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Autologous bone marrow-
derived MSCs engineered to
express oFVIII-FLAG engraft in
adult sheep and produce an
effective increase in plasma
FVIII levels
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Introduction: Hemophilia A (HA) is the most common X-linked bleeding

disorder, occurring in 1 in 5,000 live male births and affecting >1 million

individuals worldwide. Although advances in protein-based HA therapeutics

have improved health outcomes, current standard-of-care requires infusion 2-

3 times per week for life, and 30% of patients develop inhibitors, significantly

increasing morbidity and mortality. There are thus unmet medical needs

requiring novel approaches to treat HA.

Methods: We tested, in a highly translational large animal (sheep) model,

whether the unique immunological and biological properties of autologous

bone marrow (BM)-derived mesenchymal stromal cells (MSCs) could enable

them to serve as cellular delivery vehicles to provide long-term expression of

FVIII, avoiding the need for frequent infusions.

Results:We show that autologous BM-MSCs can be isolated, transduced with a

lentivector to produce high levels of ovine (o)FVIII, extensively expanded, and

transplanted into adult animals safely. The transplanted cells engraft in multiple

organs, and they stably produce and secrete sufficient quantities of FVIII to yield

elevated plasma FVIII levels for at least 15 weeks.

Discussion: These studies thus highlight the promise of cellular-based gene

delivery approaches for treating HA.

KEYWORDS
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Introduction

Bone marrow-derived mesenchymal stromal cells (MSCs)

are a multipotent population of cells that can be easily isolated

through a non-invasive bone marrow aspiration and can be

extensively expanded in vitro to generate a large number of cells

from a single donor. These cells have been extensively studied in

clinical trials for a wide variety of treatments, and these trials

have collectively demonstrated that these cells are both safe and

well-tolerated (1, 2). MSCs are also relatively immune-inert, and

possess a wide range of immunomodulatory effects that cover

pathways in both the innate and adaptive branches of the

immune system (3). As such, they are uniquely and ideally

suited for delivering proteins that have the potential to trigger an

immune response upon administration (4). Many of the

published studies to-date, both experimental and clinical, have

utilized unrelated allogeneic MSCs without evidence of overt

immune rejection. However, it has also been shown that

administering multiple injections of allogeneic MSCs can

result in adverse clinical outcomes (5). Furthermore, even in

the absence of any adverse events, transplantation of allogeneic

bone marrow derived-MSCs, in adults, has been shown to trigger

alloreactivity, suggesting that the immune system is still capable

of recognizing and responding to allogeneic MSCs, albeit at a

low level. This potential alloreactivity is particularly problematic

when using MSCs for cell and gene therapy, as the cells are

intended to engraft in large numbers and persist to mediate

long-term therapeutic benefit (6). The use of autologous MSCs

eliminates these risks/hurdles and would thus greatly facilitate

the use of MSCs for gene delivery.

One specific disease for which an immune response to the

therapeutic protein is a major clinical challenge is the X-linked

bleeding disorder hemophilia A (HA), which can be caused by

any one of over 3000 distinct mutations in the F8 gene. Each of

these mutations leads to insufficient levels of coagulation Factor

VIII (FVIII) protein and/or functional FVIII activity, thereby

preventing clotting (7). Although advances in HA therapeutics

have improved health outcomes, the current standard of care in

many countries still consists of prophylactic infusions of plasma-

derived or recombinant FVIII (rFVIII) protein to prevent

bleeding events. This treatment is burdensome, as it requires

lifelong frequent (2-3 times per week) administration of protein

and leads to the development of FVIII-neutralizing IgG

antibodies known as FVIII inhibitors in up to 30% of severe

HA patients, with patients harboring specific mutations showing

higher risk of inhibitor formation (8).

Efficient manufacturing of the multi-domain, highly

glycosylated rFVIII protein in non-selected cell lines can be

challenging, since the mRNA may not be efficiently expressed,

misfolding of the FVIII protein can occur leading to intracellular

degradation, and transport of the primary translation product

from the endoplasmic reticulum to the Golgi may be inefficient

(9, 10).
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Thus, the rFVIII is often manufactured in non-human cell

lines that have been optimized for high-level protein production,

as by increasing the levels of FVIII secretion and concentration

in the culture media, the cost of protein production is

significantly reduced.

Nonetheless, the glycosylation profile of a protein is

determined by the species of the cell that produces the protein,

and the use of non-human cell lines in rFVIII production

introduces abnormal glycosylation residues that have been

implicated in inhibitor induction following administration of

recombinant FVIII (11–14). Indeed, the risk of inhibitor

formation is thought to be affected by FVIII protein post-

translational modifications such as glycosylation and sulfation

during the manufacturing process (15).

Using engineered autologous cells as vehicles to deliver

FVIII would ensure that the protein being produced and

secreted into the circulation has the appropriate native

glycosylation profile. As such, the FVIII produced by these

cells should exhibit a similar epitope profile to the native FVIII

protein, preventing the induction of immunogenic regions on

the functional FVIII protein. Indeed, rFVIII products which

have been manufactured in human cell lines (16, 17) seem to

induce a lower rate of inhibitor formation upon administration

(18, 19).

The overall goal of the present study was to use a

translational large animal model (sheep) to test the ability of

autologous bone marrow (BM)-derived MSCs engineered to

produce high levels of ovine FVIII (oFVIII) protein, to engraft

and persist in an adult animal, determine the sites and durability

of engraftment, and define the duration of expression of the

cellularly-encoded oFVIII. We demonstrate that the

transplanted cells engrafted in multiple organs, and stably

produced and secreted enough FVIII to yield elevated plasma

FVIII levels, for at least 15 weeks. These studies thus highlight

the promise of using cellular-based gene delivery approaches for

providing the missing FVIII protein long-term and as a potential

treatment for HA.
Materials and methods

Overall study design

The objective of this study was to investigate whether

intraperitoneal (IP) administration of autologous BM-derived

MSCs transduced with a lentiviral vector to produce high levels

of oFVIII-FLAG would be able to engraft and effectively release

FVIII into circulation. All animal procedures were performed in

accordance with Wake Forest University Health Sciences

IACUC guidelines. To determine the animal group size

required to achieve sufficient power to detect statistically

significant differences between plasma FVIII levels in animals

before and after transplant, we used a binary outcome
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superiority trial (20), set to achieve a 95% chance of detecting, as

significant at the 5% level, an increase in plasma FVIII levels as a

result of treatment. These calculations confirmed that 3 animals

per group were sufficient to achieve the desired statistical power.

