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ABSTRACT: Viruses are evolutionarily developed cell-entering nanomachines, which are
frequently used as gene or drug delivery systems. Parvovirus B19 (B19V) shows a remarkably
restricted tropism for erythropoietin-dependent erythroid differentiation stages, and thus this
virus provides an opportunity to deliver cargo to these intermediate differentiated cells. Here
we report the construction of a delivery system from B19V subunits that maintains the highly
selective cell-entry of the native virus and offers versatile cargo transport. To obtain this
specific carrier, we conjugated the cell-targeting VP1u region of B19V to NeutrAvidin as a
loading platform for biotinylated cargos. The VP1u−NeutrAvidin conjugate delivered
fluorophores, DNA, and toxic payloads specifically to erythroid cells around the
proerythroblast differentiation stage, including erythroleukemic cells. The VP1u−NeutrAvidin
represents a unique cell surface marker which exclusively detects intermediate erythroid
differentiation stages. Furthermore, the cell-entering property of this viral-based targeting
system offers opportunities for erythroid-specific drug delivery or gene therapy.

■ INTRODUCTION

Red blood cells are constantly being reproduced in the bone
marrow by the differentiation of hematopoietic stem cells into
erythrocytes. In the first days of erythropoiesis, hematopoietic
stem cells differentiate into committed erythroid progenitors as
burst-forming unit-erythroid (BFU-E) and then colony-forming
unit-erythroid (CFU-E). The following erythroid differentiation
into erythroblasts is dependent on the cytokine erythropoietin
(EPO), including the stages CFU-E, proerythroblasts, and early
basophilic erythroblasts.1−5 The hallmark of these intermediate
erythroid differentiation stages is EPO-dependence, increased
cellular proliferation, and the beginning expression of erythroid-
specific genes (e.g., globins, glycophorins). The terminal
erythroid differentiation is accompanied by the expression
and accumulation of erythrocyte-specific proteins, the con-
densation of the nucleus and the enucleation process, and
finally the maturation into erythrocytes.3,6 Cells from late/
terminal erythroid differentiation stages (erythroblast to
erythrocytes) can easily be identified from other tissues with
erythroid-specific cell-surface markers like glycophorins.7 In
contrast, a unique cell-surface marker exclusive for intermediate
erythroid differentiation stages around the proerythroblast stage
has not been found so far.4 Therefore, identification and
isolation of these cells from other tissues and differentiation
stages have been complex, as these methods required the use of
multiple markers.8,9 A unique cell-surface marker for inter-
mediate erythroid differentiation stages would not only
facilitate hematological research and diagnostics, but would
enable the targeting of these cells for therapeutic purposes.
Parvovirus B19 (B19V) is a very small, nonenveloped virus,

mainly known as the human pathogen causing the childhood

disease erythema infectiosum.10,11 Productive viral infection of
B19V is highly restricted to erythroid progenitor and precursor
cells in the bone marrow. Susceptible cells are the erythroid
differentiation stages from BFU-E to erythroblasts, where the
proerythroblast stage represents the main target.12−14 The
glycosphingolipid globoside was found as a receptor for
B19V,15 serving as an attachment site for the virus on the
cell surface.16 However, the expression pattern of globoside and
the proposed coreceptors α5β1 integrin17 or Ku8018 cannot
explain the extraordinary restricted internalization of B19V into
erythroid progenitor and early precursor cells, suggesting a still
unknown cellular receptor responsible for the virus uptake.19

We recently found that the unique region of the viral protein
1 (VP1u) mediates the targeting and specific uptake into these
erythroid cells.20 Furthermore, a C-terminal truncation
(ΔC126) of the recombinant VP1u protein showed that the
N-terminal 100 amino acids are sufficient for cell-specific
internalization; in contrast, a short truncation from the N-
terminus led to a dysfunctional protein (ΔN30) (Figure 1A).
This minimalistic and highly selective uptake mechanism

encouraged us to design a viral-based delivery system that
would maintain the specific cell-entry of the native virus and
that would also allow the transport of versatile cargo into these
cells. To address this issue, we conjugated the cell-targeting
VP1u protein to NeutrAvidin as a loading platform for any
biotinylated cargo molecules. This VP1u−NeutrAvidin complex
served as a virus-like carrier for cellular delivery of biotinylated
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cargo molecules. Our findings show that the VP1u−

NeutrAvidin conjugate exclusively targets intermediate eryth-

roid differentiation stages around the proerythroblast stage and

efficiently delivers fluorophores, DNA, and toxic payloads into

this cell population.

