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Abstract

Although protein replacement therapy provides effective treatment for hemophilia A patients, 

about a third of severe patients develop neutralizing inhibitor antibodies to factor VIII. Adoptive 

transfer of regulatory T cells (Tregs) has shown promise in treating unwanted immune responses. 

In previous studies, transferred polyclonal Tregs ameliorated the anti-factor VIII immune 

responses in hemophilia A mice. In addition, factor VIII-primed Tregs demonstrated increased 

suppressive function. However, antigen-specific Tregs are a small fraction of the total lymphocyte 

population. To generate large numbers of factor VIII-specific Tregs, the more abundant murine 

primary CD4+ T cells were lentivirally transduced ex vivo to express Foxp3 and a chimeric 

antigen receptor specific to factor VIII (F8CAR). Transduced cells significantly inhibited the 

proliferation of factor VIII-specific effector T cells in suppression assays. To monitor the 

suppressive function of the transduced chimeric antigen receptor expressing T cells in vivo, 

engineered CD4+CD25+Foxp3+F8CAR-Tregs were sorted and adoptively transferred into 

hemophilia A mice that are treated with hydrodynamically injected factor VIII plasmid. Mice 

receiving engineered F8CAR-Tregs showed maintenance of factor VIII clotting activity and did 

not develop anti-factor VIII inhibitors, while control CD4+T cell or PBS recipient mice developed 

inhibitors and had a sharp decrease in factor VIII activity. These results show that CD4+ cells 

lentivirally transduced to express Foxp3 and F8CAR can promote factor VIII tolerance in a murine 

model. With further development and testing, this approach could potentially be applied to human 

hemophilia patients.
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Introduction

Hemophilia A (HemA) is a sex-linked genetic disorder which causes a deficiency of 

functional factor VIII (FVIII), resulting in diminished blood clotting ability. Typically, 

HemA patients receive FVIII protein intravenously to manage their condition1. However, 

around 30% of severe patients develop an alloimmune response to FVIII protein, and 

produce anti-FVIII antibodies that inhibit the function of FVIII, typically referred to as 

inhibitors2. Immune tolerance induction (ITI) is a treatment regimen that attempts to 

promote tolerance of FVIII, but is costly and does not succeed in all patients3, 4. Thus, 

alternative methods to overcome the complication of FVIII inhibitors are needed. Regulatory 

T cells (Tregs) play an important role in mediating the immune response5, 6. In our previous 

studies, IL-2 complexed with an anti-IL-2 monoclonal antibody was injected into HemA 

mice to expand Tregs in vivo7, 8. When administered in combination with FVIII gene 

therapy, experimental mice did not show the development of inhibitors, while control mice 

quickly developed inhibitors and lost FVIII function. It has also been demonstrated that 

expanding Tregs ex vivo while priming them with FVIII before adoptive transfer to HemA 

mice can also promote FVIII tolerance more effectively than the adoptive transfer of naïve 

Tregs9.

Although FVIII-specific expansion of Tregs showed improved tolerance of FVIII, the 

number of the FVIII-specific Tregs is a very small percentage of the total Treg population. In 

recent years, CD19-CAR engineered effector T cells has been demonstrated to be highly 

effective in the treatment of leukemia10–12. Similar strategies were subsequently adopted to 

generate antigen-specific Tregs to prevent graft-versus-host disease13, 14, multiple 

sclerosis15, type-1 diabetes16, and other immune-related disorders17. These redirected 

antigen-specific Tregs all exerted superior regulation of the immune responses towards 

disease-associated targets compared to other approaches. In this study, we explored if 

functional FVIII-specific Tregs can be efficiently generated by the chimeric antigen receptor 

(CAR) approach to modulate anti-FVIII immune responses.

Recently, human CD4+CD25+CD127low Tregs were isolated and transduced by retroviral 

vectors carrying a FVIII-specific CAR sequence18. These engineered Tregs were 

demonstrated to suppress FVIII-specific immune responses more effectively compared with 

non-specific Tregs. However, long-term tolerance induction to FVIII in HemA mouse 

models cannot be thoroughly tested due to rapid rejection of human Tregs in 

immunocompetent HemA mice. In addition, due to the plasticity and transient nature of the 

adoptively transferred Tregs, we sought to generate more stable CAR-Tregs by transducing 

murine CD4+ T cells with a lentivirus (LV) carrying a CAR with high affinity to FVIII 

(F8CAR) linked to a murine Foxp3 sequence. In this way, we also can overcome the 

significant obstacle by transducing the more abundant CD4+ T cells instead of scarce 

CD4+CD25+ Tregs for translating this technology to clinical application. We found that 

these engineered FVIII-specific T cells exhibit characteristics of Tregs. These cells, referred 

to as F8CAR-Tregs, demonstrated highly suppressive activity towards proliferation of 

F8CAR transduced responder T cells (F8CAR-Tresps) and inhibitor mouse CD4+ T cells. 
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Furthermore, adoptive transfer of F8CAR-Tregs to HemA mice prevented inhibitor 

formation and maintained FVIII function when combined with FVIII gene therapy.

