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aFAP-specific nanobodies mediate a highly
precise retargeting of modified AAV2 capsids
therebyenablingspecific transductionof tumor tissues
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Due to the refractiveness of tumor tissues to adeno-associated
virus (AAV) transduction, AAV vectors are poorly explored
for cancer therapy delivery. Here, we aimed to engineer
AAVs to target tumors by enabling the specific engagement
of fibroblast activation protein (FAP). FAP is a cell surface re-
ceptor distinctly upregulated in the reactive tumor stroma, but
rarely expressed in healthy tissues. Thus, targeting FAP pre-
sents an opportunity to selectively transduce tumor tissues.
To achieve this, we modified the capsid surface of AAV2 with
an aFAP nanobody to retarget the capsid to engage FAP recep-
tor. Following transduction, we observed a 23- to 80-fold
increase in the selective transduction of FAP+ tumor cells
in vitro, and greater than 5-fold transduction of FAP+ tumor
tissues in vivo. Subsequent optimization of the VP1-nanobody
expression cassette further enhanced the transduction effi-
ciency of the modified capsids. Due to the limited aFAP nano-
bodies repertoires, we broadened the versatility of this high-fi-
delity platform by screening a naive VHH yeast display library,
leading to the identification of several novel aFAP nanobody
candidates (KD = 0.1 to >100 nM). Hence, our study offers
new opportunity for the application of AAV vectors for highly
selective delivery of therapeutics to the tumor stroma.
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INTRODUCTION
Adeno-associated virus (AAV) is member of the dependoparvovirus,
characterized by a linear, single-stranded DNA genome, which is
approximately 4.7 kb and flanked by inverted terminal repeats
(ITRs).1 First described as a contaminant during adenovirus produc-
tion in 1965 by Robert Atchison and colleagues,2 the prospect of AAV
as a gene therapy platform soared in the early 1980s, following the
successful cloning of the AAV genome into plasmid DNA.3–5 Since
then, recombinant AAV (rAAV) has emerged as the preferred in vivo
gene therapy vehicle, scoring seven clinical approvals across broad
disease indications since 2017.6–8

Despite the success of rAAVs in the clinic, the relatively broad
tropism of rAAVs and low transduction efficiency in certain tissue
types present distinct challenges.9 To mitigate the challenge of the tis-
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sue promiscuity of AAVs, expression of the encoded transgene can be
restricted to the target tissue by local injection, or the use of tissue-
specific promoters to drive the transgene expression specifically in
the target tissues.10–12 Nevertheless, this does not eliminate the poten-
tial risks of accumulation of AAV particles in off-target tissues.10,13

To address this, high-throughput directed evolution and/or rational
design capsid engineering approaches have been developed to
generate next-generation AAV vectors with improved target-tissue
specificity. Specifically advancing to the targeted transduction of
cell or tissue types that were previously refractory to AAV transduc-
tion.12,14–17 Nanobodies have also been recently employed to redefine
the tropism of AAV vectors.18–21 These single-domain antibodies are
particularly attractive due to their small size, stability, specificity, and
high affinity for the target receptor.22

We aimed to retarget AAV2 to tumor cells and tissues expressing the
fibroblast activation protein (FAP) receptor. FAP receptor is a type II
integral membrane protein distinctly upregulated in the tumor
stroma and the stroma of fibrotic tissues, but expression is rare or
low in normal and healthy tissues.23–27 Hence, targeting FAP receptor
offers a robust and elegant opportunity to deliver cancer therapies to
the stromal fibroblast of the tumor microenvironment (TME) in a
broad variety of epithelial cancers with high degree of specificity.26–29

Our colleagues recently developed the first antibody AAV-based plat-
form for the specific targeting of FAP receptor-expressing cells.30 This
was achieved by utilizing a bispecific antibody that recognizes a short
linear 2E3 epitope engineered on the capsid surface as well as the FAP
receptor on FAP-expressing cells, the AAVwas functionalized for tar-
geting FAP-expressing cells in vitro.30

In this study, we functionalized the capsid surface of AAV2 by geneti-
cally incorporating an anti-FAP nanobody (aFAP_Nb or VHH) on
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the GH2/GH3-exposed loop of VP1, thereby stronglymediating the re-
targeting of the vector specifically to FAP receptor-expressing tumor
cells and tissues. To limit the copies of aFAP_Nb per capsid to not
more than five copies, the sequence of aFAP_Nb was integrated on
the GH2/GH3 loop of VP1 and the modified VP1 was expressed
from a pCMV-VP1-aFAP-Nb plasmid during AAV packaging.
Following multiple rounds of rational design and optimization of the
VP1 capsid cassette, the transduction efficiency of the retargeted
AAV2 vectors were improved to levels comparable with or higher
than unmodified AAV2 vector, while maintaining high specificity for
the target cells. Depending on the promoter used to drive the expression
of the aFAP_Nb-VP1 duringAAVpackaging, we observed distinct dif-
ferences in the incorporation efficiency of the aFAP_Nb containing
VP1 in the capsid, as well as the overall transduction efficiency of the
retargeted AAV2 vectors. In addition, we further expanded the robust-
ness and versatility of the platform by performing a VHH antibody dis-
covery campaign using a naive yeast display library to identify novel
aFAP nanobodies for the subsequent functionalization of the AAV
capsid. We identified and characterized several aFAP nanobodies
with binding affinities to FAP ranging between 0.1 and >100 nM.

In summary, our data show the potential for a highly selective and
specific retargeting of AAV vectors to the tumor stroma. Utilizing
iterative improvements in rational capsid engineering, this study en-
ables the advancement of targeted delivery of gene therapies not just
to tumors, but any cell or tissue type of interest.

RESULTS
Genetic incorporation and the concomitant productivity analysis

of aFAP VHH (aFAP_Nb) in the VP1 of AAV2 VP1

To design and generate AAV particles exhibiting high tropism toward
FAP receptor-expressing neoplastic cells, an aFAP_Nb was incorpo-
rated within the variable region IV (VR-IV) that harbors the GH2/
GH3 loop. Specifically, the nanobody, comprising 126 amino acids,
was integrated at the G453-R459 amino acid position on the capsid,
an approach that aligns with earlier strategies for the insertion of large
scaffolds into the GH2/GH3 surface loop, a region common to VP1,
VP2, and VP3.18–20,31 To display up to 5 aFAP_Nb copies per capsid,
the native VP1 start codon was mutated on the AAV2 Rep/Cap
plasmid thereby inhibiting the expression of VP1 from its inherent
configuration. Subsequently, the aFAP_Nb, flanked by a flexible short
GGGS linker at both the N- and C-terminal ends, was incorporated
into the GH2/GH3 loop of the VP1 protein, where the VP2 and
VP3 start codons were mutated to suppress the expression of VP2
and VP3, respectively. To ensure this conformation, the aFAP_Nb-
containing VP1 was supplied in trans on a second plasmid under
the control of a CMV promoter, thereby resulting in a four-plasmid
transfection to enable rAAV packaging (Figure 1A). Moreover, the
heparan sulfate proteoglycans (HSPGs) receptor binding motifs con-
tained in the capsid backbones of both the modified VP1 and the
native VP2/VP3 were mutated by replacing the arginine residues at
positions 585 and 588 with alanine, thereby negating background
or residual targeting to the primary and native AAV2 HSPG binding
motif.19,32,33 Recombinant AAV particles displaying the aFAP_Nb
2 Molecular Therapy: Methods & Clinical Development Vol. 32 Decemb
and harboring a transgene cassette encoding for a nanoluciferase
(NanoLuc) protein (AAV-aFAP_Nb) were assembled and produced
in HEK293 cells. The packaging efficiency was evaluated using digital
PCR (dPCR) to ascertain the titer and yield per cm2 of cell disc, and
western blot was performed to characterize the capsid proteins
composition of the modified AAVs. Comparing the yield of the
aFAP_Nb displaying vector with that of unmodified AAV2, an esti-
mated 15-fold decrease in yield was observed per cm2 (Figure 1B).