Figure 1. Endocytosis of the fluorescent VP1u−NeutrAvidin complex. (A) Schematic representation of the recombinant ΔC126 and ΔN30/ΔC126
VP1u of B19V with introduced unique cysteine and FLAG/MAT tag. (B) Model of the chemically engineered VP1u−NeutrAvidin complex (Avidin
tetramer: gray; biotin binding sites: red). Detailed information in SI Figure S1. (C) Representative images of VP1u−NeutrAvidin−AlexaFluor 488
complex (green) bound to erythroleukemic UT7/Epo cells at 4 °C: functional ΔC126 VP1u−NeutrAvidin (left) and dysfunctional ΔN30/ΔC126-
NeutrAvidin control (right). (D) Internalization of ΔC126-NeutrAvidin-AlexaFluor (left) and controls (right) at 37 °C. Endocytic pathway (early/
late endosomes, lysosomes) was immunostained and shown in magenta. Fluorescence microscopy and imaging was performed with the Laser
Scanning Microscope LSM 510 (63× magnification objective, Carl Zeiss).

Figure 2. VP1u−NeutrAvidin specifically targets early erythroid precursors and erythroleukemic cells. ΔC126-NeutrAvidin-AlexaFluor 488 was
incubated with different human cell types for 45 min at 37 °C. (A) Representative images of cells from different tissues (row 1 and 2) and
hematopoietic cell lines (row 3; erythroleukemic types: K562, UT7/Epo, and KU812Ep6). (B) Representative images of primary hematopoietic
cells: Peripheral blood cells and enriched leukocyte fraction; erythroid precursors (EP) originated from ex vivo expansion of CD34+ stem cells with
growth factors IL3, SCF, EPO, and hydrocortisone. VP1u−NeutrAvidin targeting along erythroid differentiation, shown by fluorescence microscopy
images and plotted count of fluorescence-positive cells (three samples with n > 100 cells).
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■ RESULTS

VP1u−NeutrAvidin Complex Specifically Binds and
Internalizes into Intermediate Erythroid Differentiation
Stages. To design the VP1u−NeutrAvidin conjugate, we
introduced a unique cysteine into the recombinant ΔC126
VP1u and thereby provided a sulfhydryl group for specific
cross-linking chemistry (Figure 1A). The reduced VP1u was
then coupled by Click Chemistry to maleimide-activated
NeutrAvidin, resulting in about 5−6 covalently attached
VP1u per NeutrAvidin tetramer (Figure 1B and SI Figure
S1). The NeutrAvidin tetramer features 4 high affinity biotin
binding sites, representing a docking platform for any
biotinylated cargo molecule.
To test the internalization capability of the VP1u−

NeutrAvidin construct, we used the fluorophore conjugate
biotin−AlexaFluor 488 as a reporter cargo molecule. The green
fluorescent complex was then incubated with erythroleukemic
UT7/Epo cells for binding (4 °C) and uptake (37 °C). The
dysfunctional N-terminal truncated VP1u (ΔN30/ΔC126)
coupled to NeutrAvidin served as a negative control. The
erythroleukemic UT7/Epo cell line is frequently used to study
B19V entry, since these cells are similarly susceptible as the
erythroid precursor cells in the bone marrow. In contrast to the
erythroid precursor cells, UT7/Epo cells are only semi-
permissive and do not support a productive viral amplifica-
tion.21

The results indicate that the fluorescent VP1u−NeutrAvidin
binds to UT7/Epo cells and then efficiently internalizes
through the endocytic pathway, i.e., trafficking to early/late
endosomes and finally to lysosomes (Figure 1C and D).
To examine the targeting specificity of the VP1u−

