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Long-term delivery of antibodies against the human immu-
nodeficiency virus (HIV) using adeno-associated virus (AAV)
vectors is a promising approach for the prevention or treat-
ment of HIV infection. However, host antibody responses
to the delivered antibody are a serious concern that could
significantly limit the applicability of this approach. Here,
we describe the dynamics and characteristics of the anti-
antibody responses in monkeys that received either rhesus
anti-simian immunodeficiency virus (SIV) antibodies (4L6
or 5L7) in prevention trials or a combination of rhesusized
human anti-HIV antibodies (1NC9/8ANC195/3BNC117
or 10-1074/10E8/3BNC117) in therapy trials, all employ-
ing AAV1 delivery of IgG1. Eight out of eight monkeys that
received the anti-HIV antibodies made persisting antibody
responses to all three antibodies in the mix. Six out of six
uninfected monkeys that received the anti-SIV antibody
4L6 and three out of six of those receiving anti-SIV anti-
body 5L7 also generated anti-antibodies. Both heavy and
light chains were targeted, predominantly or exclusively
to variable regions, and reactivity to complementarity-
determining region (CDR)-H3 peptide could be demon-
strated. There was a highly significant correlation of the
magnitude of anti-antibody responses with the degree
of sequence divergence of the delivered antibody from
germline. Our results suggest the need for effective strate-
gies to counteract the problem of antibody responses to
AAV-delivered antibodies.
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INTRODUCTION

In the classic approach to immunization, a microbial immunogen
is delivered, there is an immune response to the immunogen, and
it is hoped that the immune response is protective. The properties
of human immunodeficiency virus (HIV), including its persistent
replicative capacity and high variability, raise serious concerns
whether such vaccine approaches in the classic sense could ever

be sufficiently protective. A creative and promising strategy is
to circumvent these difficulties by directly delivering potent and
broadly neutralizing anti-HIV antibodies in a persisting fashion.
An impressive array of such monoclonal antibodies have been iso-
lated over the last several years.' ¢ If satisfactory delivery methods
that ensure long-lasting production in the recipient can be found,
it becomes possible to envision a long-term sterilizing barrier to
the vast majority of HIV-1 strains circulating in the population.

Adeno-associated virus (AAV) is ideal in many respects as a
delivery vehicle since it has an outstanding safety record in clinical
trials’ and, as long as the delivered protein is viewed as self, it can
result in continuous durable expression of the transgene product for
years.**? Studies in monkeys'*'® and in mice'” have already shown
the extreme promise of this approach against HIV/ simian immuno-
deficiency virus (SIV). However, antibody responses to the delivered
antibody can seriously limit the effectiveness of this strategy.”*~"* In
an initial study, rhesus macaques were inoculated with recombinant
AAV coding for anti-SIV immunoadhesins (antibody-like mol-
ecules). Sterilizing protection against intravenous SIV challenge was
observed in some recipients in that study but not among those that
developed antibodies to the transgene product.” At that time, it was
not clear whether the antibody response raised against the delivered
transgene product may have resulted from the use of immunoad-
hesins, which do not represent an authentic IgG structure.

Our group has recently used AAV to deliver mAbs from
rhesus macaques in authentic, full-length IgG1 form to rhesus
macaques.” In those experiments, 9 of 12 rhesus monkeys had
antibody responses to the delivered antibody that appeared to
limit the concentration of the delivered antibody that could be
achieved."” Another group has also recently observed the appear-
ance of anti-antibodies to AAV-delivered immunoglobulins.™
When a simianized form of bNAb VRC07 was delivered by AAV
to rhesus monkeys, anti-antibody responses were consistently
noted. Immune suppression with cyclosporine A was needed to
achieve sustained expression; otherwise, the levels of delivered
antibody became undetectable by week 9 after AAV inoculation.

In the present study, we describe in detail the specificity and
dynamics of anti-antibody responses in two prevention trials and
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Figure 1 Host anti-antibody responses to the adeno-associated virus (AAV)-delivered anti-SIV antibodies 5L7 1gG1 and 4L6 1gG1 mainly
target the variable regions. Six naive rhesus monkeys received AAV-encoding anti-SIV mAb 5L7 IgG1 and another six received AAV encoding a
different anti-SIV mAb, 4L6 IgG1. To dissect the anti-antibody responses to both antibodies, sera from the corresponding AAV recipients were tested
against different versions of 5L7 IgG1 and 4L6 1gG1. Since both 4L6 and 5L7 had a k-light chain, anti-antibodies were detected with a conjugated
anti-lambda antibody. (a) Sera from the 4L6 IgG1 recipients and (b) sera from the 5L7 IgG1 recipients were tested against purified antibody 4L6 IgG1
and 5L7 IgG1, immunoadhesin versions of both, as well as hybrids. The immunoadhesin versions or antibody-like molecules (Imm in the graphs)
consisted of only a single chain Fv, thus excluding the constant region of the light chain and the CH1 domain from the heavy chain. The hybrid
versions of the antibodies consisted of the heavy chain from one antibody and the light chain from the other; therefore 5L7-H 4L6-L IgG1 consists
of the heavy chain of 5L7 IgG1 with the light chain of 4L6 IgG1; conversely, 4L6-H 5L7-L IgG1 consists of the heavy chain of 4L6 IgG1 and the light
chain of 5L7 IgGT1. Since 4L6 IgG1 and 5L7 IgG1 shared the exact same constant region but differed in both heavy and light chain variable regions,

