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Abstract

Hemophilia A is a bleeding disorder caused by mutations in the gene encoding factor VIII (FVIII),
a cofactor protein that is essential for normal blood clotting. Approximately one in three patients
with severe hemaphilia A produce neutralizing antibodies (inhibitors) that block its biologic
function in the clotting cascade. Current efforts to eliminate inhibitors consist of repeated FVIII
injections under what is termed an “ITI” protocol (Immune Tolerance Induction). However, this
method is extremely costly and approximately 30% of patients undergoing ITI do not achieve
peripheral tolerance. Human T regulatory cells (Tregs) have been proposed as a new strategy to
treat this anti-drug antibody response, as well as other diseases. Polyclonal Tregs are nonspecific
and could potentially cause general immunosuppression. Novel approaches to induce tolerance to
FVIII include the use of engineered human and mouse antigen-specific Tregs, or alternatively
antigen-specific cytotoxic cells, to delete, anergize or kill FVI1I-specific lymphocytes. In this
review, we discuss the current state of engineered T-cell therapies, and we describe recent progress
in applying these therapies to induce FVI1I1-specific tolerance.
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Introduction

Hemophilia A is an X-linked bleeding disorder due to mutations in the F8gene encoding
coagulation protein factor VIII (FVIII) [1, 2]. The incidence of hemophilia A is 1 in 5000
male births [3]. FVIII is a critical component of the blood coagulation cascade. It serves, as
a co-factor in the intrinsic tenase complex, in which FVIII greatly accelerates the activation
of the serine protease factor X by factor 1Xa. These reactions result in a burst of thrombin,
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which converts fibrinogen to fibrin and further activates platelets, resulting in a fibrin mesh
and platelet plug that staunch bleeding [4]. FVIII is 265kDa protein comprised of domains
Al-A2-B-A3-C1-C2 [5]. Severe hemophilia A is defined as <1% FVIII clotting activity [6],
and the causative mutations are F&intron 22 inversions (~45% of cases), intron 1 inversions
(3-5% of cases) [7], and F8deletions, splice site and missense mutations. Importantly, FVI1I
antigen in plasma/serum is generally undetectable in severe hemophilia A. Patients with
mild or moderate hemopbhilia A have 1-5% or 5-45% normal clotting factor activity,
respectively [6] and their incidence of inhibitors is lower than in severe hemophilia A. These
patients circulate a dysfunctional, hemopbhilic FVI1I protein; however even missense
mutations can provoke inhibitor development in patients infused with wild-type FVIII
protein [8-10]. Current standard of care for hemophilia A is regular infusions of either
plasma-derived or recombinant FV 111 for prophylaxis or for bleeding episodes (“on
demand”). Unfortunately, a major problem is that a significant fraction of patients develop
neutralizing antibodies, referred to as inhibitors, towards the infused FVIII due to a lack of
central immune tolerance. Inhibitors occur in approximately 25-30% of the patients with
severe hemophilia A, and in about 5% of patients with mild hemophilia A [11]. Many of
these inhibitors neutralize or delay clotting by binding to functionally important FVIII
surfaces, e.g. the A2, C1 and C2-domains [12], which interact with the FVIII chaperone
protein von Willebrand factor and/or phospholipids and protein components of the intrinsic
tenase complex.

The most prevalent current treatment to eliminate inhibitors is recurrent high-dose
administration of FVIII, termed Immune Tolerance Induction (ITI) [13]. Drawbacks to ITI
therapy, which is administered until titers subside or for 2—4 years, are its high cost and the
fact that 20-40% of patients ultimately fail this therapy, making their clinical management
challenging [14, 15]. In addition, the mechanism by which tolerance to FVI1II is established
following successful ITI treatment is still not understood. Less expensive and more effective
immune tolerance protocols remain an unmet need. Cellular immunotherapy has been
considered a promising approach to treat diseases including cancer and autoimmunity [16].
Understanding and applying immunologic tolerance induction to prevent and/or eliminate
hemophilic inhibitors is the primary focus of research in our lab and others. Recent advances
in chimeric antigen receptor (CAR) immunotherapies for cancer, and recent success in the
treatment of resistant leukemia using CAR transduced cytotoxic T cells [17] [18], have
suggested that related approaches may prove fruitful in “engineering” tolerance to protein
antigens such as FVIII. The use of engineered T cells to express modified T cell or B cell
receptors can be advantageous; these T cells will have enhanced specificity, as they can more
effectively target T effector cells and/or antibody-secreting cells, and could thereby
overcome significant fundamental limitations of polyclonal cellular immunotherapies.