NeutrAvidin complex, we tested the uptake of green fluorescent
ΔC126-NeutrAvidin on cell types from various tissues and
hematopoietic lineages (Figure 2). The findings demonstrate
that the VP1u−NeutrAvidin exclusively targets cells during a
well-defined erythroid differentiation phase, including the
erythroleukemic cell lines K562 (very low targeting), UT7/
Epo, and KU812Ep6. To further define the VP1u−NeutrAvidin
targeting along the erythroid differentiation, we expanded
human CD34+ bone marrow stem cells ex vivo with the growth
factors interleukin-3 (IL-3), stem cell factor (SCF), eryth-
ropoietin (EPO), and hydrocortisone toward the erythroid
lineage. The erythroid development was assessed with
established erythroid markers and differential morphology
staining as previously described (SI Figure S2).22−24 The
results show that the binding and internalization of the
fluorescent VP1u−NeutrAvidin strongly correlated with the
intermediate erythroid differentiation stages from CFU-E to
basophilic erythroblast.
These findings suggest that the EPO-dependent erythroid

differentiation stages around the proerythroblastic/early
basophilic stage are the main target of the VP1u−NeutrAvidin,
which coincides with the tropism of the native virus.12−14,24 To
demonstrate the specificity of the fluorescent VP1u−
NeutrAvidin conjugate as a marker for these intermediate
erythroid differentiation stages, we generated samples with
heterogeneous cell populations and tested for internalization of
the conjugate in these cells. The results show that the
fluorescent VP1u−NeutrAvidin specifically detects early
erythroid precursors and erythroleukemic cell in heterogeneous
cell populations like mixed cell cultures or peripheral blood
(Figure 3G and SI Figure S3).

VP1u−NeutrAvidin Delivers Oligonucleotides and
Toxic Payloads to Erythroleukemic Cells. In the native
B19V, the VP1u has the crucial function to transport the capsid
with the viral genome into the target cell. We wondered
whether the VP1u−NeutrAvidin conjugate also features the
capacity for DNA delivery. To address this question, we
attached a biotinylated 140 bp PCR fragment (Figure 3A),
amplified from the B19 viral genome, to the VP1u−
NeutrAvidin and incubated this complex with UT7/Epo cells
at 37 °C. After washes and trypsinization, the internalized DNA
cargo was quantified by qPCR (Figure 3B). The observed
kinetics indicate a rapid DNA uptake of more than 100 copies/
cell and minute by the ΔC126-NeutrAvidin complex, but not
by the dysfunctional ΔN30/ΔC126-NeutrAvidin. Furthermore,
the inhibition of the DNA internalization by excess of ΔC126
VP1u confirmed that the uptake was mediated by the specific
VP1u-targeting function (Figure 3C). As expected, the
functional ΔC126-NeutrAvidin complex strongly competed
with B19V internalization, indicating a common uptake
mechanism (Figure 3D).
Since erythroleukemias have proliferating cancer cells in the

early and intermediate erythroid differentiation stages, we
sought to use the VP1u−NeutrAvidin to specifically deliver
toxins to these cells. To this end, we chose BSA as an adaptor
carrier-molecule and used its 35 surface lysines25 for Click
Chemistry attachment of a single PEG-linked biotin and 20−30
lysosome-cleavable valine-citrulline monomethyl auristatin E

Figure 3. Delivery of DNA to erythroleukemic cells. (A) A biotin-PCR
fragment (140 bp), amplified from the B19V genome, was coupled to
VP1u−NeutrAvidin and incubated with UT7/Epo cells at 37 °C. The
internalized DNA was extracted and detected by qPCR. (B)
Quantitative uptake kinetics of ΔC126-NeutrAvidin-DNA and
ΔN30/ΔC126-NeutrAvidin-DNA. (C) Quantification of ΔC126-
NeutrAvidin-DNA uptake competed with excess of free VP1u variants
(gray). Background of noninternalized complexes (4 °C) after
treatment with trypsin or DNase I (blue). For all, n = 4. (D)
Quantification of native B19V uptake in the presence of VP1u−
NeutrAvidin (n = 4). Values were normalized to unhindered
internalization (dark red).
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(VcMMAE) toxins26 (Figure 4A and SI Figure S4). This toxic
biotin-BSA was docked to VP1u−NeutrAvidin and applied to

