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In adenovirus type 5 (HAdV-5)-derived viral vectors, the fiber
protein has been the preferred locale for modifications to alter
the natural viral tropism. Hexon, the most abundant capsid
protein, has rarely been used for retargeting purposes, likely
because the insertion of larger targeting peptides into Hexon
often interferes with the assembly of the viral capsid. We previ-
ously observed that positively charged molecules enhance the
transduction of humanmultipotent mesenchymal stromal cells
(hMSCs)—a cell type of significant interest for clinical develop-
ment but inefficiently transduced by unmodified HAdV-5-
based vectors. As efficient HAdV-5-mediated gene transfer
would greatly increase the therapeutic potential of hMSCs,
we tested the hypothesis that introducing positively charged
amino acids into Hexon might enhance the transduction of
hMSCs, enabling efficient expression of selected transgenes.
From the constructs that could be rescued as functional virions,
one (HAdV-5-HexPos3) showed striking transduction of
hMSCs with up to 500-fold increased efficiency. Evaluation of
the underlying mechanism identified heparan sulfate proteo-
glycans (HSPGs) to be essential for virus uptake by the cells.
The ease and efficiency of transduction of hMSCs with this vec-
tor will facilitate the development of genetically modified
hMSCs as therapeutic vehicles in different disciplines,
including oncology or regenerative medicine.
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INTRODUCTION
Due to their immunomodulatory and regenerative properties, multi-
potent mesenchymal stromal cells (MSCs) are under clinical develop-
ment as cell therapeutics. MSCs have significant therapeutic potential
in several medical areas, including in regenerative medicine (e.g.,
wound healing or bone repair), anti-inflammatory therapy (e.g.,
graft-versus-host disease or inflammatory disease of the CNS), or in
cancer therapy.1–5 They can be isolated from different tissues like
bone marrow,6,7 adipose tissue, and menstrual blood, possess unique
characteristics such as secretion of immunomodulatory proteins,8,9

can differentiate into a range of cell types,10 and autonomously
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migrate toward inflammatory sites and tumor tissue.11–13 To further
improve the therapeutic potential of MSCs, some of the current ef-
forts include attempts to genetically engineer MSCs, depending on
the availability of suitable procedures for efficient nucleic acid deliv-
ery into MSCs.14

Next to lentivirus and adeno-associated virus vectors, vectors based on
human adenovirus type 5 (HAdV-5) belong to themost frequently used
vector systems.15,16 The biology of HAdV-5 is well understood, corre-
sponding vectors are well characterized, can be easily manufactured at
large scale, and have a good safety profile.17 The versatile properties
of HAdV-5 have resulted in many different applications in gene ther-
apy,15,18 genetic vaccination,19,20 andoncolytic virotherapy.21,22Adeno-
viral vectors have also been used in combinationwithMSCs to allow the
expression of therapeutic transgenes or enable MSC-mediated delivery
of oncolytic viruses to tumor sites.3–5,12,23–26 In both cases, hMSCs are
isolated from a donor and genetically engineered ex vivo before trans-
plantation into patients. Obviously, efficient uptake of the viral particle
by MSCs is the essential first step.

As MSCs lack expression of the coxsackie and adenovirus receptor
(CAR)—the primary attachment receptor of HAdV-5 particles
in vitro—transduction of hMSCs with HAdV-5 vectors has been
very inefficient.13,25,27 As we have shown recently, one way to address
this bottleneck is by using positively charged transduction enhancers
to enable uptake of the negatively charged HAdV-5 vector particles
into human (h)MSCs.27 However, as transduction-enhancing agents
might affect the biology of hMSCs and, importantly, their use would
increase the complexity of the manufacturing process, application of
genetically capsid-modified adenovirus vectors efficiently trans-
ducing hMSC would clearly be preferable. We rationally designed
22 ª 2022 The Authors.
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Table 1. Adenoviral vectors generated in this study

Name

Amino acid sequence

Vector yields: (Viral particles/cell)HVR1 HVR5 HVR7

Wild-type: HAdV-5 DEAATALEINLEEEDDDNEDEVDEQAEQQKTHVF EAAAGNGD ENGWEKDATE 1.7�104

#1: HAdV-5-DHVR1 DEAATALEINL———————————QAEQQKTHVF 2.1�104

#2: HAdV-5-HexPos2 DEAATALEINLEEEKKKNEKEVDEQAEQQKTHVF 1.0�104

#3: HAdV-5-HexPos3 DEAATALEINLKKKK———————QAEQQKTHVF 2.6�104

#4: HAdV-5-HexPos4 DEAATALEINLKKKK———————QAEQQKTHVF KAAAGNGK KNGWKKKATE No rescue

#5: HAdV-5-HexPos5 DEAATALKINLKK——NK–VK-QAKQQKTHVF No rescue

#6: HAdV-5-HexPos6 DEAATALKINLKK——NK–VK-QAKQQKTHVF KAAAGNGK KNGWKKKATE No rescue

#7: HAdV-5-HexPos7 DEAATALEINLKKKKKK—————QAEQQKTHVF No rescue

#8: HAdV-5-HexPos8 DEAATALEINLKKKKKKKK———QAEQQKTHVF No rescue

#9: HAdV-5-HexPos9 DEAATALEINLGGSGGGSGKKKKKKKKGSGGGSGGQAEQQKTHVF No rescue

The adenoviral mutant HAdV-5 vectors generated in this study were modified in the hexon HVRs 1, 5, and 7. Sequences of HAdV-5 are based on GenBank ID: AY339865.1. The
indicated amino acids (aa) correspond to the aa 136 to 170 (HVR1), 271 to 278 (HVR5), and 436 to 445 (HVR7) of the hexon protein. The negatively charged aa (underlined)
were partially or entirely deleted or replaced by positively charged lysine residues (bold). The sequence of a flexible GS-linker flanking the inserted lysine residues in HAdV-5-HexPos7
is shown in italics. Rescue of vector particles was only feasible for HAdV-5-DHVR1, HAdV-5-HexPos2, and HAdV-5-HexPos3. Representative viral vector yields obtained by pro-
duction with N52.E6 cells are listed.
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HAdV-5 mutant vectors by replacing surface-exposed negatively
charged amino acids (aa) with positively charged lysines. While
most genetic modification approaches of adenoviruses focus on the
protruding fiber protein, we altered hypervariable regions (HVRs)
in the hexon protein, the most abundant adenoviral capsid surface
protein and predominantly responsible for the overall net negative
surface charge of the particles. Thereby we generated a set of geneti-
cally surface-charged modified HAdV-5 mutant vectors, one of
which, HAdV-5-HexPos3, was found to be capable of very efficiently
transducing hMSCs and also other cell types. An in-depth analysis of
the underlying uptake mechanisms revealed heparin sulfate proteo-
glycans (HSPGs) to be essential for the improved and CAR-indepen-
dent transduction abilities of HAdV-5-HexPos3.