MSCs transduced with a lentiviral vector encoding a FLAG-

tagged oFVIII transgene were administered via ultrasound-

guided IP injection (in a single dose of cells producing 60IU/

kg/24hr). Blood was collected prior to the first treatment, each

week for the next 5 weeks, and then at 7, 10, and 15 weeks after

the first treatment. Plasma and mononuclear cells were isolated

from the whole peripheral blood at each of these timepoints, and

they were then used to determine the plasma FVIII activity and

assess the development/presence of an anti-FVIII antibody

response within these animals. After the treatments and

follow-up timepoints were completed, the animals were

euthanized and all major tissues were collected and fixed for

histology or stored in AllProtect (Qiagen LLC, Germantown,

MD, USA) for RNA and protein analysis.
Isolation, analysis, and transduction
of BM-MSCs

Bone marrow aspirates were collected from healthy adult

sheep (n=4) and used to isolate MSCs as previously described

(21). Cultured MSCs were analyzed by flow cytometry using

directly conjugated antibodies against CD271(Invitrogen,

Carlsbad, CA, USA), CD45, CD29, and CD166 (Bio-Rad,

Hercules, CA, USA) according to manufacturer’s specifications.

Background fluorescence was set using non-specific isotype-

matched antibodies and respective fluorochromes. Cells were

analyzed using a BD Accuri-C6 and data analyzed using FlowJo

software (BD Biosciences San Jose, CA, USA). To determine

whether the isolated cells fulfilled the criteria of mesenchymal

progenitors, cells were induced to differentiate into adipocytes and

osteocytes as previously described (22). In brief, MSCs were plated

in MSCGM (Lonza Group AG, Basel, Switzerland) at a density of

5x104/cm2 and incubated at 37°C in 5% CO2 humidified air. After

cells reached 100% confluency, MSCGM was replaced by

adipogenic induction media, with induction media changes

every 3 days until the presence of cells with vacuoles were

detected under microscopy. Cells were rinsed with PBS, fixed

with 10% buffered formalin, and stained with Oil Red O. The

adipogenic differentiation media consisted of 60 µL of 170 µM

Insulin (Sigma, St. Louis, MO, USA), 333 µL of 90 mM IBMX

(Sigma), 600 µL of 20 mM Indomethacin (Sigma), 60 µL of 2.5

mM Dexamethasone (Sigma), 9 mL Rabbit serum (Gibco/

ThermoFisher, Waltham, MA, USA), and 50 mL M199 (Sigma).

After adipogenic induction was achieved, cultures were rinsed

gently with sterile PBS (Gibco/ThermoFisher) and fixed with 4%

PFA (Polyscience, Niles, IL, USA) for 30-60 minutes at room
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temperature. Fixed cells were rinsed with deionized (DI) water

and incubated with Oil Red O solution (Poly Scientific, Bay Shore,

NY, USA) for 20 minutes before rinsing with 60% Isopropanol.

Nuclei were then stained using Mayer’s Hematoxylin (Sigma) for

5-10 minutes. Finally, cells were rinsed with DI water and

coverslipped using Mounting media (Vector Laboratories,

Newark, CA, USA). Osteogenic differentiation was performed

by plating 3.1 x 103 MSCs per cm2 of tissue culture surface area.

Once the MSCs reached 90-100% confluency, MSCGM was

replaced with osteogenic induction medium bulletkit (Lonza),

and media exchanges were performed every 3-4 days for 2 weeks.

At the end of this period, the cells were washed 3 times in PBS,

fixed in 95% ethanol for 10 minutes at 4°C, and von Kossa staining

was performed to confirm mineralization. The staining solution

consisted of 400 µL Naphthol AS-MX Phosphate Alkaline

solution (Sigma), 9.6 mL of deionized water, and 2.4 mg of Fast

Violet B Salts (Sigma). After the ethanol was removed, the cells

were rinsed 3 times with PBS, and cells incubated with the staining

solution for 60 minutes at 37°C. To stop the reaction after the 60-

minute incubation period, cells were rinsed with DI water,

counterstained with hematoxylin (Sigma) for 5 minutes, and

rinsed again with DI water. Next, 2.5% silver nitrate (Sigma)

solution was added for 30 minutes and cells incubated at 37°C,

after which cells were rinsed 3 times with DI water. Finally, cells

were allowed to air dry and then stored at 4°C.

Subconfluent cultures of MSCs were transduced twice in

QBSF60 (Quality Biologicals, Inc., Gaithersburg, MD, USA)

containing 8 µg/mL protamine sulfate (Calbiochem, San

Diego, CA, USA) with a VSV-G pseudotyped lentiviral vector

pLVX-IRES-Neo encoding oFVIII-FLAG (Supplemental Figure

1) at a MOI of 10. The lentiviral vector-containing media was

added directly to the cells and incubated for 4 hours at 37°C.

After 4 hours, additional lentiviral vector-containing media at a

MOI of 10, was added and the flask was returned to the

incubator until 24 hours from the initial addition of vector.

Cells were washed and placed in MSCGM (Lonza Group AG).