Earlier studies underscored the difficulties associated with the pro-
duction of modified AAV capsids, which display cysteine residue-
containing targeting ligands. These challenges are due to the reducing
conditions in the nucleus, which is not optimal for antibody process-
ing and folding; a phenomenon that requires an oxidizing environ-
ment.13,34 As a control, a long 42 amino acid peptide devoid of
cysteine residues was integrated in the same loop as the nanobody, re-
sulting in the generation of recombinant AAV2-Pep particles. The
yield of AAV2-PEP was 6-fold lower than that of AAV2 (Figure 1B).

Wecharacterized the expressionofVP1viawestern blot analysis using a
monoclonal B1 antibody (PROGEN) that simultaneously detects VP1,
VP2, andVP3.The incorporationofVP1-aFAP_Nbsubunit intoAAV-
aFAP_Nb was detected; however, the efficiency was significantly lower
relative to VP2, whereas in AAV2 the amounts of VP1 and VP2 are
similar (Figure 1C). To further increase the sensitivity, a VP1/VP2 spe-
cific antibody (PROGEN) was used to probe for VP1 and VP2 expres-
sion, confirming the successful assembly of the VP1-fused nanobody in
the AAV-aFAP_Nb capsid (Figure 1D). Biophysical characterizations
of AAV-aFAP_Nb were performed to determine particle size and ag-
gregation, and we observed no distinct differences in the aggregation
profile of AAV-aFAP_Nb in comparison with that of the parental
AAV2 serotype (Figure 1E). However, thermal stability analysis shows
an average of +2�C increase in the onset of melting of AAV-aFAP_Nb
compared with AAV2 (Figure S1B). Overall, we observed a +1�C
increase in the melting temperature of AAV-aFAP_Nb (Figure S1B).

Display of the aFAP_Nb on the capsid surface alters vector

tropism and facilitates selective in vitro transduction of human

FAP receptor-expressing HT1080 cells

The targeting potential and transduction efficiency of AAV-aFAP_Nb
was assessed in a geneticallymodifiedhumanfibrosarcomaHT1080 cell
line that stably expresses the human FAP receptor (HT1080-huFAP),
while the non-FAP receptor-expressing counterpart (HT1080-Neo)
served as a negative control. The cells were transduced with a multi-
plicity of infection (MOI) of 1 � 104 vector genome per cell (VG/cell)
with either AAV2, AAV2 with HSPG ablated (AAV2-KO), or
AAV-aFAP_Nb. Following transduction, the cells were analyzed for
NanoLuc expression after 72 h using a luminescence plate reader.
We noted that AAV-aFAP_Nb selectively and efficiently transduced
HT1080-huFAPcells,with a 33.6-fold increase over the negative control
HT1080-Neo cells. Conversely, as anticipated, the HSPG-ablated
AAV2-KOpoorly transducedboth cell lines serving as background con-
trol (Figure 2A). Dose-dependent transduction of AAV-aFAP_Nb us-
ing MOIs between 1.0E+01 to 1.0+E05 VG/cell shows similar selective
er 2024
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Figure 1. Genetic incorporation of human aFAP_Nb

in AAV2 VP1 and biophysical characterization of

AAV-aFAP_Nb

(A) Overview of the capsid engineering strategies showing

modifications to the viral capsid proteins. The human

aFAP_VHH was integrated in the GH2/GH3 loop of VP1

under the control of a CMV promoter and native HSPG

receptor-binding motifs were ablated. Recombinant

AAVs were packaged using four plasmid transfection and

the modified VP1 cassette was supplied in trans.

(B) Evaluation of the productivity of the modified AAVs in

comparison with AAV2 vector with wild-type capsid and

the HSPG-ablated capsid variant. (C) Western blot

analyses of the VP1, VP2, and VP3 capsid proteins

composition using the monoclonal anti-VP1/VP2/VP3 B1

monoclonal antibody. (D) VP1, VP2 capsid protein

analysis using anti-VP1/VP2 A69 monoclonal antibody.

(E) Comparative characterization of the particle sizes of

AAV2 vector and the modified capsid variants.
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transduction of HT1080-huFAP cells (Figure S2B). The aFAP_Nb
displayed on the AAV capsid is specific for the human FAP receptor.
We therefore assessed whether the human FAP-targeting capsid
could selectively transduce mouse FAP receptor-expressing HT1080
cells (HT1080-muFAP). As expected, no selective transduction of
HT1080-muFAP cells was observed (Figure 2B), corroborating the
specificity of AAV-aFAP_Nb for its target cells. To further test
for off-target of AAV-aFAP_Nb, the capsid was incubated with
HEK293T cells, which inherently do not express the FAP receptor (Fig-
ure S2B).We showed that AAV-aFAP_Nbwas also incapable of trans-
ducingHEK293Tcells (Figure 2C). This demonstrates that the observed
transduction of AAV-aFAP_Nb in HT1080-huFAP cells is heavily
reliant on the interaction between the aFAP_Nb and the human FAP
receptor present on the HT1080-huFAP cells.

To determine whether the modified aFAP_Nb-presenting vector
directly and specifically interacts with the target human FAP receptor
on HT1080-huFAP cells, a series of competitive inhibition assays
were conducted. Utilizing two anti-FAP monoclonal antibodies
Molecular Therapy: Methods & C
(aFAP-mABs) with different binding affinities
to FAP, as well as a soluble FAP extracellular
domain (ECD). We observed potent inhibi-
tion of AAV-aFAP_Nb’s ability to transduce
HT1080-huFAP cells (Figures 2D–2F), verifying
the specificity and direct interaction of the
vector with the FAP receptor via the integrated
aFAP_Nb.