Methods

Factor VIII-specific CAR (F8CAR) and F8CAR with murine Foxp3 (F8CAR-mFoxp3) plasmid 
generation

The F8CAR construct is composed of a FVIII-specific scFv sequence, followed by a murine 

IgG hinge, the transmembrane and intracellular domain of murine CD28, the cytoplasmic 

domain of murine 4-1BB, and murine CD3ζ. The F8CAR sequence was fused with the 

murine Foxp3 gene using a F2A peptide linker to produce the F8CAR-mFoxp3 construct 

(Figure 1A). The FVIII specific scFv sequence was derived from the peripheral blood 

mononuclear cells of inhibitor patients and selected using phase display libraries with 

immunoprecipitation to target the C1 domain of FVIII protein 19. Sequence KM33 was 

selected for its high affinity to and low disassociation from the C1 domain, as well as its 

ability to bind to the A3 domain. A human scFv which could potentially be applied to 

human patients was selected for this project since we delivered a human FVIII gene into 

mice. Sequences for murine CD28, 4-1BB, CD3ζ, and Foxp3 were obtained on UniProt. 

F8CAR and F8CAR-mFoxp3 sequences were synthesized by Life Technologies (Carlsbad, 

CA). F8CAR and F8CAR-mFoxp3 were each cloned into lentiviral vectors directed by an 

MND promoter or retroviral vectors (pMXs-Neo; Cell Biolabs, San Diego, CA). Larger 

quantities of F8CAR and F8CAR-mFoxp3 lentiviral plasmids were produced by GenScript 

(Piscataway, NJ).

F8CAR and F8CAR-mFoxp3 lentivirus production and titration

VSV-G (Pantropic retorviral packaging system, Cell Biolabs) and ecotropic envelop-

pseudotyped (Ecotropic tetroviral packaging system, Cell Biolabs) retrovirus were produced 

according to the manufacturer’s protocol. The lentivirus were produced by transient 

transfection of three plasmids using polyethylenimine (PEI) in HEK293T cells20. 1.2x107 

cells were seeded in 15-cm plates. Cells were incubated at 37°C for 5 hours with 25mM 

chloroquine diphosphate21 and then transfected with F8CAR or F8CAR-mFoxp3 plasmid, 

pPAX2 packaging plasmid (AddGene, Watertown, MA) and VSV-G (pMT2, AddGene) or 

Cocal envelope plasmids22. Transfection media was incubated for 16 to 18 hours, and then 

the medium was changed to DMEM without phenol red with 2% FBS and 1% L-glutamine 

for virus production. After 48 hours, the medium was collected and sterile filtered. Virus was 

concentrated 100-fold by centrifuging overnight at 9000g and re-suspending in HBSS buffer. 

Fresh HEK 293T cells were used to titrate concentrated virus. HEK293T cells were plated at 

2x105 cells per mL in a 12 well plate with polybrene at 8 µg/mL in DMEM with 10% FBS, 

1% HEPES, and 1% L-glutamine. After 5 days, F8CAR and Foxp3 expression were stained 

and characterized by flow cytometry, as described below. Viral titers were determined by 

qPCR23.

Animals

All mice were kept in a specific pathogen-free environment at Seattle Children’s Research 

Institute (SCRI) according to National Institutes of Health guidelines for animal care and the 
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guidelines of SCRI. Protocols were approved by the Institutional Animal Care and Use 

Committee at SCRI. HemA mice (F8 exon 16 knockout) with C57BL/6 (BL/6) genetic 

background were generated by crossing the mixed background HemA mice (SV129/BL6) 

with CD45.1 BL/6 mice and CD45.2 BL/6 mice24 for eight generations, respectively. Both 

strains of BL/6 mice were purchased from the Jackson Laboratory. Only male HemA mice 

were used in this study.

Murine CD4+ T cells isolation, transduction, and sorting

Splenic CD4+ T cells were isolated from HemA C57BL/6-CD45.1 mice by magnetic 

separation using a murine CD4+ T cell isolation kit (Miltenyi Biotec Bergisch Gladbach, 

Germany). Isolated CD4+ T cells were plated at 1x106 cells per mL in RPMI with 10% FBS, 

1% L-glutamine, 1% sodium pyruvate, 1% HEPES, and 100U/mL mIL-2 and stimulated 

with anti-CD3/CD28 Dynabeads (Thermo Fisher Waltham, MA) at a 1:1 ratio for 48 hours. 

