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Biologics such as proteins, peptides, and oligonucleotides are ‘ rl:cvlll;rgr“;roti:ke‘
powerful ligands to modulate challenging drug targets that lack readily Ty iy
accessible and “ligandable” pockets. However, the limited membrane %'\ N high erythroid
. . . . . . . CPP additives precursor uptake

permeance of biologics severely restricts their intracellular applications. = - N .
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Moreover, different cell types may exhibit varying levels of impermeability, N S 3 &i g é@% »
and some delivery vehicles might be more sensitive to this variance. Erythroid -’ i J =g S0
lineage cells are especially challenging to deliver cargo to because of their = 71w Tuptoe T
unique cytoskeleton and the absence of endocytosis in mature erythrocytes. , | (single cell culture mixed cell culture
We recently employed a cell permeant miniature protein to deliver emhid_smmc CPR. CPMP. bacterial toxins
bioPROTACs to human umbilical cord blood derived erythroid progenitor ot s ey
cells (HUDEP-2) and primary hematopoietic stem (CD34") cells (Shen et al., " ¥ g
ACS Cent. Sci. 2022, 8, 1695—1703). While successful, the low efficiency of <4 e vaable nouprake
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delivery and lack of cell-type specificity limit use of bioPROTACsS in vivo. In
this work, we thoroughly evaluated the performance of various recently reported cell penetrating peptides (CPPs), CPP additives,
bacterial toxins, and contractile injection systems for their ability to deliver cargo to erythroid precursor cells. We also explored how
targeting receptors enriched on the erythroid cell surface might improve the efficiencies and specificities of these delivery vehicles.
Our results reveal that certain vehicles exhibit improved efficiencies when directed to cell surface receptors while others do not
benefit from this targeting strategy. Together, these findings advance our understanding of protein delivery to challenging cell types
and illustrate some of the intricacies of cell-surface receptor targeting.
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Genetic methods are commonly used to study novel protein-
based biologics for intracellular targets. These involve intra-
cellular gene delivery followed by the expression of biologics and
downstream functional and mechanistic studies.®® Yet, gene
delivery via viral-based transfection methods takes longer to
process the active biomolecule, may cause permanent genome

85% of the disease-causing human proteome has yet to be
targeted with traditional small molecules and is considered
“undruggable”.! This perceived “undruggability” is because
these proteins, which comprise transcription factors, non-

enzymatic proteins, and scaffolding proteins, frequently lack change, and result in immunogenicity and cytotoxicity.'”""
binding pockets for traditional inhibitors.' ~ Instead, many exert Alternatively, the delivery of proteins allows for direct
their function through interactions at large, shallow protein— investigation of protein function without permanent changes
protein interfaces or highly disordered regions. The develop- to the cell state. Moreover, it elicits a faster response than gene
ment of biologics such as protein, peptide, and oligonucleotide delivery by bypassing the need for subsequent protein
binders provides an avenue to modulate the functions of production, enabling immediate target engagement and

challenging disease-relevant targets.d'_6 While biologics are

highly specific, well-tolerated, and can target the “undruggable September 23, 2024 Blo&MED™
proteome”, their low membrane permeance limits their February 11, 2025
effectiveness against intracellular protein targets. As such, the February 11, 2025

intracellular delivery of functional biologics continues to be a February 27, 2025

major bottleneck for both basic science discoveries and the
translation of promising biologics-based drug candidates.”
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modulation with precise control over the treatment dosage.
Additionally, protein delivery allows for easy exogenous
modification of biologic cargos.'”"?

Intracellular protein delivery has been achieved with delivery
vehicle (DV) types that include nanoparticles,"*™"* viruses,®"”
and protein-based translocation agents.'*~>* While these all
have unique advantages, the encapsulation of protein molecules
into nanoparticles and viruses is not trivial and often has size and
charge restrictions.'"” On the other hand, the use of protein-
based vehicles and engineering efforts to improve permeability
of cells or permeance of cargos provide simplicity and versatility
for protein delivery. Furthermore, engineered protein DVs can
readily be synthesized or genetically encoded to deliver a range
of cargo."®

Most protein DVs provide a means to deliver protein cargos to
intracellular targets through direct penetration of the plasma
membrane or through endocytosis and subsequent endosomal
escape.” *° Their mechanisms encompass charge-induced
transport,””** permeabilization of membrane through disulfide
reactivity,” receptor-mediated endocytosis,”® and direct in-
jection through force application.”’ However, their efficiencies
in delivering cargo can vary greatly across cell types,”> most
likely due to differences in membrane lipid composition®>** and
proteins that associate with those lipids;**° this limits their use
in complex in vitro and in vivo models. For example, there are few
reports of the use of protein DVs to deliver cargo into erythroid
cell lines. Erythroid and precursor cells contain spectrin
tetramers in their cytoskeleton, which further complicates the
delivery of large molecules to their cytosol.”””® Yet, erythroid-
specific diseases such as sickle cell disease could benefit from the
delivery of functional protein cargo to diseased cells.”

A recent report from our group demonstrated the use of a cell
permeant protein-based degrader, or bioPROTAC, specific for
the transcriptional repressor BCL11A. BCL11A controls the
switch from fetal to adult-type hemoglobin in erythroid
precursor cells and is the target of recent sickle cell disease
therapies. To achieve cell permeance with the bioPROTAC, the
cell permeant miniature protein (CPMP) ZF5.3 was fused to a
nanobody-based degrader. Treatment of HUDEP-2 and CD34"
cells with the bioPROTAC resulted in depletion of up to 70% of
BCL11A." While this platform provided a modular method for
developing cell permeant bioPROTAC:s, key limitations, such as
the delivery efficiency and cell type specificity, remain. Due to
the low total uptake of the bioPROTAC, we herein compared
efficiencies of established delivery vehicles for delivering protein
cargo to developing erythrocytes by measuring total uptake; it
should be noted that this study does not distinguish cytosolic
delivery from delivery to other cellular compartments. We
additionally investigated whether the uptake efliciency and
specificity of the vehicles could be improved with the addition of
a cell surface targeting moiety. In this report, we used both
confocal microscopy and flow cytometry to compare and
quantify the total uptake between vehicles. It is important to
note that while our work focuses on total cellular uptake and
only uses colocalization in confocal microscopy images to
qualitatively distinguish cellular compartments (such as endo-
somes and cytosol), other techniques such as fluorescence
correlation spectroscopy and split luciferase endosomal escape
quantification (SLEEQ) can better estimate the amount of
protein in the cytosol. We additionally investigated whether the
uptake efficiency and specificity of the vehicles could be
improved with the addition of a cell surface targeting moiety. By
employing the nanobody IH4, which binds to the erythroid
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lineage-specific receptor glycophorin A (GYPA)*'™* with

nanomolar range equilibrium dissociation constant (Ky),™ we
observed that certain DVs had significant improvement in
uptake efficiencies while others had unchanged or decreased
efficiencies. We also investigated the ability of IH4 to provide
specificity for cargo delivery to GYPA expressing cells in mixed
cell populations and observed a striking accumulation of cargo in
GYPA expressing cells. Together, our findings revealed that the
DVs exhibit different responses to the presence of targeting
moieties and highlight that in addition to considerations
regarding the cargo, cell type and targeting moieties should be
considered when selecting DV for intracellular protein delivery.

All gene blocks (Table S1) were obtained from Azenta Life Sciences.
The DNA encoding mNeonGreen with a C-terminal hexa-histidine (6
X His) tag was obtained from the Phillip Kyriakakis Group at Stanford
University and was modified from Addgene #182413. Primers (Table
S2) were obtained from Integrated DNA Technologies. KOD hot start
polymerase (Novagen #71316) was used for PCR reactions, while
NEBuilder HiFi DNA Assembly (New England Biolabs, #E2621) was
used for plasmid fusions. Ndel (New England Biolabs #R0111) and
Xhol (New England Biolabs #R0146) were used to digest plasmids.
Primary sequences of all constructs can be found in Table S2 and
primers in Table S3.

