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Abstract

Hematopoietic stem cell transplantation is a curative therapy for hematological malignancies. T
cell deficiency following transplantation is a major cause of morbidity and mortality. In this
review, we discuss adoptive transfer of committed precursor cells to enhance T cell reconstitution
and improve overall prognosis after transplantation.
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Hematopoietic stem cell transplantation (HSCT) is a potentially curative therapy for a
variety of hematological malignancies, solid tumors, and nonmalignant hematological
diseases. One of its major complications is a prolonged posttransplant immune deficiency,
which is most evident in the T cell compartment and leads to an increase in morbidity and
mortality predominantly due to opportunistic infections [1]. In addition, in some studies,
enhanced early lymphocyte reconstitution has been associated with less malignant relapse
and can be used as a prognostic indicator of disease outcome in both autologous and
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allogeneic HSCT [2-5]. Following HSCT, T cell reconstitution occurs via (1) clonal
expansion of radio/chemoresistant host T cells, (2) clonal expansion of mature donor T cells
transferred with the graft, and (3) thymus-dependent and possibly thymus-independent de
novo generation of donor lymphocytes. T cell recovery is inversely proportional to age [5].
In younger patients, T cell recovery can take up to 12 months, while in older patients, T cells
may never reach pretransplant levels [6]. The significant delays in T cell reconstitution in
older patients can be attributed to age-related thymic involution and the coincident decrease
in export of naive T cells from the thymus [6]. In general, the thymi of young recipients are
capable of supporting the production of a new repertoire of selected, functional T cells. This
does, however, depend on several factors: thymic damage due to radio/chemotherapy,
engraftment of donor-derived hematopoietic precursors, and graft-versus-host disease
(GVHD) occurrence and treatment.

In this review, we will discuss the use of adoptive precursor cell therapies as a means to
enhance T cell reconstitution and decrease morbidity and mortality following HSCT.

Mouse T cell development

T cells develop in the thymus, unlike other lymphoid lineages, which develop in the bone
marrow from resident hematopoietic stem cells [7, 8]. Although the thymus is essential for T
cell differentiation, it does not contain self-renewing T cell progenitors. Instead, bone
marrow-derived precursors enter the thymus via the bloodstream [9-12]. Although T cell
precursors in the early stages of T cell development maintain their potential to develop into
non-T lineages [13, 14], under normal circumstances, the majority will follow a well-
characterized differentiation pathway. Thymic entry is a gated phenomenon in which
progenitors are able to engraft only when space is available in thymic niches and
microvascular entry sites or gates are open [15-18]. Engraftment in the thymus is further
regulated by a variety of adhesion interactions and chemotactic events [19]. P-selectin
glycoprotein ligand 1 (PSGL-1) and CD44 [20], as well as the C—C chemokine receptor 9
(CCR9) [21-23] facilitate progenitor entry into the thymus.

The identity of the thymus-seeding progenitor remains unknown; however, the phenotype of
the early T lineage progenitor (ETP), the earliest thymocyte subset, is defined as lineage
marker-negative (lin)"CD44*CD25 c-kit* [24]. As shown in Fig. 1, ETPs are, therefore,
contained within the most immature thymocyte subset, CD4~CD8™ (double negative [DN])
cells. DN thymocytes later develop into CD4+*CD8™ (double positive [DP]) cells, then pass
through a CD8 intermediate single positive phase followed by differentiation into either
CD4" or CD8* (single positive [SP]) cells. The DN compartment is further divided on the
basis of CD44 and CD25 expression [25-27]. In order to mature, thymocytes traverse the
thymus and receive differentiation signals from thymic stromal (especially epithelial) and
dendritic cells. DN1 (CD44*CD25") cells are found in the cortex near the corticomedullary
junction, the site at which bloodborne precursors enter the thymus [28-30]. Accordingly, the
subsequent developmental stages of thymocytes are observed in distinct regions of the
thymus. DN2 (CD44*CD25%) cells are located in the cortex, DN3 (CD44~CD25%) near the
subcapsular region, and DN4 (CD44~CD257) and DP cells begin to travel from the
subcapsular region back toward the medulla [28-30]. Subsequent thymocyte subsets are
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primarily located in the medulla where they finish the process of T cell receptor (TCR)
rearrangement and undergo positive and negative selection, all of which require interaction
with the thymic microenvironment.