After stimulation, Dynabeads were removed, and the stimulated T cells were rested in 24-

well plates with 1x106 cells per mL per well for 16 hours. 12-well plates were coated with 

10µg/cm2 of RetroNectin (Takara Bio Kusatsu, Japan) overnight at 4°C. Plates were then 

blocked for 30 minutes at room temperature with 1% BSA in PBS. Blocking buffer was 

rinsed with PBS, and 400µL of 100x virus (~2x108 IFU to achieve ~200 MOI) was added to 

each well. RetroNectin coated plates with virus were then centrifuged at 1000g for 2 hours 

at 30°C. 2x106 CD4+ cells were then added to each well with complete RPMI and 8µg/mL 

polybrene, and centrifuged at 500g for 30 minutes at 30°C without removing the viral 

supernatant. Plates were then incubated at 37°C for 24 hours. Medium was replaced and 

another 400µL of 100x virus was added to each well. Plates were centrifuged at 500g for 30 

minutes at 30°C and then moved to the incubator. Medium for cells transduced with 

lentivirus were supplemented with 2000 U/mL recombinant murine IL-2 throughout all 

transduction steps in order to maintain Treg phenotype and survival. Two days after the 

second transduction, cell debris was removed via Ficoll centrifugation. 4mL of Ficoll-Paque 

(GE Healthcare Life Sciences, Marlborough, Massachusetts) was layered under transduced 

cells in fresh RPMI and then centrifuged for 30 minutes at 400g at 30°C. The layer of cells 

between RPMI and Ficoll layers was collected and stained for viability and F8CAR 

expression. Stained cells were then sorted on a FACSAria (BD Biosciences, Franklin Lakes, 

New Jersey).

Flow cytometry

Flow cytometry was performed to evaluate transduction of T cells by our retroviral and 

lentiviral vectors. F8CAR expression was characterized by first incubating cells with human 

FVIII protein. Cells were then stained with FITC conjugated anti-human FVIII antibody 

(Affinity Biologicals, ON, Canada). Transduced cells were stained with Alexa Fluor 700 

anti-mouse CD4 (Thermo Fisher), PE anti-mouse CD25 (BioLegend San Diego, CA), 

Brilliant Violet 510™ anti-mouse CD45.1 (BioLegend), PE-Cyanine7 anti-mouse CD45.2 

(Thermo Fisher), and Alexa Fluor 647 anti-mouse Foxp3 (Thermo Fisher) antibodies. eFluor 

450 fixable viability dye (eBioscience San Diego, CA) was used to gate out dead cells. 

Stained cells were analyzed on an LSRII Flow Cytometer (BD Biosciences) and data 

compiled on FlowJo software (TreeStar). Stained naive mouse cells were used as 

Fu et al. Page 4

Cell Immunol. Author manuscript; available in PMC 2021 December 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



compensation controls and also normalization controls at different time points. Cell sorting 

was performed on the FACSAria (BD Biosciences).

3H-thymidine incorporation assays.

Inhibitor mice were produced by injecting HemA C57BL/6-CD45.2 mice with 2 Units of 

FVIII protein (Kogenate® FS Antihemophilic Factor, Bayer HealthCare LLC, CA) three 

times a week for two weeks. Inhibitor titer was measured by Bethesda assay two weeks after 

the last injection. Natural responder CD4+ T cells (nTresps) were isolated from HemA 

inhibitor mice by magnetic separation using a murine CD4+ T cell isolation kit (Miltenyi 

Biotec). Transduced responder CD4+ cells (F8CAR-Tresps) were produced by F8CAR-LV 

transduction of CD4+ splenocytes. 8x104 F8CAR-Tresps or nTresps were co-cultured with 

the appropriate ratio of F8CAR-mFoxp3 transduced T cells (F8CAR-Tregs) in RPMI 1640 

supplemented with 10 U/mL human FVIII protein and 100 U/mL IL-2. 1.5 x 105 irradiated 

CD4− cells were added to serve as antigen presenting cells (APCs) in a total culture volume 

of 200µL. 3H-thymidine was added three days later, and cells were cultured for 18 hours 

before analyzing 3H-thymidine incorporation with a Betaplate scintillation counter. Percent 

suppression was calculated using the equation:

%   suppression   =   1   −   c . p . m .   Treg   +  Tresp /c . p . m .  Tresp alone   ×   100%

CFSE proliferation and suppression assays

F8CAR-Tresps were first stained with CFSE dye (eBioscience) and then cultured alone or 

co-cultured with unstained F8CAR-Tregs in the presence of 10U/mL human FVIII protein + 

APCs, FVIII protein only, APCs only, or anti-CD3/CD28 Dynabeads along with 100U/ml 

IL-2 for 4 days. Proliferation of CFSE stained cells was measured by flow cytometry.