erythroleukemic KU812Ep6 cell cultures. Cell morphology as
viability were monitored over a period of 5 days. After 2−3 h,
the endocytosed VcMMAE toxin led to cell morphological
changes typical of microtubule depolymerization. Toxic VP1u−
NeutrAvidin-induced apoptosis and abnormal cell shapes were
visible within 24 h postaddition, leading to low cell viability
after 5 days (Figure 4B). In contrast, the background toxicity of
the BSA-toxin without VP1u−NeutrAvidin was more than 30
times lower on KU812Ep6 cells. Targeted toxin delivery by the
VP1u−NeutrAvidin was also observed on UT7/Epo cells
(Figure 4D and SI Figure S6), correlating with the specificity
for these erythroleukemic cells (Figure 2). Notably, the low
targeting of K562 cells by the VP1u−NeutrAvidin did not lead
to a significant decrease of the cell viability compared to the
background toxicity.
The toxic monomethyl Auristatin E (MMAE) is released in

the targeted cells by late endosomal and lysosomal cathepsin B,
which specifically cleaves the valine-citrulline (Vc) dipeptide in
the linker. The incubation of the biotin-BSA-fluorescein +
VP1u−NeutrAvidin with different cell types for 90 min
confirmed the accumulation of the complex in late endosomal
and lysosomal compartments and exclusively in erythroleuke-
mic cells (SI Figure S5). Correspondingly, the incubation of
mixed cell populations with toxic VP1u−NeutrAvidin for 24 h
specifically killed erythroleukemic cells without significant
influence on other cells types (Figure 4C).
Importantly, the used maleimide-sulfhydryl Click Chemistry

for the toxic VcMMAE attachment does not exhibit long-term

stability in cell culture medium due to sulfhydryl exchange with
medium components.27 To minimize such nonendosomal
release of VcMMAE and thus unspecific toxicity, we exchanged
the culture medium 24 h post-addition.

■ DISCUSSION
Tissue-specific cell targeting is an important method in
diagnostics and therapeutic applications. The targeting is
typically performed by antibodies or receptor ligands, but
viruses can also be used, especially for targeted gene and drug
delivery. Despite extensive research, cells from intermediate
erythroid differentiation stages such as proerythroblasts cannot
be identified with a single cell-surface marker. The specific
targeting of these cells would facilitate hematological
diagnostics and would also enable the direct therapy of
erythroid disorders like thalassemias or erythroleukemia. Here
we report a viral-based targeting system that specifically detects
cells around the proerythroblast stage and that can deliver cargo
to these cells.
To generate this viral-based delivery system, we conjugated

the VP1u of parvovirus B19 as a cell-specific viral targeting
module to NeutrAvidin as a loading platform for biotinylated
cargo. The advantage of NeutrAvidin as an adaptor platform
increased the diversity for possible cargo molecules, since
biotinylated compounds and biotinylation techniques are
broadly available. Furthermore, the efficient and stable
conjugation of a cargo to the cell-entering carrier is a critical
step for the construction of a delivery system. For this purpose,
the NeutrAvidin−biotin coupling represents a simple, versatile,
and reliable approach, which can be performed within a wide
range of temperature and buffers. Parvovirus B19 contains three
VP1u per capsid28 and thus might induce an efficient cellular
uptake by a multivalent interaction. To mimic this viral
property, we coupled multiple VP1u to one delivery platform,
achieving about 5−6 VP1u per NeutrAvidin tetramer (SI Figure
S1). In this context, the use of the same multivalent delivery
system for the different cargos ensured similar uptake efficiency
for each approach and thus enhanced the reliability of the
overall method.
Using a biotinylated fluorescent dye as a reporter molecule,