During the DN2 stage, thymocytes upregulate the recombination-activating gene (Rag) 1
and 2 genes and begin TCR f chain (TCRp) rearrangement [25, 31-33]. Thymocytes express
TCRp at the cell surface with the pre-TCR a chain (pTa) during the DN3 stage. Signaling
through the pre-TCR indicates a productive 3 chain rearrangement, in the process of §
selection, which entails allelic exclusion, and induction of a chain rearrangement [34].
Additionally, pre-TCR signaling promotes CD25 downregulation and progression to DN4
and DP stages [32]. The vast majority of thymocytes undergo apoptosis before
differentiating into naive T cells, which is prevented via pre-TCR signaling [35].
Thymaocytes then undergo positive selection, during which they are rescued from death by
neglect by TCR/major histocompatibility complex (MHC) interactions mediated by
medullary thymic epithelial cells [36]. Thymocytes that react too strongly to the peripheral
self-antigens induced by Aire in the thymus are deleted in the process known as negative
selection, which results in a pool of T cells that are tolerant to self [37-39]. Throughout T
cell development in the thymus, thymic epithelial cells provide crucial signals to developing
thymocytes, including TCR ligation via MHC/peptide complexes, Wnt and Hedgehog
pathway activation, and chemokine and cytokine signals [32]. Of particular interest are
signals activating the Notch pathway, as discussed below. The correlation of developmental
stages with specific microenvironments within the thymus indicates a highly specialized
function for thymic stromal cells in instructing progenitors to adopt the T cell fate.

Human T cell development

As in the mouse, human T cells develop primarily in the thymus. The stages of T cell
development in the human thymus have yet to be definitively characterized; however, the
current information about human T cell development within the thymus is represented in
Fig. 1. It is known that hematopoietic precursors in man express CD34*, and precursors with
a bias toward T/NK cell fate found in the bone marrow and cord blood are additionally
CD45RA*CD7*CD107IL-7Ra™ [40]. The phenotype of the thymus-seeding progenitor is
unknown, but precursors must enter from the bloodstream because the human thymus, like
the mouse, does not contain self-renewing precursors [41]. Human ETPs, the most immature
thymocyte subset, are CD34*CD45RA*CD7+*CD10*IL-7Ra*, but they do not express
CD1a; downstream of the ETP, the first cell type committed to T cell fate shares the ETP
cell surface phenotype but additionally expresses CD1a [40]. Subsequently, human
thymocytes pass through a CD4 intermediate single positive stage before reaching the
CD4*CD8* double positive stage, undergoing positive and negative selection, and
eventually becoming single positive cells [41]. The program of  selection does not appear
to be as tightly regulated in man as in mouse and does not correlate well with CD4 or CD8
expression [40, 41]. However, the human, like the murine, thymic microenvironment
provides critical T cell developmental cues such as Notch signaling [40].
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In vitro T cell development systems

In vivo, thymic stromal cells are necessary for the production of T cells that are both
functional and self-tolerant. To study T cell development in vitro, it has, therefore, been
necessary to culture precursor cells with supporting cells. Early studies were undertaken
using dispersed culture methods, analyzing single cell suspensions of thymocytes and/or
stromal cells (reviewed in [42]). Prior to the advent of the OP9-DL1 system, fetal thymus
organ culture and reaggregate thymus organ culture were the most common techniques used
to study in vitro T cell development. Both provide a three-dimensional environment for T
cell development allowing for the complex array of thymocyte—stromal interactions to be
studied [43, 44]. While these culture systems made it possible to study stromal-thymocyte
interaction as well as thymic selection in vitro, they cannot be used as a means to generate
large numbers of cells for adoptive immunotherapy.