AAV-aFAP_Nb demonstrates a highly

specific and significantly enhanced

transduction of human FAP-expressing

tumor tissues in vivo

To evaluate the suitability of AAV-aFAP_Nb
for selective gene delivery to target tissues
in vivo, two distinct models of HT1080-huFAP cell-derived xeno-
graft tumor models were generated using the immunodeficient
NXG (NOD-Prkdcscid-IL2rgTm1/Rj) mouse strain. In one model,
the tumor cells were implanted in the mammary fat pad and, in
the other, the tumor was subcutaneously implanted. Thereafter,
1 � 1011 VG of either the FAP-targeted AAV or AAV2 was admin-
istered intravenously. Interestingly, for the mammary fat pad tumor
group, in vivo bioluminescence imaging shows an early onset of
NanoLuc activity, already discernible at 24 h post AAV-administra-
tion, with the most pronounced bioluminescence signals observed in
the tumors of mice administered with the human FAP-targeting
AAV-aFAP_Nb vector. The luminescence signal increased further
up to day 7 following the AAV administration with a distinct local-
ization to the tumor-bearing area (Figure 3A). For the AAV2-
administered mice, however, high NanoLuc activity was observed
in the liver region with diffuse luminescence observed in the tumor
tissues. Ex vivo bioluminescence imaging was conducted on
collected tissues, which included the liver, tumor, lung, heart, and
spleen. Overall, a 10-fold lower luminescence activity was observed
linical Development Vol. 32 December 2024 3
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mediates retargeting of the capsids to human FAP-

expressing cells

(A) Human HT1080 cells expressing either the human

FAP receptor (HT1080-huFAP) or the negative control

(HT1080-Neo) were incubated with 1 � 104 VG/cells

of the indicated AAV vectors expressing NanoLuc

transgene. NanoLuc protein expression was determined

and quantified 72 h after incubation. Off-target analyses

of the modified AAV-aFAP_Nb in (B) human HT1080 cells

expressing the mouse FAP receptor (HT1080-muFAP)

and (C) in non-FAP receptor expressing HEK293T cells.

Competitive inhibition of AAV-aFAP_Nb by in-house-

generated aFAP-mAB1 (D), aFAP-mAB2 (E), and soluble

FAP protein (F). The values shown represent three

independent experiments. Error bars are presented as ±

SEM of the three independent experiments. p value was

determined by two-tailed Student’s t test. *p < 0.05,

**p < 0.01, ***p < 0.001.
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in the liver tissues isolated from AAV-aFAP_Nb-administered mice
compared with that of AAV2 mice and a 6.4-fold increase in the
luminescence signals in the tumor tissues of AAV-aFAP_Nb mice
compared with AAV2 mice. (Figures 3B and 3C). Generally, low
luminescence signal was observed in the spleen (Figure 3C), lung,
and heart tissues of both AAV2-treated mice and AAV-
aFAP_Nb-treated mice (Figure S3A). Subsequently, vector DNA
biodistribution was analyzed by quantifying the vector genomes
retrieved from the tissues. Consistent with the ex vivo biolumines-
cence signal data, the AAV-aFAP_Nb vector was strongly detar-
geted (8.8-fold) from the liver and (19.2-fold) from the spleen,
with increased accumulation (5.5-fold) of the vector in the tumor
tissues (Figure 3D). Finally, NanoLuc mRNA expression was quan-
tified to further correlate the vector DNA biodistribution data with
mRNA expression. NanoLuc mRNA was completely abrogated in
the AAV-aFAP_Nb liver tissues, while expression was significantly
increased in the tumor tissues (Figure 3E). Interestingly, despite the
disproportionately high AAV2 vector genome accumulation in the
spleen, NanoLuc mRNA expression was almost non-existent, sug-
gesting high clearance of the vector genomes from the spleen
(Figure 3E).

For the second tumor model, HT1080-huFAP cells were subcu-
taneously engrafted in one flank of the NXG (NOD-Prkdcscid-
IL2rgTm1/Rj) mouse strain, whereafter 1 � 1011 VG of either
AAV2 or AAV-aFAP_Nb harboring NanoLuc were administered.
We obtained similar results, highly comparable with the mammary
fat pad model. The FAP-targeting vector was detargeted from the
liver, spleen, and we observed strong and selective tumor targeting
4 Molecular Therapy: Methods & Clinical Development Vol. 32 December 2024
and transduction (Figure S4). Although, the
quantity of vector genomes in the lung and
heart tissues for both AAV2 and AAV-
aFAP_Nb were similar, lower luminescence
signal was observed in the AAV-aFAP_Nb
group (Figure S5). Overall, in both tumor models, we demonstrated
high and selective tumor-targeting potentials of the AAV-aFAP_Nb
vector.

Incorporation of aFAP_Nb-containing VP1 during capsid

assembly is promoter dependent and plays a role in enhancing

transduction

Despite the significant on-target efficacy (23- to 80-fold) and the
exceptional selective transduction of the target HT1080-huFAP
cells by the FAP-targeting AAV-aFAP_Nb vector, we noticed
that the transduction efficiency was 5-fold lower than that of
AAV2 (Figure 2A). We postulated that this discrepancy might
be attributable to the low incorporation of the CMV promoter-
driven aFAP_Nb-VP1 species during the capsid assembly process.
The CMV promoter is frequently subjected to epigenetic alter-
ations such as DNA methylation, histone deacetylation, and
histone methylation in some cell types.35–37 Consequently, the
CMV promoter was replaced by the EF1a promoter to drive the
expression of aFAP_Nb-VP1 species during AAV packaging
resulting in a version of the capsid termed “AAV-aFAP_Nb2”
(Figure 4A). Western blot analyses of the AAV-aFAP_Nb2 capsid
confirmed an increase in the incorporation of aFAP_Nb-
VP1 in the capsid compared with AAV-aFAP_Nb (Figures 4B
and 4C). Subsequently, the transduction efficiency and on-target
specificity of AAV-aFAP_Nb2 were evaluated. Transduction
efficiency was markedly amplified to levels close to AAV2 while
preserving high specificity and selectivity (on-target score =
22-fold) for human FAP receptor-expressing HT1080-huFAP
cells (Figure 4D). Profiling for off-target transduction of
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Figure 3. aFAP_Nb mediates successful retargeting of AAVs to HT1080-huFAP tumors in vivo

(A) HT1080-huFAP tumors were engrafted in the mammary fat pad of immunodeficient NXG mouse strain. After tumor volume of 30–60 mm3 was attained, 1 � 1011 VG of

either AAV2 or the retargeted AAV-aFAP_Nb vector was administered intravenously per mouse. In vivo bioluminescence imaging was performed to detect nanoluciferase

activity at day 1, day 7, and day 12 post-AAV administration and the corresponding plot of the average luminescence signal. (B) Ex vivo bioluminescence imaging of the

nanoluciferase activity in the liver, tumor, lung, heart, and spleen tissues collected after termination of the experiment. (C) Quantification and comparison of the nanoluciferase

activity in tissues collected from AAV2 mice and AAV-aFAP_Nb mice. (D) Analysis and comparison of the biodistribution of AAV2 and AAV-aFAP_Nb vector genomes in

tissues retrieved from the HT1080-huFAP cell-derived xenograft mice. (E) Quantification of NanoLucmRNA expression levels in the collected tissues. Data are presented as ±

SEM for n = 3–4 mice. p value was determined by two-tailed Student’s t test. *p < 0.05, **p < 0.01, ***p < 0.001.
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Figure 4. Incorporation of modified VP1-aFAP_Nb during AAV packaging is promoter dependent

(A) Schematics of the substitution of CMV promoter with an EF1a promoter for driving the expression of the modified VP1-aFAP_Nb expression cassette during AAV

packaging and generation of AAV-aFAP_Nb2 vector. (B) Western blot analyses of the VP1, VP2, and VP3 capsid proteins composition using the monoclonal anti-VP1/VP2/

VP3 B1 monoclonal antibody. (C) VP1, VP2 capsid protein analysis using anti-VP1/VP2 A69 monoclonal antibody. (D) Determination of the transduction efficiency AAV-

aFAP_Nb2 in HT1080-huFAP cells and the off-target analyses of the improved vector in (E) human HT1080-muFAP cells, as well as (F) in HEK293T cells. The values shown

represent three independent experiments. Error bars are presented as ± SEM of the three independent experiments. p value was determined by two-tailed Student’s t test.