% proliferation = [ % proliferation of F8CAR‐Treg + F8CAR‐Tresp /(% proliferation of
F8CAR‐Tresp alone)] x 100%

In vivo adoptive transfer

8–12 week old male HemA C57BL/6-CD45.2 mice were used as recipient mice for adoptive 

transfer. F8CAR-mFoxp3 transduced CD4+ cells were produced as described above. Human 

FVIII plasmid was hydrodynamically injected into each recipient mice on Day 0. Four hours 

after hydrodynamic injection, experimental mice received 4x105 F8CAR-mFoxp3 

transduced CD4+ cells by retro-orbital injection. Peripheral blood was collected by retro-

orbital bleeding. Plasma was separated from blood samples by centrifuging at 500g for 5 

minutes. Activated partial thromboplastin time (aPTT) was performed to measure FVIII 

function, and Bethesda assay was used to measure inhibitor titer. PBMCs were characterized 

by flow cytometry.

Statistical Analyses

All statistical analyses were performed using GraphPad Prism 7 software. Two-tailed 

unpaired student’s T-test or one-way analysis of variance (ANOVA) was used to evaluate 
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significance of single time point experiments, while repeated measures ANOVA (two-way 

ANOVA followed by post hoc Bonferron’s multiple comparison tests) was used to determine 

statistical significance in experiments involving measurements over an extended time course. 

P-values < 0.05 were considered statistically significant.

Results

Production of F8CAR and F8CAR-mFoxp3 lentiviral vectors

Previous experiments performed in our lab have shown that polyclonal Tregs undergoing in 
vitro FVIII-specific expansion have improved efficacy in preventing FVIII inhibitor 

development9. Here, we pursue the use of a chimeric antigen receptor approach to produce a 

uniform population of FVIII-specific Tregs. To achieve this, we first produced lentiviral 

vectors carrying a F8CAR or F8CAR-mFoxp3 transgene in HEK 293T cells. F8CAR 

expression was characterized with flow cytometry by incubating the cells with human FVIII 

protein and then staining with a FITC conjugated anti-human FVIII antibody. Significant 

transduction was detected, demonstrating that the soluble FVIII protein can efficiently bind 

to F8CAR expressed on the cell surface. Titration of F8CAR and F8CAR-mFoxp3 

lentiviruses showed that 100x concentrated virus had titers ≥ 5x108 IFU/mL (Figure 1B). 

These analyses confirm our ability to generate high-titer F8CAR and F8CAR-mFoxp3 

lentiviral vectors for ex vivo transduction.

Lentiviral transduction of murine CD4+ T cells

After establishing the high transduction efficiency of F8CAR-LV and F8CAR-mFoxp3-LV 

in HEK 293T cells and efficient binding of FVIII to FVIII-CAR, we explored optimal 

conditions for transducing murine CD4+ T cells to generate F8CAR-Tresp and F8CAR-

Tregs. First, CD4+ T cells isolated from HemA C57BL/6 mice were stimulated and 

transduced by lentiviral vectors pseudotyped with VSVG envelope protein. FVIII-CAR and 

Foxp3 expression were characterized via flow cytometry as described above. However, it 

was found that the transduction efficiency (~7%) was not ideal for generating engineered 

F8CAR-Tregs (Figure 2A). We then tested retroviral vectors pseudotyped with either VSVG 

or ecotropic envelope proteins, which resulted in even lower transduction efficiency. Lastly, 

we investigated the transduction efficiency of lentiviral vectors pseudotyped with a Cocal 

envelope protein. The Cocal envelope protein’s increased ability to transduce CD4+ T cells 

is believed to be a result of its higher affinity to the LDL receptor, more efficient cell 

membrane fusion, or higher avidity to entry receptors due to a higher density of envelope 

molecules per virion22. It has been observed to have broad tropism25 and has over 70% 

sequence identity with VSVG, although it has not been definitively determined if it enters 

cells through the same receptors. Flow cytometry showed that lentivirus pseudotyped with 

the Cocal envelope protein achieved higher transduction efficiency (>21%) in murine CD4+ 

T cells (Figure 2A). In order to decrease the background fluorescence from dead cells, a 

fixable viability stain was used to gate on viable CD4+ T cells (Figure 2B).

Assessment of F8CARTreg suppressive function in vitro

Transduced cells were collected and sorted using Ficoll centrifugation and cell sorting. 