RESULTS
Generation of charge-modified HAdV-5 mutant vectors

It was previously shown that the deletion of a negatively charged 13-
aa loop (EEEDDDNEDEVDE) within HVR1 of HAdV-5 Hexon is
tolerated.28 Based on these data, we generated several Hexon-modi-
fied adenoviral mutant vectors. Negatively charged aa within
HVR1, HVR5, and HVR7 were deleted and partially replaced by posi-
tively charged lysine residues (Table 1). Strikingly, from nine con-
structs, only three could be rescued as functional viral vectors, sug-
gesting detrimental effects on particle formation by the alterations
introduced. HAdV-5-DHVR1 is similar to a vector generated by Ale-
many et al.,28 in HAdV-5-HexPos2 four aspartic acid residues within
the 13-aa loop were replaced by lysines, and in HAdV-5-HexPos3
four consecutive lysines replaced the 13-aa loop. The three mutant
vectors could be produced in N52.E6 cells with high viral vector yields
of 1 to 5 � 104 particles/cell, which is comparable to yields routinely
obtained with wild-type capsid HAdV-5 vectors (Table 1). Genetic
modifications were confirmed by sequencing and restriction analysis
(data not shown). At the protein level, SDS-PAGE with subsequent
Molecu
silver staining of denatured viral particles confirmed an influence of
these modifications on the running behavior of Hexon (Figure 1A).
Moreover, we determined the viral surface charge by zeta potential
measurements (Figure 1B). Compared with HAdV-5 (�22.8 ±

2.8 mV), all the mutants, in particular HAdV-5-HexPos3 (�8.1 ±

0.4 mV), but also HAdV-5-HexPos2 (�17.3 ± 1.3 mV) and HAdV-
5-DHVR1 (�19.4 ± 2.2 mV), showed significant reduction of the
net negative surface charge.

Human MSCs are efficiently transduced with HAdV-5-HexPos3

Human MSCs (hMSCs) naturally migrate toward inflammation and
tumor sites.29 Therefore, they represent attractive carrier cells for the
transport of oncolytic adenoviruses or vector-encoded therapeutic
proteins to respective locations.2,30 However, due to the lack of
CAR expression, hMSCs are very difficult to transduce with HAdV-
5 vectors. As we previously observed that positively charged mole-
cules significantly enhanced HAdV-5-mediated gene transfer into
hMSCs,27 we analyzed transduction of bone marrow-derived (BM-)
and adipose tissue-derived (A-) hMSCs with the charge-modified
vectors HAdV-5-DHVR1, HAdV-5-HexPos2, and HAdV-5-Hex-
Pos3. We observed a striking 500-fold increase in mean fluorescence
intensity (MFI) of BM-hMSCs after transduction with HAdV-5-Hex-
Pos3 compared with HAdV-5 (Figure 2A). Similar results were ob-
tained for the transduction of A-hMSCs, for which an up to 175-
fold increased MFI was detected for HAdV-5-HexPos3-compared
with HAdV-5-transduced cells (Figure 2B). HAdV-5-DCAR-Hex-
Pos3 vector particles, ablated for CAR-binding due to a point muta-
tion in the fiber knob,31 transduced hMSCs with the same efficiency as
their CAR-binding counterparts, which confirmed a CAR-indepen-
dent transduction mechanism. Interestingly, vectors carrying the
DHVR1 or HexPos2 mutations showed no effects on transduction ef-
ficiencies for both BM-hMSCs and A-hMSCs. These results are
further supported by the proportion of EGFP-expressing cells. With
lar Therapy: Methods & Clinical Development Vol. 25 June 2022 97
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Figure 1. Genetic modification of HAdV-5 in hexon HVR1 influences the running behavior of hexon and reduces the negative surface charge of adenoviral

particles

(A) Silver staining of 5 � 109 denatured adenoviral particles separated by reducing SDS-PAGE. (B) The surface charge of the indicated dialyzed adenoviral vectors was

analyzed using zeta potential measurements. Results are given as mean ± SD. Ordinary one-way ANOVA with subsequent Dunnett’s multiple comparison was used for

statistical analysis. *p % 0.05.
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physical multiplicity of infection (pMOIs) of 1,000, only 2% to 5% of
BM-hMSCs were transduced with HAdV-5, HAdV-DHVR1, and
HAdV-HexPos2 (Figure S1A). However, vectors carrying the Hex-
Pos3 mutation enabled transduction of up to 80% of BM-MSCs.
Similar results can be reported for A-hMSCs: transduction with
HAdV-5, HAdV-DHVR1, and HAdV-HexPos2 resulted in <5%
EGFP-positive cells, whereas transduction with HAdV-5-HexPos3
or HAdV-5-DCAR-HexPos3 resulted in about 50% EGFP-positive
cells (Figure S1B). The significantly enhanced transduction efficiency
becomes furthermore visible in fluorescence microscopy images,
where EGFP expression is impressively enhanced in cells transduced
with HAdV-5-HexPos3 (Figure 2C).

Efficient CAR-independent transduction of tumor cells with

HAdV5-HexPos3

As HAdV-5-HexPos3 showed enhanced transduction of hMSCs, we
analyzed whether the Hexon modification also influenced the trans-
duction of other potential target cells. In MSC-based oncolytic viro-
therapy, hMSCs are used as carrier cells for oncolytic adenoviruses
to enable efficient local delivery of the oncolytic viruses to the tumor
after systemic administration. Thus, not only efficient transduction of
the hMSCs is essential for the therapeutic efficacy, but also efficient
transduction of the targeted tumor cell. Therefore, we performed
in vitro transduction assays of the tumor cell lines UM-SCC-11B
(head and neck squamous cell carcinoma), MiaPaCa (pancreatic car-
cinoma), Huh7 (hepatocellular carcinoma), HepG2 (hepatocellular
carcinoma), and A549 (lung adenocarcinoma) (Figure 3A). In addi-
tion to the EGFP-expressing HAdV-5 and HAdV-5-HexPos3 vectors,
the transduction assay was performed with the corresponding DCAR
vectors (HAdV-5-DCAR and HAdV-5-DCAR-HexPos3). HAdV-5-
HexPos3 showed transduction efficiencies similar to unmodified
HAdV-5 for MiaPaCa, Huh7, and A549 cells; however, noticeably
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improved transduction of UM-SCC-11B and HepG2 cells. Interest-
ingly, significantly enhanced cell transduction was observed for
CAR-binding ablated HAdV-5-DCAR-HexPos3 vectors relative to
the HAdV-5-DCAR counterparts. The increase in transduction
with the HexPos3 mutant was particularly strong for UM-SCC-11B
(>16-fold) and MiaPaCa (>33-fold) cells. Nevertheless, enhanced,
although less distinct, transduction with HAdV-5-DCAR-HexPos3
was also observed for A549, Huh7, and HepG2 cells.