antibodies that bound one but not the other were targeting the variable region. Serum from an SPF monkey was used as a negative control and to

calculate the background level (dotted horizontal line). SPF, specific pathogen free.

two therapy trials in monkeys utilizing AAV delivery. Of seven dif-
ferent antibodies studied, anti-antibody responses were observed
against all seven. The magnitude of the anti-antibody response
correlated in a highly significant fashion with the sequence diver-
gence of the delivered antibody from the germline.

RESULTS

Host humoral responses against AAV-delivered
anti-SIV antibodies mainly target the variable regions
We have recently described the use of recombinant AAV1 in rhe-
sus monkeys to deliver mAbs in IgG1 form.” One group of six
naive rhesus macaques received one anti-SIV mAb (4L6 1gG1)
and another group of six received a different anti-SIV mAb (5L7
IgGl) in prevention experiments. These anti-SIV mAbs contained
only authentic rhesus IgG sequences. At first, all the monkeys
achieved good levels of delivered mAb in serum, but in several
cases the levels subsequently dropped abruptly. All six animals
in the 4L6 IgG1 group developed a clear anti-antibody response
to the AAV-delivered mAb, as did three of the six that received
5L7 IgG1. While all the animals in the 4L6 IgG1 group became
infected after challenge and did not show any protective effects
from the mAb that they received, animals that received 5L7 IgG1
showed a lower viremia at peak, a delayed time to peak viremia
and a lower viremia set-point. Moreover, one animal in the latter
group that had the highest levels of delivered antibody showed
apparent sterile protection after repeated challenges with neutral-
ization-resistant and highly-pathogenic SIVmac239, including a
challenge with 10 i.v. infectious doses. Interestingly, this monkey
did not show detectable anti-antibodies. While the relevance of
the anti-antibody response as a limiting factor for the protective
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effects was evident in our publication, the specifics of the anti-
antibody responses were not further investigated.

In order to characterize the anti-antibody responses in these
two groups of animals, we tested enzyme-linked immunosor-
bent assay (ELISA) reactivity of serum samples from both groups
against a set of purified proteins that included both 4L6 and 5L7
IgG1, immunoadhesin versions of these antibodies (IgG-like mol-
ecules that lack the constant domain of the light chain and the
CHI domain of the heavy chain) and hybrid versions: one cor-
responding to the heavy chain of 5L7 IgG1 with the light chain
of 4L6 IgG1 (named 5L7-H 4L6-L IgG1), and another with the
complementary combination (designated 4L6-H 5L7-L IgGl).
Since all of these proteins had a x-based light chain, we used an
anti-lambda conjugate to detect antibodies with a lambda light
chain reactive to the corresponding protein on an ELISA plate.
Consistent with our previous results, all of the six monkeys in the
4L6 group showed readily-detected anti-antibodies to 4L6 IgG1
by week 6 after AAV-inoculation (Figure 1la, red bars), while in
the 5L7 group three of the six animals showed clear anti-antibod-
ies against 5L7 IgG1 (Figure 1b, blue bars). Monkey sera from the
416 IgGl recipients reacted mostly against 4L6 IgG1 and had little
or no reactivity against 5L7 IgG1 (Figure 1a); conversely, monkey
sera from the 5L7 IgG1 recipients reacted mostly against 5L7 IgG1
and had little or no reactivity against 416 IgG1 (Figure 1b). Since
both 4L6 IgG1 and 5L7 IgG1 share an identical constant region,
these results indicate that anti-antibody responses in each group
were mainly targeting the variable region of the corresponding
antibody that the monkeys received. Only one monkey showed
some degree of mixed reactivity: 153-10 (Figure 1b). These exper-
iments not only allowed us to map the anti-antibody responses to
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Figure 2 Analysis of the amino acid sequence of the variable region of 4L6 IgG1 and 5L7 IgG1. 4L6 1gG1 and 5L7 IgG1 have similar sequences in
the variable region of the heavy chain but differ more in the light chain. (a) Alignment of amino acid sequences of the variable region of both heavy and
light chain of 4L6 IgG1 and 5L7 IgG1. Identical residues are boxed in gray, and complementarity-determining regions (CDRs) are indicated with colored
frames. (b) Two-dimensional graphical representations of the variable domains or IMGT Collier de Perles, which were created by analyzing the correspond-
ing nucleotide sequences with IMGT/V-QUEST.??4 Numbering according to IMGT unique numbering for V-domain residues. CDRs for heavy chain (H1,
H2, and H3) and light chain (L1, L2, and L3) are colored as indicated on the left; hatched-circle positions indicate gaps according to the IMGT numbering.
Light blue indicates positions that are either hydrophobic amino acids (hydropathy index with positive value) or a tryptophan (W) as in 50% or more of
analyzed variable domains, according to Pommié et al.*> Anchor positions are shown as squares and prolines in yellow. Amino acids with red and bold
letters indicate the five conserved positions of a variable domain. Arrows indicate the -strands and their direction. IMGT, international ImMunoGeneTics