Discovery of CAR T Cell Therapy

In 1989, Eshhar and colleagues designed the concept of redirecting T-cells with antibody
specificity in an MHC independent manner [19, 20]. An anti-TNP (2,4,6-trinitrophenyl)
immunoglobulin variable region replaced the variable region of a standard T cell receptor
(TCR). This created “T bodies” that were non-MHC-restricted, genetically engineered T
cells specific for a single, defined antigen [19, 21]. This represented the first generation of
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“CAR” T cells. The second assembly of CARs consisted of an antibody single chain
variable fragment (scFv) comprising the variable heavy Vi and variable light V| coupled to
the endogenous immunoreceptor tyrosine-based activation motifs (ITAMs) of the CD3C
chain or immunoglobulin Fc receptor y-chain [19, 21, 22]. This generation of chimeric
receptors served as the template for today’s CARs. A single gene product consisting of an
scFv against CD33, a transmembrane receptor of myeloid lineage, and the signaling
moieties CD28 and CD3( was generated [23]. In 2004, CD19-CARs were generated with
the co-stimulatory molecule 41BB (CD137), which enhanced and diversified the robust
performance of T cells [24]. 41BB has been shown to reduce the T cell exhaustion triggered
by prolonged CAR signaling [25], and successful clinical trials ensued [17]. Major changes
in the field of CAR-mediated immune therapy were facilitated by early clinical trials using
CD19-CAR T cells to treat patients with relapsed or refractory hematological malignancies,
with promising clinical outcomes [26—31]. Understanding and applying CAR therapy has
been a notable achievement in the last decade in both oncology and hematology. Increasing
research into T cell signaling, function, persistence and the importance of co-stimulation,
has led to significant improvements in CAR T cell design. The third generation of CARs
combines different intracellular signaling domains (e.g., CD28, OX40 or 41BB with CD3()
to ensure that CAR T cells are fully activated and effective after encountering their specific
targets [32]. Currently, about 30 different CARs are in clinical trials (Figure 1). The majority
of current CAR therapies are directed against hematological malignancies. Most target
antigens are not restricted to tumor cells and can also be found on selected normal cells.
Research in CAR tumor immunology and cancer therapy is how expanding to include safety,
efficacy, and implementation of GMP standards to prepare T cell infusion products,
sometimes referred to as “living drugs”.

Engineered T Cells to Modulate Responses in Transplantation and

Autoimmunity

Adoptive T cell transfer therapy has been proposed to treat a variety of autoimmune
disorders [33-37] and to prevent the immune responses to therapeutic proteins [38].
However, polyclonal T regulatory cells (Tregs) manifest a repertoire of specificities and
could lead to non-specific immunosuppression [39]. Moreover, the frequency of the specific
Tregs that we might wish to use would likely be very low [40]. To increase the number of
specific Tregs, one would have to isolate and expand such rare cells. As an alternative
approach, several labs have engineered Tregs to express either scFv or TCRs specific for
target peptide antigens [41]. Currently, there are multiple publications utilizing CAR Tregs
in studies of transplantation and autoimmunity [39, 42-45]. For example, MacDonald et al.,
transduced human Tregs with an scFv specific for an HLA class | antigen and showed that
these engineered Tregs suppress rejection in a xenotransplant model [39].

Engineered Specific Tregs in Hemophilia A

The antibody response to FVIII is known to be CD4+ T-cell dependent [2, 46-48]. Studies
of HIV infected hemophilia patients with inhibitors demonstrated that as T cells numbers
diminished the inhibitor titers also decreased, but as T cell numbers recovered with anti-
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retroviral therapy, so did the inhibitor titers [46, 47]. In addition, experiments with F&8
knockout mice demonstrated that blocking co-stimulatory B7/CD28 or CD40/CD40L
interactions required for T-cell activation and antibody response can prevent anti-FV111
antibody formation [2, 48, 49]. Thus, we hypothesized that Tregs targeting T-cell helper
activity might be able to suppress inhibitor formation. We also hypothesized that FVII1-
specific memory B cells or antibody-secreting cells (ASCs) could be targeted for
suppression/elimination.