Viral replication is preserved for HAdV-5-HexPos3

For the utilization of a vector in oncolytic therapy, not only target cell
infection is essential but also efficient viral replication and release of
viral progeny. To analyze viral amplification of the HexPos3 mutant
vector, we infected the E1-complementing cell line HEK293T with
HAdV-5-DCAR andHAdV-5-DCAR-HexPos3 vectors at low pMOIs
to allow for several replication cycles. On day 6 after infection, plates
were washed to remove cells that detached upon adenoviral replica-
tion. The remaining cells were stained using crystal violet. Subse-
quently, crystal violet was quantified by OD560nm measurements after
methanol extraction. Low OD560nm values correspond to a low
amount of remaining cells and indicate efficient adenoviral replica-
tion and virus-mediated cell lysis, whereas higher OD560nm values
refer to high numbers of remaining cells. Results revealed that neither
replication of nor cell lysis by HAdV-5-DCAR-HexPos3 was
impaired compared with HAdV-5-DCAR but rather slightly
improved (Figure 3B).

The HexPos3 mutation does not significantly alter relevant

interactions with non-cellular blood components

In combination with oncolytic HAdV-5 vectors, hMSCs are used to
enable systemic delivery of oncolytic particles to the tumor site, by-
passing the extensive sequestration of HAdV-5 particles. Although
22



Figure 2. Enhanced transduction of hMSCs by HAdV-5-HexPos3

An amount of 3� 104 BM-hMSCs (A) or A-hMSCs (B) were transduced with the indicated adenoviral vectors using a pMOI 1,000. Twenty-four hours p.t., EGFP expression

was analyzed by flow cytometry. The results of three different MSC donors (biological triplicates each) are shown as mean ± SD. One-way ANOVA with subsequent Tukey’s

multiple comparison was used for statistical analysis. *p% 0.05 (C) Microscopic images (brightfield and fluorescence) of EGFP expression in BM-hMSCs transduced with the

indicated adenoviral vectors using pMOI 1,000, 24 h p.t.
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hMSCs protect viral particles from sequestration during transport,
particles come into contact with cellular and non-cellular blood com-
ponents once the cells become lysed and viral progeny are released,
resulting in non-target interactions at the highly vascularized tumor
site. In the context of these interactions, the adenoviral hexon protein
plays an important role. For example, blood coagulation factor X
(FX), known to bind to HVR5 and HVR7 of the hexon protein, me-
diates uptake of viral particles by hepatocytes.32–35 Moreover, most
neutralizing immunoglobulin (Ig)G antibodies are directed to
Hexon,36,37 and it has been shown that natural IgMs bind to the nega-
tively charged residues within HVR1 of the hexon protein.38–40

Therefore, we analyzed if the here-described Hexon modifications
interfered with these interactions.

First, we analyzed whether HAdV-5-HexPos3 was neutralized by IgG
antibodies. HAdV-5 and HAdV-5-HexPos3 particles were pre-incu-
Molecu
bated with different amounts of a neutralizing antibody targeting
Hexon, which was followed by transduction of A549 cells. These ex-
periments revealed that the Hexonmodification of HAdV-5-HexPos3
did not influence IgG-mediated neutralization, as both vectors were
neutralized with equal efficiency in an IgG concentration-dependent
manner (Figure 4A).

In order to investigate whether putative conformational changes re-
sulting from the alterations within HVR1 altered the binding of FX,
we performed surface plasmon resonance (SPR) measurements,
comparing HAdV-5 with HAdV-5-DHVR1 and HAdV-5-HexPos3.
To analyze whether one of the introduced mutations in HVR1 medi-
ated binding to FX, we additionally generated FX binding-ablated
vector variants (referred to as D5FX), which harbor five point muta-
tions inHVR5 andHVR7, as described by Atasheva et al.39 Compared
with unmodified HAdV-5 vectors, both HAdV-5-DHVR1 and
lar Therapy: Methods & Clinical Development Vol. 25 June 2022 99
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Figure 3. Transduction of various tumor cell lines and maintained replication efficiency of HAdV-5-HexPos3

(A) Cells were transduced with a pMOI 1,000 of the indicated adenoviral vectors and analyzed for EGFP expression 24 h p.t. by flow cytometry. Results are shown as mean ±

SD. Student’s t test withWelch’s correction was used for statistical analysis. (B) An amount of 5� 104 HEK293T cells were infected with the indicated pMOIs of the respective

adenoviral vectors. Six days p.i., the remaining cells were stained with crystal violet. Crystal violet was extracted with methanol, and the optical density at 560 nm was

determined. Representative results of one out of three experiments are given as mean ± SD. Student’s t test was used for statistical analysis. *p % 0.05.
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HAdV-5-HexPos3 showed slightly increased binding to FX (relative
response units normalized toHAdV-5 in Figure 4B, absolute response
signals in Figure S2), indicating that the charge modification of
Hexon might result in enhanced binding of FX to the adenoviral
capsid. All FX binding-ablated (D5FX) counterpart vectors did not
show any FX binding, indicating that the introduced HVR1 muta-
tions themselves did not facilitate FX binding.

Binding of FX to the generated vectors was additionally verified by
transduction of CAR-negative SKOV-3 cells in the presence or
absence of physiological concentrations of human FX.41 Transduc-
tion efficiencies were relatively low in the absence of FX; however,
transduction with HAdV-5 or HAdV-5-HexPos3 was significantly
enhanced in the presence of FX (Figures 4C and S3). This assay
also confirmed the expected lack of FX binding to the D5FX vector
variants, as no transduction-enhancing effect of FX was observed.
Taken together, both biophysical analysis of FX binding to Hexon
by SPR measurements and biological assays analyzing FX-mediated
SKOV-3 transduction confirmed that FX binding to HAdV-5-Hex-
Pos3 was not inhibited.

Unexpectedly, in the absence of FX, HAdV-5-HexPos3-D5FX
showed enhanced transduction of SKOV-3 cells compared with
HAdV-5-HexPos3, and similar results were with several tumor cell
lines (Figure S4A). As the introduced D5FX mutation encompassed
the replacement of two negatively charged glutamic acids by neutrally
charged aa residues (E424S, E451Q), we hypothesized that a further
reduction of the net negative surface charge caused the improvement
in transduction. In fact, zeta potential analysis confirmed that HAdV-
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5-D5FX-HexPos3 (�3.71 ± 0.06 mV) was less negatively charged
than HAdV-5-HexPos3 (�4.89 ± 0.36 mV) (Figure S4B). We also
analyzed transduction of BM- and A-hMSCs with D5FX-carrying
vectors; however, in these cell types, the introduced point mutations
did not affect transduction (data not shown).

