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AAV-monoclonal antibody expression protects mice
from Ebola virus without impeding the endogenous
antibody response to heterologous challenge
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Filoviruses cause severe hemorrhagic fever with case fatality
rates as high as 90%. Filovirus-specific monoclonal antibodies
(mAbs) confer protection in nonhuman primates as late as
5 days after challenge, and FDA-approved mAbs REGN-EB3
and mAb114 have demonstrated efficacy against Ebola virus
(EBOV) infection in humans. Vectorized antibody expression
mediated by adeno-associated virus (AAV) can generate protec-
tive and sustained concentrations of therapeutic mAbs in ani-
mal models for a variety of infectious diseases, including
EBOV. Here we demonstrate that AAV6.2FF-mediated expres-
sion of murine IgG2a EBOV mAbs, 2G4 and 5D2, protects
from mouse-adapted (MA)-EBOV infection with none of the
surviving mice developing anti-VP40 antibodies above back-
ground. Protective serum concentrations of AAV6.2FF-2G4/
AAV6.2FF-5D2 did not alter endogenous antibody responses
to heterologous virus infection. AAV-mediated expression of
EBOV mAbs 100 and 114, and pan-ebolavirus mAbs, FVM04,
ADI-15878, and CA45, as human IgG1 antibodies conferred
protection against MA-EBOV at low serum concentrations,
with minimum protective serum levels as low as 2 mg/mL.
Vectorized expression of murine IgG2a or human IgG1 mAbs
led to sustained expression in the serum of mice for >400 days
or for the lifetime of the animal, respectively. AAV6.2FF-medi-
ated mAb expression offers an alternative to recombinant anti-
body administration in scenarios where long-term protection is
preferable to passive immunization.

INTRODUCTION
Highly pathogenic members of the Filoviridae family, including Ebola
virus (EBOV), have shown immense epidemic potential and consti-
tute a major public health concern.1 Passive antibody transfer is a
method used to treat many infectious diseases, including EBOV dis-
ease (EVD).2 Some of the first antibodies raised against EBOV were
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developed by the Public Health Agency of Canada (PHAC) and
included murine monoclonal antibodies (mAbs) 2G4 and 5D2.3

2G4 is a neutralizing antibody that binds to the viral glycoprotein
(GP) base at a shallow angle,4–6 while 5D2 is a non-neutralizing anti-
body that binds the GP mucin-like domain, which is cleaved prior to
fusion in the endosome.7 2G4 was further developed as part of a
three-component mAb cocktail, ZMapp, which conferred 100% sur-
vival in nonhuman primates (NHPs) as late as 5 days after challenge
with EBOV8 and was also used to treat humans during the 2014–16
West Africa Ebola epidemic (NCT02363322).9

While 2G4 and 5D2 were generated by vaccinating mice with a recom-
binant vesicular stomatitis Indiana virus expressing the EBOV GP,3

newer methods of isolating antibody sequences by high throughput
sequencing of B cells from naturally infected survivors yields potent
mAbs of human origin.10 For example, human mAbs 100 and 114
were able to confer 100% survival in NHPs administered the cocktail
of antibodies as late as 5 days after challenge with EBOV (variant
Kikwit),11 and in the case ofmAb114, it was well tolerated in humans.12

These antibodies bind to critical structural epitopes to interfere with the
ability of EBOV GP to mediate endosomal escape and represent an
ideal class of mAbs for clinical development.13 Isolation and character-
ization of mAbs from human survivors of EVD continues, with a surge
occurring after the 2014 West Africa Ebola outbreak.14
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Figure 1. AAV6.2FF-2G4/AAV6.2FF-5D2 dose-reduction experiment

BALB/c mice (n = 8/group) were administered a range of total vector genomes (vg)

of AAV6.2FF-2G4 and AAV6.2FF-5D2 intramuscularly, with each vector adminis-

tered to separate muscle groups. Mock animals were administered a dose of

4 � 1011 vg of AAV6.2FF expressing luciferase. 28 days following AAV adminis-

tration, mice were challenged with 1000xLD50 MA-EBOV and monitored for

(A) survival and (B) weight loss (plotted as group averages). Survival of treated

groups was compared with the mock group using the Mantel-Cox log rank test.

****p < 0.0001.
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Development of pan-ebolavirus mAbs has been possible through im-
munization of NHPs with either a cocktail of recombinant filovirus
GPs or recombinant VSVs displaying GPs from distinct ebolaviruses,
such as EBOV, Sudan virus (SUDV), and Bundibugyo virus, resulting
in potent, neutralizing, pan-ebolavirus mAbs such as ADI-15878,
FVM04, and CA45.15–19

AAV vectored expression of pathogen-specific mAbs offers a prom-
ising alternative to traditional vaccines in addition to a strategy for
long-term passive immunization.20,21 The ability of AAV-mediated
mAb expression to confer immunity without the need to stimulate
the endogenous immune system represents an important application
for this prophylactic therapy. Immunocompromised individuals,22 as
well as adults of advanced age who respond poorly to conventional
vaccines due to age-related decline in immunity, could benefit greatly
from this alternative prophylactic approach.23,24

Previous reports utilizing the AAV6.2FF capsid, which consists of
F129L, Y445F, and Y731F mutations in the AAV6 capsid backbone,
506 Molecular Therapy: Methods & Clinical Development Vol. 26 Septe
demonstrated rapid and robust transgene expression from both the
muscle and lung.25 This capsid elicits long-term systemic expression
of mAbs, which conferred protection in multiple infectious disease
models, including at mucosal surfaces.26–28 Here, we further explore
the immunity mediated by this AAV6.2FF-mAb approach at reduced
vector doses, and we use human IgG1 (hIgG1) filovirus mAbs in
immunocompetent mice to expand the utility of our AAV6.2FF-
mAb expression platform. In dose reduction experiments, we demon-
strate AAV6.2FF vectors expressing murine IgG2a, and later hIgG1
mAbs, have the ability to prevent morbidity and mortality in the
mouse-adapted EBOV challenge model, even with low level mAb
expression. Furthermore, we investigate the expression and protec-
tion of pan-ebolavirus mAbs in the EBOV mouse model to expand
the potential arsenal of therapeutics against EVD for future
epidemics.