Adoptive transfer of committed progenitors isolated from bone marrow

Due to technical limitations in generating sufficient numbers of committed T cell precursors
in vitro for adoptive therapy, there have been few attempts to employ committed lymphoid
precursors for adoptive transfer. Arber et al. [45] developed an adoptive transfer strategy for
improving lymphoid reconstitution after HSCT utilizing CLPs, the lin"IL-7Ra*Thy-1"¢c-
kit'°Sca-1'° bone marrow cell population with restricted lymphoid potential. The addition of
small numbers of CLPs to HSC grafts after lethal irradiation led to greater lymphoid
reconstitution in the early stages posttransplant and overall improved survival. CLPs were
safe to use in syngeneic and allogeneic models of transplantation, and they never caused
GVHD. The inclusion of CLPs in the graft also improved resistance to murine
cytomegalovirus, in both euthymic and thymectomized recipients. The early improvement in
lymphoid reconstitution included T, NK, and B cells; however, in the later stages
posttransplant, the immune reconstitution benefit was restricted primarily to the B cell
lineage. Despite its early T cell reconstitution benefit, this strategy has its limitations, given
the difficulty of isolating sufficient numbers of CLPs from the bone marrow and the limited
T lineage potential of CLPs.

The role of Notch signaling in T cell development

Among the known critical signaling events in the thymus, Notch activation has been
identified as a master regulator of lymphocyte differentiation [46, 47]. The highly conserved
Notch proteins were originally identified in Drosophila melanogaster where the name
derives from a “notched” wing phenotype in mutant fly strains [46]. Mammals express four
Notch receptors, Notch1-4, on cells of hematopoietic origin [47]. The ligands responsible
for activating Notch signaling in mammals are Delta-like 1, 3, and 4 and Jagged 1 and 2
[47]. Both receptors and ligands are transmembrane proteins expressed at the cell surface.
After engaging its ligand, a Notch receptor undergoes a series of proteolytic cleavages,
which release the intracellular portion of Notch. The cleaved portion translocates to the
nucleus where it binds RBP-J, recruits coactivators, and initiates transcription of target
genes, which include the Hes family transcription factors and cell cycle proteins [47]. Notch
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signaling is highly conserved between species and mediates numerous cellular
developmental processes, among them T cell development [46].

Radtke et al. demonstrated that inactivation of Notch1l leads to a block in T cell development
and consequent ectopic development of B cells in the thymus [48]. Complementary studies
demonstrated that overexpression of Notch in extrathymic sites, such as bone marrow, is
sufficient to drive T cell differentiation outside the thymus [49]. The importance of Notch
signaling for instructing T cell over B cell fate has been corroborated with loss- and gain-of-
function studies using other members of the Notch signaling pathway, such as the
transcription factor CSL [47]. Maeda et al. demonstrated that extrathymic T cell
development in the bone marrow is prevented by LRF, which represses Notch signaling
[50]. Additional studies have indicated that Notch signaling mediates numerous steps along
the T cell differentiation pathway, both in the thymus and in the periphery [46, 47, 51].
Among the posited roles for Notch signaling in T cell development are progression through
the DN stages, mediating 3 selection, af} versus v lineage commitment, CD4 versus CD8
expression, and T helper fate [47].

