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Development of vaccines against mosquito-borne Flaviviruses
is complicated by the occurrence of antibody-dependent
enhancement (ADE), which can increase disease severity.
Long-term delivery of neutralizing antibodies (nAbs) has the
potential to effectively block infection and represents an alter-
native to vaccination. The risk of ADEmay be avoided by using
prophylactic nAbs harboring amino acid mutations L234A and
L235A (LALA) in the immunoglobulinG (IgG) constant region.
Here, we used recombinant adeno-associated viruses (rAAVs)
to deliver the anti-dengue virus 3 (DENV3) nAb P3D05. While
the administration of rAAV-P3D05-rhesus immunoglobulin
G1 (rhIgG1)-LALA to rhesus macaques engendered DENV3-
neutralizing activity in serum, it did not prevent infection.
The emergence of viremia following DENV3 challenge was de-
layed by 3–6 days in the rAAV-treated group, and replicating
virus contained the envelope mutation K64R. This neutraliza-
tion-resistant variant was also confirmed by virus outgrowth
experiments in vitro. By delivering P3D05 with unmutated Fc
sequences, we further demonstrated that DENV3 also evaded
wild-type nAb prophylaxis, and serum viral loads appeared to
be higher in the presence of low levels of unmutated P3D05-
rhIgG1. Our study shows that a vectored approach for long-
term delivery of nAbs with the LALA mutations is promising,
but prophylaxis using a single nAb is likely insufficient at
preventing DENV infection and replication.

INTRODUCTION
The use of antibodies (Abs) is making a major impact on medicine
and expanding our tools for the prevention and therapy of a variety
of human viral pathogens.1 Prophylaxis using Abs is especially
compelling for diseases that are not yet preventable by vaccination.
For instance, HIV-specific neutralizing Abs (nAbs) are currently be-
ing tested for HIV treatment and prevention, National Library of
Medicine: NCT02716675 and NCT02568215.2–7 The Ebola epidemic
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has highlighted the utility of ZMapp—a cocktail of three anti-Ebola
nAbs—during an outbreak.8–12 Administration of a single nAb up
to 5 days post infection blocks the development of disease in Ebola-
infected macaques.13 Like Ebola, there are a multitude of emergent
viral diseases that could be prevented with passive Ab strategies.
Recently, outbreaks of the dengue virus (DENV), Zika virus
(ZIKV), yellow fever virus (YFV), and others have caused enormous
morbidity, with billions of people at risk of infection.14–16 It is possible
that the impact and magnitude of these outbreaks could have been
reduced if Ab therapy and prophylaxis were available.

The main limitation of passive nAb administration is the short-lived
immunity conferred to its recipients, due to nAb clearance. Attempts
to solve this problem include Fc modifications to increase nAb half-
lives or use of gene delivery methods to engender long-term activ-
ity.17,18 Most promisingly, gene therapy has the potential to sustain
protective nAb levels indefinitely. In fact, nonhuman primates that
received recombinant adeno-associated viruses (rAAVs) generated
circulating nAbs for months to years.18–21 If AAV proves to be safe
and effective in the delivery of nAbs, it will greatly enhance our
options for intervention to prevent infection and disease.

The role of Abs in dengue infection, and possibly most flaviviral
infections, is paradoxical.22 The natural immunity triggered by
DENV infection is likely mediated by the induction of potent nAbs.
However, it is well accepted that the presence of low levels of anti-
DENV Abs can enhance viral replication and increase disease
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Figure 1. AAV-Delivered P3D05-rhIgG1-LALA

Engenders Virus-Neutralization Activity in Serum

(A) The human VH and VL chains of the P3D05 nAb were

fused to rhesus constant regions and linked into a single

expression cassette with a F2A self-processing peptide. A

LALA mutation was introduced in the rhIgG1 molecule, and

a C9 tag was added at the C terminus of the heavy chain. (B)