RESULTS
A cocktail of AAV6.2FF-2G4/AAV6.2FF-5D2 prevents morbidity

and mortality in mice challenged with mouse-adapted EBOV

We previously demonstrated that a 4� 1011 vector genome (vg) dose
of AAV6.2FF expressing anti-EBOV GP antibodies 2G4 and 5D2 as
murine IgG2a mAbs (2 � 1011 vg each of AAV6.2FF-5D2 and
AAV6.2FF-2G4 were administered to mice in separate leg muscles)
conferred 100% survival when administered only 7 days prior to chal-
lenge.26 In an effort to determine the minimum therapeutic dose of
this vector cocktail, we performed a dose reduction experiment in
which mice were intramuscularly (IM) administered (in separate
leg muscles) AAV doses ranging from a total of 4 � 1011 vg to
8� 109 vg 28 days prior to mouse-adapted EBOV (MA-EBOV) chal-
lenge. At the 4 � 1011 vg, 1 � 1011 vg, and 5 � 1010 vg doses, 100%,
100%, and 88% survival was observed, respectively (Figure 1A). The
1 � 1010 vg dose resulted in a single survivor, and the lowest dose,
8� 109 vg, did not protect any animals. There was nomorbidity asso-
ciated with the survivors of the 4� 1011 vg, 1� 1011 vg, and 5� 1010

vg doses; however, the single mouse that survived at the 1 � 1010 vg
dose did experience significant weight loss prior to recovery
(Figure 1B).

Immediately prior to challenge, serum was collected from the mice in
the dose reduction experiment to determine the reciprocal EBOV GP
antibody titer (Figure 2A). These titers represent the concentrations
of AAV6.2FF-mediated expression of mAbs 2G4 and 5D2 28 days af-
ter vector administration in the mice that survived the subsequent
challenge. GP antibody titers were also determined 28 days after
MA-EBOV challenge to investigate if there was an increase in GP
antibody concentrations due to the contribution of the endogenous
humoral response against EBOV infection (Figure 2B). Note that
for this analysis, only mice that survived challenge with MA-EBOV
were included as only they would have had a chance to mount an im-
mune response to MA-EBOV. Additionally, serum from the mice
administered a dose of 4 � 1011 vg were not evaluated since the sur-
vival was equivalent to mice that received a dose of 1 � 1011 vg. The
difference in pre- and post-challenge GP antibody titers ranged from
1X to 8X; however, all the mice included in this analysis survived, and
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Figure 2. EBOV GP reciprocal antibody titers before and after challenge from mice that survived MA-EBOV challenge

Sera from the surviving mice in the AAV6.2FF-2G4/AAV6.2FF-5D2 dose reduction experiment (1� 1011 vg, n = 8, and 5� 1010 vg, n = 7) were analyzed by EBOV GP ELISA

(A) 28 days after AAV administration but before challenge and (B) 28 days after challenge. (C) The fold change in pre- to post-challenge reciprocal anti-GP titers observed at

each dose. (D) 28 days post-challenge serum samples were analyzed at a 1:100 dilution by EBOV VP40 ELISA; negative controls were serum samples from naive, untreated

mice separate from the challenge studies. A one-way ANOVA with Tukey’s multiple comparisons test revealed no significant differences between groups. All error bars

represent the standard deviation of the mean.
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therefore the pre-challenge GP antibody titers were sufficiently pro-
tective (Figure 2C). Sera taken from surviving mice 28 days after
EBOV challenge were also examined for antibodies against the
EBOV matrix protein, VP40, since up to 40% of whole viral protein
mass is composed of VP40, and VP40-specific antibodies have been
demonstrated in human serum samples following infection (Fig-
ure 2D).29,30 VP40 antibodies were not detected significantly above
background in any mouse. This result, combined with the minimal
increase of GP antibody titers after challenge in the majority of ani-
mals and negligible weight loss, indicates that AAV6.2FF-2G4/
AAV6.2FF-5D2 treatment may have neutralized EBOV before exten-
sive replication occurred.

Protective mAb titers mediated by AAV6.2FF-2G4/AAV6.2FF-

5D2 do not impair the endogenous antibody response to a

heterologous virus infection

To investigate the ability of the endogenous antibody immune
response to respond appropriately to a heterologous infection in
the context of AAV6.2FF vectorized mAb expression, mice pre-
treated with either AAV6.2FF-2G4/AAV6.2FF-5D2 or PBS were
exposed to a non-lethal challenge of influenza A virus (strain PR8),
Molecular The
and the antibody response to the influenza hemagglutinin (HA) pro-
tein was evaluated (Figure 3). Reciprocal antibody titers against
EBOV GP were below background in the PBS-treated group but
did reach protective concentrations in AAV6.2FF-2G4/AAV6.2FF-
5D2-treated mice (Figure 3B). Influenza virus HA antibody titers
were indistinguishable between the treatment groups for both pri-
mary and secondary influenza virus exposures (Figure 3C), indicating
AAV6.2FF-mAb treatment does not hamper the primary or second-
ary B cell response in mice. Mice were weighed daily for the first week
following primary influenza virus infection, and no significant differ-
ence between treatment groups was observed (Figure 3D). Moreover,
mice remained clinically healthy with no apparent adverse effects.

Serum 100 and 114 concentrations as low as 20 mg/mL and

80 mg/mL, respectively, confer survival against EBOV challenge

We previously selected murine IgG2a antibodies to vectorize mAb
sequences 5D2 and 2G4 in part to avoid an immune response against
human IgG (hIgG). However, B cell mining of human survivors has
resulted in exceptionally potent mAbs against filoviruses, and ex-
pressing human antibodies in mice would streamline preclinical
development. Therefore, two AAV6.2FF vectors were engineered to
rapy: Methods & Clinical Development Vol. 26 September 2022 507
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Figure 3. Endogenous humoral response to influenza A virus in the context

of protective 2G4/5D2 antibody titers

(A) Schematic of experimental design. BALB/c mice (n = 4/group) were adminis-

tered 1 � 1011 vg of AAV6.2FF-2G4/AAV6.2FF-5D2 IM 14 days prior to primary

sub-lethal exposure to 600 HA units of influenza A virus (strain PR8) by IP injection.