information system.

the variable regions, they also allowed us to gauge relative reactiv-
ity to heavy versus light chains. For example, in all the animals
of the 4L6 group (Figure 1a), a substantial portion of the anti-
antibody response was directed against the variable region of the
light chain of 4L6 IgG1 since little or no reactivity was detected
to either 5L7 IgG1 or 5L7 Imm, but there was clear binding to
5L7-H 4L6-L IgGl. Only animal 120-09, the one with the low-
est responses against 5L7 IgG1, did not show significant reactivity
against the light chain. Overall, these results indicate that anti-
antibodies are mainly targeting the variable regions of both the
heavy and the light chain.

The 4L6 and 5L7 antibodies share a high degree of sequence
similarity, particularly in the heavy chains (Figure 2a,b). Most of
the sequence differences between the heavy chains were present in
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the complementarity-determining region (CDR)-H3 regions. The
extensive sequence similarity between 4L6 and 5L7 IgG1 together
with the limited cross-reactivity of the anti-antibody responses
suggests that anti-antibodies to 4L6 and 5L7 are largely target-
ing regions of variable sequence differences between these two
antibodies.

Fine mapping of the rhesus anti-antibody responses
to rhesus IgGs

To further define the reactivity of the host anti-antibodies to
4L6 and 5L7 IgG1, we tested the ability of STVmac239 gp140 to
block the binding of anti-antibodies. Purified recombinant anti-
body was coated on ELISA plates and then preincubated with or
without SIVmac239 gp140. Serum from each monkey was then
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Figure 3 Preincubation with SIVmac239 gp140 results in decreased
reactivity of sera against the delivered anti-SIV antibody. (a) Lambda
anti-4L6 1gG1-x antibodies were measured at the time of peak of anti-
antibodies (week 6 after AAV administration) in sera from the 4L6 IgG1
recipients after preincubation with (red bars) or without (blue bars)
SIVmac239 gp140. (b) Lambda anti-5L7 IgG1-x antibodies were mea-
sured at time of peak (week 10 after AAV administration) in sera from the
5L7 1gG1 recipients after preincubation with (red bars) or without (blue
bars) SIVmac239 gp140. A decrease in signal after preincubation with
gp140 indicates that the presence of the antigen blocked the binding of
a portion of the anti-antibodies. A SIV-positive serum was used as a posi-
tive control for the binding of gp140 to the antibody on the plate, and
5% milk in phosphate-buffered saline as a negative. (c) ELISA reactivity
of 4L6 1gG1 and 5L7 IgG1 against SIVmac239 gp120 (left panel) and
SIVmac239 gp140 (right panel). SIVsmE543 gp120 and gp140 were also
correspondingly tested.

tested for the detection of anti-antibodies against the antibody that
each received. As shown in Figure 3a, preincubation with gp140
strongly blocked the binding of the anti-antibodies, and this is true
for both 4L6 IgG1 and 5L7 IgGl1 recipients. These results indicate
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that the antigen-binding site was being targeted and that binding of
anti-antibodies to the delivered IgG blocked the ability of the deliv-
ered antibody to bind to its gp140 target. In the absence of pre-
incubation with anti-antibody-containing monkey sera, purified
4L6 and 5L7 anti-SIV antibodies showed similar binding curves
to SIVmac239 gp120 and gp140 by ELISA, but they did not bind
detectably to SIVsmE543 gp120 or gp140 (Figure 3b).