To test the efficacy of the AAV-based prophylaxis, we used

the outlined experiment with two groups of four macaques

(AAV recipients and no AAV controls). (C) Production of

nAbs in serum was measured by a C9-ELISA. (D) We

confirmed the presence of bioactive molecules in vivo by

assessing the serum DENV3-neutralization titers in the AAV

recipients.
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severity.23 Thus, even potent nAbs might enhance the infection if pre-
sent at subneutralizing concentrations. Accordingly, a major concern
of nAb-based strategies against DENV is to avoid antibody-depen-
dent enhancement (ADE).23 Fortunately, enhancement of viral repli-
cation can be prevented in vitro and in vivo, by altering the amino
acid residues that interact with Fc receptors (FcRs).24,25 Several
monoclonal Abs with different neutralization characteristics have
been isolated.26–30 Some of these Abs can prevent viral replication
in mouse models, when administered prior to infection.30–32 These
studies highlight the concerns and potential of nAb-mediated pro-
phylaxis against DENV.

Our long-term goal is to prevent flaviviral infections through vectored
delivery of nAbs. In contrast to vaccination, we can selectively deliver
nAbs in combinations that mediate potent neutralization without
inducing cross-reactive non-neutralizing responses. Here, we have
engineered rAAV vectors to deliver the serotype-specific anti-
2324 Molecular Therapy Vol. 25 No 10 October 2017
DENV3 nAb P3D05 in rhesus immunoglobulin
G1 (rhIgG1) L234A and L235A (LALA) and
wild-type (WT) versions. While six in eight ma-
caques sustained high levels of P3D05 in serum
for months, this single nAb was insufficient for
preventing DENV3 infection after a subcutane-
ous challenge. Regardless of the Fc version,
DENV3 replicated to high levels and an escape
mutant was identified. Furthermore, we show
that low levels of WT nAbs can lead to enhanced
viral replication. Ultimately, our results indicate
that a single nAb will be insufficient for protect-
ing naive hosts from flaviviral infections.

RESULTS
The human monoclonal nAb P3D05 binds
and neutralizes DENV3, but does not bind
nor neutralize DENV1, DENV2, or DENV4
(unpublished data). This nAb blocks DENV3
infection of Vero cells at low concentrations, in
the range of the most potent DENV3-specific
nAbs isolated to date (inhibitory concentration
[IC50] = 0.03 mg mL�1). To investigate if P3D05 nAb prophylaxis
can be used as an alternative to vaccination, we encoded the antibody
chains in a rAAV vector (Figure 1A). rAAV particles carrying
nAb-encoding constructs have been used successfully to express
and sustain nAb levels for extended periods of time, prolonging the
protective effects of the delivered nAbs.18,19 We cloned the variable
heavy (VH) and variable light (VL) chains from the P3D05 human
nAb with rhesus constant heavy and kappa regions to create a
chimeric human/rhesus immunoglobulin G1 (IgG1).21We confirmed
that this construct produced the bioactive P3D05 nAb when trans-
fected into 293 cells (data not shown). A C9 tag was fused to the heavy
chain C terminus to enable the quantification of the recombinant
nAbs in vivo. To curb the theoretical risk of ADE, we engineered
the rhIgG1 with a LALA double mutation, which greatly reduces
Ab binding to Fc receptors.32,33 We packaged the single-stranded
recombinant genome into an rAAV serotype 1 (rAAV1) capsid, as
described previously.20,21,34



Figure 2. Viral Loads

After subcutaneous DENV3 challenge, viremia was measured by real-time qRT-

PCR. SerumDENV3 vRNA (vRNA) levels from rAAV-P3D05-rhIgG1-LALA recipients

(group 1) and control macaques (group 2) animals are shown in red and black,

respectively. A dotted line indicates the limit of detection (LOD). Median viral loads

below the LOD were staggered for visualization purposes only.
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We administered the rAAV vector encoding P3D05-rhIgG1-LALA to
four rhesus macaques (group 1; Figure 1B). The rAAV (2.5 � 1012