(B) Reciprocal EBOV GP titers from serum samples from AAV6.2FF-2G4/

AAV6.2FF-5D2- or PBS-treated groups. (C) Reciprocal HA titers following primary

and secondary exposure to 600 HA units of influenza A virus (strain PR8) in mice

treated with AAV6.2FF-2G4/AAV6.2FF-5D2 or PBS. (D) Average weight change in

mice following primary influenza A virus. A two-way ANOVA and �Sı́dák’s test for

multiple comparisons was conducted to compare weights between the two treat-

ment groups. All error bars represent the standard deviation of the mean.
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express mAb100 and mAb11411 as hIgG1 (AAV6.2FF-100 and
AAV6.2FF-114). The mAbs contain human IgG1 constant domains,
allowing for the precise quantification of transgene expression medi-
ated by AAV6.2FF, which was a technical limitation when using vec-
tors expressing murine IgG2a in a mouse model. The AAV6.2FF-100
and AAV6.2FF-114 vectors were administered via the IM route to
mice to monitor the kinetics of hIgG1 expression (Figure 4A and Fig-
508 Molecular Therapy: Methods & Clinical Development Vol. 26 Septe
ure 5A, respectively). Concentrations of mAb100 and mAb114
increased steadily with the time course, demonstrating continuous
antibody expression as well as potentially indicating hIgG1 recycling
by murine FcRn receptors.31 Furthermore, expression of mAb100 at
concentrations of >200 mg/mL at 32 weeks after AAV administration
suggests a lack of immune response against either the human Fc
domain or the variable regions of this particular hIgG1 antibody.
Finally, despite sustained, high-concentration expression of hIgG1
fromAAV6.2FF, there was no apparent negative effect on the concen-
tration of endogenous murine IgG levels (Figure S1).

To evaluate the efficacy of AAV6.2FF-100, groups of mice were
administered three different doses of vector and challenged
28 days later with a lethal dose of MA-EBOV. A 1 � 1011 vg
dose of AAV6.2FF-100 conferred 100% survival, whereas doses of
5 � 1010 vg and 5 � 109 vg conferred 75% and 87.5% survival,
respectively (Figure 4B). Weight loss was not observed for any
mice in the high-dose (1 � 1011 vg) group, suggesting AAV6.2FF-
100 was able to induce sterilizing immunity at this dose (Figure 4C).
At the medium dose tested (5 � 1010 vg), six of eight mice survived,
and similar to the high dose, weight loss was not observed in the
survivors. Unfortunately, one of the mice in the medium-dose group
had no detectable human IgG at time of challenge, likely due to a
technical issue during vector administration, resulting in reduced
survival compared with the low-dose group. At the lowest dose
(5 � 109 vg), seven of eight mice survived the challenge; however,
two surviving mice experienced weight loss, demonstrating that
this dose was likely approaching the minimum efficacious threshold
for this vector. Interestingly, in the AAV6.2FF-2G4/AAV6.2FF-5D2
dose reduction experiment, the lowest dose of 8 � 109 vg resulted in
0% protection, while a slightly lower dose of 5 � 109 vg of
AAV6.2FF-100 yielded 87.5% survival, highlighting the benefit of
selecting potent antibodies that are highly expressed from the
AAV-mAb platform (See Table S1 for available IC50 values and Fig-
ure S3 for neutralizing activity).

Serum samples were collected immediately prior to challenge, allow-
ing quantification of mAb100 at the time of challenge, to further
understand the minimum mAb concentration required to confer
protection (Figure 4D). The high dose of AAV6.2FF-100 yielded
an average human IgG serum concentration of 277 mg/mL, the me-
dium dose generated an average of 104 mg/mL, and the low dose had
an average of 40 mg/mL, demonstrating scaling of the vector dose to
output antibody concentration is not necessarily linear. Two mice in
the 5 � 1010 vg group had much lower serum 100 concentrations
compared with the rest of the group, 1.1 mg/mL and 14.5 mg/mL,
and died. We believe this may have been due to technical issues dur-
ing vector administration. Furthermore, the mouse that succumbed
to infection in the 5� 109 vg group also had low human IgG expres-
sion at 0.13 mg/mL, while the mice that survived had concentrations
that ranged from 19.6 to 91 mg/mL for the low-dose group, 105–
196 mg/mL for the medium-dose group, and 155–392 mg/mL for
the high-dose group. Therefore, the minimum protective threshold
of AAV6.2FF-mediated expression of mAb100 is somewhere
mber 2022
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Figure 4. AAV6.2FF-100 mediates complete protection from EBOV challenge

(A) Expression kinetics of mAb100 as measured by the concentration of human IgG in the serum of BALB/c mice (n = 4) that received 5 � 1010 vg of AAV6.2FF-100 via IM

route and weremonitored over the course of 224 days (32 weeks). (B–C) BALB/c mice (n = 8/group) were administered various doses of AAV6.2FF-100 by IM injection. Mock

animals were administered a dose of 1� 1011 vg of AAV6.2FF expressing an irrelevant influenza mAb, FluA-20. 28 days after AAV administration, mice were challenged with

1000xLD50 MA-EBOV andmonitored for survival (B) and weight change (C) (individual mice plotted). (D) Serum concentrations of human IgG (100) were quantified 1 day prior

to challenge. Dotted line denotes minimum threshold concentration of human IgG required to mediate survival in this challenge model. Survival of treated groups was

compared with the mock group using the Mantel-Cox log rank test. ****p < 0.0001, **p < 0.01, and *p < 0.05 for mice treated with 1� 1011 vg, 5� 1010 vg, and 5� 109 vg,

respectively, of AAV6.2FF-100 during the 1000xLD50 MA-EBOV challenge. All error bars represent the standard deviation of the mean.
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between 15 and 20 mg/mL, which represents a reasonable target for
clinical translation.