These cells were passaged at 70%-80% confluency using TrypLE

(Thermo Fisher Scientific) 3 times post-transduction before

analysis was performed. The Lenti-X proviral quantitation kit

was used as recommended by the manufacturer (Takara Bio

USA, Inc., San Jose, CA, USA) to determine vector copy number.
Preparation of cells for injection

To prepare for transplantation, the transduced MSCs were

expanded to the required numbers in gelatin coated CellSTACK

chambers (Corning, Corning, NY, USA) in MSCGM. Cells were

detached from the flask using TrypLE, washed thoroughly,

counted on a Countess machine (Thermo Fisher Scientific),

and the required number of cells were resuspended in Plasma-
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Lyte A (Baxter International, Deerfield, IL, USA). The cells were

then drawn into a syringe through a 16-gauge needle, and an

extra 1 mL of air was aspirated into the syringe. The needle was

then removed from the syringe, and the cell-containing syringe

was sealed in a sterile package. During transportation to the

transplant facility, the syringe was frequently rotated end-over-

end to prevent the cells from clumping.
IP transplantation of autologous
oFVIII-FLAG-MSCs

Sheep recipients were fasted for 24 hours, and prior to the

procedure, sheep were anesthetized, the abdominal area was

shaved and cleaned with a chlorohexidine scrub (Aspen

Veterinary Supplies, Liberty, MO, USA), and ultrasound gel was

applied to the area. An echogenic, laser-etched Quincke-tip needle

(Havel’s, Cincinnati, OH, USA) was inserted percutaneously into

the peritoneal cavity, under continuous ultrasound visualization.

Upon successful placement of the needle tip within the peritoneal

cavity, the stylet was removed, and the syringe containing the

oFVIII-FLAG-MSCs was gently screwed onto the echogenic

needle. The entire cell suspension was then slowly administered

into the peritoneal cavity (under continuous ultrasound

visualization), after which the needle was removed. The animal

was then monitored until it had fully regained consciousness.

Animals 82, 83, 84, and 89 received a total of 1.27x109, 1.9x109,

5.4x109 and 3.7x109 oFVIII-FLAG-MSCs, respectively, in 5 ml of

Plasma-Lyte A (Baxter International).
Plasma and PBMC isolation

Peripheral blood was collected prior to administering the

cellular therapy, as well as each subsequent week for 5 weeks,

and at follow up timepoints of weeks 7, 10, and 15 post-cell

administration, and plasma and mononuclear cells separated,

aliquoted, and frozen.
Assessment of FVIII
pro-coagulant activity

FVIII activity in the plasma of these animals was quantified

using aPTT assays as previously described (8) and was

performed by the Wake Forest Baptist Medical Center Special

Hematology Laboratory in accordance with standard clinical

procedures, using a Top 300 CTS clinical coagulometer

(Instrumentation Laboratories, Bedford, MA, USA). For each

new set of reagents, the value was normalized to a control sample

from a previous run to account for possible variation between

runs. These values were then normalized to the level of FVIII

activity in each animal before the treatment.
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Anti-oFVIII-FLAG IgM and IgG antibody
enzyme-linked immunosorbent assay

High-binding plates (Corning) were coated with FVIII/ET3

protein as previously described (23). Sheep plasma samples were

serially diluted starting at 1:20 dilution, and antibody binding

was detected with anti-ovine IgG : ALP (Bio-Rad Laboratories)

or anti-ovine IgM : ALP (Abcam, Cambridge, UK) and p-

nitrophenyl-phosphate (Bio-Rad Laboratories). The threshold

was set as the average of the controls plus 2 standard deviations,

which was 0.3 OD for the IgG ELISA and 0.49 OD for the

IgM ELISA.
Anti-FLAG antibody ELISA

FLAG protein in undiluted plasma from these animals was

measured with a FLAG-specific ELISA kit, following the

manufacturer’s instructions (Cayman Chemical Company,

Ann Arbor, MI, USA). FLAG protein in tissues was measured

by mincing a small piece of tissue in 500 mL of RIPA buffer

(Thermo Fisher Scientific). The resultant tissue suspension was

then dissociated with a TissueRuptor II (Qiagen LLC) and spun

down at 2500g for 20 minutes to remove any debris. The protein

concentration in the supernatant was measured with a

NanoDrop 2000 spectrophotometer (Thermo Fisher Scientific)

and was then diluted sufficiently to enable assaying 2.5 mg of

protein in the same FLAG-specific ELISA kit (Cayman Chemical

Company), following the manufacturer’s instructions. 50 mL of

protein sample diluted to 0.05 mg/mL (or a known

concentration of one of the manufacturer-provided FLAG

standards) was added to each well of the plate together with

50 mL of conjugate working solution and antibody. The plate was
repeatedly read for absorbance at 650nm until the water-only

control well reached an OD of 0.8-1.0, at which time 50 mL of

stop solution was added to each well, and the plate was

immediately measured on a microplate reader at 450nm.
Tissue engraftment and tissue
protein analysis

Samples from the lung, liver, spleen, mesenteric lymph node,

thoracic lymph node, thymus, and ovaries were collected from

all animals. Pieces of tissue were placed in fixative to be used for

histology or in AllProtect to be stored at -20°C and used for RNA

and protein analysis. For histology, the tissue was fixed in neutral

buffered formalin for 24 hours before processing and embedding

in paraffin. The paraffin-embedded tissue was then sectioned

onto glass slides. The slides were baked upright for 60 minutes at

58°C. The tissue was then deparaffinized and rehydrated with an

antigen retrieval step at pH:9. The tissue was then permeabilized
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by adding a few drops of 0.2% Triton-X100 in PBS and