vector genomeDNAmolecules kg�1) was delivered by four intramus-
cular injections. The concentrations of the P3D05 nAb in circulation
increased quickly, reaching a peak of �40–80 mg mL�1 between days
21–29 post rAAV inoculation (Figure 1C). We did not measure host
immune responses against the transgene or the vector. At 3 weeks
post rAAV delivery, we observed an increased clearance of the circu-
lating nAbs, which stabilized after the fifth week. One of the recipients
(r13076) was remarkably different from the others in which the nAbs
fell to undetectable levels by week 5. Based on these nAb concentra-
tions, neutralization titers exceeded 1,000 times the nAb IC50. To
confirm the biological activity of the recombinant nAbs, we tested
the ability of nAb-containing serum to neutralize DENV3 (Fig-
ure 1D). At 3 weeks post rAAV delivery, the serum of the vector re-
cipients had neutralization titers in the range of 1 in 2,934 to 1 in
7,969, as assessed by a Vero cell plaque reduction neutralization titer
test (PRNT50). Thus, by using this intramuscular gene transfer strat-
egy, we generated very high levels of DENV3-specific nAbs in serum
up to the time of the challenge (D38 post rAAV).

To investigate whether rAAV-encoded nAbs prevent infection,
we challenged the four rAAV-treated and four control animals with
DENV3, subcutaneously. The quantity of infecting DENV during a
human exposure has not been established, but estimates using mos-
quito-transmission models of another flavivirus indicated that high
doses of the related West Nile Virus are inoculated.35 We, therefore,
used a challenge dose of 6 � 105 plaque forming units (PFUs). The
nAb-treated animals appeared to control virus replication for the first
few days post challenge. However, to our surprise, the virus re-
bounded at days 3–6 post challenge, even in the face of high nAb titers
(Figure 2). In contrast to the other monkeys in group 1, animal r13076
had neither detectable levels of delivered nAbs nor detectable neutral-
izing activity in the serum at the time of the challenge (Figure 1D).
Indeed, r13076 had identical DENV replication kinetics to those
seen in control animals, consistent with the absence of nAbs in this
animal. At D22 post challenge, the naive animals also developed
anti-DENV responses, confirming viral infection (Figure 1D). Hence,
we found evidence of viral replication in all animals.

Except for animal r13076, which had no detectable nAbs, all of the
other rAAV-treated animals sustained high levels of circulating
nAbs for some time during the post challenge period (Figure 1C). It
was unclear, therefore, how the virus replicated to such high levels
in the presence of high concentrations of a potent nAb in serum. To
investigate, we sequenced the viral envelope genes (M and E) at the
peak replication time points (Figure 3). We found a single mutation
(K64R) in the envelope protein E in all three AAV recipients that
had measurable nAbs in serum (Figure 3A). The sequences of the
viruses from the controls or r13076 (the animal with low nAb levels)
were identical to the parental challenge strain. Deep sequencing of the
envelope genes confirmed that the only site that differs among all the
consensus sequences is in the E protein at amino acid position 64.
Moreover, we observed limited within-sample amino acid diversity,
with most of the minor variants being present at less than 2% despite
high read coverage. Importantly, the K64R mutation was not identi-
fied in the challenge stock, even with read coverage of over 10,000�.
We then cultured WT virus in the presence of the P3D05 nAb
and observed that the same mutation arose in vitro. We next made
K64Rmutant virus stocks and demonstrated that this DENV3mutant
was resistant to the P3D05 nAb, but sensitive to neutralization by
another nAb (Figure 3B). Interestingly, viruses with this mutation
have been observed in clinical specimens from Venezuela and French
Polynesia (Figure 3C). In summary, these data demonstrated that the
P3D05-rhIgG1-LALA nAb selected for escape variants in vivo.

The introduction of the LALA mutation is known to abrogate several
potentially importantAb effectormechanisms, including complement
binding and antibody-dependent cell cytotoxicity (ADCC).33 It is
possible, therefore, that nAbs with this mutation could be less efficient
in clearing the virus, especially after cell infection. Thus, in the absence
of infected cell clearance mechanisms, any infection event could lead
to uncontrolled viral replication and de novo generation of escape var-
iants. To test the hypothesis that Ab effector mechanisms are required
for nAb-mediated protection against DENV3, we reengineered the
vectors to express P3D05 as a WT rhIgG1 (Figure 4). After rAAV
administration, as expected, we detected nAbs in the sera of all four
treated macaques (group 3). Similar to the previous experiment, one
animal, r13031, had lower levels of nAbs at the time of the challenge
(Figure 4A). Irrespective of the nAb titers, the challenge virus infected
all macaques (Figure 4B). The emergence of detectable viral loads in
the treated animals was delayed as compared to the untreated animals.
Strikingly, the rAAV-P3D05-rhIgG1-WT recipients hadDENV3peak
viral loads (median 1.50� 107 viral RNA [vRNA] copies mL�1; range
from 6.77 � 106 to 9.49 � 108 vRNA copies mL�1) that were much
higher than those that were measured in the controls (median
4.77 � 105 vRNA copies mL�1; range from 1.93 � 105 to 1.22 � 106