*p < 0.05, **p < 0.01, ***p < 0.001.
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HT1080-muFAP and HEK293T cells revealed no off-targeting to
either cell line (Figures 4E and 4F). Analogous to the AAV-
aFAP_Nb vector, competitive inhibition of AAV-aFAP_Nb2
with aFAP-mABs and soluble FAP ECD disrupted surface-dis-
played ligand-target engagement. This consequently inhibited
transduction, thus corroborating the observed transduction
was facilitated by the direct interaction of the aFAP_Nb with
the target FAP receptor on HT1080-huFAP cells (Figures
S6A–S6C).
6 Molecular Therapy: Methods & Clinical Development Vol. 32 Decemb
Optimization of the aFAP_Nb VP1 expression cassette design

further enhances transduction efficiency

In an auxiliary strategy to refine the design of the FAP-targeting AAV
vector and maximize its transduction efficiency, we further “deco-
rated” the capsid with a nuclear localization signal (NLS) to enhance
the translocation of the capsid to the nucleus following aFAP_Nb-
mediated cellular uptake. To facilitate this, a formerly delineated
c-myc NLS38 encoding sequence was fused either at the 30 or 50 termi-
nus of the aFAP_Nb DNA sequence in VP1 separated by a GGGS
er 2024
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Figure 5. Further optimization of the VP1-aFAP_Nb expression cassette with an NLS enhances transduction efficiency

(A) Schematics of the capsid engineering strategy showing the introduction of an NLS sequence at the 30 end of the aFAP_Nb on VP1 and generation of AAV-aFAP_NLS

vector. (B) In vitro validation of the transduction efficiency of the optimized AAV-aFAP_NLS in HT1080-huFAP cells and the subsequent off-target analyses in HT1080-muFAP

cells (C), as well as in HEK293T cells (D). Competitive inhibition of AAV-aFAP_NLS by in-house-generated aFAP-mAB1 (E), aFAP-mAB2 (F), and soluble FAP protein (G). The

cells were transduced with MOI of 1 � 104 VG/cell and cells were analyzed for luminescence expression at 72 h post-transduction. The values shown represent three

independent experiments. Error bars are presented as ± SEM of the three independent experiments. p value was determined by two-tailed Student’s t test. *p < 0.05,

**p < 0.01, ***p < 0.001.

www.moleculartherapy.org
linker (Figures 5A and S7A). The expression of the VP1 aFAP_Nb
NLS fusion cassettes was driven by an EF1a promoter during AAV
packaging, and we generated AAV-aFAP-NLS_Nb2 and AAV-
NLS-aFAP_Nb2 vectors with the NLS sequence flanking the
aFAP_Nb either at the 30 or 50 end, respectively. Results from the
Molecular T
transduction of the NLS aFAP_Nb displaying vectors showed that
fusing the NLS at the 30 end of aFAP_Nb improved the transduction
efficiency of the vector modestly by�20% (Figure 5B), while fusion at
the 50 end improved the transduction efficiency of the vector by�10%
(Figure S7B). Collectively and premised on these optimizations, the
herapy: Methods & Clinical Development Vol. 32 December 2024 7
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Table 1. Measurements from SPR kinetics and affinity analysis

Name

Human FAP Mouse FAP Cynomolgus FAP

Ka (1/Ms) Kd (1/s) KD (M) Ka (1/Ms) Kd (1/s) KD (M) Ka (1/Ms) Kd (1/s) KD (M)

Nb-1610 1.2E+06 1.1E�04 9.2E�11 1.2E+06 6.6E�04 5.5E�10 1.3E+06 1.4E�04 1.1E�10

Nb-1611 1.3E+06 4.6E�03 3.5E�09 no binding at 100 nM 1.5E+06 5.1E�03 3.4E�09

Nb-1612 no binding at 100 nM no binding at 100 nM no binding at 100 nM

ka, association rate constant; kd, dissociation rate constant; KD, dissociation equilibrium.

Molecular Therapy: Methods & Clinical Development
transduction efficiency of the human FAP-targeting AAV was
augmented to align with that of AAV2 (Figures 5B and S7B). How-
ever, while a high on-target efficiency and selectivity for the
HT1080-huFAP cells (15- to 18-fold) was preserved, a slight increase
in the basal transduction of the off-target cell lines—HT1080-Neo,
HT1080-muFAP, and HEK293T cells—was observed (Figures 5B–
5D, S7C, and S7D). This can be ascribed to the non-specificity of
the NLS targeting, especially since only the aFAP_Nb confers
specificity, and not NLS. This was further corroborated by elevated
background transduction levels observed when vectors AAV-aFAP-
NLS_Nb2 (Figures 5E–5G) and AAV-NLS-aFAP_Nb2 (Figures
S7E–S7G) were competitively inhibited with aFAP-mABs and solu-
ble FAP ECD. Consequently, it is imperative to note that further
modifying the targeting ligand-containing VP1 cassette with an
NLS brought a marginal increase in transduction efficiency and a
disadvantage of potential increase in the transduction of off-target
tissues.

Functionalization of AAV capsid for FAP tumor targeting with

novel aFAP nanobodies identified from naive VHH yeast display

To augment the versatility of our high-fidelity nanobody-based tar-
geting platform and tackle the limitations presented by the limited
availability of nanobody repertoires, we utilized an in vitro antibody
discovery platform, naive VHH yeast display, to identify novel
VHH candidates for subsequent AAV capsid functionalization.
We successfully identified and characterized several novel human
A B
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a-FAP nanobody candidates with binding affinities to FAP ranging
between KD = 0.1 to >100 nM and with cross-reactivity to the hu-
man and cynomolgus versions of FAP (Table 1). Three candi-
dates—Nb-1610 (KD = 0.09 nM), Nb-1611 (KD = 3.5 nM), and
Nb-1612 (KD >100 nM) —were chosen for the initial capsid func-
tionalization predicated on their binding affinities for FAP, which
we classified as high, medium, and weak binders. While Nb-1611
and Nb-1612 exhibited no cross-reactivity with muFAP, the high-
affinity binder Nb-1610 cross-reacted with muFAP in the sub-
nanomolar range (Table 1). These three novel aFAP nanobodies
were subsequently incorporated in the GH2/GH3 loop of AAV2’s
VP1, and the EF1a promoter was employed to drive the expression
of the VP1 cassette during AAV packaging as described previously
for AAV-aFAP_Nb2 in Figure 4A. The generated AAV particles
AAV-Nb1610, AAV-Nb1611, and AAV-Nb1612 were character-
ized in vitro for their ability to target FAP receptor-expressing cells
and compared with those of AAV-aFAP_Nb2. The result indicates
the transduction efficiency and specificity of the single-digit binder
AAV-Nb1611 are comparable with that of AAV-aFAP_Nb2, where
aFAP-Nb displayed on the capsid has a binding affinity of KD =
30 nM. The transduction efficiency of the high-affinity binder
AAV-Nb1610 was significantly lower while the weak binder
AAV-Nb1612 did not mediate the transduction of the target cells
(Figure 6A). Our observations correspond to those observed in
the antibody internalization field where very-high- and very-low-
affinity IgGs internalize weakly and the optimal affinities for
Figure 6. Functionalization of the AAV capsid with

novel aFAP VHHs identified in a naive VHH yeast

display screening

(A) Three novel aFAP VHHs Nb-1610, Nb1611, and Nb-

1612 identified from our in-house naive VHH yeast display

library screen, were integrated in the AAV capsid as previ-

ously shown in Figure 4A. The transduction efficiencies

of the novel VHHs displaying AAVs were functionally vali-

dated in vitro for HT1080-huFAP cells targeting and

compared with that of AAV-aFAP_Nb2. (B) Determination

of the transduction efficiencies of the indicated AAVs

HT1080-muFAP cells. The cells were transduced with

MOI of 1 � 104 VG/cell and cells were analyzed for

luminescence expression at 72 h post-transduction. The

values shown represent three independent experiments.