AAV6.2FF-114 was somewhat less efficacious than AAV6.2FF-100 in
the murine EBOV challenge model, with 87.5%, 50%, and 25% of
mice administered with AAV6.2FF-114 at doses of 5 � 1010 vg,
2.5 � 1010 vg, and 5 � 109 vg, respectively, surviving challenge
with MA-EBOV (Figure 5B). Weight loss was observed in two mice
from the high-dose (5 � 1010 vg) group, with one displaying rapid
weight loss and succumbing to infection at 6 days after challenge,
similar to control animals, and the other showing lower and slower
weight loss and recovering from infection (Figure 5C). Three mice
in the medium-dose (2.5 � 1010 vg) group had rapid weight loss
and succumbed to infection, while a fourth mouse experienced a
gradual decline in weight over 9 days prior to reaching endpoint.
There was considerable weight loss in the low-dose (5 � 109 vg)
group, with the only surviving mouse having moderate weight loss
preceding recovery (Figure 5C). The fact that the majority of mice
in the medium- and low-dose groups experienced weight loss after
challenge demonstrates that the minimum efficacious threshold of
Molecular The
this vector/mAb combination likely lies somewhere between
5 � 1010 vg (high dose) and 2.5 � 1010 vg (medium dose).

Similar to the AAV6.2FF-100 challenge experiment, serum samples
were collected 1 day prior to challenge to determine serum human
IgG concentration at the time of challenge and the minimum concen-
tration of mAb114 required for protection (Figure 5D). The high-,
medium-, and low-dose groups had pre-challenge human IgG serum
concentrations between 54 and 141 mg/mL, 0–80 mg/mL, and
0–34 mg/mL, respectively. Only one mouse in the low-dose group
had human IgG concentrations above the level of detection; however,
there were two mice that survived. It is possible that the mouse with
human IgG concentrations below the level of detection that survived
might have inadvertently received a lower challenge dose of MA-
EBOV, although this is highly speculative. Interestingly, of the two
highest human IgG-expressing mice in the medium-dose group,
both at concentrations of 80 mg/mL, one experienced gradual weight
loss and reached endpoint, while the other had minimal weight loss
and survived (Figure 5C). Similarly, one mouse in the high-dose
group expressing 76 mg/mL died, while multiple mice expressing
rapy: Methods & Clinical Development Vol. 26 September 2022 509
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Figure 5. AAV6.2FF-114 mediates moderate

protection from EBOV challenge

(A) Expression kinetics of mAb114 measured as human IgG

in the serum of BALB/cmice (n = 4) that received 5� 1010 vg

of AAV6.2FF-114 IM and were monitored over the course of

42 days. BALB/c mice (n = 8/group) were administered

various doses of AAV6.2FF-114 via IM administration, while

controls were administered 5 � 1010 vg of AAV6.2FF

expressing an irrelevant influenza mAb, FluA-20. At 28 days

after AAV administration, mice were challenged with

1000xLD50 MA-EBOV and monitored for (B) survival and

(C) weight loss (individual mice plotted). (D) Serum

concentrations of human IgG were quantified 1 day prior to

challenge. Survival of treated groups was compared with

the mock group using the Mantel-Cox log rank test.

***p < 0.001 and *p < 0.05 for mice treated with 5 � 1010

vg and 5 � 109 vg, respectively, of AAV6.2FF-114 during

the 1000xLD50 MA-EBOV challenge. All error bars

represent the standard deviation of the mean.
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less serum human IgG survived infection. Notwithstanding the vari-
ability in human IgG expression and survival in the high-, medium-,
and low-dose groups receiving AAV6.2FF-114, these results would
suggest that the minimum protective threshold of serum mAb114 is
likely less than 50 mg/mL, but further experimentation is required
to define a more accurate threshold for protection.

AAV-vectorized pan-ebolavirus mAbs protect mice against MA-

EBOV challenge with variable efficacy

In an effort to expand the AAV6.2FF-mAb platform technology to
other ebolaviruses, three pan-ebolavirus mAbs were engineered as
hIgG1 mAbs and expressed from AAV6.2FF: ADI-15878,32 which
was derived from a human survivor of the 2014 West African
EBOV outbreak, and CA4515 and FVM04,18,33 which were derived
from macaques immunized with GPs from EBOV, SUDV, and Mar-
burg virus (Figure S2). Mice were IM administered AAV6.2FF-
FVM04, AAV6.2FF-ADI-15878, or AAV6.2FF-CA45 at low, mid,
or high doses of 5� 109 vg, 2.5� 1010 vg, or 5� 1010 vg, respectively,
and challenged 28 days later with 1000xLD50 MA-EBOV. AAV6.2FF-
FVM04 administered at a dose of 5 � 1010 vg and 5 � 109 vg
conferred 100% survival, whereas a dose of 2.5 � 1010 vg resulted
in 87.5% survival (Figure 6A). Minimal weight loss was observed in
all AAV-treated mice, apart from one mouse in the medium-dose
group, which succumbed to infection 10 days after challenge (Fig-
ure 6B). No weight loss was observed for any mice in the high-dose
group, 5 � 1010 vg, suggesting that AAV6.2FF-FVM04 may have
conferred sterilizing immunity at this dose. Serum samples were
collected 1 day prior to challenge, and serum human IgG was quan-
tified. A dose reduction in AAV correlated with a reduction in serum
human IgG concentration, with serum human IgG concentrations
ranging from 257 to 445 mg/mL in the high-dose group (n = 8),
510 Molecular Therapy: Methods & Clinical Development Vol. 26 September 2022
193–401 mg/mL in the medium-dose group (n =
8), and 155–294 mg/mL in the low-dose group
(n = 8) (Figure 6C). Although there was one
mouse in the medium-dose group with a human IgG serum concen-
tration of 302 mg/mL that reached endpoint following MA-EBOV
challenge, other AAV-treated mice expressing lower concentrations
of human IgG survived challenge, suggesting that this was not the
minimum threshold of protection. Since all but the one mouse with
serum human IgG levels in the range of 155–445 mg/mL survived
challenge, with little to no weight loss, further AAV6.2FF-FVM04
dose-reduction experiments are needed to determine the minimum
serum human IgG concentration needed for protection.