Suppressive function of FVIII-CAR expressing T cells was evaluated with the 3H-thymidine 
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incorporation assay as well as the CFSE proliferation assay. Natural responder CD4+ T cells 

(nTresps) were isolated from inhibitor mice and transduced responder CD4+ cells (F8CAR-

Tresps) were produced by F8CAR-LV transduction of CD4+ splenocytes. F8CAR-mFoxp3 

transduced T cells (F8CAR-Tregs) were co-cultured with nTresps or F8CAR-Tresps and 

APCs in a FVIII-specific 3H-thymidine incorporation assay. F8CAR-mFoxp3 transduced T 

cells demonstrated suppression of nTresp and F8CAR-Tresp cell proliferation with a ratio-

dependent response. Because nTresp had a lower percentage of FVIII-specific inhibitor T 

cells responding to FVIII stimulation, F8CAR-mFoxp3 transduced T cells exerted higher 

suppression of nTresp proliferation compared to suppression of F8CAR-Tresp proliferation 

(Figure 3A).

In order to confirm the suppressive capability of FVIII-specific F8CAR-Tregs, a suppressive 

assay was also performed to measure the proliferation of CFSE labeled F8CAR-Tresp co-

cultured with F8CAR-Tregs in the presence of FVIII. Proliferation resulting from FVIII-

specific stimulation of the FVIII-CAR on F8CAR-Tresps was assessed by flow cytometry 

(Figure 3B). F8CAR-Tresps were stained with CFSE dye and their proliferation was 

monitored by incubating with FVIII + APCs, FVIII only, APC only, or anti-CD3/CD28 

Dynabeads for four days. F8CAR-Tresps expanded efficiently with Dynabeads, while they 

did not expand well without stimulus, in the presence of APCs only, or with a non-specific 

factor IX antigen (data not shown). Most importantly, F8CAR-Tresps responded to human 

FVIII protein robustly with or without APCs. These results indicate that F8CAR can respond 

to soluble FVIII protein to induce proliferation of F8CAR engineered T cells without FVIII 

being processed and presented by APCs. Thus, we can infer that the binding of FVIII to 

F8CAR activated F8CAR engineered T cells to efficiently proliferate in an antigen-specific 

manner.

After we confirmed the function of FVIII-CAR, different ratios of F8CAR-Tregs were co-

cultured with F8CAR-Tresps stained with CFSE dye in the presence of FVIII protein and 

APCs to monitor suppressive potential (Figure 3C). After a four-day incubation, CFSE 

analysis showed that F8CAR-Tresp proliferation was inhibited by F8CAR-Tregs. As the 

ratio of F8CAR-Tregs increased, F8CAR-Tresp proliferation decreased, indicating that 

F8CAR engineered Tregs are highly suppressive and antigen-specific.

Adoptive transfer of F8CAR-Tregs into HemA BL6 mice

After assessing the suppressive capability of F8CARTregs in vitro, we then investigated if 

F8CAR-Tregs could prevent anti-FVIII inhibitor formation in vivo by adoptively 

transferring the engineered T cells into HemA mice. FVIII plasmids driven by a hepatocyte-

specific promoter were delivered into the liver via hydrodynamic tail vein injection. It has 

previously been shown that high levels of FVIII expression (100–200% of normal FVIII) in 

hepatocytes can be achieved in the first two weeks following this method of gene therapy26. 

In immunodeficient mice, therapeutic levels of FVIII expression persisted for the duration of 

the experiment (>6 months; data not shown). However, in immunocompetent HemA mice, 

initial high levels of FVIII expression dropped to undetectable levels after 2 weeks due to 

the generation of anti-FVIII inhibitors. Therefore, this mouse model is well suited to 

evaluate the ability of F8CAR-Tregs to suppress anti-FVIII inhibitor responses and induce 
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long-term tolerance to FVIII. The engineered cells were produced by transducing CD4+ T 

cells isolated from HemA CD45.1BL/6 mice using F8CAR-mFoxp3-LV as described above. 

After sorting by flow cytometry, 4x105 F8CAR+ T cells were retro-orbitally injected into 

HemA CD45.2BL/6 mice (n=2–4/group) which had received hydrodynamically injected 

FVIII plasmid (Figure 4A). Control groups of mice were injected with naïve CD45.1+CD4+ 

T cells (n=2–4/group) or PBS (n=3/group). Peripheral blood samples were collected by 

retro-orbital bleeding to monitor exogenous T cell population and endogenous Treg 

population. Plasma samples were separated for APTT analysis of human FVIII protein 

expression and anti-FVIII inhibitor production.

Exogenous CD45.1+ T cells were detected in the recipient mice following adoptive transfer 

(Figure 4B, left panel). Viable CD45.1+ T cells (Figure 4B, right top panel) were gated from 

endogenous CD45.1− T cells (Figure 4B, middle top panel) to confirm FVIII-CAR 

expression. Endogenous CD4+CD25+Foxp3+ Tregs (Figure 4B, middle and right bottom 

panels) were also gated and examined for any changes over time. Interestingly, we observed 

an increase of endogenous Tregs in F8CAR-Tregs (p < 0.05) and CD4+ T cell (statistically 

not significant) treated mice 10 days following FVIII plasmid treatment and the Tregs 

remained at higher levels in F8CAR-Treg recipient mice for at least 50 days (Figure 4C). 