incubating for 10 minutes at room temperature. The liquid

was then tapped off, and the slides were washed 3 times with

1x TBS. The tissues on the slides were then circled with a

hydrophobic pen and incubated for 10 minutes at room

temperature with DAKO protein block (Agilent Technologies,

Santa Clara, CA, US) to block any non-specific binding. Slides

were incubated overnight at 4°C with an antibody specific for the

DYKDDDDK (FLAG) tag (Abcam) diluted 1:100 in DAKO

reducing antibody diluent (Agilent Technologies). On the

following day, the slides were washed 3 times with 1x TBS and

incubated for 1 hour in the dark at room temperature with goat

anti-rabbit IgG AlexaFluor 594 (Life Technologies, Carlsbad,

CA, USA) diluted 1:500 in DAKO antibody diluent. The slides

were then washed 3 times with 1x TBST and incubated with

TrueBlack® Lipofuscin Autofluorescence Quencher (Biotium,

Freemont, CA, USA) for 30 seconds. The slides were washed 3

times with 1x PBS, incubated with DAPI (Thermo Fisher

Scientific) diluted 1:1000 in PBS for 5 minutes, washed 3 times

with 1x PBS, and mounted with ProLong Gold mounting

medium (Thermo Fisher Scientific). An Olympus BX63

microscope (Olympus America, Norfolk, VA) with a 20x

objective was used to visualize and capture images of

antibody-mediated fluorescence, and a representative image

from each tissue was subjected to particle analysis in imageJ

(NIH) to quantify the total number of cells and the amount of

FLAG protein to determine the quantity of FLAG protein

per cell.
RNA isolation and RT-qPCR analysis

RNA was isolated using a RNeasy Plus Mini Kit after first

dissociating the tissue with a TissueRuptor II, and the quality of

the RNA was confirmed by 2100 BioAnalyzer with the RNA

Nano6000 chip (Agilent Technologies). Samples were only used

for RT-qPCR if the RIN was > 7. The RNA was converted into

cDNA using an Omniscript RT Kit with Oligo-dT primers

(Qiagen LLC). Controls included: a water no template control,

animal specific GAPDH controls as internal reference/

housekeeping genes, and standard curves of engraftment,

including samples of MSC of non-transplanted animals.

Normal sheep bone marrow MSCs were used as 0%

engraftment. A standard curve of engraftment was created by

diluting the transduced cells in normal non-transduced sheep

bone marrow MSCs to a final concentration of 0.1%, 1%, 5%,

10%, and 15% (by cell count). A master mix of 10 mL TB Green

Advantage and 0.4 mL ROX LMP (Takara Bio USA) was

prepared for each well of the PCR plate. Primers to either

oFVIII-FLAG or sheep GAPDH were added to a final

concentration of 350 nM or 200 nM, respectively, and

UltraPure Distilled Water (Thermo Fisher Scientific) was

added to enable 18 mL of one of these two master mixes to be
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added to each well followed by 2 mL of sample at a 5 ng/mL
concentration. The plate was run on a QuantStudio 6 Flex Real-

Time PCR System (Thermo Fisher Scientific). The reaction

conditions consisted of a hold stage for 10 seconds at 95˚C,

followed by 40 cycles consisting of 4 seconds at 95˚C and 25

seconds at 60˚C. After 40 cycles were completed, a melt curve

stage was run at 95˚C for 15 seconds followed by 60˚C for 1

minute and 95˚C for 15 seconds. The CT values for the

amplification curves obtained with the FLAG-specific primers

for each sample were normalized to those obtained with the

primers to sheep GAPDH to calculate a DCT for each tissue and

each standard. The standard curve was then used to create a

regression line, and an equation to calculate percent engraftment

from DCT. This equation was then used to determine the percent

engraftment for each sample.
Technical and biological replicates

Technical replicates consisted of assays performed on MSCs

isolated from at least 2 different BM harvests from each animal,

assays performed on cells expanded at different times, and/or

assays performed three times for each sample, depending on the

experiments. Biological replicates refer to the number of

different animals analyzed in each experiment.
Statistical analyses

Experimental results are presented as the mean plus/minus

the standard error of the mean (SEM). All statistical analyses

were performed using the R coding language in RStudio

(RStudio, PBC, Boston, MA). One-way ANOVA was

employed for multiple comparisons. A p value <0.05 was

considered statistically significant.
Results

Characterization of sheep bone marrow
mesenchymal stromal cells

First, we confirmed that MSCs isolated from bone marrow of

each sheep (n=4) possessed the appropriate phenotype and

differentiative potential to be considered MSCs. By contrast to

human MSCs, whose identity can be confirmed using a

standardized set of phenotypical markers (24), there is not an

antibody combination that has been consistently reported to

characterize sheep bone marrow-derived MSCs (25). In this

study, we considered cells in culture to be MSCs, if they adhered

to plastic, were CD45 negative, more than 70% of the cells

expressed CD271, and the cells were able to differentiate into

osteoblasts and adipocytes. In this study, bone marrow-derived
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cells isolated and expanded in culture from each of the four

animals were more than 70% positive for CD271 (Figure 1A)

and were devoid of CD45 (data not shown), establishing that

there was no hematopoietic cell contamination. In addition, we

also determined the percentage of cells that expressed CD29 and

CD166 (26–30), and the percentage of cells expressing CD29 and

CD166 is shown in Figures 1B, C. When cells were placed in

adipogenic induction media, cells from all 4 sheep exhibited lipid

vacuoles as early as 1 week after commencing induction and
Frontiers in Immunology 06
contained Oil Red O-positive lipid droplets by day 10 when the

staining was performed, confirming the adipogenic

differentiation potential of these sheep MSCs (Figure 1D).

When the cells were induced under osteogenic conditions,

calcium deposits were visible by day 14, confirming the

osteocytic differentiation potential of these sheep MSCs

(Figure 1E). Of note is that cells from animals 84 and 89 had

less calcium deposits by day 14 than the other two

animals (Figure 1E).
B

C D

E

A

FIGURE 1

Characterization of autologous BM-derived MSCs. (A–C) Flow cytometric analysis of MSCs isolated from sheep bone marrow for CD271, CD29,
and CD166 markers. (D) Oil Red O staining of MSCs from each sheep after differentiation into adipogenic lineage. (E) von Kossa staining of
MSCs from each sheep after differentiation into osteocytic lineage. (n=4 biologic replicates; n=3 technical replicates).
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Transduction of sheep bone marrow-
derived MSCs

After determining that all the isolated cells met the minimum

criteria to be considered MSCs, cells were transduced, as detailed

in the Materials and Methods, with a replication-defective

lentiviral vector encoding a FLAG tag-conjugated oFVIII

transgene. Following transduction, population doubling times

(PDT) were compared between transduced and non-transduced

MSCs. Results demonstrated that transduction did not exert a

statistically significant effect on cell growth (Figure 2A). FVIII

activity in the supernatant of transduced cells was measured to
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determine the amount of oFVIII protein secreted by each donor’s