we demonstrated the specificity of the VP1u−NeutrAvidin for
EPO-dependent erythroid differentiation stages around the
proerythroblastic/early basophilic stage (Figure 2 and SI Figure
S2). This restricted targeting profile coincides with that of the
native B19 virus,12,14 showing the fluorescent VP1u−
NeutrAvidin as a reliable marker for B19V susceptible cells.
These findings also indicate the VP1u-mediated uptake as a
major determinant of the restricted B19 viral tropism. The
previously proposed receptor globoside15 and coreceptors α5β1
integrin17 and Ku8018 might be involved in certain binding
steps of the virus, but their broad expression pattern cannot
explain the highly restricted cellular uptake and narrow tropism
of B19V. The discrepancy between receptor expression and
actual B19V internalization has often led to confusion regarding
which cell types are susceptible to B19V. In this context, the
fluorescent VP1u−NeutrAvidin is a specific marker that will
help to clarify which cells allow internalization of the native
virus. The definition of the susceptible cell types is essential to
understand the pathogenesis of B19V infection and its
associated disorders.
In addition to the VP1u-mediated internalization, an

antibody-dependent uptake of B19V into endothelial cells has
been reported.29,30 Importantly, this antibody-dependent entry

Figure 4. Delivery of toxic payloads to erythroleukemic cells. (A)
Biotinylated and toxin-loaded BSA was coupled to VP1u−NeutrAvidin
(VP1u-NA) and incubated with different cell lines. (B) Quantified cell
viability of erythroid KU812Ep6 cells 5 days after incubation with
different concentrations of the toxic VP1u−NeutrAvidin (n = 3). (C)
Representative pictures of the selective elimination of KU812Ep6 cells
cocultured with HeLa cells by the toxic VP1u−NeutrAvidin (1 nM
coupled VcMMAE, 5 days): GAPDH immunostained and shown in
magenta, ΔC126-NeutrAvidin-AlexaFluor 488 was added as marker
for KU812Ep6 cells (green). (D) The calculated increase of the cell
toxicity (IC50) mediated by specific VP1u−NeutrAvidin toxin delivery.
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represents a late viremic phase phenomenon and furthermore
does not lead to a productive viral replication. Nevertheless, the
binding and internalization of these immune complexes on the
endothelial tissues and immune cells can explain inflammatory
manifestations during B19V infection.29,30

The unique targeting profile of the VP1u raises the intriguing
possibility of a yet unknown cellular receptor exclusively
expressed during the intermediate erythroid differentiation and
which is not found on other tissues and tested cell
types.3,4,8,9,31,32 It will be important to identify this structure
and to elucidate its physiological role in erythropoiesis.
To date, the identification and isolation of intermediate

erythroid differentiated cells from other tissues and other
differentiation stages have been difficult, since the currently
used markers are not lineage-specific (CD71, CD36, CD38,
CD45, CD105, EPOR) or are broadly expressed during the
erythroid development (glycophorin A).3,4,8,9,31−33 Therefore,
the combination of several markers is necessary to identify
these erythroid differentiation stages, which is rather complex
and laborious. In contrast, the fluorescent VP1u−NeutrAvidin
appeared as a unique marker for intermediate erythroid
differentiation stages (Figure 2) and specifically detected early
erythroid precursors or erythroleukemic cells in heterogeneous
cell populations from different tissues (Figure 3G and SI Figure
S3). This result shows the potential of the fluorescent VP1u−
NeutrAvidin as a marker in hematological research and
diagnostics. As a specific example, diverse hematological
disorders like leukemia, thalassemia, or the myelodysplastic
syndrome are typically associated with the presence of
erythroblasts outside the bone marrow.3,34 The fluorescent
VP1u−NeutrAvidin can specifically detect early erythroid
precursors in the peripheral blood (SI Figure S3) and can
therefore be used as a sensitive marker for the early
identification of such hematological disorders.
Many erythroid disorders are caused by genetic defects