Error bars are presented as ± SEM of the three

independent experiments. p value was determined by two-

tailed Student’s t test. *p < 0.05, **p < 0.01, ***p < 0.001.
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internalization fall between single-digit to low-double-digit nano-
molar range.

Subsequently, we evaluated if the newly generated FAP receptor-tar-
geting AAV-Nb1611 off-targets to muFAP and ascertained if the
high-affinity binder AAV-Nb1610 could potentially transduce mu-
FAP, since it displayed the Nb-1610 nanobody that cross-reacts
with muFAP (KD = 0.55 nM). The transduction efficiency of the
AAV vectors was determined in HT1080-muFAP cells. As expected
for the AAV-Nb1611 vector, the result shows that this AAV does
not transduce muFAP. Interestingly, the same phenomenon was
observed for the high-affinity binder AAV-Nb1610 (Figure 6B),
showing that it did not transduce muFAP-expressing cells. Finally,
we evaluated the off-target potentials of the vectors in HEK293T cells
that do not express FAP receptor. AAV-Nb1611 again maintained a
similar off-target profile to AAV-aFAP_Nb2 (Figure S8). In sum-
mary, a novel single-digit nanomolar binder Nb-1611 identified
from our in-house yeast display VHH library campaign demonstrated
a comparable targeting profile with that of the previously validated
aFAP_Nb when used as a targeting ligand for capsid functionaliza-
tion. In the future, additional candidates from our screening
campaign will be evaluated with strong focus on identifying binders
that simultaneously cross-react with mouse, human, and cynomolgus
FAP for subsequent AAV capsid functionalization.

DISCUSSION
Leveraging AAVs as agents for the selective delivery of therapeutic
agents to the tumor environment remains an attractive, albeit
insufficiently investigated strategy for gene immuno-oncotherapy ap-
plications. Anti-tumor interventions such as immunotherapies and
antibody-drug conjugates have demonstrated high efficacy as thera-
peutic measures to address the high unmet need in the cancer therapy
landscape.39–41 However, the consequential dose-limiting cytotox-
icity, extended plasma circulating half-life, and off-target profile
ensuing from systemic administration present formidable limitations
to the success of these comparatively novel cancer therapeutic
modalities. Therefore, the development of delivery mechanisms,
such as highly specialized AAV vectors, for the targeted delivery
and expression of these anti-cancer agents selectively within the
neoplastic microenvironment, could provide a versatile toolset for a
more extensive adoption of these therapeutic modalities in the
clinic.42,43 Here, we report a proof-of-concept study showing that a
genetically modified AAV2 capsid can be specifically retargeted to
tumor tissues expressing a tumor-specific receptor.

FAP is uniquely expressed on the cell surface of reactive stromal fibro-
blasts, such as cancer-associated fibroblasts (CAFs) found in the TME
and other disease states such as fibrosis.44–46 While FAP is also ex-
pressed in granulation tissues during wound repair and basal level
expression exists in some tissues, the protein is more distinctly
elevated in reactive stroma fibroblasts, such as CAFs.47,48 Although
the mechanism remains somewhat enigmatic, FAP has been directly
implicated in promoting classical hallmarks of cancer.45 This includes
driving cell proliferation, differentiation, migration, and invasiveness,
Molecular T
as well as playing roles in immune regulation and angiogenesis.
Consequently, therapeutic targeting of FAP presents promising op-
portunities either to directly target the protein within the TME,
with the objective of depleting FAP+ cells, thereby eradicating the
supportive roles they play in maintaining the tumor stroma,29,45,49,50

or alternatively to exploit FAP-expressing CAFs as a localized,
stroma-based factory for the bioproduction of anti-tumor agents
directly into the tumor stroma.51 Therefore, strategically redirecting
AAVs to utilize the FAP receptor as an attachment factor to mediate
the selective uptake of the vectors into the TME, could offer a robust
approach to reach the tumor stroma.

Kuklik et al. have previously showcased the versatility of this concept
by retargeting a “blinded” 2E3 epitope displaying AAV2 vector to
engage the FAP receptor.30 This approach was predicated on a
non-covalent linkage technology, mediated by a bispecific antibody
(bsAb). This antibody recognizes and attaches to the 2E3 epitope en-
gineered on the capsid surface with one arm, while the other arm of
the antibody selectively bound the FAP receptor. In vitro data indi-
cated that the resulting AAV particles, which bound bsAbs on the
capsid surface, were successfully retargeted to FAP-expressing cells.30

However, this approach would present difficulties when adapting for
in vivo applications, particularly concerning the conjugation effi-
ciency of the bsAbs to the capsids, the downstream purification strat-
egy to enrich for AAVs displaying the bsAbs, and the stability of the
capsid/bsAbs linkage in the patient’s circulation following adminis-
tration. Recently, Hartmann et al. reported their strategy to generate
FAP-targeting adenovirus vectors, which have been engineered to
genetically display FAP-binding DARPin scaffolds for the selective
targeting of FAP-expressing cells in vitro and in vivo.51 While adeno-
viruses provide the opportunity to deliver larger therapeutic cargoes
beyond the 4.7 kb limit of AAVs, the adenovirus platform requires
improvements to overcome challenges associated with high immuno-
genicity, transient expression of the therapeutic payload, and off-
target transduction.52–54

Using AAV rational design capsid engineering, we genetically
anchored a FAP-specific aFAP VHH on VP1’s GH2/3 loop of an
HSPG-ablated AAV2 capsid surface to mediate the specific targeting
of FAP-expressing cells and tumors. While the AAV particles dis-
playing aFAP_Nb were successfully packaged in HEK293H cells us-
ing a four-plasmid transfection system, a considerable reduction of
15- to 20-fold in the packaging efficiency of the VP1 modified vec-
tor was observed compared to that of the AAV2. This phenomenon
is consistent with the challenges associated with displaying cysteine-
residue containing antibody species on the capsid during AAV as-
sembly, as reported previously.13,19,34,55 We performed in-depth
biophysical characterization of the aFAP_Nb displaying AAV par-
ticles, we observed the integration of the nanobody on the capsid
did not promote capsid aggregation. However, we noticed a slight
increase in the capsid melting temperature by a modest 1�C in com-
parison with AAV2. Due to the high sensitivity of the dynamic
light-scattering device (Prometheus Panta), a +1�C difference is sig-
nificant, but this might have no biological impact on the capsid.
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Nevertheless, it is quite important to profile nanobody’s impact on
overall capsid stability and aggregation. Functionally, we validated
the nanobody-displaying AAV particles and showed that vector par-
ticles are transduction competent and mediate specific targeting of
FAP receptor-expressing HT1080 human fibrosarcoma cells with
less than 5% off-target transduction in vitro. In contrast to Eichhoff
et al. who flanked the nanobodies in their study with a long 25
amino acid linker on the C terminus and a short 5 amino acid linker
on the N terminus,19 we utilized a short GGGS linker on both
termini of the nanobody. However, future approaches should criti-
cally evaluate the effect of the linker length on targeting VHH pre-
sentation on the capsid surface, thereby evaluating if the linker
length has any impact on capsid assembly.