MSCs (Figure 2B). MSCs from each of the 4 sheep produced FVIII

protein/activity by a one-stage clotting assay (aPTT) following

transduction. Although the levels of FVIII production differed

markedly between the 4 individual sheep, differences did not reach

statistical significance (p>0.05). Of note is that prior to

transduction, none of the sheep MSCs’ supernatant contained

detectable amounts of FVIII (data not shown). RT-qPCR was also

used to quantify expression of oFVIII mRNA in these cells by

determining the relative fold increase in oFVIII transgene RNA in

transduced MSCs compared to their respective non-transduced

counterparts (Figure 2C). These analyses showed a significant
B C

A

FIGURE 2

Evaluation of Transduced Sheep Bone Marrow-Derived MSCs. (A) Transduction did not exert a statistically significant effect on cell doubling time
(n=4 biologic replicates; n=4 technical replicates; p > 0.05). (B) FVIII activity in the supernatant of transduced cells was measured by one stage
assay (aPTT) to determine the amount of oFVIII protein secreted by each MSCs population; levels of FVIII production differed markedly between
the 4 individual sheep, but differences did not reach statistical significance (n=4 biologic replicates; n=3 technical replicates; p > 0.05). (C) RT-
qPCR quantifying the expression of oFVIII mRNA showed a significant increase in the levels of oFVIII mRNA after transduction, with over a 1000-
fold increase in the two MSCs lines that had higher levels of FVIII secretion, but more modest increases in the other two cell lines (n=4 biologic
replicates; n=3 technical replicates; ****p < 0.0001). ns, not significant.
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increase in the levels of oFVIII mRNA after transduction, with

over a 1000-fold increase in the two MSC lines that had higher

levels of FVIII secretion, but more modest increases in the other

two cell lines. Since all 4 MSC populations were transduced using

the same procedure, the same viral stock, and the same

multiplicity of infection, we next investigated whether the

differences found were due to lower vector copy number (VCN)

in those MSCs. MSCs 82, 83, 84, and 89 had VCN of 1.04, 1.98,

0.3, and 0.5 respectively, confirming that the lower production of

FVIII was due to variability of transduction efficiency between the

different MSCs.
Autologous oFVIII-FLAG producing MSCs
can provide FVIII protein in vivo without
eliciting an immune response

Autologous oFVIII-FLAG producing MSCs (MSC-oFVIII-

FLAG) were administered in a single dose, to the respective

animals, using an ultrasound-guided IP injection. This route of

delivery was selected based on our previous studies showing that

IP administration of haploidentical cells resulted in phenotypic

correction of sheep with hemophilia A (21). Although the cells

produced different amounts of oFVIII-FLAG, the cell dose was

calculated to provide 60IU/kg/24h of FVIII in all animals. Thus,

animals 82, 83, 84, and 89 received 1.27x109, 1.9 x109, 5.4 x109,

and 3.7 x109 oFVIII-FLAG producing MSCs, respectively.

We first investigated whether FVIII-FLAG protein was

present in plasma and was functional. FVIII activity levels

were determined using aPTT at day 0 and weekly thereafter.

The percent increase in FVIII activity over day 0 for each animal

(n=4) was calculated at each time point, and the overall group

increase in FVIII activity is shown in Figure 3A.

Having determined that there was an increase in FVIII

activity in the plasma of these animals, and because the oFVIII

transgene contained a FLAG tag that allowed us to precisely

quantitate the circulating levels of oFVIII-FLAG protein derived

from the infused cells, we used a FLAG-specific ELISA to

quantify the tagged protein. Figure 3B depicts the overall

group levels of FVIII-FLAG protein in the transplanted

animals (n=4) at the different weeks post-transplant.

The presence of FLAG protein in the plasma of each

individual animal is also shown in Figures 3C-F. Three out of

4 animals had significantly elevated levels of oFVIII-FLAG

protein in circulation. In these animals, the levels of oFVIII-

FLAG protein varied over time, but this variation did not seem

related to time post-administration, as the maximal plasma

levels of FLAG protein in one of the animals (animal #82; 8.2

ng/mL) was observed at 15 weeks after transplantation

(Figure 3C) and in another (animal #83; 9.1 ng/mL) occurred
at 10 weeks after transplantation (Figure 3D). These data
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demonstrate that, overall, the cell therapy could be effective in

75% of subjects and provide enough FVIII protein to

significantly increase plasma FVIII levels for at least 15 weeks

after administration.

We next determined whether an immune response to the

vector-encoded oFVIII might be responsible, at least in part, for

the variation in plasma oFVIII-FLAG levels among the 4 sheep

that received the autologous MSC-based treatment, as anti-FVIII

antibodies may prevent FVIII function or increase its clearance

from circulation. Quantification of anti-FVIII IgM and IgG

antibodies was performed using a FVIII-specific ELISA. As

can be seen in Figure 4A, only one animal developed a

transient IgM antibody with a titer of 1:20 at 2- and 4-weeks

post-product administration, which did not seem to impact the

levels of oFVIII-FLAG in the plasma of that animal at those time

points (Figure 3F). Of note is that none of the animals developed

anti-FVIII IgGs antibodies at any timepoint following

transplantation (Figure 4B). In addition, we also evaluated

whether administration of MSC-oFVIII-FLAG would have an

effect on white blood cell counts. As can be seen in Figure 4C, no

significant differences were seen from day 0 to week 15.
Quantification of autologous
MSC-oFVIII-FLAG engraftment in
multiple tissues by RT-qPCR