vRNA copies mL�1) and the rAAV-P3D05-rhIgG1-LALA recipients
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Figure 3. Neutralization-Resistant DENV Mutants

Emerge In Vivo and In Vitro

(A) We sequenced the M and E genes of circulating viruses

at peak replication post challenge. A single mutation, K64R,

was identified in all rAAV recipients with measurable nAb

titers at the time of the challenge. The frequency of the

primary codon at position 64 in each sample and respective

sequencing coverage is also shown. (B) DENV3 with the

same K64R mutation was generated after in vitro serial

passage in media supplemented with P3D05. The DENV3

K64R virus was resistant to neutralization by P3D05. (C)

Alignments of E gene sequences from DENV3 isolates.
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(median 8.76 � 105 vRNA copies mL�1; range from 7.08 � 105 to
9.93 � 106) (Figure 4C). The macaque with the lowest nAb levels
(r13031) had viral levels exceeding those of the controls by over
1,000-fold (9.49� 108 vRNAcopiesmL�1 of r13031 versus themedian
of 8.76 � 105 vRNA copies mL�1 of controls). Remarkably, the virus
from r13031 contained no envelopemutations, whileDENV3with the
same K64R escape mutation identified previously replicated in the
other rAAV-treated animals. Of note, the serum collection frequency
was reduced after day 6 post challenge because of the small size of the
animals. It is possible, therefore, that wemissed the peak of viral repli-
cation in this animal. In summary, these data are consistent with
classic ADE, suggesting that the high virus replication observed in
r13031 was indeed facilitated by this animal’s subneutralizing levels
of WT rhIgG1 nAb. Therefore, delivery of a potent rhIgG1 nAb was
not sufficient to prevent infection post DENV3 challenge, regardless
which IgG1 Fc version was used.

DISCUSSION
The recent emergence of ZIKV in the Americas resulted in thousands
of newborns with severe brain damage and demonstrated that we
remain unprepared for emerging outbreaks.36,37 ADE and cross-reac-
tivity are among themain challenges for the quick development of safe
vaccines for flaviviruses.22,23,38 Other prophylactic approaches could
be helpful in the control of these viruses. In the experiments described
here, we evaluated protection mediated by a vector-delivered human
nAb against aflavivirus using a nonhumanprimatemodel of infection.
We achieved and sustained high levels of the potent P3D05 nAb in cir-
culation for extended periods of time. However, despite the presence
2326 Molecular Therapy Vol. 25 No 10 October 2017
of high titers of neutralizing activity conferred
by a single nAb, this was not sufficient to protect
from infection.

A few, but important, caveats were noticed during
our experiments. First, challenge dose and route
may be important determinants of the outcome
of any preventive or therapeutic flavivirus exper-
iment.39,40 We used the subcutaneous route to
deliver DENV3, at a dose likely to exceed the
minimal infectious dose, which has not yet been
determined. The virus dose delivered during nat-
ural exposure is difficult to measure and is thought to be affected by
the levels of viral replication in the mosquito, the extent of probing
activity, and the number of bites.40 While a smaller inoculum might
have been easier to be protected against, the best estimates indicate
that substantially higher doses of flaviviruses can be delivered by a
mosquito after a blood meal.35 Thus, nAb treatments should be
capable to neutralize large doses of virus.

