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Clinical success in T cell therapy has stimulated widespread ef-
forts to increase safety and potency and to extend this technology
to solid tumors. Yet progress in cell therapy remains restrictedby
the limited payload capacity, specificity of target cell transduc-
tion, and transgenic gene expression efficiency of applied viral
vectors. This renders complex reprogramming or direct in vivo
applications difficult. Here, we developed a synergistic combina-
tion of trimeric adapter constructs enabling T cell-directed
transduction by the human adenoviral vector serotype C5
in vitro and in vivo. Rationally chosen binding partners showed
receptor-specific transduction of otherwise non-susceptible hu-
man T cells by exploiting activation stimuli. This platform re-
mains compatible with high-capacity vectors for up to 37 kb
DNA delivery, increasing payload capacity and safety because
of the removal of all viral genes. Together, thesefindings provide
a tool for targeted delivery of large payloads in T cells as a poten-
tial avenue to overcome current limitations of T cell therapy.

INTRODUCTION
Decades of research have aimed to genetically engineer T cells for sci-
entific and therapeutic purposes.1,2 Exceptional advances in cell ther-
apy have been accomplished by using recombinant retrovirus vectors
for ex vivo applications. Although adeno-associated viral vectors or
non-viral delivery strategies have been applied to engineer T cells,
so far only ex vivo retro- or lentiviral transduction achieved U.S.
Food and Drug Administration (FDA) approval.3–6 To circumvent
viral production or the toxicity of foreign DNA delivery, various
techniques, such as linear DNA transfection,2,7 RNA transfection,8

and RNA-containing lipid nanoparticles,9 have been harnessed.
Throughout this progress, gene constructs have also become increas-
ingly complex, with growing numbers of proteins encoded.10 Howev-
er, current methods remain limited to only allow uptake of a very
limited size range of DNA, thus rendering the combination of multi-
ple genes or the delivery of large cargoes difficult and cumbersome.

The use of a single vector would be advantageous compared withmul-
tiple transduction or multi-step transfections to enable the delivery of
all DNA components simultaneously with defined gene ratios in the
transduced T cell resulting in a homogeneous effector cell population.
Especially at low transduction efficiencies, multiple transduction
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steps bear the risk of uncontrolled ratios of transgenes in target cells
potentially leading to heterogeneous expression of effector proteins,
loss of optimal synergies or control mechanisms. The efficient deliv-
ery of large cargos to T cells might also enable potential in vivo appli-
cations, as additional safety features could be encoded such as suicide
genes, cell type-specific gene expression control, and genetic feedback
loops. However, in vivo applications require additional targeting and
detargeting mechanisms to minimize nonspecific uptake by other
cells leading to otherwise unknown side effects.11 The ideal vector
would thus combine large packaging capacity, effective transduction,
high safety margin, and receptor-specific targeting and could then be
universally applied for various in vitro and in vivo applications.

Human adenovirus serotype 5 vectors (HAdV-C5) can be consis-
tently produced at high purity and have been validated in various clin-
ical trials and animal models. Human adenovirus (HAdV) genomes
localize episomally and extra-chromosomally, thus minimizing the
risk for undesired insertional mutagenesis and germline transmission.
Additionally, multiple generations of HAdV-C5-based vectors have
been developed by deleting various genes from the adenoviral
genome. Maximal packaging capacity ranges from 7 kb DNA (non-
replicative, first-generation vectors) up to a cargo size of 37 kb, as it
has been shown for high-capacity vectors (HC-AdVs). HC-AdVs
are devoid of all viral genes, and this further increases their safety
for potential human applications.12–15 Demonstrating their versa-
tility, HC-AdVs have been reported as a single delivery vehicle con-
taining both donor DNA and a Cas9 system for site-specific insertion
and deletion.16 Thus, HAdV-C5 qualifies as an ideal vector to over-
come current limitations in T cell engineering methods.

Natural cellular entry of HAdV-C5 vectors is mediated through con-
tact of the homotrimeric fiber-knob protein with the coxsackie and
adenovirus receptor (CAR) and subsequent interaction of the penton
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base RGD-motif with avb3- or avb5-integrins on the cell membrane.17

Both CAR and RGD-binding integrins are absent in human
T cells.18–21 Therefore, T cells are difficult to transduce by HAdV-
C5 without modifying either the vector or the cell.18–21 This has led
to the engineering of T cells expressing either CAR22 or aVb3/5 integ-
rins,20 making the cells susceptible to adenoviral infection. However,
alterations in T cells are laborious and unfeasible for clinical applica-
tions and interference with the T cell gene expression pattern would
influence possible outcomes in mechanistic studies to guide clinical
applications. As an alternative, the generation of chimeric adenoviral
vectors such as Ad5/35 have been reported to transduce T cells. These
chimeric vectors, however, bind to CD46, which is expressed on all
nucleated human cells, which renders their tropism broadly specific,
potentially hampering in vivo applications and payload design.23,24

Furthermore, an improvement of the Ad5/35 for primary cell trans-
duction has been described by inserting the highly positively charged
protein transduction domain of the HIV-1 Tat protein into the hyper-
variable region 5 of the hexon in the adenoviral vector.25 Although
increased transduction of human T cells was measured in vitro, the
exact receptor interaction remains unclear and an increased transduc-
tion in vitro was also measured in multiple cell types such as macro-
phages, pancreatic cells, prostate cancer cells, and glioma cells.25

We hypothesized that our previously described and in vivo validated
trimeric adapter technology,26–28 could be amended to be an easily
applicablemethod enabling targetedHAdV-C5-mediated transduction
of T cells. Compared with other serotypes or capsid-engineered adeno-
viral vectors, T cell transduction by HAdV-C5 vectors would use the
most commonly used adenoviral vector11 which was characterized in
various research and clinical settings. Briefly, a bispecific adapter blocks
thenatural tropismofHAdV-C5bybinding to thefiber-knob througha
designed ankyrin repeat protein (DARPin) while redirecting specificity
to the chosen cell-surface biomarker by a retargeting moiety.27 This is
achieved by a C-terminally fused trimerization module, allowing the
DARPin to bind the trimeric fiber-knob as a clamp, which leads to an
extremely stable binding interaction without any detectable off rate.27

Additionally, in vivo applications become feasible because of the
compatibility with our previously reported adenovirus capsid-covering
shield.29 This shield is based on a trimerized anti-capsid antibody frag-
ment that is combined with capsid mutations, resulting in increased
tissue specificity by reducing liver uptake and reducing access to anti-
bodies.29 Together, this technology has been termed shielded retargeted
adenovirus (SHREAD).15,26–31 Here we report efficient transduction of
activated and non-activated human T cells in vitro and show transgene
expression in human T cells in vivo using such a retargeted HAdV-C5.
Our adapter-mediated T cell transduction could be explored to repro-
gram a patient’s T cell repertoire for more efficient and safe recognition
of tumor and infectious disease antigens.

