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Most recombinant adeno-associated virus (AAV) capsids uti-
lized in liver gene therapy have significant levels of pre-existing
neutralizing antibodies in the human population. These
neutralizing factors limit the patient pools eligible for receiving
AAV-mediated therapies. AAV serotype 5 (AAV5) does not
face the same barrier of humoral immunity as most AAV sero-
types due to its low seroprevalence. However, AAV5 can only
facilitate a low level of transgene expression in the liver, con-
straining its application to a small number of liver diseases.
To improve the liver transduction of AAV5 while retaining
its low seroprevalence, we constructed a library of AAV5 mu-
tants via random mutagenesis and screened in Huh7 cells.
Two molecularly evolved AAV5 variants, MV50 and MV53,
demonstrated significantly increased transduction efficiency
in Huh7 cells (~12x) and primary human hepatocytes
(~10x). All variants had retained low seroreactivity toward
pooled human immunoglobulin G (IgG) when compared to
AAVS5, which was significantly less seroreactive than AAV9.
Functional characterization of the mutants also revealed in-
sights into the functions of various domains, especially the
VR-I, in the AAVS5 capsid. The result is AAV5 variant capsids
with much enhanced human hepatocyte transduction, poten-
tially useful for liver-directed gene therapy.

INTRODUCTION

Development of adeno-associated virus (AAV) gene therapies for
liver diseases has made substantial progress in the past decade, culmi-
nating in landmark clinical trials for diseases such as hemophilia A
and B.'® However, successful clinical trials have mainly been limited
to liver diseases that only require a small fraction of normal protein
expression for therapeutic effect, which is readily achievable by
administering moderately high doses of hepatotropic recombinant
AAV (rAAV) capsids.* ® Treatment of liver diseases requiring more
extensive transduction of human hepatocytes remains a challenge
as many of the original hepatotropic rAAV capsids cannot achieve
the high levels of gene expression needed for therapeutic efficacy.

As such, many studies have focused on developing engineered rAAV
capsids through directed evolution or rational design that exceed the
transduction properties of traditional AAV serotypes.”” Through
these methods, AAV can be modified to transduce new cell types or
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enhance existing tropism. This has resulted in novel AAV capsids
with substantially improved human liver transduction capabilities
with the potential of treating a wider range of liver diseases.”* How-
ever, engineered capsids often face the same barrier of humoral im-
munity as natural AAV serotypes due to similarities in structure
and sequence.'’ Most naturally isolated AAV serotypes utilized for
hepatic delivery have significant levels of pre-existing neutralizing an-
tibodies in the human population, limiting the patient pools eligible
for receiving rAAV based therapies.'' '” Pre-existing neutralizing an-
tibodies against AAV can often cross neutralize many different AAV
serotypes through conserved sequences on the capsid surface.'* Thus,
patients with prior exposure to natural AAV capsids will likely have
antibodies that also neutralize engineered AAV capsids due to
cross-neutralization. Low titers of anti-AAV antibodies are sufficient
to neutralize systemic rAAV and prevent transgene expression, lead-
ing pre-existing antibodies to be a major barrier for both natural and
engineered AAV capsids.'”"°

Interestingly, most evolved capsids contain little to no traces of AAV5
sequences, likely a result of AAV5 having the most divergent
sequence of all AAV serotypes.'” AAV5 is particularly divergent in re-
gions that constitute the exterior surface of the capsid, leading to sig-
nificant differences in receptor engagement, which may explain why
AAVS5 demonstrates significantly less transduction in human hepato-
cytes when compared to other serotypes such as AAV3b and
AAV8.>*'7 As such, AAV5 can only facilitate low levels of transgene
expression in the human liver, limiting its application to diseases such
as hemophilia A and B. However, AAV5 has been consistently char-
acterized as the serotype with the lowest seroprevalence of pre-exist-
ing neutralizing factors, giving it a major advantage versus other AAV
serotypes in overcoming the barrier of pre-existing antibodies.'"'®
Studies utilizing serum from healthy adult donors in Europe and
America concluded that as low as ~3% and ~13% of their respective
study population tested positive for neutralizing factors against

Received 26 July 2020; accepted 13 October 2020;
https://doi.org/10.1016/j.0mtm.2020.10.010.

Correspondence: Xiao Xiao, Division of Pharmacoengineering and Molecular
Pharmaceutics, Eshelman School of Pharmacy, University of North Carolina,
Chapel Hill, NC 27517, USA.

E-mail: xxiao@email.unc.edu

This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).


https://doi.org/10.1016/j.omtm.2020.10.010
mailto:xxiao@email.unc.edu
http://crossmark.crossref.org/dialog/?doi=10.1016/j.omtm.2020.10.010&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/

www.moleculartherapy.org

A VP1 Start Codon B
Forward Primer Add AAV5 Huh? Cells
u ‘ Random
A Mutagenesis
| < . ‘ /\\‘ A Library
VP3 Start Codon |  Reverse Primer \ —

., Error Prone PCR

1 P

o Add Ad5

Protocol Propagate for 2-3

DRI et (I :
|'I__“ | |I——I-I| Add Virus
M Lo S
" o Repeat 7x

v Clone Mutants into WT-
Like Vector

(- )

Harvest Cells
Freeze Thaw
Heat Inactivate Ad5

# PCR Viral DNA and
Clone into Packaging

Plasmid
(- I ) -
(- ) @:&Sﬁﬁ s ]
(- ) C— —

Produce Purified Viral
Library

Figure 1. Directed Evolution of Adeno-Associated Virus Serotype 5 Capsid by Random Mutagenesis and Sequential Screening in Huh7 Cells