High levels of neutralizing activity in the serum did not translate to
protection from a challenge. In vitro virus neutralization of Vero cell
infection is the most commonly used assay to estimate flavivirus-
neutralizing antibody (nAb) capability.41,42 Given that Vero-based
assays often fail to predict protection against dengue infection,43,44 it
is possible that this test might not recapitulate essential aspects of
DENV infection in vivo. The limitations of this in vitro neutralization
assay include the existence of viruses in different maturation states and
use of several receptors to achieve infection.41–43

Our study clearly shows that prophylaxis with a single potent nAb
against DENV3 can be evaded by the emergence of circulating viral
variants that are not sensitive to neutralization. In the presence of
high nAb titers, the replicating virus contained a single mutation
that provided neutralization resistance in all animals. Acute escape
from Abs in vivo, in a DENV macaque model, has already been re-
ported using a chimpanzee monoclonal nAb with defective FcR bind-
ing.45 Our findings, therefore, confirm the notion that flaviviruses can
escape from single nAbs both in vivo and in vitro. The underlying
mechanism of the generation of the K64R escape mutation remains



Figure 4. Prophylaxis with WT P3D05 Does Not

Prevent Viremia and Enhances Viral Replication

(A) We reengineered the rAAV constructs to express a WT-

P3D05-rhIgG1 molecule and monitored nAb production

in vivo with ELISA to the C9 tag. (B) Four rAAV-P3D05-

rhIgG1-WT recipients and two controls were challenged

with DENV3 at 37 days post rAAV inoculation. Serum

DENV3 vRNA levels from rAAV-P3D05-rhIgG1-WT re-

cipients (group 3) and control macaques (group 4) animals

are shown in blue and black, respectively. A dotted line

indicates the limit of detection (LOD). Median viral loads

below the LOD were staggered for visualization purposes

only. (C) Mean peak viral loads of no AAV (controls), rAAV-

P3D05-rhIgG1-WT (WT), and rAAV-P3D05-rhIgG1-LALA

(LALA). The animal r13076 did not have measurable nAbs

at the time of the challenge and was excluded from this

analysis. *Mann-Whitney nonparametric rank test.
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unknown. It is possible that underrepresented Ab-resistant viral spe-
cies were present in the challenge stock, despite being undetectable by
deep sequencing. Intriguingly, the macaques were aviremic for up to
10 days, before DENV3 could be detected in the circulation. A
possible interpretation of the delayed replication kinetics is that the
escape mutation was generated de novo. This explanation would be
consistent with the fact that AAV-treated animals had different delays
in viral replication. In this alternative scenario, either the large dose of
infecting virus was sufficient to bypass the nAbs and infect a small
number of cells, or the virus remained compartmentalized in sites
protected from neutralization. Thus, an initial failure to sterilize the
incoming virus could result in productively infected cells and enable
viral replication, thereby spawning escape mutants.

The introduction of the LALA mutation is known to abrogate
ADCC.33 Consequently, after cells became infected in rAAV-
P3D05-rhIgG1-LALA-treated animals, there may have been no spe-
Molec
cific anti-viral response that might have limited
the generation of de novo virus production. We,
therefore, reasoned that these effector mecha-
nisms against infected cells may be necessary
for achieving sterilizing protection against viral
challenge. However, the use of WT nAb se-
quences did not result in protection or reduced
viral replication. On the contrary, DENV replica-
tion in the presence of lowWT nAb amounts was
enhanced. Despite the high viral loads in these
animals, no obvious clinical manifestation was
noticed. A large hematoma developed in animal
r13009 at 37 days post challenge (unpublished
data), possibly associated with blood collection.
These data highlight the real risk of ADE after
therapy with WT nAbs.