We have recently developed multiple alternative approaches to develop potential T-cell
therapies by engineering recombinant FVI1I-specific TCRs [50] or CARs [51], as well as
FVII11 specific B-cell antibody receptors (BARs) on expanded polyclonal Tregs or CD8+
antigen-specific T-effectors, respectively (Figure 2) [52, 53].

TCR engineered Tregs in Hemophilia A

The first category of engineered Tregs generated in our lab by Kim et a/. [50] express a
recombinant T cell receptor (called 17195) that recognizes a peptide from the FVIII C2
domain (Figure 2A). The variable regions of this TCR a and p chain were cloned from a
well-characterized T cell clone isolated from a hemophilia A subject [54] and combined
with the human TCR constant regions, connected by a P2A peptide linker [54]. Expression
of this TCR was under control of the 5> MMLV LTR, with the green fluorescent protein
(GFP) inserted downstream of the TCR coding region separated by an internal ribosomal
entry site (IRES) [50]. The original T cell clone recognizes the FVI11-C2 domain peptide
(residues FV111-2194-2210) restricted by HLA-DRB1*01:01 (abbreviated DR1). Human
CDA4+ effector T cells transduced to express this TCR, proliferated and produced cytokines
(e.g., IL-2 and IFNy) when stimulated with the cognate peptide. When sorted human Tregs
(CD25+, CD127lo) were transduced with a retroviral vector to express this TCR (17195),
these cells expressed and maintained the Treg markers forkhead box P3 (FoxP3),
glycoprotein-A repetitions predominant (GARP), latency-associated peptide (LAP) and
glucocorticoid-induced TNF receptor-related ligand (GITR). Stimulation with the C2
peptide (FVI11-2194-2210) increased the expression of Treg markers. These 17195 TCR-
Tregs proliferated, but did not secrete IFN-y and IL-2, in response to the C2 peptide. When
17195 transduced T effector and T regulatory cells were mixed in different ratios, 17195
TCR-Tregs suppressed proliferation and cytokine secretion of T cells from the parent clone
or from 17195-T effector cells specific for the C2 peptide (Figure 3). These 17195-Tregs
were also effective in suppressing a FVI1I1-specific mouse B-cell response /n vitro. The
observed effect could be due to direct suppression of FVIII-specific memory B cells (as
antigen presenting cells, APC) or suppression of T helper cells, or both [50]. Importantly,
17195 TCR-Tregs also effectively suppressed the anti-FVI11 antibody response in vivo
across a xenogeneic barrier [51]. It is important to note that the 17195 TCR-Tregs, while
specific for a single peptide epitope, were able to suppress the antibody response to the
entire FVII1 molecule; that is, there must have been bystander suppression to other FVIII
epitopes. However, it is worth noting that because the 17195 TCR is HLA-DR1 restricted,
consequently clinical application would require the patients to express the same HLA allele.
Cloning FVIlI-specific TCR variable regions from additional patients representing the most-
common HLA class 11 alleles could overcome this issue [41, 55].
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CAR-Tregs in Hemophilia A

Engineered Tregs generated by Yoon, Schmidt and co-workers [51] were transduced to
express a CAR containing an scFv specific to the FVIII A2 domain (termed ANS8 CAR).
This scFv was isolated from a phage library and cloned into the human IgG1 heavy chain
[56, 57], together with standard components for CAR design, including the CD28
transmembrane and intracellular domains and the intracellular domain of the CD3( chain
(Figure 2B). Retroviral vectors encoding the ANS8 CAR were used to transduce human T
effectors or human Treg cells [51]. In contrast to the recombinant TCR strategy, the ANS8
CAR transduced Tregs are not MHC-restricted and could be used to treat any patient
regardless of the MHC haplotype. These ANS8 CAR-Tregs /n vitro abrogated the
proliferation of T effector cells specific for the FVIII C2 domain (17195 T effectors) in the
presence of FVIII, as well as of T effector cells specific to MBP in presence of both MBP
and FVIII. This demonstrated both specificity and a bystander effect when both antigenic
epitopes were present locally. /n vitro, ANS8 CAR-Tregs were similarly effective in
suppressing secondary anti-FVI11 antibody production from FVI1I-primed murine
splenocytes. The results obtained using ANS8 CARs suggest that CAR-Tregs that recognize
a single FVIII epitope may be able to effectively control inhibitors formation against
multiple epitopes of FVIII. Indeed, those ANS8 CAR-Tregs remain specific, since their
activation and suppression activity occur in the local milieu where the anti-FVI1I immune
response is ongoing [51]. A similar CAR approach was adopted by Fu et a/when they
transduced murine CD4+ T cells with a lentiviral vector encoding a high-affinity anti-FVI11
ScFv linked to the CAR signaling domain, fused with Foxp3 cDNA named F8CAR-Foxp3-
LV. Those cells significantly suppressed the antibody response to FVII1 [58].