RESULTS
Combinatorial adapters efficiently mediate transduction of

human T cells

Although transduction of human primary T cells has been chal-
lenging using HAdV-C5, the T lymphocyte cancer cell line Jurkat
Molecul
E6 shows vastly improved uptake over primary T cells (Figure S1),
as has been reported by others.32 We hypothesized that this increase
in HAdV-C5 susceptibility is due to the replicative state of this
cancerous cell line in contrast to resting primary T cells. To test
this hypothesis, we compared the transduction efficiency of periph-
eral blood mononuclear cells (PBMCs) with and without prior
activation using untargeted HAdV-C5 (U/AdV), which is not bound
to any retargeting adapter. Indeed, an increase of 4.9-fold in T cell
transduction with U/AdV was observed after stimulation of cells
with magnetic beads containing both anti-CD3 as well as anti-
CD28 antibodies (anti-CD3/CD28 beads) (Figure S2).

Therefore, we aimed to directly couple T cell activation to HAdV-C5
binding to generate effective and targeted transduction.We generated
three different adapter proteins to the membrane proteins CD3,
CD28, and the IL-2 receptor, which are all expressed on T cells (Fig-
ure 1A). Each of these adapters is homotrimeric, and they are applied
as a mixture to the virus, thus stochastically populating the 12 fiber
knobs of the virion leading to a multispecific targeted virion. We de-
signed single-chain variable fragments (scFvs) from the humanized
anti-CD3 antibody V933,34 and the humanized anti-CD28 antibody
TGN1412,35 and we implemented the natural ligand human IL-2 as
the targeting domain for IL-2R in our three adapter designs. The pro-
teins were expressed in mammalian cells and their purity was
confirmed using reducing SDS-PAGE and size exclusion chromatog-
raphy (SEC) high-performance liquid chromatography (HPLC) anal-
ysis (Figures S3A and S3B).

As a first proof-of-concept experiment, we covered the 12 fiber knobs
of first-generation HAdV-C5 vectors encoding infrared fluorescent
protein (iRFP670). The virions were covered with each single adapter
independently, or with a 1:1:1 combination of all three adapters (com-
bination retargeted adenoviral vector [Comb.R/AdV]) while keeping
the total molar amount of the sum of all adapters constant. As we did
not alter the knob-binding domain of our adapters, we expect equal
binding affinities to the fiber knob. Assuming equal distribution,
this predicts that 98% of vectors carry at least one copy of each
adapter, resulting in multispecific retargeted adenoviral vectors.

Activated PBMCs from three separate donors were then transduced
overnight, and reporter expression was analyzed 48 h after transduc-
tion. All single-agent adapters improved transduction efficiency in
CD3+ T cells (25%–53%) (Figure 1B). However, the combination of
adapters yielded additive or even synergistic effects and achieved
transgene expression in up to 76% of CD3+ T cells, showcasing the
efficiency of a rationally designed multispecific targeting strategy
for hard-to-transduce cells (Figure 1B). U/AdVs not covered with re-
targeting adapters are not directed to T lymphocytes and achieved
transgene expression in only a comparably small fraction (15%) of
pre-activated T cells (Figure 1B).

Next, we investigated the influence of different combinations and
molar ratios of adapters on transduction efficiencies in non-activated
T cells (Figure 1C). All conditions tested enhanced the transduction
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Figure 1. Primary human T cells are efficiently transduced by HAdV-C5 by using a combination of adapters targeting CD3, CD28, and IL-2 receptor

(A) Schematic outline of the adapter system used to create receptor-specific transduction. The HAdV-C5 fiber knob (left) is bound by a trimeric adapter protein consisting of

three domains: the retargeting domain (orange), the trimerization domain (yellow), and the knob binding DARPin (green). We implemented three different molecules as a

retargeting domain (anti-CD3 scFv, anti-CD28 scFv, and IL-2) and used their mixture for receptor-specific T cells targeting (right), occupying the 12 knobs on a virion in a

stochastic manner. For inhibition of liver uptake in vivo, an additional shield protein (a trimerized anti-hexon scFv, purple, right virus picture) is added to cover the hexon protein

of the HAdV-C5. SHP, capsid-stabilizing protein of lambdoid phage 21; scFv, single-chain variable fragment. (B) Quantification of transduction efficiency on pre-activated

PBMCs using HAdV-C5 retargeted with single adapters (IL-2, a-CD28, and a-CD3), a 1:1:1 combination of these three adapters (Comb.R/AdV), untargeted vectors (U/AdV)

using no adapter, or a PBS control. Whenever adapters were used, the total ratio of adapter/knob is kept constant at 32.5:1. (C) Flow cytometry analysis of the transduction

efficiency on T cells using different ratios of adapters (IL-2:a-CD28:a-CD3) on non-pre-activated PBMCs, while maintaining constant total adapter/knob ratios. Individual

symbols represent single donors, repeated transductions using the same donor are indicated by addition of the same symbol. Data are shown as mean ± SD.
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efficiency compared with untargeted vectors, yet a 1:1:1 ratio of IL-2
to a-CD28 to a-CD3 adapters yielded the highest transduction rate
(14%). In contrast, transduction with the untargeted vector with a
rate of 0.6% remained in the range of the non-transduced control
(0.5%), underlining the importance of rationally chosen adapters
for HAdV-C5-mediated DNA delivery into non-activated T cells.
Interestingly, the absence of one of these three adapters led to a reduc-
tion of transduction efficiency between 3% and 12%, which is in line
with our previous data, suggesting additive effects of multispecific tar-
geting. Intriguingly, even though studies involving anti-CD3 and
anti-CD28 coated beads have suggested improved activation using a
higher anti-CD28 ratio,36 we did not observe an improvement in
transduction efficiency by changing the adapter ratio away from
1:1:1 (Figure 1C). Presumably, changing the ratio from 1:1:1 would
122 Molecular Therapy: Methods & Clinical Development Vol. 29 June 2
increase the subset of coated virions lacking at least one adapter,
which could in turn potentially counteract synergistic effects of multi-
specific interactions. Taken together, our combination of adapters
improved T cell transduction with and without prior activation of
T cells.