In summary, our results point to the unfortunate,
but likely scenario that a single potent nAb will
not be sufficient for preventing or treating DENV infections.
Furthermore, our data confirm that even a potent WT nAb is capable
of enhancing infection. These findings could have profound implica-
tions not only for DENV, but other flaviviruses as well.46–48 To ulti-
mately succeed, a nAb-based therapy for a flavivirus must address
viral escape and ADE. Of note, prevention of dengue infection
with monoclonal Abs (mAbs) was previously achieved in immuno-
deficient mouse models of dengue.30–32 However, murine models
are artificially constrained by the reduced permissiveness of mouse
cells, and the extent that these findings will be translatable to humans
remains unclear.39 In contrast, nonhuman primate (NHP) models
have been useful in predicting human clinical trial outcomes during
dengue vaccine development.39 The failure of the P3D05 nAb to
prevent infection could be associated with the nature of this partic-
ular nAb and its targeted epitope. However, nonhuman primate
studies that used a single nAb-prophylaxis strategy using a different
nAb also resulted in viremia and seroconversion.45,49 Additionally,
ular Therapy Vol. 25 No 10 October 2017 2327
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nonhuman primate models of Ab-enhanced DENV infection show
that, under certain conditions, the administered WT Abs can in-
crease peak viremia.50,51 The outlook for nAb-based prevention
and therapies is, nonetheless, still promising. In a recent study, the
administration of high doses of a single nAb failed to prevent viremia
and seroconversion, but similar levels of polyclonal Abs isolated
from sera succeeded.49 It is possible then that combinations of
several nAbs that do not select for escape mutations in vitro will
be sufficient to control viral replication. In addition, the recent isola-
tion of potent and serotype-cross-reactive nAbs expands the prophy-
laxis options to different conserved epitopes.26,30 Finally, we have
described here the use of rAAVs for long-term sustained expression
of nAbs in nonhuman primates. Indeed, we confirmed sustained
production of recombinant Abs (rAbs) even at day 499 post rAAV
administration (r13005 42 mg mL�1; r13072 46 mg mL�1; r13076
17 mg mL�1; and r13078 76 mg mL�1). rAAV-delivered nAbs is an
innovative and promising approach to provide immunity against
diseases for which there are complications that might be caused by
vaccines. Thus, the vectored-delivery of several potent nAbs and
the long-term maintenance of high serum levels of these nAbs could
represent an alternative approach to vaccines in controlling viral
replication.

MATERIALS AND METHODS
Ethics Statement

The Indian rhesus macaques (Macaca mulatta) utilized in this study
were housed at the Wisconsin National Primate Research Center
(WNPRC). The WNPRC is accredited by the American Association
of Accreditation of Laboratory Animal Care (Animal Welfare Assur-
ance No. A3368-01). All animals were cared for in accordance with
the guidelines of the Weatherall Report, the Animal Welfare Act,
and the NIH for care and use of laboratory animals.52 Animal
experiments were approved by the Institutional Animal Care and
Use Committee of the University of Wisconsin (IACUC; protocol
G00734). Procedures were performed to ensure that discomfort was
limited to that unavoidable in the conduct of the research plan. Sed-
atives were applied as necessary for blood and tissue collections and,
analgesics were used when determined appropriate by veterinary
medical staff. Animals were anesthetized during experimental pro-
cedures with ketamine (up to 15 mg kg�1 intramuscularly) or up to
7 mg kg�1 ketamine and up to 0.03 mg kg�1 dexmedetomidine via
the intramuscular route. The macaques in this study were managed
according to the animal husbandry program of the WNPRC, which
aims at providing consistent and excellent care to nonhuman pri-
mates at the center. This program is employed by the Colony Man-
agement Unit and is based on the laws, regulations, and guidelines
promulgated by the United States Department of Agriculture (e.g.,
the AnimalWelfare Act and its regulations, and the Animal Care Pol-
icyManual), Institute for Laboratory Animal Research (e.g., Guide for
the Care and Use of Laboratory Animals, 8th edition), Public Health
Service, National Research Council, Centers for Disease Control, and
the Association for Assessment and Accreditation of Laboratory An-
imal Care International. The nutritional plan utilized by the WNPRC
is based on recommendations published by the National Research
2328 Molecular Therapy Vol. 25 No 10 October 2017
Council. Specifically, macaques were fed twice daily with 2050 Teklad
Global 20% Protein Primate Diet and food intake was closely moni-
tored by animal research technicians. This diet was also supple-
mented with a variety of fruits, vegetables, and other edible objects
as part of the environmental enrichment program established by
the Behavioral Management Unit. Paired/grouped animals exhibiting
stereotypical and/or incompatible behaviors were reported to the
Behavioral Management staff and managed accordingly. All primary
enclosures (i.e., stationary cages, mobile racks, and pens) and animal
rooms were cleaned daily with water and sanitized at least once every
2 weeks. Lights were on a 12:12 diurnal schedule. Animals had access
to more than one category of enrichment at WNPRC. The IACUC
proposal included a written scientific justification for any exclusions
from some parts of the enrichment plan. Research-related exemptions
are reviewed at least annually. This was a nonterminal experiment,
so no euthanasia was performed. All animals were returned to the
WNPRC’s colony after study completion.