resulting in aberrant or incorrect expression of erythroid
proteins. A gene therapy approach of these disorders would
require a gene or antisense delivery before or during the protein
expression. Erythroid-specific proteins are typically expressed
during the intermediate and terminal erythroid differentiation
stages; however, a specific targeting and delivery to these cells is
currently not feasible. As a representative example, a significant
proportion of thalassemias is caused by splicing errors of the
globin pre-mRNA. As previously shown, the delivery of
antisense oligonucleotides into globin expressing cells can
restore this aberrant splicing.35,36 Our results show that the
VP1u−NeutrAvidin delivers short DNA fragments specifically
into intermediate erythroid differentiations stages, in which the
expression and accumulation of erythroid specific proteins
begins. This selective targeting and delivery of nucleic acids
provides a novel approach for erythroid specific gene therapies.
Acute erythroleukemia is a rare disorder associated with a

poor prognosis. The treatment of erythroleukemia is
compromised due to the systemic distribution and resistance
of the malignant cells to chemotherapeutics.5,37 Therefore, the
successful elimination of erythroleukemic cells by a cytotoxin
requires a ’magic bullet’ strategy, an efficient and specific
targeting of the toxin to cancer cells, preventing harmful effects
to the surrounding healthy tissue.38 Since erythroleukemias
have proliferating cancer cells in the early and intermediate
erythroid differentiation stages, we sought to use the VP1u−
NeutrAvidin to deliver toxins to these cells. The results showed
that the VP1u−NeutrAvidin targeted toxin specifically to

malignant erythroid precursors and thus selectively eliminated
these cells from a mixed cell culture (Figure 4C). In conclusion,
the VP1u-mediated toxin delivery represents a promising
strategy to overcome the resistance of erythroleukemia to
chemotherapeutics.
Taken together, we report a viral-based delivery system that

features the B19 viral properties as a specific carrier to early
erythroid precursors around the proerythroblast stage. The
unique targeting of these intermediate erythroid differentiations
stages offers new opportunities for hematological diagnostics
and therapeutic applications.

■ MATERIALS AND METHODS
Cells. Cell lines were obtained from ATCC if not indicated

otherwise and cultured at 37 °C, 5% CO2. UT7/Epo cells were
kindly provided by E. Morita (Tohoku University School of
Medicine, Japan) and grown in RPMI 1640, 5% fetal calf serum
(FCS), 2 U/mL recombinant human erythropoietin (rhEPO).
KU812Ep6 cells were kindly provided by N. Ikeda (Fujire-bio,
Inc., Tokyo, Japan) and cultured in RPMI 1640, 5% FCS, 6 U/
mL rhEPO. Primary human fibroblasts were cultured in
provided fibroblast basal medium with fibroblast growth kit
components (ATCC). Similarly, primary HUVEC cells were
cultured in F-12K medium with endothelial cell growth
supplements. The other cell lines were cultured as follows:
K562 in IMDM 5% FCS; KG1a in IMDM 20% FCS; HepG2 in
MEM/EBSS 5% FCS; HeLa, HEK 293T, NB324 K, MRC-5,
and A549 all in DMEM 5% FCS. Culture media for cell lines
were all supplemented with penicillin/streptomycin and L-
alanyl-L-glutamine. Peripheral blood was obtained from a blood
transfusion service (BSD SRK, Bern, Switzerland). To enrich
the leukocyte fraction, we treated peripheral blood cells with
red blood cell lysis buffer (155 mM NH4Cl, 12 mM NaHCO3,
0.1 mM EDTA) and washed three times (250 g). CD34+ stem
cells (Stemcell Technologies, Grenoble, France) were expanded
in serum-free media according to a previously described one
phase protocol:22−24 Cells were cultured in αMEM medium
supplemented with 20% BIT 9500 (BSA, insulin, transferrin),
90 ng/mL ferric nitrate, 900 ng/mL ferrous sulfate, 100 ng/mL
stem cell factor (SCF), 5 ng/mL interleukin 3 (IL-3), 1 μM
hydrocortisone, and 3 U/mL rhEPO to induce differentiation
toward the erythroid lineage. Erythroid differentiation was
confirmed with the erythroid markers transferrin receptor,
glycophorin A, glycophorin C, and Wright-Giemsa stain (SI
Figure S2).