BAR-Tregs in Hemophilia A

FVIli-specific B cells express immunoglobulin receptors that recognize B-cell epitopes on
the FVIII surface; thus, they are required for high-titer inhibitor responses. With the goal of
targeting FVI1I-specific B cells directly, we designed a new receptor called BAR (B-cell-
targeting Antibody Receptor) [52, 53]. The extracellular component of BAR is comprised of
antigen domains (either FVI11 A2 or C2 domains) linked to transmembrane and signal
domains CD28-CD3(. Thus, A2-BAR or C2-BAR expressing Tregs could be activated by
antibodies recognizing FVIII or by interactions with FVII1-specific B cells. Thus, BAR
immunosuppression could occur through interactions with FVI11 A2 or C2-specific B cells,
respectively (Figure 2C). /n vivo, FVI11-A2 BAR and FVI11-C2 BAR human Tregs
effectively and specifically prevented the antibody response to FVIII immunizations in
hemophilic mice for as long as eight weeks [53]. The mechanism of BAR Treg suppression
remains to be further investigated, but preliminary /n vitro analysis of B and T cells from
“tolerant” mice recipients suggests that FVI11-specific B cells may be directly suppressed,
whereas the helper T cells were not (Yoon et al., unpublished).

Approaches Using Cytotoxic T Cells in Hemophilia A

Cytotoxic T lymphocytes (CTLs) are equipped to kill virus-infected or mutated tumor cells
with remarkable specificity. Upon TCR recognition, CTLs form an immune synapse with
their target cell, and deliver cytolytic granules containing perforin and granzyme B to the
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synapse through marked reorganization of both the actin and the microtubule cytoskeletons.
Alternatively, FasL expression on CTLs enables Fas mediated cell death. Theoretically, one
can express a single chain antibody specific for a FVIIl domain (e.g. FVI1I1-A2) to create
specific CAR- expressing CTLs. These should be able to kill FVI1I-specific B cells when
loaded with FVIII protein, which would then be recognized by the FVIlI-specific B cell
receptor. Currently, these types of CAR-CTLs are being developed in our lab. This indirect
approach requires that CAR-CTLs, antigen and specific B cell or antibody secreting cell be
in the same local environment. These CTLs are FVIlI-specific, and further studies are
required to understand their off-site activation potential in the presence of circulating FVIII.
As FVIII is bound to von Willebrand factor in the circulation, some FVI1II B-cell epitopes
may not be recognized as efficiently by CAR-CTLs. This possibility is, however, testable.

For a more direct approach to target and kill FV1I1-specific B cells, we reasoned that
expression of FVIII domains on a CTL cell would enable them to be recognized by surface
IgM+ve FVII1-specific B cells through the BCR. These specific B cells would then be
successfully eliminated in an MHC-independent manner. We refer to these cells as BAR-
CD8+. To test their potential efficacy, FVIII-C2 or A2 BAR-expressing CTLs derived from
healthy donor CD8+ T cells were mixed with a FVIII C2 domain specific hybridoma
BO2C11 or 3G6). These FVIII-C2 BAR CD8+ were effective in killing all the hybridoma
cells (Figure 4). Hybridoma cell functionality and death rates were measured by an
ELISPOT assay to detect antibody [52]. We further demonstrated that BAR CD8+
expressing the FVIII A2 domain could kill A2-specific hybridomas (413) (Parvathaneni et
al. in preparation). These results were obtained with both human and murine CD8+ cells
transduced with FVIII A2 or C2 domains and with murine or human target cells. Similar
studies have been published in an autoimmune pemphigus model, where Ellebrecht et al. has
demonstrated the ability of engineered CD8+ T cells expressing domains of desmoglein 3
(Dsg3), to eliminate anti-Dsg3 BCR expressing hybridomas /n vitroand in vivo [59]. Further
experiments to test the efficiency of FVIII BAR-CTLs in eliminating an ongoing humoral
response to FVIII immunized mice are under way. Based on our data and that of Ellebrecht
et al., it should be relatively straightforward to adapt the BAR-CD8+ T cell approach to kill/
suppress antigen-specific B cells involved in other adverse immune responses, in addition to
anti-FVIII inhibitor formation in hemophilia A.