Animals

This was a nonterminal experiment, with the hypothesis that rAAV-
delivered nAbs are sufficient to prevent DENV viremia after the
challenge. Animals were prescreened based on their serological status,
and only animals free of serum nAbs against AAV1 were selected.
All 14 animals were returned to the WNPRC’s colony after study
completion.

Vector Construction and rAAV Preparation

In order to encode P3D05 in a single AAV, we based our constructs
on plasmids previously optimized for expression of nAbs in rhesus
macaques.18,20,21We synthesized genes encoding the nAbs expression
cassette, flanked by the AAV’s inverted terminal repeats (ITRs). A
cytomegalovirus (CMV) promoter was used to express the antibody
(Figure 1A). The 30 UTR contained a polyadenylation signal from
SV40. To confirm that all expression elements were present in the
final plasmid preparations, we digested each construct with PvuII
with NcoI; SpeI with AflII; PvuII with AgeI; EcoRI with NotII; and
SmaI. The synthetic nucleic acid was packaged into AAV-1 using
previously described methods.20,21,34 To confirm the expression of
the Ab product encoded on our AAV construct, we have transfected
HEK293T/17 cells (American Type Culture Collection [ATCC]) with
the rAAV-DNA encoding P3D05 and measured the production of
rAb using an ELISA against the C9 tag and the neutralization potency
of the rAb.

rAAV and DENV Administration

A total of 14 Indian rhesus macaques (eight males and six females)
were used to test our rAAV-mediated prophylaxis strategy. These
macaques were separated into four groups, as follows: group 1
(rAAV-P3D05-rhIgG1-LALA, n = 4); group 2 (no AAV controls,
n = 4); group 3 (rAAV-P3D05-rhIgG1-WT, n = 4); and group 4
(no AAV controls, n = 2). Recombinant AAV diluted in RPMI was
administered to macaques weighing 2–5 kg in four 0.5 mL intramus-
cular injections in the quadriceps and biceps muscles. Each animal
received 2.5 � 1012 viral genome copies kg�1. To measure antibody
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titers generated prior to the challenge, we collected sera in the weeks 0,
1, 2, 3, 4, and 5 post rAAV. Animals were challenged with 6 � 105

PFUs of recombinant DENV3 (AY648961.1; lot: DEN3 Sleman/78
1A1 TD3+V2+C6/36p1 1/14/2008),53 delivered subcutaneously. Af-
ter the challenge, we collected serum at the indicated time points to
measure DENV viremia and seroconversion.

PRNT

PRNTs were conducted as previously described.54 Briefly, serum
samples were serially diluted in Opti-MEM (Thermo Fisher Scienti-
fic) supplemented with 2% human serum albumin, 2% fetal bovine
serum (FBS), and gentamicin. DENV3 was diluted to a final concen-
tration of �500–1,000 PFU mL�1 in the same diluent added to
equal volumes of the diluted sample. The virus/serum mixture was
incubated at 37�C for 30 min. Cell culture medium was removed
from 90% confluent monolayer cultures of Vero cells (ATCC) on
24-well plates and 100 mL of the virus/Ab mixture was transferred
onto duplicate cell monolayers. Cell monolayers were incubated
for 60 min at 37�C and overlaid with 1% methylcellulose in
Opti-MEM (Thermo Fisher Scientific) supplemented with 2% FBS
2 mM glutamine + 50 mg mL�1 gentamicin. Samples were incubated
at 37�C for 4 days, after which plaques were visualized by immuno-
peroxidase staining and a 50% plaque-reduction neutralization titer
was calculated.