(A) Diagram illustrating the mutant AAV5 library creation process. WT-AAV5 capsids genes were PCR-amplified using an error prone polymerase and subsequently shuffled
using the staggered extension protocol (stEP). The error prone and stEP amplicon libraries were pooled and cloned into a WT-like vector plasmid that could produce replicant
competent AAV vectors. The plasmid library was then amplified and used to produce a purified AAVS library using the cesium chloride density ultracentrifugation method. (B)
Diagram depicting the screening process. Purified mutated AAVS library was added to Huh7 cells, which were coinfected with WT-adenovirus type 5 to allow for replicative
screening. Cells were harvested along with the supernatant and lysed using the freeze-thaw method. The lysate was centrifuged and the supernatant with the mutant AAV5
capsids was taken for the next round of screening. The screening process was repeated a total of 7 times. In the very last round of selection, the mutant AAV5 capsid DNA
were extracted and amplified. After cloning into a packaging plasmid containing AAV2 rep, the plasmids were taken for amplification and screening.

AAVS5, which was significantly lower compared to other serotypes
such as AAV2, AAV6, and AAVS.'"'? Additionally, clinical trials uti-
lizing AAV5 for hemophilia A have noted that patients with pre-ex-
isting anti-AAV5 antibodies had sustained levels of FVIII expression
comparable to patients without neutralizing factors which indicates
that AAV5 could be used even in the presence of neutralizing factors
in serum.”'” Thus, evolved AAV5 vectors that have enhanced trans-
duction capabilities could have tremendous advantages in evading
neutralizing antibodies and improving liver gene therapy.

In this study, we engineered diverse libraries of AAV5 mutants using
error prone pcr and the staggered extension protocol using previously
established methods.”” ** A replicating AA V5 library was successfully
screened in Huh?7 cells, a human liver carcinoma cell line, resulting in
mutant AAV5 capsids that exhibited increased transduction in hu-
man hepatocytes and retained similar seroreactivity compared to
AAV5. Functional characterization of the mutations in selected
AAV5 variants provided insights into various domains in the
AAVS5 capsid. The result is AAV5 mutant capsids that have enhanced
transduction in human hepatocytes and favorable seroreactivities.

RESULTS

Generation and Screening of a Diverse AAV5 Capsid Library in
Huh7 Cell Line

To evolve AAVS5 for enhanced liver gene therapy, we constructed a
diverse library of AAV5 capsid genes by applying a similar method

previously described by Maheshri et al.*> in which error prone PCR
(EPPCR) and staggered extension protocol (stEP) generated random
point mutations in the AAV5 VP3 gene. Diversely mutated AAV5
capsid genes were cloned into an infectious vector containing
AAV2ITRs and a chimeric AAV2 and AAV5 rep gene. An infectious
wild-type (WT)-like AAV5 library was produced using the triple
plasmid transfection method followed by purification via cesium
chloride density ultracentrifugation (Figure 1A). The AAV5 library
was screened on Huh?7 cells, a human hepatocyte derived carcinoma
cell line, for seven rounds of selection. Viral DNA was extracted from
a portion of the cells at rounds 5 and 7 via a modified Hirt Extraction
and the isolated VP3 genes were amplified, cloned into a packaging
plasmid, and sequenced (Figure 1B).

Sequencing of AAV5 capsids selected from the 5™ round of selection
revealed that approximately half (31 out of 65) of the sequenced mu-
tants contained an glycine to arginine (G257R), or “Loop1R” muta-
tion in the variable region I (VR I) of the AAV5 VP1 protein (Fig-
ure 2A). Further enrichment of the mutants carrying the LooplR
mutation was observed after the 7" round of selection where 73
out of 75 mutants carried the LooplR mutation (Figure 2A). All
unique sequences obtained from the 5™ and 7" rounds of selection
were used to package self-complementary GFP (sc-GFP) vector and
crudely assessed for infectivity and yield. The five best variants
were selected for large scale production and purification for further
analysis.
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the MV53 capsid. False-color mapping of the mutations onto the AAV5 capsid was exaggerated by highlighting the adjacent amino acids in addition to the mutation to allow
for better visualization of the mutations on the capsid. AAV5 60-mer capsid structures were obtained by using AAV5 VP3 protein structure 3NTT and viperdb to generate a 60-

mer consisting of AAV5 VP3 proteins.

Sequence and Structural Analysis of Isolated AAV5 Variants

Sequence alignment of the five variants with WT-AAV5 revealed
that the selected mutations were primarily spread across the
AAV5 VP3 gene, with only one variant, MV53, carrying a mutation
in the VP1/VP2 common region (Figures 2B; Figure S1). Four
(MV1, MV18, MV50, MV53) out of the five variants carried the
LooplR mutation, of which three mutants (MV1, MV50, MV53)
were likely evolutionarily derived from a parental variant (MV18)
that only carried the LooplR mutation (Table 1; Figure S2). MV1,
MV50, and MV53 sequences were not found in the sequencing
data from the 5™ round of selection, indicating that these variants
may have arisen later in the selection process and hence derived
from MV18. False-color mapping of mutations onto the crystal
structure of AAV5 revealed that the LooplR mutation is located
in a surface exposed part of the VR-I region (Table 1; Figures 2B
and 2C). MV1 contains a secondary mutation (F417L) that is buried
in the interior of the capsid in a fairly conserved region across AAV
serotypes that likely does not play a role in altering binding of
AAVS5 (Table 1; Figures 2B and 2C). MV50 contains a secondary
mutation (S705G) near the VR IX (Loop 9) region and is present
on the surface of the capsid as determined by false-color mapping
(Table 1; Figures 2B and 2C). This region has also been character-
ized to be involved with receptor binding and is close to known
antigenic sites on other serotypes.”> MV53’s secondary mutation
could not be analyzed by structural analysis as the AAV5 VP1/
VP2 common region and the N terminus of the AAV5 VP3 protein
could not be resolved by X-ray crystallography (Figures 2B and
2C).** The only variant to not carry the LooplR mutation is
MV20, which instead contains three different amino acid mutations
versus WT-AAV5 that are not found in any of the other variants
(Table 1; Figure 2B). Only one of the three mutations (A579T) is
located in a surface exposed region, VR VIII, which has been shown
to be involved in binding sialic acid for AAV5 (Figure 20).7”
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Characterizing AAV5 Variants for Increases in Human Liver Cell
Transduction