Having established that IP transplantation of autologous

MSCs producing oFVIII-FLAG, in the absence of any pre-

conditioning, resulted in the long-term elevation of plasma

FVIII activity, we next performed studies to determine

whether these transplanted MSCs engrafted and, if so, to

define the sites of engraftment. To accomplish this objective,

RNA was isolated from the tissues of the recipients at euthanasia

and RT-qPCR was performed with primers to the FLAG-tagged

oFVIII. To generate a standard curve to enable quantitation of

levels of engrafted MSC-oFVIII-FLAG in each tissue, RT-qPCR

was also performed on RNA isolated from samples consisting of

different percentages of transduced and non-transduced sheep

bone marrow MSCs. CT values obtained from each of the tissues

were then extrapolated into percentages of engrafted MSC-

oFVIII-FLAG using the standard curve. As can be seen in

Figure 5A, autologous MSC-oFVIII-FLAG engrafted at

detectable levels in each animal in every tissue examined. The

highest levels of consistent engraftment were observed in the

liver, with every animal having at least 1% engraftment, and

animal 82 exhibiting 5.8% engraftment in this tissue. Most

animals also exhibited engraftment in the lung, thymus,

spleen, and, surprisingly, the ovaries, with animal 84

exhibiting 7.4% engraftment in this tissue – the highest

engraftment seen in any tissue from any animal in this study.
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The transplanted cells did not engraft at appreciable levels

within the mesenteric lymph nodes in any of the animals, with

only one animal exhibiting engraftment above 0.1% in this

tissue. Among the other tissues analyzed, we were unable to

discern a pattern or correlation between which tissues showed

engraftment in each animal, as some animals exhibited high

levels of engraftment within a given tissue, while other animals

exhibited very low levels of engraftment within that same

tissue (Figure 5A).
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Autologous oFVIII-FLAG producing MSCs
engraft in multiple tissues and produce
FVIII protein

Next, the levels of oFVIII-FLAG protein in each tissue were

determined by performing FLAG-specific ELISA on tissue

homogenates (Figure 5B). Animal 82 had the highest levels of

oFVIII-FLAG protein in every tissue but the thymus, which

correlates well with the high levels of FVIII activity and oFVIII-
B

C D

E F

A

FIGURE 3

Administration of Autologous oFVIII-FLAG Producing MSCs Provide FVIII Protein in vivo. (A) Factor VIII activity measured in the plasma of all
animals at weekly intervals after treatment with the autologous MSC-oFVIII-FLAG; the percent increase in FVIII activity over day 0 for each
animal was calculated at each time point and the min to max increase in FVIII activity in the group of animals is shown (n=4 biological
replicates). (B) Min to max levels oFVIII-FLAG protein in the plasma of animals after treatment measured by FLAG-specific ELISA (n=4 biological
replicates, n=3 technical replicates). (C–F) Levels oFVIII-FLAG protein in the plasma of each individual animal measured by FLAG-specific ELISA
(n=3) *p < 0.05, **p < 0.005, ***p < 0.0005 compared to week 0.
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FLAG protein that were seen in the plasma of this animal. The

liver of animal 82 also had the highest levels of oFVIII-FLAG

protein with 10,725ng oFVIII-FLAG protein/mg total protein,
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demonstrating that the increased engraftment in that tissue

resulted in high levels of oFVIII-FLAG protein production.

The other 3 animals all had lower, but still detectable, levels of

oFVIII-FLAG protein in some tissues, but oFVIII-FLAG levels

were below the limit of detection in other tissues. Apart from

animal 82, the highest level of oFVIII-FLAG protein was

detected in the thoracic lymph node of animal 84, which

contained 3,912 ng oFVIII-FLAG protein/mg total protein.

This value is 29 times higher than that seen in the thoracic

lymph node of the animal exhibiting the second highest amount

of protein in this tissue. This high level of oFVIII-FLAG protein

in the thoracic lymph node of animal 84 correlates with the high

levels of engraftment observed in this tissue. The lung was the

only tissue in which oFVIII-FLAG protein could be detected in

all four animals with this tissue-based ELISA. In addition, three

animals (82, 83, and 89) displayed oFVIII-FLAG protein in their

ovaries and thoracic lymph node, two animals (82 and 83)

demonstrated oFVIII-FLAG protein in their liver and spleen,

but only animal 82 harbored oFVIII-FLAG protein in its

mesenteric lymph node and thymus (Figure 5B).

Immunohistochemistry with an antibody to the FLAG-tag

protein was also performed in the various tissues to confirm the

presence of oFVIII-FLAG in the different tissues (Figure 5C),

and these analyses showed a pattern of engraftment similar to

that found by ELISA. In addition, data showed that, overall, the

levels of oFVIII-FLAG protein were significantly higher in the

liver of the recipients than any other tissue (p<0.05) (Figure 5D).

Representative images of the IHC staining of the liver from a

control animal (Figures 6 A, B) and animal 82 (Figures 6 C, D)

demonstrate the presence of FLAG protein (in red) throughout

the liver of the treated animal. In addition, insets indicated by

the letter “i” demonstrate detail of the highlighted area. Black

and white images of FLAG-tag protein staining (red channel) in

the contro l and animal 82 are a l so inc luded for

better visualization.
Discussion

As a monogenic disease, HA is an ideal candidate for

correction by cell and/or gene therapy, as addition of a

functional FVIII gene could provide the missing FVIII protein.

The potential for using cells as a platform to deliver FVIII to

treat HA has been demonstrated in several studies using murine

models (31–36) which have resulted in the development of 2

clinical trials. In these, autologous HSC transduced with

lentiviral vectors expressing engineered forms of FVIII are

infused into the patient after reduced intensity conditioning

treatment . Nevertheless , pat ients undergoing HSC

transplantation are at risk of severe complications (37), and

conditioning regimens not only contribute to late mortality but

also cause substantial morbidity and impair long-term health-

related quality of life in transplanted patients (38). Thus, the
B

C

A

FIGURE 4

Administration of Autologous oFVIII-FLAG Producing MSCs do not
Elicit an Immune Response or cause Noticeable Alterations in White
Blood Cell Counts (A) Detection of anti-oFVIII IgMs in serum at the
lowest dilution of 1:20, for each animal, at each timepoint, measured
by ELISA (based on the background observed in a panel of negative
control sheep, only signals above 0.49 were deemed to be positive)
(n=3). (B) Detection of anti-oFVIII IgGs in serum (1:20 dilution) for
each animal at each timepoint, measured by ELISA. Based on the
background observed in a panel of negative control sheep, only
signals above 0.3 were deemed to be positive (n=3). (C) White blood
cell counts/ml of blood in each animal prior to and for 15 weeks
after injections of autologous MSCs.
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ability to use cells that can engraft and efficiently deliver FVIII in

the absence of conditioning would be a major paradigm shift and

would expand the pool of eligible patients.