Antibodies. Mouse mAb against early endosomes (70521;
anti-EEA1), late endosomes (2733 2G11; anti-mannose 6
phosphate receptor [M6PR]), lysosomes (H4A3; anti-
LAMP1), glycophorin A (HIR2), glycophorin C (E5), and
anti-GAPDH (6C5) were obtained from Abcam (Cambridge,
MA). Human fluorescein-labeled transferrin was purchased
from Exbio (Vestec, Czech Republic).

Coupling Reagents. Maleimide-activated NeutrAvidin,
biotin-PEG12-N-hydroxysuccinimide (NHS) ester and malei-
mide-fluorescein were obtained from Thermo Scientific
(Waltham, MA). Biocytin-Alexa Fluor 488 was obtained from
Life Technologies (Carlsbad, CA). Bovine serum albumin
(BSA) and 3-(2-pyridyldithio)propionic acid NHS ester were
purchased from Sigma (St. Louis, MO). Maleimide valine-
citrulline monomethyl auristatin E (VcMMAE) was obtained
from MedChem Express (Princeton, NJ).

VP1u Cloning and Expression. Generation of recombi-
nant VP1u was performed as previously described.20 The VP1u
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sequence originally derived from the infectious clone pB19-
M20 (S. Wong, National Institutes of Health, Bethesda, MD)
and was cloned into the pT7-FLAG-MAT-Tag-2 expression
vector (Sigma). Truncations (ΔC126 and ΔN30) were
introduced by QuikChange PCR (Agilent Technologies,
Santa Clara, CA) and corresponding deletion primers as
previously described.20 Protein expression in BL21(DE3) E. coli
was induced with 1 mM isopropyl-β-D-thiogalactopyranoside
(IPTG) at an optical density (OD600) of 0.6 for 4 h and 37 °C.
Recombinant VP1u was purified twice with Ni-NTA agarose
under native conditions according to the manufacturer’s
protocol (Qiagen, Venlo, Netherlands) (SI Figure S1).
VP1u−NeutrAvidin Coupling and Purification. Sulf-

hydryl to maleimide Click Chemistry reactions were carried out
in neutral phosphate buffer saline (PBS, pH 6.5−7.5) and
under reducing conditions with tris(2-carboxyethyl)-phosphine
(TCEP). Recombinant VP1u in reducing PBS (50 mM
NaH2PO4, 150 mM NaCl, 5 mM TCEP, pH 7) was added
to maleimide-activated NeutrAvidin, resuspended in PBS (pH
7) + 10% glycerol. Cross-linking was allowed for 6 h at room
temperature and overnight at 4 °C. VP1u−NeutrAvidin
conjugates were purified twice with Ni-NTA agarose and
once with iminobiotin agarose (Thermo Scientific) to remove
unreacted components. The construct was passed through a
PBS equilibrated PD-10 desalting column (GE Healthcare,
Chalfont St. Giles, GB) to remove the elution buffer and
column remnants. Coupling efficiency and purity were
examined by SDS-PAGE (SI Figure S1).
Green Fluorescent VP1u−NeutrAvidin. To generate the

green fluorescent VP1u−NeutrAvidin, we incubated the
VP1u−NeutrAvidin complexes with a 4-fold molecular excess
of biocytin-Alexa Fluor 488 for 1 h at 4 °C in PBS + 1% BSA
(PBSA). Fluorescent complexes (3 × 1012) were then added to
cells (3 × 105) in 100 μL culture medium. Binding was
performed at 4 °C for 1 h and four subsequent washes with ice-
cold PBS (Figure 1C); internalization was carried out for 20
min at 37 °C with two subsequent washes, trypsinization, and
further two washes (Figure 1D). Fluorescent VP1u−
NeutrAvidin targeting to different cell types (Figure 2) was
examined by incubation of fluorescent complex with cells for 45
min at 37 °C and subsequent four washes without
trypsinization. Cells were fixed with ice-cold acetone/methanol
(1:1) and immunostained if required. Fluorescent signal was
detected with the Laser Scanning Microscope LSM 510 (63×
magnification objective, Carl Zeiss) and images were further
processed with BioImageXD.39