We next investigated the transduction efficacy of the AAV5 vari-
ants versus WT-AAV5 in Huh7 cells. Fluorescent imaging of
Huh7 cells transduced with sc-GFP versions of MV mutants and
AAVS5 revealed that all five mutants had significantly increased
GFP expression compared to AAV5 (Figure 3A). MV50 was the
best performing capsid that was around 12x better than AAV5
in transduction of Huh7 cells (Figure 3B). The second and third
best variants were MV 53 and MV1, which were 11 x and 10x bet-
ter than AAVS5, respectively (Figure 3B). The non LooplR mutant,
MV20, showed a 6x increase in infectivity compared to AAV5
(Figure 3B).

Next, the five AAV5 mutants were tested for their transduction capa-
bilities in donor primary human hepatocytes. The AAV5 mutants
were all significantly better at infecting primary human hepatocytes
when compared with WT-AAVS5 (Figure 3A). MV50 and MV53
were the two variants with the best transduction capabilities and
both infected primary human hepatocytes roughly 10-fold better
compared to AAV5, which was very consistent with the fold increase
in Huh?7 cells (Figure 3C). The increase in infectivity of the other three
mutants, MV1, MV18, and MV20 over AAV5 were again consistent
with the results from Huh?7 Cells (Figure 3C). The consistency of the
MV mutants in Huh7 and human hepatocytes demonstrated the
viability of using Huh7 cells to screen for infectivity in human hepa-
tocytes (Figure 3D).

B-galactosidase (LacZ) reporter gene vectors were packaged by the
AAVS5 variants and injected intravenously into non-humanized
C57BL/6 mice (1el2 vg/ mouse) to assess whether or not the variants
had altered tropism in a mouse model (Figure 4A). MV1 and MV53
were the only variants that had slightly higher levels of LacZ activity in
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Table 1. Mutations of AAVS5 Variants with Increased Liver Tropism

Variant Mutation Region/Probable Function
surface exposed in VR-I/Loop1 region, increases
G257R . . o
binding and internalization
MV1
Fa17L buried in interior of capsid, affects stability of
capsid and perhaps uncoating
MV18 G257R surfa'ce reglqn 1r.1 VR-I/Loopl, increases bmdlng
and internalization
P200S near VP2/VP3 junction
MV20 M4691 interior mutation
surface exposed in VR-VIII/Loop 8 region, near
A579T e g o . .o
sialic acid binding pocket and increases binding
G257R surféce region in VR-I/Loopl, increases binding
MV50 and internalization
§705G surface mutation near known antigenic site””
QI79R near VP2(VP3 ju‘nctilon, increases binding, no
effect on internalization
MV53 P . . S
G257R surface region in VR-I/Loopl, increases bmdlng

and internalization

Location of the mutations was obtained by false color mapping of the mutations on to
the crystal structure of the AAV5 capsid. Probable function was determined through
structure analysis and binding/internalization assays.

mouse liver (Figure 4B). The only notable difference in tropism was a
significant increase (4x) in LacZ expression levels in mouse lungs
transduced by LooplR variants when compared to WT-AAV5.
(Figure 4C).

Assessing Neutralization of AAV5 Variants with Pre-existing
Antibodies in IVIG

Next, we investigated whether directed evolution of AAV5 also
induced changes in seroreactivity of the capsids to neutralizing fac-
tors in pooled human immunoglobulin G (IgG). Seroreactivity was
assessed via a neutralizing assay that utilized intravenous IgG
(IVIG), or pooled IgG from thousands of donors, to represent the
overall prevalence of neutralizing antibodies against specific anti-
gens in the overall human population. The mutant viruses were
compared to two control serotypes, AAV5 and AAV9: one with
very low prevalence of neutralizing antibodies (3%), and one with
a medium prevalence (33.5%).'" Curve fitting of the transformed
and normalized data from the IVIG neutralization assay allowed
for the comparison of seroreactivity between different viruses.
From these curves, it was determined that the seroreactivity of
AAVS5 and the MV mutants are fairly consistent with each other;
all of which are significantly shifted to the left versus AAV9, indi-
cating that AAV5 and the mutants are less seroreactive and require
more IVIG to neutralize their infectivity in comparison to AAV9
(Figure 5A). The calculated reciprocal dilution needed for 50% of
inhibition for MV18 was significantly lower than AAVS5, signifying
that the LooplR mutation slightly decreases seroreactivity of the
AAVS5 capsid (Figure 5B). MV20 and MV53 are slightly more seror-
eactive when compared to AAV5, whereas MV1 and MV50 do not
differ in seroreactivity versus AAVS5 (Figure 5B).

Elucidating Potential Mechanisms for AAV5 Mutations

The MV viruses were then investigated for changes in binding and
internalization to understand how each mutation in each variant
contributed to enhancing human liver tropism. First, the differences
between MV18 and AAV5 were probed to determine effect of the
G257R mutation. Binding assays revealed that the G257R mutation
increased binding to the cell surface by a factor of 2.2 when compared
to WT-AAVS5 (Figure 6A). An internalization assay demonstrated the
Loop1R mutation also increased the percentage of bound virions that
were internalized by 3.1-fold versus WT-AAV5 (Figure 6C). The inter-
nalization assay additionally indicated a 7-fold difference in total virus
internalized between AAV5 and the MV 18, which was consistent with
the difference in GFP expression reported previously (Figure 6B).