IH4. The sequence for the IH4 nanobody was codon-optimized for
expression in Escherichia coli and cloned into a linearized pET-20b
vector using the Ndel and Xhol sites.

mNG-IH4 and IH4-mNG. The sequence of mNeonGreen was
amplified from pRSFDuet-mNeonGreen using primers and cloned into
a linearized pET-20b-IH4 vector using HiFi.

ZF5.3-mNG. The plasmid encoding ZF5.3 was gifted from the
Alanna Schepartz Group at the University of California, Berkeley. The
sequence of ZF5.3 was codon-optimized for expression in E. coli and
cloned into a linearized pet32a vector with a C-terminal 6 X His tag; the
sequence of mNeonGreen was amplified from pRSFDuet-mNeon-
Green using primers reported in Table S3.

ZF5.3-mNG-IH4. The sequence of IH4 was amplified from pet20b-
TH4 and cloned into a linearized pet32a-ZF5.3-mNeonGreen vector
with a C-terminal 6X His tag.

ESTAT-mNG. The sequence of ESTAT was codon-optimized for
expression in E. coli and cloned into a linearized pet32a-mNeonGreen
vector with a C-terminal 6X His tag.

ES5TAT-mNG-IH4. The sequence of IH4 was amplified from pet20b-
TH4 and cloned into a linearized pet32a-ESTAT-mNeonGreen vector
with a C-terminal 6X His tag.

mNG-BoNT-IH4 and mNG-BoNT. The sequence of inactivated
BoNT was codon-optimized for expression in E. coli and cloned into the
pet20b-mNG-IH4 or pet20b-mNG vector. Following this, mNG-
BoNT-IH4 and mNG-BoNT were amplified from pet20b-mNG-
BoNT-IH4 and cloned into pGEX-KG backbone vector (gifted from
the Alice Ting Group at Stanford University) with a N-terminal GST
tag and TEV cleavage site.

pPAWP78-PVCpnf_pvc13-Ad5 Knob and PVC_pvc13-l1H4. The
pAWP78-PVCpnf pvcl3-AdSKnob (Addgene #198289) and
pBR322-PVCpnfl17—22 (Addgene #198272) were ordered from
Addgene. The sequence for the 6XGSSG-IH4—2XGSSG insert was
codon-optimized for expression in E. coli and cloned into linearized
pAWP78-PVCpnf_pvcl3 using the primers reported in Table S3.

2 uL of each plasmid (concentration >20 ng/uL) was transformed into
BL21 (DE3) cells, except for Photorhabdus virulence cassette (PVC)
constructs for which 50—100 ng were electroporated into EPI300
electrocompetent cells (Lucigen #EC300110). BL21 (DE3) cells were
incubated on ice for 15 min, and cells were heat shocked at 42 °C for 45
s and placed on ice for 2 min. The cells were recovered with the addition
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of 900 uL of Luria Broth (LB) media for 30 min at 37 °C while shaking
at 200 rpm. Cells were centrifuged for 3 min at 2500 X g and
resuspended in 100 pL of media before plated to LB-agar plates
supplemented with either ampicillin (100 pg/mL), kanamycin (100
ug/mL), or Kan/Amp plates (100 pg/mL each) and incubated at 37 °C
overnight.

General His-Tag Protein Purification. Vectors encoding the
genes of 6X His tagged proteins were used to transform E. coli BL21
(DE3) competent cells. Individual colonies were selected and used to
inoculate SO mL of LB medium supplemented with Amp or Kan (100
ug/mL). The primary culture was grown overnight and then used to
inoculate 6 L of LB media supplemented with Amp or Kan and allowed
to grow at 37 °C while being shaken at 200 rpm. When the O.D .4 ym
reached 0.6—0.8, the temperature was changed to 18 °C and 0.5 mM
(for mNG, TH4-mNG, mNG-IH4) or 0.7S mM (for ZF5.3-mNG,
ZF5.3-mNG-1H4) of isopropyl f-p-1-thiogalactopyranoside (IPTG)
was added. The cells were cultured overnight and harvested by
centrifugation at 6000 X g for 30 min at 4 °C. After that, cells were
resuspended in buffer containing 50 mM Tris-HCI at pH 8.0, 500 mM
NaCl, and 1 mM PMSF and lysed via microfluidization. For ZF5.3 and
ESTAT constructs, buffers were the same but with the addition of §
mM 2-mercaptoethanol and 100 yM ZnSO, to stabilize ZFS.3
constructs. The lysate was then clarified by centrifuging at 15,000 X g
for 30 min at 4 °C. The protein was purified via Ni-NTA affinity
chromatography (HiTrap IMAC FF, Cytiva no. 17092104) by washing
with lysis buffer supplemented with 10 mM imidazole to remove weakly
bound proteins and eluted with lysis buffer containing 300 mM
imidazole. The eluate was concentrated, and buffer was exchanged to 50
mM Tris-HCI pH 8.0, 150 mM NaCl using 10 kDa MWCO spin
concentrators (Millipore #UFC9010) and applied to a size-exclusion
column (HiLoad 16/600 Superdex 200 pg, Cytiva #28989335) to
remove additional contaminants; purity was assessed through gel
electrophoresis. Pure proteins were concentrated, flash frozen in liquid
nitrogen, and stored at —80 °C for further use. For downstream cell
delivery assays, all proteins were exchanged into dPBS buffer (Gibco
#14190094) using PD-10 columns (Cytivia #17085101), and
concentrations were determined using the Pierce BCA Protein Assay
Kit (Thermo Scientific, #P123235) with a Nanodrop OneC (Thermo
Scientific) according to the manufacturer’s instruction.

mNG-BoNT, mNG-BoNT-IH4. Plasmids encoding GST-mNG-
BoNT and GST-mNG-BoNT-IH4 constructs were transformed into E.
coliBL21 (DE3) competent cells. Single colonies were used to inoculate
50 mL of LB supplemented with 100 mg/L ampicillin and grown
overnight at 37 °C and 200 rpm. The overnight seed culture was diluted
1:100 into LB-Amp and was incubated at 37 °C, 200 rpm, until the
0.D.400 nm Was 0.4—0.6. Protein production was then induced by adding
0.2 mM IPTG and the cells were grown overnight at 25 °C and 200
rpm. After that, the cells were harvested by centrifugation at 6000 X g
for 30 min at 4 °C and resuspended in buffer containing S0 mM Tris-
HC], pH 8.0, 500 mM NaCl, S mM EDTA, 1 mM DTT, and 1 mM
PMSEF. Cells were lysed via microfluidization. The lysate was clarified by
centrifuging at 15,000 X g for 30 min at 4 °C, and the cleared lysate was
added to Pierce Glutathione Agarose resin (GST, Pierce Cat #16100),
following manufacturer’s protocols. Briefly the clarified lysate was
incubated with GST resin for at least 1 h at 4 °C. After this, the resin was
washed with lysis buffer to remove weakly bound proteins. The bound
protein was eluted using lysis buffer supplemented with freshly made 1
mM DTT and 10 mM reduced glutathione. Eluted proteins were
exchanged into dPBS buffer using 100 kDa MWCO spin concentrators
(Millipore #UFC9100). Finally, mNG-BoNT-IH4 was incubated with
10U/mg of Thrombin (Sigma—Aldrich catalog no. T6634) overnight at
4 °C to cleave the GST tag. After cleavage, residual thrombin and the
cleaved GST tag were removed using 50 kDa MWCO spin
concentrators (Millipore #UFC9050).

pPAWP78-PVCpnf with pvc13-Ad5Knob or PVC_pvc13-IH4.
For each PVC condition, one variant each of pPVC (pvcl3-Ad5SKnob
or PVC_pvcl3-IH4) and payload (pPAWP78-PVCpnf) were electro-
porated into EPI300 cells, and PVC particles were purified using a
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modified version of a method reported previously.”" Briefly, colonies
were inoculated into 2 mL of Terrific Broth (US Biological T2810) and
shaken at 37 °C for 16 h before being inoculated (at 1:1,000) into 500
mL of TB and shaken at 30 °C for an additional 24 h. Cultures were
then centrifuged for 30 min at 4,000 X g and resuspended in 28 mL of
lysis buffer (25 mM Tris-HCl pH 7.5, 140 mM NaCl, 3 mM KCl, S mM
MgCl,, 200 pug/mL lysozyme, 50 ug/mL DNase I, 0.5% Triton X-100,
and protease inhibitor cocktail (Bimake, #B14002)); the cells were
subsequently shaken at 37 °C for 90—120 min to promote lysis. Lysates
were pelleted at 4,000 X g for 30 min at 4 °C to remove bulk cell lysate.
The supernatant was then extracted and centrifuged in an ultra-
centrifuge at 120,000 X g for 1.5 h at 4 °C to pellet PVC protein
complexes. Pellets were resuspended in 1 mL of PBS buffer (Life
Technologies 10010049) and centrifuged at 16,000 X g for 15 min at 4
°C to remove residual solids. Supernatants were diluted with 28 mL of
cold PBS buffer, ultracentrifuged again (120,000 X g for 2 h followed by
a clarification spin at 16,000 X g for 15 min) twice. Final pellets were
resuspended in 50—100 uL of PBS buffer, and the PVC yield was
quantified by the absorbance at 280 nm on a NanoDrop instrument.