To further map and precisely define specific linear epitopes
of the anti-antibody responses against the variable region of
5L7-IgG1, Pepscans were performed using overlapping peptides
covering the entire variable regions of both the heavy chain and
the light chain. The two monkeys with the highest levels of anti-
5L7 IgG1 antibodies showed reactivity to peptide 27, as shown
in Figure 4a. Peptide 27, which corresponds to the amino acid
sequence SGGVCYEGAGIPPDE is located in the midpoint of the
CDR3 of 5L7, an area usually critical for epitope recognition and
binding.” In order to gain insight into this important reactivity,
sera from the three monkeys with anti-antibodies in the 5L7 IgG1
group and from those that received 4L6 IgG1 were tested for reac-
tivity against the full-length CDR3 peptide and peptide 27 match-
ing the amino acid sequence of the antibody that they received,
and to peptide 27 corresponding to the amino acid sequence that
they did not receive, to test cross-reactivity (Figure 4b,c). In both
groups of monkeys, reactivity against the corresponding full-
length CDR3 peptide was detected in serum from the two animals
that had shown the highest levels of anti-antibodies: 153-10 and
157-10 in the first group and 279-10 and 283-10 in the second.
Reactivity to the corresponding peptides 27 was also detected
in those samples, but was lower in sera from the monkeys of the
4L6 IgGl group. Interestingly, no cross-reactivity was detected
when peptide 27 containing the sequence that was not received
was tested with the samples from the 4L6 group. In contrast, sera
from both animals in the 5L7 group (153-10 and 157-10) did react
with the peptide 27 sequence of the 4L6 antibody (Figure 4c).
The amino acid sequences for the overlapping peptides used in
the Pepscans from Figure 4a are shown in Supplementary Figure
S1a, and alignment of the peptide sequences used in Figures 4b,c
are shown in Supplementary Figure S1b.

Host humoral responses against AAV-delivered
rhesusized anti-HIV antibodies also mainly target the
variable regions

Two groups of four monkeys infected with SHIV-AD8" received
different combinations of three different rhesusized anti-HIV
mAbs 12 weeks postinfection in therapy trials. The mAbs that were
used all had potent and broadly neutralizing activity. More specifi-
cally, one group got AAV's encoding rhesusized INC9, 8ANC195,
and 3BNCI117 while another group got AAVs encoding rhesus-
ized 10-1074, 10E8, and 3BNCI117. The first group was named
“CD4bs” since 1INC9 and 3BNC117 have been reported to be CD4
binding site antibodies.>* Initially classified as a CD4bs antibody,
8ANC195 was subsequently shown to have a somewhat different
specificity spanning both subunits of the envelope trimer.?' The
second group was named “trimix” because of the three different
specificities it received: 10-1074 targets a discontinuous epitope in
the V3 loop?; 10E8 targets the membrane-proximal external region
in gp41* and 3BNC117 is a CD4bs mAb common to the previous
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Figure 4 Analysis of antibody responses by Pepscan. (a) Sera from the recombinant AAV-5L7 recipients were tested by ELISA against overlap-
ping peptides spanning both the heavy and the light chain variable regions of 5L7 IgG1. Heavy and light chain peptides are indicated by brackets.
Shadows represent the areas corresponding to the CDRs. Pepscans for animals with the highest levels of anti-antibodies, 153-10 (upper panel) and
157-10 (lower panel) are shown. Sera samples corresponding to week 10 post-AAV administration, were tested at a 1/20 dilution. (b) Serum from
the 5L7 IgGT1 recipients was tested by ELISA against a peptide with the CDR3 sequence of the heavy chain of 5L7 (5L7 full_CDR3-HC), and against
peptide 27 with the 5L7 sequence (5L7 pep27_CDR3-HC) and the peptide 27 sequence of the 4L6 antibody (4L6 pep27_CDR3-HC). Weeks 4, 14,
and 44 after AAV administration were tested. (c) Same as in b but now serum from the 4L6 IgG1 recipients was tested against the corresponding
versions of the peptides with 4L6 IgG1 sequences (4L6 full_CDR3-HC and 4L6 pep27_CDR3-HC) and, for cross-reactivity testing, against the peptide
27 with the sequence of 5L7 IgG1 (5L7 pep27_CDR3-HC). Weeks 6 and 15 after AAV administration were tested. Specific amino acid sequences for

all these peptides can be seen in Supplementary Figure S1a.