While the improved tumor cell transduction by D5FX-carrying vec-
tors could be beneficial for oncolytic approaches, the absence of FX
binding was shown to result in efficient neutralization of HAdV-5
particles by natural IgMs.42 Atasheva et al.39 recently revealed that
the negative charge of HVR1 of Hexon is highly relevant for binding
of natural IgMs to HAdV-5 particles, as HVR1-deleted vectors were
protected from natural IgM-mediated neutralization despite ablated
FX binding. Therefore, we hypothesized that HAdV-5-D5FX-Hex-
Pos3 with ablated FX binding might additionally be protected from
IgM-mediated neutralization, as in this vector positively charged ly-
sines almost completely replace the negatively charged HVR1. Both
the FX-binding and FX-binding ablated vector variants were applied
in an in vitro neutralization assay using complement-preserved
HAdV-5-naïve human plasma as a source of natural IgMs (Fig-
ure 4D). Vectors were pre-incubated with human plasma, which
was followed by transduction of A549 cells. As expected, HAdV-5
and HAdV-5-HexPos3 particles were not neutralized, likely due to
the binding of FX present in plasma. Unexpectedly, not only
HAdV-5-D5FX but also HAdV-5-D5FX-HVR1 and HAdV-5-
D5FX-HexPos3 vectors were efficiently neutralized in HAdV-5-naïve
plasma, indicating that neither the insertion of lysine residues nor the
deletion of the 13-aa stretch in the HVR1 loop were sufficient to pre-
vent binding of natural IgMs. Since HAdV-5-HexPos3 particles are
022



Figure 4. HAdV-5-HexPos3 binds to blood coagulation FX and is neutralized by hexon-specific IgGs as well as HAdV-5-naı̈ve blood components

(A) HAdV-5 or HAdV-5-HexPos3 particles were incubated with the indicated amount of an a-hexon IgG before transduction of A549 cells. Twenty-four hours p.t., EGFP

expression was analyzed by flow cytometry. (B) Analysis of vector binding to immobilized FX by SPR. Unmodified HAdV-5 particles were measured prior to each vector of

interest. Relative response units (normalized to the respective HAdV-5 measurement) are shown as mean ± SD. (C) SKOV-3 cells were transduced with pMOI 1,000 in the

absence or presence of physiological human FX concentrations (8 mg/mL). Seventy-two hours p.t., EGFP expression was analyzed by flow cytometry. Results are shown as

fold change ±SD in transduction efficiency, normalized to the respective vector without FX. Statistical analysis was performed using the Student’s t test. *p% 0.05. See also

Figure S2. (D) The indicated viral particles were incubated with different dilutions of HAdV-5-naı̈ve plasma before transduction of A549 cells. Twenty-four hours p.t., EGFP

expression was analyzed by flow cytometry.
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efficiently neutralized by natural IgMs, we assume that D5FX-car-
rying vectors are disadvantageous for oncolytic approaches despite
the improved tumor cell transduction, as FX-shielding from attack
by natural IgMs might be of high relevance.

HAdV-5-HexPos3 is superior for transduction of hMSCs

compared with HAdV-5/3

Since HAdV-5-HexPos3 very efficiently transduced hMSCs, we
compared it with HAdV-5/3 vectors—a chimeric HAdV-5-based vec-
tor that carries the fiber knob of HAdV-3 and was previously
described to transduce hMSCs very efficiently.43 Transduction of
Molecul
BM-hMSCs and A-hMSCs showed that HAdV-5/3 vectors increased
transduction efficiency of both cell types compared with unmodified
HAdV-5 vectors (Figures 5A, 5B, S5B, and S5C). Strikingly, of the
tested vectors, HAdV-5-HexPos3 turned out to be the most efficient
adenoviral vector. For the transduction of BM-hMSCs and A-hMSCs,
HAdV-5-HexPos3 achieved transduction efficiencies of >80%,
compared with <10% (BM-hMSCs) and <35% (A-hMSCs) for
HAdV-5/3 vectors. A combination of the chimeric fiber protein
and the HexPos3 mutations did not further improve the transduction
of hMSCs. To confirm vector integrity of the chimeric HAdV-5/3, we
analyzed the transduction of various tumor cell lines with HAdV-5/3
ar Therapy: Methods & Clinical Development Vol. 25 June 2022 101
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Figure 5. HAdV-5-HexPos3 outperforms HAdV-5/3 regarding transduction of hMSCs

BM-hMSCs (A) or A-hMSCs (B) were transduced with the indicated adenoviral vectors using pMOI 1,000. Twenty-four hours p.t., EGFP expression was analyzed by flow

cytometry. Results of three different MSC donors (biological triplicates each) are shown as mean ± SD. One-way ANOVA with subsequent Tukey’s multiple comparison was

used for statistical analysis. *p % 0.05. (C) Microscopic images (brightfield and fluorescence) of EGFP expression in BM-hMSCs transduced with the indicated adenoviral

vectors with pMOI 1,000 24 h p.t.
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and HAdV-5/3-HexPos3 vectors (Figure S6). Vector integrity was
confirmed, as both vectors showed very efficient, though cell type-
dependent, transduction.

HSPGs are essential for HAdV-5-HexPos3-mediated cell

transduction in a CAR-independent manner

Transduction experiments of various cancer cell lines and hMSCs
demonstrated that HAdV-5-HexPos3 is an efficient gene delivery
tool irrespective of cell surface CAR expression levels. Heparan sul-
fate proteoglycans (HSPGs) are used for cell attachment by various
viruses, including adeno-associated virus (AAV) type 2 and 3b,44,45

or respiratory syncytial virus.46 Moreover, it is known that FX-
mediated HAdV-5 cell transduction (e.g., SKOV-3 transduction,
Figure 4C) is dependent on cell surface HSPGs. Since HSPGs are
102 Molecular Therapy: Methods & Clinical Development Vol. 25 June 2
predominately bound by positively charged molecules,44 we
analyzed if enhanced transduction of HAdV-5-HexPos3 vectors
might be mediated by the binding of the particles to cell surface
HSPGs. HAdV-5-HexPos3 and HAdV-5-DCAR-HexPos3 were
incubated with increasing amounts of the HSPG-analog heparin
and transduction of CAR-expressing UM-SCC-11B cells was
analyzed (Figure 6A). A concentration-dependent decrease in trans-
duction was observed for both vectors. At the highest heparin con-
centration, cell transduction with HAdV-5-HexPos3 and HAdV-5-
DCAR-HexPos3 was decreased by 68.0% ± 4.0% and 92.8% ± 1.1%,
respectively. This indicated that heparin bound to the HexPos3
capsid and subsequently inhibited attachment to target cells. As
HAdV-5-HexPos3 retained some infectivity and HAdV-5 transduc-
tion was not inhibited by heparin (data not shown), the interaction
022



Figure 6. Cell surface HSPGs are essential for CAR-independent HAdV-5-HexPos3 cell transduction

(A) Vector particles were pre-incubated with the indicated amounts of heparin in serum-free medium at 37�C before being used for transduction of UM-SCC-11B cells with a

pMOI 1,000. Twenty-four hours p.t., cells were analyzed for EGFP expression by flow cytometry. Results are given as mean ± SD of transduction relative to the transduction

efficiency of HAdV-5-M3 without heparin. (B) UM-SCC-11B cells or HAdV-5-M3-DCAR particles were pre-incubated with the respective amounts of lactoferrin (Lf) in serum-

free medium at 37�C before transduction of cells with a pMOI 1,000. EGFP expression was analyzed by flow cytometry 24 h p.t. Results are given as mean ± SD of

transduction relative to the transduction efficiency of the respective vector without Lf. (C) UM-SCC-11B cells were treated with the indicated amounts of heparinase I for 1 h

before transduction of cells with a pMOI 1,000. EGFP expression was analyzed 24 h p.t. by flow cytometry. (D) CHO K1, CHO pgsA-745, and CHO pgsD-677 cells were

transduced with the indicated adenoviral vectors with pMOI 2000. Flow cytometric analysis of EGFP expression was performed 24 h p.t.
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of heparin with the viral capsid appeared to not impede the CAR-
dependent transduction mechanism.