Adapters successfully activate human T cells while increasing

adenoviral transduction

As our combinatorial adapter design targeting different T cell activa-
tion pathways was implemented to increase the susceptibility of
T cells to transduction, we next assessed if our adapter constructs
indeed induce measurable T cell activation, and we explored correla-
tions between adapter-mediated T cell activation and transduction of
T cells.
023



Figure 2. Influence of activation status in

transduction of human T cells using Comb.R/AdV

(A) PBMCs were activated prior to transduction (pre-

activated) or after transduction (post-activated) or did not

receive a CD3/CD28 activation stimulus. Transduction

efficiency was measured 48 h post-transduction (n = 3

independent donors; *p = 0.0443 and **p = 0.0022,

determined using one-way ANOVA with Dunnett’s test for

multiple comparisons). (B) qPCR analysis seventy-two

hours after transducing 50,000 pre-activated, post-

activated, or non-activated PBMCs. Transducing units of

Comb.R/AdVs (1.2 � 107) were used; each symbol

represents the average of a technical duplicate (n = 5

independent donors; ****p < 0.0001; ns, p = 0.8326,

determined using one-way ANOVA with Dunnett’s

test for multiple comparisons). (C) IFN-g secretion of

non-pre-activated PBMCs 48 h post-transduction by

Comb.R/AdVs, U/AdVs, or PBS (n = 3 independent

donors; ns, p = 0.0722, Comb.R/AdV to PBS; ns,

p = 0.8523, determined using one-way ANOVA with

Dunnett’s test for multiple comparisons). (D) Flow

cytometry analysis of CD69 expression on non-activated

T cells 48 h post incubation with either Comb.R/AdV or

U/AdV (n = 3 independent donors; **p = 0.0044,

determined using two-tailed paired t tests). (E) CD69

expression of transduced (iRFP+) or non-transduced

(iRFP�) T cells of non-activated Comb.R/AdV transduced

PBMCs (transduction data a) (n = 3 independent donors;

**p = 0.0048, determined using two-tailed paired t tests)

Individual symbols represent single donors, repeated

transductions using the same donor are indicated by

addition of the samesymbol. Data are shown asmean± SD.
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First, we determined whether T cell activation plays a major role dur-
ing the cellular entry of viral vectors or at a later stage of host cell
infection. For this purpose, PBMCs were transduced using
Comb.R/AdV at different activation time points: PBMCs were
either activated by anti-CD3/CD28 stimulation prior to transduction
(pre-activated), directly after removal of virions from the medium
(post-activated), or transduced without activation (Figure 2A).
Although post-activation of T cells yielded an increase in transduc-
tion efficiency compared with the non-activated control, pre-
activated cells remained distinctly more susceptible for adenoviral
vector uptake. These data suggest that the yield-limiting steps of
adenoviral vector transduction of T cells are involved in the
actual cellular uptake of viral vectors, rather than in subsequent steps
such as DNA delivery into the nucleus or transgene expression. To
confirm this hypothesis, we conducted additional experiments in
which we performed qPCR analysis to measure successful DNA deliv-
ery rather than expression of transgene (Figure 2B). For this purpose,
50,000 PBMCs were transduced with 1.2 � 107 transducing units
Comb.R/AdV. We observed a 10-fold increase of viral DNA delivery
if the PBMCs received activation signals prior to transduction
compared with post-transduction or without any activation stimuli.
In pre-activated cells, 3.8 � 106 viral genomes were detected, which
represent 31% of the total applied transducing units as measured by
natural transduction (in the absence of adapter) of the model cell
line A549.
Molecul
Having shown T cell transduction using our retargeting adapters, we
assessed whether these constructs bound to the knobs of HAdV-C5
are able to directly activate T lymphocytes and if there is a correlation
between activation marker expression and efficiency of transduction
by retargeted HAdV-C5. To this end, we investigated secretion of
IFN-g and expression of the early activation marker CD69 upon
transduction with Comb.R/AdV (Figures 2C and 2D). Indeed, the
activation mediated by Comb.R/AdV was validated by induction of
expression of the early activation marker CD69. Only a small fraction
of T cells expressed CD69 after incubation with U/AdVs (7%),
whereas almost half of all T cells (47%) expressed CD69 when incu-
bated with the vector that was coated with retargeting adapters (Fig-
ure 2D). Additionally, a minor but non-significant increase in IFN-g
secretion was measured using Comb.R/AdV, although we see large
variability between donors (Figure 2C). Together, these data show
effective T cell stimulation by Comb.R/AdV induced by the adapters,
which was expected, as synergistic effects of activation using anti-
CD3 and anti-CD28 antibodies in combination of IL-2 are well
described in the literature.37 Furthermore, we found a correlation
between CD69 expression and transduction susceptibility in
non-activated T cells. After incubation with retargeted HAdV-C5
(Comb.R/AdV), we observed a stronger increase of CD69 expression
in transduced T cells (83%) in contrast to non-transduced T cells
(43%) (Figure 2E). Taken together, we highlight the importance of
pre-activation by correlation of CD69 expression to Comb.R/AdV
ar Therapy: Methods & Clinical Development Vol. 29 June 2023 123
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transduction and confirmed the activating potential of Comb.
R/AdV compared with untargeted vectors, supporting our rationale
for the adapter design.

Adapter-mediated transduction remains target-dependent and

specific

For direct application in mixed cell populations as found in vivo, we
assessed the specificity of adapter-mediated transduction, as nonspe-
cific uptake of adenoviral vectors has been recognized as a major
hurdle for broad in vivo application.11 To exclude nonspecific mech-
anisms such as hydrophobic interactions or other target receptor-in-
dependent endocytosis (e.g., caused by aggregation), we compared
untargeted vectors (U/AdV) with blocked vectors. Blocked adenoviral
vectors are bound by an adapter using the stable non-binding
consensus DARPin E2_5 as a retargeting module (B/AdV).38 Quan-
tification by flow cytometry revealed iRFP expression in 15% of
pre-activated T cells (U/AdV) compared with only 2% when blocked
by non-binding adapters (Figure 3A). This reduced transduction effi-
ciency implies that the uptake by T cells using Comb.R/AdV was
indeed conferred by the specificity of the retargeting module and
was not due to nonspecific interaction caused by the general adapter
design. Conversely, the transduction of T cells using untargeted
HAdV-C5 is higher than with the non-binding adapters, implying
that T cell transduction is facilitated by the fiber-knob protein of
the virion. To the best of our knowledge, an interaction of the
HAdV-C5 knob with human T cells has previously not been
described and was thought to be absent because of the low expression
level of CAR and RGD-binding integrins in human T cells.

Next, we analyzed if transduction by retargeted vectors can be inhibited
by adding a vast excess of adapters because of competition effects. We
incubated increasing molar ratios of IL-2- and anti-CD28-adapter to
knob with iRFP-encoding HAdV-C5 prior to addition of the mixture
to pre-activated PBMCs (Figure 3B). Receptor-specific interaction
was confirmed by reduced T cell transduction due to an oversaturation
of available receptors on the cell membrane. Transduction efficiency
dropped from 37% (1:100 knob/adapter) to 12% (1:4,000) using an
excess of IL-2 adapters, while a reduction from 21% (1:100) to 4%
(1:4,000) was measured by excess of anti-CD28 adapters.