ELISA

The production of rAb in sera was quantitated in a rC9 ELISA assay.
In brief, 96-well ELISA plates were coated overnight with 2 mg mL�1

of the mouse-anti-Rhodopsin (C9) monoclonal Ab clone 1D4 (EMD
Millipore) diluted in PBS. Each plate was washed five times with
PBS-Tween20, and the wells were blocked with 5% skimmed milk
in PBS for 1 hr at 37�C. Subsequently, the plate was washed with
PBS and serum samples were added to designated wells. After 1 hr in-
cubation at 37�C, the plate was washed and detection was carried out
using a mouse anti-monkey IgG-horseradish peroxidase (HRP) clone
SB108a (SouthernBiotech), which was added to all wells at a dilution
of 1:2,000. Following a 1 hr incubation at 37�C, the plate was washed
and developed with 3,3’,5,5’-tetramethylbenzidine (TMB) substrate at
room temperature for 3–4 min. Reaction was then stopped with the
TMB stop solution, and absorbance was read at 450 nm.

Viral Loads

Real time quantitative reverse-transcription PCR (qRT-PCR) was used
for the measurement of viral loads in sera, based on a previously vali-
dated assay.55,56 In brief, RNA was extracted from 140 mL of frozen
sera using the QIAamp vRNA Mini Kit (QIAGEN). The total nucleic
acid was eluted in two centrifugation steps with 40 mL of buffer AVE
each. A real-time qRT-PCR reaction was then carried out with 20 mL of
samples and 10 mL of primer, probes, and TaqMan Fast Virus 1-Step
Master Mix (Applied Biosystems). We used precombined probe and
primers (500 nM primers and 250 nM probe; Integrated DNA Tech-
nologies). The primer and probe sequences were modified tomatch se-
quences to the DENV3 Sleman/78 isolate (AY648961.1) and were as
follows: DENV3 P1 50GGACTGGACACACGCACCCA30; P2 50AAT
GTCTCTACCTTCTCGACCTGTCT30; and Probe 50ACCTGGAT
GTCGGCTGAAGGAGCTTG30. The probe was double quenched
(ZEN/Iowa Black FQ) and labeled with the carboxyfluorescein
(FAM) dye (Integrated DNA Technologies). The PCR conditions con-
sisted of a reverse transcription step at 50�C for 30 min, followed by a
step of 95�C for 10 min, then 40 cycles at 95�C for 15 s, and 60�C for
1 min. Three-fold serial dilutions of total DENV3 RNA (Vircell; lot:
15MBC057001) starting at 800 copies mL�1 were used as standards,
and results were reported as the equivalent vRNA genomes per
milliliter.

In Vitro Escape Assay

Vero cells (160,000 cells per well) were infected with virus in the pres-
ence or absence of P3D05. DENV3-Sleman/78 was used at a final
MOI of approximately 0.3 virions per well. The purified mAb
P3D05 was added to a final concentration of 1 mg mL�1. Virus with
antibody or virus and media mixtures were incubated for 1 hr at
37�C before cell adsorption. Cells were infected (1 hr) and then
washed and incubated in media with or without 1 mg mL�1 P3D05
supplementation. On the fourth day post infection, 50 mL of the
cell-free supernatant was used to infect a new batch of cells. This pro-
cess was repeated until cytopathic effect was clearly observed. From
each passage, the remainder of the supernatant was frozen in aliquots
for vRNA sequencing.

Envelope Sequencing

To sequence the envelope from serum virus, we amplified a
1,857 bp segment containing the M and E genes in a one-step Super-
script III RT-PCR reaction (Life Technologies) using the following
primers: DV3 620 50GAAGACATTGACTGCTGGTGCAAC30 and
DV3 2476 50GACGAAAATTCCACTTCCACATTTGAGTTC30.
The amplified DNA was then sequenced in multiple reactions of
500 bp each, with 2–3� coverage of the whole segment via Sanger
sequencing. The same procedure was used to generate amplicons
for Illumina deep sequencing. Illumina library construction was per-
formed using Nextera XT (Illumina) according to manufacturer’s
protocol. Sequencing was performed on the IlluminaMiSeq Platform,
generating 250-bp paired-end reads. De novo genome assembly and
variant calling were performed using VICUNA and V-Phaser 2,
respectively.57,58
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