transfection with 
vectors carrying 4E10 in the standard expression cassette or a cassette in which the splice donors and 
acceptors were mutated to reduce the potential for extraneous splicing. 
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Supplementary Figure 4 – Neutralization of HIV by Antibodies expressed from an optimized 
expression transgene 
 
To confirm that antibodies expressed from the optimized expression transgene retained their function, an 
in vitro protection assay using TZM-bl luciferase reporter cells was conducted.  Cells were plated with 
the indicated concentrations of b12 (a), 2G12 (b), 4E10 (c) or 2F5 (d) prior to challenge with increasing 
titers of NL4-3.  Two days after challenge, cells were lysed and quantitated for luciferase activity 
following the addition of luciferin substrate. (n=3, RLU=Relative luciferase Units).  
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Supplementary Figure 5 – Depletion of CD4 cells in vivo following HIV challenge of humanized 
mice 
 
!"#$"%&'(&)(*!+,(-./"$$0(1'(23456*.789(:3;<'1=">(;1/"()&$$&?1'@(1'AB<#"B1A&'"<$(CD4E(/:<$$"'@"(?1A:(
FG'@(#F+(7H+.I(C'J+EK(To confirm that antibodies expressed from the optimized expression transgene 
retained their function, an in vitro protection assay using TZM-bl luciferase reporter cells was conducted.  
Cells were plated with the indicated concentrations of b12 (a), 2G12 (b), 4E10 (c) or 2F5 (d) prior to 
challenge with increasing titers of NL4-3.  Two days after challenge, cells were lysed and quantitated for 
luciferase activity following the addition of luciferin substrate. (n=3, RLU=Relative luciferase Units).  
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Supplementary Figure 6 – Serum concentrations of total human IgG and gp120 binding IgG prior 
to HIV challenge 
 
a, Concentration of total human antibody produced by engrafted cells and VIP as measured by human 
IgG ELISA on serum samples taken 5 weeks after intramuscular injection of vectors expressing either 
luciferase or b12 antibody and 3 weeks after adoptive transfer of human PBMCs and the day prior to IV 
HIV challenge (n=8). b, Concentration of antibody at the same time point quantified using a gp120-
specific ELISA to measure the concentration of antibody specific for HIV (n=8). 
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Supplementary Figure 7 – Determination of the minimum protective dose of b12  in vivo(

a, b12 expression over time as a function of dose as determined by total human IgG ELISA on serum 
samples taken following AAV administration (n=8). Mice receiving luciferase-expressing vector 
exhibited no detectable human antibodies (n=12). b, Concentration of b12 in serum one day prior to 
challenge, 3 weeks after adoptive transfer of human PBMCs and 15 weeks after intramuscular 
administration of the indicated dose of AAV as determined by a gp120-specific ELISA to measure the 
fraction of antibodies capable of binding HIV (n=8-12).  c, CD4 cell depletion in HuPBMC-NSG 
humanized mice as a result of intravenous challenge with 10ng of NL4-3 into animals expressing a range 
of b12 demonstrating the minimum dose of antibody necessary to protect against infection.  Plots a and c 
show mean and standard error, plot b shows individual animals and mean (n=8-12).(
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Supplementary Results 

Optimal vectors for muscle-based antibody expression 

To rapidly test novel vector configurations, we created a modular AAV transfer vector 

that implemented unique restriction sites flanking each modular element (Supplementary Fig. 2).  