HUDEP-2 cells (Riken RCB4557) were obtained from the Riken
BioResource Research Center (Japan). In brief, cells were maintained
in expansion medium, which contains StemSpan serum-free expansion
medium (SFEM, Stemcell Technologies), 2% Penicillin-Streptomycin
solution (10,000 U/mL stock), S0 ng/mL recombinant human stem
cell factor (SCF, Stemcell Technologies), 3 IU/mL Epoetin alfa
(Epogen, Amgen), 0.4 ug/mL dexamethasone, and 1 pg/mL
doxycycline. Jurkat were maintained in RPMI 1640 (Gibco
#11875093) with 10% heat-inactivated fetal bovine serum (FBS,
#16140071) and 100 U/mL penicillin/streptomycin (Gibco
#15140122). Human HEK293T cells (female) were purchased from
ATCC. The cells were cultured in DMEM, high glucose (Thermo
Fisher Scientific, 11965) with 10% FCS and 2 mM L-Glutamine. All
cells were cultured at 37 °C in the presence of 5% CO,. For uptake
assays, unenriched IMDM media (Cytiva no. SH30228.02) without
FBS.

Cys-R10 peptide with a 2 X PEG linker was synthesized by Biomatik.
Cys-R10 was reacted with 10 equiv of Ellman’s reagent (S5,5'-
dithiobis(2-nitrobenzoic acid), TNB), and the resulting peptide was
purified by reverse-phase HPLC, as previously reported.”® Preparative
HPLC of peptides was performed on the following gradient: A=H,0 +
0.1% TFA, B = MeCN + 0.1% TFA 5% B 0—10 min, 5—50% B 10—30
min, 50—99% 30—40 min via high-performance liquid chromatography
(HPLC) on a C18 semiprep column.

Proteins (100 M) were modified with varying molar equivalents of
Traut’s reagent (2-iminothiolane) for 1 h at room temperature. Excess
reagent was immediately removed using a desalting column (Zeba, no.
89877), and the protein was exchanged into dPBS. All other
experiments used S equiv of Traut’s reagent as described above; all
samples were freshly modified and immediately used for delivery assays.

Proteins were diluted to S or 25 yM in dPBS, treated with 1 or 3 equiv of
TNB-R10, and incubated for 30 min—1 h at room temperature. The
modified protein-peptide solutions were directly diluted to 1 or S uM
with cell media, SFEM, IMDM, or RPMI 1640 and used in cell
experiments.

100 uM mNG or IH4-mNG was reacted with either 0 or S equiv of 2-
iminothiolane as described above to make either mNG (0X) and IH4-
mNG (0X) or mNG (5X) and IH4-mNG (5X). 100 uM mNG (0x),
IH4-mNG (0X), mNG (5X), and ITH4-mNG (5X) were reacted with
either 0, 1, or 3 equiv of TNB-R10 for 1 h at room temperature. Excess
TNB-R10 was removed using a desalting column (Zeba, #89877), and
proteins were diluted to make 10 uM stock. 500 uM Ellman’s reagent

https://doi.org/10.1021/acsbiomedchemau.4c00098
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(5,5'-dithiobis(2-nitrobenzoic acid, TNB) stock solution was prepared
in dPBS. 10 M protein stock solution was mixed with 1:1 with 500 yuM
of Ellman’s reagent (5,5'-dithiobis(2-nitrobenzoic acid, TNB) stock
solution for a final concentration of 5 M protein and 250 4M TNB.
The mixture was incubated for 30 min at room temperature before the
absorbance at 412 nm was recorded on a plate reader (Tecan Spark).
The number of reactive cysteines per protein can be calculated by fitting
the absorption values into the Beer—Lambert equation: (Asamp,e -
Ayjane) = €cl, where A = Absorbance, & = molar extinction coefficient of
TNB (14,150 M~ cm™ at A;;, nm), ¢ = concentration of TNB (which
is equal to the concentration of free surface accessible cysteines of the
protein), and ! is the absorption path length. The number of accessible
cysteines per protein was calculated by dividin§ the number of moles of
cysteines by the number of moles of protein.*® The amount of TNB-
R10 decorated is estimated by comparing the number of accessible
cysteines before and after incubation of TNB-R10, with the assumption
that a decrease in accessible cysteines implies formation of covalent
bonds with free TNB-R10.

5 X 10° cells/mL of Jurkat, HUDEP-2, or 1:1 Jurkat: HUDEP-2 cells
were washed with dPBS twice and seeded into 96-well plates. Single
cells were either incubated with protein for 1 h in unenriched media
(IMDM) and then recovered without protein in full expansion medium
(RPMI, SFEM) at 37 °C for an additional 1 h (Figures 2, 3, and S) or
incubated with protein for 2 h in full expansion medium 1:1
RPMI:SFEM at 37 °C (Figures 4, 6). Mixed cells were incubated
with protein for 2 h in full expansion medium 1:1 RPMI:SFEM at 37 °C
(Figure 7). Cells were collected by centrifugation (300 X g for S min),
washed 3X with 500 uL of PBS buffer, and prepared for downstream
analysis. Control samples were cells treated with unmodified mNG with
no DV appended. The impact on viability was assessed upon delivery of
the highest dosage used in the delivery assays (8 pM for samples
without IH4 and S M for samples containing IH4). Briefly, cells were
incubated at 500,000/mL with constructs for 1 h in unenriched media
at 37 °C. Cells were then revived for 24 h, after which their viability was
assessed using CellTiter-Glo 2.0 assay kit (Promega, #G9241).

Cells were treated as described above (see section on Cellular uptake
assay and viability studies) with a final concentration of either 1, S, or 8
UM protein in the media and were subsequently washed with dPBS 3
times. The cells were first incubated with 1 yzg/mL of DAPI in dPBS for
10 min at 37 °C, 5% CO, to label dead cells. Cells were spun down and
resuspended in staining solution with CellMask (1 M for 1 h, Thermo
Scientific, #C10045) and SPY650-DNA (1 uM for 1 h, Cytoskeleton,
#CY-SCS0) at 37 °C, 5% CO,. Cells were spun down, resuspended in
150 uL of HBSS (Gibco, #14170112), and then seeded into 8-well
chambered cover glass coated with polylysine (Fisher Scientific,
#80824). For the mixed cell experiments, cells were treated similarly
except stained with 1:50 dilution of CD36-APC (BD Bioscience,
#550956) antibody instead of SPYDNA.