group. Because of their human origin, antibody sequences of the
anti-HIV antibodies were rhesusized prior to insertion into AAV,
i.e., the human constant regions were substituted with equivalent
rhesus constant region sequences. No change in the neutralization
activity was observed after these antibodies were rhesusized (data
not shown). Transient reductions in viral load were noted follow-
ing the recombinant AAV administration, but viral loads quickly
rebounded as the delivered mAbs disappeared from the serum
of the treated monkeys. When sera from animals in both groups
were tested for the presence of anti-antibodies, we observed that
all the monkeys had mounted a humoral immune response against
all three antibodies that each received (Figure 5). The anti-anti-
bodies arose as soon as 2-4 weeks post-AAV administration and
peaked around week 25, remaining quite stable for the duration of
the study, almost 50 weeks. The CD4bs group data is shown in the
left panels (in blue) and the trimix data in the right ones (green).
Averages of the absorbance values were calculated for each anti-
body and represented in the two bottom panels (in red).

80

Since 10E8 is able to bind a linear epitope,” we used two
amino acid sequences, called the 4E10 peptide and the 10E8
peptide, as potential candidates for quantification purposes
(Figure 6a). While both the shorter 4E10 peptide and the lon-
ger 10E8 peptide were capable of binding the 10E8 monoclonal
antibody, only the shorter 4E10 peptide did not bind anti-Env
antibodies present in the sera of the SHIV-AD8-infected mon-
keys (Figure 6a). Thus, the 4E10 peptide could be used to quan-
titate levels of AAV-delivered 10E8 monoclonal antibody in this
study. Readily detectable levels of 10E8 were observed as early
as 1 week post-AAV administration. The levels of 10E8 peaked
at week 2 in three of the animals and at week 1 in one of the
animals (Figure 6b). Peak levels of delivered 10E8 were in the
range of 1.7-6 pg/ml. An abrupt, dramatic decline in levels of
delivered 10E8 was coincident with the appearance of anti-10E8
antibodies (Figure 6b). In the monkey with the lowest levels
of 10E8 in serum (rh2437), the anti-10E8 antibodies appeared
earlier (week 2) while in the other three monkeys with higher
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Figure 5 Dynamics of host anti-antibody responses to adeno-associated virus (AAV)-delivered broadly neutralizing anti-HIV antibodies in
monkeys. Two groups of four SHIV-AD8-infected monkeys were delivered different combinations of three rhesusized anti-HIV mAbs after 12 weeks
of infection in a therapeutic experiment using AAV. Purified rhesusized anti-HIV antibodies were used to coat ELISA plates and sera from the recipient
monkeys were tested for the presence of anti-antibodies by probing with a horseradish-peroxidase-conjugated anti-lambda antibody. Engineered
k-bearing versions were used for those anti-HIV originally bearing a lambda light chain. Serum reactivity is shown for each individual monkey against

each individual antibody that it received.

levels of 10E8, anti-antibodies were seen later (mostly by week
4 post-AAV). Concentrations of delivered 10E8 mAb in serum
dropped to below the limit of detection by 4-6 weeks following
AAV administration (Figure 6b).

Next, sera from each group of animals were tested for anti-
antibodies against the mAbs that the other group received.
The reactivity was specific for the antibodies that each of the
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animals received (Figure 7a). Since all these mAbs shared an
identical constant region, this indicates that the corresponding
variable regions of each antibody were predominantly targeted
in each group. As both groups got 3BNC117, this antibody
worked as a positive control in these conditions.

We took further advantage of the fact that 10E8 could bind
the 4E10 peptide for which reactivity was absent in pre-AAV
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Figure 6 The appearance of anti-10E8 antibodies is coincident in time with an abrupt and profound decrease in the levels of delivered 10ES8.
(a) Pre-AAV inoculation sera from the four monkeys infected with simian/human immunodeficiency virus (SHIV) that subsequently received 10E8
were tested for reactivity against two different peptides: 4E10 peptide with the minimum epitope sequence know to be bound by this antibody, and
10E8 peptide, a longer peptide that included the sequence of the 4E10 peptide.? Lysines (K) and a cysteine (C) were added for improved solubility.
Due to the lack of reactivity to the 4E10 peptide in sera from these SHIV-infected monkeys, the 4E10 peptide was used to quantitate the levels of
delivered 10E8 in monkeys. (b) Levels of AAV-delivered 10E8 in sera from the four monkeys that received 10E8 in the trimix group (green) are plotted
together with the corresponding levels of anti-10E8 (red).
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Figure 7 Host anti-antibody responses to adeno-associated virus (AAV)-delivered broadly neutralizing anti-HIV antibodies mainly target vari-
able regions. (a) Sera from the group of monkeys that received the trimix combination of antibodies (10-1074, 10E8 and 3BNC117) were tested
for the presence of anti-antibodies against the mAbs that the other group (CD4bs) received, i.e., INC9, 8ANC195, and 3BNC117 (upper panel) and
the other way around (lower panel). Since the constant regions were all identical, the anti-antibodies were directed to the variable regions. 3BNC117
was used in both groups of monkeys. Sera from week 24 after AAV administration were tested. (b) Sera from the corresponding AAV recipients at
week 10 (trimix group) was tested for reactivity against a k version of 10E8 coated on an ELISA plate and preincubated with (blue bars) or without
(red bars) 106 pmol/l of peptide corresponding to the minimum epitope sequence that 10E8 targets on the membrane-proximal external region.