To further confirm these results, we performed additional transduc-
tion-inhibition assays using human lactoferrin (Lf). Lf, a
component of the non-specific immune system, exerts its distinct
antiviral roperties by blocking heparan sulfate moieties on the cell
surface.47 To analyze if Lf inhibited cell transduction of HexPos3-
carrying vectors, transduction of UM-SCC-11B cells was performed
after pre-incubation of viral particles with Lf (Figure 6B). In line
with the heparin transduction experiments, we observed a signifi-
cant decrease in transduction efficiency for HexPos3 vectors by
up to 91.9% ± 2.8% with increasing amounts of Lf. To further inves-
tigate whether Lf inhibited cell transduction by binding to the viral
capsid or to the cell surface, we pre-incubated UM-SCC-11B cells
with Lf. Before the vector was added, cells were thoroughly washed
Molecul
and fresh medium was added. Results showed a reduction of trans-
duction efficiency by 61.5% ± 18.8%, suggesting that Lf exerted its
inhibitory effect at least in part via binding to the cell surface. More-
over, these data suggested that Lf and the HexPos3 vector competed
for similar moieties on the cell surface, most likely HSPGs. It is
noteworthy that transduction of cells by HAdV-5 was not signifi-
cantly altered by the different pre-incubation settings (data not
shown).

To analyze whether enzymatic removal of HSPGs on the cell surface
inhibited transduction with HAdV-5-HexPos3, UM-SCC-11B cells
were treated with heparinase I or II prior to transduction. Results re-
vealed that treatment with both, heparinase I and II, respectively,
completely inhibited HAdV-5-DCAR-HexPos-3-mediated cell trans-
duction, whereas transduction with CAR-binding vectors was not
substantially inhibited, confirming that HSPGs on the cell surface
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were essential for efficient HexPos3-mediated cell transduction (Fig-
ures 6C and S7).

To verify this observation, we transduced the HSPG-deficient Chinese
hamster ovary (CHO) cell lines pgsA-745 and pgsD-677, as well as the
HSPG-expressing CHO K1 cells, with the different adenoviral vec-
tors. Transduction of CHO K1 cells with HAdV-5 resulted
in �10% EGFP-positive cells, which was increased to �32% with
HAdV-5-HexPos3 (Figure 6D). This transduction-enhancing effect
of the HexPos3 mutation was not observed with HSPG-negative
CHO pgsA-745 and CHO pgsD-677 cells.

Taken together, experiments using heparin, lactoferrin, heparinases,
and HSPG-deficient CHO cell lines revealed that HSPGs play an
essential role in the HexPos3-mediated adenoviral vector uptake
mechanism.

DISCUSSION
Human MSCs are under preclinical and clinical development for
many different applications. The genetic modification may be a way
to further increase their therapeutic potential and promote clinical
translation: cell surface modification can enhance migration of
hMSCs,48,49 transgene expression may influence their immunomod-
ulatory functions,50,51 and hMSCs can also be used as carriers for
the transport of oncolytic viruses to tumors.5 All these approaches
rely on an efficient gene delivery into this cell type. Different strategies
to genetically modify MSCs have been pursued with lentiviral or AAV
vectors.52,53 Lentiviral vectors enable stable expression of encoded
proteins.54 However, chromosomal integration also harbors the risk
of insertional mutagenesis.55 Since MSC-based treatments are pre-
dominately temporary therapies, long-term gene expression is gener-
ally not required. The cargo capacity of lentiviral vectors is up to
about 10 kb, while for AAV vectors the cargo limit is smaller at 5
kb.56–58 Adenoviral vectors do not integrate chromosomally and, de-
pending on the vector used, can accommodate up to �2.5 kb (wild-
type virus), �8 kb (first generation vectors) or �36 kb (gutless vec-
tors) of foreign DNA.59,60 However, ex vivo transduction of hMSCs
with HAdV-5-based vectors is very inefficient due to a lack of CAR
expression on this cell type.13,27 We recently identified several trans-
duction enhancers that can be used to enhance HAdV-5-mediated
gene transfer into hMSCs.27 However, while transduction enhancers
are a readily available adjuvant for in vitro transduction experiments,
prior to clinical use, a potential impact on the biology and function-
ality would need to be considered. In addition, using transduction en-
hancers as part of a production process under good manufacturing
process conditions would increase process complexity, potentially
negatively affect scalability and reproducibility, and significantly in-
crease overall costs. Thus, the generation of a genetically modified
HAdV-5 vector for more efficient hMSC transduction would be
attractive. Since most of the identified transduction enhancers shared
a positive charge as a common factor, we tested the hypothesis that
the insertion of positively charged aa residues into surface-exposed
regions of the adenoviral capsid might improve transduction of
hMSCs.
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While most genetic modifications of the adenoviral capsid focus on
the protruding fiber protein, we altered distinct surface-exposed aa
in the hexon protein, with 720 copies per particle the most abundant
protein in the viral capsid compared with 36 copies of fiber protein.61

We generated several adenoviral mutant vector constructs with mod-
ifications in HVR1, HVR5, and HVR7 with the aim to remove nega-
tively charged aa residues and partially replace them with positively
charged lysines. However, most of the DNA constructs could not
be rescued as functional virions, probably because the modifications
interfered with proper Hexon folding, trimerization, or with capsid
assembly. However, three of nine mutants could be produced, all
modified in HVR1. HVR1 presents a loop of 32 aa that harbors a
stretch of 13 negatively charged aa conferring most of the negative
charge to the outer capsid surface.62 Our zeta potential measurements
showed that all HVR1-modified vectors had a reduced net negative
surface charge. Functionally, use of HAdV-5-HexPos3, having the
least negative net surface charge, resulted in dramatically improved
transduction of BM-hMSCs and of A-hMSCs that even surpassed
the chimeric HAdV-5/3 vector that previously had been found useful
for transduction of hMSCs.43 The high transduction efficiency of the
HAdV-5-HexPos3 capsid, together with the large cargo capacity of
adenoviral vectors, could pave the way for improvedMSC-based ther-
apies. For example, the migration behavior of MSCs can be improved
by overexpression of specific surface receptors,48 while the immuno-
modulatory capabilities of MSCs can be enhanced by the expression
of therapeutic proteins.50 Due to the up to 36-kb cargo capacity of
HAdV-5 vectors, multiple transgenes could be expressed at the
same time, thereby addressing several bottlenecks ofMSC-based ther-
apies at once.