Spinning Disc Confocal and DIC Microscopy. Imaging was
performed on a Nikon Eclipse Ti2 microscope equipped with Perfect
Focus, an Okolab stage-top incubator, a Crest X-light V3 spinning disc
scanhead, a Kinetix sSCMOS camera, a Plan Apo 60X oil 1.4 NA DIC
Nikon objective lens, and the appropriate DIC prisms in place.
Ilumination was provided on the Crest V3 by a 7-line solid-state
Celesta Laser Unit, | W per channel (405 nm; 44S nm; 488 nm; 515
nm; 561 nm; 640 nm; and 730 nm power measurement is at the fiber
output). DIC illumination was provided by an LED. Microscopes were
equipped with the Nikon motorized stage with xy linear encoders and a
closed-loop Z-axis Piezo nanopositioning system with 200 ym travel.
Laser confocal or DIC illumination was selected with electronic
shutters and an automated filter turret containing a multibandpass
dichromatic mirror together with an electronic emission filterwheel.
Microscope functions were controlled with NIS-Elements software
(Nikon).
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Stained cells on an 8-well chambered cover glass were placed on a
prewarmed (37 °C) microscope stage. Sample temperature, humidity,
and CO, levels were controlled with the Okolab stage top incubator. In
each well, 2 to 3 random fields containing multiple cells were selected as
central positions of a 3 X 3 tiling grid which was imaged with a 5%
overlay and stitched using NIS element. Each position was imaged with
the following settings (Excitation wavelength (laser power, exposure
time): 405 nm (10%, 200 ms); 561 nm (1%, 250 ms); 488 nm (10%,
500 ms); 640 nm (3%, SO0 ms). For the mixed cell samples, images
were acquired at the cell-coverslip interface (to focus on Jurkat cells)
and 1-3 um above (to focus on HUDEP-2 cells).

Quantification of Confocal Images of Cellular Uptake. Images
were processed with a home-built plugin that is compatible with image]
plugins. The plugin created a cell mask based on the 561 nm channel
(CellMask dye), a DNA mask based on the 640 nm channel (SPY650-
DNA dye), and a dead cell mask based on the 405 nm channel (DAPI).
It then extracted features with respect to each mask, such as cell area and
mean fluorescence for channels of interest. The second customized
python code calculated the background-corrected mean cell
fluorescence of protein within each cell by first subtracting the cell-
size adjusted background fluorescence from the cells’ total fluorescence
and dividing it by total cell area. The code then checked to ensure that
each cell was positive for SPY650-DNA (contains a nucleus) but
negative for DAPI (is not dead). Cells that did not meet either criterion
were excluded (Figure S15). For Figures 4 and 7, this exclusionary
processing only checked for and removed cells that were DAPI positive
(dead cells), as cells were not treated with SPY650-DNA. CD36-APC
(fluorescent for HUDEP-2 cells only) was used to identify cells under
mixed cell conditions. Cells were clustered by using a Gaussian Mixture
Model based on the 640 nm channel.

Cells were treated as described above (see section on Cellular uptake
assay and viability studies) with final concentration shown in results and
figure, except that cells were immediately analyzed after treatment,
without an additional recovery period. Following treatment, cells were
washed three times with dPBS. To eliminate uninternalized
recombinant proteins and aggregates from the cell membrane, cells
were incubated with 0.05% trypsin at 37 °C for 7 min. Trypsin digest
was inactivated by adding $X media + 10% FBS. Samples with a single
cell type were centrifuged (300 X g for S min) and resuspended in dPBS
for immediate analysis. Samples from the mixed cell populations were
incubated for an additional 1 h at 4 °C with CD36 APC (BD
Bioscience, #550956) and/or CD3-PECy7(BD Bioscience, #563423)
antibodies at 1:50 and 1:62.5 volume dilutions, respectively. Cells were
washed again twice with dPBS, and § X 10* or 1 X 10° cells were
analyzed. To determine GPA expression of various cell types, 1 X 10°
cells were washed with dPBS, incubated with a 1:100 dilution of
CD2352-APC (BD Bioscience, #551336) for 1 h at 4 °C, washed twice
with PBS, and analyzed. Cells were analyzed using a SONY Cell Sorter
SH800S or BD AccuriTM C6 Plus.

PVC designs employed either the target-binding domain from human
adenovirus 5 (producing Pvcl3—AdSknob) or IH4 nanobody
(producing Pvcl3—IH4) appended within accessory gene Pvcl3
(replacing amino acids 403—476).>' PVC and native toxin were
copurified to make toxin-loaded PVCs. HUDEP-2, Jurkat, and HEK-
293T cells were incubated with either dPBS, PVC-AdSknob, or PVC-
IH4 at 150 ng/uL for 24 h. Cell viability was assessed using the
CellTiter-Glo 2.0 assay kit and presented as cytotoxicity normalized to
control samples.

Microscopy pictures were processed with Image] including the FIJI
package. Graphing and statistics determination were performed using
Graphpad Prism 8. Flow cytometry data was processed and analyzed
using FlowJo software (version 10.7.1; Tree Star, Inc., Ashland, OR,
USA).
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Figure 1. Schematic description of proteins used in this study. (a) Classes of protein DVs include CPMP (ZFS.3), CPP (ESTAT), CPP additive
(TNB-R10), and bacterial toxins (PVC and BoNT). (b) Cargo proteins delivered by the DVs and (c) description of a modification to the cargo to

improve TNB-R10 conjugation.

All data reported were mean + SEM. Statistical analysis represents p
values obtained from one-way ANOVA or two-way ANOVA; ns, not
significant; ***¥p < 00001, ***p < 0.0002, **p < 0.0021, *p < 0.03.

To investigate protein uptake in erythroid lineage cells, we
tested several protein DVs that have been reported to
successfully deliver functional proteins to the cztosol of the
cells. Our vehicles included ZFS.3,>”*” ESTAT,*"*® and 5-thio-
2-nitrobenzoic acid (TNB)-R10™ (Figure la). ZF5.3 is a
rationally engineered CPMP that leverages the specific
dispersion of char§e across the protein surface to deliver cargo
via endocytosis."”"” The unstructured cell penetrating peptide
(CPP) ESTAT is an amphipathic peptide that combines TAT
(derived from HIV TAT protein) and ES, a pH-sensitive peptide
derived from the influenza hemeagglutinin N-terminal peptide
HA2. Due to its pH-dependent membrane binding and
disruption ESTAT has been reported to show improved
cytosolic delivery when compared to TAT.**** Also included
in the study is TNB-R10, a thiol-reactive CPP in which Cys-R10
peptide is conjugated to a reactive S-thio-2-nitrobenzoic acid at
the free cysteine. Thiol-reactive CPP additives like TNB-R10
leverage abundance in thiol on the cell surface to create
nucleation zones for direct cellular penetrance.*’

To assess each vehicle, we used mNeonGreen (mNG) as a
model cargo (Figure 1b). mNG is a 26.6 kDa membrane
impermeant green fluorescent protein that permits tracking of
intracellular uptake using both confocal microscopy and flow
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cytometry. ZFS.3 and ESTAT were both appended to the N-
terminus of mNG to make ZF5.3-mNG and ESTAT-mNG
(Figure S1) while TNB-R10 (Figure S2) was incubated with
mNG cargo and S-thio-2-nitrobenzoic acid, which forms a
covalent bond with accessible cysteines on mNG (Figures 1c,
S1). Additionally, we investigated the benefit of molar excess
TNBR-10 by comparing mNG-1X TNB-R10 and mNG-3X
TNB-R10. To improve surface decoration of protein cargo with
TNB-R10, cargo was reacted with excess equivalents of 2-
iminothiolane to convert surface lysines to amidine moieties
with sulfhydryl groups (Figures 1c, S3). While other methods
have used TNB-R10 in excess (20 equiv or more), " the cell lines
used in this study showed sensitivity to large amounts of TNB-
R10 and 2-iminothiolane (Figure S4). Quantification of
accessible cysteines in the cargo showed that overall, low levels
of free sulfydryls are available, even following modification with
2-iminothiolane. However, similar levels of TNB-R10 deco-
ration were observed in both mNG-1X TNB-R10 and mNG-
3X TNB-R10 conditions (Figure S3), as evidenced by the
similar levels of sulthydryls detected after incubation with the
additive. This therefore suggests that the 3X TNB-R10
condition has unbound TNB-R10 that may function as an
additive.