Off-the-shelf adoptive immunotherapy across MHC barriers using T cell

precursors generated in a Notch-based culture system

Once the essential T cell developmental role of Notch signaling was appreciated, several
groups aimed to utilize the pathway for in vitro T cell development systems. It has long been
possible to drive the differentiation of many hematopoietic lineages in vitro. T cells,
however, were extremely difficult to generate in a culture dish and it was assumed that the
complex architecture of the thymus was required for T cell development. Several recent
studies demonstrate that T lymphocyte precursors can be generated in vitro with Notch-
based culture and used for adoptive cell therapy [52-55]. Schmitt et al. reported that T cell
precursors can be generated by coculture of murine embryonic stem cells and OP9-DL1, the
OP9 mouse bone marrow stromal cell line transduced to express the Notch ligand DL1 [56]
and that these precursor cells can reconstitute immunodeficient mice [53]. Dallas et al.
demonstrated that mouse BM-derived HSCs that were cultured with a Delta-like 1-human
IgG fusion protein (Deltal(ext-1gG)) in the presence of murine stem cell factor, human Flt-3
ligand, human IL-6, and human IL-11 could be developed into early T cell precursors (DN1
and DN2 cells, but not into further stages of T cell development) [52]. Adoptive transfer of
these cells to syngeneic HSCT recipients resulted in enhanced thymic and peripheral T cell
reconstitution.

We have used the OP9-DL1 system to generate DN2/3 T cell precursors for adoptive
therapy in T cell-depleted allogeneic HSCT recipients (using either purified HSCs or lineage
marker-negative BM as allograft) and for tumor immunotherapy across MHC barriers. In
order to be able to generate large numbers of T cell precursors for adoptive therapy, we used
culture conditions that result in a partial block of T cell differentiation at the DN3 stage (by
using BM instead of fetal liver-derived HSCs, frequent passaging, and maintaining the IL-7
dose at 5 ng/mL), resulting in consistent and reproducible generation and expansion of up to
95%pure DN2/3 T cell precursors by 2 to 3 weeks of OP9-DL1 coculture (Zuniga-Pflucker,
personal communication) [54, 57].
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Critical for the success of this form of adoptive therapy is the choice of an appropriate
conditioning regimen to create tolerance to allogeneic cells while clearing thymic niches to
allow engraftment of adoptively transferred cells. As discussed, thymic engraftment is a
gated phenomenon [15, 16, 18] and clearance of thymic niches alone does not ensure
effective engraftment unless thymic gates are open at the same time, and this can be
effectively achieved by irradiation (either as targeted thymic/mediastinal irradiation or as
total body irradiation). Importantly, effective thymic engraftment of transferred cells was
only observed on the day of irradiation [54], most likely due to radioresistant residual host
thymocytes that start to proliferate within hours after irradiation and quickly occupy empty
thymic niches [58]. Alternative regimens based on chemotherapeutic agents, high-dose
steroids, or depleting antibodies are under investigation.

We found that large numbers (1,000-fold expansion during 3 weeks of culture) of T cell
precursors can be generated from adult murine HSCs by OP9-DL1 coculture and can be
used for adoptive therapy in irradiated recipients: in vitro-generated T cell precursors
efficiently engrafted in the thymus, as well as extrathymic sites such as the spleen and small
intestine, and gave rise to functional, mature T cells in vivo [54]. OP9-DL1-derived T cell
precursors express a variety of molecules that are implicated in lymphocyte adhesion and
homing, including CCR9, PSGL-1, and CD103 (unpublished data and [54]), which are
required for thymic homing (PSGL-1 and CCR9) [21-23, 59] and gut homing (CCR9 and
CD103) [60-63] of bone marrow-derived hematopoietic progenitor cells. Furthermore,
CD44 has been suggested to be involved in thymic homing [20]. Interestingly, OP9-DL1-
derived DN2 cells (CD25*CD44™") displayed better thymus as well as gut repopulating
capabilities than OP9-DL1-derived DN3 cells (CD25*CD44"), indicating that CD44 may be
required for efficient T cell precursor homing (unpublished data and [54]).

After allogeneic HSCT with purified HSCs, recipients of T cell precursors had earlier and
enhanced T and NK cell reconstitution compared with recipients of HSCs alone, resulting in
better T cell function, including increased resistance to infection with Listeria
monocytogenes and increased graft-versus-tumor activity [54].