To determine target-specific transduction by anti-CD3 adapters, we
generated a CD3-deficient (DCD3) Jurkat T cell line by Cas9-medi-
ated knockout (Figure S4). The parental Jurkat cells were mixed
with DCD3 Jurkat cells and transduced using iRFP-encoding
HAdV-C5 that are either untargeted or retargeted with an anti-
CD3 adapter (Figures 3C and S5). As expected, untargeted vectors
did not show a preferential transduction of CD3-positive (6%–10%
of all cells) compared with CD3-negative (5%–10% of all cells) Jurkat
cells (Figure 3C). In contrast, HAdV-C5 retargeted with anti-CD3
adapters favored transduction of CD3+ cells: anti-CD3 retargeted vec-
tors transduced 80%–88% of CD3+ Jurkat cells (32%–35% of all cells),
whereas the transduction efficiency in CD3� Jurkat cells remained
similar to U/AdV, with 7%–13% of all cells being CD3� and iRFP+

(Figure 3C).
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Having shown receptor-specific transduction using single adapters,
we investigated if Comb.R/AdVs exhibit T cell-directed transduc-
tion in a mixed cell population. We found strong iRFP expression
in T cells within a population of pre-activated PBMCs upon trans-
duction, whereas only minor transduction events but no popula-
tion shift was observed in CD3� cells (Figure 3D). This target
specificity also remained if we applied our previously described
adenoviral protein-shield (Figure S6), although a reduction of
transduction efficiency is observed similar as reported for human
cancer cells.29,30

Retargeting adapters are compatible with high-capacity

adenoviral vectors

After demonstrating T cell-directed transduction by using a combi-
nation of CD3-, CD28-, and IL-2R-targeted adapters, we investi-
gated the compatibility with high-capacity adenoviral vectors
(HC-HAdV) to enable the full potential of adenoviral vectors. A
major benefit of HC-HAdV is the packaging capacity of up to 37
kb while lacking any viral genes, thereby making it intrinsically
impossible to contain residual expression of viral proteins and
reduce recognition through MHC class I presentation.39,40 To verify
the compatibility of our adapters, we generated HC-HAdV and
compared their transduction efficiency to a first-generation adeno-
viral vector (FG-HAdV). Calculations of adapter/fiber knob ratios
were performed using optically determined viral particles (vp).
However, to achieve a comparable multiplicity of infection (MOI),
genomic particles per cell (gp/cell) were used for titrations (Fig-
ure S7). Although different viral preparations are notoriously
difficult to compare, our data suggest that our adapter combination
efficiently mediates transduction of activated T lymphocytes,
independent of the adenoviral vector type (FG-HAdV or
HC-HAdV).

Retargeted vectors do not cause activation-induced cell death

To achieve broad applicability of our platform, we investigated signals
of overstimulation which could cause issues for further applications.
CD3/CD28-mediated overstimulation has been reported to promote
apoptosis via activation-induced cell death (AICD), potentially
limiting application because of safety concerns.41,42 To assess if
adapter-retargeted vectors induce a rapid decline of cell numbers,
activated PBMCs were transduced with first-generation untargeted
HAdV-C5, Comb.R/AdVs, or vectors individually bound to either
anti-CD3, anti-CD28, IL-2 or non-binding adapters. We compared
corresponding growth curves using a mock transduction as an addi-
tional control (Figure 4A). Neither one of the individual constructs
nor their combination induced a rapid decline in cell numbers or
halted growth. Furthermore, we measured IFN-g secretion 48 h
post-transduction and observed only minor induction of IFN-g after
Comb.R/AdV transduction, which was non-significant compared
with controls (Figure 4B). Although an increase of IFN-g was
observed using anti-CD3 as the only retargeting adapter, this effect
was reduced by using Comb.R/AdV in pre-activated PBMCs presum-
ably because of the lower anti-CD3 concentration contained in the
combinatorial adapter design.
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Figure 3. Receptor specificity of adapter-mediated transduction

(A) Quantification of human T cells expressing iRFP after incubation of pre-activated PBMCs with untargeted vectors (U/AdV), vectors coated with non-binding adapters

(B/AdV), or PBS (n = 3). (B) Competition assay on pre-activated PBMCs. Transduction efficiency measured by flow cytometry by increasing adapter/knob ratios using IL-2-

containing (violet) or a-CD28 scFv-containing (blue) adapters (n = 4). (C) Transduction experiment using HAdV-C5 vectors coated with a-CD3 scFv-containing adapters

(a-CD3-targeted vector) or without adapter coating (untargeted vector). Vectors were incubated with a mixture of CD3 knockout Jurkat T cells and their parental cell line.

Representative data are shown of three transductions, and two additional replicates are depicted in Figure S5 (n = 3). (D) T cell-directed transduction in different donors.

PBMCs stained for CD3 after transduction using Comb.R/AdV. PBMCs were pre-activated and transduced using retargeting vectors covered with a 1:1:1 ratio of IL-2,

a-CD3 scFv, and a-CD28 scFv containing adapters (Comb.R/AdV) (n = 3). Individual panels represent single donors. Bar graphs represent mean ± SD.
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Retargeted and shielded vectors transduce humanT cells in vivo

in PBMC-reconstituted NSG mice

After confirming efficient targeting and transduction in vitro without
observing indications of toxic side effects, we applied our adapter
strategy in vivo. Importantly, to avoid severe side effects caused by
vector sequestration into the liver, we included our previously
described adenoviral protein shield29 for all in vivo experiments.
The trimeric shield protein is based on a hexon-binding humanized
scFv derived from the neutralizing hexon-antibody 9C12. It has pre-
viously been shown to significantly reduce sequestration into the liver,
making it a promising tool for in vivo applications. Even though
shielded HAdV-C5 somewhat reduces transduction efficiency in
T cells (Figure S6), previous applications of this shield demonstrated
very favorable target-to-liver ratios.29

To investigate in vivo transduction with simultaneously retargeted
and shielded HAdV-C5 vectors (Comb.R.S/AdV), we intraperitone-
ally (i.p.) injected 4 � 106 pre-activated PBMCs into NSG
Molecul
(NOD.Cg-Prkdcscid Il2rgtm1Wjl/SzJ) mice followed by 8 � 1010

Comb.R.S/AdV viral particles, untargeted but shielded viral particles,
or PBS (Figure 5A). Forty-eight hours after injection, cells were
retrieved and analyzed using flow cytometry.