Subsequent comparison of MV 18 against MV1, MV50, and MV53 al-
lowed isolation of the effects of the secondary mutations and provided
more insight into their potential functions. Binding and internalization
assays corroborated the theory that the F417L mutation in MV1
affected a process post-internalization as there were no significant dif-
ferences in binding or internalization between the MV1 and MV18
capsids (Figures 6D-6F). The S705G mutation in MV50 was found
to increase binding to the cell surface around 2-fold over the LooplR
mutation alone (Figure 6D). The percentage of bound virions that
were internalized decreased significantly when comparing MV50 to
MV18, indicating that increased binding provided by S705G did not
result in an increased percentage of internalized virus (Figure 6F).
Similar results were found for MV53, where the Q179R mutation
increased binding to the cell, but decreased the percentage of bound vi-
rions that were internalized (Figures 6D and 6F). No difference in the
overall amount of internalized virus was observed between MV50,
MV53, and MV18, signaling that the Loop1R mutation was dominant
factor in the increase of internalization despite the increases in binding
provided by the Q179R and S705G mutations (Figure 6E). Finally, the
only mutant without the LooplR mutation, MV20, exhibited binding
comparable to MV18. However, the A579T mutation did not signifi-
cantly increase the percentage of bound virions that are internalized
when compared to AAV5 (Figures 6A and 6C).

DISCUSSION

Experience from clinical trials and literature has detailed the impor-
tance of balancing infectivity and immunogenicity when developing
capsids for clinical use, increasing the complexity of the capsid engi-
neering process.'® To this end, many different methods have been
employed to develop capsids with favorable seroreactivity that typi-
cally involve mutagenesis or evolution to diminish the seroreactivity
of parental AAV serotypes.>”>*” We decided to approach the prob-
lem of balancing infectivity and seroprevalence through an alternative
method that utilized random mutagenesis to engineer increased
infectivity into AAVS5, a serotype with poor liver infectivity, but
extremely favorable seroreactivity.”'"'?

To accomplish this, a randomly mutated AAV5 capsid library was
screened in Huh7 cells to select for AAV5 mutants with increased
liver infectivity. After seven rounds of selection, two molecularly
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Figure 3. Evaluation of Huh7 and Primary Human Hepatocyte Transduction for Select AAV5 Mutants

(A) Fluorescent imaging of Huh7 cells and primary human hepatocytes (TRL HUM4037) transduced with self-complementary GFP vectors with AAV5 and MV mutant capsid
serotypes. Huh7 cells were transduced at a MOI of 1e5 vg/cell and human hepatocytes were transduced at a MOI of 5e5vg/cell. Images were taken 72 (Huh7) and 96
(Hepatocytes) h after infection. Expression of GFP (green) indicates transduced cells. 10x magnification. Scale bar, 100 um. (B) Comparison of normalized GFP expression in
Huh7 cells between AAV5 and MV mutants. Data are shown as mean values + SD. ***p < 0.001; ****p < 0.0001. (C) Comparison of normalized GFP expression in primary
human hepatocytes between AAV5 and MV mutants. Data are shown as mean values + SD. ***p < 0.0001. (D) Comparison of fold increases in GFP expression of MV
mutants over WT-AAVS5 in both Huh7 cells and primary human hepatocytes. Data are shown as mean values + SD.

evolved AAVS5 variants, MV50 and MV53, displayed significantly
increased transduction in primary human hepatocytes by roughly
10-fold over WT-AAV5. MV50 and MV53 demonstrated that two
single amino acid mutations in the AAV5 VP1 protein could signif-
icantly increase human hepatocyte transduction without substantially
increasing seroreactivity. The MV mutants and AAV5 possess similar
seroreactivities to IVIG, indicating that their seroprevalences in the
human population are likely the same. This is largely because all
the mutations found from the selection process are all de novo muta-
tions and do not exist in any other serotype (Figure S3). Coupled with
the fact that AAVS5 is the most genetically divergent AAV serotype, it
is extremely unlikely for any human to have been infected previously
by these mutants and thus have developed neutralizing antibodies
specifically targeting these de novo mutations.'” Therefore the overall
prevalence of neutralizing factors in the human population against
the MV mutants is likely to be very similar to AAV5.

Non-humanized mouse transduction studies unsurprisingly revealed
that the AAV5 variants with increased human liver transduction did
not drastically show increased transduction in mouse liver, a phe-
nomena that has been previously reported before.” Some variants
even displayed de-targeting from mouse liver, which is again consis-
tent with results from studies involving the engineering of human
liver specific AAV capsids.”® The secondary mutations in MV1 and
MV53 could functional independently of species, as both enhanced
liver transduction in human and mouse liver cells. The increased
lung transduction of the MV mutants has potential applications but
requires further validation on human lung cells.

126

Analysis utilizing binding, internalization, and location within the
AAVS5 capsid have shed some light on potential functions for each
of the mutations. Our results demonstrated that the G257R mutation
in the VR-I region of AAV5 is the primary driver of enhanced liver
transduction and is likely increasing binding to a receptor that inter-
nalizes quickly, thus resulting in a larger portion of bound virus being
internalized. For most other AAV serotypes, the VR-I region was
discovered to be critical for binding of the AAV receptor
(AAVR).**! However, AAV5 was found to be the only AAVR-
dependent serotype that does not interact with AAVR via the VR-I
region, leading to uncertainty about the exact function of the AAV5
VR-1”' The G257R mutation likely indicates that the VR-I of
AAVS5 still binds an unknown receptor which subsequently also leads
to increases in transduction in other cell types in vitro (Figure S6).
Swapping of the AAV5 VR-I region with VR-I sequences from other
serotypes resulted in destabilization of the AAV5 capsid indicating
the VR-I region of AAV5 is not easily mutable (Table S1). Only
two replacement Loopl sequences, AAV7 loopl and Avian AAV
loopl, allowed for packaging of DNA, but were non-infectious in
293 cells and mice (Table S1). Further studies on the function of
the VR-I region of AAV5 would provide valuable data in determining
which receptor the G257R mutation is enhancing binding to.