serum (Figure 6a) to examine whether the peptide could block
the reactivity of the anti-antibodies. Recombinant purified
10E8 coated on ELISA plates was preincubated with or without
a 106 pmol/l solution of 4E10 peptide before sera from the cor-
responding group of monkeys were tested for anti-antibodies.
As seen in Figure 7b, preincubation with this peptide partially
blocked the binding of the anti-antibodies to 10E8 coated on
the ELISA plates. This indicated that anti-antibodies targeted
the antigen-binding site or a region very close to it, and that
they could prevent the binding of 10E8 to its target.
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Magnitude of host humoral responses to
AAV-delivered rhesusized human antibodies
correlates with extent of divergence from the germline
The nucleotide sequences of the human antibodies were analyzed
with IMGT/V-QUEST to find the predicted closest human germ-
line V- and J-genes and alleles (Figure 8a, top panels). The analy-
sis was performed with the sequences of the variable regions of
both heavy chains (left) and light chains (right). Percent identity
with the predicted germline was also correspondingly obtained
and correlations were calculated with the magnitude of the
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Figure 8 Distance from germline correlates with the magnitude of the anti-antibody response. (a) Analysis of the corresponding nucleotide
sequences was performed with the variable regions of both heavy chains (left) and light chains (right) of the adeno-associated virus (AAV)-delivered
human antibodies using IMGT/V-QUEST. The closest V-genes and J-genes were obtained and identity percentages were calculated. Spearman correla-
tions were then computed using the identity percentages and the levels of anti-antibody responses from Figure 5. Spearman correlation coefficients
and P values with summary are shown, all calculated using GraphPad Prism 6 software. Code: ns (not significant) P> 0.05; *P < 0.05; **P < 0.01; ***P
<0.001; ****P < 0.0001. (b) Two correlations are shown: week 28 V-gene of heavy chain in the left panels and week 28 J-gene of the light chain in
the right panels. The two top panels show calculations with individual values and the lower panels those with the averages.

anti-antibody response (individual absorbance values for each
antibody, obtained from Figure 5). Distance from the germ-
line correlated strongly with the magnitude of the anti-antibody
response (Figure 8a, panels below the arrows, and Figure 8b).
Similar correlations were found when the closest germlines from
rhesus monkeys were used for the analysis.
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DISCUSSION

Individuals that become infected with HIV-1 typically mount a
strain-specific neutralizing antibody response**?; only a fraction
of these individuals, however, go on to develop potent, broadly
neutralizing activity over a prolonged period.®*® The last 5-10
years has seen the accumulation of a number of remarkably potent,
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broadly-neutralizing mAbs from such individuals.>?*?>%32¢ At least
five different specificities targeting conserved regions of the HIV
envelope glycoprotein are represented in this collection.> With
respect to prevention scenarios, it is easy to envision how stable
maintenance of protective concentrations of some combination
of these monoclonal antibodies in high-risk individuals could
provide a sterilizing barrier to the vast majority of HIV-1 strains
circulating in the population. However, passive infusion of puri-
fied antibody is not a practical long-term solution because of the
millions of people that need to be reached, the need for repeated
administrations over a prolonged period, the massive amounts of
purified antibody that would be needed, and the extremely high
cost. We have been using monkey models to inform and guide
development of the AAV delivery approach for use in people.

In our prevention trials (12 monkeys) and our therapy trials (8
monkeys), there were 36 opportunities for the generation of anti-
antibody responses to AAV-delivered antibodies: 12 in the pre-
vention trials since each monkey received only one antibody and
24 in the therapy trials since each monkey received a combination
of three antibodies. Of the 36 opportunities, 33 of them had clear,
readily-detectable anti-antibody responses. In the vast majority
of cases (29/33), the anti-antiresponses persisted for as long as
we followed the animals: >10 months to as long as 1.3 years. In
all cases, the anti-antiresponses were directed predominantly or
exclusively to the variable regions. The anti-antibody responses
appeared to severely limit the concentration of delivered mAb
that could be maintained. There is no way of knowing whether
these results will be predictive of what will happen in human tri-
als until such time that AAV-mAD delivery trials are carried out
in humans; nonetheless, our findings raise serious concerns over
this possibility.