When administered at the same dose, AAV6.2FF-ADI-15878 pro-
vided lower levels of protection than AAV6.2FF-FVM04, with
62.5% protection from the 5 � 1010 vg and 2.5 � 1010 vg doses,
and 50% protection from the 5 � 109 vg dose (Figure 6D). Mice
that succumbed to infection with MA-EBOV experienced moder-
ate to substantial weight loss across the three treatment groups.
Mice in the medium-dose group (2.5 � 1010 vg) that survived
challenge lost the least amount of weight; however, there was var-
iable weight loss in the high-dose group, suggesting that higher
doses of AAV might be needed to induce sterilizing immunity.
There was no correlation between survival and dosage between
the treatment groups, which can be explained by variable serum
human IgG concentrations (Figure 6F). Although the vector
administered to mice in this experiment was from the same virus
stock, there did not appear to be a dose response with respect to
the concentration of serum human IgG between the treatment
groups. Interestingly, while AAV6.2FF-ADI-15878 did not lead
to high levels of antibody expression, mice with serum human
IgG concentrations as low as 1.6 mg/mL were protected from chal-
lenge, suggesting that the minimum threshold of serum human
IgG for ADI-15878 is very low.
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Figure 6. AAV6.2FF-FVM04 provides excellent protection, whereas AAV6.2FF-ADI-15878 and AAV6.2FF-CA45 provide moderate protection against MA-

EBOV challenge

BALB/c mice (n = 8/group) were administered high (5 � 1010 vg), mid (2.5 � 1010 vg), and low (5 � 109 vg) doses of either AAV6.2FF-FVM04 (A–C), AAV6.2FF-ADI-15878

(D–F), or AAV6.2FF-CA45 (G–I) IM, while controls were administered 5 � 1010 vg of an AAV6.2FF vector expressing an irrelevant influenza mAb, FluA-20. 28 days after AAV

administration, mice were challenged with 1000xLD50 MA-EBOV IP and monitored for (A, D, G) survival and (B, E, H) weight loss (individual mice plotted). (C, F, I) Serum

concentrations of human IgG were quantified immediately prior to challenge. Survival of treated groups was compared with the mock group using the Mantel-Cox log rank

test. ****p < 0.0001 for mice treated will all three doses of AAV6.2FF-FVM04 and 2.5� 1010 vg of AAV6.2FF-ADI-15878, and **p < 0.01 for mice treated with 5� 1010 vg ADI-

15878 during the 1000xLD50 MA-EBOV challenge. All error bars represent the standard deviation of the mean.
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AAV6.2FF-mediated expression of CA45 yielded the lowest rates of
survival among the pan-ebolavirus mAbs, with 25% survival in the
high-dose (5 � 1010 vg) and medium-dose (2.5 � 1010 vg) groups
and 12.5% survival in the low-dose (5 � 109 vg) group (Figure 6G).
There were moderately high levels of weight loss across all three treat-
ment groups. Only twomice in the high-dose group and onemouse in
the medium-dose group did not experience weight loss, suggesting
that a higher dose of AAV6.2FF-CA45 might be required to confer
sterilizing immunity (Figure 6H). While there was a trend toward
Molecular The
higher AAV dosage and higher levels of serum human IgG, more
than a fewmice had serum human IgG concentrations below the level
of detection (Figure 6I). In the high-dose AAV group, the two surviv-
ing mice had serum human IgG levels of 23 mg/mL and 25 mg/mL,
while the other mice had serum human IgG levels from non-detect-
able to 2.1 mg/mL. There was no correlation between serum human
IgG concentrations and survival, as the two surviving mice in the
low-dose (5 � 109 vg) group had serum human IgG concentrations
of non-detectable and 0.1 mg/mL, while none of the mice with up
rapy: Methods & Clinical Development Vol. 26 September 2022 511
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Figure 7. Post-challenge protection mediated by AAV6.2FF-2G4/AAV6.2FF-5D2 and AAV6.2FF-100

BALB/c mice (n = 8/group) were challenged with a dose of 100xLD50 (A, B) or 30xLD50 (C, D) MA-EBOV IP and were immediately injected IM with 1 � 1011 vg of the

AAV6.2FF-2G4/AAV6.2FF-5D2 cocktail or 5 � 1010 vg AAV6.2FF-100 or PBS (mock) and monitored for 28 days for (A, C) survival and (B, D) weight loss (individual mice

plotted). Survival of treated groups was compared with the mock group using the Mantel-Cox log rank test. **p < 0.01 for 1 � 1011 vg and *p < 0.05 for 5 � 1010 vg of

AAV6.2FF-2G4/AAV6.2FF-5D2 cocktail in the 100xLD50 MA-EBOV. No significant differences were observed in the 30xLD50 MA-EBOV challenge experiment.
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to 2.1 mg/mL in the high-dose group survived. Due to the variability in
protective serum human IgG concentrations across treatment groups,
further experiments would be required to accurately determine the
minimum protective threshold of AAV6.2FF-mediated expression
of CA45.

Post-exposure administration of AAV6.2FF-mAbs results in

partial survival

Vectorized mAb expression has clear pharmacokinetic advantages as
an alternative to long-term passive recombinant antibody therapy;
however, it remained unclear if AAV6.2FF-mAbs would be effective
in a therapeutic setting since these AAV vectors take time to generate
protective mAb concentrations.

The mouse model of EBOV infection is rapid and stringent, with
death usually occurring 5–7 days following challenge with a dose of
1000xLD50. While such high challenge doses offer a robust test for
prospective countermeasures, they do not necessarily recapitulate hu-
man contact exposure to EBOV. Moreover, in most cases of human
infection, there is typically an incubation period of 6–10 days prior
to the presentation of initial symptoms.34 In an attempt to more accu-
rately model the course of clinical infection, the challenge dose of
MA-EBOV was reduced to 100xLD50 to investigate whether post-
exposure use of AAV6.2FF-mAbs could provide a survival benefit.
Groups of mice were treated IM with either 1 � 1011 vg of
AAV6.2FF-2G4/AAV6.2FF-5D2 (5 � 1010 vg each in separate leg
muscles) or 5 � 1010 vg of AAV6.2FF-100 immediately following
IP injection of 100xLD50 MA-EBOV. Interestingly, two of eight
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mice from each group survived despite 100% death in the mock-
treated group (Figure 7A). Of the surviving mice, one from each
group experienced weight loss, while the other gained weight
throughout the monitoring period (Figure 7B). It is important to
note that 25% survival was observed for both treatments, despite
AAV6.2FF-100 being administered at half the dose of AAV6.2FF-
2G4/AAV6.2FF-5D2.