The supplementation of an allograft (purified HSCs) with T cell precursors lead to a
significantly improved donor chimerism, which translated into a decreased incidence of
graft failure and improved survival (unpublished data). This important finding may be
attributed to a variety of mechanisms: (a) a quantitative increase in donor T cell numbers
due to the additional cells derived from adoptively transferred T cell precursors, (b) a
qualitative advantage due to an overall increase in donor T cell function, which will be
helpful to overcome host-versus-graft activity, and (c) T cell precursors may serve as
facilitating cells that improve engraftment of donor HSCs [64-67].

Interestingly, we observed that HSCT recipients, which also received T cell precursors, had
improved thymopoiesis even after T cell precursor-derived cells had left the thymus
(unpublished data and [54, 55]), suggesting a sustained beneficial effect of T cell precursor
administration on thymic recovery, possibly due to lymphostromal interactions (thymic
crosstalk) of adoptively transferred T cell precursors and regenerating host-derived thymic
stroma [10, 68].
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We did not observe GVHD, a major complication of allogeneic HSCT, which is mediated
by donor T cells that attack host tissues such as skin, liver, or gut, indicating that thymic
education of adoptively transferred allogeneic T cell precursors resulted in host tolerance
[54, 55].

Histoincompatibility (especially MHC disparity) between donor and recipient is an
important limiting factor of adoptive T cell therapy and can result in the elimination of the
transferred T cells by the host immune system or, conversely, in GVHD. We, therefore,
evaluated the TCR restriction, positive and negative selection of mature T cells derived from
adoptively transferred allogeneic T cell precursors that were transferred with or without
syngeneic HSCs to lethally or sublethally irradiated MHC-disparate recipients (BALB/c).
We found that the progeny of adoptively transferred allogeneic T cell precursors were
tolerant to both allogeneic (donor) and syngeneic (host) MHC antigens while mounting a
strong proliferative response to a third party [55], which is consistent with studies in
allogeneic BM chimeras [69—-71]. We found tolerance to host and donor even after adoptive
transfer of allogeneic T cell precursors without HSCT support in sublethally irradiated
recipients. On further analysis, we found dendritic cells, which were derived from the
transferred T cell precursors. These findings suggest that negative selection of adoptively
transferred T cell precursors can occur by both host dendritic cells and dendritic cells that
are progeny of the T cell precursors. We found that positive selection of adoptively
transferred allogeneic T cell precursors is dependent on host-MHC molecules on
nonhematopoietic cells (presumably thymic epithelial cells), resulting in the selection of a
host-MHC-restricted TCR. Based on these findings on positive and negative selection of
adoptively transferred allogeneic T cell precursors, one would predict these cells will give
rise to host-tolerant and functional T cells.

We found that adoptive transfer of allogeneic precursor T cells improved survival after
radiation-induced injury and enhanced antitumor activity against immunogenic tumors
(lymphoma and renal cell carcinoma). This means that T cell precursors from any donor can
indeed be used universally for immunotherapy in any immunosuppressed individual
regardless of MHC disparities, since they will give rise to functional, host-MHC-restricted,
and host-tolerant T cells.