It is reasonable to think that the immunogenicity of an AAV-
delivered protein will be strongly influenced by the extent of
divergence from endogenous protein, i.e., the degree of self versus
nonself.”” Indeed, the strength of the immune response to factor
IX in the setting of hemophilia correlates directly with the extent
of divergence from endogenous coding information.?® Antibodies
are inherently extremely variable in sequence and differ to vary-
ing degrees with the sequences present in the inherited germline
DNA. Somatic mutation from germline sequences is a built-in
process to give antibodies the specificity they need to fight the
diverse array of microorganisms that the host may encounter.
Furthermore, there is a complex “checkpoint” system to allow
some antibodies that develop naturally, but not others, into the
circulation of that individual.” It is highly unlikely that an indi-
vidual that receives a monoclonal antibody derived from another
individual will have ever seen the divergent variable sequences
present in that antibody.”

This problem with the “foreignness” of an externally deliv-
ered monoclonal antibody is compounded for applications to
AIDS by the nature of the anti-HIV mAbs that one would like
to deliver. The potent, broadly-neutralizing, anti-HIV mAbs are
highly evolved over a prolonged period of time. They usually con-
tain heavily hypermutated CDR and framework regions.>202%2320
Consistent with this line of reasoning, we report here for the first
time a highly significant correlation of the magnitude of the host
anti-antibody response with the distance from germline of the
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delivered antibody. Also along these lines, it is reasonable to think
that the apparently diminished immunogenicity of AAV-delivered
eCD4-Ig' relates to its extensive identity with germline sequences
and the minimal short stretch of nongermline sequences at its
C-terminus.

Other factors could also possibly contribute to the immunoge-
nicity of AAV-delivered antibodies. PERp1, a resident ER protein
that is a component of the BiP (binding immunoglobulin protein)
chaperon complex, is substantially upregulated during B to plasma
cell differentiation and has a key role in ensuring correct folding
and oligomerization of immunoglobulins.*"** Muscle cells where
the AAV is being administered are not B-cells and their control-
ling mechanisms may fall short in this regard, particularly at the
very high levels of expression that are achieved with AAV vec-
tors. It is also possible that some small percent of the inoculated
AAV vector finds its way into professional antigen presenting cells
such as dendritic cells and attempts to express the immunoglobu-
lin in these cells could conceivably set off the immune response.
Further work will be needed to understand the critical factors that
underlie the anti-immunoglobulin responses to AAV-delivered
antibodies and to develop practical strategies to circumvent these
anti-antibody responses.

MATERIALS AND METHODS

Antibody coding sequences and recombinant AAV. 416 and 5L7 immu-
noadhesin sequences™ served as a template and full-length antibodies
were constructed by adding CHI1 domain and CL domain of rhesus IgG
to the already known immunoadhesin sequences as described else-
where."” Antibody sequences of the anti-HIV antibodies were kindly
provided by Michel Nussenzweig (The Rockefeller University) and Mark
Connors (National Institutes of Health/National Institute of Allergy and
Infectious Diseases (NIAID)). In order to rhesusize them, the variable
domains of both heavy and light chain were identified using the IMGT/V-
QUEST software (see below) and constant domains were swapped with
the corresponding IgG1 rhesus sequences based on published sequences
(GenBank: AAQ57550.1 for the heavy chain; AAD02577.1 for the x chain,
and ADX62855.1 for the lambda).*** Coding sequences were all designed
in silico, codon-optimized and gene-synthesized (Genscript, Piscataway,
NJ). Synthesized fragments were then cloned into NotI site of ssAAV vector
plasmids. Production of recombinant AAV was conducted as described pre-
viously.*>* In short, HEK 293 cells were transfected with recombinant AAV
vector plasmid and two helper plasmids to allow generation of infectious
AAV particles. After harvesting transfected cells and cell culture superna-
tant, AAV was purified by three sequential CsCl centrifugation steps. Vector
genome number was assessed by real-time polymerase chain reaction, and
the purity of the preparation was verified by electron microscopy and silver-
stained sodium dodecyl sulfate-polyacrylamide gel electrophoresis.

For further details regarding our constructs, see ref. 15. Please
note that the woodchuck hepatitis virus post-transcriptional regulatory
element (WPRE) was used to enhance transgene expression.” It has
been suggested that the WPRE might encode a truncated version of
the woodchuck hepatitis virus X protein.®® We have tested reactivity of
sera from the AAV-administered monkeys to recombinant Protein X
(Cusabio Biotech, Wuhan, China); this recombinant protein contains the
amino acid sequence of the potentially expressed truncated protein. No
significant reactivity was detected.