Analysis of the secondary mutations found in the LooplR mutants
provided valuable information on the functions of various residues
in the AAV5 capsid that could inform further engineering of the
MV mutants. Due to decreases in yield (Figure S4) and its location
in the capsid, the F417L mutation is likely decreasing the stability
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of the capsid, which in turn could lead to more efficient uncoating.
Uncoating has been reported to be the limiting step of gene expres-
sion in hepatocytes, and thus a potential increase in uncoating effi-
ciency could lead to higher gene expression.”” Studies have also
shown AAV5 to be the most thermostable serotype, which prompts
questions on whether its stability is negatively affecting uncoating.*
A similar mutation to A579T in MV20 has been reported before in
a study detailing a chimeric AAV5 mutant (A581T) with enhanced
human lung transduction.”*** The A581T mutation was discovered
to play a role in sialic acid recognition and binding, which could be
a potential mechanism for the A579T mutation.”” The S705G and
Q179R mutations that are present in MV50 and MV53, respectively,
seem to primarily affect binding to receptors that are not essential for
internalization. The Q179R mutation is particularly interesting as it
lies in the VP1/VP2 common region of the AAV5 VP1 protein, signi-
fying that the presence of this mutation in a 60-mer capsid is signif-
icantly lower than a mutation that resides in the VP3 gene. Yet, the
Q179R mutation is still able to significantly influence binding at com-
parable levels to the S705G mutation. The data presented in this study
comparing MV18 and MV53 with binding and seroreactivity assays
suggests that this particular region presides on or near the surface
of the capsid, and also plays a role in binding and seroreactivity.
This could have interesting implications on the understanding and
engineering of AAV5 as there have been no other reports of binding
domains found in the VP1/VP2 common region thus far for AAV5 or
any other serotype. Combining mutations from the MV mutants did
not further increase transduction efficacy (Figure S5), indicating that
further improvement of these capsids may need to be achieved by
additional directed evolution or targeted rational design of VR-VIIL

Another goal of the study was to demonstrate the translatability of
AAV infectivity in Huh7 cells to primary human hepatocytes. Previ-
ous studies have alluded to the similarities of AAV transduction in
Huh?7 cells and human hepatocytes, but here in this study, we deter-
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mined that Huh7 cells can serve as an adequate selection model for
human hepatocyte transduction.’® While many studies have opted
for in vivo selection of AAV capsids, we believe that the fenestrated
nature of the endothelial lining in the liver allows for easier transla-
tion of liver infectivity from in vitro to in vivo, as long as the screening
system is of human hepatocyte origin.”” Twenty percent of the surface
of the liver sinusoidal endothelial lining is covered by fenestrations
that allow nano-sized particles to pass from blood to hepatocytes,
effectively allowing AAV to access hepatocytes without needing to
first cross the endothelial barrier.”>* As such, screening for liver
infectivity in vitro may not face the same barriers that others have
noted when screening for muscle or CNS capsids.’”*" Additionally,
there is a wealth of evidence that supports the idea that non-human-
ized mouse models are not suited for screening of hepatotropic prop-
erties in human hepatocytes.”**
present their own challenges, which include factors such as variability
of the number of implanted human hepatocyte versus existing mouse
hepatocytes and morphology of the humanized livers.*** All of these
factors indicated that screening for human liver transduction in an
in vivo model was not the only route that could be taken and that
in vitro selection could potentially yield capsids with increased human
liver infectivity.

Even humanized liver mouse models

Our engineered AAV5 capsids could potentially be used to improve
current hemophilia A and B therapies that utilize WT-AAV5 by
increasing the expression levels of Factor VIII and XI at decreased
doses. AAV5-based therapies typically require extremely high doses
of AAV5, which also increases production cost of the treatments,
rendering them less obtainable for potential patients. Our results
demonstrated that AAV5 can be engineered to have increased human
hepatocyte transduction while retaining its favorable seroreactivity
and provided a roadmap for an alternative method of developing liver
tropic AAV vectors from capsids with poor infectivity and low sero-
prevalence. However, for liver diseases requiring higher transduction
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Figure 5. Seroreactivity of AAV5 and MV Mutants
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IVIG(UG) 25 125 625 313 156 078 039 each virus. Graphpad Prism 8 was used to curve fit the
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less IVIG is needed to neutralize the virus. Serotypes with
curves further to the left indicate more IVIG is needed to

neutralize the virus. Plotted data points are shown as mean values + SD. (B) Reciprocal dilution at which 50% inhibition is achieved was calculated from the best fit curves for
each capsid. Extra sum of squares F test was used to compare the best fit curves for each capsid and determine whether one capsid is more/less seroreactive compared to
AAVS. *p < 0.05; **p < 0.01; ***p < 0.0001. (C) Approximate amounts of IVIG and virus used for each reciprocal dilution.

levels, the MV capsids likely will not be sufficient and will need to be
further modified via additional directed evolution. Further evolution
of these mutants could also result in capsids that are even less seror-
eactive compared to WT-AAV5. For diseases requiring tropism to
other areas such as the CNS or skeletal muscle, more drastic evolution
of AAVS5 is needed. In these cases, peptide insertion libraries, or tar-
geted mutations of specific loops can be used, but more caution must
be placed when determining the changes in seroreactivity.