Gene transfer is feasible with T cell precursors and we were able to generate antigen-
specific T cells with a chimeric antigen receptor (CAR) for targeted immunotherapy, which
is particularly relevant since most human malignancies are not very immunogenic. CARs
consist of an antigen-binding domain derived from an antibody and a signal transduction
domain, often derived from the {-chain of CD3. CARs are ideal for “off-the-shelf” therapies
because they are able to activate T cells in an MHC-independent fashion, and their clinical
efficacy is currently being tested in clinical trials. We adoptively transferred allogeneic T
cell precursors that had been lentivirally transduced to express CAR 19z1 that targets human
CD19 [72] and analyzed their progeny at days 27 and 40 after transplantation [54]. We
found both CD3*CD4" and CD3*CD8" 19z1-expressing peripheral T cells in these animals,
and the percentage of transduced T cells of allogeneic origin corresponded with the
percentage of transduced DNZ2 cells in the cultures that had been used for adoptive transfer,
suggesting normal positive and negative selection of transduced T cell precursors. TCR
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repertoire analysis revealed no difference between transduced and untransduced cells. In
vitro stimulation with target T cells expressing hCD19 or an irrelevant antigen (hnPSMA)
revealed a strong response (production of IFN-vy as well as increased Lck recruitment) to
hCD19 in 19z1-transduced T cells compared to WT C57BL/6 T cells. Survival in HSCT
recipients that had been challenged with a 19z1-sensitive tumor (A20 lymphoma transduced
to express hCD19) was significantly improved in recipients of transduced T cell precursors
as opposed to recipients of nontransduced T cell precursors or of HSCs only. Moreover,
when mice were challenged with a bioluminescent mouse lymphoma cell line expressing
human CD19 to determine tumor growth by in vivo bioluminescence imaging, we found
significantly increased antitumor activity in recipients of 19z1-expressing T cell precursors
compared with recipients of nontransduced T cell precursors. These results suggest the
feasibility of nonpatient-specific T cell therapy with universal “off-the shelf” T cell
precursors. While immunogenic tumors may respond to therapy with nonmodified
allogeneic T cell precursors, less immunogenic tumors can be targeted with genetically
enhanced tumor antigen-specific T cell precursors.

The OP9-DL1 system has been used to generate T cells from human cord blood and human
adult BM-derived CD34* progenitor cells, indicating that this method could be adapted for
clinical use [73, 74]. OP9-DL1 cells can be cultured in serum-free conditions (unpublished
data) and may be qualified for phase I/11 studies after FDA-required biosafety testing.
Bernstein and colleagues have established a fully humanized Notch-based culture system
[52, 75, 76] and are currently using it to expand cord blood-derived CD34* cells from a
single cord blood unit before double cord blood unit transplantation. Other possibilities for
Notch-based culture systems with clinical potential include adenovirally transduced
autologous BM-derived stromal cells or retrovirally transduced GMP-grade human BM-
derived stromal cell lines.

T cell precursor therapy is particularly attractive as a strategy to enhance immune
reconstitution after TCD-HSCT in the absence of immunosuppressive medication as GVHD
prophylaxis or therapy. Its supporting effects on engraftment, donor chimerism, and long-
term thymopoiesis could help to decrease the incidence of graft failure and mixed
chimerism. The enhancement of overall T cell function should result in decreased morbidity
and mortality from opportunistic infections as well as decreased rates of malignant relapse
as a result of improved tumor immunosurveillance. 1t would also allow earlier
(re)immunization against common pathogens and earlier applications of experimental tumor
vaccination protocols after HSCT.

Since adoptively transferred T cell precursors need to be able to develop into mature T cells
in vivo, thymic function of the recipients will be an important factor for the efficacy of this
strategy. However, T cell precursor therapy resulted in enhanced thymic reconstitution in
aging recipients with reduced thymic function (unpublished data) [55], and extrathymic T
cell development was also shown to contribute to T cell reconstitution by adoptively
transferred T cell precursors (unpublished data) [54]. Furthermore, immunotherapy with T
cell precursors can be combined with other strategies to enhance T cell reconstitution
including treatment with keratinocyte growth factor [54], IL-7, or sex steroid inhibition.
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Based on the findings of these preclinical studies, adoptive transfer of allogeneic and
genetically enhanced T cell precursors represents a promising novel strategy for
immunotherapy in HSCT recipients, cancer patients, and possibly other conditions
associated with T cell deficiency, as outlined in Fig. 2. This strategy allows, for the first
time, the use of non-MHC-matched cells that can be generated in vitro and stored for
immediate “off-the-shelf” use.
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Comparison of known stages of mouse and human T cell development in the thymus [24,
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Fig. 2.
Proposed design for clinical use of “off-the-shelf” in vitro-derived T cell precursors for

adoptive immunotherapy
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