In addition, HAdV-5-HexPos3 particles showed improved transduc-
tion of several tumor cell lines and maintained viral replication, sug-
gesting that HexPos3 vectors could be promising candidates forMSC-
based oncolytic virotherapy. Making use of their natural migration to-
ward inflammation sites, hMSCs are being evaluated as carrier cells
for delivery of oncolytic viruses to the tumor site, thereby enabling
systemic administration of oncolytic adenoviruses while bypassing
extensive particle sequestration. Once the carrier cells are lysed, viral
progeny are released in direct vicinity to the targeted tumor cells.
However, as the tumor microenvironment is highly perfused, the
interaction with cellular and non-cellular blood components consti-
tutes another barrier. Here, the binding of HAdV-5 to human eryth-
rocytes is an important factor: as erythrocytes possess CAR on their
surface, HAdV-5 binds to human erythrocytes with high affinity, rep-
resenting one of the major sinks of administered HAdV-5 parti-
cles.63,64 In this study, we showed that HAdV-5-HexPos3 enabled
efficient transduction of target cells in a CAR-independent manner
highlighting its potential for oncolytic approaches exploiting carrier
cells, such as hMSCs, as CAR-binding ablated HAdV-5 vectors can
be used, avoiding the binding of progeny particles to erythrocytes.

Besides binding to erythrocytes, adenoviral particles may be neutral-
ized by natural IgMs in the well-perfused tumor microenvironment.
It has been shown that the negatively charged HVR1 is a target region
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for the binding of natural IgMs to the HAdV-5 capsid.39 Thus, we hy-
pothesized that HAdV-5-HexPos3 particles might escape from natu-
ral IgM-mediated neutralization. Unexpectedly, the deletion of 13
negatively charged aa in HVR1 did not prevent the neutralization
of particles in HAdV-5-naïve plasma. This strongly indicated the
binding of natural IgMs to the modified hexon proteins, indicating
that different from the Hexon modification presented by Atasheva
et al.,39 the here-introduced modifications are not sufficient to protect
from natural IgM-mediated neutralization. However, a study by Xu
et al. revealed that human FX shields HAdV-5 particles from attack
by natural IgMs and complement.42 Here, we evaluated the interac-
tion of HexPos3-particles with human FX and showed that the in-
serted mutation of HAdV-5-HexPos3 did not inhibit FX binding.
Thus, the FX-mediated protection of HAdV-5-HexPos3 particles
from natural IgM and complement neutralization is maintained.

Interestingly, SPR analysis revealed slightly improved binding of hu-
man FX to the HAdV-5-HexPos3 particles. It is unlikely that the posi-
tively charged lysines introduced in Hexon HVR1 form an additional
binding site for FX, since HAdV-5-D5FX-HexPos3 particles did not
exhibit any FX binding. Instead, in wild-type HAdV-5 Hexon protein,
the negatively charged HVR1 might interfere with the binding of FX
to the hexon protein; hence, binding was improved upon deletion of
the 13 negatively charged aa stretch. This observation is in line with
the findings of Sumarheni et al.,65 who constructed an FX GLA
domain-derived 40-mer polypeptide, which surprisingly was found
to bind to HVR1. Strikingly, an increased affinity of FX to the hexon
protein was detected in the presence of the 40-mer polypeptide. The
authors concluded that upon binding of the polypeptide, a polypep-
tide-induced rigidification or folding of the HVR1 loop might offer
better access of the hexon protein to FX. Taking our observations
and the observations of Sumarheni et al.65 together, this might indi-
cate that the intrinsically disordered HVR1 loop of wild-type
HAdV-5 might negatively influence the binding of FX to the hexon
trimer.

As our transduction experiments revealed that HAdV-5-HexPos3
mediated a Hexon-dependent particle uptake into target cells inde-
pendent of cell surface CAR expression, the typical primary attach-
ment receptor of HAdV-5 vectors, we were interested in identifying
a possible attachment receptor for HexPos3 particles.66,67 Our results
indicate that HSPGs are essential for HAdV-5-HexPos3-mediated
cell uptake. It is well-known that positively charged aa residues
interact with HSPGs. For example, a cluster of four consecutive posi-
tively charged arginine residues in the Lf protein (GRRRRS) has been
found to be involved in the interaction with HSPGs.47 From a
biochemical point of view, this motif shares distinct similarities
with the sequence of the mutated Hexon HVR1 of HAdV-5-HexPos3,
which also carries four consecutive positively charged lysine residues
(LKKKKQ). Also in the capsids of AAV types 3b and 2, arginine and
lysine residues are considered as relevant for HSPG-mediated attach-
ment to target cells.44,45,68 It has also been shown that insertion of
lysine residues into the fiber knob domain of HAdV-5 vectors re-
sulted in HSPG targeting.69 It is known that the negatively charged
Molecul
sulfate and carboxyl groups of HSPGs mediate binding to positively
charged arginine and lysine residues.70,71 This supports our assump-
tion that interaction with cell surface HSPGs is crucial in the CAR-in-
dependent transduction mechanism of HAdV-5-HexPos3. As previ-
ously shown, FX binds to HAdV-5 Hexon,72 and subsequently
mediates hepatocyte transduction. HAdV-5:FX complexes interact
with HSPGs on the cell surface,73 and the hepatic uptake of these
complexes is highly dependent on heparan sulfate sidechain sulfation,
with particular importance of O-sulfation.74 Interestingly, our data
show that SKOV-3 cells were efficiently transduced by HAdV-5:FX
complexes but not by HAdV-5-HexPos3. Therefore, we assume
that the HSPG-binding mechanism of HAdV-5-HexPos3 likely dif-
fers from that of vector-bound FX.

Taken together, we here describe design, generation, and biophysical
and functional characterization of a charge-modified HAdV-5-based
vector that allows very efficient transduction of BM- and A-hMSCs
HSPG-dependently, expanding the therapeutic potential of hMSCs,
for example, by expression of therapeutic proteins or as a carrier
for oncolytic adenoviruses.

MATERIALS AND METHODS
Cell culture

All cells were cultivated at 90% humidity, 5% CO2, and 37�C and
passaged twice a week. Cells were detached with 0.05% trypsin-
EDTA (Thermo Fisher Scientific, Waltham, MA), except for hMSCs,
which were detached with TrypLE select (Thermo Fisher Scientific).

N52.E6 cells were propagated in a-MEM (10% fetal bovine serum
[FBS], 1x penicillin/streptomycin/glutamine) (Thermo Fisher
Scientific).75

A549 cells (ATCC # CCL-185) and HepG2 cells (ATCC #HB-8065)
were propagated in MEM (10% FBS, 1x penicillin/streptomycin/
glutamine) (Thermo Fisher Scientific).

SKOV-3 cells (ATCC # HTB-77) were cultivated in RPMI-1640 Me-
dium (5% FBS, 1x penicillin/streptomycin/glutamine) (Thermo
Fisher Scientific).