MATERIALS AND METHODS

Generation of Random Mutagenesis AAV5 Plasmid Library

The randomly mutated AAV5 plasmid library was generated by
amplifying a WT-AAV5 capsid gene (XR5 plasmid) with error prone
PCR using a GeneMorph I Random Mutagenesis Kit (Agilent, Santa
Clara, CA, USA) followed by subsequent amplification by stEP. In
brief, 10 ng of the DNA template was amplified over 30 cycles using
an error prone DNA polymerase to achieve a wide range in the VP3
gene per each PCR fragment. To further diversify the mutant AAV5
plasmid library, we shuffled the point mutations generated by error
prone PCR using stEP in which roughly 100 ng of mutated AAV5
VP3 DNA was subjected to 100 extremely short cycles of denaturing
(~20 s), annealing (~5 s), and elongation (~10 s). For both error
prone pcr and stEP, the forward primer (Sigma-Aldrich, St. Louis,
MO, USA; 5-AGGCTCGGACCGAAGAGGACT-3') overlapped a
RSRIT restriction enzyme cutsite upstream of the VP3 gene while
the reverse primer (Sigma-Aldrich, St. Louis, MO, USA; 5'-ATC
GAGCGGCCGCAAGAGGCAGTATTTTAC-3') overlapped the
NotI cutsite downstream of the VP3 gene to facilitate cloning of the
PCR product into an “infectious,” or WT-AAV5 plasmid.

The mutant VP3 stEP PCR amplicons were purified and digested to
completion using RSRII/NotI restriction enzymes (NEB, Ipswich,
MA, USA). Digested DNA was isolated using agarose gel purification
and cloned into backbone containing an AAV2 REP gene and a par-

tial AAV5 Capsid gene flanked by AAV2 ITR sequences to create an
“infectious” plasmid, or a replication competent AAV plasmid. The
resulting mixture was electroporated into MAX efficiency™ DH10B
electrocompetent bacteria (Invitrogen, Carlsbad, CA, USA) and
spread across LB agar plates containing ampicillin. A viral plasmid li-
brary of 5 x 10> independent clones was generated as determined by
quantification of the number of colonies following bacteria transfor-
mation. To confirm the diversity of the library, we picked 20 colonies
from the plates for miniprep and sequencing. Individual bacteria col-
onies were pooled together by washing the LB-agar plates with terrific
broth medium and then cultured in four liters of TB medium. The
propagated bacteria were then used for large-scale purification of
the plasmid DNA library by ultracentrifugation with CsCl-ethidium
bromide gradients.

AAV Library and Vector Production

Purified AAV vectors were produced via the triple transfection and
cesium chloride density ultracentrifugation methods. Briefly,
HEK293 cells were transfected with a helper plasmid, a self-comple-
mentary GFP (sc-GFP) or single stranded LacZ-nls vector plasmid,
and a packaging plasmid containing capsid gene and an AAV2 rep
gene. Cells were harvested 72 h post transfection and isolated by
centrifugation. The media was collected and stored while the cell pel-
let was resuspended and subjected to three freeze thaw cycles. The re-
sulting cell lysate was incubated with Dnasel and RnaseA at 37°C and
centrifuged and the supernatant was collected. The virus from the su-
pernatant and the media were then concentrated by PEG precipita-
tion followed by two rounds of cesium chloride (CsCl) density ultra-
centrifugation. CsCl fractions containing virus were determined by
DNA dotblot and combined and dialyzed using 5% sorbitol in PBS.
Dialyzed virus preparations were again titered using DNA dot blot
with a probe specific to reporter gene. All viruses that were tested
were titered in the same dotblot to allow consistent measurement
of viral titers.
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Figure 6. Comparison of Binding and Internalization between AAV5 and MV Mutants
(A) Binding assay comparing binding of capsid to Huh7 cell surface between AAV5, MV18, and MV20. Data shown are mean values + SD. **p < 0.01. (B) Internalization assay

comparing amount of internalized virus in Huh7 cells between AAV5, MV18, and MV20.

Data shown are mean values + SD. **p < 0.01; ***p < 0.001. (C) Percentage of bound

viral genomes that are internalized comparison between AAV5, MV18, and MV20. Data shown are mean values + SD. *p < 0.05; **p < 0.01. (D) Binding assay comparing
binding of capsid to Huh7 cell surface between MV1, MV18, MV50, and MV53. Data shown are mean values + SD. **p < 0.01. (E) Internalization assay comparing amount of

internalized virus in HUh7 cells between MV1, MV18, MV50, and MV53. Data shown

are mean values + SD. (F) Percentage of bound viral genomes that are internalized

comparison between MV1, MV18, MV50, and MV53. Data shown are mean values + SD. *p < 0.05; **p < 0.01.

The AAV5 viral library was produced using the same method as
described before, but with only two plasmids. In brief, the plasmid li-
brary and a helper plasmid were transfected into human embryonic
kidney (HEK293) cells at a 1:1 ratio via the calcium phosphate trans-
fection method. After 72 h post transfection, the transfected cells and
media were collected. The viral particles were released via the freeze
thaw method and purified using CsCl density centrifugation. For all
AAVS library experiments, the AAV titer was determined by the dot-
blot method using a probe specific to the AAV2 Rep gene.