We also investigated bacterial toxin vehicles where a receptor
targeting moiety is necessary for cargo delivery. Botulinum
neurotoxin (BoNT)*° and Photorhabdus virulence cassette
extracellular contractile injection systems (PVC)”" have recently
been used for receptor-mediated delivery of active proteins
(Figure 1a). Finally, these vehicles were tested side-by-side in
erythroid precursors (represented by HUDEP-2 cells) and T-
cells (represented by Jurkat cells). Because the two are relevant
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Figure 2. Representative confocal microscopy images taken on a spinning disc confocal and DIC microscope of live a) HUDEP-2 and c) Jurkat cells
treated with 8 uM of ZF5.3-mNG, mNG-1 X TNB-R10, nNG-3X TNB-R10, or ESTAT-mNG for 1 h, recovered for an additional 1 h. Protein is first
shown in gray and then shown in cyan overlapped with cell mask (red). Quantification of mean fluorescence intensity (total fluorescence intensity was
background corrected and normalized to cell area) from confocal images of HUDEP-2 (b) and Jurkat cells (d). Median fluorescence intensity from (b)
and (d) are represented with black bars and descriptive statistics are shown for each condition. n represents the number of cells quantified per
condition. P-values were determined by one-way analysis of variance (ANOVA) followed by Kruskal—Wallis and Mann—Whitney tests and compared

to mNG only treatment. Scale bar = 20 ym.

model systems, a comparison of their uptake efficiencies can
reveal whether the vehicles have any inherent cell-type
differences.

Each of these vehicles has been shown in previous reports to
have robust cytosolic delivery. This work focused on using
quantitative live confocal microscopy and flow cytometry
methods to (i) determine and compare overall uptake of
protein cargo into developing erythrocytes and T-cells models
and (ii) investigate the amenability of each DV to protein
engineering methods that improve their selectivity and potency.
These two orthogonal techniques allow for the probing of
multiple aspects of uptake. Our live cell confocal techniques
provide high-resolution images that can determine cargo
localization within a cell and reveal uptake variability within a
population of living cells. This is supplemented with flow
cytometry, which allows a high-throughput analysis of cell
populations to determine the impact of cargo concentration and
treatment conditions.

To evaluate protein delivery in live cells, we performed high-
resolution live confocal imaging using spinning disk confocal
microscopy. Because many protein-based delivery vehicles are
operant at M concentrations,"”"” HUDEP-2 and Jurkat cells
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were treated with 8 uM of unmodified mNG only (control) or
mNG-DV for 1 h in unenriched media (media without any
supplements). The cells were then stained with CellMask to
visualize the plasma membrane, SPY650-DNA to visualize the
nuclear DNA, and DAPI to label the DNA of the dead cells.
Visualization of the confocal images of more than 1000
HUDEP-2 and Jurkat cells showed that the intracellular signal
of mNG increases in all cells treated with protein fused or
conjugated to the DVs.* Cells treated with ZF5.3-mNG and
ESTAT-mNG showed strong, puncti signals while those treated
with mNG-1X TNB-R10 and mNG-3X TNB-R10 displayed
more diffused fluorescence (Figure 2a,c). Both ZF5.3-mNG and
ESTAT-mNG displayed overlap of mNG signal with that of
lysotracker-RED, suggesting that the cargo remained entrapped
in the late endosomes or lysosomes at the time of imaging
(Figure S7). Because our goal was to understand cell uptake, we
did not pursue additional investigation of this observation.”**
To quantify the variability in delivery efficiency as a function of
the delivery vehicle, we developed a python-based automatic
image analysis pipeline that uses the CellMask signal (plasma
membrane) to segment single cells and calculate the mean
background-subtracted mNG fluorescence signal in thousands
of single HUDEP-2 and Jurkat cells, one at a time (Figure 2b,d).
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The quantification of confocal images allows us to examine
the total uptake as well as variability in delivery efficiency at the
population level. A striking result is the heterogeneity of uptake
observed between cell types and delivery vehicles (Figure 2). We
found that in both cell types, vehicles ZF5.3-mNG and ESTAT-
mNG display S—66X greater heterogeneity in mNG signal (as
defined by standard deviation of the distribution of mean
fluorescence intensity of mNG) than with vehicles mNG-3x
TNB-R10 and mNG-1X TNB-R10. When comparing cell
types, we observed that Jurkat cells showed 2—16X greater
heterogeneity in the mNG signal across all vehicles when
compared to HUDEP-2 cells but particularly with ZFS5.3-mNG
and ESTAT-mNG. This indicates that uptake with ZFS5.3-mNG
and ESTAT-mNG is more variable within a given cell
population but also more variable when comparing the two
cell types. Due to the heterogeneity in uptake/delivery efficiency
between vehicles, we used the median of the distributions of
mNG fluorescence signal to compare the efficiency of uptake/
delivery between Jurkat and HUDEP-2 cells.

Quantification of the intracellular signal between delivery
vehicles showed that compared to control, all vehicles display
significant cargo uptake in the two cell types (Figure 2¢,d). In
these conditions, ZF5.3 is the most efficient DV with a median
fluorescent intensity that is either 2.5—5 X greater (HUDEP-2)
or 2.5-3X greater (Jurkat) than is observed with the other
vehicles. Interestingly, despite the low fluorescence signal
visualized by eye in cells treated with mNG-1X TNB-R10 and
mNG-3X TNB-R10 (Figure 2a,c), quantitative analysis
revealed significant uptake when compared to the mNG-only
cells (Figure 2b,d). This can be rationalized by the diffuse nature
of the fluorescence across the full cells rather than the
concentration of the signal in a compartment. The quantification
also showed slightly more uptake (1.3—1.4 X) with mNG-3X
TNB-R10 than mNG-1X TNB-R10. Given that the quantifi-
cation of free cysteines suggests equivalent TNB-R10 labeling of
the proteins, the slightly higher uptake of mNG-3X TNB-R10
might be a consequence of excess TNB-R10 acting as an additive
(Figure 2b,d).

To further define the delivery efficiencies across delivery
vehicles and to compare uptake efficiencies between cell types,
we used flow cytometry to measure the dose response of mNG
uptake (Figures 3a, S6). While high-resolution confocal
microscopy allows us to access subcellular localization of
proteins, it can only assess a limited number of cells; flow
cytometry allows analysis of many more cells at the same time
and can allow rapid testing of a variety of conditions. For these
experiments, cells were treated with protein concentrations that
ranged from 0.1 to 8 #M for 1 h and washed immediately before
measurement. This range of concentrations permits a
determination of the minimum concentration at which each
DV mediates the cargo uptake. To ensure only intracellular
protein signal was detected, cells were incubated for 7 min with
0.05% trypsin to digest nonspecific surface-bound mNG-vehicle
or aggregates. To draw comparisons across doses, cell types, and
vehicles, values are reported as the fold change of median
fluorescence intensity (MFI) of treated versus untreated cells
(control). Consistent with our confocal microscopy-based
analysis, all vehicles showed significant uptake (defined here as
at least 1.5X increase in the MFI compared to control),
indicating they are sufficient for cargo delivery into HUDEP-2
and Jurkat cells. Some vehicles, such as ZFS5.3-mNG and
ESTAT-mNG, mediated significant uptake in both cell types at
0.4 yM while mNG-1X TNB-R10 and mNG-3X TNB-R10 did
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Figure 3. Dose-dependent delivery of mNG by the different DVs.
Uptake of mNG in HUDEP-2 and Jurkat cells; cells were treated for 1 h,
washed, and incubated with trypsin to remove surface proteins and
quantified by flow cytometry. a) Repersenative histograms of each
sample. b-g) Data shown as fold change of median fluorescence
intensity (MFI) values compared to untreated cells. b,c) MFI fold
change data points were fit using a simple linear regression (Table S5).
d-g) MFI fold change shown as bar graph representation of the data
with a dashed horizontal line indicating the point of significant uptake
(MFI >1.5X, compared to untreated samples). MFI values correspond-
ing to each mNG-vehicle were compared to nontreated cells and
between cell types at each dose, and P-values were determined by two-
way analysis of variance (ANOVA) of N = 3 biological replicates.

not achieve this until 1 uM (Figure 3b-g). As observed with the
microscopy data, ZF5.3-mNG was the most efficient delivery
vehicle, as evidenced by the 2—4X higher fluorescence detected
in cells treated with this construct (Figure 3b,c). However, the
flow cytometry data revealed that ZF5.3-mNG and ESTAT-
mNG have markedly different efficiencies in the two cell types
used, with both vehicles displaying greater uptake in Jurkat cells
than in HUDEP-2 cells (Figure 3d,e). For ZF5.3-mNG, the
difference in uptake in the two cell types is significantly different
at concentrations as low as 2 yM, whereas this happens at 8 yM
for ESTAT-mNG. Finally, while the microscopy experiments
showed that mNG-3X TNB-R10 was slightly better at uptake
compared with mNG-1X TNB-R10, the flow cytometry data
(which represents a much greater population than the
microscopy experiments) revealed that the difference between
these vehicles is not statistically significant (Figure 3fg).