These data indicated that adoptively transferred F8CAR-Tregs have the potential to activate 

and induce proliferation of endogenous Tregs to facilitate FVIII-specific tolerance induction.

Following adoptive transfer, the mice receiving F8CAR-Tregs had persistent FVIII 

expression, whereas the mice receiving control CD4+ T cells or PBS showed transient FVIII 

expression with FVIII levels dropping to undetectable levels at 4–7 weeks (Figure 5A). 

Significant titers of anti-FVIII inhibitory antibodies were observed in control CD4+ T cells 

and PBS treated mice, whereas no inhibitory antibodies were detected in F8CAR-Treg 

recipient mice (Figure 5B). These results indicate that adoptive transfer of F8CAR-Tregs 

was able to prevent anti-FVIII inhibitory antibody formation and facilitate antigen-specific 

tolerance induction.

Discussion

One of the significant obstacles to successfully treat HemA patients is the formation of 

inhibitory antibodies against FVIII following protein replacement therapy. Current gene 

therapy trials exclude patients who have a history of inhibitor formation. It is expected that 

this problem may occur in patients with inhibitor history or at high risk of inhibitor 

formation. Our group and others have developed successful strategies to prevent FVIII-

specific immune responses in HemA animal models including immunomodulation using 

monoclonal antibody (mAb) therapies27, an IL-2 mutein28, and others2, 29. Interestingly, 

most successful protocols involve the induction of activated regulatory T cells to create a 

regulatory immune environment during tolerance induction30. Previously, we have 

demonstrated that adoptive transfer of transgenic CD4+Foxp3+ Tregs significantly reduced 

anti-FVIII antibody titers in FVIII plasmid-treated recipient HemA mice31. We found that 

the transferred Tregs activated endogenous Tregs in the recipient mice via an infectious 

tolerance mechanism, leading to long-term tolerance and limited recall responses following 
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a second challenge. In the current study, we further developed a clinically feasible adoptive 

Treg cell therapy aiming at modulation of FVIII-specific immune responses.

Treg cell therapy has many attractive features compared to conventional treatments. It is a 

personalized therapy targeting FVIII-specific immune responses. The treatment is transient, 

but can achieve the goal of long-lasting regulation of anti-FVIII immune responses in vivo. 

Compared to immune tolerance induction (ITI) techniques currently used for hemophilia 

patients, it will be a much more convenient, less costly, and safer method for treating 

inhibitory responses. There have been clinical trials using ex vivo expanded polyclonal Tregs 

to modulate immune responses for diabetes and transplant recipients32–35(Treg trial 

NCT01624077, THRIL trial NCT02166177 and TRACT Trial NCT02145325). In animal 

models, however, it was shown that antigen-specific Tregs are more effective than polyclonal 

cells in achieving therapeutic effects 36–39. We have also shown that Tregs enriched by FVIII 

specific expansion had better suppressive function towards anti-FVIII immune responses 

both in vitro and in vivo9. In addition, Tregs have been engineered with T-cell receptors 

(TCRs)40–42 or chimeric antigen receptors (CARs)18, 36, 43 to generate antigen-specific 

Tregs. In particular, human CD4+CD25+CD127low Tregs were isolated and transduced by 

retroviral vectors carrying a FVIII-specific CAR sequence18. These engineered Tregs were 

demonstrated to suppress FVIII-specific immune responses more effectively when compared 

to non-specific Tregs. Although these engineered human Tregs were shown to reduce 

inhibitor formation, the full suppressive function cannot be thoroughly studied due to rapid 

rejection of human Tregs in immunocompetent HemA mice. Furthermore, Tregs are scarce 

within the immune system, and current therapies to engineer Tregs isolated from the blood 

stream can be costly and cumbersome.

In this study, we engineered the more abundant murine CD4+ cells with a third generation 

lentiviral-CAR vector carrying a FVIII-specific CAR (F8CAR) element composed of a 

single-chain variable domain antibody fragment (scFv) with high affinity to the C1 domain 

of human FVIII protein19 and signaling moieties of CD28, 4-1BB, and CD3ζ in hope to 

increase the potency and persistence of Treg function in vivo. However, recent findings44–46 

found that 4-1BB signaling is suboptimal for human Treg function. Therefore, for translation 

into human applications, engineered human Treg function may be further improved using an 

optimal CAR construct incorporating CD28 and other signaling domains, not including 

4-1BB45. It has been shown that Tregs are highly plastic in vivo; in particular, adoptively 

transferred exogenous Tregs can be easily converted to other phenotypes47. Thus, a murine 

Foxp3 cDNA (F8CAR-mFoxp3) was included in the F8CAR construct to generate more 

stable and effective F8CAR-Tregs. Compared to generating human CAR-Tregs, it is much 

more difficult to engineer murine CAR-Tregs due to low efficiency of retroviral and 

lentiviral transduction of murine T cells. Among the four vector systems we tested, Cocal 

envelope pseudotyped lentiviral vector produced highest transduction efficiency in murine 

CD4+ T cells. As mentioned earlier, the Cocal envelope is believed to have broad tropism, 

high affinity to LDL receptors, increased membrane fusion efficiency, and high avidity to 

hematopoietic cells. We also implemented the use of RetroNectin, spinoculation, and double 

transduction in order to increase the percentage of successfully transduced murine T cells. 