Mutant AAVS5 Library Selection in Huh7 Cells

The AAVS5 viral library was added to Huh7 cells at a MOI of 5,000
vector genomes per cell and coinfected with WT-adenovirus type-5
(WT-ad) at a MOI of 100 vg per cell. After 72 h of infection, the cells
were collected and lysed via three freeze thaw cycles with a dry ice and
ethanol mixture. The cell lysate was then incubated at 56°C for 1 h to
inactivate the WT-ad present in lysate. The cell lysate was then centri-
fuged at 15,000 rpm for 5 min and the supernatant containing the
mutant viral particles was collected. The virus in the supernatant
was titered by DNA dotblot. Huh7 cells were again infected with virus
from the previous round of selection at a MOI of 5,000 vg/cell. In to-
tal, 7 rounds of selection on Huh7 cells were performed. For the last
round of selection, the infected cells were washed with PBS twice to
remove any virus that did not manage to infect the cells. The viral
DNA was then extracted from the cells via a modified Hirt Extraction
as previously described by others.** In short, cells were suspended in
250 puL of a Tris-HCI/EDTA solution containing 100 pg/mL RNase A.
Cells were lysed with the addition of a 1.2% sodium dodecyl sulfate
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solution and incubated for 5 min at room temperature. Chromosomal
DNA and cellular debris were precipitated with the addition of a ce-
sium chloride, potassium acetate, and acetic acid solution and incu-
bated on ice for 15 min. The mixture was then centrifuged at 4°C
for 15 min, and the supernatant was loaded onto a QIAGEN Qiaprep
Spin column (QIAGEN, Hilden, Germany). The bound DNA is then
washed, eluted and amplified via PCR using the same primers used for
the error prone PCR. The resulting PCR amplicons are purified and
subsequently digested with RSRII and Notl and ligated into a pack-
aging plasmid containing AAV2 Rep and a partial AAV5 Cap gene.
The ligation mixture was transformed into bacteria and spread
onto agar plates containing ampicillin. After overnight incubation, in-
dividual colonies were picked for plasmid amplification via miniprep.
Amplified plasmid DNA was incubated with RNASEA, purified, and
sequenced. Primers used to sequence mutant AAV5 capsids were: F1:
5'-GGCCAGGCTCTCATTTGTTC-3; F2: 5-GACGACACATCC
TTCGGG-3'; F3: 5-CAGCTGCCCTACGTCGTC-3’; F4: 5'-GG
CACGTACAACCTCCAGGAAATC-3'

Sequence and Structure Analysis of AAV5 Variant Capsid Genes
DNA and protein sequences of mutant AAV5 capsid genes screened
in Huh7 cells were identified and aligned with Sequencher, AlignX,
and Clustal X. Amino acid mutations for each variant were false-color
mapped on to the AAV5 VP3 protein structure 3NTT using PyMol
v2.3.0. 60-mer AAV5 capsid structures were obtained by using
3NTT and viperdb to generate a 60-mer consisting of 60 AAV5
VP3 proteins. The mutations from variant AAV5 capsids were false
color mapped onto the 60-mer structure.
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Transduction of Human Liver Cancer Cells by AAV Vectors
Variant AAV5 vectors were used to packaged sc-GFP reporter genes
for comparison to WT-AAV5. Huh7 cells in 12 well plates were
infected with AAV5 and mutant self-complementary (sc)-GFP en-
coding viruses at a MOI of 100,000 viral genomes (vg) per cell and
co-infected with 5,000 vg/cell of WT-ad5. 72 h after infection, cells
were taken for fluorescent imaging and subsequent GFP quantifica-
tion using the Fluorometric GFP Quantification Kit (Cell BioLabs,
San Diego, CA, USA). GFP activity was normalized by protein con-
centration as measured by Pierce BCA Protein Assay Kit (Thermo
Fisher Scientific, Waltham, MA, USA).

Transduction of Primary Human Hepatocytes by AAV Vectors
Primary human hepatocytes (TRL HUM4037 and HUM4020, Trian-
gle Research Labs, Durham, NC, USA) were cultured according to
vendor’s instructions. In brief, cells were thawed and plated at 2.5e5
cells per well in collagen coated 24 well plates (BioCoat Collagen I
24 well plates, Corning, Corning, NY, USA). The next day, the pri-
mary human hepatocytes were infected with purified sc-GFP vectors
at a MOI of 500,000 vg per cell. Media was changed 48 h after infec-
tion, and once daily afterward. 96 h post infection, cells were taken for
fluorescent imaging and subsequent GFP quantification using the
Fluorometric GFP Quantification Kit from Cell Bio Labs (San Diego,
CA, USA). GFP activity was normalized by protein concentration as
measured by Pierce BCA Protein Assay Kit (Thermo Fisher Scientific,
Waltham, MA, USA).

Tissue Tropism of AAV Vectors in Mice after Systemic
Administration

C57/BL6]J mice were maintained in a 12-h:12-h light:dark artificial light
cycle (07:00-19:00) at a temperature of 20°C and a humidity of 55% +
5%. All animal protocols were approved by the University of North
Carolina Animal Care and Use Committee. The mutant AAV5 capsid
genes were used to package CB-LacZnls reporter gene, which expresses
B-galactosidase with a nuclear localization signal and compared to
WT-AAV5. LacZ vectors were administered to 8-week-old male
C57BL/6] mice by intravenous tail vein injection at a dose of 1el2 vg
per mouse. After 3 weeks, the mice were sacrificed, and tissues were
collected, and flash frozen in liquid nitrogen cooled 2-methylbutane.
Tissues were stored at —80°C until ready for use. Tissues were homog-
enized in lysis buffer from the Galacto-Star LacZ Assay Kit (Applied
BioSystems, Foster City, CA, USA) and measured for protein concen-
tration using the Pierce BCA Protein Assay Kit (Thermo Fisher, Wal-
tham, MA, USA). Samples were diluted to similar protein concentra-
tions. B-galactosidase enzyme activity in homogenized tissue lysates
was measured using the Galacto-Star LacZ Assay Kit and readings
were normalized by protein concentration.