Because of the lower cargo uptake efficiency in HUDEP-2 cells
(Figure 3), we attempted to increase the potency of DVs by
engineering vehicles with increased affinity to the cell surface. By
appending a ligand to an erythroid-specific cell surface receptor,
we hypothesized that the ligand would increase surface binding
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of the entire construct and therefore increase local concentration
and probability of uptake. We sought receptors that were (i)
highly expressed and therefore abundant on the cell surface, (ii)
uniquely expressed on erythroid lineage, and (iii) had ligands
that could be readily appended to our existing vehicles. During
erythropoiesis, developing erythrocytes express several major
receptors.”* Notably, the transferrin receptor (CD71)
controls the import of iron into cells;" erythropoietin receptor
(EPOR) binds erythropoietin and signals the production of new
red blood cells;** and GYPA serves as antigenic marker of blood
cell types and maintains membrane integrity*>* (Figure S8). Of
these three, GYPA is abundant with an estimated ~50,000
copies/cell.”® Moreover, it is exclusively expressed on erythroid
lineage cells and is irrelevant for red blood cell maturation or
signaling, which allows it to be targeted without concern of
impacting the metabolism or proteome directly (Figure S9).
Previous work identified IH4 as a high-affinity nanobody ligand
for GYPA with a Ky of 33 nM. Because IH4 was used to target
biomolecules successfully to the erythrocyte surface,” we
suspected it would be beneficial for directing intracellular
delivery vehicles to erythroid cells.

To confirm that GYPA was indeed specific to erythroid
lineage cells, cells were incubated with anti-GYPA fluorescent
antibody, washed extensively, and then analyzed using flow
cytometry. Based on the measured fluorescence signal, the
surface expression of GYPA was determined to be 197X more in
HUDEP-2 cells than in Jurkat cells (Figure 4a). Flow cytometry
was also used to determine the relative binding affinity of IH4
fusion proteins for the surface of each cell type. IH4 was
appended to the N-terminus of mNG to create IH4-mNG
(Figure 1b), which was incubated with the cells for 1 h at 37 °C.
Surprisingly, the IH4 fusion constructs only afforded a 2X
increase in affinity to HUDEP-2 cell surface over Jurkat cells,
while mNG alone showed similar surface affinity for both cell
types (Figure 4b).

Despite the IH4-containing constructs showing only a modest
improvement in affinity for HUDEP-2, we moved forward to
determine whether IH4 could be used to direct vehicles into the
erythroid precursor cells. For these experiments, we preferred
TNB-R10 as the vehicle because of the diffuse fluorescent signal
that suggests that the protein is not concentrated in a particular
subcellular location (see Figure 2). Moreover, the low levels of
uptake observed with this vehicle suggest that cargo uptake can
be increased with a lower risk of saturating the signal. Because
the flow cytometry data suggested that 1 yM is the minimum
concentration needed to observe uptake of mNG-3X TNB-R10
into both cell types, this concentration was used for treatment
with mNG-3X TNB-R10 and IH4-mNG-3X TNB-R10 (not
modified with 2-iminothiolane). It is noteworthy that the
unmodified cargo has no surface-accessible cysteines (Figure
S3), which ensures that TNB-R10 acts solely as an additive to
permeabilize the cell. We also engineered and tested mNG-IH4-
3X TNB-R10, where IH4 was appended at the C-terminus; this
produced a result similar to those obtained with IH4-mNG-3X
TNB-R10, but the protein was less stable. HUDEP-2 and Jurkat
cells were treated for 2 h with 1 uM fusion proteins in enriched
media and then imaged using live-cell confocal microscopy
(Figure 4c-f). Representative images and quantification of IH4-
mNG-3X TNB-R10 showed greater mNG fluorescence in
HUDEP-2 cells when compared to Jurkat cells (Figure 4c,e). In
HUDEP-2 cells, IH4-mNG-3X TNB-R10 showed 4.5 X and 2X
greater mean and median fluorescence intensity, respectively,
than mNG-3X TNB-R10, while in Jurkat cells, IH4-mNG-3X
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Figure 4. Engineering cell-specific DVs. a) Flow cytometry analysis of
GYPA levels on the surface of HUDEP-2 and Jurkat cells. b) Surface
binding of proteins to HUDEP-2 and Jurkat cells. Cells were treated
with 0—2.5 #M of protein and analyzed using flow cytometry. Data is
shown as fold change of MFI values compared to untreated cells. c, e)
Representative confocal microscopy images of live HUDEP-2 (c) and
Jurkat cells (e) taken on spinning disc confocal and DIC microscope;
cells were treated with 1 yM of mNG-1 X TNB-R10 or IH4-mNG-3X
TNB-R10 unmodified with 2-iminiothiolane for 2 h. Protein is first
shown in gray and then shown in cyan overlapped with cell mask (red).
e, f) Quantification of mean fluorescence intensity from confocal
images of HUDEP-2 (e) and Jurkat cells (f). Median is represented
with a black bar, and descriptive statistics are shown for each condition.
N represents the number of cells quantified per image. P-values were
determined by one-way analysis of variance (ANOVA) followed by
Kruskal—Wallis test and compared to treatment of mNG only of three
biological replicates.

TNB-R10 only showed 1.65 X and 1.4 X increase in mean and
median fluorescence intensity, respectively (Figure 4d,f). This
result shows that despite the weak affinity for HUDEP-2 cells,
IH4 can be used to direct cargo into cells expressing GYPA.

To determine whether IH4 fusions can be generalized to
improve intracellular delivery across various vehicles, we
revisited the two best-performing vehicles identified so far
(ZF5.3 and ESTAT). In this instance, we also considered
whether the uptake enhancement occurs at high concentrations
of these vehicles. By fusing IH4 to the two vehicles, we created
ESTAT-mNG-IH4 and ZF5.3-mNG-IH4. To ensure a direct
comparison with TNBR10, we included IH4-mNG-1X TNB-
R10 and IH4-mNG-3X TNB-R10 (modified with S equiv of 2-
iminiothiolane). Because appending IH4 to ESTAT-mNG
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Figure S. Representative confocal microscopy images of live a) HUDEP-2 and c) Jurkat cells taken on spinning disc confocal and DIC microscope.
Cells were treated with S uM ZFS5.3-mNG-1H4, ESTAT-mNG-IH4, IH4-mNG-1 X -TNB-R10, and IH4-mNG-3 X -TNB-R10 for 1 h, recovered for
an additional 1 h before imaging. Black bars correspond to the median of each treatment (DV-IH4), and red dashed lines correspond to the median of
the DV without ITH4 (from Figure 2). The protein is first shown in gray and then shown in cyan overlapped with cell mask (red). Quantification of mean
fluorescence intensity for confocal images from of HUDEP-2 (b) and Jurkat cells (d). Median is represented with a black bar, and descriptive statistics
are shown for each condition. n represents the number of cells quantified per image. P-values were determined by one-way analysis of variance
(ANOVA) followed by Kruskal—Wallis and Mann—Whitney tests and compared to mNG only treatment of two biological replicates. Scale bar = 20

pm.

resulted in protein instability, all vehicles were tested using 5 uM
cargo added to cells for 1 h. Live cell confocal microscopy
imaging revealed mNG signal in cells treated with all DVs, with
HUDEP-2 cells containing greater fluorescence signal than
Jurkat cells for all vehicles except ESTAT. While ESTAT-mNG
had the highest signal, most of the signal arose from extracellular
aggregation that was difficult to exclude during quantification
(Figure Sa,c). Quantification of the fluorescence signal revealed
a notable decrease in overall signal in cells treated with ZFS.3-
mNG-IH4 when compared to ZF5.3-mNG (median fluores-
cence intensity from Figure 2 indicated by a red dashed line).
This finding hints that IH4 lowered the efficiency of ZF5.3. We
also observed a 4—7X increased uptake in HUDEP-2 cells
treated with TH4-mNG-1X TNB-R10 and ITH4-mNG-3X
TNB-R10; this value was only 1.9X in Jurkat cells treated with
the same constructs (Figure Sb,d). This result is consistent with
the findings of experiments that used a lower concentration of
these vehicles (reported in Figure 4c-f). Together, the data
indicate that use of IH4 with TNB-R10 but not with ZF5.3 or
ESTAT increased the cargo in HUDEP-2 cells specifically.