Using Comb.R.S/AdVs, we observed substantial T cell transduction
in vivo, yielding reporter expression in 11% of all T cells, including
successful transduction of both CD4+ and CD8+ T cells at similar
rates (Figure 5B). Ten percent of CD4+ T cells expressed the reporter
protein, with CD4+ T cells accounting for 60%–75% of all CD3+

T cells, while 14% of CD8+ T cells were transduced. Even though
transduction of CD19+ B cells was observed (6%), transduction of
CD3�CD56+ natural killer cells and CD3�CD19�CD56�CD11c+

monocyte uptake remained low (3% and 2%, respectively) (Fig-
ure 5C). In contrast, in mice treated with untargeted and shielded vec-
tor (U.S/AdV), only 3% of all T cells were transduced with similar
rates in B cells (2%), natural killer cells (2%), and monocytes (3%),
thus not indicating a T cell-directed transduction (Figure 5C).
ar Therapy: Methods & Clinical Development Vol. 29 June 2023 125
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Figure 4. No toxic overstimulation was observed after

transduction via different adapters or a combination

thereof

(A) Pre-activated PBMCs were transduced using different

adapter constructs, combined adapters in 1:1:1 ratio

(Comb.R/AdVs), no adapters (untargeted vectors U/AdVs),

or PBS. Cell growth was monitored by semi-automated

microscopy until 14 days after activation. The experiment

was performed on PBMCs from three independent donors

(n = 3 independent donors counted 4 times for each time

point). (B) IFN-g secretion 48 h after transduction using

HAdV-C5 previously incubated with anti-CD3 adapters,

IL-2 adapters, anti-CD28 adapters, a combination of

adapters using a 1:1:1 ratio (Comb.R/AdVs), untargeted

HAdV-C5 without the addition of adapters (U/AdVs), or

PBS. Red marked symbols refer to signal below detection

limit (n = 3 independent donors; a-CD3/AdV to PBS, ns,

p = 0.2419; IL-2/AdV to PBS, ns, p = 0.888; a-CD28/AdV

to PBS, ns, p = 0.5416; Comb.R/AdV to PBS, ns,

p = 0.2213; B/AdV to PBS, ns, p = 0.9943; U/AdV to

PBS, ns, p = 0.7537; determined using one-way ANOVA

with Dunnett’s test for multiple comparisons). Individual

symbols represent single donors, and repeated

transductions using the same donor are indicated by

addition of the same symbol. Bar graphs represent

mean ± SD.
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As certain in vivo applications will require transduction of
non-activated T cells, NSG mice were also i.p. injected with
4 � 106 viable non-stimulated PBMCs followed by i.p.
injection of either 8 � 1010 fully retargeted and shielded viral
particles (Comb.R.S/AdVs) or PBS. Forty-eight hours after
injection, 3% of all CD3+ T cells expressed the reporter protein
in mice receiving the corresponding vector, leading to 3% and
5% positive transduced CD4+ and CD8+ T cells, respectively
(Figure 5D).

Successful in vivo transduction of T cells in humanized mice

using Comb.R.S/AdVs

Encouraged by the successful in vivo transduction of T cells in
the PBMC NSG model, we moved to a clinically more relevant
126 Molecular Therapy: Methods & Clinical Development Vol. 29 June 2023
model. For this purpose, we used NSG mice
reconstituted with human CD34+ hematopoiet-
ic progenitor cells leading to functional
human immune system components including
human T cells.43,44 Forty-eight hours after
intravenous (i.v.) injection of 1 � 1011

Comb.R.S/AdVs, spleen, and blood were
harvested and analyzed using flow cytometry
(Figure 6A). In animals receiving Comb.R.S/
AdVs, we detected 0.3% transduced T cells,
which is modestly but significantly above the
background of 0.1% in the PBS control (Fig-
ure 6B). Furthermore, using flow cytometry
analysis, no significant transduction of B cells
could be detected (Figure 6C), suggesting successful T cell-directed
transduction consistent with our previous in vitro and in vivo data.

To confirm transduction rates and distinguish them from subtle
changes in autofluorescence, we used single-cell population qPCR
as an orthogonal detection method (Figure 6D). In contrast to the
PBS control, the viral gene encoding the hexon protein was detected
in both fluorescence-activated cell sorting (FACS)-sorted T and B
lymphocytes harvested from vector-treated animals. We detected
0.003 hexon genes per CD3+ T cell, which corresponds to one adeno-
viral genome per transduced T cell, on the basis of our flow cytometry
data of 0.3% reporter-positive CD3+ T cells. Although no B cell trans-
duction was detected by flow cytometry, the more sensitive qPCR
analysis discovered low amounts of adenoviral genomes in B cells,



Figure 5. Transduction of T cells by Comb.R.S/AdV in NSG mice

(A) Schematic outline of the mouse experiments by injection of 4 � 106 PBMCs followed by 8 � 1010 vp of retargeted and shielded HAdV, using an adapter combination

(Comb.R.S/AdV), or untargeted but shielded vectors without adapters (U.S/AdV). (B) Quantification of transduced cells (percentage) in human T cell subtypes using pre-

activated PBMC with Comb.R.S/AdV (n = 6; data pooled from two donors), U.S/AdV (n = 3), or PBS (n = 4) (**p = 0.0024, ***p = 0.0005, and ****p < 0.0001, determined

using two-way ANOVA with �Sidák multiple-comparisons test). (C) Quantification of transduced cells (percentage) in different cell subtypes using pre-activated PBMC with

Comb.R.S/AdV (n = 6; data pooled from two donors), U.S/AdV (n = 3), or PBS (n = 4) (ns, p > 0.05, *p = 0.0163, ***p = 0.0006, and ****p < 0.0001, determined using two-

way ANOVA with �Sidák multiple-comparisons test). (D) Quantification of transduced cells (percentage) in human T cell subtypes using non-pre-activated PBMCs and

Comb.R.S/AdV (n = 4) or PBS (n = 3) *p = 0.0467 and (**p = 0.0057; ns, p = 0.1516; determined using two-way ANOVA with �Sidák multiple-comparisons test). Parental

cells represent all living human CD45+ and mouse CD45� cells. Individual symbols represent single mice. Data are shown as mean ± SD.
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while the rate was significantly lower (0.001 viral genomes per B cell).
Taken together, our data confirm successful in vivo transduction of
human T cells by HAdV-C5 vectors in a clinically relevant humanized
mouse model.

DISCUSSION
Our results provide a proof of concept for a modular adapter system
to successfully redirect shielded HAdV-C5 to human T cells. We
achieved T cell-directed transduction in vitro and in vivo with and
without prior stimulation using a combination of retargeting
adapters. These adapters can be applied with any adenovirus serotype
5 by simply incubating it with our adapters for 1 h, making this
approach rather accessible. The retargeted HAdV-C5 presented
here elicits increased expression of the early activation marker
CD69, suggesting direct activation of T cells. The wide usage and
safety of HAdV-C5-based vectors in various clinical trials, and
more recently in vaccination strategies for severe acute respiratory
syndrome coronavirus 2 (SARS-CoV-2) vaccines, established a foun-
Molecul
dation for numerous scientific and clinical applications. By generating
modular adapters directly applicable for all existing HAdV-C5 vec-
tors, the technology described here can be readily adopted by current
research strategies, potentially improving efficacy, potency, and safety
of various applications.