AAV Neutralization Assays with IVIG

Huh?7 cells were seeded at 5e4 cells per well in a 96 well plate. The next
day, 50 particles of WT-ad5 per cell was added to each well of the 96
well plate. AAV sc-GFP vectors (1e9 vg) were incubated with recip-
rocal dilutions of IVIG (Carimune NF, ZLB Behring, King of Prussia,
PA, USA). The first well corresponded to 25 pig of IVIG, and each sub-
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sequent well contained half of the previous amount of IVIG. The
combined IVIG and AAV vector mixtures were incubated for 1 h
at 37°C and then added to individual wells of Huh7 cells in a 96
well plate. Virus concentration was kept the same for each reciprocal
dilution of IVIG. After 72 h, the cells in each well were lysed and the
crude lysate was assayed for GFP activity using a Fluorometric GFP
Quantification Kit (CellBio Labs, San Diego, CA, USA). The GFP ac-
tivity was measured against a control well infected with only virus and
no IVIG to obtain the percent of max GFP expression at each recip-
rocal dilution for each virus. The percent of max GFP activity was
plotted against the log reciprocal dilution in GraphPad 8 to generate
a fitted curve using nonlinear regression. The corresponding ECs, or
reciprocal dilution required for 50% max GFP activity, was calculated
using GraphPad 8, and compared to the ECs, of other AAV serotypes
to determine the relative differences in seroreactivity to IVIG.

Binding and Internalization Assay of AAV Vectors in Huh7 Cells
Binding of the AAV capsid to the surface of Huh7 cells was deter-
mined by incubating 2e3vg/cell of CB-LacZnls AAV vector with
pre-cooled Huh7 Cells at 4°C for 30 min. Then, the cells were washed
with cold PBS three times to wash away any unbound vector. Cells
were collected and resuspended in PBS. Total DNA was extracted us-
ing the DNeasy Blood and Tissue Kit (QIAGEN, Hilden, Germany)
and eluted with molecular grade water. The number of vector copies
was determined in each sample via absolute qPCR quantification us-
ing primers and TagMan probe specifically recognizing the CB-pro-
moter sequence (Sigma Aldrich, St. Louis, MO, USA). The number of
vector genomes was normalized to the number of endogenous
glucagon gene copies. Internalization assay was performed similar
to the binding assay, but instead allowing the bound virus to inter-
nalize at 37°C for 1 h. Cells were incubated with trypsin for 5 min
at 37°C to allow any un-internalized virus to be digested. After
washing with PBS three times, total DNA was extracted from cells
and eluted with molecular grade water. Vector copies was determined
exactly the same as described before. Assays were performed on a
7300 Real-Time PCR system (Applied Biosystems) using GoTaq
PCR Master Mix (Promega). The primers and probes used are as fol-
lows: CB-F: 5-GTATGTTCCCATAGTAACGCCAATAG-3’; CB-R:
5'-GGCGTACTTGGCATATGATACACT-3; CB Probe: 5'-FAM-
TCAATGGGTGGAGTATTTA-MGB-3'; Glucagon-F: 5-AAGGGA
CCTTTACCAGTGATGTG-3’; Glucagon-R: 5-ACTTACTCTCG
CCTTCCTCGG-3'; Glucagon Probe: 5'-FAMCAGCAAAGGAATT
CA-MGB-3'.

Site-Directed Mutagenesis for Combining Mutations from
Different Variants

Mutations were combined onto one capsid gene using site directed
mutagenesis. A primer containing the mutation was used with a
primer that covered half the ampicillin gene to amplify half of the
MV mutant packaging plasmid. A primer set corresponding to the
other half of the plasmid was also used to amplify the opposing half
of the plasmid. The two PCR amplicons were purified and digested
with DPNI (NEB, Ipswich, MA, USA) and purified using gel purifica-
tion via QIAquick Gel Extraction Kit (QIAGEN, Hilden, Germany).
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The purified fragments were ligated together using blunt end ligation
and transformed into DH10B competent cells. Transformed bacteria
was then spread on an agar plate and allowed to grow overnight. In-
dividual colonies were picked for DNA amplification and extraction.
Extracted plasmids were then sent for sequencing to confirm proper
incorporation of the mutations.

The primers used are as follows: F417L MV1-F: 5-TTCCACTC
CAGCCTCGCTCCCAGT-3'; F417L MV1-R: 5-GGGCACCTCCT
CAAAGTTGTA-3'; A579T MV20-F: 5-GACCGGCACGTACA
ACCTCCA-3'; A579T MV20-R: 5-GCGGGGGTAGTGGTGGA
GC-3'; 705G MV50-F: 5'-CACCGGGGAATACAGAAGCACC-3;
§705G MV50-R: 5'-CCGTCCGGGGCAAAGTCCAC-3'; Ql79R
MV53-F: 5-CTGCGAATCCCAGCCCAACCA-3; Q179R MV53-
R: 5-CTGCTGGGATCCGCTGGGTC-3'; AMP-R: 5'-ACTCACC
AGTCACAGAAAAGCATC-3'; AMP-F: 5-ACTCAACCAAGTCA
TTCTGAGAATAG-3'.

Statistics

Statistical analyses were conducted with GraphPad Prism 8. All statis-
tical analyses were justified as appropriate and p values <0.05 were
considered statistically significant. For all statistical tests performed,
intra-assay variation fell within the expected range and the variance
across groups was similar. Comparison of experimental values from
two groups were assessed using a Student’s unpaired two-tailed t
test. Experimental values for Figure 5A were first normalized and
then plotted against the log transformed values for reciprocal dilu-
tions before being compared using an extra sum of squares F test.
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