To further determine whether IH4 fusions can be used to
improve the intracellular delivery of various vehicles, we
performed similar experiments using vehicles where a receptor
targeting moiety is necessary for functional delivery. Botulinum
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neurotoxin (BoNT)*® and Photorhabdus virulence cassette

extracellular contractile injection systems (PVC)>" have recently
been used for receptor-mediated delivery of active proteins
(Figure 1a). BoNTs have three domains: a receptor binding
domain that enables receptor-mediated endocytosis, a trans-
location domain for escape from endosomes through pore
formation, and an endogenous protease that is connected
through a labile disulfide bond.>> PVCs are self-assembling nano
syringe-like structures that bind to cells and inject protein
payloads by driving a spike through the cellular membrane."*°
Previously, both BONT and PVC systems were repurposed to
direct intracellular delivery with various receptor-targeting
ligands (nanobodies, DARPin, epitope tags, etc.). To determine
whether these vehicles were conducive for protein delivery into
erythroid precursor cells, we developed fusions that replaced
their targeting domains with IH4. For BoONT, IH4 was appended
to the C-terminus translocation domain and mNG added to the
N-terminus of the inactivated protease to yield construct mNG-
BoNT-IH4. For the PVC, IH4 was placed within the tail fiber
gene (pvcl3) to yield PVC-pvc13IH4. The concentrations and
treatment time of these DVs were adjusted to match those used
in published reports (~200 nM for 24 h), which is lower than
what is routine for CPP/CPMP vehicles (1—10 uM for 1—4 h).
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Figure 6. Comparison of uptake by DVs with and without targeting ligand TH4 appended assessed by flow cytomtery. (a-d) Dose-dependent
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corresponding to each mNG-vehicle were compared to nontreated cells and between cell types at each dose. P-values were determined by two-way

analysis of variance (ANOVA) of three biological replicates.

Treating HUDEP and Jurkat cultures with 200 nM mNG-
BoNT-IH4 for 24 h and analyzing uptake using confocal
microscopy imaging revealed no significant uptake of mNG-
BoNT-IH4 constructs in HUDEP-2 when compared to Jurkat
cells and the control (mNG-BoNT) (Figure S10). Similarly,
flow cytometry analysis of BoNT treatment resulted in no
increase in intracellular mNG compared to the mNG-BoNT
control or untreated cells (Figure S11). The lack of significant
uptake by HUDEP-2 cells may be explained in part by low
endocytic cycling of GYPA, as BoNT relies on receptor-
mediated endocytosis and escape to deliver cargo. It is possible
that a receptor that cycles more efficiently through the endocytic
pathway would be ideal for use with BoNT.

Considering that loading cargo for PVC delivery requires very
specific molecular interaction and assembly of payload into the
injection system, we first sought to deliver native payload
Pdptoxin payload Pnf, which is a highly active toxin (Figure 1b).
As a positive control, we also produced PVC-pvcl3AdS-Pnf
that leveraged the highly expressed AdS receptor and was
reported to efficiently deliver toxin in HEK 293T. Briefly,
HUDEP-2, Jurkat, and HEK 293T cells were treated for 24 h
with either 150 ng/mL of purified PVC-pvc13IH4-Pnf or PVC-
pvcl3AdS-Pnf and analyzed using a CellTiter-Glo 2.0 Cell
viability assay.”" Cells treated with the control PVC-pvc13Ads-
Pnf demonstrated nearly complete cytotoxicity of HEK293T
cells but showed 5% cytotoxicity with HUDEP-2 and about 40%
in Jurkat cells; Jurkat cells express low levels of CAR (the AdS
Knob ligand receptor). However, treatment with PVC-
pvcl3IH4-Pdp1-PnF showed only 15% toxicity in HUDEP-2
cells; this value is similar to the toxicity measured in Jurkat and
HEK293T cells (Figure S12). This data suggest that use of IH4
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with PVC is not sufficient to allow protein delivery to cells
expressing GYPA. Similar attempts to deliver green fluorescent
protein (GFP) with PVC-pvc13IH4 were not successful (data
not shown). While the promise of PVC for intracellular delivery
is exciting, significant optimization in construct design is
necessary for nonmodel cell types. It is also possible that PVC
delivers protein amounts that are below our detection limit.
Finally, to additionally quantify the impact of appending IH4
to the delivery vehicles described above, we performed flow
cytometry experiments. HUDEP-2 and Jurkat cells were treated
with a range of concentrations (0.5—5 yM) of either mNG-
vehicle or IH4-mNG-vehicle for 1 h. Following treatment, the
cells were washed, surface proteins were digested with trypsin,
and samples were analyzed using flow cytometry (Figure 6a-d).
Similar to the quantification from the microscopy images, the
addition of IH4 to ZFS5.3 decreased the uptake in Jurkat cells at
all concentrations tested. In HUDEP-2 cells, no change is
observed at 0.5 and 1 uM, but a decrease in uptake is noticeable
at S uM (Figure 6a). With ESTAT-mNG- IH4, no change in
uptake was detected when compared to ESTAT-mNG (Figures
6¢). Finally, a comparison of IH4-mNG-1X TNB-R10 and IH4-
mNG-3X TNB-R10 to mNG-1X TNB-R10 and mNG-3X
TNB-R10 showed that the IH4-containing constructs displayed
a significant improvement in cargo uptake by HUDEP-2 cells
(Figures 6¢,d). For both the 1X TNB-R10 and 3x TNB-R10
treatments, we detected a 2-to-4X increase in uptake by
HUDEP-2 cells at concentrations of 0.5 and 1 yM, while the
same protein treatments did not show significant increase in
Jurkat cells at those concentrations. At higher concentrations, an
increased uptake in Jurkat cells was observed. Generally, IH4
addition to cargo with 1X TNB-R10 and 3X TNB-R10
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Figure 7. (a, b) Representative confocal microscopy images of mixed coculture of live HUDEP-2 and Jurkat cells taken on a spinning disc confocal and
DIC microscope; cells were treated with 1 uM mNG, mNG-3 X TNB-R10, IH4-mNG-3X TNB-R10 for 2 h, washed, and labeled with CD36-APC.
Protein is first shown in gray and then shown in cyan overlapped with cell mask (red). (c) Quantification of mean fluorescence intensity for confocal
images from a,b (background corrected and normalized to cell area). Gaussian Mixture Model was used to distinguish cells based on CD36-APC signal
with CD36+ (HUDEP-2) and CD36— (Jurkat) which is positive for HUDEP-2 cells only (Figure S15). Median is represented with a black bar, and
descriptive statistics are shown for each condition. N represents the number of cells quantified per image. P-values were determined by one-way
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Figure 7. continued

analysis of variance (ANOVA) followed by Kruskal-Wallis and Mann—Whitney tests and compared to mNG only treatment of two biological
replicates. Scale bar = 20 ym. (d) mNG, mNG-3 X -TNBR-10, or IH4-mNG-3Xx TNB-R10 at 0.3 to 5 uM were added to cells for 2 h, washed to
remove surface-bound proteins, labeled with CD36-APC and CD3-PE-Cy?7 antibodies, and analyzed via flow cytometry. Gates were chosen stringently
as HUDEP-2 (APC+PE-Cy-7—) and Jurkat (APC-PE-Cy-7+) as described in Figure S13. Data shown as MFI fold change of treated cells compared to
mNG only treated cells. P-values were determined by two-way analysis of variance (ANOVA) of three biological replicates.

improved the cargo delivery to HUDEP-2 cells more than to
Jurkat cells. A similar trend of slightly improved uptake for 1X
TNB-R10 versus 3X TNB-R10 was also observed with their
IH4 fusions affinity to the respective cell type surface. Therefore,
the CPP additive TNB-R10 synergizes well with ligands that
direct cargo to the cell surface.