In order to eliminate the need for a fourth plasmid encoding
aFAP_Nb-VP1 during AAV packaging, we attempted to insert the
nanobody directly in the GH2/3 loop common to both VP1, VP2,
and VP3 on the native AAV2 Rep/Cap plasmid. However, this itera-
tion failed to generate AAV particles, as vector genomes were not de-
tected in the preparation (data not shown). This suggests that simul-
taneously incorporating the nanobody in all three capsid proteins
increases steric hindrances and the complexity of the post-transla-
tional events which culminate in AAV assembly. Next, we exploited
themarked amenability of VP2N terminus for the integration of large
targeting ligands.13,34,55 The nanobody was fused to the N terminus of
VP2 and the modified VP2 was expressed from a fourth plasmid un-
der the control of a CMV promoter, while VP2 expression was sup-
pressed in the native AAV2 Rep/Cap plasmid. We determined that
the yield of the aFAP_Nb was 4.4-fold lower than that of AAV2,
and 3.4- to 4.5-fold higher than VP1-modified vectors. Unfortunately,
the VP2-modified aFAP_Nb particles were transduction incompe-
tent in all the configurations we functionally tested (data not shown).
Similar observation of a lack of transduction activity was reported by
Eichhoff et al. following integration of nanobodies on the N terminus
of VP2.19 This observation could be caused by the improper presen-
tation of the nanobody on the VP2 N terminus or by a lack of inter-
action between its paratope and the target epitope. A possible alterna-
tive strategy would be to insert the nanobody in the GH2/GH3 of
VP2, instead of VP1 and supply the modified VP2 in trans.

Prior studies have shown the potential of selective delivery of thera-
peutics in target cells by nanobody-mediated retargeted AAV vectors,
but these investigations were majorly limited to in vitro valida-
tion.18,19,56 Our study gives the first insight on the in vivo targeting
potentials of nanobody-displaying AAVs in two distinct tumor
types—intramammary fat pad and subcutaneous engrafted tumor tis-
sues. Initially, we evaluated the capability of the aFAP nanobody dis-
playing vector, AAV-aFAP_Nb, to selectively target and transduce
human FAP-expressing tumor tissues engrafted in the mammary
fat pad. Compared with AAV2, the novel FAP receptor-targeting
capsid, AAV-aFAP_Nb, notably targets and transduces the intra-
mammary fat pad tumors with high specificity and low off-target
effects. Luminescence expression analysis in tissues revealed that
AAV-aFAP_Nb mediated a 6.4-fold higher expression level in tumor
10 Molecular Therapy: Methods & Clinical Development Vol. 32 Decem
tissues compared with wild-type AAV2 and a 10-fold lower expres-
sion level in the liver. Next, we implanted the tumor subcutaneously
to assess the specificity and precision of our vector targeting in a
different location. Comparable results were obtained from the subcu-
taneous tumor tissues, where a 9-fold lower liver transduction and
a 5.5-fold increase in tumor transduction was observed for AAV-
aFAP_Nb compared with AAV2. In vivo validation in the two
distinct tumor locations highlights the huge potentials of the translat-
ability of the specificity and precision of our targeted AAV vector.
Particularly noteworthy is the double-digit detargeting of AAV-
aFAP_Nb from the spleen in both scenarios, which might result in
a significantly lower immunogenicity.

We aimed to further refine the expression cassette of the nanobody-
incorporated VP1 by replacing the promoter driving the expression of
VP1 during AAV production. Initially, the modified VP1 expression
cassette was driven by a CMV promoter. However, in another study,
we observed that expression of a modified VP2 cassette under EF1a
promoter led to higher incorporation of the modified VP2 in the
capsid compared to the CMV promoter (data not shown). We postu-
lated that this is potentially applicable to the modified VP1 capsids.
Consequently, the CMV promoter was replaced with EF1a, thereby
creating an improved version of the AAV-aFAP_Nb, referred to as
AAV-aFAP_Nb2. Promoter substitution significantly enhanced the
transduction efficiency of AAV-aFAP_Nb2 to levels comparable
with that of AAV2 and approximately 5-fold higher than the trans-
duction efficiency of the initial version, AAV-aFAP_Nb. The intro-
duction of a c-Myc NLS,38 to further augment nuclear targeting
marginally increased transduction, and concurrently increased back-
ground transduction, which could potentially increase the off-target
profile in vivo.

The inability of our aFAP_Nb to cross-react with mouse FAP was a
bottleneck to the use of mouse FAP-expressing endogenous genetic
mouse tumor models, therefore limiting our studies to human
FAP-expressing cell-derived xenografts. To address this limitation,
a high-throughput yeast display library screening was performed,
and we identified a subset of novel human, mouse, and cynomolgus
FAP binders. However, presentation of the Nb-1610—which cross-
reacted with both human and mouse FAP in SPR binding assay—
on the AAV capsid (AAV-Nb1610) failed to mediate transduction
to neither the human nor the mouse FAP receptor-expressing cells.
Nb-1610 is a picomolar FAP binder; therefore, we speculate that
the nanobody is too strongly tethered to the FAP receptor, such
that the capsids are not sequestered from the receptor for subsequent
endocytosis. Alternatively, the paratope of the nanobody could be
wrongly presented on the capsid surface, thereby not being able to
facilitate an interaction with the target epitope on the cell surface re-
ceptor. As an outlook, more candidate FAP binders will be function-
alized on the capsid surface in the future and validated for selective
mouse FAP targeting.

Here, in addition to the previously described impact of genetic
integration of nanobodies or antibody species on the yield of AAV
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capsids, we further identified other key parameters that play a role in
the establishment of a robust platform. These include binding affinity,
placement, and epitope accessibility of the selected nanobodies, as
well as potential CMC considerations such as capsid stability and bio-
physical characteristics. Overcoming and understanding these con-
siderations are critical for the maturation of the nanobody-based
AAV retargeting platform. As we were finalizing our manuscript
draft, Hoffmann et al. reported in their study the successful function-
alization of an AAV-DJ capsid with a FAP-targeting nanobody.
Similar to our findings, they showed a nanobody-mediated selective
transduction of FAP-expressing cells by the capsids, demonstrating
adaptability of this approach with another AAV capsid variant.56

In conclusion, this study presents a significant next step toward the
understanding and utilization of second-generation capsid engi-
neered AAVs as a potent tool for highly targeted delivery of therapeu-
tic agents to the tumor stroma. The application of this platform ex-
tends beyond tumor targeting to any cell type or disease state of
interest, thereby addressing the challenges posed by AAV’s broad
tropism, which often necessitates high vector dose administration
to achieve clinical efficacy.