In an effort to further reduce the stringency of the model, groups of
mice were challenged with 30xLD50 MA-EBOV intraperitoneally
and then immediately administered either 1 � 1011 vg of AAV6.
2FF-2G4/AAV6.2FF-5D2 (5 � 1010 vg each in separate leg muscles)
or 5� 1010 vg of AAV6.2FF-100 intramuscularly (Figure 7C). At this
challenge dose, we observed 50% survival in the AAV6.2FF-100 treat-
ment group, 25% survival in the AAV6.2FF-2G4/AAV6.2FF-5D2
group, and 37.5% survival in the mock group. Weight loss was
observed across all groups, with weight gained back in those mice
that survived (Figure 7D). Unfortunately, at the 30xLD50 challenge
dose of MA-EBOV, there was no statistically significant difference be-
tween the treatment groups and the mock group.

AAV6.2FF mediates long-term mAb expression for the natural

lifespan of a mouse

In order for AAV vectored immunoprophylaxis to be useful in the
fight against infectious diseases, particularly in immunocompromised
individuals, durable production of biologically active mAbs is critical.
For this reason, we evaluated the kinetics and duration of mAb
expression for first-generation AAV vectors expressing murine
mber 2022
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Figure 8. Long-term expression of murine IgG2a 5D2

and human IgG1 CA45

AAV6.2FF-5D2 (1 � 1011 vg) was administered to 6-week-

old female BALB/c mice by (A) IM (n = 4) or (B) IN (n = 5)

instillation. Serum samples were collected at weekly

intervals and analyzed by EBOV GP ELISA at a 1:100

dilution. AAV6.2FF-CA45 (1 � 1011 vg) was administered

IM (C) to 6-week-old female BALB/c mice (n = 4). Serum

samples were collected for the lifespan of the mice and

plasma human IgG levels were quantified using a

commercial ELISA. Each animal is plotted individually.
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IgG2a mAbs as well as for second-generation AAV vectors expressing
hIgG mAbs. In the case of AAV6.2FF-2G4 and AAV6.2FF-5D2, we
observed peak AAV6.2FF-mAb expression 28 days post IM or intra-
nasal (IN) vector administration, and these high concentrations pla-
teaued until day 146 (Figures 8A and 8B). Between day 146 and 420,
mAb concentrations decreased for both methods of vector delivery;
however, these terminal concentrations were still greater than 0.8
OD650nm, which was previously demonstrated to be a protective
mAb concentration.26 Interestingly, despite IM injection yielding
much more consistent serum mAb concentrations than IN adminis-
tration of the same vector dose, both routes demonstrated very similar
patterns of mAb expression kinetics over the 420-day experiment,
regardless of the magnitude of peak expression.

Today, many monoclonal antibodies used to treat disease come from
human survivors, as opposed to immunized animals. When expand-
ing our AAV6.2FF-mAb platform, developing vectors expressing
human IgG was a top priority, though the concern of anti-drug anti-
bodies and longevity of expressing humanmonoclonal antibodies in a
murine model did arise.26 To determine if long-term expression was
possible, or if potential human IgG immune clearance was an issue,
mice were IM administered 1 � 1011 vg AAV6.2FF-CA45, and their
serum human IgG expression levels were monitored for the lifespan
of the animals. Human IgG serum concentrations on day 14 were
42–54 mg/mL and continued to increase to 48–147 mg/mL on day
28 after administration (Figure 8C), showing that the putative level
of protection for serum CA45 was achieved within 2 weeks if AAV
was administered at a dose of 1 � 1011 vg, and it was well above by
day 28, our typical day for EBOV challenge (Figure 6I). We observed
Molecular Therapy: Methods & Clin
peak expression of human IgG in the serum from
548 to 912 mg/mL at day 182, with a steady
decline in expression to 195–247 mg/mL on their
last bleed at 540 days after AAV administration.
Themice died or reached endpoint due to natural
causes within a week of each other, shortly after
day 540. The levels of human IgG in the serum
past day 7 at a dose of 1 � 1011 vg appear to be
beyond the minimum protective concentration
against 1000xLD50 MA-EBOV challenge in a
mouse model, and the mice sustained these pro-
tective concentrations for the duration of their
lives. Interestingly, BALB/c mice administered 1 � 1011 vg of
AAV6.2FF-CA45 IN had no detectable serum human IgG at any
point in their lives (data not shown), whereas the AAV6.2FF express-
ing a murine IgG2a had similar expression when administered both
IM and IN.

DISCUSSION
Antibody gene transfer mediated by AAV vectors is a promising alter-
native vaccination and passive immunotherapy strategy, particularly
for individuals with compromised immune systems and for patho-
gens that lack effective vaccines, such as HIV35,36 and RSV.37 In
this study, we demonstrated that AAV-mediated expression of ebola-
virus-specific mAbs as either murine IgG2a or human IgG1 protects
mice from lethal challenge with MA-EBOV when used prophylacti-
cally. With the exception of 5D2, all mAbs evaluated in this study
were neutralizing. These same AAV-expressed mAbs also conferred
modest protection when used in a post-exposure scenario. Despite
serum human IgG1 mAb reaching concentrations greater than
900 mg/mL, there was no evidence that this impaired the host’s endog-
enous immune response to infection with a heterologous pathogen.
We also demonstrate that life-long expression of mAbs from an
AAV vector is possible in a murine model and that AAV vectors
can be effectively re-administered to mice previously exposed to
AAV, demonstrating the potential power of this platform for confer-
ring sustained immunity against multiple pathogens to susceptible
individuals.

The lack of significant weight loss in the AAV6.2FF-2G4/AAV6.
2FF-5D2 animals combined with minimal increases in pre- to
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post-challenge GP antibody titers and negative VP40 antibody titers
suggests that these AAV6.2FF-mAb vectors effectively blunted virus
infection. VP40 forms the highly ordered matrix structure that coats
the inside of the viral particle.38 While VP40 is the most abundant
protein in EBOV virions, VP40 is not present on the surface of the
EBOV particle, and a lack of VP40 antibodies is suggestive of steril-
izing immunity.39 However, to be confident this is the case, follow-
up studies would need to monitor viral load after challenge.