The generation of engineered T cells using HC-AdVs is attractive for
various reasons. Using non-integrative HAdVs circumvents unpre-
dictable long-term effects which might be caused by semi-specific
integration or other viral systems, and it therefore affords additional
freedom in payload design and application strategy, combined with
the large cargo size of a helper-dependent virus. Nevertheless, the
episomal localization of adenoviral delivered constructs can be used
for transgene expression for up to several months, as shown in
mice and non-human primates.45,46 If integration is desired, HC-
AdV vectors have also been shown to be suitable as a single agent
to deliver Cas9-related technologies, including the donor DNA for
facultative site-specific integrations and deletions, resulting in
ar Therapy: Methods & Clinical Development Vol. 29 June 2023 127
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Figure 6. Successful in vivo transduction of T cells in

humanized mice using Comb.R.S/AdV vectors

(A) Schematic outline of the experiment: mice recon-

stituted with CD34+ hematopoietic progenitor cells from

two human fetal liver donors were injected with 1 � 1011

Comb.R.S/AdV vp (n = 11) or PBS (n = 5). (B)

**p = 0.062 (determined using unpaired two tailed t test)

and (C) quantification of transduced T cells compared

with PBS or B cells (CD19+). Cells were harvested from

both blood and spleen, and percentage of transduction

is reported from the total observed cell number

(***p = 0.0002, determined using a two-tailed paired t

test). Data are pooled from two independent donor-

cohorts. (D) qPCR analysis of HAdV-C5 hexon genomes

in sorted CD3+ or CD19+ cells harvested from the

spleen (n = 7). Samples from PBS injections were below

the detection limit (b.d.). Parental cells represent all living

human CD45+ and mouse CD45� cells; each symbol

represents the average of a technical duplicate

(**p = 0.0014, determined using paired two-tailed t test).

Data are shown as mean ± SD.
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maximal flexibility for cargo design.16 Furthermore, the large capacity
has been reported to be able to express multiple therapeutic trans-
genes delivered by a single vector.15,47 Altogether, this places HAdV
retargeted to T cells in a pivotal role for complex applications,
including synthetics networks or additive therapeutic transgenes.

We believe that those aspects could directly be implemented in T cells
using current standard ex vivo applications with our retargeting
adapters. Also, targeted transduction of human T cells in vivo could
be further developed as an avenue to an off-the-shelf cell therapy, ad-
dressing the enormous burden brought by the effort, cost, and
complexity necessary with current ex vivo applications of CAR-T
therapy. Although transduction percentages in CD34+ reconstituted
humanized mice were modest and therapeutic effects of relevant
transgenes still have to be investigated, the amount of transduced
T cell can be put in perspective with current FDA-approved CAR-T
doses. Tisagenlecleucel (Kymriah) is an anti-CD19 CAR-T therapy
with a current recommended dose for adult patients of 0.6 � 108 to
6.0 � 108 CAR-positive cells.48 As the number of T cells in a human
is estimated at approximately 3 � 1011,49 this results in a dose of
0.02% to 0.2% of CAR-T cells with respect to all human T cells.

Viral vector applications always bear a risk for hepatotoxicity, which
will have to be investigated in the context of our T cell targeting
adapters. However, others have already monitored alanine transami-
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nase (ALT) levels after i.v. administration of
1 � 1011 vp HAdV-C5 and analyzed these levels
in comparison with the amount of AAV-8 neces-
sary to achieve similar therapeutic efficacy.50

Although efficacy was higher using first-genera-
tion HAdV-C5 compared with AAV-8, ALT
levels were similar with both vectors and
decreased to baseline after 10 days. Furthermore,
adapter-retargeted and shielded HAdV-C5 have been described to
reduce liver transduction drastically, compared with untargeted
HAdV-C5,29 potentially widening the window of possible doses.
Although toxicity and safety studies will have to be conducted in detail,
the previously described data suggest feasibility of T cell-directed trans-
duction for various possible applications.

Our data on pre-activated T cell transduction through untargeted
adenoviral vectors suggest that there is a potential interaction of
HAdV-C5 with human T cells through the fiber-knob. This interac-
tion can effectively be inhibited by using a blocking adapter, known
from crystal structures to sterically compete with CAR, but possibly
also competing with another surface molecule which has not yet
been identified.26,27 Even though HAdV infections of T cells with un-
targeted vectors were difficult to achieve in vitro, adenoviral genomes
are found in T lymphocytes from tonsils and colon, raising questions
about the role of T cell infection in HAdV persistence, which causes
high mortality in immunosuppressed children.51–54

We have shown here proof-of-concept experiments of human T cell
transduction in different models, however, future studies will be
required to exploit its potential as a scientific tool or for clinical appli-
cations. In-depth analysis of T cell subtype and biodistribution studies
should be conducted to use the technology and identify the best suited
applications, and the efficacy necessary for desired applications still
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must be determined and presumably improved. We presume that the
lower transduction in the CD34+ reconstituted humanized mouse
model is due to the lower abundance of activated T cells compared
with human donor PBMCs. Furthermore, the CD34+ fetal cells used
for engraftment do not reconstitute similar levels of memory and
primed T cells present in healthy human adults. In addition, the sterile
environment of a mouse facility cannot directly be compared with the
environmental andmicrobial exposures of an average adult. Because of
this, we propose further studies for in vivo application especially in
models where inflamed and therefore activated T cells are in high
abundance. Nevertheless, our results demonstrate the potential of a
broadly applicable platform capable of T cell-directed delivery with a
large single vector (up to 37 kb) to address current limitations of in vivo
application and ex vivo payload design in T cell engineering.

MATERIALS AND METHODS
Expression and purification of retargeting adapters

The trimeric adapters were cloned into the mammalian expression
plasmid pcDNA3.1. The adapter contained an N-terminal HSA leader
peptide, a His6- and FLAG-tag followed by a 3C cleavage site. The re-
targeting domain is flanked by a BamHI and an HindIII site for ready
exchange of the domain. The adapters were expressed and constructed
as previously reported.28 Following seven days of expression, superna-
tants were dialyzed against 1,000 volumes of PBS (pH 7.4) using dial-
ysis tubes with a molecular weight cut-off (MWCO) of 12–14 kDa at
4�C. During 24 h, the buffer was exchanged four times at a ratio of
1:10. Dialyzed supernatants were applied to 2.5 mL equilibrated
nickel-nitrilotriacetic acid (Ni-NTA) resin (Thermo Fisher Scientific)
in PD-10 columns (Merck Millipore). All columns were washed with
5 column volumes of 20 mM imidazole, 10% glycerol, and PBS (pH
8.0) and then additionally with 5 column volumes of 500 mM NaCl
and 50 mM Tris HCl (pH 8.0). The samples were then eluted with
0.7 M imidazole in PBS (pH 8.0), followed by 3C (GenScript) cleavage
of the tags during dialysis against 100 volumes of 20 mM HEPES (pH
7.4). An additional purification step included an anion exchange chro-
matography using a Mono Q column (GE Healthcare). Purified pro-
tein was dialyzed four times for 24 h against 100 volumes of endo-
toxin-free PBS (Merck Millipore) and then snap-frozen in liquid
nitrogen and stored at �80�C until use.