MATERIALS AND METHODS
Cloning of capsid and expression cassettes

To enable the generation of an AAV2 capsid harboring the genetically
incorporated antibody sequence, the AAV2 CAP gene in its native
Rep/Cap plasmid was modified by mutating the VP1 start codon to
leucine (Leu), followed by the introduction of a stop codon at position
6 to ablate VP1 expression, while still maintaining VP2 and VP3
capsid protein expression. The aFAP nanobody coding sequence
was derived from peptide sequencing of the commercially obtained
anti-CD3 � anti-FAP VHH bispecific antibody (cat. no. BIVHH-
022, Creative Biolabs, Shirley, NY). The aFAP nanobody sequence
was inserted in position G453-R459, flanked by a GGGS linker on
both termini on a modified VP1-only plasmid, named pVP1-
aFAP_Nb. To prevent the expression of native VP2 and VP3 capsid
proteins from the VP1-aFAP_Nb expression cassette, VP2 and VP3
expression was mutated on VP1-aFAP_Nb plasmid as follows. VP2
start: T138K; VP3 start: M203L, as well as M211L and M235L to pre-
vent the expression of truncated VP3 species. The modified VP1-
aFAP_Nb was supplied in trans and expressed from either a
pTWIST-CMV or pTWIST-EF1a plasmid backbone (TWIST, San
Francisco, CA), under the control of either a CMV or an EF1a pro-
moter, respectively. The sequences were synthesized and cloned in
their respective expression plasmids at TWIST. Transgene expression
plasmid pAAV-CBA-NanoLuc consists of the native AAV2 ITR
sequences which flank a chicken b-actin (CBA) promoter, Kozak
sequence, NanoLuc transgene, and sv40 poly(A) signal sequence.
The transgene expression cassette was synthesized and cloned by
GeneArt (Thermo Fisher Scientific, Waltham, MA).

Cell lines and cell culture

HT1080 cells (ATCC, Manassas, VA) engineered as described previ-
ously57 to express the human version of the FAP receptor (HT1080-
Molecular T
huFAP), mouse FAP (HT1080-muFAP), and the corresponding
negative control cells (HT1080-neo) were kindly provided by our
colleague, Dr. John Park. The cells were cultured in RPMI 1640 me-
dium (Thermo Fisher Scientific) supplemented with 10%, v/v, fetal
bovine serum (Thermo Fisher Scientific), 1� MEM Non-Essential
Amino Acids Solution (100�) (Thermo Fisher Scientific), and
300 mg/mL Geneticin Selective Antibiotic (Thermo Fisher Scienti-
fic).30,57 HEK293T cells (ATCC) were cultured in an antibiotic-free
DMEM high glucose, GlutaMax (Thermo Fisher Scientific) supple-
mented with 10% FCS. The cell lines were all maintained at 37�C
and 5% CO2 in a humidified incubator.

Recombinant AAV production and downstream analysis

AAV vectors were packaged in HEK293H cells (Thermo Fisher Scien-
tific), using a calcium phosphate-based four-plasmid transfection
(AAV helper free system; Agilent Technologies, Santa Clara, CA).
The four plasmids were transfected in a ratio of 1:1:1:1 and AAVs
were packaged and purified as described previously.30,58 The titers
of the AAV preparations were analyzed by dPCR.

AAV titer determination

AAV vector genome was quantified using dPCR. Fifty microliters of
AAV prep was used as starting material and the vector DNA was ex-
tracted according to the manufacturer’s protocol using ViralXpress
Nucleic Acid Extraction Kit (Merck Millipore, Burlington, MA).
Following extraction, the vector DNA was diluted in a 10-step dilu-
tion and added to QIAcuity Probe PCR Master Mix (QIAGEN, Hil-
den, Germany) and 1� primer-probe mix for the detection of the
AAV2 ITR (forward primer: GGAACCCCTAGTGATGGAGTT,
reverse primer: CGGCCTCAGTGAGCGA, probe FAM-CACTCCC
TCTCTGCGCGCTCG-MGB) (Sigma-Aldrich, Burlington, MA) ac-
cording to the manufacturer’s instruction. dPCR reaction was per-
formed on a QIAcuity One dPCR device (QIAGEN).

Western blot

rAAV particles (1 � 1011) were incubated at 95�C for 5 min with
NuPAGE LDS sample buffer (Thermo Fisher Scientific). An SDS-
PAGE run was performed after the 50 mL sample mixes were
loaded in a Mini-PROTEAN TGX stain-free gel (Bio-Rad, Hercu-
les, CA) and allowed to run at 200 V for 1 h in a Mini-PROTEAN
Tetra Vertical Electrophoresis Cell (Bio-Rad). The samples were
transferred to a membrane using a Trans-Blot Turbo Transfer
Pack (Bio-Rad) and the Trans-Blot Turbo Transfer System (Bio-
Rad). The membrane was blocked at room temperature (RT) for
1 h with 5.0% milk in Tris-buffered saline plus 0.1% Tween
(TBS-T), followed by primary antibody incubation with either an
anti-mouse B1 IgG1 monoclonal anti-VP1/VP2/VP3 antibody
(Progen, Heidelberg, Germany) or an anti-mouse A69 monoclonal
anti-VP1/VP2 antibody (Progen) diluted 1:1,000 in 5.0% milk in
TBS-T overnight at 4�C. Next, the membrane was washed 3� in
TBS-T followed by incubation for 1 h at RT with 1:3,000 dilution
of a goat anti-mouse IgG1 (H+L) HRP secondary antibody (Bio-
Rad) in 5% milk in TBS-T. The SuperSignalWest Pico PLUS chem-
iluminescence substrate (Thermo Fisher Scientific) was used to
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detect chemiluminescent signals by the ChemiDoc MP Imaging
System (Bio-Rad).

Diameter and stability measurements

AAV biophysical properties such as particle size, aggregation, and
thermal stability were measured in a label-free single run using
the Prometheus Panta device (Nanotemper, Munich, Germany).
Approximately 10–15 mL of 1 � 1012 VG/mL AAV samples were
loaded per capillary in triplicate, and the particle size and thermal sta-
bility properties of the vectors were collected and analyzed automat-
ically by the software.

In vitro transduction and nanoluciferase assays

For in vitro transduction assays, 1 � 104 HT1080-neo, HT1080-
huFAP, and HT1080-muFAP or 7.5 � 103 HEK293T cells were
seeded per well in Nunc F96 MicroWell cell culture white plates
(Thermo Fisher Scientific). Twenty-four hours after seeding, the
cells were incubated with a MOI of 1 � 104 VG/cell of the
respective rAAV particles that encode a nanoluciferase transgene.
Seventy-two hours later, equal medium volumes of the reconstituted
Nano-Glo Luciferase Assay reagent (Promega, Madison, WI)
was added per well and allowed to incubate for 10 min. The nano-
luminescence activity was measured by transferring the plates to a
SpectraMax i3x MiniMax 300 Imaging Cytometer (Molecular De-
vices, Sunnyvale, CA). For competitive inhibition assays, cells
were pre-incubated at 37�C and 5% CO2 for 1 h in a humidified
incubator with 5 mg of anti-FAP monoclonal antibodies (generated
in-house) followed by rAAV transduction of the cells. In a second
approach, rAAV particles were pre-incubated at 4�C with an in-
house generated soluble FAP protein for 1 h, followed by
the addition of the pre-incubated AAV/soluble FAP protein to the
cells. The cells were then analyzed 72 h after transduction for nano-
luciferase expression.