VP1u−NeutrAvidin−DNA. 5′-Biotinylated DNA fragment
(140 bp) was produced by PCR amplification from B19 viral
genome with following primers: forward biotin-5′-GGGC-
AGCCATTTTAAGTGTTT-3′ and reverse 5′-CCAGGAA-
AAAGCAGCCCAG-3′. DNA fragments (4 × 1011) were
coupled with VP1u−NeutrAvidin constructs (1011) and then
added to UT7/Epo cells (5 × 105) in 100 μL culture medium.
Standard internalization was carried out for 20 min at 37 °C
with subsequent two washes/trypsinization/two washes. DNase
I (25 units, Roche) was tested as alternative to trypsin
treatment, resulting in similar removal of noninternalized DNA
fragments as trypsinization (Figure 3C). VP1u−NeutrAvidin−
DNA uptake was competed with 400 ng (2 × 1013) free VP1u
molecules. For competition of native B19V uptake by excess
VP1u−NeutrAvidin, UT7/Epo cells were incubated with
human B19V infected plasma containing 3 × 1010 virions in
the presence of 3 × 1012 VP1u−NeutrAvidin molecules (Figure

3D). Cell-internalized DNA was extracted with the DNeasy
Blood and Tissue Kit (Qiagen) and quantified by iTaq
SybrGreen qPCR (BioRad, Hercules, CA; primers: forward
5′-GGGCAGCCATTTTAAGTGTTT-3′, reverse 5′-CCA-
GGAAAAAGCAGCCCAG-3′. A B19 virus infected plasma
sample was obtained from our donation center40 (genotype 1)
(CSL Behring AG, Charlotte, NC).

Toxic VP1u−NeutrAvidin. BSA (10 mg/mL) in PBS (pH
7.4) was incubated with a 1.1-fold molecular excess (1.1×) of
biotin-PEG12-NHS ester for 2 h at 30 °C to achieve cross-
linking of ∼1 biotin/BSA (SI Figure S4). This product was
further incubated with a 100-fold molecular excess 3-(2-
pyridyldithio)propionic acid NHS ester (4 h, 30 °C) to achieve
transformation of primary amines on BSA surface to lysine−S-
S-pyridyl groups. Coupled product was purified by size
exclusion (Zeba plates, 40 kDa MWCO; Thermo Scientific)
and disulfide bonds were subsequently reduced by TCEP (50
mM NaH2PO4, 150 mM NaCl, 5 mM TCEP, pH 7). Free
sulfhydryl groups were coupled by Click Chemistry with
maleimide−VcMMAE or maleimide−fluorescein (maleimide/
sulfhydryl ratio 5:1). Coupling was allowed for 6 h at 30 °C and
labeled BSA was then purified by size exclusion (Zeba plates, 40
kDa MWCO). Coupling efficiency was analyzed by SDS-PAGE
(SI Figure S4), indicating 20−30 attached VcMMAE or
fluorescein molecules per BSA protein (biotin1-BSA-
VcMMAE20−30 and biotin1-BSA-fluorescein20−30, respectively).
To produce toxic VP1u−NeutrAvidin, we incubated biotin1-

BSA-VcMMAE20−30 with VP1u−NeutrAvidin (ratio 2:1) in
PBSA for 1 h at room temperature. VP1u−NeutrAvidin-
toxicBSA2 complex (toxic VP1u−NeutrAvidin) was then added
at different concentrations to 5 × 103 seeded cells in a 96-well
plate. Culture medium was exchanged 24 h later to minimize
unspecific effects due to nonendosomal toxin release. Cells
were then further cultured in fresh medium and viability was
quantified after 5 days with AlamaraBlue reagent (Life
Technologies), using a fluorescence plate reader (Infinite
M1000 PRO, Tecan).

Statistics from Quantitative Methods. Values are shown
as means ± standard deviation. Replicates represent values
from independent experiments. Cell count of fluorescence-
positive erythroid cells in Figure 2B was performed by trained
personnel. Cells were rated as ’negative’ (value = 0), ’weak
positive’ (= 0.5), and ’positive’ (= 1). Plotted values indicate the
average percentage and standard deviation from three samples
(each n > 100).
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