Studies transplanting endothelial colony-forming cells and

placenta-derived stromal cells (39), or liver sinusoidal

endothelial cells (LSEC), derived from normal human induced

pluripotent stem cells (iPSC) (31), or even HA patient-derived

iPSC engineered via CRISPR/Cas9 to express functional FVIII

(32), resulted in clinical correction of HA mice. While these

studies highlight the potential of cell-based therapies for treating

HA, the study using autologous cells provides critical proof-of-

concept that cells from patients with HA can be modified to

produce functional FVIII protein and transplanted to correct

HA. Despite the immense promise of iPSC-based therapies,

however, the use of iPSC will require any therapy using their

cellular derivatives to undergo exhaustive, long-term preclinical
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safety testing to ensure that the clinical product is completely

safe (40). In addition, an important issue that should be

addressed regarding safety of any cell therapy, especially

MSCs, is the potential induction of pro-thrombotic events due

to the expression of tissue factor (TF) (41, 42).

In the present report, we performed studies in a translational

large animal (sheep) model, whose size is similar to that of

humans, thus allowing the evaluation of the efficacy and safety

of therapies without the need for later scale-up, and we

demonstrated that autologous BM-derived MSCs can be

isolated, efficiently engineered in vitro with a lentiviral vector to

produce and secrete functional FVIII, and subsequently be

expanded to clinically relevant numbers. Moreover, we show

that, upon intraperitoneal injection into adult animals, in the

absence of any form of pre-conditioning, these cells distribute

throughout the body, as evidenced by the presence of oFVIII-
B

C

D

A

FIGURE 5

Quantification of Autologous MSC-oFVIII-FLAG Engraftment in Multiple Tissues by RT-qPCR, FLAG-specific ELISA, and Immunohistochemistry.
(A) RT-qPCR was performed (n=3/organ/animal) using FLAG-tagged oFVIII specific primers on RNA isolated from different organs, and the
percentage of MSC-oFVIII-FLAG engraftment was extrapolated using a standard curve prepared with RNA isolated from different percentages of
MSC-oFVIII-FLAG mixed with sheep non-transduced MSCs. MSC-oFVIII-FLAG engrafted at detectable levels in each animal in every tissue
examined. (B) Levels of oFVIII-FLAG protein in each tissue were determined by performing FLAG-specific ELISA on tissue homogenates, and the
highest levels of oFVIII-FLAG protein were found in the liver of the treated animals (n=4 biologic replicates; n=3 technical replicates). (C)
Immunohistochemistry with an antibody to the FLAG-tag protein was also performed in the various tissues to confirm the presence of
oFVIII-FLAG in the different tissues; particle analysis in imageJ was used to quantify the total number of cells and the amount of FLAG protein to
determine the quantity of FLAG protein per cell, and these analyses showed a pattern of engraftment similar to that found by ELISA. (D) Levels
of oFVIII-FLAG protein were significantly higher in the liver of the recipients than any other tissue (n=4 biologic replicates; n=3 technical
replicates; *p < 0.05, **p < 0.005, ***p < 0.0005). ns, not significant.
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FLAG in several different organs of the recipient animals. MSCs

persisted inmultiple tissues, where they stably produce and secrete

FVIII into the circulation. Although we were unable to test if the

sheep MSCs expressed TF due to lack of a reliable sheep-specific

antibody, none of the animals that received the therapy had any

signs of thrombotic events. Nevertheless, expression of TF in the
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context of hemophilia would not be deemed problematic, as the

TF : FVIIa complex of the extrinsic pathway initiates blood

coagulation by activating both FX and FIX, and there are

currently products on the market that use recombinant

activated factor VII (rFVIIa) to treat and/or prevent

hemorrhagic complications in persons with hemophilia with

inhibitors (43). Data also demonstrated that none of the

animals that received autologous MSC-based treatment

developed IgG antibodies to FVIII, suggesting this approach

may avoid inhibitor formation, the most serious complication

plaguing current protein-based HA treatment. An important

caveat, however, is that the present studies were performed in

healthy/wild-type animals with normal levels of endogenous

oFVIII. In a previous pilot study performed in 2 HA animals,

we showed that the IP administration of haploidentical BM-

derived MSCs expressing high levels of FVIII phenotypically

corrected the animals but led to high titer inhibitors (21).