Although the concentration of AAV-expressed mAbs was sufficient
to prevent both morbidity and mortality following MA-EBOV chal-
lenge, it was unclear whether high concentrations of AAV-expressed
antibody would affect the endogenous antibody response, potentially
similar to how colostrum prevents an infant from effectively gener-
ating an immune response to a vaccine.40,41 We showed that naive
mice or those treated with AAV6.2FF-2G4/AAV6.2FF-5D2
responded immunologically with equivalent influenza HA antibody
titers, thus were able to respond normally to an infection while ex-
pressing protective 2G4/5D2 mAb concentrations. This finding dem-
onstrates AAV6.2FF-mAb therapeutic vaccines could be regularly
used without fear of suppressing the endogenous immune system
and could also potentially be used in combination with conventional
vaccines. However, it is unclear whether the hyper IgG affected the
glomerular flow in some way prior to challenge or during the
EBOV challenge via immune complexes. Future investigations are
needed to address this possibility.

Hyperglobulinemia is a possible side effect of AAV6.2FF-mAb ther-
apies. It is difficult to find a clinical definition for IgG-related hyper-
globulinemia as the condition is generally related to IgD and IgE.42,43

A normal IgG concentration for a mouse is 2–5mg/mL.44 AAV6.2FF-
100/114 administered at 1 � 1010 vg IM expressed an average of
239 mg/mL of human IgG compared with an average of
1,121 mg/mL of murine IgG, resulting in human IgG making up
18% of total IgG in mice (Figure S1). Although there were high
concentrations of human IgG mAbs in the serum of mice after
AAV vector administration, no apparent side effects related to
high-concentration mAb expression were observed in the present
investigation. ZMapp was dosed at 50 mg/kg over multi-day treat-
ment courses in humans to maintain a therapeutic threshold9; how-
ever, much lower but more consistent serum mAb concentrations
mediated by AAV6.2FF should be able to maintain therapeutic effi-
cacy without the peak and trough pharmacokinetics associated with
repeat recombinant mAb administration.45

There is strong evidence of the prophylactic efficacy of AAV6.2FF-
mAb therapies,26-28 allowing for post-exposure use to extend the po-
tential applications of this therapy. Potential exposures to EBOV in a
lab accident or health-care setting are realistic possibilities. For ther-
apeutic use, AAV6.2FF-mAbs could be combined with an initial bolus
of recombinant antibody to extend the therapeutic window while also
providing immediate intervention. The MA-EBOV challenge model
is rapid with a small therapeutic window, so even partial survival at
a 100xLD50 challenge dose suggests that post-exposure and/or ther-
514 Molecular Therapy: Methods & Clinical Development Vol. 26 Septe
apeutic applications of AAV6.2FF-mAbs for less virulent pathogens
might be feasible. The experiment was repeated with a further
reduced challenge dose of 30xLD50 MA-EBOV; however, the results
were inconclusive as the LD50 dose for MA-EBOV does not scale lin-
early and was not uniformly lethal.

AAV6.2FF vectors expressing ebolavirus mAbs as human IgG1
antibodies were highly effective at protecting mice from MA-EBOV
challenge, even at low mAb concentrations as in the case of 100
(20 mg/mL) and ADI-15878 (2–10 mg/mL), which suggests that
scaling AAV doses for human applications should be feasible. For
some AAV-mAbs, such as AAV6.2FF-FVM04, antibody expression
was so efficient that the dose of AAV needed to express therapeutic
concentrations of mAbs is likely quite low. Indeed, AAV6.2FF-
FVM04 would be an ideal candidate to include in a pan-ebolavirus
or pan-filovirus AAV-mAb cocktail. Expansion of the AAV6.2FF-
mAb platform to express pan-reactive antibodies that protect against
multiple different ebolaviruses highlights the suitability of this tech-
nology for applications beyond EBOV infections. Finally, the fact
that AAV-driven expression of human IgG1 Fc domain-containing
mAbs persisted for the lifetime of a mouse, without any apparent im-
mune-mediated destruction of AAV-transduced cells, suggests that it
may be possible to use the same vector design when translating from
small animal models to NHPs and ultimately humans without the
need to re-engineer vectors to express species-specific IgG constant
domains. Indeed, we have shown that AAV-mediated expression of
human IgG1 mAbs is feasible in mice,26 Syrian hamsters,27 and
sheep.28 More recently, data from a phase 1, dose-escalation clinical
trial (NCT03374202) evaluating AAV8-mediated expression of the
broadly neutralizing anti-HIV mAb VRC07 from an expression
cassette that we based our EBOV mAb expression platform on in
this body of work is encouraging in that all eight individuals produced
measurable amounts of serum VRC07, with maximal concentrations
>1 mg/mL in three participants.46 In four individuals, VRC07 serum
concentrations remained stable near maximal concentration for up
to 3 years of follow-up, and unlike the first human clinical trial to
evaluate AAV-mediated expression of an HIV bNAb, ADA responses
were observed in only three of eight participants, and only in two
cases did this lead to decreased serum VRC07, demonstrating that
AAV-mAb expression is potentially a viable alternative platform for
protection against infectious diseases.

While AAV VIP is particularly well suited for chronic viral infections
like HIV47 and hepatitis C virus,48 it also has utility for acute viral in-
fections. For example, ebolavirus infections and outbreaks occur in
areas of the world where HIV and malaria are endemic and lead to
generalized immunosuppression, which may make infected individ-
uals less responsive to traditional vaccines and/or unable to mount
a robust immune response to an infection.49,50 Additionally, there
are reports of persistent ebolavirus infections,51,52 in some cases lead-
ing to inadvertent transmission via semen53 or breastmilk.54 In some
circumstances, vaccination is contraindicated in immunosuppressed
individuals, which in the case of SARS-CoV-2 has led to persistent in-
fections and the emergence of variants due to replication for extended
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period of time without immune pressure.55 Consequently, this proof
of concept study could be extended to other infectious diseases that
lack approved vaccines or antivirals. Indeed, we have demonstrated
that AAV VIP can be used to protect against challenge with
C. Difficile toxins,27 thereby extending the application to bacterial in-
fections, particularly those that have acquired antibiotic resistance.