Viral vector generation

Replication-deficient first-generation HAdV-C5HVR7 contain an E1/
E3 deletion and 4 mutations in the hyper variable region 7 (HVR7)
of the hexon protein (I421G, T423N, E424S, and L426Y). Variants
were either generated as previously described29 or ordered from Vec-
tor Biolabs. Briefly, HEK293 cells were transfected with the viral re-
porter plasmid and cell lysate was used for further amplification. As
transgenes, iRFP or tdTomato were encoded in expression cassettes
containing a constitutive CMV promoter. The high-capacity adeno-
virus is devoid of all adenoviral genes and harbors the identical 4
mutations in the hexon protein as the first-generation virus. The
HC-AdV was produced as described by Brücher et al.,15 encoding
eGFP as a transgene under the control of the constitutive EF1-a pro-
moter. In short, the cell line 116 was transfected with the reporter
Molecul
plasmid containing the HAdV-C5 packaging signal and co-trans-
duced with helper virus HAdV-C5HVR7 for replication. For both,
first-generation HAdV-C5 and HC-AdV, purification was performed
via two CsCl gradients at 250,000 � g.

Cell lines and human tissue and blood samples

Jurkat E6 cells were obtained from ATCC and maintained in R10
Medium (RPMI 1640, 10% fetal calf serum [FCS], 1% penicillin-strep-
tomycin) at a density of 0.5 � 106 to 2 � 106 cells/mL. The ethical
approval for the use of human fetal liver tissue (from Advanced Biosci-
ence Resources) as well as peripheral blood samples of healthy adult
volunteers was obtained from the cantonal ethical committee
of Zurich, Switzerland (protocol KEK-StV-Nr.19/08). Leukocyte
concentrate from human donors was acquired from Blutspende
Zurich, Zurich, Switzerland. After Ficoll-Paque (GE Healthcare)
gradient separation, donor cells were aliquoted and frozen to be thawed
before each assay. To use pre-activated cells, thawed PBMCs were
cultured in R10 at 1� 106 cells/mL and supplemented with a 1:1 ratio
of Dynabeads Human T-Expander CD3/CD28 (Thermo Fisher Scien-
tific) and 200 IU/mL human IL-2 (PeproTech) and incubated for 24 h.
Afterwards, magnetic beads were removed from activated cells using a
magnetic strip and washed twice with R10. Non-pre-activated cells
were cultured in R10 supplemented with 50 IU/mL of IL-2.

In vitro retargeting assays

PBMCs were thawed 24 h prior to transduction and taken in culture.
Cells were distributed in round-bottom 96-well plates with 5 � 104

cells/well in 100 mL R10. Adenoviral vectors were incubated for 1 h
at 4�C with retargeting adapters containing an a-CD3 scFv and/or
IL-2 and/or a-CD28 scFv (termed “retargeted”), or a blocking adapter
containing the consensus DARPin E2_5 (termed “non-binding
adapter”). Optionally, the previously described shield29 was added
(termed “shielded”). As a control, adenoviral vectors without adapters
were incubated with PBS (termed “untargeted vector”). The molar ra-
tio of total retargeting adapter to fiber-knob was 32.5:1 and for the
shield 5:1 per hexon subunit. Twenty thousand optical viral particles
were used per cell. Viral particle-containing supernatants were
removed 16 h after transduction and replaced by fresh culture me-
dium. The activity of the transduced transgene was determined by
flow cytometry 48 h after transduction.

Specificity assays

For competition assays, the procedure followed the in vitro retarget-
ing assays, however, ratios of adapter to knob were increased in the
steps indicated. For CD3 specificity, CD3 knockout cells were pre-
pared. For this purpose, 2 � 105 Jurkat T cells were electroporated
in OptiMEM with a total of 90 pmol ribonucleoprotein (30 pmol
CD3d RNP, 30 pmol CD3ε RNP, 30 pmol CD3g RNP) in one well
of a 16-well strip (catalog #V4XP-3032; Lonza) with the CL-120 pulse
using the 4D Nucleofector (Lonza). SpCas9 (catalog #1081059; IDT),
crRNA, and trRNA (catalog #1072533; IDT) were ordered from IDT.
Electroporated Jurkat T cells were expanded for 10 days. Cells were
subsequently purified by removing CD3+ cells by MACS (catalog
#130-050-101; Miltenyi Biotec) using the autoMACS machine
ar Therapy: Methods & Clinical Development Vol. 29 June 2023 129
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(Miltenyi Biotec). The following crRNA sequences were used to delete
functional CD3 expression: CD3d: AAACGCAUCCUGGACCCA
CG CD3ε: AGAUAAAAGUUCGCAUCUUC CD3g: UACACUGA
UACAUCCCUCGA.

Cytokine detection

IFN-g expression was detected in 384-well plates using Human
ELISA Kits (KHC4021; Invitrogen), following the manufacturer’s in-
structions. Volumes were adjusted accordingly. Absorbance measure-
ments were performed using an Infinite M1000 instrument, following
the manufacturer’s instructions.

Growth measurements

PBMCs were activated 24 h prior to transduction as described above
for the in vitro retargeting assays. Media were replaced with R10 con-
taining 50 IU/mL IL-2 16 h after transduction and replaced with fresh
R10 supplemented with 50 IU/mL IL-2 every second day. The num-
ber of total cells was counted daily using an Arthur cell counter,
including all cells between 5 and 15 mm in diameter to the count.
Three independent donors were transduced and counted four times
per day.

Animal experiments

NOD-scid gc
null (NSG) mice were obtained from The Jackson Labo-

ratory and bred and maintained under specific pathogen-free
conditions at the Institute of Experimental Immunology, University
of Zurich. Both male and female mice were used for experiments at
the age of 12–15 weeks. Four million viable PBMCs, with or without
24 h pre-stimulus with CD3/CD28 Dynabeads (Thermo Fisher Scien-
tific), were injected intraperitoneally followed by 8 � 1010 HAdV-
C5HVR7 vector particles. These first-generation HAdV-C5HVR7 were
incubated with IL-2, anti-CD28, and anti-CD3 adapters, as well as
previously described hexon-covering shield29 for 2 h at 4�C (fully
retargeted and shielded) or only with the hexon-covering shield (un-
targeted). Molar ratios of adapters and shield were the same as stated
for the in vitro targeting assays. Forty-eight hours after injection, cells
were harvested by intraperitoneal lavage with 10 mL of PBS. For ex-
periments with humanized mice, the reconstitution of newborn NSG
mice with human immune system components was performed as pre-
viously described.43 Before the start of subsequent experiments, the
level of human immune cell reconstitution was checked in blood by
flow cytometry. Fully retargeted and shielded first-generation
HAdV-C5HVR7 were injected intravenously. Mice were sacrificed
48 h after injection and blood and spleen were harvested. The respec-
tive animal protocol was approved by the veterinary office of the
canton of Zurich, Switzerland.