In vivo xenograft studies

HT1080-huFAP tumor cells (5 � 106) in 100 mL Dulbecco’s phos-
phate-buffered saline (Thermo Fisher Scientific) were implanted
either subcutaneously in the left flank or into the left mammary fat
pad of 6-week-old female NXG (NOD-Prkdcscid-IL2rgTm1/Rj) mice.
On day 3, when a tumor volume of 30–60 mm3 was reached,
1 � 1011 VG of either AAV2 or AAV-aFAP-Nb encoding nanoluci-
ferase transgene was administered intravenously per mouse (N = 4
per group). Nanoluciferase activity was monitored at 24 h, 7 days,
and 12 days post-AAV administration using an IVIS Lumina III
bioluminescence imaging system (PerkinElmer, Shelton, CT) with a
CCD camera. For this purpose, 50 mL 0.88 mmol fluorofurimazine
(Promega) in PBS prepared according to the manufacturer’s recom-
mendation was injected intraperitoneally into the mice 12 min before
anesthetization. Light emission was measured 15 min post injection
in supine position. At final necropsy, primary tumor tissues, as well
as liver, heart, lung, and spleen tissues were collected and, immedi-
ately, ex vivo bioluminescence imaging was performed. The biolumi-
nescence activity was read with an IVIS Lumina III bioluminescence
imaging system (PerkinElmer) with a CCD camera. Next, the tissues
12 Molecular Therapy: Methods & Clinical Development Vol. 32 Decem
were snap frozen and stored at�80�C for subsequent AAV tissue bio-
distribution analyses.

This animal study was approved by the Ethics Committee for Animal
Experimentation and is registered by the regional board Freiburg.
Mice are handled according to the German animal welfare law and
the GV-SOLAS guidelines. Health monitoring of the animal facility
is done according to FELASA guidelines quarterly by examination
of sentinel animals. The animals were housed with a 12 h daylight
and darkness cycle, maintained in individually ventilated cages at a
temperature of 22�C ± 2�C and humidity 45%–65%, and the behavior
of the animals were monitored daily throughout this study.

Tissue processing and AAV biodistribution analyses

The collected snap-frozen tissues were processed for DNA and RNA
extraction. Twenty milligrams of snap-frozen tissues were disrupted
and homogenized using the AllPrep DNA/RNA Mini kit Buffer
RLT Plus (QIAGEN) in a Metal Bead Lysing Matrix Tube (MP).
The tissues were disrupted and homogenized in a Precellys Evolution
Touch homogenizer (Bertin Instruments, Montigny-le-Bretonneux,
France). The homogenized lysates were centrifuged, and the superna-
tants were transferred to Phase Lock Gel tubes (TIANGEN, Beijing,
China). Phenol-chloroform precipitation of RNA was performed by
first adding phenol-chloroform-isoamylalcohol (Sigma-Aldrich, Bur-
lington, MA), the samples were centrifuged and equal volume of chlo-
roform-isoamylalcohol (Sigma-Aldrich) was added, and the samples
were centrifuged after A short 3 min incubation. The upper phase was
carefully collected and transferred to Nunc 1.0 and 2.0 mL DeepWell
Plates (Thermo Fisher Scientific). A 100 mL aliquot of the collected
upper phase was processed for RNA isolation following the
MagMax mirVANA Total RNA Isolation Kit (Thermo Fisher Scien-
tific) following the manufacturer’s instructions. Extraction was
performed using the KingFisher Flex Magnetic Particle Processor
96DW device (Thermo Fisher Scientific). For DNA extraction,
500 mL of the collected upper phase was processed using the
MagMax DNAMulti-Sample Ultra 2.0 Kit (Thermo Fisher Scientific)
following the manufacturer’s instructions and extraction was per-
formed using the KingFisher Flex Magnetic Particle Processor
96DW device (Thermo Fisher Scientific). For the quantification of
AAV vector genome biodistribution in the tissues, 500 ng of DNA
per sample was analyzed by dPCRwith the AAV2 ITR-specific probes
as described in the dPCR section above. In addition, nanoluciferase
expression was quantified by performing dPCR using nanolucifer-
ase-specific primer probes (forward primer: TCGACGAGCGCCT
GATC, reverse primer: GGTCACTCCGTTGATGGTTACTC, probe
FAM-ACCCCGACGGCTCCCTGCTG-BHQ1) (Sigma-Aldrich).

Naive VHH yeast display

Fresh whole blood was procured for six naive alpacas (Vicugna pacos),
three naive camels (two Camelus dromedarius and one Camelus
bactrianus), and 11 naive llamas (Lama glama). Peripheral blood
mononuclear cells were isolated from each donor followed by column
purification of RNA using the Monarch Total RNA Miniprep Kit
(New England Biolabs, Ipswich, MA). Complementary DNA was
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then synthesized using both random hexamer and oligo d(T) primers
and the SuperScript IV First-Strand Synthesis System (Thermo Fisher
Scientific). Variable heavy chains were amplified using an equimolar
mixture of primers described by two publications59,60 and an addi-
tional primer, Lla_FW3: CAGGCTCAGGTACAGCTGGTGGA.
Primers were modified to allow for cloning into the yeast display vec-
tor, pYES3/AGA2 (modified from pYES3/CT) (Thermo Fisher Scien-
tific) via Golden Gate Cloning. The assembled vector was electropo-
rated into Saccharomyces cerevisiae yeast display strain EBY100
(ATCC), which contained a GAL1-AGA1 insertion, according to
the protocol by Benatuil et al.61 Three yeast surface display antibody
libraries were constructed for each of the three pooled, naive camelid
species. Selections for biotinylated human FAP consisted of two
rounds of magnetic-activated cell sorting (MACS) and two rounds
of fluorescence-activated cell sorting (FACS). A final round of
FACS was performed to remove non-specific streptavidin binders.
Both rounds of MACS were performed with antigen binding at
1 mM in 1 mL for 30 min at 4�C. For FACS, antibody expression
was detected via anti-DYKDDDDK (anti-FLAG)/Alexa Fluor 488
(AF488) (R&D Systems, Minneapolis, MN) and antigen binding
was detected via streptavidin/phycoerythrin (PE) (Thermo Fisher
Scientific). The third round of selection was performed on 1 mM
biotinylated antigen followed by a fourth round of selection on
100 nM biotinylated antigen. Libraries were immediately plated to
check for unique clones. Individual colony-forming units were picked
and cultured overnight before performing amplification of the heavy
chain antibody for subsequent Sanger sequencing.
Statistical analysis

Statistical analyses were performed using GraphPad Prism software
version 10.0 (GraphPad Software, San Diego, CA). Data are presented
as mean ± standard error of the mean. Tests for statistical significance
used the multiple unpaired two-tailed Student’s t test. p < 0.05 were
considered significant and p > 0.05 were considered non-significant
and not shown.
DATA AND CODE AVAILABILITY
Supporting data for this study are available upon reasonable request from the correspond-
ing author at francois.du_plessis@boehringer-ingelheim.com.
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