UM-SCC-11B cells (kindly provided by Prof. Dr. Brunner, Ulm Uni-
versity Medical Center), Huh7 cells (JCRB0403), HEK293T cells
(ATCC #CRL-3216), CHO K1 (ATCC #CCL-61), CHO pgsA-745
(ATCC #CRL-2242), and CHO pgsD-677 (ATCC #CRL-2244) were
propagated in DMEM (10% FBS, 1x penicillin/streptomycin/gluta-
mine) (Thermo Fisher Scientific).

MiaPaCa cells (ATCC #CRL-1420) were cultivated in DMEM/F12
(10% FBS, 1x GlutaMAX, 1x penicillin/streptomycin) (Thermo
Fisher Scientific).

TC31-9C12.C9 hybridoma cells were developed by Laurence Faya-
dat-Dilman and Wiebe Olijve (Schering Plow Biopharma, Palo
Alto, CA) and obtained from the Developmental Studies Hybridoma
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Bank, created by the National Institute of Child Health and Human
Development of the NIH and maintained at the University of Iowa,
Department of Biology. They were propagated in DMEM (10%
FBS, 1x penicillin/streptomycin, 1x GlutaMax) (Thermo Fisher
Scientific).
MSC isolation and characterization

BM- and A-hMSCs were isolated and characterized to high-quality
standard as described previously by Fekete et al.76 and Rojewski
et al.77

BM-hMSCs were analyzed for expression (CD105, CD73, and CD90)
and lack (CD45, CD34, CD3, and HLA-DQ, -DP, -DR) of specific
surface markers, plastic-adherent growth, and trilineage differentia-
tion following the ISCT minimal criteria.78

Characterization of A-hMSCs included analysis of expression (CD13,
CD105, CD73, CD90) and lack (CD45, CD34, CD14, HLA-DQ, -DP,
-DR) of specific surface markers based on the International Federa-
tion for Adipose Therapeutics and Science and the International So-
ciety for Cellular Therapy joint statement.79

Human MSCs were propagated in BioWhittaker Alpha Minimum
Essential Medium (Lonza Group AG, Switzerland) supplemented
with 5% (A-hMSCs) or 8% (BM-hMSCs)-irradiated pooled human
platelet lysate and 500 Units of heparin (Ratiopharm, Ulm,
Germany).80
HAdV-5 vectors

E1-deleted adenoviral vectors used in this study were based on
HAdV-5 (GenBank ID: AY339865.1, sequence from nt 1 to 440
and from nt 3523 to 35,935). All vectors carried a cytomegalovirus
promoter-driven EGFP expression cassette in reverse orientation,
subcloned from a pEGFP-N1 plasmid (Clontech 6085-1) into the
deleted E1-region.

The following mutations were introduced using the Red/ET-based
homologous recombination kit (GeneBridges, Heidelberg, Germany)
and electrocompetent Escherichia coli (ElectroMAX DH10B, Invitro-
gen, Karlsruhe, Germany), according to the manual.

Amino acid sequences for the Hexon HVR1-, HVR5-, and HVR7-
modified vectors are listed in (Table 1).

HAdV-5-DCAR vector particles additionally carried a point mutation
in the fiber knob (Y477A) that significantly reduces CAR-binding.31

HAdV-5-D5FX vector particles carried 5 point mutations in the
hexon protein (I421G, T423N, E424S, L426Y, E451Q) that ablate
binding of blood coagulation factor X (FX) to the vector capsid.72

HAdV-5/3 carried a chimeric fiber protein, with the fiber knob of
HAdV-5 exchanged with the fiber knob of HAdV-3 (European nucle-
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otide archive accession number CAA26029) following the conserved
TWLT sequence in the fiber protein.
HAdV-5 vector production and purification

HAdV-5 vectors were produced in E1-complementing N52.E6 cells.
Cells were infected with a pMOI of 300 to 500 and harvested 48 h
post-infection (p.i.). After harvest, cells were resuspended in 50 mM
HEPES buffer (pH 7.4) with either 150 mM NaCl (wild-type HVR
andHAdV-5-DHVR1) or 250mMNaCl (HAdV5-HexPos2 and -Hex-
Pos3 vectors). High salt concentration in the resuspension buffer was
used to avoid charge-mediated binding of mutant vector particles to
cell debris. After freeze-thaw lysis of cells, cellular nucleic acids were di-
gested using benzonase (Merck KGaA, Darmstadt, Germany). Particles
were purified by a CsCl step gradient (density bottom: 1.41 g/mL; den-
sity top: 1.27 g/mL; dissolved in 50mMHEPES, 150mMNaCl, pH 7.4;
2 h at 176,000� g, 4�C) followed by a continuous CsCl gradient (den-
sity: 1.34 g/mL; dissolved in 50 mM HEPES, 150 mM NaCl, pH 7.4;
20 h at 176,000 � g, 4�C). Subsequently, particles were desalted using
PD-10 size exclusion columns (GEHealthcare, Chicago, IL) and stored
at �80�C (storage buffer: 50 mM HEPES, 150 mM NaCl, pH 7.4 with
10% glycerol).

Quality control of all purified vectors included silver staining of SDS-
PAGE-separated viral particles, restriction digestion, and sequencing
of isolated vector DNA.
Determination of viral titers

Total physical/particle titers were determined by optical density mea-
surement at OD260nm of isolated and denatured vector solutions.81

pMOI was calculated based on these titers (e.g., pMOI 10 corresponds
to 10 viral particles per cell).
Silver staining for viral protein visualization

An amount of 5 � 109 vector particles were mixed with 1x SDS-
loading buffer and denatured for 5 min at 70�C. Subsequently, viral
proteins were separated by reducing SDS-PAGE (5% stacking gel,
8% separation gel). For visualization, silver staining was performed
according to Blum et al.82
ZetaSizer measurement

The measurement of the zeta potential was performed with the Zeta-
Sizer Nano-ZS (Malvern, UK); 1� 1011 vector particles were dialyzed
(1 � 2 h, 1 x overnight, 1 � 6 h) with 50 mM HEPES (pH 7.4) using
the Slide-A-Lyzer Dialysis cassette 3.5K MWCO 0.5 mL (Thermo
Fisher Scientific) at 4�C with gentle stirring. Subsequently, glycerol
was removed using PD MiniTrap G-25 columns (GE Healthcare) ac-
cording to the manufacturer’s manual but without filter. HAdV-5
vectors with a concentration higher than 1.5 � 109 vector particles/
mL were used without exchanging the buffer; 1� 1011 vector particles
were dissolved in 1 mL 50 mM HEPES (pH 7.4) and transferred to a
DTS 1070 zeta cell (Malvern). Measurement was performed using the
ZetaSizer Nano-ZS (Malvern) at 25�C and analyzed with the
DTSNano 5.10 software.
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SPR analysis of adenoviral vector binding to immobilized human