Flow cytometry

For in vitro assays cells were centrifuged at 750 � g for 5 min and re-
suspended in PBS containing 1% BSA and 0.05% azide as well as all
used antibodies. Cells were then kept at 4�C in the dark for 30 min
and washed twice with PBS. Cells were then resuspended in PBS con-
taining 2% paraformaldehyde (PFA) and fixed for 15 min at room
temperature. Remaining PFA was then quenched by adding PBS con-
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taining 1% BSA and 0.05% azide with a volume of 5 times the fixation
volume. For in vivo analysis, erythrocytes in blood samples were lysed
three times with NH4Cl. Spleens were mechanically mashed through a
70 mm cell strainer before isolation of lymphocytes using density
gradient centrifugation. Bone marrow was extracted by centrifugation
of bones that were cut open at one end and directly used for
antibody labeling. Cells were stained with the appropriate amount of
antibodies for 20 min at 4�C in PBS and fixed with PBS plus 2%
PFA for 30 min at 4�C. Samples were analyzed using a BD
LSRFortessa flow cytometer (BD Biosciences). The following anti-
bodies were used: CD3 (PerCP-Cy5.5/BioLegend/UCHT1/300429),
CD4 (Pacific Blue/BioLegend/RPA-T4/#300521), CD8 (Brilliant Vio-
let 650/BioLegend/SK1/#344730), hCD45 (Qdot 605 BioLegend/
HI30/#304042), mCD45 (APC-Cy7/BioLegend/30-F11/#103116),
CD11c (PE-Cy7/BD/B-ly6/#561356), CD28 (Pe-Cy7/Invitrogen/
CD28.2/#25-0289-42), CD19 (Qdot800/BioLegend/HIB19/#302239),
CD56 (Qdot 655/Biolegend/NCAM/#318343), CD69 (FITC/
Invitrogen/CH/4/#MHCD6901), live dead stain (Zombie Aqua/Bio-
Legend/#423101).

Fluorescence-activated single-cell sorting

Lymphocytes isolated from the spleen were stained for anti-human
CD19, anti-human CD45, anti-human CD3, and anti-murine CD45
as described. One hundred thousand CD3+ and 100,000 CD19+

events were sorted using a FACSAria III cell sorter using the
100 mm nozzle and BD FACS Diva Software (BD Biosciences). Purity
of the samples was confirmed after the sort by re-analysis.

Quantitative polymerase chain reaction analysis

For in vitro measurements, cells were digested using the protein K
Arcturus PicoPure� DNA Extraction Kit (Thermo Fisher Scientific),
and the digested cell lysate was directly used for qPCR analysis
without further DNA purification. For in vivo data, viral and cellular
genomes were extracted from tissues using the DNeasy Blood & Tis-
sue Kit (69506; Qiagen) following the manufacturer’s protocol. DNA
amounts were quantified by qPCRwith specific primers for hb2m and
adenoviral hexon protein, respectively. To investigate the amount of
viral vector genomes, the primers 50-GAATAACAAGTTTAGAAA
CCC CAC GGT GG-30 and 50-GTT TGA CCT TCG ACA CCT ATT
TGA ATA CCC-30 were used, resulting in a 149-bp-long amplicon.
For cellular genomes of human origin, hb2m 50-GGA ATT GAT
TTG GGA GAG CAT C-30 and 50-CAGGTCCTGGCTCTACAATT
TACTAA-30 were used to result in a 79-bp-long amplicon. Specific
probes were the following: for the hexon (50-CGG CGT GCT GGA
CAG G-30) and hb2m (50-AGT GTG ACT GGG CAG ATC ATC
CAC CTT C-30). Reactions were performed using PrimeTime Gene
Expression Master Mix (105571; IDT) and signals were normalized
using dye rhodamine-X (ROX). All qPCR primer and probes were
generated with the double-quench technology by IDT. qPCR was per-
formed and analyzed as described previously.15
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Figure S1. Transduction susceptibility of primary T cells and Jurkat cells with HAdV-C5. 

50,000 viable PBMCs or Jurkat cells were transduced with untargeted HAdV-C5 encoding 

tdTomato. Transduction was quantified by reporter expression via flow cytometry, normalized 

to the non-transduced control. Symbols represent single donors, repeated transductions using 

the same donor are indicated by addition of the same symbol. (n = 3) Data are shown as mean 

± SD. 
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Figure S2. Quantification of human T cells transduced by HAdV-C5 without adapters. 

PBMCs were either stimulated 24 h prior to transduction (+ CD3/CD28) or transduced without 

prior activation (– CD3/CD28). (n = 3) Data are shown as mean ± SD. 
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Figure S3. Purity analysis of purified adapter proteins. (A) HPLC-SEC analysis of purified 

adapter proteins compared to a MW standard (AdvanceBio SEC Protein Standard 300A). 
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mAU: milli absorption unit (B) SDS-PAGE analysis of 2 μg purified adapter proteins. 

Calculated MW values are 55.5 kDa (anti-CD3-adapter), 55.3 kDa (anti-CD28-adapter), and 

44.5 kDa (IL-2-adapter). 
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Figure S4. Generation and validation of CD3 knock-out Jurkat cells. Quantification of 

CD3 expression detected by antibody staining after Cas9-directed knock-out using gRNA 

directed against the δ-, ε-, and γ-CD3 chain. FMO: Fluorescence minus one (fluorescence 

signal without CD3 staining), DCD3δεγ: Jurkat cells after knock-out using CRISPR/Cas9 

ribonucleoprotein electroporation. 
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Figure S5. Repetitions of experiment from Fig. 3C with two additional replicates. 

Experiment was conducted using HAdV-C5 encoding iRFP bound by anti-CD3 adapter. (n = 3 

one repetition is shown in Fig. 3C) 
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Figure S6. Comparison using shielded or non-shielded retargeted Comb.R/AdB. 

Transduction efficiency of adapter-retargeted HAdV-C5 with (Comb.R.S/AdV) and without 

(Comb.R/AdV) protein shield minimizing liver tropism. (n = 3) 

  



8 
 

 

 

Figure S7. Comb.R/AdV vectors show comparable transduction efficiency with first-

generation HAdV-C5 (FG-HAdV-C5) and high-capacity HAdV-C5 (HC-HAdV-C5) 

vector. Pre-activated PBMCs were incubated with different MOI measured as genomic 

particles /cell (GP/cell) using Comb.R/AdV FG-HadV-C5 (orange) or HC-AdV-C5 vectors, 

and transduction efficiency was measured by flow cytometry. Individual symbols represent 

single donors. (n = 3) Bar graphs represent mean ± SD. 
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