RetroNectin has previously been shown to increase lentiviral transduction efficiency by 

facilitating colocalization of virus particles and their target cells48, 49. Spinoculation of the 
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lentivirus before addition of cells is believed to force virus particles to adhere to the 

RetroNectin coated culture surface50. A second spinoculation of virus after addition of cells 

is hypothesized to bring virus particles in contact with the top of the cultured cells. 

Following transduction of HEK 293T cells or murine CD4+ T cells using either F8CAR-LV 

or F8CAR-mFoxp3-LV, it was found that soluble FVIII can bind efficiently to the specific 

FVIII scFv expressed on the transduced cell surface. Furthermore, the F8CAR and F8CAR-

mFoxp3 transgene transformed CD4+ T cells to confer characteristics of FVIII-specific 

CD4+CD25+ F8CAR-Tresps and CD25+Foxp3+ F8CAR-Tregs, respectively.

In the 3H-thymidine incorporation assay, we found that F8CAR-Tresps can respond to FVIII 

stimulation in the presence of APCs similarly to nTresps isolated from FVIII primed HemA 

inhibitor mice. In corroboration with our hypotheses, the CFSE proliferation assay showed 

that proliferation of F8CAR-Tresps can be induced by FVIII with or without the presence of 

APCs. In addition, we showed that the engineered F8CAR-Tregs highly suppressed the 

proliferation of engineered F8CAR-Tresps and natural FVIII-specific Tresps. Adoptive 

transfer of the engineered F8CAR-Tregs to HemA mice prevented inhibitor formation and 

maintained FVIII function when combined with FVIII gene therapy. Since FVIII stimulation 

of F8CAR engineered cells can occur in the presence or absence of APCs, it is postulated 

that the mechanism that leads to antigen-specific tolerance induction may be different 

compared to other engineered CAR-Tregs that rely on cell-cell interaction36, 42. We found 

that although there is only a small percentage of exogenous F8CAR-Tregs circulating in 

mice initially, their presence may have the potential to induce the activation and proliferation 

of antigen-specific endogenous Tregs to promote infectious tolerance induction. There is a 

significant elevation of endogenous Tregs during the 8 weeks following adoptive transfer of 

F8CAR-Tregs and FVIII plasmid challenge, which we hypothesize promoted the generation 

of endogenous FVIII-specific Tregs and created an environment for induction of FVIII-

specific tolerance.

In this study, we have demonstrated that the engineered F8CAR-Tregs were effective in 

preventing inhibitor formation and can potentially promote long-term FVIII-specific 

tolerance in HemA mice. Importantly, our method enables the generation of engineered 

FVIII-specific Tregs from the more abundant CD4+ T cell population instead of anergic and 

scarce Tregs, addressing a critical manufacturing obstacle for the development of Treg 

therapy. This strategy could be tested for efficacy in other models, as well as in treatment of 

human hemophilia patients after further development.
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Highlights

1. Antigen-specific regulatory T cells were produced by transducing CD4+ T 

cells with lentivirus carrying factor VIII-specific CAR and Foxp3 cDNA

2. The gene-modified T cells suppressed anti-FVIII immune responses in vitro 
and prevented anti-factor VIII antibody production in hemophilia A mice.

3. Transduced cells were analyzed for suppressive function and demonstrated 

regulation on anti-factor VIII immune responses
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Figure 1. Lentiviral transduction in 293T cells with F8CAR and F8CAR-mFoxp3 transgenes.
(A) Scheme of the FVIIICAR constructs. The FVIII-CAR constructs were made by in-

fusion cloning incorporating an FVIII-specific scFv followed by intracellular portions of 

signaling moieties of immune receptors into a lentiviral vector. The signaling moieties were 

composed of CD28, 4-1BB, CD3 signaling domains. For the F8CAR-mFoxp3 construct, 

murine Foxp3 cDNA was fused at the end of signaling moieties via F2A peptide. (B) 

Binding of FVIII to FVIII-CAR on lentivirus transduced cells. Lentivirus carrying F8CAR 

and F8CAR-mFoxp3 transgene were produced to test the transduction efficiency in HEK 