From the bench to the clinic

In summary, to prevent and reverse inhibitor formation in hemophilia A, our lab has
developed a series of strategies using engineered T cells. Human Tregs transduced with a
FVIl1-specific TCR (17195), an scFv CAR (ANS8), or A2/C2 BARs were shown to
maintain Treg phenotypic markers after long-term (> 3—-6 weeks) /n vitro expansion, and
they were demonstrated to be effective both /n vitroand in vivo. These data verify the basic
principles of these approaches and support translation to clinical trials. These antigen-
specific Tregs are highly efficient in activation and suppression compared to polyclonal
Tregs, which should considerably reduce the number of transfused Tregs required for
immunotherapies, and their specificity should also help to prevent potential global immune
suppression. The use of these antigen-specific T-cell populations is highly recommended for
the generation of novel therapeutic strategies as the potential safety profiles of such
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therapeutics appear, at this point, to be promising (figure 5). In addition, the TCR-, CAR-, or
BAR-Tregs can be further engineered to include components such as suicide genes,
additional signaling motifs for enhanced function, or advanced designs such as ON/OFF
switches. The CD19 CARs have shown potential to establish a long-term memory responses
and have been shown to be successful in preventing relapses [60]. We have focused so far on
engineered human Tregs, which we know will be rejected in mouse recipients. In order to
establish the survival and long-term /n vivo effect of these engineered Treg cells, we are now
engineering mouse Treg cells to be tested in syngeneic mouse models. The potential of
mouse CTLs to provide long-term survival /n vivois currently being investigated.
Ultimately, if animal models continue to generate results with translational potential, the
therapeutic potential of these engineered T cells, whether Tregs or CTLs, must be tested in
human clinical trials.
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Figure 1. Ongoing CAR Clinical Trials in United States
CAR T cells targeting various antigens under clinical trials [61]. * Represents NK cells in

clinical trials.
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Figure 2. Strategies for generating engineered T cells specific to FVIII protein or peptides
(A) Recombinant TCR: TCR-transduced FVI11-C2 domain-specific Tregs restricted to

HLA-DRB1* 01:01. (B) CARs: Single chain variable domain (scFv) transduced Tregs
specific to FVIII-A2. (C) BARs: FVIII C2 or FVIII A2 domain-linked transduced Tregs
with transmembrane and signal transduction domains CD28-CD3(. (D) CARs CD8+ and
BARs CD8+ T Cells: Cytotoxicity to target cells by indirect engagement of FVIII-A2 CAR

expressing CTLs or by direct engagement through FVII1-A2 BAR CTLs.
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Figure 3. FVII1I-selective immunosuppression by 17195TCRTregs
Human CD4+ effector T cells mixed in different ratios of Teff/Treg were stimulated with

rEVII (0.5 pg/mL). Immunosuppression was evaluated using a 3H-thymidine incorporation
assay. Representative data from 1 of 3 experiments are shown [50]. Statistical analysis based
on 2 way Anova. (* 0.169; **0.019; **** <0.0001)
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Figure 4. FVIII ELISPOT to measure antibody secretion from surviving BO2C11 cells
FVIII-C2 BAR cytotoxic T cells were co-cultured with BO2C11 cells for 5hrs at various E: T

ratios and the cells were plated on FVIII (2 pg/mL) coated ELISPOT plates overnight. The
number of spots per million cells was calculated by imaging using a CTL plate reader™.
Statistical analysis based on 2 way Anova. (*** 0.0001; **** <0.0001)
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Figure 5. Schematic flow chart of potential T cell therapy for hemophilia A inhibitor patients
Lymphocytes are collected from patients by leukopheresis and T lymphocytes (Tregs or

CD8+ T cells) are enriched. T lymphocytes are transduced to express the chimeric receptors
and then undergo ex vivo rapid expansion. Prior to infusion, patients may undergo
plasmapheresis to remove circulating high-titer inhibitors. Lastly, the patients are infused
with the engineered T cell product.
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