To identify active promoters ideally suited to muscle expression, we created a series of vectors 

carrying the luciferase gene driven by a panel of ubiquitous and tissue-specific promoters.  These 

vectors were administered intramuscularly via a single injection in the gastrocnemius muscle and 

luciferase expression was monitored to determine the relative expression potential of each 

promoter in this target tissue (Supplementary Fig. 1b).  We identified the cytomegalovirus 

immediate early promoter (CMV), chimeric chicken-!-actin (CAG), and ubiquitin C (UBC) 

promoters as optimal for long-term muscle expression.  Based on these findings, we created a 

novel promoter that combined these three promoters along with consensus splice donor and 

acceptor sequences to produce the CASI promoter design (Supplementary Fig. 1c).  Further in 

vivo testing demonstrated that the CASI promoter was considerably more active in muscle than 

the CAG promoter despite being 34% more compact (Supplementary Fig. 1d).  This reduced size 

allowed us to incorporate the woodchuck hepatitis virus posttranscriptional regulatory element 

(WPRE)39, which we confirmed to significantly enhance expression of transgenes 

(Supplementary Fig. 1e).   To determine the relative efficiency of polyadenylation signals for 

muscle-derived expression, we tested the SV40 late poly(A), the rabbit beta-globin (RBG) 

poly(A) and the bovine growth hormone (BGH) poly(A), all of which demonstrated comparable 

levels of expression (Supplementary Fig. 1e).  Based on these results, we designed a muscle-

optimized expression vector encoding an IgG1 scaffold into which heavy and light chain V-

regions derived from monoclonal antibodies could be inserted (Supplementary Fig. 1f).  
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Optimization of the antibody transgene 

To create an optimal framework for the expression of antibody, we cloned the heavy and 

light chains of several broadly neutralizing HIV antibodies separated by an F2A self-processing 

peptide sequence40 (Supplementary Fig. 3a) into a mammalian expression vector under the 

control of the CMV promoter.  293T cells transfected with these vectors demonstrated secretion 

of human IgG into the culture supernatant that could be detected by ELISA (Supplementary Fig. 

3b).  In an attempt to improve expression, we re-engineered the F2A sequence to better reflect 

mammalian codon usage and incorporated a furin cleavage site at the N-terminus for optimal 

processing22.  Comparison of these F2A optimized vectors by transfection showed they produced 

higher levels of all four antibodies tested.  

We next sought to improve secretion of antibody by replacing the endogenous signal 

sequences with a codon optimized sequence derived from the well-characterized human growth 

hormone (HGH) and created versions of the 4E10 expression vector in which either the heavy 

chain, the light chain, or both chains were driven by separate HGH signal sequences and 

compared their expression by transfection.  To minimize repetitive sequence in our viral vectors, 

two HGH sequences were synthesized which had distinct nucleotide sequences but encoded 

identical amino acids, and each were used for either the heavy or light chain exclusively.   

Replacement of the endogenous signal sequences with HGH sequences at either the heavy or 

light chains resulted in higher levels of antibody production, and signal sequence replacement of 

both chains yielded the best results (Supplementary Fig. 3c). 

To remove the potential for inappropriate splicing of the transcript encoding the antibody, 

we subjected the sequence to in silico splice prediction41 and removed all potential splice donor 
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and acceptor sequences through the use of conservative mutations to the site or, when this was 

not possible, the surrounding sequences.  We observed improved expression of the 4E10 

antibody when placed in this splice-optimized framework (Supplementary Fig. 3d).  The final 

antibody transgene consists of an HGH signal sequence followed by a swappable VH region, a 

splice-optimized heavy chain constant region, a furin cleavage site linked to an optimized F2A 

peptide which is fused to a second HGH signal sequence, a swappable VL region, and a splice-

optimized kappa light chain constant region. 

Validation of transgene-expressed antibody activity  

To confirm that the optimizations made to improve gene expression did not impact the 

neutralizing efficacy of the antibodies, we expressed several well-studied broadly neutralizing 

antibodies from this expression cassette and tested these purified proteins in an in vitro 

protection assay. Cells carrying a luciferase gene under the control of HIV-induced 

transcriptional elements (TZM-bl cells) were incubated with dilutions of each antibody prior to 

challenge with increasing amounts of HIV.  We observed robust reduction in TZM-bl cell 

infection at antibody concentrations that correlated well with the previously established IC50 and 

IC90 values for all antibodies tested against this strain (Supplementary Fig. 4). 

Supplementary References 
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