To probe the significance of the observed improved uptake of
IH4 fusions with TNB-R10 into HUDEP-2 cells, we performed
the delivery experiment in cultures containing both HUDEP-2
and Jurkat cells. We posited that if the improved uptake trends
from single populations were due to specific interaction of IH4
with GYPA, this would enable specificity for HUPEP-2 cells
when in a heterogeneous culture. Samples containing 1:1
HUDEP-2 and Jurkat cells were treated with 1 yM of either IH4-
mNG-3X TNB-R10, mNG-3X TNB-R10, or mNG for 2 h at
37 °C. Cells were then washed and analyzed via live cell confocal
microscopy. The mixed cell samples were also treated with the
fluorescent antibody specific for CD36, a glycoprotein expressed
on HUDEP-2 cells that is absent in Jurkat cells (Figure 7a,b).
Quantification of the intracellular fluorescence showed a 3.5%
increase in median uptake in CD36" cells when compared to
CD36™ cells when the mixed population was treated with TH4-
mNG-3X TNB-R10; this value was only a 1.1X change when
mixed cells were treated with mNG-3x TNB-R10 (Figure 6b).
In HUDEP-2 cells, the fluorescent protein signal was observed
in subcellular compartments or diffuse throughout the cell and at
the membrane. For Jurkat cells, very little diffuse signal was
detected.

This finding was further validated using flow cytometry, which
also permitted determination of the concentrations required to
achieve this selectivity. Previous experiments with single cell
populations showed that the selectivity of IH4 for HUDEP-2
cells decreases at higher concentrations of the treatment. We
therefore treated the cell mixture with various concentrations of
IH4-mNG-3X TNB-R10, mNG-3X TNB-R10, and mNG
(ranging from 30 nM to S yM) and measured the fluorescence
within each cell type (Figures 7c). Whereas in experiments with
IH4 we determined that 0.4 M was the minimum
concentration of protein needed to observe significant cargo
uptake, we explored lower concentrations in this experiment to
investigate whether the IH4 targeting effect would result in a
different phenomenon. CD36-APC was again used as a marker
for HUDEP-2 cells with a fluorescent CD3-PECy?7. Cells were
stringently gated so that only CD36" /CD3™ cells were labeled
as HUDEP-2 cells and CD36~/CD3" were labeled as Jurkat cells
(Figure S13). Significant uptake (as before, this is defined as
conditions resulting in 1.5X or greater MFI compared to vehicle
treatment) of IH4-containing constructs in HUDEP-2 cells is
observed at the much lower concentration of 310 nM. For Jurkat
cells, significant uptake is observed at 1.25 uM, which agrees
with the results from experiments with single cells. Furthermore,
we consistently observed a 2.5-3 X fold higher uptake in
HUDEP-2 cells over Jurkat cells with IH4-mNG-3X TNB-R10,
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while no such difference is apparent when IH4 is absent.
Together, these data suggest that IH4, when used with the CPP
additive TNB-R10, is sufficient to afford selectivity for HUDEP-
2 cells in a heterogeneous population.

Delivery of active proteins into different cell types is an ongoing
challenge that when solved would significantly widen the scope
of biologics. While methods to deliver proteins in their DNA/
RNA forms can provide the proof-of-concept necessary to
establish the utility of biologics, they are limited by tightly
regulated transcription and translation. Furthermore, protein
delivery would allow for better temporal and dose control.
Despite the existence of a range of protein-based delivery
vehicles, many have been investigated only in a handful of cell
types. Delivery into erythrocytes and their precursors warrants
increased investigation, as the unique cytoskeleton of these cells
leaves them impermeable to a wide variety of cargo. Our work
here investigates various delivery vehicles and their inherent
ability to mediate protein cargo uptake in erythroid precursors
and T-cell lines. We investigated CPMPs, CPPs, CPP additives,
bacterial toxins, and contractile injection systems for the delivery
into cell lines alongside each other in HUDEP-2 and Jurkat cells.

Generally erythroid lineage showed reduced uptake com-
pared to T-cells, even at high concentrations of cargo; this,
highlights the challenge of protein delivery into erythroid
precursors. Most delivery vehicles required a minimal
concentration of 0.4—1 yM to show significant dose-dependent
uptake in either cell type. Once the minimal concentration was
reached, the CPMP ZF5.3 showed the highest uptake in both
cell types. While ZFS.3 and ESTAT appeared to be the most
potent delivery vehicles, they also showed the largest cell type
sensitivity and heterogeneity.

To engineer vehicles more potent for protein delivery to
erythroid precursor cells, we investigated the impact of adding
IH4, a targeting ligand for GYPA, a highly erythrocyte-specific
receptor. We also investigated bacterial delivery vehicles that use
receptor targeting for protein delivery (BoNT and PVC). IH4
appendage improved the potency and selectivity only in
conjunction with CPP additives, indicating that receptor
targeting across various vehicles may not always be beneficial
or that there might be inherent considerations regarding
properties of receptors needed (such as endosomal recycling
rates and conformational interactions at receptor binding).
Widely acknowledged mechanisms of entry and escape of
protein DVs highlight the importance of conformation at the
membrane surface for entry and could explain the variable
response to appending receptor targeting ligand to ZFS.3,
ESTAT, BoNT, and PVC. Other receptors, ligands, or linker
combinations may address these shortcomings, but such
optimizations are likely to vary between cell types and cargos.
The current work highlights the simplicity and potential
generalizability of CPP additives to synergize with receptor-
targeting ligands for cell-specific intracellular delivery of protein
cargo. A benefit of our method is that 1X TNB-R10 and 3X
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TNB-R10 were added in trans to cargo. This is unlike other
vehicles that require genetically or covalently attaching CPPs
and CPMPs to the cargo, thereby potentially changing its
inherent properties. Furthermore, because TNB-R10 is
appended via disulfide bonds that become reduced in the
cytosol to release unmodified cargo.

Recent reports using TNB-R10 indicate that retention of the
cargo to the surface is highly correlated to uptake.”” This likely
explains the benefit of adding receptor targeting moieties to the
cargo. Our work demonstrates that a 2-fold increase in the
surface binding affinity consistently resulted in a 2—3X increase
in uptake, as quantified by both confocal microscopy and flow
cytometry. While excess CPP additives such as 3X TNB-R10
show improvement in uptake when compared to 1X TNB-R10
with untargeted cargo, this slight improvement is lost when a
targeting ligand is appended to the cargo. This suggests that thiol
reactivity at the surface of these cell types could be achieved
using excess additives or increasing the cargo surface affinity.
Additional studies to understand the breadth of receptor-
targeting ligand types, affinity for receptors, and delivery
conditions would build on these results. Moreover, studies
quantifying the amount of active cytosolic concentrations of the
delivered cargo are vital to understanding overall efficiency
(uptake and endosomal escape). These studies are currently
ongoing.

Finally, while the goal of this study was to deliver protein
cargo to erythroid progenitors for the selective modulation of
disease-associated proteins (e.g., degradation of BCL11A for the
induction of fetal hemoglobin), one can also envision loading
these cells with cargo that circulating red blood cells can deliver
throughout the vasculature.”® In that instance, it is pertinent to
carefully consider the immunological properties of erythroid
progenitor cells in suppressing proinflammatory responses of T-
cells through modulation of 1-arginine’” or the release of
reactive oxygen species and cytokines.SI’60 In summary, this
paper evaluates the ability of protein delivery vehicles to mediate
cargo uptake to nonmodel cell types such as erythroid
progenitors and establishes that receptor targeting does afford

selectivity for erythroid lineage cells.

The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acsbiomedche-
mau.4c00098.

Figures (page 3) with protein purification gels, mass
analysis of TNB-R10, quantification of sulthydryls, and
microscopy images of other treatment conditions.
Supporting tables (page 18) of DNA, protein, and primer
sequences along with fit curves for Figures 3b-c, 4b, and
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