293T cells. To detect FVIII-specific scFv, the transduced cells were incubated with human 

FVIII protein followed by anti-FVIII antibody. Control showed that the un-transduced cells 

did not bind to FVIII protein and anti-FVIII antibody.
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Figure 2. Transduction efficiency in murine CD4+ T cells by lentivirus and retrovirus 
pseudotyped with different envelop proteins.
(A) Viral vectors including VSVG and ecotropic envelop-pseudotyped retroviral vectors and 

VSV-G and Cocal envelop-pseudotyped lentiviral vectors were tested to increase 

transduction in murine CD4+ T cells. (B) Fixable viability dye eFluor 450 was adopted to 

decrease anti-FVIII-FITC background produced by dead cells. Anti-FVIII and Foxp3 were 

gated on CD4+ viable T cells. F8CAR-LV and F8CAR-Foxp3-LV pseudotyped with Cocal 

envelop protein showed the best transduction efficiency in murine CD4+ T cells. In addition, 

CD25 were gated on transduced cells to measure T cell activation.
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Figure 3. Suppressive function of F8CAR-Tregs were examined in 3H-thymidine incorporation 
assay and CFSE proliferation assay.
(A) F8CAR-mFoxp3 transduced T cells (F8CAR-Tregs) were cultured at decreasing ratios 

with either CD4+ T effector cells isolated from FVIII-primed HemA BL6 inhibitor mice 

(nTresp) or F8CAR transduced T cells (F8CAR-Tresp) in the presence of APCs and 10 U/ml 

human FVIII protein. 3H-Thymidine was added to the plate after 72 hrs incubation, and the 

plate was cultured for another 18 hrs. Thymidine incorporation was measured in counts per 

minute with Betaplate scintillation counter. There is no statistical significance between the 

nTresp and F8CAR-Tresp groups. However, significant differences were observed between 

the suppressed cells (Tregs+Tresp) and Tresp only (p < 0.01) for both groups. (B) In the 

CFSE proliferation assay, F8CAR-Tresps were stained with CFSE dye and cultured with 

anti-CD3/CD28 Dynabeads, FVIII protein plus APCs, FVIII protein only, or APCs only to 

stimulate T cells proliferation. (C) The suppressive function of F8CAR-Tregs was measured 

by co-culturing with F8CAR-Tresps, which were stained with CFSE dye before plating, at 
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decreasing ratios in the presence of APCs and 10 U/ml FVIII protein. F8CAR-Tresps 

cultured in the presence of APCs and 10 U/ml human FVIII protein were used as controls. 

Four days later, CFSE expression was measured on flow cytometry. Top panel: 

representative flow cytometry figures of the FVIII-specific suppressive assay. Bottom panel: 

Summary of suppressive function of F8CAR-Tregs at decreasing ratios.
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Figure 4. Adoptive transfer of F8CAR-Tregs into CD45.2 HemA BL6 mice and tracking on 
exogenous and endogenous Treg populations.
(A) FVIII plasmid was hydrodynamically injected into experimental and control mice. 

Experimental CD45.2 HemA BL6 mice (n=2–4/group) were retro-orbitally injected with 

F8CAR-mFoxp3-LV transduced CD45.1+CD4+T cells. Control mice were injected with 

untransduced CD45.1+CD4+T cells (n=2–4/group) or PBS (n=3/group). Blood samples were 

collected by retro-orbital bleeding for staining on exogenous and endogenous Treg 

populations. (B) Exogenous and endogenous Treg populations were analyzed by flow 

cytometry. Viable transduced CD45.1+T cells (left panel, boxed in red) were gated to 

examine FVIII-CAR expression (right top panel) and are compared to viable CD45.1− T 

cells (middle top panel). Endogenous Tregs, defined as CD4+CD25+Foxp3+ cells (middle 

and right bottom panel, boxed in blue), were gated among CD45.1− T cells (left panel, 

boxed in green). (C) Endogenous Treg population was monitored over time. Data shown 

were expressed as a mean with standard deviation. *p < 0.05. These experiments were 
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performed repeatedly in three sets of experiments without significant variance between 

experiments.
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Figure 5. Evaluation of FVIII gene expression levels and anti-FVIII inhibitor antibody titers 
following adoptive transfer of F8CAR-Tregs in HemA mice.
Mouse experiments were the same as those described in Figure 4. Plasma samples were 

separated from retro-orbitally collected blood. (A) A FVIII-specific aPTT assay was used to 

examine FVIII activity over time. Data are expressed as mean with standard deviation. (B) 

Bethesda assays were used to evaluate the anti-FVIII inhibitory antibody titers in the plasma 

at 9 weeks post adoptive transfer of F8CAR-Tregs. Data shown were expressed as a mean 

with standard deviation. *p < 0.05.
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