Identification of variable regions and closest germlines. In order
to identify the variable regions of the corresponding antibodies, the
nucleotide sequences were analyzed IMGT/V-QUEST (International
ImMunoGeneTics information system/V-QUEry and STandardization;
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http://www.imgt.org/),>*" an integrated software that analyzes rearranged
immunoglobulin nucleotide sequences. Also with this tool, the V(D)
J (variable(diversity)joining) genes and alleles were identified by align-
ment with the immunoglobulin germ line gene and allele sequences of the
IMGT reference directory (Figures 2a and 8a). The CDRs and framework
regions were identified on the basis of the IMGT unique numbering, and
somatic mutations were identified. This tool was also used to create two-
dimensional graphical representations of the variable regions, the IMGT
Collier de Perles (Figure 2b).

Rhesus macaques and AAV immunization. The 20 animals in our study
were Indian-origin rhesus macaques (Macaca mulatta). Twelve of them
were housed at the New England Primate Research Center in a biosafety
level 3 animal containment facility in accordance with the standards of
the Association for Assessment and Accreditation of Laboratory Animal
Care and the Harvard Medical School Animal Care and Use Committee.
Research was conducted according to the principles described in the
Guide for the Care and Use of Laboratory Animals and was approved by the
Harvard Medical School Animal Care and Use Committee.*' The remain-
ing eight animals were housed at the Wisconsin National Primate Research
Center and they were similarly cared for in accordance with the guide-
lines of the Weatherall Report under a protocol approved by the University
of Wisconsin Graduate School Animal Care and Use Committee. All
macaques tested negative for the presence of antibodies to SIV and
AAV1 capsid prior to AAV administration. The weights of the animals
ranged from 2.5 to 10.3kg at the time of immunization. The 4L6 recipi-
ents received a total of 2.5x 10" AAV vector genomes per monkey and
the 5L7 recipients received 1.6 x 10" particles (see ref. 15 for details). The
animals that received the rhesusized anti-HIV antibodies were infected
with SHIV-ADS8 and 12 weeks afterwards they were segregated into two
equivalent groups based on viral loads. Then one group received AAVs
encoding for INC9, 8ANC195 and 3BNC117 (total dose of 2.5x 10" AAV
vector genomes per monkey) and the second received AAV's encoding for
10-1074, 10E8, and 3BNC117 (total dose of 3 x 10" AAV vector genomes
per monkey). AAV administration was conducted by deep intramuscu-
lar 0.5ml injections. Each monkey received three different recombinant
AAVs, one per antibody. Two injections of one recombinant AAV were
given in the right quadriceps. Two injections of the second recombinant
AAV were given in the left quadriceps. One injection of the third recombi-
nant AAV was given in the right deltoid and one in the left deltoid.

Anti-antibody response. Measuring humoral responses to the AAV-
delivered mADb is challenging since both antibody and anti-antibodies are
of the same host species. To solve this problem, K-bearing versions of the
antibodies were engineered (for lambda bearer mAbs) and used to coat
plates; then anti-antibodies were detected by means of an anti-lambda anti-
body (Southern Biotech, Birmingham, AL) in a regular ELISA. This way
we could readily detect those anti-antibodies with a lambda light chain,
which have been reported as the most prominent in our previous studies.'
To assess the target of the anti-antibody response we tested the reactivity
of the serum samples against the corresponding purified mAb or mAbs. In
some cases, different sets of peptides were also tested, including a whole
library of overlapping peptides panning the entire variable region of both
heavy and light chain of 5L7. Peptides were all synthesized by GenScript
and specific sequences are indicated in Supplementary Figure S1.

Recombinant antibodies. HEK293T cells were expanded and then trans-
fected with recombinant AAV vector plasmids. Cells were washed after
4 hours with prewarmed phosphate-buffered saline and then transferred
to serum-free medium (Invitrogen, Carlsbad, CA). Afterwards, the anti-
body-containing medium was harvested, precleared by centrifugation,
and filtered through 0.22-pm-pore-size membrane. Then, IgG was affinity
purified using protein A Sepharose 4 Fast Flow (GE Healthcare, Uppsala,
Sweden) followed by protein quantification with a Nanodrop UV spec-
trometer (Thermo Fisher Scientific, Wilmington, DE). Antibody purity
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was confirmed by sodium dodecyl sulfate-polyacrylamide gel electropho-
resis and subsequent Coomassie blue staining (data not shown).

SUPPLEMENTARY MATERIAL
Figure S$1. Amino acid sequences of the overlapping peptides used
in the Pepscans.
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