In conclusion, we show that sustained in vivo production of AAV-
vectored delivery of ebolavirus neutralizing antibodies leads to
long-term, systemic transgene expression that conferred protection
from viral challenge in a murine model. These findings, combined
with our recent safety study28 showing that AAV6.2FF-mediated
mAb expression in murine and ovine models exhibited a lack of toxi-
cological findings by both serum biochemistry and histopathology
analysis, provide promise that this antibody gene transfer platform
will offer protection against filovirus challenges in larger animal
models. These experiments are ongoing.

MATERIALS AND METHODS
AAV vectors

All monoclonal antibody genes were expressed using the bicistronic
expression cassette developed by Fang et al.56 and optimized by Balazs
et al.,57 including a CASI promoter, heavy and light chains separated
by a furin-2A cleavage site, and a WPRE and SV40 poly A signal be-
tween the AAV2 inverted terminal repeats (ITR). Murine mAbs were
engineered using the murine IgG2a heavy chain and kappa light chain
sequences. Murine mAbs were engineered with their original kappa
light chains. For consistency, human origin mAbs were cloned as hu-
man IgG1 molecules with a lambda light chain constant domain. All
vectors were produced using the AAV6.2FF capsid25 as described.58

BSL2 mouse experiments and animal ethics statement

Experiments involving animals were approved by University of
Guelph Animal Care Committee according to the guidelines outlined
by the Canadian Council on Animal Care. All experiments were
completed using 6-week-old female BALB/c mice (Charles River).
IM injections were diluted to a 40–50 mL volume in PBS and admin-
istered to the gastrocnemius muscle using a 29G needle. AAV cock-
tails were administered at equimolar quantities by separate injections
to two flanks to prevent co-transduction. Intranasal administration of
vector with a 50 mL administration volume was performed as previ-
ously described.59 Non-lethal influenza virus (strain PR8; A/PR/8/
34(H1N1)) challenge was completed by IP injection of 600 HA units
diluted in PBS to a 500 mL volume for both primary and secondary
exposures.

BSL4 mouse experiments and animal ethics statement

All work with infectious EBOV was performed in the containment
level 4 laboratory at the Canadian Science Center for Human and An-
imal Health (CSCHAH), PHAC, Winnipeg, Manitoba, in accordance
with standard operating protocols. Animal experiments were re-
viewed and approved by the CSCHAH Animal Care Committee in
accordance with guidelines from the Canadian Council on Animal
Care. All procedures were performed on animals under anesthesia us-
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ing inhalational isoflurane. Seriously ill animals that reached the hu-
mane clinical endpoint, as well as all surviving animals at 28 days dpi,
were euthanized by induction of deep anesthesia with isoflurane fol-
lowed by cervical dislocation. Endpoint criteria included several pa-
rameters such as weight, behavior, activity, coat condition, etc. All
staff working on animal experiments completed education and
training programs according to the standard protocols appropriate
for this biosafety.

Evaluation of AAV efficacy in mice

Female BALB/c mice, 5–6 weeks old, were purchased from the
Charles River Laboratories. Groups of mice (eight per group) were
treated with a high, medium, or low dose (see figure legends for spe-
cific vg for high-, medium-, and low-dose groups and Table S2 for
doses reported in vg/kg) of AAV6.2FF-mAb vectors. For challenge
experiments involving AAVs expressing 114, FVM04, 15,878, and
CA45, the control group was injected with 5� 1010 vg of an AAV vec-
tor expressing an irrelevant mAb (FluA20). For all other challenge ex-
periments, control mice were administered PBS. All AAV vectors
were diluted in PBS to 50 mL final volume, except for the high-dose
group of AAV6.2FF-CA45, for which the final volume was 90 mL.
AAV vectors were administered in the quadriceps via a single IM in-
jection, except for the high dose of AAV6.2FF-CA45, which was
administered via IM injection of 45 mL into the quadriceps of each
hind leg. Serum samples were collected on the day prior to and
27 days after AAV treatment from all mice for human IgG ELISA
assay. Mice were challenged with 1,000 median lethal dose (LD50)
of MA-EBOV (variant Mayinga) in 200 mL DMEM via the intraper-
itoneal (IP) route (100 mL/side). Animals were monitored for 28 days
after challenge for survival; body weight and clinical signs were re-
corded daily up to 16 days after challenge. Post-exposure EBOV chal-
lenges were completed using an IP dose of 100 and 30 times LD50.

Biodistribution analysis

Genomic DNA was extracted from mouse tissues using the Qiagen
DNeasy Blood & Tissue kit (Hilden, Germany). AAV ITR copy num-
ber was quantified by Taqman qPCR (IDT, Coralville, Iowa) and
normalized by nanodrop DNA concentrations.60

Enzyme-linked immunosorbent assays

Serum samples were collected by saphenous bleed in EDTA collection
tubes (BD, Franklin Lakes, New Jersey) and aliquoted for storage at
�80�C. Human IgG and murine IgG concentrations were quantified
using commercially available kits (Abcam, Cambridge, United
Kingdom, ab195215 and ab157719). Reciprocal antibody titers were
determined by coating half-area 96-well plates (Corning, New
York) with 1 mg/mL recombinant EBOV GP (IBT Bioservices, Rock-
ville, DC, 0501-001), EBOV VP40 (IBT Bioservices, Rockville, DC,
0564-001), or Influenza A virus HA (SinoBiological Beijing, China,
11,684-V08H) protein overnight at 4�C. Plates were washed four
times with 0.2% PBS-Tween20 (PBS-T) and blocked with
SuperBlock buffer (Fisher, Waltham, Massachusetts). 2-fold serial di-
lutions were incubated at 37�C for 1 h and then washed four times
with PBS-T. Secondary antibody (Pierce P31430) was incubated at
rapy: Methods & Clinical Development Vol. 26 September 2022 515
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1:2,000 for 1 h at 37�C, washed four times with PBS-T, and incubated
with TMB substrate (Pierce PI34021) for 15 min before reading
absorbance values at 650 nm. Reciprocal titer was defined as the high-
est 2-fold serum dilution that gave an OD650 value 2-fold greater than
negative control wells.

Statistics

Statistical analysis was performed using GraphPad Prism 7 software.
Kaplan-Meyer survival plots were analyzed by Mantel-Cox log rank
test for statistical significance compared with mock treated controls.
All error bars represent the mean ± standard deviation.

Data availability

Data generated or analyzed during this study can be found within the
published article and its supplementary files.
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