Several key differences exist between these two studies, however,

that likely account for this apparent discrepancy. First, the HA

animals had received multiple infusions of a variety of human

FVIII products in an effort to control active bleeds and crippling

hemarthroses prior to being transplanted with the FVIII-

expressing MSCs. As a result, these animals already had low-

titer inhibitors at the time of MSC infusion. Of note, is that in the

present studies cells secreting oFVIII-FLAG were only injected

once, and not multiple times. Nevertheless, at least 3 of the

animals had oFVIII-FLAG protein circulating in their plasma

for 15 weeks and as such, if the product was immunogenic, it

could have induced anti-oFVIII-FLAG antibodies. A second key

difference is that the HA animals were transplanted with paternal

(haploidentical), not autologous MSCs. A third critical difference

between these studies is that the HA animals were transplanted

with MSCs that had been transduced with lentiviral vectors

encoding GFP and porcine FVIII, as the cDNA for oFVIII was

not available at the time this earlier study was performed. As such,

the use of a xenogeneic FVIII transgene and the inclusion of the

highly immunogenic GFP reporter (44) also likely played a major

role in the robust anti-FVIII response we observed in these HA

animals (21). In the present study, we sought to eliminate these

potential immune triggers by using autologous MSCs that had

been modified to express B domain-deleted (due to vector size

constraints) oFVIII. To enable tracking of the transplanted

autologous cells and detection of the vector-derived oFVIII

protein in the circulation of normal (non-HA) animals, we

avoided the use of a fluorescent reporter and instead opted to

engineer the oFVIII transgene to contain a FLAG tag, one of the

few protein tags that has been shown to be non-immunogenic,

even with repeated challenge (45). While definitive evidence of

clinical efficacy will require future studies in HA animals, the

results described herein provide critical proof-of-concept for the

suitability of autologous BM-derived MSCs as cellular vehicles to

deliver FVIII and provide long-term (at least 15 weeks) treatment

for HA.
B
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FIGURE 6

oFVIII-FLAG Immunohistochemistry Images of Liver Sections from
a Control and a Treated Animal. (A) Representative images of the
IHC staining of the liver from a control non-transplanted animal
with an antibody to the FLAG-tag protein; (Ai) amplified inset area
from A. (B, Bi) Same image as A and Ai but in black and white for
better visualization after extracting the red channel and converting
to grayscale in Photoshop. (C) Representative image of the IHC
staining of the liver of treated animal with an antibody to the
FLAG-tag protein (red); (Ci) amplified inset area from C. (D, Di)
Same image as C and Ci but in black and white for better
visualization after extracting the red channel and converting to
grayscale in Photoshop. All images were acquired with an
Olympus BX63 microscope Olympus with a 20x objective.
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It is of note that all animals received appropriate numbers of

autologous MSCs to provide a specific dose of 60IU/kg/24h, still

not all animals exhibited increased levels of oFVIII activity and/

or sustained levels of oFVIII-FLAG protein in their plasma. The

reasons for this animal-to-animal variability are presently not

understood, as it is not clear why some of the BM-derived MSCs

were more resistant to transduction than others. This

underscores the need for caution when using personalized

therapies and the need to establish safety and efficacy

parameters that withstand biological variability. In addition,

the use of autologous cells in persons with HA may be

complicated by the need to harvest bone marrow. Although

the procedure is deemed extremely safe, it is still invasive, and

for those at risk of bleeding, it may pose a higher risk of

complications. Also, because the autologous MSCs are

transduced in order to overexpress FVIII, each personalized

product would have to undergo testing all the parameters

pertaining to safety and efficacy, as per the release criteria

established for the product(s), including potential insertional

mutagenesis. To this end, an off-the-shelf product may be as safe,

and ultimately be more affordable, than a personalized therapy,

as only a single product needs to be manufactured and tested.

This study also shows that the high levels of oFVIII-FLAG

production/activity in vivo correlated with high VCN, oFVIII

mRNA levels, and the in vitro FVIII activity on a per cell basis

prior to transplant. In vitro and in vivo data correlated quite well

in the animal that exhibited low/undetectable oFVIII-FLAG

protein in its plasma and exhibited no increase in plasma

oFVIII-FLAG following transplantation with its autologous

MSCs, as this animal displayed the lowest VCN, in vitro FVIII

activity, and oFVIII mRNA levels of the four animals. Thus, it is

possible that increasing the cell dose to provide the desired FVIII

output is not enough to obtain the same therapeutic effect. Also

interesting is that this animal had very low levels of engraftment in

most of its tissues, with the exception of the thoracic lymph node,

where high levels of oFVIII-FLAG protein were also observed.

Since this animal did not develop anti-oFVIII-FLAG antibodies, it

is not clear if presentation of oFVIII-FLAG to immune cells at this

site could have contributed to low levels of engraftment.

In other recipients, autologous oFVIII-producing MSCs

engrafted in multiple tissues following IP transplantation. Of

potential concern would be the presence of oFVIII-FLAG in the

ovaries of these animals. It is possible that the IP route of

administration led to engraftment of the cells in this organ;

nevertheless, MSCs are adult cells, and although studies have

reported tissue-specific-like differentiation of MSCs in vivo when

transplanted in utero (46, 47), it would be rather difficult for

these cells to fully differentiate into bona fide germline cells.

The tissue that consistently exhibited the highest levels of

engraftment and of oFVIII-FLAG expression in all 4 animals was
Frontiers in Immunology 13
the liver. Since the liver is the primary site of native FVIII

expression in the body, engraftment of the transplanted MSCs

and their expression of vector-driven oFVIII in this tissue should

provide the most physiologically accurate expression and

secretion of FVIII, as local signaling may promote FVIII

production and release of the protein into the circulation. Of

significance to the high-level engraftment and expression of

FVIII within the liver is also the unique immunological milieu of

the liver. There have been numerous reports that expression of

exogenous genes and their resultant proteins within the liver has

the ability to promote induction of tolerance to the expressed

protein, likely due, at least in part, to the induction of Tregs (48–

68). Engraftment within this tissue would thus be ideal for

treating HA, as the liver is the predominant site of FVIII

synthesis in the body (69) and expression of the perceived

foreign protein FVIII within the liver may promote tolerance

and thereby avoid inhibitor induction. Future studies to identify

means of further promoting liver engraftment could improve

upon this cellular therapy, as this would enable a lower dose of

cells to be administered while maintaining sufficient levels of

FVIII to correct bleeding diathesis.

In conclusion, the present studies provide compelling

evidence that lentiviral vector-transduced autologous BM-

derived MSCs are well-suited as cellular vehicles for safely

delivering FVIII and achieving therapeutic plasma FVIII levels

without eliciting an immune response. Nevertheless, translation

of this approach to the clinic will require studies in HA animals

to validate the true therapeutic potential of this autologous

therapy. Also, it would be necessary to extend the testing of

the animals to several years to determine how long the

transduced cells are able to provide therapeutic levels of FVIII.

These studies also did not investigate whether IP is the only

possible route of administration. If the therapy proves to be

long-lasting or curative, then IP administration would be

acceptable, but if the therapy is recurring, then other less

invasive routes of administration such as IV should be utilized.

These studies were conducted in adult sheep; thus, one should

also determine the ideal age at which to recommend this

procedure, as age could impact levels of cell engraftment.

Since MSC-oFVIII-FLAG were injected per kg of body weight

to provide 60IU/kg/24hr, it would be pertinent to find out if the

therapy is administered at an early age whether therapeutic levels

of FVIII can be maintained despite the increase in body size.

Finally, it would be interesting to to know whether the proposed

therapy would still work if FVIII inhibitory antibodies are

already present in the recipient.

We hope that the present studies can serve as a springboard

to studies that ultimately will pave the way for clinical

development of this straightforward and highly promising

HA treatment.
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