blood coagulation FX

SPR analysis was performed using the SR7500DC Dual Channel Sur-
face Plasmon Resonance Spectrometer, SR8100 robotic autosampler,
SR8600 diverter valve, and SR8500 programmable syringe pump
(Reichert Technologies Life Sciences, Buffalo, NY) together with the
Autolink software (Reichert Inc.). A CMD500m gold chip (XanTec
bioanalytics GmbH, Duesseldorf, Germany) was activated with a
1:1 mixture of 0.1 M 1-ethyl-3-(3-dimethylaminopropyl)carbodiimid
(dissolved in H2O) and 0.1 M Sulfo-NHS (dissolved in 5 mM 2-(N-
morpholino)ethanesulfonic acid buffer pH 6) at a flow rate of
25 mL/min for 4 min. Following, human FX (Haematologic Technol-
ogies Inc., Essex Junction, VT) was immobilized in 5 mM sodium ac-
etate buffer (pH 4.9) onto the left surface of the chip (120 mg/mL FX,
flowrate 10 mL/min for 5 min). Subsequent quenching was performed
by injecting 1 M ethanolamine (pH 8.5) on both surfaces of the chip
(flowrate 25 mL/min for 4 min). For the analysis of vector binding to
FX, 2 � 108 viral particles/mL (diluted in running buffer: 10 mM
HEPES buffer with 150 mM NaCl, 5 mM CaCl2 and 0.005% Tween
20, pH 7.4) were injected (25 mL/min for 5 min). For regeneration
of the chip, 10 mM HEPES buffer with 150 mM NaCl, 3 mM
EDTA and 0.005% Tween 20 (pH 7.4) was used. During SPR analysis,
we observed a decrease in chip activity throughout the different anal-
ysis cycles, most likely caused by regeneration of the chip with EDTA-
containing buffer. Thus, we analyzed the binding of the control wild-
type capsid vector HAdV-5 to FX before each vector of interest
(which served as a reference).

FX-mediated transduction of SKOV-3 cells

SKOV-3 cells were seeded at 2� 104 cells/well on nunclon D flat-bot-
tom 96-well plates (Thermo Fisher Scientific). The next day, cells were
washed with PBS, and 100 mL serum-free medium containing either
0 mg/mL or 8 mg/mL human FX was added. Cells were transduced
with a pMOI of 1,000. After 3 h at 37�C, cells were washed with
PBS, and serum-containing medium was added; 72 h post-transduc-
tion (p.t.), cells were harvested and EGFP expression was analyzed us-
ing a CytoFLEX flow cytometer (Beckman Coulter, Brea, CA).

Transduction of cell lines and MSCs

Cell lines (A549, Huh7, MiaPaCa, HepG2, UM-SCC-11B, CHO K1,
CHO pgsA-745, CHO pgsD-677) were seeded in nunclon D flat-bot-
tom 96-well plates (Thermo Fisher Scientific) at a density of 2 � 104

cells/well. MSCs were seeded in nunclon D24-well plates (Thermo
Fisher Scientific) at a density of 3 � 104 cells/well. The next day, cells
were washed with PBS and transduced with the indicated HAdV-5
vectors at the given pMOI in serum-free medium. For transduction
assays with heparin (Ratiopharm) or human lactoferrin (Lf)
(Sigma-Aldrich, St. Louis, MO), the respective viral vectors or the
cells were incubated with the respective amount of heparin or Lf in
serum-free medium at 37�C for 30 min prior to transduction. In
case of cell pre-incubation with Lf, cells were washed with PBS three
times before transduction. In case of heparinase treatment of cells,
cells were treated with the indicated amount of heparinase I or II
(New England Biolabs, Ipswich, MA) for 1 h at 37�C in the provided
Molecul
reaction buffer and washed with PBS before transduction. After trans-
duction, cells were incubated at 37�C for 3 h. Subsequently, cells were
washed, and serum-containing medium was added; 24 h p.t., cells
were harvested and the EGFP expression was analyzed using a Cyto-
FLEX flow cytometer (Beckman Coulter).
HAdV-5 replication assay using HEK293T cells

An amount of 5 � 104 cells of the E1-complementing cell line
HEK293T were seeded in nunclon D 24-well plates (Thermo Fisher
Scientific). The following day, cells were infected with pMOI 10,
100, and 1,000. Six days p.i., cells were carefully washed, and subse-
quently fixed with a 4% paraformaldehyde solution diluted in PBS
(Sigma-Aldrich) for 15 min. After washing the fixed cells twice with
PBS, cells were stained with a 0.1% crystal violet staining solution dis-
solved in H2O (Sigma-Aldrich) for 2 min. After washing twice with
PBS, the stained plate was air-dried for some minutes; 100 mL of
100% methanol was added to each well to extract the crystal violet.
Then, 1:10 dilutions of the extracted crystal violet were prepared in
H2O and an optical density measurement at 560 nm was performed.
Production of a-Hexon antibody

Antibodies targeting the trimeric adenoviral hexon protein were iso-
lated from TC31-9C12.C9 cell culture supernatant after 96 h of culti-
vation. The supernatant was incubated with 30 mL Sepharose Protein
G beads (Thermo Fisher Scientific) per milliliter of supernatant for
96 h at 4�C. Subsequently, beads were centrifuged at 2000 rpm for
10 min, and the supernatant was discarded. The beads were resus-
pended in ice-cold P62-BS and transferred into Poly-Prep Chroma-
tography Columns (Bio-Rad Laboratories, Inc., Hercules, CA). After
washing twice with 10 mL of ice-cold PBS, the antibodies were eluted
from the beads using 0.1 M glycine pH 2.5. The antibody-glycine so-
lution was neutralized immediately by adding 1 M Tris pH 8.0 to a
final concentration of 100 mM.
HAdV-5 vector neutralization in naive plasma or by a-hexon IgG

An amount of 2 � 104 A549 cells/well were seeded in nunclon D 96-
well plates (Thermo Fisher Scientific). The next day, vector particles
were incubated with PBS or with different dilutions of HAdV-5-naïve
plasma samples for 10 min at 37�C to analyze blood component-
mediated neutralization. HAdV-5-naïve human plasma samples
were prepared from whole blood by centrifugation at 800 � g for
10 min. To preserve complement activity, blood samples were anti-
coagulated with 100 mg/mL hirudin (Celgene, Summit, NJ). For anal-
ysis of IgG-mediated neutralization, vector particles were incubated
with the indicated amounts of a-Hexon IgG antibody in a total vol-
ume of 100 mL for 10 min at 37�C. Cells were washed with PBS
and transduced with pre-incubated vectors with pMOI 1,000 in
100 mL serum-free medium. After incubation for 3 h at 37�C, cells
were washed with PBS and supplemented with 200 mL serum-con-
taining medium. Twenty-four hours p.t., cells were harvested, and
EGFP expression was analyzed using a CytoFLEX flow cytometer
(Beckman Coulter).
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Statistical analysis

Experiments performed in this study were repeated at least three
times independently unless described otherwise. Statistical tests
used for analysis are stated in the figure legends and were performed
using GraphPad Prism software version 8.4.2 (GraphPad Software
LLC, San Diego, CA).

Institutional review board statement

This study was performed in accordance with the guidelines of the
Declaration of Helsinki and approved by the Ethics Committee of
University of Ulm (24/11, 28 July 2011 and 297/14, 25 November
2014).
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